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PREFACE

The Regional Proj ec t "Building Cons truc tion under Seismic Condi tions in the
Balkan Region", UNDP/UNIDO RER/79/015, has been carried out with the parti-
cipation of the Governments of Bulgaria, Greece, Hungary, Rumania, Turkey and
Yugoslavia, and with the United Nations Industrial Development Organization
acting as Executing Agency for the United Nations Development Programme.
Mr. J.G. Bouwkamp served as Chief Technical Advisor.

Hithin the framework of the Project, a set of seven Manuals has been produ-
ced, reflecting to a considerable extent the experience of the participating
nations in earthquake resistant design and construction. These Manuals were
developed by the National Delegates of the Project Horking Groups, the Chief
Technical Advisor and the Consultants.

The following Manuals have been prepared:
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Design and Construction of Prefabricated Reinforced Concrete
Building Systems
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Post-Earthquake Damage Evaluation and Strength Assessment of
Buildings under Seismic Conditions
Repair and Strengthening of Reinforced Concrete, Stone and Brick-
Masonry Buildings
Repair and Strengthening of Historical Monuments and Buildings
in Urban Nuclei
Seismic Design Codes of the Balkan Region
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NOTE

Post-earthquake damage evaluation and assessment of building safety is
a prerequisite for emergency measures necessary for mitigating the con-
sequences of damaging earthquakes as well as saving human life from pos-
sible aftershocks. Pre-earthquake assessment of seismic strength of build-
ings will be made part of rehabilitation programs that local or other
authorities may carry out in regions of high seismicity and particularly
in those where there are long-term predictions for high probability of oc-
currence of a strong earthquake.

This manual combines technical descriptions of seismic mitigation measures
for structures in the Balkan region, with material and discussion on policy
issues surrounding the relevant programs. The complexity of the problems
addressed and the differences in socio-economic conditions in the partici-
pating countries did not allow for developing a true engineering manual on
the subject. However, the material presented can be used as the basis for
the preparation of manuals or guidelines by i.ndividual countries.

Considerable effort and time was spent to adopt uniform procedures for
emergency post-earthquake damage inspection of buildings. To this end, a
consenses was reached by all participating contries and a common "Emergency
Earthquake Damage Inspection Form" has been formulated and adopted along
with damage and usability classification catagories and descriptions.

Adoption of this form and the procedures recommended herein for regional
use, will enhance the potential for greater cooperation between the Balkan
countries, not only in the event of a major earthquake disaster - in which
case technical assistance within the region could be easily utilized - but
also by creating wider data bases for vulnerability studies of building
ypes common to the region. For these reasons it is strongly recommended
here, that these forms be adopted by the individual countries and advance
training programs of professionals in the subject of post-earthquake
damage inspections be initiated.

The Working Group consisted of national delegates of the participating
countries with Dr. G. Serbanescu, Research Engineer, INCERN, Bucharest,
Rumania, serving as Convenor. Other members of the Working Group were:
Dr. Nuri Akkas, Associate Professor, Middle East Technical University,
Ankara, Turkey; Dr. Stavros Anagnostopoulos, Director, Institute of
Engineering Seismology and Earthquake Engineering, Thessaloniki, Greece;
Dr. Tamas Karman, Institute for Geodesy and Geotechnics, Budapest, Hungary;
Dr. Branko Tozija, Institute of Earthquake Engineering and Engineering
Seismology, IZIIS, Skopje, Yugoslavia and Dr. L. Tzenov, Geophysical In-
stitute, Sofia, Bulgaria.
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Consultants of the Working Group were Dr. Nicolas Laszlo, Technical
Director, Design Institute for Buildings and Town Planning, ISLGC, Bu-
charest, Rumania; Dr. Jakim Petrovski, Director, Institute of Earthquake
Engineering and Engineering Seismology, Skopje, Yugoslavia; Dr. Horea
Sandi, Research Engineer, INCERC, Bucharest, Rumania and Dr. John H.
Wiggins, President, J.H. Wiggins Company, Redondo Beach, California, USA.

Professor Jack G. Bouwkamp, University of California, Berkeley, California,
USA, served as Project Chief Technical Advisor and participated in all
Working Group discussions.



INTRODUCTION

This manual combines technical descriptions of seismic mitigation measures
for Balkan region structures with a discussion of the policy issues sur-
rounding seismic mitigation programs. Both post-earthquake and pre-earth-
quake assessment programs are discussed. Chapter 1 delineates the scope and
limitations of this manual while Chapters 2, 3 and 4 discuss seismic assess-
ment and mitigation procedures. Chapters 5, 6 and 7 focus on policy con-
siderations, including the criteria a policy-maker may employ in establish-
ing the dimensions of a seismic mitigation program and the various methods
of determining levels of acceptable risk. Chapter 8 discusses the position
of the manual in the general framework of activities of the Project, and of
the current state-of-the-art of knowledge in this field.

The Appendices provide additional support to the developments of the chapter
referred to. Appendix A supplements Chapter 2. Appendix B completes the
developments of Chapter 3. Appendices C and D complete the developments of
Chapter 4. Appendix E presents the analytical background required by the
analysis of risks, by the cost-benefit analysis and decision making, as
discussed in rather quali ta ti ve terms in Chapters 5, 6 and 7. Appendix F
provides an example of an existing ordinance intended to reduce earthquake
risks for a community.

For engineers, this manual will provide the background to make decisions on
whether or not to retrofit structures and to what level of seismic capacity.
For public policy makers and administrators, this manual discusses the costs
and benefits of an earthquake safety program.

Rehabilitation policy procedures will first be discussed at the national and
community levels so that perspectives can be developed as to which, if any,
ci ties or communities should be targeted for seismic rehabili tation pro-
grams. These initial discussions will be of special interest to policy-
makers and administrators, although engineering and geoseismic judgment will
be needed even at this juncture. Subsequently, more specific procedures for
determining rehabi li tation measures on a building- by-building basis will be
outlined. These procedures will be of special interest to engineers and
building officials.

1.1 Objective and Scope

This manual has two main purposes. First, it provides methodologies and
procedures for assessing building losses after earthquakes. Secondly, it
provides uniforll'. pre-disaster assessment techniques for effective seismic
mitigation programs.

1.1.1 Uniform Post-Disaster Assessment Procedures

One of the primary reasons for this manual is to give uniform procedures for
assessing the seismic capacity of buildings and the observed damage after an
earthquake. Past studies have only marginally improved general scientific
information that helps the planner and policy-maker decide what actions to
pursue for seismically vulnerable existing buildings in earthquake prone
regions. Through coordinated efforts, more practical, transferable data can
be developed that are of potential use by many nations. Moreover, lessons
learned can benefit others in use of post-disaster information, such as in
deciding whether or not to continue to use a building, given the potential
damage from aftershocks.

Uniform post-disaster assessment procedures can thus be used to achieve the
following goals:
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1. reducing deaths and injuries to the occupants of buildings that
have been weakened or placed in jeopardy by seismic activity and
are threatened from subsequent aftershocks;

2. saving damaged or weakened structures by identifying emergency
strengthening needs and measures;

3. recording damages for subsequent repair and strengthening and thus
providing the basis for allowing use of as many buildings as
possible, as soon as possible, and at an acceptable level of risk;

4. providing information to support emergency efforts that will help
to identify reconstruction priorities, indicate transportation
rou tes that may be dangerous because they are lined with damaged
buildings, and indicate safe temporary shelter sites and hospi-
tals, etc.;

5. properly and uniformly assessing loss in economic, social, politi-
cal, and other terms so that loss estimates may be useful both for
local earthquake rehabilitation programs and also for those pro-
posed elsewhere;

6. developing seismic vulnerability relationships for pre-earthquake
assessments so that sound mitigation programs elsewhere can use
data developed;

7. correctly and uniformly assessing the nature of damage so that
potential rehabilitation plans may incorporate such assessments;

8. providing information for practical research studies aimed at
assessing mitigation alternatives, and leading to code and seismic
hazard map revisions etc.

1.1.2 Uniform Pre-Disaster Assessment Procedures
gation Program

for Effective Miti-

This manual also provides uniform and cost-effective tools for assessing the
ability of buildings to withstand seismic shaking.

Pre-disaster assessment procedures are useful for:

1. helping engineers analyze the seismic vulnerability of buildings;

2. defining specific methods for making seismic assessments of build-
ings on a building-by-building basis if and when a community re-
habilitation program is undertaken;

3. evaluating the cost, accuracy, and reliability of each seismic
assessment method so that the trade-offs between assessed costs
and proposed construction measures are understood;

4. defining alternative methods for making public policy decisions on
general seismic rehabilitation programs, land use planning, occu-
pancy use measures, etc.

1.1.3 Post-Earthquake Versus Pre-Earthquake Activities

The final objectives of both post-earthquake and pre-earthquake activities
are the same: to control and reduce seismic risks. The immediate ob-
jectives of the two kinds of activities are nevertheless different. Carried
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out under emergency conditions, post-earthquake activities are intended
primarily to reduce and control the risks of losses during a short period
following destructive earthquakes, in relation to buildings or other works
for which a high vulnerability is assessed on the basis of survey of actual
damage. These post-earthquake activities secondarily provide basic data for
acti vi ties of wider scope. Pre-earthquake activities are carried out under
comparatively normal conditions; these activities are intended to provide a
satisfactory degree of seismic protection to a certain building stock viewed
from a long-term perspective.

The efficiency of post-earthquake activities is conditioned by appropriate
preparedness. In the absence of adequate preparedness measures, the ef-
ficiency and correctness of emergency measures may be jeopardized and the
post-earthquake surveys aimed to collect basic information for subsequent
longer-term activities may become much less efficient. It is very important
therefore to plan and prepare for post-earthquake scenarios of various
severities that are likely, or at least credible, to occur in a given
region.

In contrast, pre-earthquake activities are typically advantaged by normal
working conditions. These make it possible to properly design and plan
various activities, to carry out pilot studies, and to check methodologies.
These conditions make it also possible to develop consistent policies for
providing a satisfactory degree of protection to various systems (urban
systems, infrastructure components, etc.) considered as a whole.

However fully satisfactory in relation to the immediate risks related basic-
ally to possible aftershocks, the outcome of post-earthquake activities
cannot be accepted a priori as being satisfactory from the viewpoint of the
pre-earthquake strategies. Post-earthquake solutions and measures must be
therefore reexamined and completed under the more normal condi tions govern-
ing the pre-earthquake activities.

1.2 Manual Usage

This manual is primarily addressed to the following audiences concerned with
earthquake safety:

engineers
public policy makers

and public policy administrators

Reasonable cost-effective policies in earthquake safety may require data
inputs from a variety of other people, such as

seismologists,
engineering geologists,
geotechnical engineers, and
building contractors

1.3 Definitions of Relevant Earthquake Policy Terms

Acceptable Risk - a probability of occurrence of social economic
consequences from earthquakes that is sufficiently low (for ex-
ample in comparison to other natural or man-made risks) as to be
judged by appropriate authori ties to represent a realis tic basis
for determining design requirements for engineered structures, or
for taking certain social or economic actions.
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2. Assessment (of some characteristics) - the integrated analysis of
some characteristics of a system or activity and of their signi-
ficance in an appropriate context (e.g., assessment of hazard,
vulnerabili ty, exposure, risk). It incorporates estimation and
evaluation of characteristics referred to.

3. Class of Buildings or Structures - means a set of buildings or
structures that are sufficiently similar in order to make sure
that a statistical analysis of their characteristics or perform-
ances (e.g., statistical damage distribution) is significant.

4. Damage - any adverse consequence for the physical state of a
building or building component caused by earthquakes. The damage
inflicted to structural components and connections is referred to
as structural damage, while the damage inflicted to non-structural
components is referred to as non-structural damage. Damagemay be
apparent or hidden. Apparent damage may be quantified by means of
a certain methodology.

5. Earthquake - a sudden motion or vibration in the earth caused by
the abrupt release of energy in the earth's lithosphere. The
motion may vary from violent at some locations to imperceptible at
other locations.

6. Elements at Risk - the population, properties, and the economic
activities (including public services) at risk in a given area.
Often the term "exposure" is used, and one must be aware of possi-
ble double counting (in the course of a day, a person may be ex-
posed to hazards in several buildings).

7. Estimation - (of a parameter) - the modeling and analysis leading
to a quantitative characterization of a certain parameter (e.g.,
estimate of vulnerability or risk).

8. Evaluation (of some characteristics) - the appraisal of the signi-
"ficance of a given quantitative (or, when adequate, qualitative)
measure of some characteristic of a system or activity, as for
example, the comparison of the expected number of fatalities per
year from a specified system operation, with that from a number of
other, generally "accepted" causes; the appraisal of the risk of
such fatalities in relation to the socio-economic benefits of its
acceptance; or the appraisal of the risk in relation to the cost
of its mitigation.

9. Exposure - the potential losses, expressed in economic terms, in
terms of deaths or injuries, etc., representing the consequence of
earthquakes, due to damage occurrence, to effects on the natural
environments, or to adverse chains of events. The potential loss-
es depend on the occupancy rates, on the value of property ex-
posed, on the value or criticality of equipment, etc.

10. Exposure Time - the time period of interest for seismic risk
calculations, seismic hazard calculations, or design of struc-
tures. For the latter case, the exposure time often equals the
design lifetime of the structure. For a seismic safety rehabil-
itation ordinance, the exposure time will refer to the time before
rehabilitation must occur, unless the building is demolished.
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11. Hazard - the probability of occurrence within a specified period
of time, in a given area, of a potentially damaging natural pheno-
menon.

12. Intensity - a measure of the severity of seismic ground motion at
a specific site (e.g., MSK intensity, Modified Mercalli intensity,
spectral intensity, peak acceleration or velocity, root mean
square acceleration, spectral acceleration or velocity, effective
peak acceleration, or velocity, equivalent ground acceleration,
etc.).

13. Liquefaction the transformation of unconsolidated or poorly
consolidated water-saturated granular material (such as silt or
sand) into a liquefied state (often caused by earthquake).

14. Loss - any adverse economic or social consequence caused by an
earthquake.

15. Maximum Credibl~, Earthquake - the earthquake that would cause the
most severe ground motion capable of being produced at the site
under the current known tectonic structure.

16. Maximum Expected Earthquake - this term is used rather loosely to
designate the largest earthquake that can be reasonably expected
within a specified period of time.

17. _Observed Vulnerability - vulnerability as derived from post-earth-
quake surveys and statistical analysis, for some definite types of
buildings or structures.

18. Predicted Vulnerabili ty - vulnerability as derived frOID engineer-
ing analyses the results of which are to be expressed in probabil-
istic terms.

19. Rehabili tation - action undertaken in order to bring a structure
to an acceptable level of (seismic) protection, including repair
and/or strengthening. Rehabilitation programs are aimed to bring
all the structures in a community, town, region to an acceptable
level of seismic protection.

20. Repair - action undertaken in order to rernove the consequences of
adverse events (including seismic events), upon buildings or other
kinds of works. The goal of repair is to restore the initial
level of resistance of structures and the function of damaged non-
structural elements.

21. Risk (seismic) the expected losses (number of lives lost,
persons injured, damage to property, and disruption of social or
economic activity resulting from natural phenomena (seismic activ-
ity»; consequently, a function of specific risk and elements at
risk/exposure •

.L!:~.!._J.l.E..0fileis the complement of a cumulative probability
distribution function that expresses the probability that any
given loss level will be attained or exceeded.

Individual risk is the probability of a given consequence (e.g.,
fatali ty"")OCCurring to any member of the exposed population and
essentially equals the total risk divided by the number of indivi-
duals in the exposed population.
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Group or societal risk is the probability distribution for the
numbers of individuals who will suffer a given consequence (e.g.,
death).

22. Risk Management - the process whereby decisions are made to accept
a known risk or hazard or to eliminate or mitigate it. Trade-offs
are made among increased cost, schedule requirements, and ef-
fectiveness of redesign or retraining, installation of warning and
safety devices, procedural changes, and contingency plans for
emergency actions.

23. Safety - freedom from unacceptable risk (as judged by appropriate
authorities) .

24. Seismic Hazard - the probabili ty of occurrence within a specific
period of time, in a given area, of any physical phenomenon (e.g.,
ground shaking, ground failure) associated with an earthquake
which .nayproduce adverse effects on human activities.

25. Seismic Loading - the forces or stresses induced in structures
during an earthquake; expressed in units of structural response
(e.g., force or bending moment), or ground acceleration.

26. Seismic Zone - a typically large area within which seismic hazard
is generally uniform.

27. Seismic Zoning,
seismic hazard
seismic zones.

Seismic
at many

Zonation -
sites for

the
the

process
purpose

of determining
of delinea ting

28. Seismic Microzone - a generally small area within which seismic
hazard has been evaluated taking into account local geological
conditions.

29. Seismic Microzon~ Seismic Microzonation - the process of esti-
mating the absolute or comparative seismic hazard at many sites
for the purpose of delineating seismic microzones, incorporating
such local geologic and topographic effects as soil stabili ty and
liquefaction susceptibility. Alternatively, microzonation is a
process for identifying relevant geological, seismological, hydro-
logical, and geotechnical site characteristics in a specific
region and incorporating them into land-use planning and the de-
sign of safe structures in order to reduce risk to human life and
property resulting from earthquakes.

30. Specific Risk - (seismic) - the expected damage owing to a parti-
cular natural phenomenon (seismic activity); a function both of
the natural hazard (seismic) and vulnerability.

31. Strengthening - action undertaken in order to improve the perform-
ance of a building or other artifact (damaged or undamaged) in
future earthquakes.

32. '!X£.eof Building or Structure - a technical construct (solution)
fully defined from qualitative and quantitative viewpoints (a type
of structure may refer to an individual structure or to a set of
typified or standardized structures built according to the same
design) .



7

33. ~ading - action undertaken in order to improve the quality of a
building or other artifact, including the increase of capacity to
withstand earthquakes.

34. Vulnerability (seismic, of a type of building or structure) - the
degree of damage resulting from the occurrence of ground motions
with specified characteristics, defined under the following con-
ditions:

a) the.~ or class of buildings or structures referred to must
be specified both in qualitative and quantitative terms;

b) ground motions are quantified in terms of intensities with
possible reference to a range of oscillation frequencies and
to direction (using for observed vulnerability the information
offered by macroseismic surveys and, whenever possible, by
instrumental records and using for predicted vulnerability
some appropriate specification of the ground motion features);

c) the distribution of damage (quantified according to some de-
fini te methodology) is expressed in statistical or in prob-
abilistic terms, conditional on the ground motion intensity (a
system of condi tional distri butions for discrete representa-
tions is also referred to as a "damage probability matrix").
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2. POST-EARTHQUAKEDAMAGEEVALUATION

2.1 General

In the past twenty years, governments, engineers, and scientists in the
Balkan region have made significant advances in assessing and mitigating
potential earthquake problems. Despite recent progress, major earthquakes
during this period have caused enormous damage to the economy of these
countries. In one country, direct economic losses alone approached 15 per-
cent of the gross national product (GNP) in a single event (Skopje, 1963)
and more than 1.5 percent of GNPaveraged over the period.

Earthquake protection programs are well understood and implemented with
improvements in seismic zoning maps, strong-motion instrumentation networks,
seismic microzona tion studies of urban areas, and si te-specific geoseismic
studies of important projects, as well as improvements in seismic design and
construction codes and regulations. These improvements have mainly been
associated with new buildings that are much less voluminous than facilities
designed without significant seismic resistance. For the near future, the
economic potential of the Balkan countries will not likely create conditions
for significant seismic risk reductions to buildings, structures, and utili-
ties. Because the seismic hazards are serious and buildings, often old,
tend to be of low seismic quality, seismic risk may even increase in Balkan
countries. Significant economic damage and loss in major earthquakes are
expected.

Given this high risk and expected damage, the objective of this chapter is
to present a uniform procedure for examining and reporting building damage
both in urban and in rural areas so that a data base on earthquake effects
may be established. Also, methods are presented for analyzing earthquake
damage and for estimating economic losses. Use of these procedures and
methods will yield an adequate volume of data to assist community and
national authorities achieve the following earthquake risk reduction program
goals:

• To reduce deaths and injuries to occupants of buildings that have
been weakened or seriously damaged by seismic activity and. that
with high probability will be subjected to a series of aftershocks
within several months after the principal shock.

• To obtain appropriate information on the severity of the disaster
in terms of the number of usable, damaged and also dangerous
buildings so that people may be immediately protected and housed
and so that essential activities may continue in the affected
region.

• To develop a data base for uniform estimation of economic losses
so that an appropriate rehabilitation and assistance program may
be devised as the affected region is reconstructed.

• To create a data base on earthquake consequences for this and also
for other seismic regions.

• To provide data so that for future earthquakes the civil defense
system may elaborate rescue operation plans, train staff, and
organize supplies.

• To record and classify earthquake damage so that damaged buildings
may be repaired and strengthened in an orderly fashion.
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• To identify principal elements of earthquake damage and to develop
vulnerabili ty relationships for different categories of buildings
so that pre-earthquake mitiga tion programs can incorporate pre-
earthquake assessments in planning and implementing short- and
long-term earthquake risk reduction measures.

• To improve seismic design and construction codes and regulations
as well as design and construction practice.

• To improve the scientific basis for physical planning, both urban
and general, especially with respect to seismic risk reduction
measures in seismically active regions.

Post-earthquake damage evaluations should be organized so that teams may
rapidly use a systematic methodology. Basic information from these evalu-
ations should enable local and national governmental authorities to make
critical decisions and also to employ economically justified and technically
consistent seismic risk reduction measures in a uniform manner for the
entire country. If coordinated efforts are made to use the uniform method-
ology presented in this manual, more practical and transf~rable data can be
developed that will be of potential use in the Balkan region as a whole as
well as in other seismically active regions of the world.

Principal elements of this uniform methodology and procedure for post-earth-
quake damage evaluation are presented in this chapter. These elements in-
clude

• damage and usability classifications for buildings

• procedures for and organization of data collection

• earthquake damage data analysis and data bank organization

• estimation of economic losses, and human fatalities and injuries

• measures for reducing adverse earthquake consequences and for
mitigating seismic risk

Connected with these principal elements are earthquake damage evaluation
results and relationships as developed from illustrative studies of the
April 15, 1979 Montenegro, Yugoslavia earthquake. These results and re-
lationships are found both in this chapter and also in Appendix A.

2.2

2.2.1

Earthquake Damage and Usability Classification

Nature of Damaging Earthquake Hazards

Earthquake damage to buildings, structures and utili ties results from dif-
ferent types of seismic hazards. The main hazards posed by earthquakes may
be summarized as follows:

• Ground shaking of different severities

• Differential ground settlement, landslides and mudslides, soil
liquefaction, ground lurching, and avalanches

• Ground displacements within fault zones

• Floods from dam and levee failure, tsunamis, and seiches
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s Fires resulting from earthquakes.

All these hazards have occurred in past earthquakes in the Balkan region
wi th the dominant influence of ground shaking and also hazards associated
with soil instabilities. By far, ground shaking has been the most damaging
as it causes buildings and structures to collapse partially or totally and
produces damage far from the epicentral area. Ground shaking affects the
soil and foundation beneath structures, and much structural damage in earth-
quakes is a consequence of ground failure and differential ground settle-
ments. Sometimes the ground will lurch, particularly along roadsides,
culverts, river banks, and in low-lying areas. Ground shaking can also
ini tia te devas ta ting rock and mudslides, which themselves can produce some
of greatest disasters ever experienced from seismic causes (Peru Earthquake,
1970). A very commonhazard in earthquakes is the liquefaction of sandy
soil, particularly in river valleys and coastal regions. During earthquake
shaking, fine-grained soil and sands, saturated by water, take on a liquid
character owing to alternations in shearing stress. Water-saturated sands
are so widespread, particularly in flat areas where populations tends to
concentrate, that soil liquefaction and resulting damage to buildings and
structures have been observed in almost every damaging earthquake. Signifi-
cantly, soil liquefaction effects are very frequently associated with compa-
ratively low accelerations of ground shaking. A much more restricted hazard
comes from the surface rupture wi thin geological fault zones. Buildings
that straddle fault displacements may be critically wrenched. Elimination
of this hazard is more difficult in practice and depends upon adequate
building codes and the availability of special geological fault maps.

Other earthquake hazards involve water and fire. Due to undersea faulting
in the Mediterranean region, gigantic sea waves (tsunamis) may rush up along
the coast-line and devastate coastal properties. Floods from sudden failure
of dams in earthquakes is an everpresent danger that could create enormous
destructi ve effects sometimes larger than those produced by 'the ground
shaking itself. Fires are potential secondary effects in modern urbanized
areas wi th the presence of chemical industry, and oil and gas supplies.
Ground shaking could cause breakage of pipe-lines, failure of oil and gas
tanks, and damage to chemical industries. Explosions, release of toxic
chemicals and even fires in neighborhoods or entire towns could result
(Tokyo Earthquake 1923; Niigata Earthquake, 1964).

These earthquake hazards are reviewed so that earthquake damage inspection
teams may differentiate the influences of different earthquake hazards on
damaging effects.

2.2.2 Earthquake DamageInspection

Earthquake damage and usability classification after moderate or large-scale
damaging earthquakes should be performed based on a uniformly established
methodology within the country or wider region in order to create a uniform
basis for assessment of physical damage and estimation of economic losses.
Uniform data sets can thereby be constructed as a means to assess possible
future earthquake effects.

Earthquake damage inspection as developed wi thin this manual is based on a
uniform methodology established wi thin Working Group D of the UNDP/UNIDO
project "Building Construction under Seismic Conditions in Balkan Region"
and accepted for application by Balkan countries. This methodology for
earthquake damage and usability classification is synthesized in the Earth-
quake Damage Inspection Form and developed on the basis of the experience
gathered in earthquake damage and usability classification in past earth-
quakes in Bulgaria, Greece, Romania, Turkey and Yugoslavia.
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TYPE OF LOAD CARRYING SYSTEM (SEE DESCRIPTIOH ON BACK
PAGE):

I. BEARING WALLS, 2.FkAMES, 3.FAAMES WITH INFILL
WALLS, 4.FRAM£ WITH SHEAR WALLS, S.SKEL£TON WITH
INFILL WALLS, 6.I'IIXED, 7.0THER (SPECIFY)
FIRST f100R'STIFf"ESS RELATIVE TO OTHERS:
I.LARGER. 2.A80UT EQUtoL.3.WLLER
REPAIRS FROM PREVIOUS EARTHQUAKES:
I.NC, 1.YES, 3.lmKNQ'om

NONSTRUCTIJRAL ELEMENTS AND '''STALUTIOHS
(SEE D:ESCRIPTION IHTHE ~NUAL);
l.NOHE,1.SLIGHT.3.If)DERATE,4.HEAVY,S.SEVER[
18.' I. INHRIOR WALLS:
IB.12. PARTITIONS:
lS.13. EXTERIOR WALLS (FACADE):

'S.U.ELECTRICAL INSTALLATIONS:
18.15. PLUI6ING:

l. ORIENTATION OF THE BUILDING PRINCIPAL AXIS (X):
I.NS. 2.EW, 3.N45£, 4.N45W

4. POSITION Cf' TKE BUILDING IN THE BLOCK:
l.CORHER, 2.MIDDH, 3.FREE

S. NUItIER CF STORIES:
S.' SlORIES
S.2 APP(NMGlS

S.3MEZZANINES
S.4BASEM[NTS

6. GROSS AREA OF' THI BUILDING (m'):

7. USAGE (SEE DESCRIPTION ON BACK PAGE):
7.1 BUilDING: uITDn
7.2 GROUHD FlOOR: IIITTI,.

B. NUMIER OF APARTMENTS: uCTIu
!J. CONSTRUCTION PlRIOD (TO BE DEFINED BY EACH CotRftRY):

1. 2. 3. HO

21, (BSERVED SOIL INSTABILITIES AND GEOlOGiCAl PROBLEMS
I.NONE, 2.SLlGHT SETtLEI'lNTS. 3.INTENSIVE SrTLEJIl[NTS.
4. LIQUEFACTION, S.LANDSLlOE, 6.ROCKFALLS, 7.FAUlTING,
8. OTHER (SPECIFY): .cD

,,0

::~o..
".,....
"

nCDn

$,, ,, .

,I I

'LA,
EARTHUUAKE DAMACE INSPECTION FORM

SkETCHOF'THEBUllDING

CROSS SECTION

ADDRESS:
OWNER:

t. TIMt (NAME):

2. BUILDI"Q IDDCTIFICATlON:
2.1 SECTION fUntlER CF COHSItOED TOWN AREA OR

S£nLOOT: cffi'
2.2 WORKIHG TEAM NunDER: • ,
2.3 NlIMIER CF TH[ BUILDING: II 12

to. TYPE CF S~UR[ (SEE OESCRITIOH ON BACK PAGE) n 15.
tl. flOORS: I

1.R.C., 2.STEEL, 3.WOD,4.0Ttf[R Oft
12. RDCIF': 1.R.C., 2.STE£l, 3.'IlOO0. 4.OTItER Dil

13. ROOf CllVERING: I.TlLES, 2."HAl SHEns. 3.L:OOWEIGHl
ASBESTOS COCEHT, 4.ASPHALT PAPER, 5.KEAVY INSUlATION. 16.
6.lIGHT INSUlATION, 7.0TK£R Oll

,.. Ql.L\lITY CF lQRKM\NSHIP: 17.
t.GOOD, 2.AV£RAGl. 3.POOR 0 It

18. D£GR[£ CF DAM\GE.

STRUCTURAL tLEI£NTS (SEE DESCRIPTION ON BACK PAGE);
1.HOHE, 2.SlIQiT, UOD£RAT£, 4.HEAVY. S.SEVERE
18.1. BEARING *LLS:
18.2. COlLM1S:
t8.3. BEAMS:

18.4. fRAME .XJINTS:
18.5. SHEAR liMLLS:
18.6. STAIRS:
18.7.fLOIJl.S:
18.8. ROOf':

19. QUt\G£ CF ElfTIR£ SUILDnes:
1.1 NONE, 1.2 SLIGHt, 2.1 lODERATE, 2.2 HEAVV.

3.1 SEVERE. 3.2 TOTAL
ZOo INDIRECT CM\GE (FIRE:, SLA!O(JItG.£TC.)

1.ItO,2.YtS

22. USABILITY CLASSifiCATION MD POSTIIfG:
POST£O: 1. GRE:EIf, 2. YELLOW, 3. RED
NOT POSTED: 4. TO BE POSTED GREEN AFTER REKlvAL OF lOCAL HAZARD, S. SOIL AND G[OLOGICAL PROBLEPG, REINSPECTION REQUIRED

6 UNABLE TO CLASSIfY R£IN$PECTION NECESSARY 7 BUILDING INACCESSIBLE uD

,'[TJl.J ..
SIGNATURES

28. DATE Of INSPECTION: I()HTH/DAY
NAM[!iCJ'INSPECllONENGINEU!i:..,.
J.

O"Ell 1 ORIGINAL SEISMIC CAPACITY HAS HOT BHN DECREASED urtLiMITEO USAGE

YELLOW 2 ORIGINAL SEISMIC CAPACITY HAS BEEN DECREASED WlPORARILY UNUSABLE lIMITEDENTRV

'ED 3 BUILDING lWfGEROlSS AS SlIIJECT TO SUDDEN COlLAPSE [NTRYPROH18!TED

MAIN REASONS FOR YOUlt CLASSIFICATION AND POSTING:

R£COMENMTlOHS fOR [MERGENCY MEASURES: Z5. E$TJK\1[O PRESENT VALUE OF' BUILDING

..ceD'll.NONE, 2.REIOVE LOCAL HAZARD, 3.PROTECT BUILOUIG (MILLIONS OF ........ )

FROM FAILURE, 4.PROTECT STREETS Oll HEIGKBOUltUlG Z5. ESTIMT£D LOSS I: CF ESTIMATED VALUE) ••o=J:]11
OUllDINGS, S.URGENT DEM]LITION ..0 27. tMWILOSSES (O£ATHS AND INJURIES)

ADDITIONAl !MTA (PHOtO/SKETCHES AND C~ENtS): (1)NO: III POSSIBLY; (3) YES
,..0UION[. {.PHOTOS ONLY, 3.SKETCH AND '(}MIl. ONLY (4) IF INFORMATION AVAILABLE PLEAS! INDICATE:

4.PHOTO~ AtlO Sr,ETCH AND CO...... ..0 NO. Cl'DEATHS "ITJ ..
OPTIONAL NO. or INJURIES "D:]"..

23.

...
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]. BUILDING USAGE/IMPORTANCE CATEGORIES:
USAGE
10 Res1denthl: 11 Famt1y houses, 12 Apartment Buildings
20 Office: 21 Entire Buildfng, 22 Pirttally
30 [conentc.1: 31 Trlde. 32 Finance. 33 Small InduHry.

34 Storage Ind ....rehouses. 35 Agricultural, Fishing,
Forestry

40 Health .nd Soct,l Welfare: 41 Hosplta1s .nd cllntcs.
42 Sactal weUne (old people holtes. tnnHd day-

e.re centers)
SO Publtc Services: SI Acbtn1stl"'attve - central or local

government, 52 Police. 53 Ftre stuton. 54 Transport-
Itton (but1dlngs: ground. rail. IiI"', Sei) 55 Comunt ..
cutons (buildings:. pastil. radio. TV)

60 Education .nd Culture: 61 Education. 62 His,torte.1
and religiOUS. 63 Cultur.' .nd entert.tnment, 64
Sports (g)'tWstu:a •. stadtum)

70 Toul"'tSllllud Catertng: 7' Hotels, 72 RestAurants,Clfe.
73 Coffee shops. putl")' shops, etc.

80 Industl')' and Energy: 81 Industrial, 82 Energy (polifer
plant, transformer statton. etc.)

90 Other 8uildtngs (to be descrtbed)

10. TTPE OF STRUCTURE:

Ist DIgit

I -
Masonry

2nd DIgit

1 • Ho belts
2 • Horizont.l belts
3 • Horl zont.1 6

VertiCil belts.
Dr Dlagon.l
braces

4 • R.C. floors Dr
roof

3rd Digit

1 • Adobe
2 • Stone with no mortar
3 • Stone w1th lIlOrt...
4. Sol1d brick
5 • Hollow brick
6 • Concrete blocks
7 • Unreinforced concrete
8 -9--------

18. DEGREEOf M.HAGE:(damage Cltegory)

1.~ ll:ithout vistble dange to the structural ele-
ments. Ponible fine cracks tn the wall ind ce\ling
mortIr. H.rdly vhtble nonstructural Ind structurll
damage.

2. SLIGHT: Cracks to the wall and ceiltng mortar. Flll-
tng of 'arge patches of IllOrhr frOIDwall and ceiltng
surface. Considerable cracks, or partial fltlure o(
chilDneys, attics IOd gible walls. Disturbance, part\il
sliding. sliding Ind filling do"", of roof covlrlng.
S1D11Icracks in structural members Judged not to rl-
duce the seismic Clpactty of the buildtng.

3. MODERATE:Dtagonll or other cracks to structurll 11811s,
Willis bet-ween windows Ind siaillr structural elllllC!nU.
Llrge cr.cks to re1nforced concrete structural mea-
bers: cohnns. beims, R.C•• lh. Partially failed
or hOed chtmneys. atttcs or gible \lAlls. Dbtur-
bince, sltdlng ind fill tng dowl of roof covering.

4. ~ l.arge cracks with or without detlchnent of
walh vHh crushtng of Ia4terhls. Large cricks with
crushed lUtertal of walls between windows Ind siat-
tar elements of structur.l walls. Llrge cracks with
small dlslocatton of R.C. structural elements:
columns. beams and R.C. walls. Definite dlSlocltlon
of both structural eleUl!nts and entire bund'n;.

S. SEVERE: Structural members Ind ttutir cOMecttons are
extreDl81y damaged Ind dtsloCited. A hrga numer of
crushed structural elelllents. Considerable dtslocutons
of the entire building and settlelmnt of roof struc-
ture. Partially or cOll'pletely fI\led building.

22. USADILlTV RELATED TO POSTING (JUDGMENTAL)

2 - I • Cut In place I • With lightweight
Reinforced fr.me partitions
Concrete 2 • Cut 1n place 2 • With solid brick

be... lng wa 115 infills
3 • Prefabrlcued 3 • With hollow brick
4 • Mhed with 1nfills

IllIsonry 4 • With concrete block
5 • Mbed with steel 1nfills

3- I • Heavy steel 1 • With lightweight

Steal structure put ttlons
2 • Light steel 2 • With solid brick

structure tnfl1ls
3. Mhed with 3. With hollow brick

masonry or Infills
concrato

4 - , • Woodfrace \-

Wood 2 • Bagdad' 2-
3 • Other

15. TYPE OF STRUCTURAL SYSTEM:

1. Vartlcal Ind lItel"ll 10ids are Clrrled by bearing walls.
2. Vertlc.l and l.teral loads are carried by fralJll!s.
3. Vertlc.l .nd literal 10.ds Ire Clrrled by frame and

Infills
4. Verttcal Ind literal loads Ire carried by frla:e-shear

wall systCSll
5. VertiCil .nd lIter.l 10lds are carried by coltans and

walls but no well.defined frames are present.
G. Vertical and latenl loads are carded by cocminition

of walh. frames. inf\lU .nd/or shear Nalls.
1. Other sys~s to be described (e.g.\nverted pcndull.lll

types,tltc.)

GREEN- Buildings posted as green (damage category 1&2)
Ire without decreased seismic clP.city Ind do not Ippear to
pose danger to human life. lamediately usable, entry unlI-
mited.

lli.hQ!! _ Buildings posted as yellOW (dallll~category J' 4)
hIVe signific.ntly decreued selSlllic capacity.
Lialted entry is pel"lllitted. but not uSigo on I continuous
blSh before repair Ind/or strenthenlng. Nled for support-
ing Ind protection o( the but1ding Ind itl lurroundings
shoo1d be cons i dared.

~ - Buildings posted as red (dallllge category 5) .... unsafo
and subject to sudden collapse. Entl')' Is prohibited. Protec-
tion of streeU Ind neighboring buildings or urgent demo-

lition cay be required. In cue of holated or standard
buildings dechlon for demolition should be bued on econo-
Dical ItUdy for repair ind strengthening.
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The methodology on earthquake damage and usability classification is direct-
ly connected with the Earthquake Damage Inspection Form enclosed on the next
page. Explanations are presented on the back page of the Inspection Form.
These are basic instruction materials for the inspection teams in order to
perform damage and usability classification in uniform manner.

The Earthquake Damage Inspection Form is prepared in a format sui table for
easy data collection in the field and also for transfer to computers for
detailed analysis of relevant parameters for damage and usability classifi-
cation. The following groups of parameters in the Form can be used to de-
velop a basic data set for each building:

• Identification Parameters (1-9): These describe the location of
the building within the town with corresponding town se.ction
number or settlement, the building number, and the inspection team
number, the position of the building in the block. and its orient-
ation, the gross building. area, the number of stories, usage and
number of apartments, and construction period. When the building
plan-view and cross section are sketched and the address of the
building and owner are transcribed (left side of Form), then the
basic identification parameters are completed.

Town codes, (town or settlement) section numbers, number of the
building, working team number, and other identification parameters
together with sui table town and section maps can be prepared in
advance during the training process of the inspection teams. The
posi tion of the building in the block and the orientation of the
building are important both to separate possible collision effects
or failure of adjacent buildings and also to examine the dominant
direction of earthquake motions. Particular attention should be
given to classification of usage in accordance with codes given on
the back page of the Inspection Form. Construction period is an
identification parameter which is left to be defined by each
country; this parameter is usually connected with type of struc-
ture and quality of construction. (For the Balkan region, possi-
ble differentiations may be made as follows: 1. Before 1920 -
Dominant traditional construction of adobe, stone masonry, and
brick masonry; 2. 1920-1950 - Dominant construction of brick and
stone masonry buildings with R.C. slabs; 3. After 1950 - Dominant
construction of R.C. frame buildings and other modern types.)

• Structural and Quality Parameters (10-17): Codes for the type of
structure are described on the back of the Form. The first digit
describes the predominant type of structural system. The second
and third digits describe subcategories of each predominant cate-
gory of structural system. Additional parameters include struc-
tural systems of the floors, and of the roof, respectively, roof
covering, type .of load carrying system (with seven basic subcate-
gories presented on the back page), quality of workmanship, first
floor stiffness relative to other floors, and repairs from the
previous earthquakes.

All these parameters are of basic importance for classifying
damage and usability of the buildings and for extrapolation of
these data for economic loss analysis as well as for improvement
of future seismic design and construction practice and require-
ments. Damage evaluation data that lead to empirical vulnerabil-
i ty and damage cost functions (Figures 2-1 through 2-6) should be.
associated with structural types and usage categories. Particular
attention should be given during the training process of the in-
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spection teams to the assessment of the quality of workmanship and
relative stiffness of the floors, assessment that will be based
mainly on engineering experience and judgment. Repairs from
previous earthquakes are an extremely important parameter. Evalu-
ation of previous repairs for each building should be made during
training process. Use of the parameter for repairs may ultimately
lead to an improved general strategy for repair and strengthening
of earthquake damaged buildings or to an extremely reduced number
of casualties which would otherwise occur from failure of in-
adequately repaired, previously earthquake-damaged buildings
(Romanian Earthquake, 1977) •

• Damage and Usability Classification (18-23): Damage both to struc-
tural and to nonstructural elements is described in five basic
categories; damage to the entire building is described by six
basic categories; damage due to local soil instabilities and
geological problems is described in eight categories; indirect
damage due to fire and/or collision (etc.) is described in five
categories; finally, on the basis of described levels of damage
usability, classification and posting is summarized in three cate-
gories related on the back page of the form to five categories of
damage degree.

All these parameters are of fundamental importance for any further
damage and usability classification and analysis of the entire
stock of data. In the event of a major earthquake, many buildings
will be damaged to varying levels and possibly a large number of
them will collapse. The overriding consideration for usability
classification of the buildings will depend on the damage level of
the structural elements and the integrity of the structural
system. Earthquake damage of the structural system is dependent
on the type of load carrying system, lateral-load-resisting
system, age and construction quality of the building, severity and
duration of ground shaking, and such associated seismic hazards as
differential ground settlements, soil liquefaction, and land-
slides. Since severe aftershocks may occur after a major earth-
quake and cause further weakening of a damaged structural system,
it is of paramount importance to make an immediate damage in-
spection in order to assess the degree of damage and the potential
of the structural system to resist further aftershock shaking.
Other nonstructural elements may be damaged and removal of hazards
resulting from their failure can be done within a shorter period
of time. But the structural system is of primary concern to the
safety of the occupants. If the structural system has been
damaged, the building should be posted as being unsafe for occu-
pancy. Damage of structural elements and posting for all five
damage categories is given in sufficient details on the back page
of the Inspection Form, along with comments on safety and usabil-
ity of each relative to damage category.

Damage of nonstructural elements and installations should be esti-
mated with equal care in five basic categories similar to those of
the main structural system and its elements. Most damage to non-
structural elements and installations will depend on damage degree
of or integrity remaining in the structural system. Examples of
nonstructural damage are cracked or else partially demolished or
shattered partitions, interior or exterior walls, cracked or
fallen ceilings, fallen light fixtures, cracked and fallen
chimneys, attics and gable walls, broken glass, dislodged mechani-
cal and electrical equipment, broken plumbing lines and water
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heater'3, broken gas and water lines, and elevators coming out of
their guide-rails. Damage of building service systems (supplying
water, gas, electricity, sanitary services etc.) may render a
building unusable or dangerous. The critical need for buildings
in certain usage categories (hospitals, schools, gymnasiums, cafe-
terias, food warehouses, power stations, transformer stations,
pumping stations for water and sewage, communication facilities,
etc.) to be returned to operation as soon as possible makes early
evaluation of service systems (installations) almost mandatory.
Damage categories of nonstructural elements and installations
should follow basically the same damage categories of structural
elements because nonstructural damage depends on the dislocations
created in the integrity of the structural system. For very flex-
ible structures, nonstructural damage classification could be
considered to be one damage category higher than respective damage
to the structural elements.

Damage to the entire building should be classified according to
the same five damage categories that are used with respect to
structural elements; the category of "total" may also be used for
the entire building. Observed soil instabilities and geological
problems, if pronounced, could be classified by the regular in-
spection team. In case of any doubts, the regular inspection team
should require reinspection by soil engineers and geologists.
Indirect damage from fire, slamming, and other causes is quite
possible in modern urban regions. Thus, damage could generally be
reduced significantly with protective measures and also through
earthq~ake response training programs.

Finally, on the basis of the damage classification, usability
classification and posting can be made in accordance with the
description given on the back page of the Inspection Form. Post-
ing should be made unless firm reasons exists for responses 4, 5
or 7 under posting in category 22 (Usability Classification and
Posting). Explana tions of main reasons for usability classifi-
cation and posting should be brief and related to classifications
of structural and nonstructural damage.

Possible recommendations of the inspection team for emergency
measures to be undertaken include removal of local hazards pri-
marily consisting of damaged nonstructural elements in order to
make the building usable to the occupants, and also measures for
protection of the streets and neighboring buildings from sudden
failure of severely damaged buildings or from their demolition.

• Ph£.,.t.9graphs, Other Sketches, etc. (24): Photographs should be
taken on damage of structural and nonstructural elements in order
to augment the existing evidence and data set on earthquake
damage. Data recorded by photographs will otherwise disappear
within a short period of time. The photographs will also assist
the supervisors and governmental authorities in the emergency as
well as being of basic importance in scientific and applied re-
search. On the back of each photograph should be the code number
of the sector or settlement and the building identification
number. Photographs on nonstructural and installation damage
should be taken where this damage represents a hazard to building
occupants. Other sketches or background material may also be
identified for purposes of scientific applied research.
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• Optional Items, Estimated Losses, Deaths and Injuries (25-27):
These items are optional, depending on governmental policies set
for damage inspection teams. Identification of deaths and in-
juries is usually undertaken by health departments, the civil
defense, and the military during emergency operations. Usually,
earthquake damage inspection teams are organized and operational
within several days after large-scale earthquakes. Thus, the
inspection team may use data on human losses supplied by health
departments; there is no need for the involvement of the in-
spection team in rescue operations. Data on human losses may be
very important and are to be collected together with other data on
damage and usability classification in order to develop more reli-
able data base for assessment of human losses relative to struc-
tural types and usage of the buildings.

Described by the estimated loss category is percent of building
damaged as a function of replacement value. This is one measure
of damage that may assist officials in determining approximately
how much direct economic damage has taken place. Later surveys can
be used to refine estimates made here, but, unless legal dif-
ficulties or governmental prohibitions exist, the team should try
to make rough estimates of reconstruction costs based on the
amount and type of damage that the building has incurred.

2.3 Earthquake Damag~Data Collection

In order to achieve rational and rapid performance of each inspection team,
comprehensive training programs should be organized continuously within
civil defense organizations of communities, districts, and the entire
country. Special ordinances should be issued by local and national govern-
ment authori ties for implementing the described methodology on earthquake
damage and usability classification •

2.3.1 .InfOE~ation Required ~nd Procedure for Data Collection

Earthquake damage data collection based on the uniform methodology as de-
scribed should be organized. Procedures and organizational modes should be
sui table for rapid data collection, day-to-day reporting of by inspection
teams, and summary data presentation to damage inspection headquarters of
the sectors, communities (communes), and the entire earthquake affected
region (which in the case of large-scale earthquakes could be extend to more
than one community or even district). The community and regional inspection
headquarters should be able to report on a daily basis to the responsible
government authorities and also to prepare the final report based on in-
spection team reports. To achieve these needs in advance of a major earth-
quake, a sufficient number of well-trained inspection teams must be
established in each of the communities of the seismically active regions
within the country as well as in the large ci ties of the country. During
the training process for damage inspection teams, organizational preparatory
measures should be undertaken in each community and outlined in the form of
the Earthquake Damage Inspection Plan which should contain the following
information and materials (prepared before any earthquake):

• Topographic maps on the scale of 1:10,000 or 1:5,000 of the com-
munity, with a detailed presentation of each individual sector for
inspection along with its designated code number. (One sector
should cover no more than 1,000 buildings of average height in the
region, since three to four inspection teams in that sector will
perform damage and usability classification within one month.)
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• Topographic maps of each sector on the scale of 1: 1,000 with the
names of the streets, the number of buildings, and the code number
for each building. The code numbers of the buildings, if they are
different from the regular numbers, should also be permanently and
clearly marked on the buildings.

• A detailed analysis and plan of organization, and the number of
the inspection teams along with the headquarters of the sectors
and the community. Each inspection team should be identified by
the name of the local specialists and the number of the addition-
ally required inspection teams.

• Earthquake DamageInspection Forms in triplicate for each building
along with completed identification and structural parameters (1
through 9 and 10 through 18 on the Inspection Form). These data
should be collected during the training process.

• Forms for summaryand final presentation of the inspection results
of earthquake damage and usability classification in three basic
categories (green, yellow, and red) by number and gross area of
classified buildings.

All the abovementioned maps and forms should be prepared for each inspection
team and headquarters in separate files and in a format sui table for easy
handling under specific field conditions after damaging earthquakes. They
should be kept within civil defense headquarters or other organizations
responsible for holding the training program and for actual damage and
usability classification. These pre-disaster preparations are very essenti-
al for training and rapid performance of damage classification in order to
ensure implementation of the uniform methodology. When these preparations
are not made, a significant number of instructors and supervisors should be
used for one-week training courses, during which inspection teama should
make trial classifications. The most difficult problems will be the pre-
paration of maps and forms as well as mobilization of the inspection teams
under extremely difficult post-earthquake conditions.

Success of the data collection procedure depends very much on the level of
preparation and training undertaken before a damaging earthquake. If these
preparations take place in accordance with the recommendations mentioned
above, then the following procedural data collection steps should be per-
formed after the actual damaging earthquake:

• Mobilization of the staff of the inspection teams and head-
quarters.

• Distribution of the already prepared files for earthquake damage
inspection to each inspection team and headquarter.

• Completion of Damage Inspection Form on a building by building
basis and posting of the buildings with the color corresponding to
damage and usability classification.

• Preparation of cumulative daily and weekly reports as well as
final reports of each inspection team and also headquarter of the
sectors and the communities.

• Submittal of the cumulative reports on earthquake
usabili ty to the responsible authori ties in the
district, and country.

damage and
community,
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• Archiving of one copy of the complete set of performed damage and
usability classification within civil defense headquarters of the
community. Submittal of the two other copies to the regional and
country headquarters responsible for further actions related to
evaluation of economic losses and reduction of earthquake conse-
quences.

2.3.2 Organization of Data Collection

Basic organization for data collection on earthquake damage and usability
classification should be developed within an Earthquake Damage Inspection
Plan for the community. All details on the number of required inspection
teams and headquarters by sectors and the entire community should be speci-
fied based on the assumption that the entire process of data collection
should be performed within one to two months after the damaging earthquake.
Here, for the sake of a single basic planning organization of inspection
teams, section and community headquarters will be considered together with
the required equipment and also major topics of the training course.

• Organization and Duties of the Members of Inspection Team: Each
earthquake damage inspection team should be composed of at least
three members: a structural engineer, head of the team; a civil
engineer or architect; and a technician-driver.

The duties of the head of the inspection team are to inspect the
building together with the other team members, to instruct on
completion of the Inspection Form, to prepare daily and weekly
reports and a final report where reports contain summary findings
on all inspected buildings, to submit reports to the sectional
headquarters, and to make the final decision on the posting or
reinspection of the building. He is responsible for both perform-
ance and also safety of the inspection team. The second member
(ci vil engineer or architect) transcribes on the Inspection Form
and assists the head of the team in damage evaluation and pre-
paration of the reports, takes photographs, and together with the
technician takes basic measurements of the building outside of the
building. The third member (technician) assists in data col-
lection, draws sketches, takes measurements, and posts the build-
ing with its determined color. He is also the driver of the team.

The ~~ipment and supplies of the inspection team should minimally
consist of the following: a complete inspection team file with
maps and inspection forms, a hard h~t for each member, a camera
wi th an adequate supply of black-and-white film, a flashlight,
notebook, hammer, measuring band, meter, and red, yellow, and
green colors, and paint brushes.

• '!:!"!l_iningof Inspection Teams: The training of inspection teams
should cover on the following topics: mobilization procedure,
team organization, use of inspection forms and reporting pro-
cedure, on-site determination of structural systems for buildings
without benefit of plans, assessment of the quality of the materi-
als, evaluation of structural and nonstructural damage, hazard
identification of nonstructural elements and of adjacent buildings
with respect to usability and safety of occupancy, and temporary
bracing methods.

• Duties of Sectional_~ Com~~:!:!l_Headquarters: Sectional and
community headquarters should be directly associated with ci viI
defense headquarters and supported by two to three structural
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engineers and also several technicians. The community head-
quarters should perform the following tasks:

• prepare the overall Earthquake Damage Plan for the juris-
diction,

• organize and execute the training program,

• compile relevant maps, forms, data etc. in advance of any
disaster,

• mobilize inspection teams and also the office force,

• establish communication with sectional and regional head-
quarters,

• retrieve equipment and supplies from storage and distribute
them to inspection teams,

e arrange transportation, food, and housing of personnel,

• organize and supervise the work both of inspection teams and
also sectional headquarters,

• request protection of streets, removal of local hazards, and
urgent demolition where needed,

• respond to citizens' requests for inspection,

• organize the work of reinspection and specialist teams,

• prepare reports for other agencies and for the news media,

• guide inspection teams through damaged areas, and

• archive final reports and all data on earthquake damage in-
spection.

The sectional headquarters should perform the following functions:

• organize the work of inspection teams in accordance w-i th the
Earthquake Inspection Plan for the corresponding section of the
community

• supervise the work of the inspection teams

• prepare daily, weekly and final reports for the community,
organize the work of the reinspection teams.

At the community headquarters, one copy should be maintained of the follow-
ing:

• basic data sets on earthquake damage and usability classification,

• maps and final reports of inspection teams and also of sectional
and of community headquarters.



24

Two copies of the same materials should be submitted to that governmental
agency responsible for further reduction of adverse earthquake consequences,
evaluation of economic losses, and planning of short- and long-term seismic
risk reduction measures.

All completed basic data sets should be immediately computerized and
analyzed for initial presentation in the form of tables presenting each
category of usage and structural types with reference to the five basic
categories of damage, usability in terms both of number of buildings and
also the gross Ilrea (as a percent of the total constructed building area).
These tables should be developed for each section, community. and also af-
fected regions, respectively.

Cumulative damage and usability evaluation with the assessed seismic inten-
sities and recorded earthquake ground motions could be immediately presented
to the government authorities and the scientific community in the form of
graphs and tables. These can exhibit evaluated physical damage (like the
examples in Appendix A) and concentration of damage within both the com-
munity and the affected region.

2.5 Estimation of EconomicLosses

From the completed earthquake damage evaluation and summary analysis of
building damage, earthquake damage could be related directly with reference
to structural types, usage categories of the buildings, and also gross area.
For estimation of economic losses, the first strategic decision should be
rnade on the level to which earthquake damaged buildings should be repaired
and strengthened. Twobasic decisions are in general possible:

• buildings should be repaired and strengthened to be aseismic
structures with possible updated functioning, or

• buildings could be repaired to pre-earthquake conditions. (Many
Balkan countries are implementing the first decision because large
earthquakes occur often and the stock of non-aseismic construction
is large.)

After the decision on the basic strategic approach is made, summary re-
lationships on observed damage (empirical vulnerability functions) with
respect to ground shaking intensity could be prepared for each usage catego-
ry and structural type of the building (Figures 2-1 to 2-4). Depending on
the distributions for each usage category and structural types in the total
gross area, a number of representative samples will be selected for detailed
cost-estimate analysis of repair and strengthening of each category and for
at least five levels of ground shaking. For each of the selected sample
buildings, detailed analysis of design and detailing should be performed
prior to the cost-estimate analysis. Based on the analysis of a sufficient
number of selected samples, functions for estimation of the cost for repair
and strengthening of the structural system, nonstructural elements and in-
stallations, including improvement of the building function, could be de-
veloped similarly to those shown in Figures 2-5 and 2-6 from the Montenegro
earthquake. The cost of repair and strengthening could be presented as a
percent of the total cost of new construction per unit area.

Once these preliminary tasks are accomplished, summary of direct economic
losses on buildings will be rather simple. In addition to building losses,
direct as well as indirect economic losses for local and regional infra-
structures should be assessed by specialized inspection teams.
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2.6 HumanFatalities and Injuries

Human losses will range from light injuries to deaths. Naturally, human
losses create- the greatest concern about an earthquake and will typically
characterize the extent and severity of the disaster. It is therefore ex-
tremely important to collect human loss data. These data can be used to
correlate human losses to observed damage in various building types, and
ultimately to build safer structures. These data and correlations may be
used to make casualty predictions for emergency planning purposes. Methods
for applying correlations of human losses to damage to obtain estimates of
expected casual ties for predisaster preparedness planning are discussed in
Chapter 4 (see Anagnostopolous and Whitman, 1977).

2.7 Measures for Reduction of Earthquake Consequences and Mitigation
of Seismic Risk

The primary purpose of the described methodology and procedure for post-
earthquake damage evaluation is to assure an adequate volume of data with
sufficient accuracy for the needs of seismic rehabilitation efforts and also
seismic risk reduction programs.

Owing to recent catastrophic earthquakes in the Balkan region, severe damage
has occurred to a large number of residential buildings, schools, hospitals
and other public, administrative and industrial buildings, as well as other
facili ties in local and regional infrastructures. Most damaged buildings
are in an unusable condition until their basic structural system and also
nonstructural elements are adequately repaired and strengthened. In order
to assure appropriate safety and normal use of damaged buildings, it will be
important to recognize that these buildings will be exposed in the future to
a large number of small and moderate earthquakes and, with significant prob-
ability, to the catastrophic large magnitude earthquakes similar to those in
the past. So that the requirements for economic development and aseismic
design may be met, systematic scientific and applied research should be
carried out for the purpose of seismic risk evaluation, definition of eco-
nomically justified and technically consistent design criteria, and improve-
ment of structural systems capable of withstanding expected earthquake
effects. During the stage of general and physical and urban planning, of
design and construction of new facilities, as well as repair and strengthen-
ing of damaged buildings, it will be essential to take into account the
expected seismic hazard and its influence on seismic stability of the struc-
tures and installations. Safety criteria should be elaborated based on
determined acceptable seismic risk levels. The safety criteria will assume
that seismic protection is economically justified and that future earthquake
damageability levels will permit safe and undisturbed use.

For the purpose of reduction of earthquake consequences and mitigation of
seismic risk, short- and long-term studies and actions should be organized
by responsible government authorities and professionals. The basic steps of
these studies and actions are summarized for short-term and for long-term
needs, respectively.

2.7.1 Short-term Studies and Actions for Reduction of Earthquake Conse-
quences

• Classification of buildings, structures, and local and regional
infrastructures according to the usability and level of damage
based on the uniform methodology developed here for damage classi-
fication.
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• Planning temporary housing, organ~z~ng of medical centers,
supplies, schools and other public activities.

• Studies of earthquake effects and damage distribution.

• Seismological studies based on existing and temporary installed
seismic stations.

• Immediate installation of strong-motion accelerographs and seismo-
scopes for recording stronger aftershocks.

• Seismic records data collection and analysis for elaboration of
seismic design criteria for repair and strengthening of damaged
buildings and structures.

• Elaboration of requirements and instructions for repair and
strengthening of damaged buildings and structures.

• Reconsideration of physical and urban plans with mapping of the
spatial distribution of earthquake effects.

• Estimation of earthquake damage losses, and planning of financial
and legal actions for reduction of earthquake consequences.

• Urban planning for construction of new settlements for housing,
medical centers, schools and public utili ties based on existing
immediate needs, existing usable buildings, and anticipated future
urban development.

• Actual repair and strengthening of damaged buildings and demo-
lition of heavily damaged buildings, with associated site investi-
gations and designs for repair and strengthening.

Long-term Studies for Physical and Urban Planning, Design and
Construction in Highly Seismic Regions

• Improvement of the network of seismological stations with tele-
metered and computerized systema for rapid collection and analysis
of earthquake data.

• Statistical studies on instrumental and historical seismological
data and preparation in a format for rapid computer analysis used
for scientific and applied research.

• Development of a neotectonic map with dynamic evaluation of the
neotectonic processes within the seismic regions of the country.

• Development of a seismotectonic map of the country.

• Development of seismic hazard map of the country for different
levels of seismic risk for planning, design, and construction of
different types of structures.

• Development and installation of a strong-motion network.

• Physical planning of seismic regions based on damage evaluation
and vulnerability studies.

• Evaluation of expected vulnerabili ty and acceptable seismic risk
levels along with requirements for seismic protective measures.
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• Elaboration of codes, instructions, and manuals for aseismic
design and construction of different types of structures, retro-
fitting of existing structures and other specific needs.

e Development of seismic microzonation maps for significant urban
areas.

• Planning, design, and construction studies for structures of vital
importance.

• Elaboration of laws and regulations for counter-measures against
large-scale earthquakes.
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3. BASICELEMENTSIN THEDECISIONREGARDINGPOST-EARTHQUAKEREHABIL-
ITATION

This chapter outlines some of the main elements in deciding whether or not
to rehabilitate damaged buildings after an earthquake.

It is here assumed that this decision procedure begins once a preliminary
damage survey has been made. Those buildings that are undamaged will be
considered in latter chapters, since such undamaged buildings are in the
same policy position as pre-earthquake structures. Nevertheless, elements
of the procedures explained in this chapter may also be applied both to
post- or pre-earthquake decisions pertaining to rehabilitating undamaged
individual buildings or else building populations. Actual technical pro-
cedures for repairing and strengthening structures are discussed in another
manual, Volume 5, "Repair and Strengthening of Reinforced Concrete, Stone
and Brick-Masonry Buildings."

Based on the preliminary damage survey found in Chapter 2, buildings are
given the following damage ratings and typical postings:

DAMAGE TO
STRUCTURAL ELEMENTS TYP ICAL POSTI NG

NONE GREENSLIGHT (USABLE AfTER LOCAL HAZARDS ARE REMOVED)
MODERATE YELLOW -- ENTRY LIMITEDHEAVY (TEMPORARILY UNUSABLE BEFORE REPAIR AND

STRENGTHENING)
SEVERE RED -- ENTRY PROHIBITED

(UNSAFE WITH POSSIBLE SUDDEN COLLAPSE)

These ratings typically refer to the building immediately after the earth-
quake. Over time, the building condition may worsen owing to slow plastic
deformations in some structural members having a new state of stress created
by damage, or owing to such secondary effects as additional foundation
set tlements caused by soil sa tura tion resul ting from damaged water supply
and drainage systems. These possible post-disaster effects must also be
taken into consideration in the final strengthening design.

In addition, damage to non-structural components, such as equipment, cabi-
nets, and bottles, may have resulted in large losses. This chapter does not
directly concern itself with policy decisions on these non-structural
losses.

Moreover, this chapter does not concern itself with emergency measures to be
taken for structures that need to be protected against aftershocks or else
effects of gravity loads immediately after the earthquake.

Instead, of special concern are structures with damaged structural systems
where the following decisions may be applicable:
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(1) repair or strength the structural system to a given level of
seismic capacity;

(2) discontinue use of the building, or continue with a reduced use
after repairs, or

(3) demolish the building, and replace it with a new building, if
needed.

Hence, this chapter primarily pertains to those buildings with slight to
severe structural damage and that may be able to be seismically strengthened
rather than demolished. Almost no severely damaged buildings will fall into
this category, since they will tend to be irreparable. This chapter is
intended to include specially hazardous elements that create public safety
risks. Later chapters will discuss policies pertinent to undamaged build-
ings or to buildings with only superficial damage.

3.3 Main Elements in the Decision Procedure

Decisions on what to do to damaged buildings have engineering, economic,
social, political, and legal repercussions.

In most cases, especially for temporarily usable buildings, or for highly
critical buildings that are currently unusable, decisions will need to be
made fairly promptly. In addition, if numerous buildings have suffered
significant structural damage, then the economics of demolishing rather than
seismically rehabilitating them may become a major issue. To resume
business as usual, some institutions may require very rapid decisions as to
what buildings they may use. Since public safety issues are at the fore-
front of what to do with damaged structures, social and legal issues will
also be salient. For instance, there may be a strong desire by many former
building occupants not to reenter a building that has previously been struc-
turally damaged even though its structural damage has been seismically re-
habilitated. For another instance, decisions to seismically rehabilitate a
structure may face adverse public and legal reaction if the same structure
is later seriously damaged by an aftershock or a new earthquake. It is in
this highly emotional context that the structural engineer must make his
assessments and the public administrator must make his decisions.

Even though public safety issues are at the forefront of decisions as to
what to do with damaged structures, risk aspects of the decision also will
be present if only because earthquake-proof structures do not exist and the
economics of repairing buildings will be significant. In the haste of such
decisionmaking, it will here be assumed that the current seismic code
constitutes the guideline for acceptable risk practices. Decisions will be
made with this seismic code as a reference. In practice, reasons may be
forwarded for using either higher or lower standards than the code implies.

For the policy adminis tra tor, general discussions of risk methods in later
chapters, especially Chapter 6, will augment the brief discussion of policy
issues here. The remainder of this chapter is devoted to the broad con-
ceptual framework of the structural engineer as he makes his assessment of
the damaged structure. In making such an assessment, he shall be assumed to
convey to non-technical parties information not only on the safety of the
building but also both on the technical concept and on the costs of repair-
ing the structure or strengthening it to a given level of seismic re-
sistance.
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Technical - Economic Feasibility Assessments by the Structural
Engineer -----

The approach of the structural engineer to the rehabilitation problem of an
existing structure contains four steps:

1. Examination of the existing structure.

2. Construction of alternative rehabilitation concepts.

3. Examination of the technical feasibility and cost estimate for
each alternative and selection of the final concept.

4. Final design.

This chapter deals with the first three steps. The fourth step is governed
by pertinent technical regulations and is partially covered in Manual 5,
"Repair and Strengthening of Reinforced Concrete, Stone, and Brick-Masonry
Buildings."

The Examination of the Existing Structure

Structural rehabili tation of an existing building structure is unanimously
acknowledged as one of the most difficult problems that the engineer has to
face. His knowledge of the structure is generally very incomplete. Even if
he possesses its execution drawings, he cannot be sure that all design pro-
visions have been strictly followed. He may even find significant dif-
ferences between those provisions and how they have been followed. Both the
safety level of a damaged structure and also the accepted ways to demon-
strate this level are not settled by any technical regulations. He there-
fore has to decide on his own about the safety level and how it is to be
demonstrated. He has also to consider the economic efficiency of the possi-
ble rehabilitation measures.

This very complex situation has sometimes led to extreme approaches that, on
the one hand, consider rehabilitation as a matter of very sophisticated
analysis, more sophisticated than the design of new structures, and, on the
other hand, consider rehabilitation as an art dependent only on intuition or
experience. Both extremes have too little relation to the. accepted and
well-known provisions for new structures. This is unsatisfactory because the
practicing engineer is familiar with the way of conceiving seismic safety as
formulated in the codes and regulations.

Therefore, generally speaking, we think that the basic assumptions and
analytic methods for the engineering problems and safety requirements of
rehabili tation should be the same as those accepted in the codes for new
structures of the same kind. Certainly code provisions may sometimes prove
to be incomplete or too schema tic to reflect the complexi ty of a specific
rehabili tation problem. But these are special cases and should be treated
as such.

It is very important to note that in the following when speaking the ex-
pression "existing structure" will be taken to refer to the structure con-
sidered as though undamaged. By the term "repair," we shall mean the simple
restoration of the integrity of the visibly damaged structural members,
parti tions and finishes. Through this restoration the structure approxi-
mately regains its pre-earthquake seismic resistance. By the term
"strengthening" we shall mean the upgrading of that resistance, including,
of course also -the repair of damaged members. These conventions emphasize
that one rehabilitation alternative is simple repair of the structure to its
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pre-earthquake state, and that a distinct rehabilitation alternative is
strengthening to ensure an acceptable degree of seismic protection in the
future. From this perspective, the damage evalution provides only very
valuable information about the seismic behavior of the structure and a guide
in establishing the strengthening concept and the cost estimate of the re-
habilitation.

In principle, the aim of intervention should be to upgrade the existing
structure in order to fulfill the respective code requirements completely or
as much as is reasonably possible. Thus, the technical examination has to
establish how far the actual characteristics stray from the required ones
and to what extent and by what means these characteristics could be improved
in order to reach the required or at least. an acceptable safety level.
Seismic safety criteria as specified in codes are based on the following
damage control requirements:

• prevention of important non-structural damage and significant
structural damage in a moderate earthquake;

• prevention of excessive non-structural damage and important struc-
tural damage in a strong earthquake;

• avoidance of collapse in a very severe earthquake.

In general, codes contain the following specifications in order to meet
these requirements:

• some rules regarding the location and distribution of the struc-
tural elements bearing the seismic loads, a possibly uniform
distribution of the stiffness on the building surface, and a
smooth variation of the stiffness on the height of the building;

• the values of the conventional design forces in the form of coef-
ficients and dynamic amplification factor spectra;

• the allowable deformations (drifts), to protect non-~tructural
elements and prevent excessive damage;

• some rules of good detailing to ensure ductile behavior and suf-
ficient deformation capacity of the structural members in the
postelastic range.

In other words, (as in Figure 3-1(a)), codes specify:

• the principles of a good structural concept;
• the necessary strength in the elastic range;
• the allowed deformability;
• the necessary ductility measures.

These four aspects mentioned above have to be examined for an existing
structure (see Figure 3-1(b»).

3.4.1.1 The Quali ty_of the Structural Design

Structures are classified from the viewpoint of the quality of their concept
and layout as:

• good - the structural scheme is clear; there are redundant later-
al resistant structural elements in both horizontal directions;
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CODE REQUI REHENTS

• SREQ' REQUIRED BASE SHEAR FORCE CAPACITY
• liO • DAMAGE THRESHOLD ORI FT
• MEASURES GRANTI NG DUCTI LI TY

• ADDITIONAL LIMITS SUGGESTED
• Sc • 0.8 SU1' CONVENTIONAL CONDEMNATION

BASE SHEAR FORCE
• 6C • CONDEMNATION THRESHOLD DRIFT

NOTATIONS:
o • SCHEMATIC S-6 OIAGP.AM FOR A

STRUCTURE [ENVELOPE OF THE
ACTUAL HYSTERETIC S-6 OIAGRAIt]

n • AREA ENCLOSED BY C, REPRESENTlIIG
ENERGY ABSORPTION CAPACITY OF THE
STRUCTURE

°EXISTING

/

• CHARACTERISTICS TO BE ASSESSED FOR THE
EXISTING STRUCTURE

• SCAP' ~~~~ T~ASE SHEAR FORCE

• SREQ' ~~~~~R~~RCE CAPACITY

• 6 • DRIFT CORRESPONDING TO
SREQ

• CONDITIONS FOR DUCTILE BEHAVIOUR
(ADEQUATE REINFORCEMENT AND
DETAILING)

Figure 3-1. Schematic S-~ Diagrams

a) NEW STRUCTURE - DESIGN BASED ON ASEISMIC CODE
b) EXISTING STRUCTURE

• these elements are clearly shaped as frames or shear walls;

• they are distributed with convenient spacing, on the surface of
the structure, and with no excessive differences of stiffness;

• there are no significant sprung-like stiffness differences between
stories; (see example in Figure 3-2);

• acceptable - as a whole, the structure may be classified as good,
except for some weak points such as:

• evident large eccentricity of the stiffness centroid in relation
to the centroid of masses;

• weak, flexible, stories in an otherwise stiff structure, stiffness
concentrations at large distances, and so on (see examples in
Figure 3-3);
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Figure 3-2. Example of a "Good" Structural Layout
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=
Figure 3-3. Example of "Acceptable" Structural Layouts

• unclear - the lateral force resistant elements are not clearly
"shaped as frames or walls, or their location is irregular, that
is, the state of stress and deformation under lateral loads cannot
be clearly established by usual analytic methods (see example in
Figure 3-4);
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Figure 3-4. Example of "Unclear" structural Layout

8 inadequate - the structural system is eventually unsatisfactory
even for gravitational loads and is obviously inadequate for
lateral loads (see example in Figure 3-5).

COLUMNS RESTING ON BEAMSAT THE UPPER FLOORS
BEAtlS

Figure 3-5. Example of "Inadequate" Structural Layout
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The Strength of the Structure

The seismic performance capability of the structure is defined by Scap., the
base force capacity in the elastic range, that is, the shear force which
causes the firs t column at ground floor level to reach its design limit
strength.

This shear force capacity is compared to Sreq., the required shear force
capacity according to the codes for a building of the same size and function
and with the same kind of structure. The ratio R = 5S~~~, called here thereq.
strength index, is then compared to specified limit values of this index.
The limit values are to be considered as guidelines, not as strict limit
conditions.

For decisionmaking needs, three intervals of values of the strength index R
have been defined:

R > 0.8

0.5 < R < 0.8

R < 0.5

in this interval, the strength can be considered as
being satisfactory, with the probability of somewhat
deeper incursions into the postelastic range during
the seismic action, without coming too close to the
condemnation threshold;

in this interval, the opportunity still exists to
compensate for the lack of strength by good ductili-
ty in assuring the non-collapse condition in a
strong earthquake, although this type of structure
may approach its condemnation threshold. Therefore,
either the structure could be accepted as it is,
wi th a lifetime limitation depending on. the seismic
risk, or else the structure could be strengthened;

in this interval, the safety of the structure is
clearly unsatisfactory.

Some methods of assessing S • and 5 are given in Appendix B.cap req.
Combining the estimated structural layout quality and the value of the
strength index R, five categories of comprehensive characterization of the
actual structural quality are defined from A to E in Table 3-1.

Table 3-1. Five Classes Based on Structural Layout and the Strength
Index

QUALITY OF THE STRUCTURAL LAYOUT
STRENGTH INDEX

GOOD ACCEPTABLE UNCLEAR

0.8 < R A B C
0.5 < R < 0.8 B C D

R < 0.5 C D E
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The Deformability of the Structure

The computed deformation generally in form of the drift at the ground floor
level has to be compared with two limit values: ÖD' the damage level
and ÖC' the condemnation level. Ö is the expected drift for a shear force
equal to Sreq.' i.e., the computed elastic deformation divided by the struc-
tural factor of about 0.2 - 0.3, as specified in the codes for each type of
structure (see Figure 3-1).

The ÖD limit, intended to ensure protection of non-structural elements, is
therefore independent of the structural characteristics and has a fixed
value of about 0.7 - 0.75 adopted in most codes.

Öc' a limit intended to ensure the protection of the structure itself,
should be determined from a condemnation displacement spectrum. Since these
spectra are generally not available, estimated values of

Öc 1% for shear wall structures, and

Öc 1.5% for frame structures

could be adopted.

The Ductility Requirements

In accordance with most current seismic design regulations, a structure is
assumed to have satisfactory ductility if:

• any member has an appropriate amount of transverse reinforcement
so that ductile failure in bending will occur before brittle fail-
ure by shear;

• in any member, the concrete in the compression zone is confined by
adequate transverse reinforcement;

• the stiffness and ultimate strength of structural members are
adequately proportioned, so that the vertical load-bearing
elements, Le., columns and walls, are the last to reach ultimate
strength.

For the needs of an initial overall decision, no special ductility analysis
is to be carried out. Only an estimation needs to be made of the fulfilment
of these basic requirements, namely, the amount and spacing of the column
stirrups confining the thin shear wall edges, and the relative stiffness and
steel ratio in beams and columns at the joints of frame structures.

This estimation can be made only by examining the execution drawings. If
these are not available, then only the probability of having these ductility
conditions fulfilled can be estimated, based especially on the year of de-
sign and completion of the structure and the prevailing analysis and detail-
ing concepts and also regulations at that time. Figure 3-6 provides a flow
chart of the decision procedure.

3.4.1.5 A Simplified Approach for Frame Structures

The amount of analysis needed for the above procedure can be considerably
simplified if the following matters are taken into account:
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THE MAIN STAGES OF THE TECHNICAL EXAMINATION

DETERMINE DIMENSIONS.
IMPORTANCE CLASS. STRUCTURAL
TYPE

C 0

o

C

C

B

ACCEPTABLE UNCLEAR

A

B

-------,

USE TYPE IV
STRENGTHEN I NG
TO CLASS A

Figure 3-6. Development of the Rehabilitation Concept for
Making Suitable Seismic Restoration Feasibility
Studies (Page 1 of 3)
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n

the state of
pressed by

°0r-c

stress in a column under gravitational loads is ex-

N
hilfc

where

N the axial load;
b,h cross-section dimensions;
fc the cylindrical or prismatic compression strength;
00 the axial compression stress.

the ratio n, associated with the interaction diagram of the column
section, allows for the direct assessment of the shear force capa-
city and consequently of the strength factor R, as illustrated in
Figure 3-7.

S- A

B S--

FOR R = 0.5 or Cs = 0.5csreq

FOR R = O.B or Cs
= O.B csreq

FOR R = 1.0 or Cs
= 1.0csreq

PI ,p2'p) = INTERSECTION POINTS

"1 '"0 8'"0 5 = RESULTING WUT
• • VALUES OF "

SCAP CsR=--=--
SREQ Csreq

INTERACTION CURVE (FUNCTION
OF m," THE MECHANICALSTEEL
RATIO Pt~)

I

R<0.5t' t----------
0.5<R<0.B "0.5

0.B<R<1.0 _O~==~_-_-- __ -=----

"'1
I

M
m • bh2f'

c

Figure 3-7. Relations Between the Axial Compression Stress, the Required
Base Shear Coefficient and the Resulting R for a Reinforced
Concrete Column
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pi = 0.2
er = 0.6
H = 6
h

R < 0.5
ZONE I II O. 5 < R < 0.8

ZONE II 0.8 < R < 1
n

nA R = 0.5
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csreq A Cs
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Figure 3-8.
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2) (with respect to that figure) the dispersion of the values of the
factors influencing the Cs(cap.) -- the restraint degree at the
columns ends, the column slenderness and the mechanical steel
ratio -- is rather low in practice, so that it may be worked with
average values without risk of large errors.

3) it may be assumed that there is little, if any chance that a
structure designed before 1950 - 1955 has satisfactory ductility,
even if the structure is well-engineered in accordance with rein-
forced concrete codes valid at that time. These codes allowed
excessive axial compression stresses and prescribed inadequate
transverse reinforcement. The importance of ductility was fully
realized only later.

As a result, diagrams such as those in Figure 3-8 can be drawn, allowing for
the direct determination of the strength factor R from the stress under
gravitational loads and the required base shear coefficient Cs(req.) for a
given column.

Such diagrams are valid for the structure as a whole if the columns have
nearly the same thickness and values close to the gravitational load stress.
In such cases, one may use the average compression stress,

Total weight of the building
Total area of the columns

°0and an average n = r- for the entire structure.
c

Based on the interaction diagram in Figure 3-9, some conclusions may be
drawn:

n

0.8

0.7

0.6

0.5
0.4

0.3

0.2

0.1

O. 02 O.04 O.06 O.08 O. 10 O. 12 0.14 m

Figure 3-9. The Probable Range of Values of Pt~ and cs and the Resulting
Limit Values of nand R
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• if n > 0.60 the structure has no chance to achieve a strength
factor R > 0.5, and so obviously needs strengthening;

• if n < 0.20, then R > 0.8 and the type of failure in eccentric
compression is always ductile, so that only repair is probably
needed;

• if 0.20 < n < 0.60, then R may have values between 0.5 and 1.0
depending on the average column slenderness expressed by H/h and
the diagram corresponding to the respective value of H/h (see
Figure 3-8) has to be used to estimate R directly from nand
cs(req.).

If stiffness varies significantly from column to column, then it is unavoid-
able to determine Ri for each column i or for each group of roughly identi-
cal columns and deduce R for the whole structure as

Rstructure = minimumsignificant Ri

Based on the above considerations regarding the assessment of the strength
and ductility of an existing structure, the simplified procedure illustrated
by the flow chart in Figure 3-6 (third page) may be adopted.

In Appendix B, a more detailed explanation of the fundamentals of this pro-
cedure as well as some examples of its use are presented.

Decision Procedure and Construction of AHerna ti ve Rehabilitation
Concepts

A full structural rehabilitation consists of improving the structural layout
and upgrading strength, deformabili ty, and ductility to the level required
by the codes. Technical difficulties of full rehabilitation or else econo-
mic or social considerations may lead to the acceptance of a lower level for
one of these characteristics if adequate compensation is provided for by the
other characteristics. Consequently, a very limited intervention on the
structure may be decided on, so that only repair of visibly damaged struc-
tural members is made. For instance, one may accept less strength and high-
er deformations, if the structure has a good layout and good ductility.
This means that extensive non-structural and rather significant structural
damage but no collapse is to be expected in a future code design earthquake.
However, there are limits to acceptability. A strength factor of about R <
0.5 is unacceptable because chances are poor or non-existent that ductility
could compensate for such low strength in order to protect against collapse.
A deformabili ty higher than the condemnation drift is unacceptable because
the state of stress becomes unpredictable owing to high second-order ef-
fects.

For another instance, one may accept less ductility than required by the
codes, if enough strength in the elastic range is available.

If neither existing strength nor ductility offer a satisfactory probability
of survival of the building in the relevant code design earthquake, then
structural rehabili ta tion or else an appropriate change in building use
should be decided on.

structural rehabilitation may consist of:

• an intervention in the existing structural members so that their
individual strength and/or ductility are improved and in this .way
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the respective characteristics of the structure are influenced
(e.g., jacketing of the columns), even though the structural
scheme is unmodified, or

• an intervention in the structure as a whole and that improves its
lateral force resistance, stiffness and ductility' through the
addition of new structural members to increase the respective
characteristics of the structure (e.g., bracing in a frame or
skeleton structure or new shear walls in a shear wall structure in
order to reduce the eccentricity of the masses) or even through
introduction of a new lateral force resistant structure to take up
integrally the seismic action (e.g., stiff shear walls introduced
in a flexible frame or skeleton structure). Such an intervention
produces significant changes of the stress distribution in the
structure as well as in the structural layout.

The first sort of intervention may be called strengthening and the second,
which implies rethinking the entire structure, may be called redesign.
Certainly, no sharp limits can be drawn between these two sorts of inter-
ventions, because any intervention improves the stiffness as well as the
strength and ductility of the whole structure and any intervention concept
implies some thinking and design. Therefore, in order to avoid discussions
about terminology, the term strengthening has been adopted to cover any
intervention.

In order to point out the main characteristics of the type of strengthening
needed, four strengthening types are differentiated:

Type I - improving mainly the ductility and energy absorption capa-
city in the post-elastic range.

Type II - adding strength and stiffness in order to diminish the
deformability.

Type III - adding strength and systematically improving the ductili-
ty.
Type IV - reshaping the structure through the addition of new struc-
tural elements or even a replacement structure for lateral loads.

Figures 3-10, 3-11 and 3-12 explain some of the concepts involved and illus-
trate graphically, through schema tic S - 6. diagrams, some examples of re-
habilitation decision alternatives.

3.4.3 The Technical and Economic Feasibility Study

Contents of the Study

The feasibility study forms the basis for the final decision regarding the
concept and the economic acceptability of the rehabilitation. This study
should contain the following:

a) The technical portion: preliminary design, estimate of amount of
construction, cost estimate, estimate of the means and materials,
special tools and machinery);

b) The economic part (the efficiency index of each variant);

c) Comparison, conclusions, and recommendations.
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The Preliminary Design

The extent of the preliminary design is highly dependent on the particular
case in discussion. In principle, this design should contain at least a
general structural layout and the amount of structural analysis and details
needed to demonstrate the design' s validity, the correct outline dimension-
ing, and the technical feasibility of the respective rehabilitation variant.
The degree of seismic protection to be achieved is either established
through appropriate regulations developed by competent authorities or else
examined through alternatives for each case. Based on the preliminary over-
all concepts assessed as a result of the technical examination, various
degrees of seismic protection could be achieved. For instance, a structure
having a strength factor R < 0.5 could be upgraded to a strength factor in
the range R = 0.5 to 0.8 or else in the range R = 0.8 to 1.0. In some
cases, this poses only a problem of adequate dimensioning and a difference
in the quantities of materials needed. In other cases, this may pose a
problem of selecting a different type of strengthening. For instance, if by
a type III strengthening only a value of R = 0.6 to 0.7 could be reached, to
achieve a value of R = 0.9 to 1.0 a type IV strengthening would be needed.
Finally, in some cases, even the most radical type IV strengthening--intro-
duction of a replacement lateral force resistant structure - may achieve
only a limited improvement of the strength factor because the preservation
of the building function limits the possibilities of shaping and dimension-
ing the new structure.

Given the wide range of possible situations, standard values of the desired
degree of seismic protection can hardly be established. We can only suggest
that in principle three degrees of seismic protection should be taken into
considera tion, (with the most appropriate strengthening type selected among
those established according to the flow charts in Figure 3-6) namely:

• simple repair
• strengthening to an R factor of about 0.6 to 0.7
• strengthening of an R factor of about 1.0

3.4.3.3 The Economic Efficiency Index

The economic efficiency index EF may be roughly defined as the ratio between
the rehabilitation cost and the cost of a new replacement building of the
same kind or satisfying the same social functions.

Certainly, in a more comprehensi ve account of economic efficiency, many
considerations should be involved and compared, including the achieved
degree of safety and the technical feasibility of the two structures, the
maintenance costs of the building in the two cases, and the efficiency of
land use. For such a thorough definition of efficiency, we refer to
specialized literature. But since obviously the approach could not be the
same in all cases-for the central zone of a metropolis or a small town some-
where- in a seismic zone - and since these considerations are subject to
insignificant variations in common cases, for the purpose of a rehabil-
itation feasibility study such an preliminary simple definition may be
accepted.

In order to provide more accurate information about efficiency, the cost of
the rehabilitation should be subdivided as follows:

K1 the cost of the structural repair and strengthening

K2 the cost of the nonstructural damage repair
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the cost of restoring the otherwise undamaged nonstructural
elements and finishes, affected by the intervention in the
structure

cost of other nonstructural repairs that are independent of
the intervention in the structure and are needed to ensure
normal functioning of the building.

Consequently, one may allow KT = K1 + K2 + K3 + K4 = the total cost of the
rehabilitation and

Vex = the cost of a new building functionally identical to the
existing one

the cost of a replacement building having the same social
functions, but not necessarily with an identical architectur-
al layout

KD = the cost of the demolition of the existing building.

Then an efficiency index EF of the rehabilitation may be defined as
KT

EF = y--:;-v:-
ex D

or alternatively as

EF

Both definitions are valid, depending on the specific case. For a building
having some specific feature, for instance special finishes, the comparison
to Vex is advisable. For an average building, the comparison to Vrep is
acceptable and simpler.

The efficiency index is to be compared to specific limit values. The ad-
missible or reasonable limits of EF are dependent on the economic, social or
architectural value of the building. Buildings may be divided according to
their functional and architectural value, and to the quality and state of
their nonstructural components, into four classes of importance that are
related to social rehabilitation decisions:

Class 1 - special importance. To be maintained at any cost.

Class 2 - functionally good and up-to-date, architectural valuable,
good finishes, materials, and workmanship. To be maintained.

Class 3 - functionally acceptable, architecturally neutral average
finishes, non-structural materials, and workmanship. To be maintain-
ed, if maintenance is not inefficient.

Class 4 - functionally worthless or obsolete, poor materials and
workmanship. To be maintained only for a limited lifetime as long as
possibly needed to respond to some social needs (for instance, in
case of a housing shortage).

For each class, upper limits of each intervention I s efficiency may be de-
fined in terms of limit values of the efficiency index EF. Certainly, these
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limits are informative, although highly dependent on specific conditions and
susceptible to variation in time. Proposed limits are found in Table 3-2.
In some situations, even as much as EF = 80% could be accepted.

Table 3-2. Tentative Upper Limit Values of EF

CLASS 1
CLASS 2
CLASS 3
CLASS 4

NOT LIMITED
50'l,
35'l,
20'l,

Furthermore, one may take into account the following:

a) By a new low- or middle-rise building, in normal conditions the
cost shares could be assumed as in Table 3-3:

Table 3-3. Cost Breakdowns in Low- and Middle-Rise Buildings

BEARING BRICKRC FRAMES MASONRY

FOUNDATIONS AND INFRASTRUCTURE 8 - 10'l, 8 - 10'l,
STRUCTURE 30 - 40'l, 40 - 50'l,
NON STRUCTURAL MEMBERS AND 60 - 50'l, 50 - 40'l,
FINISHES (WITHOUT EQUIPMENT
AND INSTALLATIONS)

b) For the cost of structural rehabilitation, some usual values based
on previous experience could be assumed as in Table 3-4:

Table 3-4: Typical Values of structural Rehabilitation Costs

TYPE OF AVERAGE OBSERVEDSTRUCTURAL CATEGORY STRENGTHENING COST

A I K1 K1 + K2
3'l, 5'l,

B II - III 8-10'l, 15'l,
C III - IV 10-12'l, 25'l,
D III - IV 12-15'l, 35'l,

c) Estimation of the degree of damage (by earthquake or other causes)
of nonstructural members and finishes can be categorized as:
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DSTRENGTHENED
TYPE I

MAlN PURPOSE:
I HPROVE DUCTI LI TY

DSTRENGTHENED

SREQ.
SCAP .STR.
SCAP .EX.

TYPE II

MAlN PURPOSE:
IMPROVE STRENGTH
AND STIFFNESS

TYPE III

TYPE IV

ADDING STRENGTH STIFFNESS
AND DUCTILITY. TO THE
EXISTING STRUCTURAL MEMBERS

ADDING STRENGTH, STIFFNESS
AND DUCTILITY THROUGH NEW
STRUCTURAL MEMBERS

"UL.STR."UL.EX.

"UL.EX. "UL.STR.

DSTRENGTHENED;-
STINM

'l

~~[lSTR • ..i
~

~
~1

".'.

"STR. "EX.

"STR. "EX.

SREQ 1 ,,//. '" '"S ----,-~
CAP.STR. .;... - -- I :

SCAP.EX. :
I

NEW SCAP.

SREQ.

EXIST. SCAP.

Figure 3-10. Diagrams Illustrating the Strengthening Types
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CHARATERI STI CS OF THE CASE

1. CATEGORY OF THE STRUCTURE:
(GOOD LAYOUT. 0.5 R 0.8)

2. XD < 6 < Xc

3. DUCTILITY CONDITIONS FULFILLED
{GOOD CHANCES TO HAVE
(lEX> (l NEe)'

XD Mc 6UL

(al EXAMINATION OF THE EXISTING STRUCTURE [RELATIVE POSITION OF
DEX I STI ilG COMPARED TO DCODE]

ALTERNATIVE 1: ONLY REPAIR

ALTERNATIVE 2: STRENGTHENING TYPE II

ALTERNATIVE3: STRENGTHENING TYPE IV t
ADDI NG STRENGTH AND STI FFNESS TO THE EX I STING
MEMBERS. [\AP.NEW > SCAP. EXISTING AND 6STR•
< 6EXIT.] ~IITH NO SPECIAL CONCERN FOR IMPROVI NG

DUCTILITY

ADDING STRENGTH AND STIFFNESS BY ADDITIONAL
STRUCTURAL MEMBERS

(b) ILLUSTRATION OF POSSIBLE STRENGTHENING CONCEPTS

Figure 3-11. Illustration of Alternative Rehabilitations Decisions
in a Given Case
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CflARACTERISTI CS OF THE CASE:
1. CATEGORY OF THE STRUCTURE B

(GOOD LAYOUT, O. c<R<O.Bl
2. 6D<A<6C
3. DUCTILITY CONDITIONS NOT FULFILLED

(POOR CHANCE TO HAVE ilEX>ilNEC l

ALTERNATIVE 3: STRENGTHENING TYPE IV

ALTERNATIVEr
A

f,
DDING STRENGTH AND STIFFNESS IMPROVING

DUCTILITY OF EXISTING STRUCTURAL MEMBERS

SAME: BY ADDITIONAL STRUCTURAL MEMBERS

(Al RELATIVE POSITION OF DEXISTING COMPARED TO DCODE

LEGEND:
o = SCHEMATIC DIAGRAMS

DCODE = CODELI KE STRUCTURE
DEX = EXISTING STRUCTURE
DSTR = STRENGTHENED STRUCTURE

il = AREA ENCLOSED BY THE S-'" DIAGRAM
(REPRESENTING ENERGY ABSORBTIONl
ilNEC = NEEDED, ACCORDING TO CODE
ilEX = CAPACITY OF THE EXISTING

STRUCTURE
ilSTR = CAPACITY OF THE

AUL.STR. STRENGTHENED STRUCTURE"'0 AST "'cAEX
I: STRENGTHENING TYPE I (IMPROVING DUCTILITY)

DCODE
DSTR

-S

.1 /.~ I
I
I
'.Q

ACAEX
ALTERNATIVE 2: STRENGTHENING TYPE III

SCAP .STR.
SCAP. EX.

Figure 3-12. Illustration of Alternative Rehabilitation Decisions
in a Given Case
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insignificant: if damaged in a proportion of
low: if damaged in a proportion of
middle: if damagedin a proportion of
extensive: if damagedin a proportion of

1/10 - 1/20
1/5 - 1/6
1/3
1/2

The table in Figure 3-13 could be used to estimate the order of magnitude of
the efficiency index and consequently the chances of a rehabilitating a
specific building within the limits established for its class of functional
importance.

~LSTRENGTH DAMAGE
CATEGORY INSIGNIFICANT LOW MIDDLE EXTENSIVE

A IDS 15;" -£OS - -30S _-

B ISS _ - - - 20S - 30S - -40S -
C _--ios_- 30S_ - 40S -- 50S

~ 0 - - _ - -30S_ - - -40; -50%- - 60t

'" -

Figure 3-13. Probable Average Values of the Efficiency Index EF

This table (in Figure 3-13) provides the following sorts of information:

• a building of the strength category D, with middle or extensive
non-structural damage, has little or no chance of being rehabil-
itated in the limits set up in Table 3-2, or

• a building from the class of importance 4 has little or no chance
to be rehabilitated in the defined limits, if the building is not
of the strength category A or B (or C with insignificant damage),
or

• a building of the strength category C and of class 3 in importance
could be efficiently rehabilitated only if non-structural damage
is low.

The figures mentioned in this paragraph provide average estimates. The
purpose is not give precise quantitative information which is very dependent
on specific conditions. Rather, these figures illustrate a method to
provide rapid analysis of the economic efficiency of rehabilitation.

Alternatives to Structural Rehabilitation

The technico-economic study should also consider two al terna ti ve decisions
to rehabilitation. The strength factor R = Sca /Sre\l can be increased
either by increasing Scap' i.e., structural rehabiritat~on, or else by re-
ducing Sre' Sre may be reduced in two ways. First, the usage of the
building o~ i ts o~cupancy level may be changed resulting in a lower im-
portance category. Second, partial demolition may be made as of upper
stories or of heavy non-structural building components. Changing the build-
ing usage may be in some cases a social rather than an economic decision.
Nevertheless, some costs may be incurred for damage repair or architectural
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adjustment or even be associated with a small-scale intervention in the
structure.

3.4.3.5 Use of the Feasibility Study for D~cision Making

On the basis of the feasibility study, decisions have to be made for indivi-
dual buildings with regard to the acceptable value of the strength index R
and the selected rehabilitation concept for the final design.

For building populations, the sum of the conclusions of individual feasibil-
ity studies, or selected conclusions regarding some typical building struc-
tures, may servo as considerations in the development of a rehabilitation
policy by the policy administrator.

A socially accepted seismic risk should be specified in terms of the accept-
ed limit values of the strength factor R. These limit values provide a
guide for the structural engineer in making the final design and at the same
time serve as a delimitation of his social liability.

Limitations on the Life-span of the Rehabilitated Building, as a
Function of the Seismic Protection Obtained

In the process of decision making, any rehabilitation achieving a strength
factor R < 1 implies the acceptance of one of the following alternatives:

• a limitation on building life-span as compared to the reference
life-span of structures designed according to code provisions (if
the same seismic risk as accepted as a basis for the code pro-
visions is desired), or

• a higher seismic risk than that accepted in the codes, if no such
limitation on life-span is defined.

Based on the theoretical assumption explained in Sections E.8.3 and E.8.4 of
Appendix E, the following relation could be used in assessing the life-span
limitation

Tserv<ce _ 1 5 2• (R).. ••
T~~de- -

where

T .serv~ce

R

the (shorter) life-span of the rehabilitated structure,
subsequent to rehabilitation;

the reference life-span of the structures designed ac-
cording to the code provisions;

the strength factor that could be obtained by a given
structural rehabilitation (repair or strengthening).

Note that the same formula could be used to assess the permissible delay of
completing the rehabilitation of a damaged structure. In this case, the
strength factor R is to be determined for the damaged structure in its
actual state before rehabilitation.
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After selection of the rehabilitation solution, the engineer has to proceed
to the final design. The design is governed by existing generally valid
design rules and regulations, with due regard for the specific details of
strengthening techniques, as explained in manual 5. In cases where low
values of the strength factor R have to be accepted, the engineer may resort
to more complex analytic methods or mathematical models. For instance,
assessment of the ultimate strength and energy absorption capacity may be
made by nonlinear analysis, or by considering also the contribution of such
typical nonstructural elements as infill masonry, in order to demonstrate
the seismic performance of the rehabilitated structure.

Note that according to the methodology previously explained in this chapter,
the strength factor R was determined for the initial structure in its pre-
earthquake state, i.e., considered as undamaged and with the initial
strength and deformability of the materials. In this stage, the purpose of
the analysis has been only

• to explain the damage pattern;

• to decide between repair and strengthening (i.e., to assess
whether or not the return to the initial structure would be ac-
ceptable as a rehabilitation concept);

• to establish in principle alternative strengthening concepts.

In the subsequent stages, the feasibility study and the final design, the
analysis is to be based on a complete and appropriate mechanical model of
the rehabili tated structure. The model considers the actual stiffness of
the strengthened structural members, the role and influence of the new
structural members, and the actual residual strength and flexibility char-
acteristics of the non-strengthened or simply repaired structural members
which may still have a significant role in assuring the lateral force re-
sistance of the strengthened structure.

As regards these residual characteristics, the effect of the earthquake on
reinforced concrete and masonry members will decrease their initial stiff-
ness - owing to very fine internal cracking - and will diminish the initial
ductility of reinforced concrete members, even though these members may
appear to be undamaged.

This does not significantly affect the ultimate capacity of the respective
members, but is of concern when computing their contribution to the stiff-
ness and ductility of the strengthened structure. The quanti ta ti ve values
of the residual stiffness and ductility are hardly to be exactly assessed.
These values may be based largely on engineering judgment. Generally speak-
ing, for the computation of deformations (e.g., story drifts), an average
reduction by 10-30% of the concrete deformation-modulus may be assumed. The
loss of ductility may be compensated for by assuring a higher ductility for
the strengthened members, for the newly introduced structural members, or
for the structure as a whole.
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4. METHODSFORPRE-EARTHQUAKEEVALUATIONOF DAMAGEPOTENTIAL

4.1 General Considerations

There are many methods of gathering the information needed for pre-earth-
quake rehabili ta tion programs. Those methods differ in cost, scope, pre-
cision, and sophistication. The planner or engineer may begin with simpler
methods for initial screening and then proceed to more complicated analyses.
All simpler methods can be used as potential screening techniques for more
in-depth work. For some structures, such as older concrete high rise build-
ings, initial screening may be bypassed if detailed assessment is obviously
needed. Initial screening is not needed for structures already known to be
as seismically resistant as desired.

Risk is a function of the vulnerability of a structure and the severity of
the seismic hazard. Four general methods of assessing building vulnerabil-
ity and two general methods of assessing seismic hazard are presented below.

4.1.1

4.1.2

Methods for Assessing Building Performance Under Seismic Exci-
tations

• Categorization Methods: These methods classify structures with
special reference to the structural framing system and to the date
of construction as it bears on seismic codes and construction
practices.

• Inspection and Rating Methods: These methods rate structural
elements critical to eärthquake resistance.

• Analytical Methods: These methods analyze the expected resistance
of a structure in response to assumed ground motions.

• Experimental and Analytical Techniques: These methods combine
analytical techniques with data from vibration tests or other
experiments.

Methods of Assessing Local_Hazard

Seismic hazard assessments can be made with varying degrees of sophis ti-
cation. Seismic hazards may be divided into those that are purely vibra-
tory, including amplification effects, and those that also involve surface
ground displacement, including effects of faulting, liquefaction, lurching,
compaction, foundation settlement and landslide. Other secondary effects
may include tsunami or seiches. Figure 4-1 summarizes a range of such
factors.

Two principal ways exist for assessing seismic hazards. First, one may
postulate a given earthquake scenario as it affects the site in question.
Accordingly, ground motion parameters for the postulated earthquake may be
derived for the site. This scenario may be a "design" earthquake for design
purposes. Or, it may be a "maximumcredible" earthquake, for estimating
maximumexpected losses in a given region. Second, one may provide a stat-
istical account of the entire range of earthquakes expected to affect the
site in question. Using this method, one is able to estimate the overall
risk to the structure. This second method is the primary one to be referred
to in this manual.

To use a statistical method in conjunction with categorization techniques
generally requires some measure of ground motion at the site, such as vibra-
tory measures (primarily indica ted in intensity scales). Overall risk to
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the building in question requires frequency estimates for the entire range
of ground motions expected at the site. If the risk analyst limits loss
estimates to expected losses from only one earthquake scenario, he will
underestimate annual expected losses from the entire range of possible
earthquakes. Use of regional or site amplification factors can increase the
accuracy of overall loss estimates. Quantification of other hazard factors,
such as potential faulting or other ground failures expected at the site,
would indicate likely increase in risk for the building in question. It is
believed that through post-disaster assessment surveys, quantifiable vulner-
abili ty models will eventually be developed for buildings to account for
ground failures. Presently, risk analysts can only make "educated guesses"
on the effects of ground failure on buildings.

PRIMARY SECONDARY

DAMAGE/LOSS

DAMAGE/LOSS

DAMAGE/LOSS

DAMAGE/LOSS

DAMAGE/LOSS

LANDSLIDE ~ DAMAGE/LOSS

COMPACTION ~ DAMAGE/LOSS

Figure 4-1. Primary, Secondary and Higher Order Earthquake Hazards
Leading to Damageand Losses (from Wiggins et al., 1981)

Inspection and rating techniques may use information on regional seismicity
only implicitly. Such techniques are generally developed for regions of
fairly high seismicity. Criteria for action resulting from ratings may be
adjusted to accord with the seismicity of the region in question, along with
economic, legal, and other factors. Whereas loss estimates may be calcu-
lated from categorization techniques, no such estimates are required by
inspection and rating techniques. However, in passing, these latter tech-
niques may promote more accurate definition of the "categories" to which
specific structures belong, and so modify previous loss estimates made based
on more limited building data.

Analytic techniques typically model details of the building response and
expected damage relative to specific seismic inputs. Expected building
response to the entire range of expected ground motions could be analyzed
through discrete analyses for a number of expected ground motions. However,
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costs of each analysis tends to be high, and expected overall damage to the
structure can more cheaply be scaled relative to estimates based on one or
two specific analyses.

Experimental data can be used to refine analytical predictions of building
performance. Once such techniques are employed, analyses can be revised.
Additional other experiments can be made to determine deterioration, weld-
ing, mortar quality, cracking and other structural data pertinent to analy-
ses.

4.2
4.2.1 Uses

The use of categorization techniques enables public officials to make the
following types of decisions:

1. whether specific categories of buildings should be examined in
greater detail, and by what methods,

2. whether specific categories of buildings should be ignored,

3. whether prompt seismic rehabilitation measures (or other miti-
gations such as occupancy reduction measures) should be applied to
specific buildings,

4. whether more limited seismic mitigation actions only should be
considered and possibly researched, and

5. what priori ties for further examination and/or seismic mitigation
are desirable.

Categorization techniques yield general loss estimates that can be used to
evaluate the costs of rehabilitation programs. Other uses include determi-
nation of losses for emergency preparedness programs, determination of prob-
able maximum losses for insurance programs, examination of the expected
distribution of losses, and determination of overall expected losses in-
cluding secondary effects of damage.

Categorization techniques are thus potentially extremely useful in setting
priori ties for earthquake rehabilitation efforts, from either a national,
regional, or a community level. They may be used, for instance, to deter-
mine the comparative earthquake risks in various regions of a country. In
some cases, those risks may warrant further examinations of buildings in
order to determine which should be retrofitted. In other cases, those risks
may be found to be so low as to preclude any further analysis.

Classification to be Used

In line with attempts to provide a uniform method for developing rehabil-
ita tion programs in the Balkan regions, a possible categoriza tion scheme
could be that derived from damage evaluation forms. Those damage evaluation
forms contain, for example, the following relevant categories:



60

TYPE OF STRUCTURE

2

3

1st DIGIT

= Masonry

Reinforced
Concrete

Steel

1
2
3

4

1
2

3
4
5

1
2
3

2nd DIGIT

No belts
Horizontal belts
Horizontal and Vertical
belts, or Diagonal
braces
R.C. floors or roof

Cast in place frame
Cast in place bearing
walls
Prefabricated
Mixed with masonry
Mixed with steel

Heavy steel structure
Light steel structure
Mixed with masonry or
concrete

1
2
3
4
5
6
7
8
9

2

3

4

2

3

4

3rd DIGIT

Adobe
Stone with no mortar
Stone with mortar
Solid brick
Hollow brick
Concrete blocks
Unreinforced concrete

With lightweight
partitions
With solid brick in-
fills
With hollow brick in
fills
With concrete block
infills

With lightweight
partitions
With solid brick in
fills
With hollow brick in
fills
With concrete block
infills

4 = Wood 1 Wood frame
2 = Bagdadi
3 Other

1
2

Subcategories or other categories are also useful in defining relevant
groupings, as are data on construction year, number of stories, gross area,
and roof, floor, and foundation characteristics. Usage type is relevant
only in cases where it indicates expected building response. It should be
noted that these classifications ignore wood frame structures except for
those included under local types. For building rehabili tation programs,
this omission is satisfactory insofar as wood frame structures are not like-
ly to receive high priority in such programs.

Alternatively, buildings may be rated according to quality from, for ex-
ample, 1-7 (with 1 being the least resistant structures). Using such quali-
ty ratings, structures can be compared based on framing system, construction
year, number of stories, etc.

A much longer account of existing vulnerability analyses is given in Ap-
pendix C. A brief summary of existing techniques is given in Table 4-1.

4.2.2.1 Lol!,sEstimates ~L~xpert ~~nels

In order for engineers and planners to use categorization techniques, expert
panels must first determine the expected losses to various types of build-
ings from earthquakes of varying intensity. Tables 4-2 through 4-5 illus-
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trate the formats experts may use to provide the data needed for categori-
zation techniques. First, experts must describe the types of buildings in
the area to be analyzed by categorization techniques (Table 4-2). Then,
they must estimate losses as a percent of replacement costs (Table 4-3), the
pe~cent of buildings sufficiently damaged to cause deaths at various levels
of earthquake intensity, and the expected number of deaths per 100 people
exposed (Tables 4-4 and 4-5).

Table 4-2. Building Categories

DESCRIPTION
A
B
C
D
E
F
G
H
.

Table 4-3. Mean Losses as Percents of Replacement Cost MMIor
MSKScale

BUILDING
MSK OR MMI INTENSITY

CATEGORY VI VII VI II IX X XI XII

A
B
C
D
E
F

G
H
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Table 4-4 illustrates the percent of buildings of each category that would
be sufficiently damaged to cause deaths following an earthquake of a given
intensity.

Table 4-4. Estimates of Percent of Buildings Sufficiently Damagedto
Cause Deaths

BUILDING MSK OR MMI INTENSITY
CATEGORY VI VII VIII IX X XI XII

A

B
C
D
E

F
G
H

.

Table 4-5 can be used to indicate the expected deaths per 100 people ex-
posed.

Table 4-5. Expected MeanDeaths Per 100 People Exposed in Building
Types Affected at Various Levels

BUILDING MSK OR MMI INTENSITY
CATEGORY VI VII VI II IX X XI XII

A
B
C
D
E
F

G
H

.
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Steps to be Used in Analysis by Categorization Techniques

The following steps indicate some of the ways in which categorization analy-
sis can be used. Such steps will generally require judgment as to the
degree of seismic rehabilitation possible at a given cost (or cost per
square meter). In addition, such steps will typically require hazard analy-
sis which provides the annual expected frequency of a given intensity at a
given site. Within regions of fairly homogeneousseismicity averages may be
u:3ed or site-specific hazard analyses may be developed. The amount of de-
tail required by hazard analysis will depend on the degree of accuracy
obtainable and desirable.

~~ "" For a site or many sites, derive expected annual losses (as per-
cents of replacement cost) and also expected annual deaths per 100 people
exposed for each of the categories of structures.

Here one uses Tables 4-3 and 4-5 in conjunction with estimates of expected
annual frequency of intensities at given sites. If, for instance, Lj is the
expected loss (as a percent of replacement cost) at a given intensity j for
a given category of building and Nj is the annual expected occurrence of
intensity j at a given site, then

Expected annual losses to a building of that (4-1 )

category at that site
12

2:j=6
N. L.
J J

Only Tables 4-3 and 4-5 and appropriate hazard analyses are required for
these calculations. However, these calculations can be used in conjunction
with results of building surveys. But, if the analyst has some knowledge of
the mix of building classes in the area, a building survey is unnecessary
for these calculations.

After initial calculations are complete, various risk criteria can be used
to determine whether surveys and/or indepth inspections are needed, and if
so, for what potential categories of structures. It may, for instance, be
useless to survey structures built after adequate seismic codes have been
enacted, or to survey structures in a region of very low seismicity. Ac-
ceptable risk criteria may be applied to any category of structures in order
to estimate whether any structures pose unacceptable risks. If such is not
the case, for a given region, then it is likely that no further studies are
needed (unless hidden factors are creating potential gross underestimates of
loss). Risk criteria available are discussed in Chapter 6. If rough esti-
mates of rehabilitation costs are available at this stage, benefit-cost or
risk-benefit criteria can be used in addition to or rather than acceptable
risk criteria. (Alternati ve suggestions for determining what regions to
ignore are found in Section 5.1.)

A second step involves use of a rapid survey on the basis of the risk cri-
teria chosen.

St~ - Make a rapid survey of certain categories of buildings in order to
refine results of Step 1.

Importance factors (analogous to those defined in Appendix C) and the re-
suI ts of Step 1 will indicate if a rapid inventory of existing structures
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should be undertaken by engineers. This survey is not intended to be a full
field inspection of each structure, but rather to give a preliminary account
of existing structures so that broad policy decisions can be made on re-
habilitation priorities.

Items of special interest in such a broad survey include a building- by-
building account of:

1. structural category to which a building belongs (A, B, etc.),

2. maximum occupancy for building,

3. number of square meter in building (approximate),

4. number of stories,

5. construction date of building, and dates of any modifications,

6. seismic code in effect at time of construction date, and modifi-
cations,

7. any special contents in building (computers, vaults, explosives,
etc. whose damage may give rise to considerable losses beyond
those to the building itself),

8. occupancy density characteristics (is the building used throughout
the day, what is the mean use per square meter, etc.), and

g. importance factor for the building (see Appendix C), or general
function of building (apartment dwellings, etc.).

These factors will provide overall data for general policy analysis. Of
special interest, of course, is the structural category to which the build-
ing belongs. Other factors are intended to allow for adjustments in loss
estimates or policy considerations. For instance, determination that
special contents are located in a structure or that the building has a high
exposure content such as expensive equipment may increase loss estimates.

Two separate occupancy measures can be used for estimating life safety
risks. Maximum occupancy is the traditional measure for earthquake design
codes. However, for estimating life safety risks, it is also possible to
use densi~ of occupancy (mean occupancy rates per square meter) in order to
obtain more precise estimates of expected deaths. Some structures may have
very low maximum occupancy but be very densely occupied (apartment buildings
with small apartments housing large families, offices used throughout the 24
hour day, etc.). In contrast, some structures such as older auditoriums may
be rarely used and so have large occupancy potential but very low mean occu-
pancy rates. Determination of mean occupancy per square meter is a helpful
measure if potential seismic rehabilitation measures are also calculated on
a square meter basis. When considering occupancy reduction to minimize
earthquake risks, it is necessary to take into account actual (including
mean) occupancy. Use of maximum occupancy as a measure will tend to cor-
respond to risk criteria based on avoidance of larger losses from single
buildings. Use of mean density occupancy as a measure will tend to cor-
respond to treating all life safety risks on an equal basis regardless of
the possible (often low probability) risks of numerous deaths on one oc-
casion or at one site.

Once such a survey is complete, benefi t-cos t analyses, risk-benefi t analy-
ses, or catastrophic risk analyses may be made (see Chapter 6). Generally
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speaking, these analyses require preliminary engineering judgments on the
potential costs of seismically upgrading structures and on the comparative
value of using certain funds for seismically upgrading a given facility. In
addi tion, as previously pointed out, length of time for expected continued
usage of a building (whether the building is to be seismically retrofitted
or not) will need to be estimated. Benefit/cost analyses also require that
expected reductions in deaths and economic losses from proposed seismic
mitigation measures be calculated.

4.3 Visual Inspection of Critical Elements and Rating Methods

Uses

Rating methods incorporate more data into the assessment of particular
structures than categorization techniques do, but they do not involve actual
analysis of expected structural response. These methods use visual in-
spection and concentrate on structural elements and characteristics critical
to seismic response. Inspection and rating techniques are used to make the
following decisions on particular structures:

1. total retrofitting or rehabilitation,
2. partial retrofitting,
3. no retrofitting, and
4. further study.

Appendix C discusses in detail two of the many rating methods available:
the Field Evaluation Method and the Wiggins et a1. Method. Such rating
methods are difficult to compare. First, the items emphasized for visual
inspection and rating may be grouped differently. Second, the weights given
to various items may not have obvious derivations. Third, the emphases may
implicitly be different depending upon whether a rating technique stresses
death and injury risk, or potential economic losses, or both.

Table 4-6 below provides a brief listing of available rating and inspection
techniques.

Table 4-6. A Brief Listing of Available Rating and Inspection Techniques

A. INSPECTION ANO RATING

II) FIELD EVALUATION METHOD A CAPACITY RATIO RATING IS ESTlIlATED BASED ON SEISMICITY, A GENERAL
(CULVER et .1.) STRUCTURAL RATING, AND RATING OF PRESENT CONDITION, ANCHORAGE (NON-

STEEL STRUCTURES) ETC. OF RESISTING ELEMENTS.

(2) WIGGINS et .1. METHOD A RISK SAFETY FACTOR RATING IS ESTlIlATED BASED ON SEISMICITY AND A
GENERAL STRUCTURAL RATING OF FRANING SYSTEM, ETC.

ll) DECISION FACTOR ANALYSIS A SIMILAR RATING IS PRODUCED, BUT THE RATING IS SPECIFICALLY DE-
METHOD SIGNED FOR SAN FRANCISCO BAY AREA STRUCTURES ONLY.

(4) SHAH et .1. METHOD PENALTY INCREMENT FACTORS ARE USED BASED UPON SIX STRUCTURAL FACT-
ORS. SEISMICITY FACTORS ARE IGNORED.

Appendix C explains how both the Field Evaluation Method and the Wiggins et
al. Method can give rise to various comparative risk ratings for structures.
Hence, buildings in their seismic environment will be rated either "very
poor," "poor," "fair," or "good," according to the Field Evaluation Method,
and "Highest Risk," "Next Highest Risk," "Third Highest Risk," and "Lowest
Risk" according to the Wiggins et a1. Method. These quali tati ve assessments
based on detailed field inspections will roughly correspond to risk cri-
teria.
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The risk analyst may use comparative outcomes or may calibrate vulnerability
totals (CR-IR for the Field Evaluation Method, the score from 180 total
points for the Wiggins et a1. Method) using categorization techniques de-
veloped in the previous section. In order to make such calibrations for
Wiggins et al. techniques, it is necessary to find those categories expected
to approximate 180 points, 120 points, 50 points, and 0 points, and from
those correlations to develop risk criteria for seismic environments.

Table 4-7 shows the format that an expert panel could use to make cor-
relations between building types and point totals.

Table 4-7. Correlations Between Building Types and Point Totals
(F+D+P+PC+SH), Wiggins et al. Method

POINT TOTALS EXPECTED FOR BUILDINGSBUILDING TYPES IN VARIOUS CATEGORIES (0-180)
A

B

C

D

E

F

G
H

.

Steps for Visual Inspection and Rating Techniques

These steps nominally follow the previous steps outlined under the dis-
cussion of Categorization Methods.

~ - Select structures to be inspected based on the outcome of categori-
zation surveys.

It is necessary to have ordinances that make seismic inspection of struc-
tures legally permissible or mandatory. Appendix H contains a model ordi-
nance.

The choice of which inspection and rating techniques should be used depends
on expert evaluations. The discussion of the next step clarifies how to
evaluate what actions may be regarded as permissible and/or mandatory fol-
lowing inspection.

~ - Based on time and personnel consid~rations, inspect and rate build-
ings and determine mandatory/permissible actions to be taken.

Once structures are rated, the results should be translated into various
actions within a specified amount of time including
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(1) seismic rehabilitation of the structure,

(2) occupancy reduction,

(3) reduction of building life-span,

(4) seismic removal or bracing of special hazards,

(5) an additional inspection of the building by additional qualified
observers if results of the initial rating are contested,

(6) more detailed analysis of the building and/or experimentation on
the building either to define its seismic response characteristics
more accurately or to define more accurately (and with. possible
surveys) seismic rehabilitation measures actually needed, or

(7) no action whatsoever.

Risk cri teria (discussed in Chapter 6) can be used in such decisions. For
instance, based on Wiggins et al. methods, policy makers may require that
all buildings with an rs rating greater than 2.0 be rehabili ta ted within 10
years, and that those with an rs rating greater than 4.0 be rehabilitated
within 2 years. Alternatively, the policy maker may state that a score of
150 points or greater requires rehabilitation in 2 years, etc. In deciding
on what measures to be taken, the tables previously developed in this
chapter can be used in conjunction with risk criteria.

In developing such requirements through use of risk criteria, one may allow
for building ratings to be checked by independent experts, and may also
allow for other considerations to modify the decision on what is to be done
with the structure. For instance, for some structures, seismic rehabili-
tation costs may approach total replacement costs. In such cases, either
demoli tion, total replacement, or al terna ti ve measures such as occupancy
reduction may be suggested.

4.4
4.4.1

Ana~~~~nd Quasi-Analytical Methods

Uses

These methods give detailed analysis of seismic response of structures. They
are more expensive, but also more thorough than visual inspection and rating
techniques. Analytical techniques are employed when visual inspection and
rating techniques do not yield sufficient information on what seismic miti-
gation measures should be undertaken. Also, analytical techniques may be
used for a particularly valuable or structurally complex building.

Procedures fo~ Analytical and Quasi-Analytic~l Methods

Table 4-8 contains a brief summary of methods, while Appendix C discusses
analytical methods in more detail.

As Table 4-8 indicates, only in rare cases are analytic models combined with
empirical estimates of losses. These include the Detailed Analytical Evalu-
a tion Method and DAMAGENo. 1 and DAMAGENo.2. In general, such methods
provide further information for engineers in determining expected response
characteristics of buildings; only in some cases is this information com-
bined with data for seismic risk assessment.
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Table 4-8. Brief Listing and Summary of Analytic and Quasi-Analytic

(l) APPROXIMATE ANALYTICAL EYALUATION A CRITICAL STRESS RATIO (STRESSES PRODUCED BY SEISMIC lOADING TO
METHOD (CULVER et al.) LIMITING STRESSES OF CRITICAL BUilDING ELEMENTS) IS CALCULATED FOR

STRUCTURAL AND NON-STRUCTURAL ELEMENTS. NOT FOR ONE- AND TWO-STORY
RESIDENTIAL BUilDINGS.

(2) DETAilED ANALYTICAl EYALUATION A MORE DETAilED ANALYSIS IS PERFORMED FOR CONFIGURATIONS AND FOR
METHOD (CULVER et al.) STEEL FRAME STRUCTURES, CONCRETE SHEAR WALL AND SHEAR WALL PLUS

FRAME BUilDINGS, BEARING WALL BUilDINGS, AND lONG SPAN ROOF STRUC-
TURES. DAMAGE ESTIMATES ARE YIELDED. A FINITE ELEMENT MODEL IS
USED TO COMPUTE INTERSTORY DRIFT. WHICH IS THEN RELATED TO DAMAGE-
ABilITY. NOT FOR ONE- AND TWO-STORY RESIDENTIAL BUilDINGS.

(3) H. BDNCHEVA I L. TZENOV METHOD A DAMAGE POTENTIAL INDEX IS PRODUCED EQUAL TO SPECTRAL ACCElE-
(BULGARIA) RATION DIVIDED BY CALCULATED STRUCTURAL FACTORS.

(4) ATC-3 METHOD ISIMllAR TO HUNGA- AN EARTHQUAXE CAPACITY RATIO (SEISMIC SHEAR FORCE CAPACITY FOR EX-
RIAN METHOD) ISTING SYSTEM DIVIDED BY A SELECTED STANDARD SEISMIC SHEAR FORCE

CAPACITY) IS CAlCULATED.

IS) BLUME et a1. METHOD A DAMAGE FUNCTION IS CALCULATED AS A FUNCTION OF EXISTING DUCTILI-
TY, ULTIMATE DUCTILITY. AND AN ECONOMIC SCALE FACTOR.

(6) OLIVEIRA et al. METHOD A DAMAGE FUNCTION IS DEVELOPED AS A FUNCTION OF DISPLACEMENT
FACTORS AND MATERIAL AND STRUCTURAL PARAMETERS.

(7) YAD et al. METHOD A DAMAGE FUNCTION IS CALCULATED AS A FUNCTION OF CYCLIC COMPRESS-
IVE CHANGE IN PLASTIC STRAIN, SUBSEQUENT TENSilE CHANGE IN PLASTIC
STRAIN, AND NUMBER OF TENSilE lOADS.

(8) DAMAGE NO. I DESIGNED FOR HIGH-RISE STRUCTURES. THIS METHOD PRODUCED DAMAGE
ESTIMATES FOR FRAME, WALL. GLASS, AND NON-STRUCTURAL COMPONENTS
BASED ON INTERSTORY DRIFT CAlCULATIONS. MEAN AND STANDARD DEVIA-
TIONS ARE GIVEN FOR DAMAGE RATIOS.

(9) DAMAGE NO.2 IN ADDITION TO FlODR-BY-FlDOR STIFFNESS MODELING, BEANS. COLUMNS,
SHEAR PANELS, AND PARTITIONS ARE ALSO MODELED. OUTPUTS AS FOR
DAMAGE NO.1 ARE PRODUCED BASED ON MORE REFINED ANALYSIS.

(10) UMEMURAet a1. METHOD (JAPAN) FOR REINFORCED CONCRETE STRUCTURES UP TO SIX STORIES. A PERFORM-
(ALSO VERYET PAPER) ANCE INDEX IS DEVELOPED BASED ON ULTIMATE HORIZONTAL STRENGTH,

DUCTILITY, BUilDING SHAPE, DETERIORATION, AND SEISMICITY (THREE
LEVELS OF PROCEDURES).

(11) KALEVRAS METHOD (GREECE) BASED ON THREE RECENT GREEK EARTHQUAXES. UNDERSTRESS AND OVER-
STRESS PARAMETERS ARE USED TO INDICATE DAMAGEA8III TY• THIS METHOD
HAS NOT YET BEEN CONNECTED TO EMPIRICAL lOSS MODELS.

(12) M.I.T. METHDD(S) (ANAGNOSTOPOlOUS, ANALYTIC MODELS ARE DEVELOPED FOR A VARIETY OF BUilDINGS, ESPE-
BIGGS, WONG. ZAANECXI. lAI, BANON CIALlY HIGHRISE AND REINFORCED CONCRETE FRAMES.
AND BIGGS)

Step 5 - For buildings in which more refined analysis of resistance (and
expected loss) is judged necessary and worthwhile structural engineers
should use analytic or quasi-analytic techniques.

4.5 Experimental Techniques

Uses

Experimental techniques can be used to define more exactly the material
properties of the structure in question or of its structural components, and
the dynamic characteristics of the soil-structure system. In some cases,
these techniques can be used to reduce seismic rehabilitation costs.

Appendix D provides an account of available experimental techniques.

Procedure

~ - In order to lower possible seismic rehabilitation costs, or to
define better the material properties of the soil structure system, experi-
mental analyses on specified components may be undertaken.
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In most cases, elaborate experiment will be much too costly to be used here.
However, Step 6 may be very useful in increasing the confidence level of the
evaluation methods and in lowering mitigation costs.

4.6 Choosing a Potential DamageEvaluation Method

Each of the four techniques, categorization, visual rating and inspection,
analytical, and experimental, has strengths and limitations'. Table 4-9
outlines the factors that bear upon a choice of method for undertaking pre-
earthquake damageability studies.

First ,professional validity refers to the acceptability of techniques with-
in the professional community. Many scientific limitations exist to all
techniques mentioned (Appendix C outlines general limitations of available
categorization techniques). Reliability and accuracy of techniques also may
depend on whether or not they are applied to individual structures or only
to large groups of structures. Categorization techniques, for example, tend
to be much less reliable when applied to individual structures. Moreover,
there are many techniques available tha~ may give results that satisfy
general scientific curiosity but have li tUe or no bearing on decisions to
rehabilitate structures.

Secondly, costs of research per unit examined relate to the obvious fact
that there is a tradeoff between ongoing study, or further study, and actual
reconstruction. Also, economies of ~cale may be present if costs per unit
are conceived of as part of an overall assessment program in which a very
large number of structures are examined. Such costs have been broken down
into costs of labor, equipment, administration and overhead. Some assess-
ments may have adverse environmental or safety effects. As an extreme ex-
ample, shaking a building may require occupants to stay out of the structure
and may lead to potential damage. However, other techniques, such as cate-
gorization, have no such adverse impacts.

Thirdly, legal, political, social, and technological considerations may
enter into choice of a method. For instance, the legality of large-scale
inspection programs may be called into question by those who do not want
such information to be obtained, or by those who do not want any inter-
ference with their businesses or residences.

Also, political considerations affect a damage assessment if budget-confer-
ring bodies for whatever reason choose not to support it or its practical
results. Favorable political considerations may enter if such bodies
strongly encourage such programs. However, even if appropriations-granting
bodies are favorably disposed to earthquake assessment programs, they are
likely to be affected by modern bureaucracies. In such bureaucracies, it is
not unknown for office holders to have goals separate from those of earth-
quake safety. Hence, assessment programs may be aided or harmed by bureau-
cratic implementation and modification.

Social considerations may vary among special interest groups. Certain
groups may see little gain from rehabilitation programs. For example,
elderly people in Los Angeles may not favor rent increases when they are
faced with tight monthly budgets. Commercial institutions may favor or
oppose expenditures in safety to the extent that a variety of factors (po-
tential construction costs, business interruptions, default on mortgages,
time spent in allowing assessments, etc.) are perceived to be important.
Likewise, industrial institutions may regard damageability assessments
positively or negatively depending on their ability to allow time for them,
the quality of safety engineers already employed, potential costs, etc. In
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Table 4-9. Factors in Choosing a Damageability Evaluation Method

I. PROFESSIONAl. VAl.IOITY

A. ACCURACY AND RELIABILITY AS APPLIED TO INDIVIDUAl. STRUCTURES.

B. ACCURACY AND RELIABILITY AS APPLIED TO LARGE GROUPS OF STRUCTURES.

C. RELEVANCE OF RESULTS TD A REHABILITATION PROGRAM (NON-SUPERFLUOUS:
PROVIDES ADDITIONAl. DATA USEFUL FOR ASSESSMENT AND/OR POSSIBLE
MITIGATION, PROVIDES OVERALL PERSPECTIVE, ETC.).

II. COSTS/STRUCTURE ANALYZED AS PART OF A REHABILITATION ASSESSMENT PROGRAM

A. LABOR COSTS/UNIT (INCLUDE CONSIDERATIDNS ON AVAILABILITY OF LEVEL OF
EXPERTISE AND/OR TRAINING REQUIREMENTS TO ENGAGE IN PROGRAM).

B. EQUIPMENT COSTS/UNIT (INCLUDE CAPITAL OUTLAYS, OPERATIONS AND MAIN-
TENANCE, AND AVAILABILITY OF NEEDED EQUIPMENT).

C. ADMINISTRATIVE AND OTHER OVERHEAD COSTS.

D. COSTS OF LOST PRODUCTIVITY, ETC. FOR THOSE IN STRUCTURES ANALYZED BY
METHOD.

1. RESIDENTIAL
2. COMMERCIAL
3. INDUSTRIAl.
4. GOVERNMENTAL

E. COSTS OF ADVERSE IMPACTS OF DEPLOYMENT OF METHOD.

1. ADVERSE ENVIRDNMENTAl. IMPACTS
2. ADVERSE SAFETY RISKS

I I I. LEGAL, SOCIAL, POLITICAL, AND TECHNOLOGICAL ACCEPTABILITY OF USE OF
METHOD AND POTENTIAL RESULTS OF METHOD

A. LEGAl. ACCEPTABILITY

I. ARE THERE LAWS THAT MIGHT PROHIBIT USE OF METHOD TO INDIVIDUAL
STRUCTURES OR GROUPS OF STRUCTURES, OR THAT IN GENERAL MIGHT
FORBID SUCH RESEARCH?

2. IS IT POSSIBLE TO DEVELOP ORDINANCES THAT MIGHT BE IMPLEMENTED
BASED ON RESULTS OF METHDD?

B. POLITICAL ACCEPTABILITY OF RESEARCH AND RESULTS.

1. BY BUDGET-CONFERRING BODIES

2. BY ADMINISTRATORS AND BUREAUCRATS OF RELEVANT GOVERNMENTAL
PROGRAMS

C. SOCIAL ACCEPTABILITY OF RESEARCH AND RESULTS.

1. TO RESIDENTIAL DWELLERS
2. TO COMMERCIAL INSTITUTIONS
3. TO INDUSTRIAl. INSTITUTIONS
4. TO GOVERNMENTAL INSTITUTIONS

D. TECHNOLOGICAl. ACCEPTABILITY OF RESULTS.

1. TO MANUFACTURERS AND SUPPLIERS
2. TO BUILDING OFFICIALS, INSPECTORS, ETC.
3. TO ARCHITECTS, ENGINEERS, ETC.
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governmental institutions, rehabilitation programs may either further extend
or retard existing programs for land and building development and use.

Finally, technological considerations strongly impact the viability of an
earthquake rehabilitation program. Training and educational institutions
may need to add new courses to provide enough personnel for such a program.
Architects and engineers may not be properly trained to implsment earthquake
assessment. Material or other shortages may be expected should a large
rehabili tation program be undertaken, and diversion of resources from other
programs may also occur.

Table 4-10 can be used to decide which methods of pre-earthquake damage-
ability assessment should be used in a seismic' mitigation program.

The table is to be filled out by experts in the Balkan region. (Ratings are
to range from I, the lowest, to 10.) In addition, weights are to be assign-
ed to each rating criterion in Table 4-9. (These weights are to be assigned
by the same experts.)
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5. FACTORS DETERMINING THE NEED FOR SEISMIC MITIGATION AND THE NATURE
OF SOLUTIONS

5.1 General

This chapter discusses generally the conditions under which government
agencies should undertake a seismic mitigation program and the nature of
actions to be undertaken. Whereas previous chapters emphasize technical
matters, this chapter approaches the seismic policy problem from a more
general standpoint, considering technical, economic and social factors of
interest. The next chapter then details criteria to be considered. Ad-
ditional informb tion is given in Appendices C and D, and the analytical
treatment of seismic risk is dealt with in Appendix E.

The main factors considered are:

a) the seismic risk;
b) the intervention alternatives;
c) the costs and benefits of service;
d) the correlation with development projects.

5.2 The Seismic Risk

The seismic risk, which represents the expectancy of earthquake-inflicted
losses, represents the first major factor to be considered in determining
the need for mitigation programs. The seismic risk is determined basically
by:

a) the seismic hazard;
b) the vulnerability of the artifacts of man;
c) the nature and exposure of elements at risk.

The seismic hazard, the primary source of seismic risk, is as a rule defined
in terms of macrozonation and also microzonation maps and studies. Macro-
zonation maps define broad zones or contours assumed to be homogeneous with
respect to the hazard (comparable maximum intensities with comparable return
periods). Microzonation maps or studies pertain to restricted areas that
are densely built and populated or else represent the locatiolls for some
particularly important structures. These maps provide detailed zones and,
wherever possible, specify the expected spectral contents of future strong
motions.

For particularly important built environments, it may be suitable to carry
out special hazard studies. These examine potential source acti vity and
attenuation laws and specify, on a refined basis, the expected spectral
contents of future ground motions. With regard to built ensembles (urban
systems, lifelines, infrastructure components), it may be important to carry
out hazard studies designed to predict the simultaneous occurrence of strong
motions at different sites. Use of earthquake scenarios in order to esti-
mate the possible consequences of the largest earthquakes that are likely to
occur will be especially appropriate in order to carry out group risk analy-
ses. The degree of microzonation desirable may depend to a great extent on
the severity of hazard. Unless ground failure hazards tend to be especially
high, their detailed examination is generally unnecessary in zones affected
by lower shaking hazards. As the shaking hazard increases, the identifi-
cation of other secondary hazards may become more important. The importance
of appropriate microzonation for the assessment of risk affecting under-
ground conduits must be stressed here, too.
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The vulnerability of buildings and other structures, that is, their prone-
ness to damage when subjected to strong seismic action, represents a dual
factor generating seismic risk. Vulnerability depends on the degree of
engineering, the quality of materials and workmanship, the gradual deterio-
ration of structures, the degree of damage from past earthquake, other over-
loadings, or corrosion, and the unsuitable interventions (e.g., removing of
walls or columns) that may have occurred previously. As a rule, older
buildings tend to be more vulnerable than more recently built ones. Both
the likelihood of heavy damage (basically structural damage that may involve
collapse), and also the likelihood of apparently light, non-structural,
life-threatening damage should be considered. Both aspects are important
for subsequent risk estimates and both kinds of likelihood must be expressed
in principle in a conditional form, as function of ground motion intensity.
The vulnerability characteristics, determined for various types or classes
of structures, are not used in current engineering design calculations.
However, their use is necessary whenever risk estimates are to be made.

Seismic hazard and vulnerability data make it possible to estimate the
specific risk, i.e., the damage expected to occur during a certain sub-
sequent time period. It is important to provide, on one hand, a picture of
the likelihood of the most severe damage, and, on the other hand, of the
likelihood of less severe damage that may be reasonably expected to occur
rather frequently. Earthquake scenarios already referred to make it possi-
ble to develop corresponding damage scenarios that lie at the basis of the
estimation of losses of various types.

The third category of output data required by risk analyses is represented
by the nature and exposure of elements at risk. In comparison with the
first two categories, seismic hazard and vulnerability, this category is
less tractable especially owing to the various facets of the exposure and
possi ble chain effects, to the psychological effects of disas ter impact,
etc. It is necessary to include in this category lives of occupants,
various kinds of property, activities that can be disrupted, and cultural
values. It is also necessary to consider here potential chain effects cor-
responding to various scenarios. Those losses that can be expressed in
monetary terms may eventually be discounted. In contrast, monetary values
at risk can significantly vary in time, owing to decrease of functionality
or to obsolescence. As a rule, the exposure of elements at risk is not
considered explicitly in codes in force. Some differentiation is neverthe-
less available, given the importance factors specified by most codes. Code
specifications customarily pay attention not only to the exposure, but also
to buildings or systems whose function is essential for post-disaster re-
sponse and recovery operations (e.g., hospitals, fire stations, lifelines,
critical communication systems).

Data on specific risk and on elements at risk make it possible to estimate
the seismic risk, i. e., the losses of various sorts that are more or less
likely to occur during a certain future time period. The expectancy of
losses should be considered separately for the various kinds of potential
losses that are not commensurable, such as losses of lives, monetary losses,
losses represented by disruption of vital activities, and losses of cultural
values.

The expectancy of losses must be evaluated for each possible strategy or
alternati ve, including the present situation of a building, of an urban
system, etc. Risk analysts should thus .finally attach some numbers, char-
acterizing the expectancy of losses for the various components referred to
(lives, property, etc.), to each alternative.
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Calculations required for estimates of specific risk and of risk may be
carried out by means of more or less refined technique, using more or less
refined data. It is reasonable to adopt a level of sophistication for
calculations that agrees with the degree of accuracy and certainty for the
various categories of basic data. In order to obtain realistic estimates,
it is more important to cover all qualitative aspects than to invest serious
efforts in overly sophisticated calculations. The basic assumptions, the
basic scenarios referred to, should be the subject of in-depth judgement by
experienced staffs.

5.3 The Intervention Alternatives

In relation to the eventual intervention on the existing building stock,
deCision-makers have two basic variables to consider:

a) the function/occupancy of buildings
b) the seismic resistance of buildings

Measures related to either variable may be used in order to mitigate seismic
risks. Changes in function/occupancy will affect basically the elements at
risk, whereas such intervention as retrofitting and upgrading will affect
basically the vulnerability. Changes in function/ occupancy can include
cancellation of use (possibly provisionally), reduction of occupancy, and
increase in functionality (correIa ted with eventual structural upgrading).
Change in seismic resistance of buildings may include demolition, removal of
some particularly vulnerable parts, repair, strengthening, or even more
profound reconstruction (in conjunction with an upgrade in functionali ty/
occupancy). Since seismic risks are functions of the lifetime of buildings,
the timing (more properly the deadlines) of any intervention must be con-
sidered simultaneously with the nature and extent of the intervention.

Once carried out, interventions can affect two of the three factors deter-
mining the seismic risk, namely, the vulnerability and the exposure of
elements at risk. At this stage, it is unrealistic to consider any in-
fluence on seismic hazard, which is governed by natural forces that cannot
be controlled by man. Any intervention will ultimately influence the
seismic risk and it is desirable to attach to each possible solution (in-
cluding the solution of no intervention) numbers characterizing the ex-
pectancy of various losses (Of lives, of property, etc.). Note again that
any intervention solution is defined also by its timing and that the seismic
risk will be directly influenced by the time parameter.

In relation to the intervention alternatives, it is necessary to consider
those resources required and the feasibility from several viewpoints: tech-
nical (disposal of trained staffs), financial, and material (allocation of
materials, components etc. required). Feasible solutions will be character-
ized not only by certain costs, that will be expressed in financial terms,
but possibly also in terms of some material resources (e.g., energy or
steel) that may be scarce under certain circumstances.

5.4 Costs and Benefits of Service

The use and even the mere existence of buildings implies some costs (apart
from the losses involved by the risk) and some benefits. Maintenance costs
and the value of land occupied contribute to the costs. In contrast, bene-
fi ts may be expressed in monetary terms (such as rent), in terms of lives
saved (like the activity of a hospital or of a vital communication line),
etc.
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The costs and benefits of service will be different for the present state of
a building as contrasted to the post-intervention state. It is necessary to
attach numbers also from this viewpoint to the various possible strategies
or solutions (including the solution corresponding to continuing the present
state of a bUilding). These numbers should correspond to the various sub-
categories of costs and benefits.

5.5 Cost-Benefit Analyses

The data provided by the seismic risk analysis, along with data on costs and
resources required by the various intervention strategies and costs and
benefi ts implied by the service of various buildings and other elements of
urban systems, regional networks etc., must be synthesized in order to
evaluate the various possible strategies of mitigation of seismic risk as
compared to the present situation. It is reasonable to consider the dif-
ferent incommensurable elements, like human lives (expectancy of lives lost
due to seismic events/expectancy of lives saved due to the appropriate
functioning of some buildings like hospitals, nurseries etc.), monetary
losses or income (expectancy of the direct and indirect losses due to
seismic events/expectancy of benefits from rent, productive activities etc.)
and possibly other elements. The estimated losses/benefits expressed sepa-
rately for the different elements (human lives, money etc.) should be at-
tached as numbers to each of the possible strategies of action, as deter-
mined for each of them with explicit consideration of the timing of action.
Some statements on the degree of accuracy and confidence of these estimates
may be also required.

The estimates referred to will provide an important basis for decision
making at the level of cities, regions etc. Staffs involved in decision
making should use the cost-benefit estimates along with judgment, including
the consideration of social attitudes and reactions towards losses, bene-
fits, and the different trends of development.

Seismic design codes in force do not include an explicit concern for cost-
benefit analyses. The results of these analyses, carried out more or less
explicitly, nevertheless lie at the basis of the values selected for design
forces, safety factors, etc. Code provisions may be amended in relation to
mitigation activities, given factors that tend to alter the assumptions on
which codes are based (modification of subsequent lifetime of structures,
existence of apparent or hidden damage for existing buildings, special
features of exposure and importance of buildings, etc.).

5.6 The Correlation with Development Projects

Seismic risk mitigation activities must be closely linked with the general
development projects within a region, system, etc. Systematic mitigation
involves huge resources and those resources cannot be allocated unless the
spending is justified by long-term nonseismic benefits as well. In the pre-
earthquake situation, seismic risk mitigation projects are reasonable
elements of development projects. The implications of actions related to
mitigation of losses must be considered in the allocation of resources for
the successive steps of the development projects. Resources allocated for
general development activities must be planned in a way that is compatible
with the needs of intervention on the highest priority elements, such as
highly vulnerable structures, critical facilities, etc. Conversely,
solutions adopted for intervention must be harmonized with the more general
strategies of development, through consequent adoption of the required
solutions of demolition, upgrading, change of function or occupancy, etc.
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Post-earthquake situations always have a considerable impact on development
plans. A post-disaster situation should be a major incentive for rethinking
general patterns. The need to remove much of the building stock, along with
eventual major aid from national or international resources, may provide
opportunities to modernize radically the building stock and so to affect the
economic and social fabric of a region.

5.7 Management of Mitigation Activities

The management of mitigation activities must cover the successive steps of
study and action and also provide for and adequately schedule the resources
needed.

The first major step of mitigation activities is represented by decision
making considered in a broad sense. This includes definition of the general
scope of acti vities, appropriate planning of initial tasks, acti vities in-
tended to provide basic information regarding seismic hazard, vulnerability
and exposure or elements at risk, analyses required by estimation, evalu-
ation and assessment of specific risk and risk (individual risk, group
risk), gathering complementary data required by cost-benefit analysis, and
selection of strategies and solutions of intervention, including priority
indices and timing.

The second major step of mitigation activities is implementation, considered
again in a broad sense. This includes detailed design and planning activi-
ties (which must be carried out in an integrated manner within the framework
of general design and planning activities required by development projects),
construction work, and the necessary control activities.

The basic resources to be provided for the various acti vi ties referred to
consist essentially of qualified personnel, information and regulatory
bases, building materials and manufactured components, and construction
equipment. The most specific and sometimes scarce resources are the person-
nel and also the software required.

The following sorts of qualified people are needed: seismologists and geo-
logis ts, archi tects and engineers, ma thema ticians and analys ts, economis ts
and sociologists, policy administrators and policy makers, building of-
ficials and inspectors, and construction technicians and workers. Emphasis
must be placed on the special training needs raised by the complex problem
of mitigation of seismic risks and by the need for interdisciplinary work.

A few comments lere made previously in relation to the differences between
decision-making based on code provisions as opposed to decision-making based
on cost-benefit analyses.

In some cases, current earthquake-resistant design codes may be used as
reference for rehabi li tation activities. This may become necessary when no
special provisions are available.

Code provisions may be amended in order to allow a reasonable degree of
safety through rehabilitation measures. In this regard, Japanese standards
for evaluation and rehabilitation of existing buildings prescribe increased
design factors for the verification of existing structures in order to
account for the unfavorable effects of hidden damage. In contrast, a di-
versity of design factors should be reasonably adopted, considering the
different planned subsequent lifetimes of different structures. Some guide-
lines in this connection are given in Appendix E (Section E.8.4).
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Use of adequate earthquake resistant design codes in new construction is a
much more cost-effective way to implement earthquake safety programs than
seismic retrofit of existing structures. Still, seismic rehabilitation
programs are needed, given the high risks that currently affect much of the
existing building stock in various countries.

5.8 Conclusion

The multifaceted and complex nature of those acti vi ties required by the
decision making in relation to mitigation activities and by the implement-
ation of decisions adopted is clear throughout this chapter. More detailed
data on some aspects of the problem are provided by the next chapter and by
the Appendices, as referred to in Section 5.1.

The lack of broad experience in these activities must be emphasized here
along with the pioneering nature of such projects designed to fulfill needs
at a national, regional or urban level. Nevertheless, seismic risk miti-
gation activities should be considered basically as permanent, ongoing
activi ties, given general development, and also changes in technical. know-
ledge and in the economic and social environment, and the need to update
concepts, strategies and plans.
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6. SOCIO-ECONOMICANALYSESFORMITIGATIONOF SEISMICRISK

6.1 Introduction

This chapter, to be used in conjunction with Chapters 4 and 5, outlines
methods and criteria for determining tOlerable/acceptable risk levels.
Those levels so determined may be used to decide whether or not a given
building should be seismically retrofitted, and to what level. Likewise,
these methods may be used in conjunction with other criteria to determine
whether or not further assessments are needed.

6.2 Cost-Benefit Methods

These methods compare the monetary costs of given projects with their ex-
pected monetary benefits. Costs of a seismic rehabilitation program are
primarily those costs to repair buildings to a given level of seismic re-
sistance. Cost3 of seismic assessment procedures have been indicated in
Chapter 4. Benefits of a seismic rehabilitation program are expected re-
ductions in (not eliminations of) economic losses and deaths from building
damage or from associated losses such as lost production, business inter-
ruption, alteration of services in a given community, and unemployment.

There are two almost identical ways to perform benefit-cost analyses.
First, the risk analyst may develop benefit-cost ratios comparing the costs
of rehabilitation with expected benefits. Those ratios that fall below
uni ty generally suggest that alternative investments would be economically
superior. When such ratios exceed unity, programs may be compared with
others to determine priori ties. The second method regards costs as "loss-
es," along with expected damage and economic losses from business inter-
ruption. Using this method, the analyst finds the mix of actiolls that mini-
mizes losses. Figure 6-1 illustrates this type of analysis. As levels of
seismic resistance increase, expected losses decrease, and at some point,
the total costs reach a minimum. In Figure 6-1, a star indicates that opti-
mal point. However, in the actual construction of such curves, it is im-
portan t to recognize threshold effects. It is possible that losses would
not continuously decline, but would only be expected to decline once a
significant amount had been spent on increased seismic resistance.

V>
>-
V>

8~e

EXPECTED LOSSES
FROM DAMAGE

I NCREASED LEVELS OF SE I SMIC RES I STANCE

* OPTIMUM LEVEL

Figure 6-1. Illustrative Curves for MinimumLoss Analysis
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Numerous objections to cost-benefi t analyses exist, but only two are signi-
ficant here. First, some benefits are not clearly reducible to monetary
terms. Especially suspect is the "monetary" value of life. However, if the
analyst precludes assessing the value of a life in monetary terms, he should
either not use benefit-cost analyses where safety is a significant issue or
should recognize that benefits are thereby underestimated. In contrast, if
the analyst lets the value of life be "infinite," the resulting proposed
expenditures for health and safety programs would bankrupt the nation. The
second objection to cost-benefit analysis is that choice of discount factors
is very controversial, especially when the relevant exposure period is long.
In analyzing the present value of benefits, one may either choose to add all
benefits (over a limited time period) or to discount future benefits. If
benefi ts are discounted, choice of discount rates may determine whether or
not a program is judged to be economically sound.

6.3Risk/Benefit Methods (Individual Risk Criteria)

The methods used in risk/benefit analysis tend to be the same as those used
in benefi t/ cost analysis except that there is no explicit monetary value
placed on lives. Instead, various actions are evaluated based on costs per
lives saved. Once a cost per life criterion is adopted, various levels can
be set at which an acti vi ty is deemed very worthwhile, acceptable, toler-
able, or unacceptable. Table 6-1 contains a list of activities that have
been evaluated by such criteria.

For purposes of evaluating earthquake safety programs, the following values
have been suggested:

40GNP/per. cap/life saved

where a 40 year social average life-time has been considered.

6.4 Comparative Risk, Including Group Risk

In a previous section, 6.2, benefi t-cost analysis methods were discussed
which reduced all costs and benefits to the same monetary unit and thereby
treated them equally. However, there are many reasons why the large single
disaster which strongly impacts a particular group of people or a particular
location will attract the interest of the policy maker. Preventing the
deaths of 100 people in a single building may be easier than preventing the
deaths of 100 widely scattered people.

Figure 6-2 suggests a number of distinctions that may be made for various
activities. For purposes of earthquake analysis, the expected risk is
calculated as a percent 'of the number of people exposed to the hazard. In
order to avoid double counting of people, it may be advisable to develop
such data based on large categories of structures. The annual acceptable
risk level per exposure for earthquakes has been suggested to be

10-7 per individual

'.Phis criterion can be used to determine whether or not existing structures
are presently at an acceptable risk level.

In the past, research efforts and public safety programs have given more
attention to events or accidents having greater single losses (however low
the probability of occurrence) than to events or accidents having low
average expected deaths. Figure 6-3 illustrates how frequency of occurrence
can be contrasted to severity of occurrence. Figure 6-4 illustrates differ-
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Table 6-1. Cost Per Fatality Averted (1975 Dollars) Implied by Various
Societal Activities (Left Column) and Cost Per 20 Years of
Added Life Expectancy (Right Column) (Reproduced in
Philipson, 1982)

ITEM I PER FATALITY I 20 YR L1H
AVERTEO EXPECTANCY

MEOICAL SCREENING AND CARE
CERVICAL CAhCER 25,000 13.000
BREAST CANCER BO.OOO 60,000
LUNG CANCER 70,000 70.000
COLORECTAL CANCER:

HCAL BLOOD TESTS 10,000 10.000
PROCTOSCOPY 30,000 30.000

MULTIPLE SCREENING 26,000 20,000
HYPERTENSION CONTROL 75.000 75,000
KIDNEY DIALYSIS 200,000 UO.OOO
MOBILE INTOSIVE CARE UNITS 30.000 75.000

TRAFF! C SAFETY
AUTO SAFETY EQUIPMENT - 1966-70 130,000 65,000
STEERING COLUMN IMPROVEMENT 100.000 50,000
AIR BAGS(DRIVER ONLY) 320.000 160,000
TIRE INSPECTION 400,000 200,000
RESCUE HEll COPTERS 65,000 33.000
PASSIVE 3-POINT HARNESS 250.000 125.000
PASSI VE TORSO BELT-KNEE BAR 110.000 55.000
DRIVER EDUCATION 90,000 45.000
HIGHWAYS CONSTRUC.-MAINT. PRACTICE 20,000 10.000
REGULATORYAND WARNING SIGNS 34.000 17.000
GUARDRAI L IMPROVEMENTS 34,000 17.000
SKID RESISTANCE 42,000 21,000
BRIDGE RAILS ANO PARAPETS 46.000 23.000
WRONGWAY ENTRY AVOIOANCE 50,000 25,000
IMPACT ABSORBING ROADSIDE DEVICE 10B.000 54,000
BREAKAWAYSIGN LIGHTING POSTS 116,000 58,000
MEDIAN BARRIER IMPROVEMENT 22B.000 114,000
CLEAR ROADSIDE RECOVERYAREA 2B4,OOO 142,000

MISCELLANEOUS NON-RADIATION
E"ANDED I",U';I ZATlDh Ih INDONESIA 100 50
FOOD FOR OVERSEAS RELIEF 5.300 2.500
SULFUR SCRUBBERSIN POWERPLANTS 500,000 1,000,000
SMOKE ALARMS IN HOMES 250,000 170,000
HIGHER PAY FOR RISKY JOBS 260,000 150,000
COAL MINE SAFETY 22.000.000 13,000,000
OTHER MI NE SAHTY 34.000,000 20,000,000
COKE FUME STANDARDS 4.500,000 2.500.000
AI R FORCE PI LOT SAFETY 2,000.000 1.000.000
CIVILIAN AIRCRAFT (FRANCE) l,200,OOC 600.000

RAOIATI ON RELATED ACTI VITI ES
RADIUM IN DRINKING WATER 2.500,000 2,500.000
MEDICAL '-RAY EQUIPMENT 3,600 3.600
ICRP RECOMMENDATIONS 320,000 320,000
OMB GUIDELINES 7.000,000 7.000.000~:~m::mm i3~~NERAL

10,000,000 10.000,000
100,000,000 100,000.000

DEFENSE HIGH LEVEL WASTE 200.000,000 200,000,000
CIVILIAN HIGH LEVEL WASTE

NO DISCOUNTING lB.ODO.OOO 18,000,000
OISCOUNTING (1t YEAR) 1,000.000.000 1.000.000,000

Table 6-2. Expected Deaths at Given Intensities for a Given Building
Category Over Years for a Given Exposed Population P (p is
the total number exposed in a nation, or city, or given
class of buildings, etc.)

INTENSITY

VI VII V1 II IX X XI XII

EXPECTEO °VI °VII °VI II DIX Ox °XI Ox II
OEATHS

ences in research funding for large single risk versus small single risk
events. As a result, use of group risk criteria is an option for assessing
earthquake safety programs. These criteria emphasize the aversion of a
large-scale narrowly-focused disaster.
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Figure 6-2. Histogram of Individual Annual Risk of Death for Risk
Status 1 to 5 (Reproduced in Philipson, 1982)

Group risk criteria can be introduced into benefit-cost calculations by
making adjustments in Table 4-2. Based on that table, for given classes of
buildings, the expected number of deaths at given intensities is the ex-
posure times each of the ratios at the intensities. Hence, the analyst can
derive a new table, Table 6-2, whose form is found on the previous page.

If the analyst were merely using individual risk criteria, then the expected
number of annual deaths would be

12

L
j=6

D. N.
J J

However, to incorporate group risk criteria, the analyst may use an expo-
nent a, between 1 and 3, and arrive at the following policy-adjusted annual
expected number of deaths

12

L
j=6

(D.)aN.
J J

An analogous technique can be used to evaluate economic losses.
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Figure 6-3. Cumulative Accident Frequency Vs. Severity Distribution
Continental United States, 1956-1970 (cited in Philipson,
1982)

The reader should note that these group risk criteria are introduced merely
as a convenience to simplify assessments in order to incorporate rapidly
possible secondary losses, political costs, etc. of larger catastrophes.
Choice of a is here left optionaL In addi tion, the outpu ts of this analy-
sis will depend greatly on the population exposed. Results will be different
if one applies this to 1000 people all at once as opposed to 100 people in
each of ten different buildings each analyzed separately. Hence, a too may
vary with exposures chosen. For these reasons, it is suggested that these
simplified methods be examined by users and that choices of a and of ex-
posures appropriate by modebased on such examinations.

6.5 Perceived Risk

The policy-maker working with public safety programs should realize that,
for many reasons, perceived risk tends to differ from actual risk. In other
words, people tend to think that some risks are greater and other risks are
lower than they actually are. For instance, for short periods people may
worry greatly about very large earthquakes as opposed to smaller ones that
may still be very damaging and also have much higher probabilities of occur-
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Per Fatal Accident for Various Transportation Modes and
Natural Hazards. (Source: J.H. Wiggins, 1978)

rence. Inasmuch as misperceptions can play a major role in policy formation,
it may be necessary to compensate for them.

Figure 6-5 presents one possible pattern of the differences between per-
ceived risk and actual risk: the overestimation of infrequent events in
risk perception. Numerous other errors likewise can occur that may tend to
favor some programs over others.

6.6 Recent Practices Concerned with Rehabilitation of Existing Struc-
tural Buildings

Concerned with the possibility of major losses following an earthquake, the
City of Long Beach began to take a hard look at some 900 buildings erected
prior to 1933. Uppermost on the inspection list were structures of unrein-
forced masonry walls with wood floors and wood roofs since these buildings
are likely to shake apart first. By 1970, the City of Long Beach had con-
demned 118 of these buildings. Of these, 46 were demolished and 20 were
repaired. The owners of the remaining buildings, particularly of offices
and apartments, brought a law suit against the city because they felt that
to abandon or greatly strengthen their buildings would be economically dis-
astrous.

At this stage, it was necessary to examine the earthquake-resistant pro-
visions in the city's building code (Wiggins 1970, 1972). It was determined
that, at the one extreme, the city could do absolutely nothing to strengthen
existing hazardous buildings. Such a course of action would only succeed in
averting fire and life-loss if under the unlikely scenario that no intense
earthquakes occurred during the remaining life of the buildings in question.
At the other extreme, the city could order a wholesale demolition or
strengthening of otherwise valuable structures. This would be a prudent
course only under the equally improbable situation that an intense earth-
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et al. (in press).

Figure 6-5. Perceived Versus True Frequencies of Hazardous Events
[H.3] (Reproduced in Philipson, 1982)

quake struck Long Beach in the near future. Both complete inaction, and a
sweeping order to immediately demolish or strengthen all old buildings would
create economic problems. The goal, therefore, was"to devise a reasonable
middle course that could be approved by the legislative body and officials
of the city.

As a result, in 1971, the City of Long Beach adopted Ordinance C-4950,
"Earthquake Hazard Regulations for Rehabili ta tion of Existing Structures
within the "City" (Subdivision 80, Long Beach Municipal Code). This ordi-
nance has several unique features which are important in reducing the risk
from existing structural hazards.

The Long Beach ordinance rationally interrelated zoning and building codes.
It interrelated the citizens, the elected representatives, and the career
civil servants. All were considered part of the policy planning and imple-
mentation system necessary to ameliorate structural hazards.

Specifically, the Long Beach ordinance:

( 1) coupled land use planning with a building design ordinance by re-
quiring different strength designs in different areas of the city,

(2) required the City Council to make a decision on Policy Risk Level
(in this case, death risk),

(3) prescribed performance standards for repairing or rehabili ta ting
existing structures,

(4) provided for owner options on structure life and human exposure,
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(5) provided a legal means for demolishing a structure at the end of
its life as selected by the owner. The demolition date is attach-
ed to the deed,

(6) recognized imperfections by requesting funds to provide for soil
dynamics investigation to upgrade the hazard maps,

(7) provided a uniform seismic risk rating system for the building
official along with a priority scheme for building examinations,

(8) allowe1 new materials and designs affecting the earthquake resist-
ance to be reviewed for purposes of adjusting the code values,
thus lowering costs with state-of-the-art capabilities, and

(9) provided a means to dynamically analyze structures and si te con-
ditions so that individual circumstances can reduce code require-
ments, if justified.

The Long Beach experience has been examined here because it provides a pre-
cedent for the Balanced Risk Methodology which also has been the basis of
the analysis for the City of Los Angeles.

The City of Santa Rosa adopted a seismic safety ordinance following the 1969
Santa Rosa earthquake when 85 old unreinforced masonry structures were
damaged. After that event, H.J. Degenkolb and Associates prepared a report
enti tled "Earthquake Safety Investigation Criteria for City of Santa Rosa."
Therein they described a time phasing and de facto importance factor cri-
teria using the 1958 Santa Rosa earthquake code for new buildings as a re-
ference. In effect, the Santa Rosa code prescribed that within a few years
all buildings built before the first earthquake ordinance comply in some
degree with its provisions.

The Santa Rosa ordinance contrasts with the Long Beach ordinance in several
respects:

(1 ) the concept of risk was not treated and thus not decided upon by
City Council, and

(2) options for owners regarding dynamic analysis, occupancy changes,
lifetime limitations, etc. were not presented.

On January 18, 1973, the City of NewYork approved Local LawNo. 5 entitled
"Fire Safety Requirements and Controls." That law requires that existing
hi.gh rise business buildings provide one-third compartmentation within five
years, two-thirds compartmentation within ten years, and the total compart-
mentation within 15 years. An existing building is defined as "an office
building 100 feet or more in height or a building classified as occupancy
group E, 100 feet or more in height (which has been or is recently being
built). "

All of the provisions pertaining to delays in the total enforcement of the
new requirements were included as a means of overcoming certain objections
to the new ordinance. A gradual implementation procedure recognizes the
impracticali ty of attempting full-scale and immediate enforcement of retro-
active construction requirements of this scope.

In 1974, a seismic safety element study for the City of Los Angeles was com-
pleted by J.H. Wiggins Company. However, it was not until after years of
deliberation that the Los Angeles City Council passed an ordinance (Ordi-
nance No. 154, 807) on January 7, 1981 that will require rehabilitation of
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approxima tely 7,863 unreinforced masonry buildings constructed before 1933.
That ordinance is found in Appendix F.

Hypothetical Examples (illustrative only)

Illustrative Data Developed

Consider an unreinforced masonry structure of 1400 square meters and with a
maximum occupancy of 300 people. The building is in category e, equivalent
to 148 points on the Wiggins et al. field inspection and rating technique.
For about $160 per square meter the building can be seismically rehabil-
itated to category e', or about 50 points on the Wiggins et a1. inspection
and rating technique. The replacement cost has been determined to be $850
per square meter. From seismic data, the following annual site-specific
frequencies of given (MSK or MMI) intensities have been calculated:

~Y XII XI X IX VIII VII VI

EXPECTED 1.4.10.5 .5 1.4.10.4 4.6.10.4 -3 .3 1.51'10.24.5.10 1.48.10 4.72.10
ANNUAL
SITE
FRE~UENCY

Categories e and e' have the following expected economic losses (as
percentages of replacement cost) at given intensities:

XI I XI IX VIII VII VI

1. CATEGORY a
2. CATEöORY a'

1.0 1.0 .5
.7 .5 .2

.35 .25

.1 .05
.15 .04
.02 0

Expected reductions in economic losses therefore involve subtraction of line
2 from line 1, or

XII XI IX VII I VII VI

REOUCTIONS IN .3
ECONOIHC LOSSES

.5 .3 .25 .2 .13 .04

Expected annual economic reductions are thus equal to expected intensity
frequencies times expected reductions, or

(.3)(1.4'10-5) + (.5)(4.5.10-5) + (.3)(1.4.10-4) +

(.25)(4.6;10-4) + (.2)(1.48'10-3) + (.13)(4.72'10-3)

+ (.04)(1.51.10-2) = 1.7'10-3

(as a percent of replacement cost).
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The replacement cost is 1400 square meters times $850 per square meter, or
approximately $1.2 million dollars. Hence, the annual expected reduction in
economic losses is

$2040

Categories e and e' have the following expected lives lost at given
intensities (per 100 people exposed):

XII Xl IX Vlll

\. CATEGORY e 6 2 1 .3
2. CATEIOORY e' .2 .7 .3 .05
REOUCTlONS (I. -2.) 4 1.3 .7 .25

Again, using the expected annual intensity frequencies, one obtains

Annual deaths per 100 people exposed in existing building

(Category e) = 6(1.4010-5) + 4(4.5010-5) + 2(1.4010-4) +

1(4.6010-4) + 0.3(1.48010-3) = 1.45010-3

annual deaths per 100 people exposed

Annual reduction in deaths per 100 people

(from Category e to e') = 4(1.4010-5) + 3(4.5010-5) +

1.3(1.4010-4) + 0.7(4.6010-4) + 0.25(1.48010-3) = 1.07010-3

Since there are a maximum of 300 people exposed, then the present annual
death rate per exposure is

One may use decision methods in Section 6 to determine whether this current
level is acceptable, unacceptable, tolerable, intolerable, etc.

A risk analysis can then be done. Suppose that the building is expected to
last another 30 years, and that benefits are not discounted. Then costs
minus benefits are $224,000 - 30 ($2,040), or $162,800.

Reduction in lives l~t is (300 people exposed) (1.07010-3 per 100 people
exposed)~3 or 3.21010 _2annually. Overall, such a reduction is 30 years
03.21010 , or 9.72010

Hence, cost per life saved is $163,800/9.72010-2 = $1,6}'0,000. The policy
maker may decide at this point what action is appropriate.

6.8 Short Bibliography (See 1.4 as well)
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A MODEL CODE FOR THE EARTHQUAKE REHABILITATION OF EXISTING STRUC-
TURES

In light of the preceding discussion it was deemed desirable by the com-
mittee that a model code be presented in this document which could be adopt-
ed by the country, state or other legal entity within the country as a legal
means and method for implementing the desired level of earthquake rehabili-
tation. Accordingly, the following code can be adopted in whole or in part
or used as a beginning model for the development of yet another geopoli ti-
cally correct code. The model presented below has been adopted as a start-
ing point by both the cities of Long Beach and Los Angeles, California,
USA. Therefore, these principles have been geopolitically implemented to
some degree.

It is necessary to acknowledge in the development of any model earthquake
rehabilitation code that the physics of the earth and the earthquake itself
does not recognize geopolitical boundaries, or various political sys tems.
Damage and loss will surely occur at some future time in highly seismic
zones unless effective and timely action is taken, at some acceptable cost,
to reduce the effects of earthquake actions.

The following code is written generally for the country/ state/ city juris-
diction in which the model code is to be applied. Names applying to the
jurisdiction are left blank. Further, we refer to building owner, building
official, building department, etc. from time to time. This is done re-
cognizing that every country has different political nomenclature and owner-
ship rules. Simply insert your own jurisdiction 's political descriptors
where necessary.

The code represents a solid implementation act balancing the perspective of
individuals about their structures with the physical facts of life and that
requires cities which are principally developed respond to the existing
earthquake risk problem. It also creates a minimum time peri.od for abate-
ment of the worst risk of about two years from date of code passage.

7.1 Implementation Program - An Ordinance for Mitigating the Earth-
quake Risk Within

Section 1 - Purposes:

The purposes of this code are to define:

(1) A table of lateral force resisting capacities determined by struc-
tural life and importance factors which shall be used for the
design of new structures, as well as the strengthening of existing
structures within These capacities are a
function of those relevant factors which, under the present state
of earthqua~e technology, are believed to substantially influence
the acceptable earthquake risk level associated with __

(2) A uniform, systematic and practical procedure for ascertaining the
earthquake-generated risk associated with existing structures
wi thin as a function of those relevant factors
which, under the present state of earthquake damage assessment
knowledge, are believed to substantially influence said risk.

(3) A flexible procedure for reducing the actual risk presented under
current conditions by the affected existing structure to the ac-
ceptable risk level. This procedure involves owner options rel-
ative to cost-loss relationships involving seismic risk.
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(4) Procedures for more completely ascertaining the ground rupture
hazards beneath a proposed or existing structure site and develop-
ing the design criteria for said site and structure.

(5) The format for an Appeals and Technical Advisory Board for Seismic
Design and Planning whose responsibility would be to hear
questions of interpretation of this code and to advise appro-
priate departments of new information regarding seismic
safety developments.

It is not the purpose of this ordinance to preclude the assessment of other
hazards which may involve fire, exit, plumbing, electrical, etc., or other
problems within existing buildings.

Section 2 - Legislative Background:

In enacting this code, the recognizes the competing, and often
conflicting, considerations involved in applying to existing structures
(built in good faith in accordance with building codes in force at the time
of their construction) more informed, and sometimes more demanding, require-
ments to promote the public health, safety and well-being. The _
enacts this code with the objective of striking a reasonable balance between
these various considerations, recognizing that while complete inaction with
regard to the earthquake risk for existing structures could, in retrospect,
prove disastrous, sweeping drastic action could prove, in retrospect, to
have been equally ill-advised. The recognizes that neither
the timing, nor the magnitude, nor the location of an earthquake can be
accurately predicted under present technology, but that a scientifically
defensible probability may be assigned to the prospect of the occurrence of
an earthquake within a given time period which exhibits sufficient intensity
and is so located as to produce intolerable stresses on various existing
types of structures in the The _
further recognizes that the demolition or repair of existing structures
which, except for earthquake or some other hazard not considered herein, are
acceptably safe and useful imposes a substantial hardship on not only the
owners of such structures, but also on the tenants and/or users of such
structures and on the itself.

Accordingly, between the extreme of doing nothing on the assumption that no
damagingly intense earthquake stresses will be experienced during what would
otherwise be the normal life of an existing structure, and the opposite
extreme of wholesale demolition of otherwise valuable structures upon the
similarly improbable assumption that damagingly intense earthquake stresses
will occur within the very near future, the determines to
pursue a middle course embodying the selection of an acceptable level of
seismic risk and requiring that existing, as well as new structures, accom-
modate to the level of risk selected.

Section 3 - Scope:

This code shall apply to all artificial structures located within _

Section 4 - Prima Facie Hazard Grading:

The building official shall inspect and grade the structures covered by this
code to determine the relative prima facie earthquake risk associated with
same. The grading shall be conducted using The (Building Inspection Pro-
cedure selected from Chapter 4, Appendix C).
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Section 5 - Priority of Grading:

In grading the structures subject to this ordinance, the building official
shall, in general, grade buildings according to the following priori ties.
The priori ties will be ignored only when, in the opinion of the building
official, special hazards exist which warrant an immediate inspection.
(Each country, state or other jurisdiction may herein insert its ownpriori-
ty of grading with worst being first and best being last. The examples
below refer to buildings defined in the Los Angeles Building Code.)

(1) Type III buildings which utilize unreinforced masonry bearing
walls and exhibit poor quality mortar shall be graded first as a
group.

(2) Type IV and V buildings with unreinforced masonry veneer, unrein-
forced non-bearing masonry walls or partitions, poor quality
mortar, and poorly anchored bracing systems.

(3) Type-III buildings with reinforced concrete and reinforced masonry
bearin3 walls and wall openings with an aggregate area exceeding
50%of the area of one or more of such walls.

(4) Type I and II tall structures with unreinforced masonry curtain
and filler walls, and poor quality mortar.

(5) All other types within each of the aforesaid groups of buildings.
Individual buildings shall be graded on a priority system cor-
responding to their occupancy ratings with Importance Factor 2
Buildings being rated first, Importance Factor 3 Buildings being
rated second, etc. (see Table II, Section 7).

Section 6 - Calculation of Actual Lateral Force Withstanding Capability, Va:

In determining the actual lateral force carrying capability, Va' of a parti-
cular structure, the engineer shall calculate the maximumlateral force
which the building can be subjected to along any horizontal axis before
major structural failure.

Major structural failure shall include, but not be limited to, complete
collapse of the structure; the substantial collapse of one or more exterior
walls, whether of bearing or non-bearing type; the substantial collapse of
one or more heavy interior walls, whether of bearing or non-bearing type;
the substantial collapse of any floor or ceiling in the building; the dis-
lodging or shedding of heavy material such as masonry, decorative trim,
signs, parapets, fire escapes, air-conditioning equipment, etc.; and any
other rapid degradation of structural integrity which may unreasonably en-
danger the life or health of persons in, on, or about the structure at the
time of a seismic event which would exceed V in intensity. In determining
the lateral force withstanding capability, ¥he engineer shall make appro-
pria te in si tu measurements to determine approximate strength of mortar,
shear connections, momentconnections and materials used in the main body of
frames, floors, walls, diaphrams and appendages.

Section 7 - Calculation of MinimumTolerable Lateral Force Carrying Capacity

(1) The minimumlateral force carrying capacity of a structure shall
be computed using the following formula

V = Z K C S I wi T1/3
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Note: (a) This value is to be used in elastic design where safe-
ty factors on the materials and connections used yield
a conservative combined structural system safety
factor of four (4). For local codes whose combined
structure system safety factor is more or less than
four (4), appropriate adjustments in the resulting
value of V must be made.

(b) In no case shall V be less than 80 percent of the
value computed in the above formula when dynamic site
specific and/or structure specific investigations are
used. These are outlined in Section 16.

where Z = 1.5 for Zone 4 j 1 for Zone 3j 1/2 for Zone 2j and 1/4
for Zone 1. (Each city/state/country must grade themselves by
zone. For purposes of this code a 475 year return period results
in the following zone "g" levels: Zone 4 = 60%gj Zone 3 = 40%gj
Zone 2 = 20%g; Zone 1 = 10%g.)

C is given in Table 7-1, three possible alternatives are presented
for selection by the _

Exception: V shall not be greater than twice (2x) the value com-
puted for structures whose periods, T, are less than
0.125 sec.

K is 1.33 for shear wall structures; 1 for concrete frame
structures of any type as well as combination structures and
0.8 for steel momementframe structures.

S = 1 unless actual soil dynamic test data are made avail-
able by the ownsr (see Section 16).

In lieu of using the value of S = 1, the structure owner, at his
own expense, may perform a soil dynamics investigation of the
8,ctual site of his structure. The S value thus determined, upon
validation of same by the building official, may be used. In no
case, however, can S be less than 0.8.

I is presented in Table 7-2

Wis the weight of the structure

(2) Lateral force on parts or portions of buildings or other struc-
tures shall be computed by the following formula:

where: C and I are given in Tables 7-1 and 7-2, respectively
C60 is the value of C at 60 years
Cp is given in Table 7-3
Wp- weight of the part or portion of the structure

(3) Importance factor is defined by Table 7-4.

(4) For all structures having a period, T, greater than 0.6 seconds;
being seven or more stories in height; or having an Importance
Factor 1 or 2, structural dynamic analyses of the design shall be
made to verify the shear, drift and moment carrying resistance
capacity of the structure.



109

Table 7-1. Values for "c" (The City/State/Country is to select this
or a modified table dependent upon Policy Risk Level
Selected)

LIFE - L
(YEARS) C

2 .0073
5 .012
10 .018
20 .027
40 .040
60 NEW .050

Policy
Approximate
Social Risk
1 death per
1,000,000
persons exposed
per year

Risk Level
Approximate
Economic Risk
1 dollar lost
per $10,000
expo.sed per year

To increase or decrease the Policy Risk Level
by a factor of 10 multiply or divide the values
of C by 1.28

Table 7-2. Importance Factor, I

STRUCTURE
IMPORTANCE* I

2 1.64
3 l.28
4 l.00
5 0.78

*Importance factor 1 requires special study.
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Table 7-3. Horizontal Force Factor "e" for Parts or Portions of
Buildings or Other Structures

DIRECTION VALUE OF
PART OR PORTION OF BUILDINGS OF FORCE Cp

EXTERIOR BEARING AND NONBEARING WALLS, INTERIOR BEAR- NORMAL TO
ING WALLS AND PARTITIONS, INTERIOR NONBEARING WALLS FLAT 0.20
AND PARTITIONS OVER 10 FEET IN HEIGHT, MASONRY OR SURFACE
CONCRETE FENCES OVER 6 FEET IN HEIGHT.
CANTILEVER PARAPET AND OTHER CANTILEVER WALLS, EX- NORMAL TO
CEPT RETAINING WALLS FLAT 1.00

SURFACE
EXTERIOR AND INTERIOR ORNAMENTATIONS AND APPENDAGES ANY 1.00

DIRECTION
WHEN CONNECTED TO, PART OF, OR HOUSED WITHIN A BUILD-

0.201,2ING: TOWERS, TANKS, TOWERS AND TANKS PLUS CONTENTS, ANY
STORAGE RACKS OVER 6 FEET IN HEIGHT PLUS CONTENTS, DIRECTION
CHIMNEYS, SMOKESTACKS AND PENTHOUSES
WHEN RESTING ON THE GROUND, TANK PLUS EFFECTIVE MASS ANY 0.10
OF ITS CONTENTS DIRECTION
SUSPENDED CEILING FRAMING SYSTEMS3 (APPLIES TO ANY
SEISMIC ZONES NOS. 2, 3, AND 4 ONLY) HORIZONTAL 0.20

DIRECTION
FLOORS AND ROOFS ACTING AS DIAPHRAGI14 ANY 0.10

DIRECTION
CONNECTIONS FOR EXTERIOR PANELS ANY 2.00

DIRECTION
CONNECTIONS FOR PREFABRICATED STRUCTURAL ELEMENTS ANY
OTHER TH~N WALLS, WITH FORCE APPLIED AT CENTER OF HORIZONTAL 0.30
ASSEMBLY DIRECTION

1When located in the upper portion of any building where the "hn/D" ratio is
five-to-one or greater the value shall be increased by 50 percent.

2"W " for storage racks shall be the weight of the racks plus contents. The
va~ue of "Cp" for racks over two storage support levels in height shall be
.16 for the levels below the top two levels.

3For purposes of determining the lateral force, a minimum ceiling weight of
5 pounds per square foot shall be used.

4Floors and roofs acting as diaphragms shall be designed for a minimum value
of "Cp" of 10 percent appl ied to loads tributary from that story unless a
greater value of "Cp" is required by the basic seismic formula for V.

5The "Wg" shall be equal to the total load plus 25 percent of the floor
live 1 ad in storage and warehouse occupancies.
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Table 7-4. Values for Importance Factor* (Level of Acceptable
Risk)

MAXUMUM HUMAN OCCUPANCY
IMPORTANCE FACTOR (PERSONS)

5 1 - 9
4 10 - 00
3 100 - 999
2 1000 AND OVER'"

OSee Table C-28 of report text for further definition.

(5) For all structures having an Importance Factor 1 or 2; having a
period, T, greater than 0.1 second; or being seven or more stories
in height; soil dynamics investigations shall be conducted in
order to derive an appropriate value for S. (These analyses shall
be based on data derived under criteria outlined in Section 16.)

(6) An existing structure shall not be considered as presenting an
unacceptable earthquake hazard provided Va (as computed by the
owner's engineers on the basis of the structure's actual condition
and/ or proposed repairs or strengthening measures) equals or ex-
ceeds V, (as computed using the appropriate structure lifetime and
important factor). The accuracy of any facts upon which Va or the
tabular values selected in computing V are based, shall be sub-
stantiated to the satisfaction of the building official or, fail-
ing that, to the satisfaction of the Board of Appeals (see Section
19) •

(7) In using Table 7-1 and in relating structure lifetime to a date
certain by which the demolition or strengthening of a structure
must be completed, the parameter, L., representing the lifetime of
the structure before its voluntary demolition or further strength-
ening, shall be considered as beginning at the effective date of
adoption of this code.

(8) All new structures shall be designed for a minimum life of sixty
(60)years.

(9) All owners of structures selected by the City/State/County
of shall provide accessible space for the installation
of appropriate earthquake recording instruments. Location of said
instruments shall be determined by the The _
shall make arrangements to provide, maintain and service the in-
struments. Data shall be the property of the , but
copies of the individual records shall be made available to the
public upon request and the payment of an appropriate fee. All
Importance Factor 1 and 2 structures and new structures seven
stories and greater shall contain a minimum of three (3) strong
motion earthquake accelerographs to be located within the struc-
ture at the direction of the Maintenance and service
of the instruments shall be provided by the owner of the building
subject to the approval of the building official. Data produced
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by the instruments shall be made available to the building of-
ficial upon his request.

(10) All site investigations and earthquake criteria reports shall be
in accordance with the provisions of Sections 15 through 18.

Section 8 - Notice of Inspection:

The building official shall send via certified mail a written Notice of
Intent to Inspect together with a blank inspection form to each of the own-
ers of the structure, as the name be shown on the Tax Assessor's rolls.
Said notice shall be in substantially the following form:

NOTICEOF INTENTTOINSPECT

Please take notice that a representative of the Department of Build-
ing of the shall inspect that certain struc-
ture located at _
to determine its potential susceptibility to major damage in the
event of an earthquake. Said inspection will commenceat the site of
said structure at a.m. on ,
Please arrange to have someone availabe at the site of said structure
at the indicated time who has the authority and means to admit said
representative to the structure in order that interior character-
istics thereof may be examined. Your failure to provide access to
the structure for the representative shall cause said buildings to
receive a maximumrisk rating in those categories for which the lack
of such access prevents inspection. Following completion of said
inspection, a copy of the representative's report shall be mailed to
you at the address to which this Notice has been mailed. A blank
form of the type to be used by the representative in determining the
earthquake risk of the aforesaid structure is enclosed with this
Notice for your information.

Said Notice shall be mailed at least ten (10) calendar days prior to the
date of the proposed inspection.

Section 9 - Notice of Excessive Risk:

Within a reasonable time following the completion of the inspection of a
structure, as provided in Section 4, the building official shall compile the
data obtained and develop the aggregate grade for the structure inspected.
Should a structure be accorded a grade of or more points, the building
official shall immediately send via certified mail Notice of Excessive Risk
to those persons to whomthe Notice of Intent to Inspect was sent, unless
prior to this time the building official shall have received a written
authorization executed by all of such persons requesting that further cor-
respondence be sent to a particular person only. If such authorization be
timely received the building official shall send the Notice of Excessive
Risk via certified mail to the person designated in said authorization. The
Notice of Excessive Risk shall be in substantially the following form:

PLEASETAKENOTICEthat an inspection of your structure located
at
con-d-u-c-t-e-d--o-n----------------,-1-9---,-i-n-d-i-c-a-t-e-d--t-h-a-t--s-a-i-d-s-t-r-u-c-t-u-re
carries in excessive risk of major damage in the event of earthquake
which would endanger the safety of persons and property located in,
on, or about said structure at the time of such event. Within sixty
(60) days from the date of this notice, you shall present to this
office a plan of action for reducing the earthquake risk associated
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with said structure to an acceptable level. In the event your pro-
posed plan of action does not indicats abandonment and demolition of
the structure within one hundred twenty (120) calendar days from the
date of this notice, you shall submit to this office information as
to the lateral force withstanding capacity of the structure in its
present condition, proposed repairs or strengthening measures which
you believe will increase the lateral force withstanding capacity of
the structure to a level commensurate with the acceptable level of
earthquake risk for your prospective occupancy and your projected
life for the structure, any proposals you may wish to make for alter-
ing the occupancy or prospective life of the structure to reduce the
earthquake risk to an acceptable level commensurate with the actual
or projected lateral force withstanding capability of the structure,
and any other information you believe affects the potential risk of
death or serious bodily injury to persons in or near your structure
as a result of the occurrence of earthquake forces in the area of
your structure. Information as to the magnitude of the lateral force
withstanding capability associated with your structure in its present
condition, as well as information as to proposed repairs or strength-
ening measures intended to increase the lateral force withstanding
capabili ty, shall be prepared by a structural or civil engineer li-
censed under the laws of - to practice
said profession. An extension of the aforesaid sixty (60) day period
may be obtained, for good cause shown, br requesting same in writing
filed with this office at least seven (7) calendar days prior to the
expiration of said sixty (60) day period. Such request shall be
accompanied by a written statement of your contemplated action, the
accomplishments toward same up to the time of the request, an esti-
mate of the time required to complete the formulation of your pro-
posed plan of action, and the name and address of the engineer, if
any, whomyou may have engaged.

A copy of the code, by authority of which this notice is sent, may be ob-
tained from upon payment of an appropriate
fee.

Section 10 - Structure Owner's Options:

In the event of structure's acceptable lateral force carrying capacity, V,
is higher than Va defined in Section 7 of this code, the structure's owner
shall:

(1) Abandon and demolish the building; or

(2) Carry out such repairs or strengthening measures as will raise the
level of Va which the building can withstand to a 60 year life
level of V; or

(3) Reduce the projected lifetime to demolition of the structure to
the level at which V equals or exceeds Va; if the owner elects to
reduce the projected lifetime to demolition, he shall execute with
_______ an Agreement to Abandon and Demolish, which agreement
shall recite a date certain for the completion of demolition and
which shall be recorded under the owner's name in the manner of a
deed, so as to provide constructive notice to potential vendees
that the structure is to be demolished by the date recited; or

(4) Reduce the maximumnumber of persons exposed per year to death or
injury in the event the structure suffered major structural fail-
ure during an earthquake, thus producing an acceptable level of
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V. This may be accomplished by a formal change in the occupancy
rating for the structure; or by owner imposed reductions in the
actual occupancy such as would be achieved by closing of the upper
floors of a building, or by reducing the seating capacity of a
theater, or by reducing the hours of business of a business es-
tablishment, etc.; or by any reasonable lawful technique which
results in reducing the number of exposed persons; or

(5) Accomplish some combination of (2), (3) and (4) above, which has
the aggregate effect of producing an acceptable level of V.

Section 11 - Intermediate Risk Graded Structures:

After substantially all of the structures receiving a prima facie hazard
rating of points or more under Section 4 have been the subject of com-
pleted administrative action under this code, whether the same have been
accomplished on an informal level by conferences between the building of-
ficial and the structure's owner( s) or on a formal level by hearing and
decision, and order, of the Board of Appeals, the building official shall
send notices as in Section 4 to the owners of those structures which were
assigned a hazard grading under Section 4 of between and points.
Administrative action with respect to structures in this group shall proceed
in the same manner, and the owners of such structures shall have the same
rights and responsibilities, as is hereinbefore provided with respect to the
structures which received hazard grading scores of more than points
pursuant to Section 4.

Section 12 - Application for Order of Abatement of Nuisance:

In the event the owner of a structure is notified pursuant to Section 9 of
this ordinance, and a plan of action satisfactory to the building official
is not presented within sixty (60) days after said notice shall have been
mailed or within such period of extension of time as may have been granted
in writing by the building official, then the building official shall apply
in writing to the Board of Appeals for an order declaring the structure to
be a nuisance and ordering it to be demolished by a date certain. Said
written application shall set forth in the form of factual allegations all
facts which, if proven, are necessary to justify an order of condemnation,
including but not limited to the following:

(1) The location and legal description of the structure;

(2) Its prima facie hazard rating score with a true copy of the in-
spection form to be attached to the application;

(3) The structure's present maximumoccupancy;

(4) The date upon which the owner of the structure was notified pur-
suant to Section 9 of this ordinance;

(5) A statement as to whether the structure owner has submitted a plan
of action pursuant to Section 9 of this ordinance;

(6) The date certain by which the structure must be demolished, in the
building official's opinion, in order to keep the earthquake risk
associated with it at or below the applicable acceptable Policy
Risk level.

A copy of said written application shall be mailed by certified mail to the
persons to whomthe notice of Section 8 of this ordinance was mailed.
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Section 13 - Hearings on Applications:

Upon receiving a written application pursuant to Section 8 of this ordi-
nance, the Board of Appeals shall set a date and time for a hearing.

Section 14 - Enforcement of the Board Order:

(1) In the event the Board orders a structure demolished immediately
upon the effective date of its order, the structure's owner, un-
less such order is stayed by a court of competent jurisdiction,
shall arrange for the vacation and demolition of said structure
within sixty (60) days after the Board's order becomes effective.
Should the structure owner fail to inform the building official
within five (5) days after the Board's order becomes effective
that such arrangements have been made or should the owner's sche-
duled demoli tion not in fact be completed within the aforesaid
sixty-day period, then the building official may arrange for the
demoli tion of the subject structure and impose a lien upon the
property for the costs of same.

(2) In the event the Board orders the demolition of the subject struc-
ture by a date certain which is three (3) months or more after the
effective date of the order, and said order is not stayed by a
court of competent jurisdiction, the building official shall pre-
pare a Notice of Pending Order of Demolition and arrange for the
recordation of same in the office of the appropriate __
recorder. Said notice shall be in substantially the following
form:

TOWHOMIT MAYCONCERN:

NOTICEIS HEREBYGIVENTHATBY order of the Board of Appeals
of dated , 19__ , that
certain structure now standing at _

and described generally as _

must and shall be demolished on or before _
19 A certified copy of said order may be obtained from
the Department of Building of , upon
the payment of an appropriate fee. If said structure is not
demolished in accordance with the aforesaid order, the same
shall be demolished by and the
costs therefore assessed as a lien upon the land upon which
the structure stood. A lien in the amount of $ in
favor of the is -h-e-r-e-b-y-a-s-s-e-ssed
against said property for the costs of recording this notice.

Said notice shall be recorded under the names of each and every
person to whomthe notice of Section 8 was mailed. The struc-
ture's owner may pay the recording fees for the aforesaid notice
and thereby avoid the imposition of a lien for same against the
property.

(3) In the event the Board certifies to the validity of any or all of
any measures the owner shall have proposed as a means of reducing
the earthquake risk, and finds that accomplishment of such mea-
sures will reduce the earthquake risk associated with the struc-
ture to or below the applicable acceptable Policy Risk level, it
shall order the owner to immediately initiate the accomplishment
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of such measures and to complete the same within a reasonable time
not, however, to exceed ten (10) percent of the projected lifetime
to demolition of the structure. The Board shall designate in its
order, based on evidence presented to it during the hearing, that
date certain which represents a reasonable time in the Board's
opinion for the accomplishment of the proposed measures.

(4) The Board shall retain jurisdiction over cases in which it has
approved owner-proposed measures for reducing earthquake risk
until such measures shall have been timely accomplished. In the
event written evidence of the completion of the approved measures
is not presented to the Board within five (5) days after the de-
signated date for the completion of such measures shall have pass-
ed, the Board shall revise its decision and order to require the
immediate vacation and demolition of the structure unless prior to
said date the structure's owner shall have applied for an ex-
tension of said time. Any application for such an extension shall
be in writing setting forth what has actually been accomplished,
what remains to be done, and the reasons for the requested ex-
tension. Should the Board conclude that good cause has been shown
for an extension it may grant such an extension in writing for a
period not to exceed fifty percent (50%) of the original period
for the first extension, and if an extension has already been
granted, for a period not to exceed fifty percent (50%) of the
immediately preceding extension.

(5) In the event the building official or any interested, competent
person presents written affidavits to the Board indicating the
owner is not proceeding in good faith to timely accomplish any
measures approved by the Board in its original decision and order,
the Board shall on five (5) day's written notice mailed via certi-
fied mail to the owner of the structure, schedule and conduct a
hearing on the matter. At such hearing, evidence, oral and
wri tten, may be presented as in the original hearing, and if the
Board is convinced that the owner is not proceeding in good faith
to timely carry out the Board's original order, then the Board
shall revoke said order and order instead the immediate vacation
and demolition of the structure. Written affidavits shall not,
however, be received by the Board under this section until at
least fifty percent (50%) of the time allowed in the Board's
original order shall have expired.

Section 15 - Engineering Geology and Soils Engineering Report Requirements:

Engineering geology and/or soils engineering studies shall be required for
any new structure (Importance Factor 1, 2, or 3) and/or development whenever
any of the following conditions may exist.

(1) Soils Engineering Reports are required for the site when:

(a) the depth (or heights) of cut or fill at the site is 3 feet
or greater.

(b) the fill is to support structural footings.

(c) an engineered cut or fill is required.

(d) the soils are or may be subject to shrinkage and swelling.

(2) Engineering Geology Reports are required for the site when:
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(a) finish cut or fill slope faces with vertical heights in ex-
cess of 10 feet.

(b) existing slope steeper than 5 horizontal to 1 vertical.

(c) an existing cut slope having a vertical height in excess of
10 feet.

(d) existing sea cliffs, stream bank cliffs, etc. in excess of 10
feet.

(e) existing or suspected earthquake or seismic hazards.

(f) existing or suspected groundwater hazards.

(g) areas are underlain by landslides or soil creep or by rock
material susceptible to landslide or creep activity.

(h) areas where alluvial material, slope-wash, rock materials
exist that are subject to settlement, subsidence, or hydro-
compaction.

(i) areas subject to drifting or loose sand.

Section 16 - Seismic Site Evaluation Re uirements for
ation Networks and Public CommunityStructures:

When an importance factor 1, 2 or 3 structure (new or existing) is located
with .a high risk area from anyone of the potential ground breakage mecha-
nisms (slope failure, fault break, ground settlement, and liquefaction) as
identified on maps prepared to describe these phenomena, an investigation
outlined below shall be conducted by the owner's geotechnical consultant.
The geotechnical consultant shall be a coordinated team experienced in the
fields of soil and foundation engineering, engineering geology, geohysics
and earthquake engineering, each licensed in his respective field of ex-
pertise, and approved by the building official. Signa tures and license
numbers are required.

(1) The scope, procedures, responsibilites, and schedules for a
Seismic Site Evaluation shall be developed with the geotechnical
consultant, owner, architect, and structural engineer prior to the
performance of Seismic Site Evaluation options outlined below.

(2) A reconnaissance of the site and a review of published data shall
be made by the geotechnical consultant, in the manner outlined in
Section 17, to determine if there is the likelihood of one of the
following hazards being present.

a. Areas subject to possible ground surface rupture due to fault-
ing shall be evaluated. No new structure shall be located on
an active fault (see Section 18).

b. In areas subject to possible ground settlement, liquefaction
or slope failure site specific investigations to determine the
potential for and possible effect on the proposed or existing
structure shall be determined.

c. If the studies determine that any of the above risks equal or
exceed the shaking risk, their effects on the proposed .de-
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velopment shall be detemined prior to construction or de-
velopment.

The report shall be submitted to the building official and to
the owner. It should contain the geotechnical consultant's
best judgment in the form of a numerical risk probability
relative to shaking risk of any of these hazards occurring
during the lifetime of the structure. If any appear to exceed
the shaking risk during the lifetime of the new or existing
structure, the geotechnical consultant shall submit a proposal
to the owner for additional field work that may be necessary
to more accurately detemine the relative order of these
risks. The building official, architect, and design engineer
should assess the infomation and make recommendations to the
owner for further work, if required.

(3) If further work is required by the building official, a site
specific definition of the ground shaking and building response
shall be provided by the geotechnical and engineering consultant
as input to design. Existing structure owners can either use the
procedure outlined in Section 7 or the following procedure. If
the procedure below is employed and V values so computed are high-
er than those in Section 7, then the new values must be used.
However, if these values are lower than those in Section 7, ,then
they also may be used. Recommendations discussing the seismic
factors in Section 7 shall be developed. The steps involved in
the analysis shall include:

1. Detemination of the location of active faults (Section 18)
which may affect the site and the definition of potential
earthquake magnitudes and epicentral locations for those
faults or other source areas.

2. Evaluation of the statistical seismicity of the site in terms
of earthquake magnitude, acceleration, velocity, and displace-
ment.

3. Reduction of potential source motions due to geometrical di-
vergence, attenuation and dispersion.

4. Evaluation of the dynamic characteristics of the site with
respect to the amplification or attenuation of bedrock or
basement rock motions.

5. Determination of the motions meeting the seismic conditions in
Section 7 and preparation of a report of findings. The
selection of the design earthquakes and ground motions shall
reflect the Policy Risk Level and should be made in consul t-
ation with the owner, architect and/or design engineer and
approved by the building official prior to use in design or
rehabilitation. The factors to be considered in the selection
shall include:

a) The probability of earthquake intensity occurrence during
the useful life of the structure,

b) Earthquake magnitudes and locations that appear to be
warranted (stated criteria shall be provided),

c) The cost of construction,
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d) The importance of the structure in terms of service to the
public and consequences of failure, and

e) The maximumoccupancy of the structure.

a. The result of the foregoing analyses shall be presented in one
or more of the formats selected by the design engineer and
shall be approved by the building official prior to detail
design.

1. Constant Ground Acceleration. Design ground acceleration
for the site to be used by the structural engineer to
design extremely rigid (T < 0.1 sec.) or one and two-story
structures where the response of this structure because of
its rigidity may be assumed to be identical to that of the
site.

2. Constant Structural Response Acceleration. Structural
acceleration anticipated based on an evaluation of the
response of single degree of freedom elastic systems
(period range of 0.1 sec. to 0.6 sec.) to the anticipated
ground motion for the site. This acceleration should be
developed for a level of damping consistent with the type
of structure proposed, and should be used in designing
structures falling into this category (i.e., more flexible
one-story structure to stiffer five-story structures)
utilizing special techniques.

3. Elastic Structural Response Spectra. A smoothed, damped
response spectrum presenting the response of a single-
degree-of-freedom elastic system (period range from 0.1
sec. to 6.0 sec.) to site ground motion is presented,
usually on a triparite plot. This response spectrum
should be used by the structural engineer in designing
more flexible structures in which more than one mode of
vibration participates utilizing modal response tech-
niques.

4. Time-History Plot of Probable Ground Motion at the Site.
Ground displacement or acceleration at the site is pre-
sented as a function of time.

5. Other Data - Standard Seismicity. Previously developed
earthquake data deemed appropriate for the site and the
proposed structure may be used. This can be presented in
the form of anyone of the above four formats. Con-
currence with the design engineer should be obtained on
any limitations of frequencies to be considered.

Section 17 - Guidelines to Geologic and Seismic Reports:

(1) The reconnaissance of the site shall consist of:

a. Regional Review:

A review of the seismic or earthquake history of the regional
area should establish the relationship of the site to known
faults and epicenters. This would be based primarily on re-
view of existing maps and technical 11terature and would in-
clude:
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1. Major earthquakes during historic time and epicenter lo-
cations and magnitudes near the site. (Analysis should be
made of all site damage sustained due to shaking, or sur-
face faulting in historic times.)

2. Location of any major or regional fault traces affecting
the site being investigated, and a discussion of the
tectonic mechanics and other relationships of significance
to the proposed construction.

3. Evidence of regional fault strain and creep that may in-
fluence site design.

4. Examination of time-sequenced aerial photographs to deter-
mine the topographic effects of seismic or fault activity
at the study location.

5. Review of local ground water data such as water level
fluctuation, ground water barriers or other ground water
anomalies indicating possible faults.

b. Site Investigation:

A review of the geologic conditions at or near the site that
might indicate recent fault or seismic activity. The degree
of detail of the study should be compatible with the type of
development .(priori ty classification) and geological complexi-
ty. The investigation should include the following:

1. Location and chronology of local faults and the amount and
type of displacement estimated from historic records and
stratigraphic relationships. Features normally related to
fault activity such as sag ponds, offset bedding, disrupt-
ed drainage systems, alignment of springs, offset ridges,
faceted spurs, dissected alluvial fans, scarps, alignment
of landslides, and vegetation patterns, to name a few,
should be shown on the geologic map and discussed in the
report.

2. Locations and chronology of other earthquake induced
features caused by ground settlement, liquefaction, etc.
Evidence of these features should be accompanied by the
following:

a) Map showing location relative to proposed con-
struction.

b) Description of the features as to length, width and
depth of disturbed zone.

c) Estimation of the amount of disturbance relative to
bedrock and surficial materials.

3. Distribution, depth, thickness and nature of the various
unconsolidated earth materials including ground water,
which may affect the seismic response and damage potential
at the site must be discussed in detail in the report.

(2) If further work is required after completion (2) in Section 16 the
detailed evaluation may consist of:
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a. Trenching across any known active faults and susp~c~ous zones
to determine location and recency of movement, width of
disturbance, physical condition of fault zone materials, type
of displacement, and geometry.

b. Exploratory Borings to determine depth of unconsolidated ma-
terials, ground water and saturation on unconsolidated sedi-
ments, and to verify fault plane geometry. In conjunction
with the soil engineering studies, obtain samples of soils and
bedrock materials for laboratory testing.

c. Geophysical Surveys which may indicate types of materials and
their physical properties, ground water conditions, and fault
displacements.

d. Other Design Data obtained by the subsurface investigation
significant to the engineer in evaluating the design ground
motion spectrum.

(3) Conclusions and Recommendations

At the completion of the data accumulating phase of the study, all
of the pertinent information is utilized in forming conclusions of
potential risk relative to the intended land use or development.
Many of the conclusions will be revealed in conjunction with the
soil engineering study. This portion of the report must include,
but need not be limited to the following:

a. Surface Rupture Along Fault

1. Age, type of surface displacement, and amount of reasonab-
ly anticipated future displacements and magnitudes.

2. Definition of any area of high risk (stating the numerical
risk probability during structure lifetime).

3. Recommend building restrictions or use-limitations within
any designated high risk area.

b. Secondary Ground Effects

1. Ground settlement and shallow ground rupture.
2. Liquefaction of sediments and soils.
3. Potential for earthquake induced landslides.

c. Probable (numerical values must be stated) acceleration which
may be assigned to various foundation materials, depend upon
the reaction or interaction of the following:

1. Firm bedrock (consolidated).
2. Soft sediments (unconsolidated).
3. Soft and saturated sediments.
4. Artificial fill (existing or proposed).

d. Topographic and proposed grading features which may be affect-
ed by anticipated future seismic activity:

1. Thick or deep fill prisms.
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2. Effects at fill-bedrock daylight lines relative to founda-
tion conditions.

3. Stability of high cut and natural slopes.

(4) Presentation of Data

Visual aids are desirable in depicting the data and may include:

a. General data

1. Geologic map of regional and/or local faults.
2. Map(s) of earthquake epicenters.
3. Fault strain and/or creep map.

b. Local or site data

1. Geologic map.

2. Geologic across-sections illustrating displacement and/or
rupture.

3. Local fault pattern and mechanics relative to existing and
proposed ground surface.

4. Geophysical survey data.

5. Logs of exploratory trenches and borings.

(5) Other Essential Data

a. Sources of data

1. Reference material listed in bibliography.
2. Maps and other source data referenced.
3. Compiled data, maps, plates included or referenced.

b. Vital support data

1. Maximum credible earthquake.
2. Maximum probable earthquake.
3. Maximum expected bedrock acceleration.

c. Signature and license number of geologist registered in Cali-
fornia.

Section 18 - Definitions of Active, Potentially Active, and Inactive Faults:

A fault is defined as: ..A fracture or fracture zone along which there has
been displacement of the two sides relative to one another parallel to the
fracture. The displacement may be a few inches or many miles." (American
Geological Institute, 1957.) With regard to seismic activity, faults can be
divided into three major classifications: (A) active faults; (B) potentially
active faults; and (C) inactive faults. This grouping is based on the fol-
lowing criteria, listed in order of decreasing hazard:

A. Active faults: These faults are those which have shown historical
activity.
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B. Potentially active faults: These faults are those, based on
available data, along which no known historical ground surface
ruptures or earthquakes have occurred. These faults, however,
show strong indications of geologically recent activity.

Potentially active faults can be placed in two subgroups that are
based on the boldness or sharpness of their topographic features
which provide estimates related to recency of activity. These
subgroups are as follows.

1. Subgroup 1 - High Potential

a. Offsets affecting the Holocene deposits (age less than
10,000 - 11,000 years).

b. A groundwater barrier or anomaly occurring along the fault
within the Holocene deposits.

c. Earthquake epicenters (generally from small earthquakes
occurring close to the fault).

d. Strong geomorphic expression of fault or1g1n features
(e.g., faceted spurs, offset ridges or stream valleys or
similar features, especially where Holocene topography
appears to have been modified).

2. Subgroup 2 - Low Potential

This subgroup is the same as above, with the exception that
the indications of fault movement can be only determined in
Pleistocene deposits (between 11 ,000 :t and 2.5 million years
old).

C. Inactive faults: These faults are without recognized Holocene or
Pleistocene offset or activity.

Section 19 - Seismic Design and Planning Advisory and Appeal Board:

(1) A Seismic Design and Planning Advisory and Appeal Board shall be
established to hear appeals against the Building Departments'
rulings.

(2) The Seismic Design and Planning Advisory and Appeal Board shall be
composed of five persons appointed by the These
five persons shall consist of a planner, two structural/civil
engineers, an engineering geologist, and an engineering seismo-
logist. All shall have experience in land use planning and
seismic analysis.

(3) Each member of the Seismic Design and Planning Advisory and Appeal
Board shall be paid $ per meeting attended but not ex-
ceeding $ in anyone month.

(4) Each member of the Seismic Design and Planning Advisory and Appeal
Board shall serve at the pleasure of Each member
of the Seismic Design and Planning Advisory and Appeal Board shall
serve for a period of one year unless sooner relieved. A member
of the Seismic Design and Planning Advisory and Appeal Board may
be relieved at any time by a majority vote of the _
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A member of the Seismic Design and Planning Advisory and Appeal
Board may be reappointed by _

(5) The Seismic Design and Planning Advisory and Appeal Board shall
serve in an advisory capacity and shall provide technical guidance
to the _

(6) The Seismic Design and Planning Advisory and Appeal Board shall
consider all appeals and protests which relate to land use desig-
nation, requirements for professional analyses, design and re-
habilitation criteria as determined from seismic considerations.

(7) The Seismic Design and Planning Advisory and Appeals Board shall
submit in writing to its findings and re-commendations on slIm --a-t-t-e-rs--co-n-s-~-.d-e-r-e-d-b-y-~-.t--.

(8) Each member of the Seismic Design and Planning Advisory and Appeal
Board shall have power to administer oaths and to issue subpoenas;
failure to appear or testify in response to any subpoena or to
produce an item under subpoena "duces tecum" shall be punished as
a misdemeanor; the shall cause such subpoenas to
issue under the seal of the , and the Chief of Police
shall cause such subpoenas to be served.

The Attorney, or an assistant or deputy designated' by
him, shall appear at the request of the Seismic Design and Plan-
ning Advisory and Appeal Board at any hearing before that Board.

(9) The Seismic Design and Planning Advisory and Appeal Board shall
operate in accordance with the rules set forth in this paragraph.

(9-a) Meetings

regularThe
the

meeting time of the Board is 2 p.m. on
of each month. The regular meeting place

is of The Board may
revise the time and place of its meetings by filing notice
of such change with _

Regular meetings will be held only when all members of the
Board are notified in advance by the Executive Secretary.

Special meetings may be called by the Chairman.

Meetings may be adjourned by the Board should the Board be
unable to complete its business during the regular or
special meeting, or fail to have a quorum, or find it
necessary to delay completion action on an appeal to obtain
additional evidence.

(9-b) Attendance and Quorum

A quorum of the Board for the transaction of business shall
be three members and the Executive Secretary.

Should any member of the Board be involved in an action
before the Board, he shall not sit on the Board during any
meeting in which such action is involved. Such member
shall not be present at the meeting during the time the
appeal in which he is involved is being heard.
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Meeting of the Board will be open to the public.

(9-c) Voting

The Chairman may vote.

All actions of the Board shall be decided by a majority
vote of those members.

A tie vote on an appeal shall be a vote to deny the appeal
and to sustain the decision of the Building Department.

(9-d) Records

A written record of the actions of the Board shall be main-
tained by the Executive Secretary.

(9-e) Policy Changes

The Board may recommend to the Planning Commission or to
the Board of Building and Safety that policies supporting
the code be changed but shall not through their decisions
attempt to change such policies.

(9-f) Filing Appeals

Appeals shall be filed at least twelve days prior to the
regular meeting day of the Board.

All appeals submitted to the Board shall be made in writing
together with all supporting evidence.

(9-g) Processing Appeals

The. shall file a written statement supporting its
position on the appeal together with supporting evidence.

Copies of the appeal and the statement will be
made available to all members of the Board prior to the
date set for the hearing.

(9-h) Hearing Appeals

The applicant and/or his technical representatives shall be
present at the Board Hearing to give oral testimony and to
answer questions of the Board.

The Building Department technical representative shall be
present at the Board Hearing to give oral testimony and to
answer questions of the Board.

The Building Department shall present the evidence support-
ing its action first, followed by the appellant' s present-
ation of evidence supporting his appeal. The Board may
then question both parties before closing the evidence
portion of the hearing. The Board may also adjourn to allow
the gathering of additional evidence before closing the
evidence portion of the hearing. The Board may also
adjourn to allow the gathering of additional evidence
before closing the hearing.
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(9-i) Decision on Appeals

The decision on any appeal shall be furnished in writing to
the appellant and to the Building Department within seven
working days after the regular meeting date of the Board
unless a delay is agreed to by both the appellant and the
Building Department.

The reasons for derial of an appeal shall be made known to
the appellant in writing if he so requests.

When a matter of appeal is heard by the Seismic Design and Plan-
ning Advisory and Appeal Board, the appellant in said matter shall
pay a referral fee of $ and shall also pay a fee as fol-
lows:

a. Where no more than two lots are $ in value of con-
struction are involved in the appeal, $ _

b. Where not less than three nor more than 10 lots, or between
$ and $ in value of construction are involved
in the appeal, $ _

c. Where more than 10 lots or $ in value of con-
struction are involved in the a-p-p-e-a-l-,-$~~-_-_-_-_
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8. CONCLUSIONS

8.1 Existing Building Stock

Past destructive earthquakes and also risk analyses have shown that earth-
quake risks are highly dependent on the vulnerability of artifacts. The
existing building stock plays a major role in determining overall earthquake
risks. In order to deal with the existing building stock, it is necessary
first to define the expression "old buildings." In spite of differences
that may exist between portions of the building stock constructed during
different periods of the past, in principle old buildings may be regarded as
all buildings not engineered according to codes currently in force. Even
buildings engineered a few decades ago in accordance with their prevailing
codes may now be regarded as highly hazardous in the light of current know-
ledge.

The concept of old buildings must, therefore, be dynamic. As codes are
periodically updated, additional categories of buildings fall into the stock
of old buildings and require appropriate concern. However, old buildings
may also be divided into different classes (with respect to age, code in
effect, etc.) that reflect significant differences in seismic resistance.

8.2 Post-Earthquake Versus Pre-Earthquake Activities

The concern for the existing building stock must be related both to post-
earthquake and pre-earthquake activities. Post-earthquake activities,
carried out under emergency conditions, must first reduce the immediate high
risks generated by the post-disaster situation. Still, these post-earth-
quake activities must be carried out so that extremely important information
is provided for the longer term activities that take place under subsequent,
more relaxed conditions. Then, the concern for a systematic mitigation of
earthquake risks must exist. Given the emergency conditions under which
post-earthquake acti vi ties are carried out, appropriate preparedness mea-
sures are neces13ary and must be considered as a high priori ty by national
bodies.

Systematic attempts to mitigate seismic risks, referred to as pre-earthquake
activities, must rely on a synoptic strategy that comprehends all elements
of the social fabric. It is necessary to analyze individual buildings in
relation to severe but credible earthquake scenarios. It is also necessary
to consider systematically those factors involved in a national decision on
the intervention in existing buildings and to provide the basic data re-
quired for risk mitigation activities.

8.3 Factors to be Considered in the Decision on Intervention

The decision on intervention in existing buildings, intended to limit
seismic risk to an acceptable level for the building stock as a whole, must
first consider feasible alternatives with regard to the physical inter-
vention as well as with regard to functionality/occupancy of buildings.
Risks may be reduced through upgrading structures, reducing occupancy, or
removing some parts of an existing building. Whenintervention is agreed on
to be necessary, a deadline for action must be set.

The decision on intervention must be adopted by the owners and on the basis
of guidelines or regulation endorsed by national bodies. The comparison of
the actual state of a building with current code requirements (possibly
introducing some amendments to the provisions of codes in force for the
design of new buildings) may represent the rule of procedure for existing
buildings. These activities can be carried out by engineers experienced in
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earthquake-resistant design. However, at a governmental level, it may be
necessary to consider full cost-benefit analyses in order to set appropriate
guidelines for existing individual buildings or to establish appropriate
amendments of current code provisions for new buildings. Cost-benefit
analyses shall follow UNDROrisk concepts (seismic hazard, vulnerability,
specific risk, elements at risk, risk) in order to estimate and evaluate
risks. These analyses should consider, on one hand, predicted losses, the
costs of intervention, and maintenance and, on the other hand, the benefits
from the use of buildings. A multi-cri terial approach may be considered,
estima ting costs/losses and benefits for various components, expressed in
terms of human lives, of money, of cultural values, etc. The outcome of
cost-benefi t analyses should be expressed at the same time in terma both of
actions to be performed and of deadline/priority indices. The solutions and
priori ty indices set for buildings of different categories should be cor-
related with the general plans of urban, regional, and social development.

8.4 Basic Data Required for the Decision on Intervention

Deciding to intervene in existing buildings requires basic information per-
taining to several categories: seismic hazard, vulnerability of buildings,
possible consequences of direct seismic effects (damage to buildings) in
terms of losses of lives, of economic losses etc., and feasibility and im-
plications of various intervention strategies. If the code approach is
used, it is not necessary to construct all these categories of data, since
some of them are covered by code provisions. In contrast, when cost-benefit
analyses are carried out in an institutional framework, it is advisable to
use directly basic data for the categories referred to. Gathering the basic
data for these categories requires extensive research, in most cases inter-
disciplinary in nature, to be organized in each country according to long-
term plans.

8.5 Actions to be Undertaken at a National Level

The national ability to mitigate earthquake risks depends heavily on the
adoption of appropriate measures by governmental bodies. A systematic
concern of these bodies is required in order to make existing possibilities
significant and to mitigate risks in the most cost-effective way.

A first concern must be that of providing an appropriate preparedness for
post-earthquake activities. This must include adoption of appropriate
methodologies, regulations and plans of action, as well as training of teams
to be involved in post-earthquake activities. National bodies must be con-
tinuously concerned with the development and updating of strategies aimed to
mitigate seismic risks to the society as a whole and of the regulatory
basis, with the education of various groups involved in earthquake pro-
tection, and with the improvement of basic knowledge in terma of concepts,
methodologies and basic information.

For each country, the national framework should also be considered from
social, economic and cultural perspectives.

8.6 Final Commentson the Manual

This manual represents a pioneering attempt to tackle the difficult and
complex issues of the seismic risks related to the existing building stock.
Its authors are conscious of its imperfections and'of the need to work out,
in the near future, an improved edition. However, the general problem
raised by this manual, and the guidelines, methodologies and data provided
in this framework, are useful. The proper use and application of the manual
will have, even at this stage, definitely positive effects.



129

This manual should be used in conjunction with all other manuals prepared
wi thin the framework of this project. The manuals of Working Groups A (on
cast-in-place reinforced concrete structures), B (on prefabricated rein-
forced concrete structures), C (on masonry structures) are intended for use
in design of new structures and provide basic knowledge for design and veri-
fication. The manuals of Working Group E (on repair and strengthening) and
F (on historical monuments) are more directly related to the problems of ex-
isting structures.
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APPENDIXA

PRESENTATIONOF CUMULATIVEDAMAGEANDOBSERVEDVULNERABILITY
IN THEMONTENEGROEARTHQUAKEOF APRIL 15, 1979 IN YUGOSLAVIA

A.l Introduction

The earthquake of April 15, 1979, which affected the Montenegro coastal
area, is one of the most devastating ever to occur in Yugoslavia. This
earthquake affected almost all of Montenegro, part of the Croatian coastal
area, and a considerable portion of Northern Albania. This region is known
to be very active seismically -- frequently experiencing strong earthquakes,
some catastrophic, both locally and regionally. From a tectonic viewpoint,
the Montenegro coastal area belongs to the marginal, outer Dinarides and
their transition into the Adriatic basin. Neotectonic processes of different
direction and intensity are evident in the region as shown by the Dinarides
and in the subsidence of the Adriatic basin; these processes are responsi-
ble for movement of these first-order structures. Displacements occur along
the longitudinal faults, parallel to the coastal belt, in a northwest -
southwest direction. The area affected by the April 15, 1919 earthquake
represents a contact zone between first-order fault systems. This zone
separates the coastal part of the Dinarides from the Adriatic basin and the
Pec - Skadar dislocation, which is the southern marginal fault of the Dina-
rides system.

Seismic activity in this zone started in March 1979 by series of earthquakes
of magnitude M = 3-4, followed by series of the strong fore shocks of April
9, 1919 with a maximummagnitude M = 5.4. The main shock occurred on April
15, 1979 at 6:20 a.m. (GMT) with a magnitude M = 1.2. Many strong after-
shocks followed, the strongest of magnitude M = 6.1 occurring on May 24,
1919, and with its epicenter close to Budva.

The main shock of April 15, 1919 caused catastrophic consequences to Monte-
negro coastal area, the area of Scadar and Lesh in SPR Albania, and brought
considerable damage to many districts in the continental part of Montenegro,
Croatian coast and SR Bosnia and Herzegovina. The earthquake was recorded
on an approximate area of 50,000 km2 in the territory of Yugoslavia by
three-componental strong motion accelerographs located in Makarska to the
west, in Sarajevo to the north, and in Skopje and Ohrid to the southeast.
The. earthquake of April 15, 1979 and the strongest aftershocks were recorded
by all the strong-motion instruments (three-componental SMA-l accelerographs
and WM-l seismoscopes) installed in the Montenegro epicentral zone and out-
side the epicentral zone. As a result, more than 350 high-quality earth-
quake records have been obtained, the largest number of earthquake records
obtained in a single seismic zone. Special attention should be given to 100
earthquake records taken in the epicentral zone, for earthquakes of dif-
ferent magnitudes, at sites oJ different soil conditions and on bedrock.
These records will be further used for investigations of the focal mecha-
nism, seismic wave propagation, influence of soil topography and the local
soil conditions on the ground motion modification during strong earthquakes,
and dynamic response of structures as well as of other aspects of both fund-
amental and applicative research on the effects of strong motion earth-
quakes. The maximumacceleration values are 49.3% g in the area of Ulcinj,
for the vertical component and 45.9% g in the area of Petrovac, for the
horizontal E-W component. The maximum horizontal acceleration recorded
during the strongest aftershock of May 24, 1919 is almost of the same order
as that of the main shock recorded in Bar (30.4% g, E-W component), in
Petrovac (34.6% g, E-W component) and in the area of Budva (27.7% g, E-W
component).
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The disastrous earthquake of April 15, 1979 and the following series of very
strong aftershocks caused enormous damage to the Montenegro coastal area and
to many other districts of SR Montenegro. The amount of damage is very
high, owing mainly to the high concentration of material goods in a rather
narrow area and the unfavorable foundation conditions of large number of
structures. It has been estimated that in Montenegro damage amounts to
about 7% of the 1979 gross national income of Yugoslavia. Of 40,000 build-
ing structures for which classification of damage and usability has been
made in the territory of six coastal communes, Cetinje and Danilovgrad, 54%
are either undamaged or experienced only slight damage (marked in green
color), 24% suffered serious repairable damage (yellow), and 22% are
seriously damaged beyond repair and should be demolished (red).

According to the data presented by the Albanian delegation during their
visit to Titograd, damage was also very high in the territory of SPR
Albania. About 14,000 public and residential buildings were damaged, 70% of
which are in the area of Skadar and 20% of which are in the territory of
Lesha. Compared to property losses, human losses are relatively small.
According to the information provided by the Republic Committee of Public
Health of SR Montenegro, 94 people were killed in Montenegro coastal area
during this earthquake, while 1,172 people were slightly or seriously in-
jured, most of whomwere in the communesof Bar, Ulcinj and Kotor. In the
territory of SPR Albania, 35 people were killed and 374 injured, most of
whomwere in the territory of Skadar.

For estimation of earthquake effects and usefulness of nUmerous acceleration
records, the Institute of Earthquake Engineering and Engineering Seismology
in Skopje accomplished preliminary investigations to correlate the distri-
bution of damage in the territory of SR Montenegro and the recorded maximum
ground accelerations. Some of these correlations are presented in this
report. The earthquake effects have been analyzed for building structures
only, according to the damage and usability classification made by the Re-
public Commission of the Executive Council of the Republic Assembly of
Montenegro in cooperation with the District Commissions. A uniform method-
ology developed by the Institute of Earthquake Engineering and Engineering
Seismology, University of "Kiril and Metodij", Skopje has been followed.
For distribution analysis of maximumground acceleration, only records of
the main shock of April 15, 1979 with a magnitude M = 7.2 were used (Figure
A-1). The comparison made between the distribution of damaged structures
and the distribution of maximumground accelerations shows that a relatively
good correlation exists and that a rather uniform application was made of
the classification methodology for damage and usability of structures
(Figures A-2 and A-3).

A high percentage of damage resulted mainly from the vibrational effects of
the earthquake. However, the amount of damage was also significantly influ-
enced by the instability of soil surface layers, as evidenced by lique-
faction, landslides, intensive settlements, and rock falls. These occur-
rences affected buildings having shallow foundations, especially in coastal
districts. As a result of liquefaction and extensive ground settlements,
many significant industrial and hotel buildings constructed according to
seismic design principles failed because inadequate site investigations had
been made and insufficient knowledge had existed of the dynamic behavior of
unstable soils under earthquake conditions. Instability of soil surface
layers is evident even for lower ground accelerations and it played dominant
role in the damage level for coastal districts, especially those of Bar,
Budva, Tivat, Kotor and Herceg Novi.
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A.2 Classification of Damage and Usability Analysis of Building Struc-
tur~

Classification of the damage and usability of structures in the territory of
SR Montenegro was carried out based on the uniform methodology developed by
the Institute of Earthquake Engineering and Engineering Seismology, Skopje,
in cooperation with the Republic Institute of Town Planning and Design,
Titograd. This methodology is based on the experience of other earthquakes
in Yugoslavia, and is designed to meet the requirements of the Republic
Commission for Classification of the Damage and Usability of Buildings af-
fected by the April 15, 1979 earthquake. According to this methodology,
buildings are classified in eight categories, the first three (marked in
green color) being allocated to usable buildings with smaller nonstructural
damage and negligible structural damage, the second two categories (marked
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in yellow) covering temporarily unusable buildings with seriously damaged
structural systems which can be repaired, and the last three categories
(marked in red) having been allocated to severely damaged, nonusable build-
ings which should be demolished since no technical and economically justi-
fied solutions can be adopted for their repair and strengthening. Besides
the main classification, the adopted methodology requires that certain
general physical data be gathered on the given inspection forms. Such data
include size of the building, structural system, nonstructural members,
foundation conditions, type. of damage, owner of the building, and its
function. These follow the Uniform Methodology for estimation of damages
caused by natural disasters, enacted by the Federal Bureau of Statistics of
Yugoslavia.

The classification of damage and usability of structures was carried out on
about 57,000 buildings, directed by the Republic and District Commissions
for Classification of Buildings Damaged by Earthquakes on the Terri tory of
SR Montenegro. 500 engineers and technicians from the whole country were
organized into about 100 working groups and 20 teams of sepcialists for
classification of damage of industrial structures, port and harbor facili-
ties, regional and local infrastructure network, and other structures of
vital importance.

Tabular presentations of data for building structures classified in six
coastal and six continental communeshave been provided in Tables A-l and A-
2, both totalled, and also broken down for each communeseparately. A sum-
mary presentation of overall earthquake effects has been given fr the three
basic categories of damaged buildings, usable (green), temporary nonusable
(yellow), which should be repaired and strengthened, and nonusable (red)
buildings which should typically be demolished. From the summary presenta-
tion of data of the classification made on damage degree and usability, it
has been found that 54% of buildings are usable, 24% can be repaired and
strengthened, and 22% should be demolished since their repair is either
technically or economically unacceptable. This classification with all
detailed data about the structural systems, size of the building, function
and owners, contains the overall data that illustrate the scale of the
problem, and the specific measures with priori ties to be undertaken in re-
duction of earthquake consequences. This classification provides data which
together with an adequate economic analysis of selected samples of building
categories, can be used as a reliable basis for evaluation of economic loss-
es and planning of measures for first meeting housing requirements and then
revitalizing both economic and noneconomic activities.

A.3 MaximumGround AcceLeration Distributio~

On the basis of the preliminary analysis of acceleration records obtained by
three-componental accelerographs SMA-l installed in the coastal and con-
tinental communes of SR Montenegro, maximumacceleration amplitudes have
been obtained for each component separately, and have been used to estimate
of the spatial distribution of maximumacceleration. Maps of acceleration
distribution have been elaborated for N-S, W-Eand also vertical components,
respectively. The W-Ecomponent is presented in Figure A-l. This presenta-
tion of spatial ground acceleration distribution gives a synopsis of the
influence of focal mechanism, topography, local geology and local soil con-
di tions on the recorded maximumground accelerations. The elongated shape
of acceleration isolines which are either parallel or slightly inclined with
respect to the coastal line indicates the predominant influence of the focal
mechanism of the April 15, 1979 earthquake upon the maximumground acce-
leration distribution, with a tendency of sharp decrease toward the con-
tinent.
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The maximumacceleration distribution map of the W-Ecomponent presented in
Figure A-1 represents a linear interpolation of the recorded maximumacce-
leration. It is further used to determine maximumaccelerations and equi-
valent ground accelerations in about 360 subcommunesand settlements of six
coastal communesand Centinje. Equivalent ground acceleration is a para-
meter similar to effective ground acceleration and is directly connected
with structural response in that the measure considers frequency and ampli-
tude content of the recorded earthquake time histories, local soil con-
ditions, duration of earthquakes, number of dominant response pulses,
dynamic characteristics of structures, and nonlinear structural response.
This measure is one of the most effective earthquake parameters for pre-
sentation of structural damage and vulnerability, and has been used for the
development of empirical vulnerability functions presented in Chapter 2.

A.4 DamageDistribution and Observed Vulnerability

Based on the established data bank on damage and usability of the buildings
as well as on the distribution of maximumand equivalent ground acceler-
ations, different analyses may be performed for presentation of earthquake
effects in the form of tables, graphs or maps. One can summarize the re-
lationships between damage and each of the following categories: structural
types (stone masonry, brick masonry, strengthened masonry, reinforced
concrete frame and wall structures, timber, steel and others), usage (re-
sidential, health and social welfare, public services, educational, tourism
and catering, economical, industrial and others), local soil conditions,
type of foundation structure, number of stories, and other relevant struc-
tural and environmental parameters. Several of these summary relationships
are found both here and in Chapter 2. The most general of them, as shown in
Figure A-2, are the cumulative presentation of damaged buildings to be de-
molished and total damaged buildings with respect to the distance of the
considered urban area from the causative fault. The high level damaging
effects are evident for distances up to 50 kilometers from the causative
fault, a finding which is in rather good correlation with the maximumground
acceleration distribution as presented in Figure A-3. The second general
presentation is given in Figure A-4, where, on the basis of the presented
data in Tables A-3 and A-4, relationships of cumulative damage as well as
percentage of total existing area of the buildings are presented for build-
ings to be demolished, repairable buildings, and also total unusable build-
ings and with respect to maximumground acceleration. These general re-
lationships presented in Figures A-2, A-3 and A-4 may be used for pre-
earthquake or post-earthquake immediate assessment of damage level in other
countries of the Mediterrenean region with similar seismic conditions and
similar structural types of buildings. More detailed presentation of em-
pirically developed vulnerabili ty functions for different types of struc-
tures and usage are given in Chapter 2. The geographic distribution of
observed vulnerability of stone masonry, brick masonry, and reinforced con-
crete frame buildings are given in Figures A-5 through A-7 for the affected
region of Montenegro due to the earthquake of April 15, 1979. This type of
data and similar ones elaborated for the specific urban areas may be used
for physical and urban planning as a basis of the rehabilitation programs in
the earthquake affected regions and urban areas and in conjunction with
detailed consideration of the existing stock of buildings. With appropriate
consideration of economic parameters for repair and strengthening of earth-
quake damaged buildings and with construction of new buildings having more
favorable structural types to resist earthquakes during rehabili tation pro-
grams, much more favorable conditions will be created for reducing seismic
risk.

Only a few general and detail tables, diagrams, and maps are presented in
Chapter 2 and this Appendix, from the analysis of the effects of Montenegro
Earthquake of April 15, 1979 in Yugoslavia. However, the intention here is
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Figure A-4. Montenegro Earthquake 1979. Damaged Buildings as a
Percent of Total Existing Area of Constructed Buildings
(Source: Petrovski, J. et al., 1981)
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Table A-3. Montenegro Earthquake of April 14, 1979: Number of Buildings
Damaged Relative to Levels of Ground Shaking (Source: Petrovski,
J. et al., 1983)

Distance Damage Aft8lyllis
GroundNo. of

Number Communities from the Ace. Intensity
fault Bldgs Gl'lI8n Red +

In " MCS(km) " orange ofg

"
1 ULCINJ 5.0 5.655 35 65 27.4 9+
2 BAR 9.5 10.272 44 56 32.1 9+
3 BUDVA 6.5 2.518 58 42 29.2 9+
4 TIVAT 16.5 2.902 70 30 24.8 9+
& KOTOR 19.5 5.766 51 49 24.3 9
8 H.NOVI 8.0 5.822 62 38 21.5 8+
7 CETINJE 24.0 7.098 45 55 22.2 8
8 DANILOVGRAD 49,0 6.143 79 21 4.6 7+
9 TITOGRAD 50.0 5.978 83 17 4.9 7+

10 NIKSIl~ 58.5 3.386 74 26 7.5 7

" IVANGRAD 117.5 735 88 12 (2.0) 6+
12 KOLASIN 95.0 717 69 31 (2.2) 6+

TOTAL: 56.992 58 42 - -
Table A-4. Montenegro Earthquake of April 15, 1979: Area of Buildings

Damaged Relative to Levels of Ground Shaking (Source: Petrovski,
J t 1 1983). e a .

Distance
Damage Analysis Ground

Area of Ace. Intemity
Number Communities from the BIdgI

In "fault (m2, Green
Red + MCS

(km) orenge ofg

" "
1 ULCINJ 5.0 824.771 32 68 27.4 9+
2 BAR 9.5 .496.302 40 60 32.1 9+
3 BUDVA 6.5 637.164 55 45 29.2 9+
4 TIVAT 16.5 544.284 67 33 24.8 9+
& KOTOR 19.5 923.008 50 50 24.3 9
8 H.NOVI 8.0 .349.901 69 31 21.5 8+
7 CETINJE 24.0 938.043 51 49 22.2 8
8 DAN ILOVGRAD 49.0 602.530 80 20 4.6 7+

TOTAL: .316.00 54 46
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to illustrate how efficient and rational use of these data may be made in
post-earthquake damage evaluation, planning and performance of rehabili-
tation programs, pre-earthquake assessment of the expected vulnerability and
seismic risk, an:! planning of future measures and policy for mitigation of
seismic risk on the level of the communes, regions, and the entire country •

..

O.

30

3.

!J,.
3',

3.

'.
Figure A-5. Montenegro Earthquake, 1979. Distribution of Observed

Vulnerability on Stone Masonary Buildings (Source:
Petrovski, J. et al., 1983)

1 ~ J 4 ~ 6 7 8 9 10 11 l~ 13 ,<I 15 16 17 '8 19 20 21

Figure A-6. Montenegro Earthquake, 1979. Distribution of Observed
Vulnerability for Brick Masonary Buildings (Source:
Petrovski, J. et al., 1983)
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I 2 J " :I , 7 • 'Io.a 12 IJ 14 15 .6 17 II l' 20 2.

Figure A-7. Montenegro Earthquake, 1979. Distribution of Observed
Vulnerability on Reinforced Concrete Frame Buildings
(Source: Petrovski, J. et al., 1983)
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APPENDIXB

SIMPLIFIEDPROCEDURESFORTHEDECISIONONPOST-EARTHQUAKEINTERVENTION

In this appendix, supplementary information is given concerning some of the
issues discussed in Chapter 3 and related to decision procedures for post-
earthquake rehabilitation of existing structures.

The main topics covered by this appendix are

1. Practical guidelines for the estimation of the actual base shear
force capacity of frame, shear wall, and masonry structures.

2. Background on the simplified methodology for examination of rein-
forced concrete frame structures and decision on rehabilitation.

3. Illustrated applications of the simplified methodology.

B.l Estimation of the Required and the Actual Base Shear Force Capa-
city of an Existing Structure

This estimation is needed in order to determine the value of the strength
factor, namely,

R
Scap
Sreq

as part of the methodology explained in Chapter 3.

A complete examination of the seismic behavior and resistance of an existing
structure could be made by dynamic analysis both in the elastic and in the
post-elastic range. This examination requires definitions of both the
damage and also the condemnation thresholds in the form of design accelero-
grams, as well as complete and exact information about the structure. For a
reinforced concrete structure, this information would consist of the exact
location and size of all structural and nonstructural members, the quantity
and location of the reinforcement - both longitudinal and transverse - in
all structural members, the actual quality of built-in materials for struc-
tural as well as for nonstructural elements, and the state of the con-
nections between the structure and the infill masonry. This information is
generally either not available, or incomplete; it is generally not obtain-
able in an acceptable period of time and at an acceptable cost.

So it is not reasonable to resort to lengthy and sophisticated analysis
methods where only incomplete input data are available. More direct methods
are quite acceptable for the needs of decision making.

B.l.l Estimation of the Actual Base Shear Force Capacity of the
Existing Structure (Sca )---------------------~

Sca is a function of the probable state of stress in the structure under
sei~mic loads, the actual quality of the materials, and the bearing capacity
of the most important structural members for the expected state of stress.

According to the methodology presented here, Scap is to be assessed in ac-
cordance with the basic assumptions admitted by the codes for the demon-
stration of the lateral force resistance of structures, i.e., by linear
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analysis and without taking in account the contribution of nonstructural
building components.

So, in terms of strength, Scap may be defined as the lateral force for which
a first significant section at the ground floor reaches its limit strength.

Scap may be determined as follows:

1. make a linear analysis for a conventional base shear force (e.g.,
Sconv = 0.10 W) and obtain a Mconvdiagram;

2. based on the respective moment diagram, identify the sections
where the first yield is likely to appear;

3. for the respective columns or walls, assess the axial load and
then with the aid of an interaction diagram, assess the Mcap of
the respective sections;

4. compare the bending momentsMconvwith the Mcap found, and deter-
mine

y
Mc~
Mconv

and then determine

Scap min y Mconv

The elastic analysis for Sconv can be performed by any available method. If
adequate computation facilities and programs are available, then the most
direct method is to analyze the entire structure. If not, it can be assumed
that the critical level is the ground floor, and the analysis, based on
approximate methods, may be restricted to this level.

B.l.2 Estimation of the Equivalent Base Shear Force at Condemnation
Threshold

For a complete representation of the structural performance capacity, an
estimation of the equivalent base shear force at condemnation threshold
SCcap will also be needed. Generally, it is not defined by the codes.
Therefore, a conventional value of SCcap = 0.8 SUL is suggested here.
Consequently SUL' the ultimate base shear force capacity is also to be as-
sessed.

The ultimate strength is defined as the state in which the structure at a
given level, tends to become a mechanism. Hence, the ultimate base shear
force is defined here as the force which leads to the appearance of plastic
hinges in all critical sections at ground level. The location of these
cri tical sections specifically depends on the given structure. Therefore,
the only examples that could be given in Figure B-1 are for a classical type
frame structure and for a classical shear wall structure.

As in all such approaches, the order of appearance of the yielding is indif-
ferent and therefore need not be investigated. The limitations of this
approach are evident. The approach is valid if:
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MBl MB2

a)

SULcap = min of: S = L: M~l + M~2UL Hl
or .

S = L: MBl+MB2+M~ + M~
UL Hl

H

b)

Figure B-1. Estimation for SUL for Reinforced Concrete Frame
and Shearwa11 Structures
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• the ductile behavior of all significant structural members is
secured;

• the dispersion of the stiffness of the significant members is low,
and yield occurs at short enough intervals in all members, so that
in no critical section could the concrete have reached its ul ti-
mate strain before steel yielding has appeared in all the other
critical sections.

For frame structures, a previous elastic analysis - even by approximate
methods - is useful in identifying the critical sections. For shear wall
structures, with rare exceptions, critical sections lie at ground level if
there is a stiff infrastructure, or at foundation level if such an infra-
structure is not available.

To illustrate this approach, take the frame structure in Figure B-l-a.

~ MB1+ MB2+ M~+ M~
SULcap= L.J H

where H = story height, MB' Mc = ultimate bending moments in the end
sections of beams and columns (see Figure B-l(a», Sc(cap.) = 0.8, and SUL
conventional base shear force at condemnation threshold.

For the reinforced concrete bearing wall of constant height (Figure B-l(b»,
it; may be assumed that:

where ~ = the ultimate bending moment of the lateral load bearing shear
walls at their base section, H = the height of the shear walls, and Sc cap
0.8 SuL'

Of course, the exis tence of vertical gravi ta tion loads has to be kept in
mi.nd for columns and walls as well as for the beams. Therefore, interaction
di.agrams are to be utilized in determining MULand then SuL'

For combined frame and shear wall structures, a previous elastic analysis is
unavoidable in order to determine the participation of the columns in taking
up a significant part of the base shear. Note that in combined frame and
bearing wall structures, in which vertical loads are carried jointly by the
columns and the walls, while the lateral loads are carried mostly by the
walls, the fixity of the latter at basement or foundation level is also to
be examined. If this fixity is not ensured, then the resulting problem is
to be incorporated into any rehabilitation concept.

Estimation of the Required Average Base Shear Force Capacity Ac-
cording to the Aseismic Codes for a Similar Building

The assessment of the required base shear force capacity (Sre ) according to
the codes needs no elaborate comment. q

Sreq. is dependent on the specific structure under examination with respect
only to the outline dimensions (base, height, number of stories) and the
structural type (RC frames with or without significant masonry infill, RC
bearing walls, masonry bearing walls), as well as the importance or occupan-
cy degree of the building.
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The probable fundamental period is to be deduced by accepted approximation
formulas. Through use of the design spectra and code coefficients, Sreq is
calculated from the equation:

S C Wreq s

where Cs = the base shear force coefficient and W the total vertical load.

B.l.4 Remarks on Preceding Methods

As regards the two distinct levels of base shear force capaci ty--the level
of damage and the condemnation threshold, it should be pointed out that:

a) Figure 3-6 provides that a more comprehensive approach, if needed,
to determine them.

b) for frame structures, the variation in the axial load in columns
due to the overturning moment is not computed using these approxi-
mate analysis methods. This could make some difference when
entering with the axial load in the interaction diagram. But
usually the variation of the axial load due to the overturning
momentdoes not exceed z 20%, so that the error is not significant
for the decision.

c) the ground story was considered to be the most critical. This is
generally true for regular structures classified in Chapter 3 as
good. For structures classified as "acceptable," the weak zone is
probably the most critical.

Two special problems arise with respect to using these methods for skeleton
structures.

The first is the structural role of the infill masonry. Most codes ex-
plici tly disallow its consideration in calculations. Nevertheless, past
earthquakes have produced numerous examples of skeleton structures which,
when examined by code conventions, should have collapsed or have been
heavily damaged, but which nonetheless survived as a result of the infill
masonry and have withstood the earthquake even when moderately damaged. For
such cases, these methods only relate such structures to code provisions and
do not estimate the actual lateral force resistance. In all cases where the
density, dimensions, quality of materials, and location of the infill walls
justifies the assumption that infill masonry plays an important structural
role, this can be taken into consideration, with due regard for the reli-
ability of the input analysis assumptions. In order to estimate the actual
la teral force resis tance, the analysis is then to be carried out by noncon-
ventional methods of appropriate sophistication whose description is beyond
the aims of this manual. But apart from these qualifications, the same
decision methodology on intervention is valid.

The second problem concerns irregular and disorderly skeleton structures
which can hardly be handled in the conventional way because of the unclarity
of the state of stress for lateral force action. For these structures, it
is advisable to begin by assimilating them to a more classical structural
type and then to examine them as such. If this examination suggests main-
taining them as they are (which is improbable), then a more sophisticated
analysis would be needed to decide on the needed intervention.
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Estimation of S for Masonry Bearing Wall Structures---------~~~---------------------
The foregoing methods have been explained in terms specific to reinforced
concrete structures. For masonry structures, the problem is in some ways
simpler because only the strength is to be examined when actual expected
stresses are compared to some permissible values. In other respects, a
standard detailed decision methodology is more difficult to construct owing
to the larger variety of structural layouts and especially the large dis-
persion of the quality and characteristics of the material called masonry.
Therefore, at present, only the simple method explained below is available.

The base shear force capacity can be expressed as

ScapX. "C Ax = ~ 0.3 aN ~AXox

in which "C = 0.3 aN is a mean value of the ultimate shear stress in a
horizontal °lection (and is highly dependent on the friction, and consequent-
lyon the effective normal stress due to gravitational loads) and ~ Ax
the sum of the horizontal areas of the walls parallel to the X-direction.

B.2 The Basis of the Sim lified Methods A lied to Examination Exist-
ing Frame Structures explained in Section 3.4.1.5 and in the flow
chart of Figure 3-6)

The approach explained in Sections 3.4.1.1 to 3.4.1.4 and the flow chart in
Figure 3-6 (page 2) are somewhat too general. In order to be comprehensive,
all theoretically possible combinations of layout quality, strength, stiff-
ness and ductility have been envisaged. Some of them are highly improbable.
Low strength is not likely to be with associated considerable stiffness and
ductili ty; a poorly engineered structure having a disorderly layout is not
likely to have good strength or ductility.

At the same time, the examined characteristics are interrelated. The gravi-
tational load, the base shear force, and the resulting banding moments and
deformations can be deduced from each other, so that the state of the struc-
ture could be described by a single one of these characteristics.

B.2.1.1 Use of State of Stress as a Descriptor

In the following simplified methodology this basic criterion has been
selected to be the state of stress under gravitational loads, in form of a
mean compression factor.

where

n =
ao _LN_r -f Ac c c

mean compression stress in the columns under axial
gravitational loads;

~A c

fc

total area of the significant columns cross section;

concrete strength (prismatic or cylindrical)



ISS

It can easily be deduced that if

S = Cs N

then

(B-1)

where

Cs base shear force factor

a factor locating the inflection point on the story height
as a function of the restraint degree at the top and at the
bottom of the column

H _ (h - column slenderness ratio of the story height to the
column width)

For the demonstration and notations, see Figure 3-6. Clearly,

R

So, for R

Scap _ Cs cal2
S-- - Cs reqreq

0.8, Cs cap = 0.8 Cs req. Consequently,

e _ (0.8 Cs req) (*Jti-
(R = 0.8)

e _ (0.5 Cs req) (*Jti-
(R 0.5)

Starting with these data in a dimensionless m-n interaction diagram, the
situation looks as in Figure 3-10. It follows that the values of R could be
derived directly from computing n act. and comparing it to the limit values
nt.O' no.8' and no.5' These limit values depend on the specific interaction
dJ.agram, which is a function of the steel ratio and of the ratio between
steel - and concrete strength, fl. They depend also on the specific valuesfc
of * = f (Cs req., *). As such they seem at first sight have a large dis-
persion. But, after examining existing structures as well as the provisions
of the technical regulations governing the design of reinforced concrete
structures in some given periods, we have concluded that the dispersion is
rather low. Usually,

0.01 - 0.02 and ~ = !.1. = 20fc

so Pt ~ varies between 0.20 and 0.40.

At the same time, for frame structures the usual values are Cs req
0.10, a = 0.5 - 0.7, and * = 6 - 10. So usually,

0.05 -



156

~= 0.150 - 0.700 when R 1.0h

~= 0.120 - 0.560 when R 0.8h

and e _ 0.075 - 0.350 when R 0.5il-

Putting all this on a design chart, the area of possible variation results
i:3 shown in Figure 3-12. The extreme limits of variation are n = 0.60 and n

0.20. Also,

• If n > 0.60, then the structure has no chance to achieve R > 0.5
and consequently should be strengthened.

• If n < 0.20, then R > 0.8, and no intervention is needed.

• Between these extreme values the structure may achieve any
strength factors depending essentially of the value of Cs req and
H/h. The influence of a and ~t ~ is less significant.

A:3suming for Pt' ~, and ~, the constant mean values of ~t N = 0.2 and a =
0.6, diagrams could be drawn to determine directly the possible values of R
a:3 a function of n = a/fc and Cs req for a given value of H/h. Such a dia-
gram is shown in Figure 3-7. Its use is explained in the same figure:

• for a known nand Cs req, the maximum estimated R could be esti-
mated (point A), or

• for a known n and a desired R, Cs cap could be estimated.

B.2.1.2 Extension to Entire Structure

The deductions made on a single column in B.2.1.1 may be extended to the
entire structure. This is more valid if there is a proportionality between
the distribution of the axial load on the columns and their stiffness. In
such case n ao/f'c may be assumed to be average value of

med n

where

the total vertical load

and the sum of the column cross sections

If there is an important dispersion of the individual n values and of the
s.tiffness of the columns, then the most significant columns for lateral
force resistance are to be selected, the average n value is to be determined
for this group, and the respective deductions are to be made starting from
this value.

B.2.2 Special Comments on Frame and Skeleton Structures

Some comments are worth making on the state of stress and ductility of the
frame and skeleton structures - as a function of the period of the period of
their design and completion.
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Before 1940 in Europe, concrete strength for commonbuildings was usually
about 12 N/mm2 cubic strength and about 10 N/mm2 20r prismatic strength.
The allowable stress for axial loads was about 4 Nimm •

After 1940, according to the widely used DIN code, the columns were to be
dimensioned by an ultimate strength method with a safety factor of three.
Codes based on the ultimate strength method, valid in some East-European
countries between about 1950 and 1960, required a safety factor of only two
for centrically loaded columns. The required minimal values for the steel
ratio were generally of 0.8%. To economize on steel, it was recommended
never to go beyond about 1.5%. The importance of ductility was acknowledged
only in the last decades. Before 1960, the stirrups in the columns where
spaced at 12 to 15 times the diameter of the longitudinal reinforcement and
to a maximumlimit of 35 cm.

According to the above considerations, a correctly engineered structure of
this period would probably have:

• med. n = 0.30 - 0.75
• Pt = 1 - 1 .2%
• a very low transverse reinforcement ratio

Consequently, a structure of this period could be coefficiently strong, but
in no case adequately ductile. First, the balance point lies usually at
around n = 0.25 - 0.30, and above this value even failure in axial force and
bending is brittle if, as is highly probable, the concrete is not well con-
fined. Second, for values of n > 0.5, shear failure before bending failure
is possible (even for columns with a normal slenderness), and there is no
transverse reinforcement to prevent it.

B.3 First Example: An Apartment Building

Description

Dimensions
Number of stories
Usage category
Structure:

21.20 x 9.80 m
Basement + 4
dwelling
Two way reinforced concrete frames (see
Figure B-2). The basement is stiffened by
r.c. contour walls. Thin hollow brick
infill walls.

2 3 4 5 6 7 8

9 10 11 12. 13 14 15 16

17 18 19 20 21 22 23 24

~I

Figure B-2. Layout of the Structure of Example 1
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Examination of the Existing Structure

Determining S req.

W = (21.2 x 9.80)m2 x 4 stories x 12 ~ = 10000 kN
m

Assuming that the fundamental period for such a building should be about 0.4
- 0.5 sec (T = 0.10 m), then according to the respective seismic code:

Cs req = 0.32 x 2 x 0.20 x 0.8 = 0.1024 = 0.10

and S req = Cs req W = 0.10 x 10000 = 1000 kN

B.3.2.2 Overall Examination of the Structural Layout

There are frames with a large number of correctly shaped and symmetrically
distributed bays in both principal directions. The beams are sufficiently
stiff (the height to span ratio ~ = :0 in both directions). The infrastruc-
ture is very stiff so that the structure may clearly be considered as fixed
at ground floor level.

So the stress pattern under lateral loads is well-defined and can be analy-
zed by the usual methods.

Consequently, the structure as a whole may be considered to be "good".

However, since the dimensions of the column section are 50 x 20 cm there is
a significant difference of stiffness in the two principal directions. In
the longitudinal direction, the columns are very slender (the ratio ~ = 15)'
Due attention should be given to problems arising from these facts.

Determining the Strength Factor R

The simplified procedure illustrated in Figure 3-6, page 3 is used.

The total area of the columns cross section,

~A

C1 =o

n =

24 x 50 x 20 = 24,000 cm2 = 2,400,000 mm2

W 10000000 - 4.2 ..JL
1;A = 2,400,000 - 2mm

Since 0.3 < n < 0.5, proceed to further examination.

The transverse and the longitudinal directions are to be examined separately
because of the significant difference of the columns' stiffness in the two
directions.
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B.3.2.4. Further Examination from the Transverse Direction

Estimating also a 0.6, we obtain from the respective diagram illustrated
in Figure 3-7.

R = 0.60 (0.5 < R < 0.8)

As a result, the category of the structure is B (good layout + R = 0.5 -0.8».
Displacements

The estimated drift at ground story, under a lateral seismic load equal to S
req 100 tons is ß = 0.2 - 0.3%. So,

Ductility

The execution drawings are available. The columns have a longitudinal rein-
forcement 6 0 14 bars, (Pt = 0.9%) and stirrups 0 6 spaced at 20 cm.

There is no concern for the confinement of the concrete in the vicinity of
the joints (narrow spacing of the stirrups) either in the columns or in the
beams. Reinforcement is torsioned steel, that is, steel with comparatively
brittle behavior.

So, as a whole, ductility conditions are to be considered as being not ful-
filled.

Setting up the alternative rehabilitated concepts (according to the flow
chart in Figure 3-6)

strengthening type I (improving the ductility, e.g.,. by adding
transverse reinforcement in form of stirrups or steel encasings
covered by a thin layer of concrete protection)

strengthening type III (improving strength and ductility, e.g., by
jacketing the columns)

strengthening type IV (adding strength and ductility by new struc-
tural iIlembers).

Further Examination from the Longitudinal Direction
HFor h = 15 and an estimated a = 0.6, from the corresponding n - Cs req

diagram, it follows that

R';;: 0.8

Consequently, the category of the structure is C (good layout + R < 0.5).
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Displacements

The e~ima ted drift is 6. = ~O = 2%, exceeding even the condemnation thres-
hold (6. = 1.5%). This leads directly to the conclusion that strengtheningc
type III or type IV is needed).

The ductility conditions are not fulfilled as shown under B.3.2.4.

Alternative strengthening concepts are therefore

type III or
type IV

Estimation of the Probable Costs of the Strengthening

(Damage degree of nonstructural members: middle to extensive); Probable
efficiency index EF = 45% (from table in Figure 3-13).

B.4 Second Example: Another Apartment Building

B.,~.1 Outline Description of the Building

Usage: apartments
Number of stories: Basement + 7 stories
Dimensions: inscribed in a rectangle 31 x 19m. (see Figure B-3)
Built area at ground level: 450 sq.m.
Total developed area: 3200 eq.m.
Type of structure: reinforced concrete skeleton (columns and beams

with irregular layout) and plain brick infill
walls

S22 S21 S20

S23

S2 S3
S1

S4
S26

S25 S27

S24 S38

S14

Figure B-3. Layout of the Structure of Example 2
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Examination of the Existing Structure

Determining S------~
Total weight W= 38300 kN

Assuming that the fundamental period of such a building should be about 0.7
sec (T 0.1 x 7),

cs req = 0.20 x 2 x 0.20 x 0.8
Romanian code)

0.064 (according to the

and S = 0.064 x 3830 = 2451 kNreq

Examination of the Structural Layout

The position of the columns is very irregular. There are some rows of
columns and beams susceptible of forming frames, but their position is
chaotic and their conformation is faulty because there are many non-co-
linearities of the respective beams. At the same time the position of a
large number of beams has no correspondence with the layout of the columns
(beams resting on beams).

In principle, this type of structure could be designed to have a satisfacto-
ry seismic resistance, so that the structure cannot be labelled as being
necessarily faulty. But the state of stress can be determined only by ex-
tensive and sophisticated analysis, so that at first examination no clear
image of this state results. As a whole, then, the structure could be
classified as "unclear," possibly faulty because of some obvious faults (for
instance weak and non-colinear beams).

It is to be noted that the dimensions of the columns at ground floor vary
from 28 x 28 cm to 50 x 40 cm, and those of the beams from 15/30 to 260/60
cm.

The workmanship is average to poor.

Determining the Strength Factor R

Based on the simplified procedure illustrated in Figure 3-9, page 3, the
total area of the columns' cross section

I:Ac = 58772 sq. cm.

and

<1 = :-A = ~~<2.000= 6.51 .JL2o ~ c 58772 mm

NThe concrete has an es tima ted strength f c = 12 "2 so tha t
mm

_ <10 _
n - fi - 0.54

This value is beyond the limi t of n = 0.5 so tha t strengthening is needed.
Nevertheless, in order to illustrate the procedure, we proceed to further
examination.
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Assuming an average * = 7 and an average steel ratio of Pt = 1%, from the
corresponding n - Cs re diagram, it follows that R = 0.4. From the super-
position of an unclear 1ayout and R < 0.5, it follows that the structure is
to be classified in category E.

B.4.3 Constructing Alternative Rehabilitation Concepts

From the flow chart in Figure 3-6, page 3, the advisable rehabilitation is a
strengthening of type IV.

Estimation of the Efficiency Index

The damage to nonstructural members is "moderate" (about 1/3 of the parti-
tions and infill walls completely destroyed).

~xtrapolating from the table in Figure 3-13, a probable efficiency index is

EF = 55 - 60%
B.4.5 Comments

In this case the decision is very rapid because of the unsatisfactory layout
and the low strength factor. If we nevertheless had decided to proceed to
further examination, it would have resulted that:

a) the drift at ground floor level (due to a lateral force equal to
SreCJ = 2450 kN) is probably high but does not exceed the condem-
nation level;

b) with a high probability, the ductility conditions are far from
being fulfilled. The structure was designed and completed in
1935-36. Additionally, it was not quite satisfactorily engineered
even compared to valid regulations then.

'rhe estimation of the strength factor R was made based on average values of
n. For the needs of this case, this procedure was acceptable because the
decision is evident from the beginning.
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APPENDIX C

EXISTING METHODS FOR EVALUATION OF DAMAGE POTENTIAL

C.1 EXISTING CATEGORIZATION TECHNIQUES DISCUSSED

C.1.1 Proxy Categorization Methods: Uses and Limits

In the absence of sufficient data from Balkan region damage evaluation
forms, substitute categories must be used to assess the vulnerability of
existing buildings and their proposed replacements (through seismic re-
habilitation or else demolition and replacement). Since categorization
techniques are the least sophisticated method of risk assessment, they can-
not be expected to encompass all pertinent structural factors. Categori-
zation relies on judgmental rating of structures based primarily on the
framing system, accompanied by factors such as the seismic code in effect
(as indicated by construction date) and general structural parameters.

Categorization techniques are the basic means by which expected economic
losses to the structures are calculated. More refined techniques often
merely modify economic estimates derived initially from categorization tech-
niques but based on a more exacting analysis of structural response.

Numerous categorization techniques exist in the literature but those listed
below may be most appropriate for Balkan structures:

(1) summary curves developed by Haresh C. Shah and others,
(2) curves developed by Robert Whitman and others,
(3) curves developed by K.V. Steinbrugge and others, and
(4) curves developed by J.H. Wiggins and others.

In addition, it is useful to look at observed vulnerability relationships
developed for Romanian structures. These observed vulnerability rela tion-
ships strongly indicate that one may grossly underestimate the seismic
vulnerabili ty of some building types if only summary curves are used, as
suggested above. In addition, a categorization of Turkish buildings is
included, although associated vulnerability data are very limi ted to date
for such structures.

Before outlining the categorization techniques listed above, it is necessary
to mention some of their limitations. The statistical unreliability of such
techniques can be partially indicated by the diverse loss estimates derived
using the different techniques as applied to a structure (so that identical
shaking hazard estimates are employed). For an unreinforced masonry struc-
ture, the following diverse loss estima tes might be derived for two differ-
ent hazard macrozones (hazard zones are rated from 0 to 5, with 5 represent-
ing portions of Japan, 4 representing Los Angeles, etc.).

In a hazard zone 3, the following annual expected losses (as a percent of
replacement cost) might be calculated using diverse techniques:

15.5 • 10-4 based on Steinbrugge techniques
11.9 • 10-4 based on Whitman techniques
4.4 • 10-4 based on Wiggins techniques

For a hazard zone 4, the following results may be calculated:
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61.6 . 10-4 based on Steinbrugge techniques
51.6 . 10-4 based on Whitman techniques
36.4 • 10-4 based on Wiggins techniques

Other measures of statistical uncertainty tend to be absent, or comparative-
ly insignificant, except for Romanian data. Those data suggest that loss
estimates might be an order of magnitude higher for some Romanian struc-
tures.

Other limitations of existing techniques include the following:

• as already suggested, modifications are needed for local building
materials, inspection practices, etc.

• the distinction between structural and non-structural damage tends
to be blurred

• there is an absence of good data on loss distribution,

• hazard data for the damaged and undamaged buildings could be im-
proved with more strong-motion instrument data and also with
regard to various ground failure hazards

• intensity scales tend to be used which involve use of discrete
intervals and so give rise to numerous interpretive problems

• existing vulnerability models need to be related more completely
to structural analysis

• loss estimates may depend on who makes repairs, who funds repairs,
who makes the estimate, etc.

• loss estimates depend on an accurate assessment of buildings with
little or no damage at given levels of ground shaking (and those
comparatively undamaged buildings are generally of less interest)

Some of these problems may be overcome, in whole or in part, through eventu-
al damage survey evaluations.

C.1.2

C.1.2.1

Proxy Categorization Methods: Summary

Sauter and Shah Techniques

Based on an examination of a broad range of previous vulnerability curves
(including those referred to in other techniques discussed here), Sauter and
H. Shah have developed a family of vulnerability curves, as illustrated in
Figure C-1. To use such curves, the analyst must read off the expected loss
at a given intensity. For instance, at intensity VI, a mean value of 8% of
replacement cost is indicated for adobe structures. It shall be assumed
tha t the Modified Mercalli Intensity (MMI) Scale has values identical with
those in the Medvedev-Sponheuer-Karnik (MSK) Intensity Scale. (See Medvedev
and Sponheuer, 1969.)

C.1.2.2 Whitman et al. Techniques

Based largely on 1971 San Fernando Valley earthquake data, with special
emphasis on buildings with five or more stories, R.V. Whitman et al. damage-
abili ty estimates are categorized in terms of Uniform Building Code (UBC)
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Standards (U.S.), which require little or no seismic resistance in zones 0
and 1 (UBC 0-1) and considerably more resistance in zone 4. Use of these
estimates would thus tend to be confined to highrise structures, and judg-
ment would be required to compare broadly U.S. construction practices and
those in Balkan countries. Some assistance on this matter is found in J.H.
Wiggins et al. on L.A. City. Table C-1 summarizes Whitman et al. findings.

Table C-1. Mean Damage Ratios (as percents of replacement costs) of
Various Classes of UBC Buildings at Given Modified Mercalli
Intensities (Source: Whitman, 1975)

CONSTRUCTION CLASS

MM
INTENSITY UBC 0-1 UBC 2 UBC 3 ZONE S (UBC 4)

VI 0.22% 0.16% 0.13% 0.10%
VII 3.0% 1.•9% 1.4% 1.2%

VIII 52% 18% 10% 5%
IX 100% 100% 45% 21%

X 100% 100% 100% 100%

In addition, Whitman and Cornell have also developed provisional probability
distributions for selected "damage states." (See Table C-2) Such damage
states are qualitative assessments of the degree of damage to the structure,
and are only indirectly related to percent losses. However, probabili ty
distribution functions are useful in earthquake insurance studies and also
can prove to be useful in estimating expected deaths, if, for instance,
collapse is used as a major criterion.

C.1.2.3 Steinbrugge et al. Te~hniques

Based on examinations of many earthquakes, K.V. Steinbrugge et al. have used
Insurance Services Offices (U.S.A.) building classifications to develop
vulnerability curves. Those classifications are found in Table C-3. As
with all other classification schemes referred to here, engineering judgment
must often be used to determine degree of seismic resistance expected of a
given structure.

Figure C-2 illustrates vulnerability curves for most of the classes mention-
ed and Table C-4 puts those curves into a tabular form. It should be noted
that single family dwellings are not included in these classifications. For
single family dwellings with wood frames, Table C-5 summarizes data by
Steinbrugge et al. Also included in Table C-5 are mobile home vulnerability
estimates.
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Table C-3. Building Classifications for Estimating Earthquake Losses
(As Suggested by K.V. Steinbrugge et al.) (Page 1 of 2)

~:

BUILDINGS HAVING A STRUCTURAL SYSTEM AS DEFINED BY THE NOTE IABOVE) NITH EXTERIOR AND INTERIOR MON-BEARING
NALLS OF ANY HATERIAL.

~:

BUILDINGS HAYING SDII£ OF THE FAVORABLE CHARACTERISTICS OF CLASS IY-A BUT OTHERMISE FALLING INTO CLASS IV-B.

CLASS IV-O:

BUILDINGS HAVING la) A PARTIAL DR COMPLETE LOAD tARRYING SYSTEM OF PRECAST tDIICRETE, AND/OR lb) REINFORCED
CONCRETE LIFT SLAB FLOORS AND/OR ROOFS, AND Ie) OTHERNISE QUALIFYING FOR CLASSES IV-A, B, DR C.

CLASS IV-E:

BUILDINGS HAVING A COMPLETE REINFORCED CONCRETE FRAME, OR A COMPLETE FRAME OF COMBINED REINFORCED CONCRETE
AND STRUCTURAL STEEL. FLOORS AND ROOFS HAY BE ANY MATERIAL WHILE NALLS MAY BE OF ANY NON-LOAD BEARING MA-
TERIAL.

CLASS V: MIXED CONSTRUCTION

~:

1. DWELLINGS, NOT OVER TWO STORIES IN HEIGHT, CONSTRUCTED OF POUREO-IN-PLACE REINFORCED CONCRETE, NITH
ROOFS AND SECOND FLOORS OF WOOD FRAME.

2. DWELLINGS, NOT OVER TWO STORIES IN HEIGHT, CONSTRUCTED OF ADEQUATELY REINFORCED BRICK OR HOLLOW CON-
CRETE BLOCK MASONRY, WITH ROOFS AND FLOORS OF WOOD.

~:

ONE STORY BUILDINGS HAVING SUPERIOR EARTHQUAKE DAMAGE CONTROL FEATURES INCLUDING EXTERIOR WALLS OF la) POUR-
ED-IN-PLACE REINFORCED CONCRETE, AND/OR Ibl PRECAST REINFORCED CONCRETE, AND/OR Ie) REINFORCED BRICK MASONRY
OR REINFORCED BLOCK MASONRY. ROOFS AND SUPPORTED FLOORS SIlALL BE OF WOOD OR METAL DIAPHRAGM ASSEMBLIES.
INTERIOR BEARING WALLS SHALL BE OF WOOO FRAME DR ANY ONE OR A COMBINATION OF THE AFOREMENTIONED WALL MATERI-
ALS.

~:

ONE STORY BUILDINGS HAVING CONSTRUCTION MATERIALS LISTED FOR CLASS V-B, BUT WITH ORDINARY EARTHQUAKE DAMAGE
CONTROL FEATURES.

~:

1. BUILDINGS HAYING REINFORCED tDIICRETE LOAD BEARING WALLS WITH FLOORS AND ROOFS OF WOOD AND NOT QUALI-
FYING FDR CLASS IY-E.

2. BUILDINGS OF ANY HEIGHT HAVING CLASS V-B MATERIALS OF CONSTRUCTION, INCLUDING WALL REINFORCEMENT;
ALSO INCLUDED ARE BUILDINGS WITH ROOFS AND SUPPORTED FLOORS OF REINFORCED CONCRETE IPRECAST DR OTHER-
WISE) NOT QUALIFYING FOR CLASS IY.

~:

BUILDINGS HAYING UNREINFORCED SOLID UNIT MASONRY OF UNREINFORCED BRICK, UNREINFORCED CONCRETE BRICK, UNREIN-
FORCED STONE, DR UNREINFORCED CONCRETE, WHERE THE LOADS ARE CARRIED IN WHOLE OR IN PART BY THE WALLS AND
PARTITIONS. INTERIOR PARTITIONS MAY BE WOOD FRAME OR OF THE AFOREMENTIONED MATERIALS. ROOFS AND FLOORS MAY
BE OF ANY MATERIAL. NOT QUALIFYING ARE BUILDINGS WITH NON-REINFORCED LOAD CARRYING WALLS OF HOLLON TILE OR
OTHER HOLLOW UNIT MASONRY, ADOBE, OR CAVITY CONSTRUCTION.

~:

1. BUILDINGS HAVING LOAD CARRYING WALLS OF HOLLOW TILE OR OTHER HOLLOW UNIT MASONRY CONSTRUCTION, ADOBE,
AND CAYITY WALL CONSTRUCTION.

2. ANY BUILDING NOT COVERED BY ANY OTHER CLASS.

CLASSES Y1-A, B, C, 0, AND E: EARTHQUAKE RESISTIVE CONSTRUCTION

ANY BUILDING OR STRUCTURE WITH ANY COMBINATION OF MATERIALS AND WITH EARTHQUAKE DAMAGE CONTROL FEATURES EQUI-
VALENT TO THOSE FOUHO IN CLASSES I THROUGH Y BUILDINGS. ALTERNATIVELY, A QUALIFYING BUILDING OR STRUCTURE
MAY BE CLASSED AS ANT CLASS FROM I THROUGH V (INSTEAD OF VI-A, B, C, 0, OR EI IF THE CONSTRUCTION RESEMBLES
THAT DESCRIBED FOR ONE OF THESE CLASSES AND IF THE QUALIFYING BUILDING OR STRUCTURE HAS AN EQUIVALENT DAMAGE-
ABILITY •
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Table C-3. Building Classifications for Estimating Earth~uake Losses
(As Suggested by K.V. Steinbrugge et al.) (Page 2 of 2)

CLASS I: WOOD FRAME

~:

I. WOOD FRAME AIID FRAME STUCCO DWELLINGS REGARDLESS OF AREAS AIID HEIGHT.

2. WOOD FRAME AND FRAME STUCCD BUILDINGS. OTHER THAN DWELLINGS, WHICH DO NDT EXCEED 3 STORIES IN HEIGHT
AIID DO NOT EXCEED 3.000 SQ. FT, IN GRDUND FLOOR AREA.

3. WOOD FRAME AIID FRAME STUCCO HABITATIONAL STRUCTURES WHICH DO NOT EXCEED 3 STORIES IN HEIGHT REGARD-
LESS OF AREA.

~:

WOOD FRAME AIID FRAME STUCCO BUILDINGS NDT QUALIFYING UNDER CLASS I-A.

CLASS II: ALL-HETAL BUILDINGS

~:

ONE STORY ALL-METAL BUILDINGS WHICH HAVE A FLOOR AREA NOT EXCEEDING 20,000 SQ. FT.

~:

ALL-METAL BUILDINGS NOT QUALIFYING UNDER CLASS II-A.

CLASS III: STEEL FRAME BUILDINGS

CLASS III-A:

BUILDINGS HAVING A COMPLETE STEEL FRAME WITH ALL LOADS CARRIED BY THE STEEL FRAME. FLOORS AIID ROOFS SHALL BE
OF POURED-IN-PLACE REINFORCED CONCRETE. OR DF CONCRETE FILL ON HETAL DECXING WELDED TO THE STEEL FRAME (OPEN
WEB STEEL JDISTS EXCLUDED). EXTERIDR WALLS SHALL BE OF PDURED-IN-PLACE REINFORCED CONCRETE OR DF REINFDRCED
UNIT MASDNRY PLACED WITHIN THE FRAME. BUILDINGS SMALL HAVE A LEAST WIDTH TO HEIGHT ABOUT GROUND (OR ABOVE
ANY SETBACK) RATiD OF NOT EXCEEDING ONE TO FOUR. NDT QUALIFYING ARE BUILDINGS HAVING COLUMN-FREE AREAS
&REATER THAN 2,500 SQ. FT. (SUCH AS AUDITORIUMS, THEATERS,. PUBLIC MALLS, ETC.).

CLASS III-B:

BUILDINGS HAVING A COMPLETE STEEL FRAME WITH ALL LOADS CARRIED BY THE STEEL FRAME. FLOORS AIID ROOFS SHALL BE
OF PDURED-IN-PLACE REINFORCED CDNCRETE OR HETAL, OR AllY COMBINATION THEREOF, EXCEPT THAT ROOFS ON BUILDINGS
OVER THREE STORIES MAY BE OF AllY MATERIAL. EXTERlDR AIID INTERIOR VALLS MAY BE OF AllY NON-LOAD CARRYING MA-
TERIAL.

CLASS III-C:

BUILDINGS HAVING SOME OF THE FAVORABLE CHARACTERISTICS OF CLASS III-A BUT OTHERWISE FALLING INTO CLASS III-B.

CLASS III-D:

BUILDINGS HAVING A COMPLETE STEEL FRAME WITH FLDDRS .AIID ROOFS OF AllY MATERIAL AIID WITH VALLS DF AllY NDN-LDAD
BEARING MATERIALS.

CLASS IV: REINFDRCED CONCRETE, COMBINED REINFORCED CONCRETE AND STRUCTURAL STEEL FRAME

NDTE: CLASS IV-A, B, AND C BUILDINGS SMALL HAVE ALL VERTICAL LOADS CARRIED BY A STRUCTURAL SYSTEM CONSISTING
~E OR A COMBINATION OF THE FOLLOWING: (I) PDURED-IN-PLACE REINFORCED CONCRETE FRAME1 (bI POURED-IN-PLACE
REINFORCED CONCRETE BEARING WALLS, (cl PARTIAL STRUCTURAL STEEL FRAME WITH (II AIID/DR (b. FLDDRS AIID ROOF
SMALL BE OF POURED-IN-PLACE RElNFDRCED CONCRETE. EXCEPT THAT MATERIALS OTHER THAN REINFORCED CONCRETE MAY BE
USED FOR THE ROOFS ON BUILDINGS OYER 3 STORIES.

~:

BUILDING HAVING A STRUCTURAL SYSTEM AS DEFINED BY THE NDTE (ABOYEI WITH PDURED-IN-PLACE REINFORCED CDNCRETE
EXTERIDR WALLS OR REINFORCED UNIT MASONRY EXTERIOR NALLS PLACED WITHIN THE FRAME. BUILDINGS SHALL HAVE A
LEAST WIDTH TO HEIGHT ABOVE GRDUND (OR ABOVE AllY SETBACK) RATIO OF NOT EXCEEDING ONE TO THREE. NOT QUALIFY-
ING ARE BUILDINGS HAYING CDLUMN-FREE AREAS GREATER THAN 2,500 SQ. FT. (SUCH AS AUDITORIUMS, THEATERS,'PUBLIC
NALLS, ETC.).
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Figure C-2. Modified Mercalli Intensity - Loss Relationship (by Class
of Construction). Descriptions of the Variou6 Classes May
be Found in Appendix Table C-3 (Source: Algermissen,
Steinbrugge, Lagorio, p. 66. 1978.)

Table C-5. Percent Losses at Given Modified Mercalli Intensities for
Mobile Homes and Wood Frame Dwellings (Source: Steinbrugge
and Schader, 1979, p. 16)

CONSTRUCTION CLASS

MM
INTENSITY MODERN WOOD OLDER WOOD

MOBILE HOMES FRAME DWELLINGS FRAME DWELLINGS

IX 18% 12% 9%
VIII 12% 8% 6%
VII 5% 2.5% 2.5%

VI 2.5% 0.8% 0.8%
V 1% 0% 0%
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C.1.2.4 Wiggins et al. Techniques

Distinguishing between commercial-industrial and residential structures,
Wiggins et al. rate buildings from 1 to 4, with Q=1 structures having compa-
ratively the least resistance. Roughly speaking, Q=1 is equivalent to a UBC
0-1 structure (see previous discussion of Whitman), Q=2 is equivalent to a
UBC 2 structure, Q=3 is equivalent to a UBC seismic zone 3 structure, and
Q=4 is equivalent to a UBC 4 structure. In addition, a quality factor 5
might be used for carpentered one- and two-story wooden structures with good
wood siding. Carpentered structures are buHt to specifications and not
formulas and have been found to be about four times as strong as typical
seismic zone 3 (U.S.) design loads would allow. (J.H. Wiggins, Effects of
Sonic Boom.) Further, wood that is well-nailed, bolted or otherwise jointed
has excellent ductility and damping characteristics.

Quality ratings also can be assigned based on five structural parameters:

• strength
• physical condition
• integrity
• workmanship
• drift-to-yield and ductility to failure

These five factors will be discussed in greater detail in Appendix CII.

Loss estimates for these various categories are indicated in Figures C-3a
and C-3b, and are tabulated in Table C-6.
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Figure C-3b. Damage Algorithms for Industrial Construction

C.1.2.5 Techniques for Romanian Structures

Data have been developed from a recent Romanian earthquake (4 March 1977)
that strongly suggest that use of the foregoing techniques may grossly
underestimate expected losses for selected classes of structures in some re-
gions.

Ca tegories developed for damage evaluation and vulnerability assessment are
found in Table C-7. "A" categories pertain to surveys made in Bucharest;
"B" categories pertain to surveys made in Jassy. Figures C-4(a), -4(b), and
-4(c) indicate mean damage for such categories of structures at given inten-
sities. Values are tabulated in Table C-8. In addition, one-sigma differ-
ences were calculated, and those are found in Table C-9.

On the assumption that the MSK scale is equivalent to the MM Intensity
Scale, these findings indicate that at lower intensities various classes of
Romanian structures are much more susceptible to damage than would be indi-
cated through use of the techniques developed by Shah et al., Whitman et
al., Steinbrugge et al., and Wiggins et ala Romanian structures may be more
vulnerable at lower intensities.

Those differences are especially important for loss estimation purposes. For
overall loss estimates, differences in vulnerability estimates at lower
intensities are much more significant than differences at higher intensities
for the simple reason that the expected frequency of lower intensities is
far greater than that of higher intensities. As a rule of thumb, in a higb-
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Table C-7. Classification of Romanian Structures
(Source: H. Sandi and D. Vasilescu) (Page 1 of 2)

,,1. BUILDINGS WITH POOR QU"LITY ""TERI"L
mA'l'IVELY OLD (MGrrBEFORE I900T:- POOR QU"LITY ""TERIALS ("DOBE, WOOD
WITH E"RTH INFILL, ETC.). TYPICALLY ONE-STORY, WITH TIMBER FLOORS. NOT
ENGINEERED.

flZ. OLD BUILDINGS WITH ""SONRY BEARING WALLS fIND FLEXIBLE FLOORS (UP TO 1940)
TYPIC"LLYllNE- TO TwO-SiClTl1n";tro'rUI>itJ FIVE-STORIES IN lrolrc7iSt'S".
TYPICALL Y IRREGULAR IN CONFIGURATION. VflRIABLE QUALITY OF ""SONRY. OFTEN
POOR FOUND"TlONS WHEN BASEMENT PRESENT.

A3. NEW BUILDINGS WITH MASONRYBE"RING WAL~l' AND FLEXIBLE FLOORS (POST 1940)

"4. OLD BUILDINGS WITH ""SONRY BEARING W"LLS "NO RIGID FLOORS (UP TO 1940)
SAM~ AS AZ;--U; EXC~PI ~UR FLUORS. PRESENCE OF RUN~URC£ln:llIll:Rrn~"BS,
MOSTLY GIRDERS, fIND REINFORCED CONCRETE LINTELS, SOM.TlMES CAST TOGETHER
WITH FLOORS.

"5. NEW BUILDINGS WITH ""SONRY BE"RING WALLS "NO RIGID FLOORS (POST 1940)
lllTH~6Mt--srrrM!CR£mTANCt-;-Ol1'ttlPlID"ABRI CAmrml'Olß~RULE ,
STRIPES, BUT EARLIER, BEAMS WITH INFILL PIECES). AFTER 1960, REINFORCED
CONCRETE MEMBERS WERE USEO TO IMPROVE PERFORMANCE OF BEARING ""SONRY.
PREFABRICATED FLOORS SOMETIMES WERE NOT TRULY RIGID OI"PHRAGMS.

"6. BUILDINGS WITH REINFORCED CONCRETE FRAME
I1r1'GHTB£TWrrNSfi fIND TWELV£--sTlj'lm'~':-up TU 1940, fIND PRACTICALLY UP TO
1950, NO L"TER"L RESIST"NCE IN DESIGN. THEN, VERTlC"L BEARING MEMBERS
WERE OFT.N NOT CONTINUOUS OVER THE ENTIRE HEIGHT OF THE BUILOING. NO
CONCERN FOR MOMENT-RESISTING NODES. REINFORCED CONCRETE STRUCTURE TRANS-
MITTED P"RT OF L"TERAL LO"D TO THE GROUND fIND flLSO CONFINED INFILL ""SON-
RY, AN ESSENTI"L ELEMENT FOR LATERflL LOflll RESISTING CAP"CITY. EARTHQUAKE-
RESISTANCE W"S DESIGNED "FTER 1950. THOSE SO DESIGNED PERFORMED BETTER IN
THE 1977 E"RTHQU"KE.

A7. HIGHRISE BUILDINGS WITH REINFORCED CONCRETE BEARING W"LLS "NO S""LL INTER-vm -
llllHE E"RLIER ST"GE, SLIDING FORMS WERE USED. "LSO STEEL OR TIMBER OIS-
MOUNTABLE FORMS H"VE BEEN USED. ONE OR TWO LONGITUDIN"L INTERN"L BE"RING
WflLLS. TRANSVERSE WflLLS WERE SP"CED 3-4M AP"RT.

fIB. HIGHRISE BUILDINGS WITH REINFORCED CONCRETE BE"RING WflLLS "T LARGER INTER-ms--
IJimR INTERVALS flLLOWED MORE ARCHITECTURAL FREEDOM IN SHAPING APARTMENTS.
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Table C-7. Classification of Romanian Structures
(Source: H. Sandi and D. Vasilescu) (Page 2 of 2)

BI. OLD BUILDINGS
TYPICALLY WITtIOUT ENGINEERINii DESIGN. FOUNDATION ON STONE (OLDER) OR IN
CONCRETE (MORE RECENT). FLOORS OF STEEL BEAMS AND MASONRY ELEMENTS, OR
WOODEN ELEMENTS. UP TO FOUR STORIES. MOST PREVIOUSLY AFFECTEO BY EARTH-
QUAKES, FLOOD, FIRE. ETC. TYPICALLY SURVEYED WERE ONE- OR TWO-STORY RESI-
DENTIAL BUILDINGS OF BRICK MASONRY. TYPICALLY WOOO FLOORS ANO STONE
FOUNDATIONS.

B2. NEW MASONRY BUILDINGS WITH CAST -IN-PLACE REINFORCED CONCRETE FLOORS
CllIln1lUl:T£lr1m:ß7G:- HEIGH! Qp-iO-'.'HE STORIES (TYPICAL). LONGITUDINAL
AND TRANSVERSE WALLS ARE CO"'PARATIVELY STIFF. REINFORCED GIRDERS BUILT AT
ALL FLOORS. INCLUDING FOUNDATION LEVEL.

B3. NEW MASONRY BUILDINGS WITH PRECAST FLOORS
TRANSV~RS~ "\ro."["SI{Ao UNIQU~ IIlUIAN LONGITUDINAL WALLS INTERRUPTED BY THE
STAIRCASE. FLOORS OF PRECAST STRIPES SUPPO~TED BY TRANSVERSE WALLS.
CONCRETE FOUNDATIONS WITH REINFORCED CONCRETE GIROERS. FIVE STORIES HIGH.

B4. LARGE PANEL STRUCTURES
m~rr HIGH. TRANSVERSE WALLS CONFINING ROOMS AND STAIRCASES.
COUPLES OF LONGITUDINAL MEDIAN WALLS WITHOUT OPENINGS, CONFINING THE
STAIRCASE.

B5. BUILDINGS WITH FRAMED STRUCTURES AND WITH COMPOSITE STRUCTURE (FRAMES AND
1![1ilHNnm,- -------
~ CAST-IN-PLACE COMMON FRAMEU STRUCTURES WITrl FLOORS CAST-
IN-PLACE OR OF PRECAST PANELS; LAI4ELLAR FRAMEU STRUCTURES WITH CAST -IN-
PLACE OR PRECAST BEAMS AND WITH FLOORS OF PRECAST PANELS; LAMELLAR FRAMEU
STRUCTURES COMPOSITE WITH SOME SHEAR WALLS. INFILL AND SEPARATION WALLS
OF BRICK MASONRY OR LIGHT WEIIiHT CONCRETE. RIGID BASEMENT A FOUNDATlON-
MENT. SYMMETRIC LAYOUT.

B6. REINFORCED CONCRETE SHEAR WALL BUILDINGS
ffiill"Tll"""TI.TIEN STORIES. FLOm-~IN-PLACE EXCEPT FOR USE OF STEEL
FORMS, WHERE FLOORS ARE PRECAST. FOUNDATIONS DESIGNED AS GENERAL MATS;
HENCE A RIGID BASEMENT BOX. LAYOUT WEAKNESSES IN GEOMETRY, STIFFNESS
OISTRIBUTlON, OR CONNECTIONS BETWEEN STRUCTURAL MEMBERS.
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Table c-8. Mean Values of Damage Degree at Given MSK
Intensities for Romanian Structures (Source:
Sandi and Vasilescu)

MSK
INTENSITY

BUILDING CATEGORY
VI VI.5 VII VII.5 VIII VII1.5 IX

Al - 25'1. 29.9'1. 37.6'1. 41.2\ - -
A2 - 21. 7'1. 33.4'1. 36.4'1. 42.4'1. 60.6'1. -
A3 - 20.7'1. 24.2'1. 28.1\ 38.6'1. - -
A4 - 22.1\ 25.6'1; 26.3'1; 34.9'1. - -
AS - 22.7'1; 25.7l', 29.3'1; 37.4'1; - -
A6 - - 25.3'1; 26.1\ 30.3'1; 42.8'1; -
A7 - 32.6'1; 35.8'1; 42.6'1; 57.2\ - -
AB - 35.9'1; 40.6'1; 42.9'1; 49.3'1; - -
BI - 28.0'1; - 55.0\ - - -
B2 - 8.8'1; - 17.6'1; - - -
B3 - 34.7'1. - 43.6'1; - - -
B4 - 49.4'1; - 52.6'1; - - -
B5 - 30.0'1; - 37.l'I. - - -
B6 - 34.7'1; - 40.0'1; - - -
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Table C-9. One-Sigma Differences (As Percents of Replacement
Costs) for Table c-8*

MSK
INTENSITY

BUILDING CATEGORY
VI V1.S VII VI1.S VIII VII1.S IX

Al - 14.3\ 16.9\ 18.4\ 16.4\ - -
A2 - 8.5\ 16.4\ 12.5\ 12.3\ 19.6\ -
A3 - 7.5\ 10.0\ 14.1\ 21.4\ - -
A4 - 13.8\ 11.3\ 12.4\ 11.9\ - -
AS - 12.8\ 19.2\ 15.2\ 20.4\ - -
A6 - - 16.1\ 14.0\ 17.2\ 24.2\ -
A7 - 13.4\ 15.8\ 16.3\ 16.4\ - -
AB - 15.8\ 14.9\ 15.6\ 16.8\ - -
BI - 21.0\ - 25.3\ - - -
82 - 13.7\ - 16.6\ - - -
B3 - 25.0\ - 24.5\ - - -
B4 - 18.3\ - 37.1\ - - -
BS - 22.4\ - 21.4\ - - -
B6 - 22.8\ - 24.5\ - - -

*Add (or substractl these from Table C-8 In order to get one _Slgma+(or -)
of mean.
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ly seismic region, expected frequencies increase by a factor of three for
each decreasing intensity increment. In less seismic regions, this factor
can be five or more. For single scenario earthquake events, even large
ones, the area covered at lower intensities is expected to be much more
extensive than the area covered at high events. Magnitude and proximity of
buildings to the epicenter will make a considerable difference in how use of
diverse loss estimates affect outcomes for single scenarios.

Thus, the engineer, planner, or policy maker who is using any of the fore-
going categorization techniques must be aware of underestimating losses for
structures with little seismic resistance.

C.l.2.6 Taxonomy for Turkish Buildings

Local types of structures may need to be described in some detail so that
loss estimation data can be developed. For Turkish structures, that classi-
fication is found in Table C-l0. At present, no vulnerability estimates are
associated with those various classes.

C.l.3 Two Life-Loss Estimation Techniques as a Function of Building Ty~

Both sets of estimates here pertain directly to the structures classified by
U.S. Uniform Building Code seismic standards. Hence, the engineer must make
translations for building types in other countries. The first estimates are
derived from U.S.G.S. (United States Geological Survey) background data and
are summarized in Table C-ll. The second come from work by \\'hitmanet al-
and are summarized in Table C-12. Estimates can be adjusted (upwards) for
hospi tal patients and for others who may not be so capable of coping with
building damage.

Many more casualties might be expected than deaths, but the existing pro-
cedures for estimating casualties are not described here.

Table C-12. Mean Life Loss as a Percent of Occupants by UBC Seismic
Design and Modified Mercalli Intensity (Whitman &
Cornell, 1976, p. 354)

CONSTRUCTION CLASS

INTENSITY UBC 0-1 UBC 2 UBC 3 ZONE S (UBC 4)

VII 0.0001 0.000025 0 0
VIII 0.0144 0.0033 0.0006 0.0002

IX 0.058 0.048 0.014 0.0016
X 0.153 0.086 0.048 0.029

Life Loss as a Function of Collapses

Nejat Bayulke and Nuri Akkas argue for using death rate as a function of
collapses. They have used such rates as 0.38 deaths per collapse in Bolu
(p. 10) and 0.60 deaths per collapse for Gediz (p. 13).

A more generalizable method is developed by S.A. Anagnostopoulos and R.V.
Whitman, who estimate deaths as a function of percents of occupants and
degree of damage.
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As indicated earlier, probability distributions for damage can still become
much better defined, and there are several possible probability distribution
functions which could be applied to building collapse and life loss. Ex-
ploring several possible probability distribution functions, Anagnosto-
poi.llous and Whitman develop a table (Table C-13) of expected values for
various degrees of damage to non-reinforced masonry structures affected at
various intensities. They argue that, where the probability of collapse is
not zero, then the collapse state outweighs all other states in terms of
estimating potential deaths. Clearly, though, until existing techniques are
refined through better data, the risk analyst must use caution in estimating
potential life loss from seismic structural damage.

Table C-13. Expected Number of Deaths Per 100,000 People in Non-
reinforced Masonry Structures at Various Intensities
(Example Study - Anagnostopoulos and Whitman)

INTENSITY (MSK OR MMI)

DAMAGE STATE VI VII VIII IX X

MODERATE 0 9 6 1 0
HIGH 0 8 100 80 10
TOTAL 0 18 72 900 810
COLLAPSE 0 0 200 1000 10,000

SUM 0 35 378 1981 10,820

C.l.4 Content Losses

For U.S. buildings, content losses may on the average be estimated at pre-
sent at 32% of building losses. However, content value may vary as a per-
cent of building value, and that percent may be used to estimate content
losses.

C.2

C.2.1

DI~CUSSION OF VISUAL INSPECTION AND RATING TECHNIQUES

The Field Evaluation Method (Culver et al.)

This method involves deriving an overall capacity ratio rating for the
structure based on the following features:

• Seismicity (intensity rating)
• Quantity of resisting elements
• Symmetry of resisting elements
• Present condition of resisting elements
• General rating of structure based on frame system
• Rigidity features
• Anchorage and connections
• Chords
• Other life hazards (partitions, glass, ceiling, light, exterior

and interior appendages and wall cladding).

The general formula for calculation of the capacity ratio rating is as fol-
lows:
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Capacity ratio rating (CR) = ~ (GR+2SRm)/IR (C-1)

and
SR m max. S+Q+4PC--6-' A,R,C

GR = the general structure rating,
S the symmetry rating,
Q the rating of the quantity of resisting elements,

PC the rating of the present condition of resisting elements,
A = the anchorage rating,
C the chords rating,
R the rigidity rating, and
IR = the intensity rating.

When CR < 1, the building is rated "good," when 1• .;CR .;1.4, the building
is rated "fair," when 1.4 < CR .;2.0, the building is rated "poor," and
when 2.0 < CR, the building is rated very poor.
Tables C-14 through C-22 provide general descriptions whereby structures can
be evaluated in accordance with formula (C-l). Forms for making field notes
and assessments are found in Figure C-5. Such forms also include quali-
tative ratings to assess "other life hazards."
Table C-14. Seismic Ratings of Various Elements (Field Evaluation Method)

TYPE OF RESISTING ELEMENT

A. STEEL MOMENT RESISTANT FRAMES
B. STEEL FRAMES - MOMENT RESISTANCE CAPABILITY

UNKNOWN
C. REINFORCED CONCRETE MOMENT RESISTANT FRAMES
D. REINFORCED CONCRETE FRAMES - MOMENT RESIST-

ANCE CAPABILITY UNKNOWN
E. MASONRY SHEAR WALLS - UNREINFORCED
F. MASONRY OR CONCRETE SHEAR WALLS - REINFORCED
G. COMBINATION - UNREINFORCED SHEAR WALLS AND

MOMENT RESISTANT FRAMES
H. COMBINATION - REINFORCED SHEAR WALLS AND

MOMENT RESISTANT FRAMES
J. BRACED FRAMES
K. WOOD FRAME BUILDINGS, WALLS SHEATHED OR

PLASTERED
L. WOOD FRAME BUILDINGS, WALLS WITHOUT WOOD

SHEATHING OR PLASTER

GENERAL SEISMIC
RATING (GR)

1
2

1
2

4
1
2

1

1
1 OR 2

4
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Table C-15. Seismic Rating of Symmetry of Elements (Field Evaluation
Method)

SYMMETRY OF RESISTING ELEMENTS SEISMIC RATING (S)
SYMMETRICAL 1
FAIRLY SYMMETRICAL 2
SYMMETRY POOR 2 OR 3
VERY UNSYMMETRICAL 3 OR 4

NOTE: - Add 1 (but rating not to exceed 4) to each rating
if a high degree of vertical non-uniformity in
stiffness occurs.

Table C-16. Seismic Rating of Quantity of Elements (Field Evaluation
Method)

QUANTITY OF RESISTING ELEMENTS SEISMIC RATING (Q)
MANY RESISTING ELEMENTS 1
MEUIUM AMOUNT OF RESISTING ELEMENTS 2
FEW RESISTING ELEMENTS 3
VERY FEW RESISTING ELEMENTS 4

NOTE: - If exterior shear walls are at least 751 of building
length, this rating will be 1.

Table C-17. Seismic Rating for Present Condition of Elements (Field
Evaluation Method)

PRESENT CONUITION OF RESISTING ELEMENTS SEISMIC RATING (PC)
NO CRACKS, NO DAMAGE 1
FEW MINOR CRACKS 2
MANY MINOR CRACKS OR DAMAGE 3

MAJOR CRACKS OR DAMAGE 4

NOTE: - In masonry walls, note quality of mortar - good or poor.
If lime mortar is poor, use next higher rating.
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Table C-18. Seismic Rating for Various Resisting Elements (Field
Evaluation Method)

RIGIDITY SEISf'lICRATING (R)

RIGID 1

SEMI-RIGID 1.5
SEMI-FLEXIBLE 2.0
FLEXIBLE 2.5

Table C-19. Seismic Rating for Anchorage and Connections (Field
Evaluation Method)

ANCHORAGE AND CONNECTIONS SEISMIC RATING (Al

ANCHORAGE CONFI~MED - CAPACITY NOT COMPUTED, BUT 1
PROBABLY ADEQUATE
ANCHORAGE CONFIRMED - CAPACITY NOT COMPUTED, BUT 2PROBABLY INADEQUATE
ANCHORAGE UNKNOWN 3

ANCHORAGE ABSENT 4

Table C-20. Seismic Rating for Chords or Ties (Field Evaluation Method)

CHORDS OR TIES SEISMIC RATING (C)
CHORDS CONFIRMED, BUT CAPACITY NOT COMPUTED 1
CHORDS UNKNOWN, BUT P~OBABLY PRESENT 2
CHORDS UNKNOWN, BUT PROBABLY NOT PRESENT 3
CHORDS ABSENT 4

Table C-21. Seismicity Ratings of MM Intensities (Field Evaluation Method)

r+I INTENSITY SEISMICITY RATING (IR)

VIII OR HIGHER 1
VII 2
VI 3

V OR LESS 4
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Table C-22. Risk Rating of Buildings (Field Evaluation Method)

RATIOS OF (SR) TO (IR) RISK RATING
LESS THAN 1.0 GOOD
1.0 TO 1.4 FAIR
1.5 TO 2.0 POOR
MORE THAN 2.0 VERY POOR

C.2.2 Wiggins et al. Rating Method

The Wiggins et al. rating method depends on ratings for the following items:

• framing system and/or walls (vertical load carrying system)
• diaphragm and/or horizontal bracing system
• parti tions
• special hazards, including building layout, design, and soil con-

ditions
• physical layout
• importance factor for structure
• severity of seismic environment.

Put into a summary form, the risk safety factor for a given structure is
evaluated in accordance with the following equation:1

wherein

Risk Safety Factor (R )s
352 (DAF) s • Ar

180 - (F+D+P+PC+SH) (C-2)

F rating of framing system and/or walls
D rating of diaphragms and/or bracing system
P rating of partitions

PC rating of present condition
SH rating of special hazards

(DAF) dynamic amplification factor based on general soilss wherein

(DAF) s

5 for "A" earth materials
4 for "B" earth materials
3 for "c" earth materials

1In the equation, the factor 352 is derived from 180/0.44, wherein 0.44 is
a function of expected increase in lives lost as Ar increases. If Ar
doubles, for instance, the expected risk factor would multiply by 1/0.44,
or 2.3. As better data are available, this factor can be determined more
accurately.
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maximumbedrock acceleration (as percent of g)
expected during lifetime of the structure.

(1.) Framing System and/or Walls:

The framing system and walls refer to the vertical load carrying
system of a structure, whether it consists of independent framing
of columns and beams or bearing walls, or a combination of bearing
walls and framing. Frames may also be lateral force resisting;
walls may also be shear walls.

(2.) Diaphragm and/or Bracing System:

The diaphragm and/or bracing system refers to the horizontal
bracing systems or diaphragms, if any, which operate to distribute
lateral forces applied aga:j.nst the structure to the vertical re-
sisting elements of the structure.

(3.) Partitions:

Parti tions refer to interior walls which may, depending on their
number, design, and condition, resist lateral forces applied to
the structure and furnish support to the floors and roofs despite
the loss of the exterior bearing walls of the structure.

(4.) Special Hazards:

Special hazards refer to deficiencies in a structure' s layout,
design, soil conditions and/or location with respect to other
structures or areas where people might be present during an earth-
quake. The grading score shall be directly proportional to the
life hazard presented by the special characteristics of the build-
ing including, but not limited to, building dimensional plan;
asymmetrical bracing or shear wall systems; building height, pre-
sence of inadequately secured parapets, fire escapes, gargoyles,
light fixtures, heavy equipment, and other things which might be
dislodged during an earthquake; location of the structure on poor
soil and/or unstable soil, adverse geologic conditions, and the
presence of lower-height structures, pedestrian mallways or walks,
and other areas of human concentration in such relation to the
structure as to expose same to the danger of falling debris from
the structure.

NOTE: The Building Department shall have the authority to initi-
ate action for the abatement of special hazards when the
grading points are 35 or more in this particular category,
even though the structure as a whole receives a grade of
less than 100.

(5.) Physical Condition:

Physical condition refers to present structural integrity.

~~hefollowing definitions are used for various categories of earth materi-
als:
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(1) "A" Earth Materials

Type "A" earth materials consist of unconsolidated to poorly con-
solidated sediments deposited within the past 11,000 t years
(Holocene). These sediments were primarily deposited by streams
(that is, they are alluvial deposits). However, small areas of
lake, marine, and eolian (wind laid) deposits are also present.
These deposits consist of interlayered and interfingered clay,
silt, sand, gravel, cobbles, and various combinations of these
materials. Minor amounts of organic material are probably present
in some areas. Portions of these materials may be subject to
seismic or hydro consolidation or consolidation due to loading.

(2) "B" Earth Materials

Earth materials designated as type "B" consist of semi-consoli-
dated to moderately consolidated sediments. Most of these materi-
als were deposited during the Pleistocene (11,000 t to 2,500,000 t
years ago) although some may be slightly older. The nature of
deposits and composition of these materials is similar to the type
"A" earth materials except that a larger portion of the type "B"
earth materials are marine in origin. The main difference between
the type "A" and "B" earth materials is thus the greater degree of
consolidation of the "B" earth materials. Landslides sometimes
occur in these materials where oversteepened slopes exist.

(3) "c" Earth M"aterials

Earth materials designated as type "c" consist primarily of well
consolidated sedimentary rocks of Tertiary age of older (older
than 2.5 t million years). Type "c" earth materials within the
City include conglomerate, sandstone, siltstone, and shale. Minor
amounts of volcanic rock are also included within the type "c"
earth materials. These "c" earth materials range from massive to
very well bedded. Slope failure can occur in this material.
Failure in these materials is commonly along bedding planes or
weaker units (uncemented clay-shale or clayey silt shale) within a
bedded sequence. Such planar features are natural zones of weak-
ness.

(4) "D" Earth Materials

Earth materials designated as type "D" consist of dense igneous
and metamorphic rocks. In addition, some very well consolidated
and lithified, pre-Tertiary (more than 63 t million years old)
metasedimentary rocks are included in this classification.

These rocks contain joint planes, rock cleavage, or foliation
planes. These planes of weakness along which landslides may
occur.

Tables C-23 through C-27 explicate F,D,P,PC, and SH factors, respectively.
A total of 180 points is possible for F+D+P+PC+SH.For general purposes,
life hazard potential is rated low if a building receives 5 - 50 points,
intermediate if a building receives 50 - 100 points, and high if a building
receives 100 - 180 points. Since Q=4 or Q=5 structures should not be in-
spected, these values generally correspond to Q=3 (low), Q=2 (intermediate)
and Q=l (high) vulnerability categories. For uniformi ty of application of
this method, however, the risk safety factor is included since it also in-
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corporates variations in seismic shaking hazard.2 In general, buildings may
be categorized as follows based on risk safety factors:

Highest Risk

Next Highest Risk

Third Highest Risk

Lowest Risk

R >2.0s

2.0>Rll.5

1.5>Rll.0

1.0>R s

For example, if a structure is rated at 100 (F+D+P+PC+ SH), and Ar = 0.20g,
and it is located on "B" earth materials, then for the structure R = 3.52.
In terms of Balkan region structures to be surveyed, it is expecte~ that A
(based on hazard studies plus assumptions on the life-span of the structure;
will be higher in many regions, and that structures will often exceed a
rating above 100. Hence, the R factor can be used to calibrate comparative
risk of structures in the highes\ risk category.

In application of the foregoing risk factors, one may also wish to incorpo-
rate strength multipliers for varying degrees of structural importance.
Table C-28 provides one means of identifying structural importance. As
indicated earlier, such importance factors may also be modified with respect
to density of usage. Relative to Table C-28, one may multiply Rs by the
following factors (in order to obtain R'):s

STRUCTURE CLASS

1

2

3
4
5

STRENGTH MULTIPLIER

2.10
1.64

1.28

1.00
0.78

The grading of special hazards themselves may lead to requirements by in-
spectors that those special hazards be abated. In addition, Rs factors can
be used to estimate expected deaths.

2If one constructs a worst average vulnerability curve from U.S. sources,
one finds that expected losses are multiplied by 4.34 for one site as
opposed to another if Ar is doubled. If one uses Q=l and Q=3 vulnerability
curves, this factor becomes 7.78 and 7.31, respectively.
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APPENDIX D

ANALYTICAL TREATMENT OF SEISMIC RISK

This appendix is addressed basically to technical bodies of government
agencies which set practical guidelines to provide for a satisfactory degree
of safety to the existing building stock. Qualified practitioners may also
use this appendix as a guide for improved understanding of the seismic risk
affecting the existing building stock.

The conceptual framework presented here agrees with the general concepts
adopted by UNDRO, [11], and also adapts these seismic risk concepts to ex-
isting structures. This adaptation uses the work of Working Group B
"Vulnerability and Seismic Hazard" of the UNDP/UNESCO Project RER/79/014,
"Earthquake Risk Reduction on the Balkan Region." [12]

The basic concepts, as ordered and defined in [11], are:

1. Natural Hazard -- the probability of occurrence within a specified
period of time, in a given area, of a potentially damaging natural
phenomenon;

2. Vulnerability -- the degree of loss to a given element of risk
tiiSElll4 following) or set of such elements resulting from the
occurrence of a natural phenomenon of a given magni tude and as
expressed on a scale from 0 (no damage) to 1 (total loss).

3. ~ecific Risk -- the expected degree of loss due to a particular
natural phenomenon and a function of both natural hazard and
vulnerability.

4. Elements At Risk the population, properties, and economic
activities including public services at risk in a given area.

5. Risk -- the expected number of lives lost, persons injured, damage
~roperty, disruption of economic activity, resulting from a
particular natural phenomenon; risk is therefore the product of
specific risk and elements at risk.

These definitions rely on a consistent philosophy. Yet their generality
makes them insufficiently accurate for the needs of more detailed seismic
risk assessments of existing buildings. In a broad sense, seismic risk is a
product of a system of random factors. Major sources of randomness are
represented by the basic data of the problem: the natural hazard (in this
case, seismic hazard), the vulnerability of structures (in this case, the
seismic vulnerability) and the elements at risk. Since seismic risk evalu-
ation relies essentially on forecasting events (natural events and effects
upon man-made works), quantification techniques must rely on probabilistic
concepts. These concepts will be applied to characterize basic data as well
as to derive conclusions on specific risk and also risk.

A first adaptation of the UNDRO definitions of basic concepts is made here
(and elaborated mathematically in later sections of this appendix):

1. Seismic Hazard -- the sequence of seismic actions of various
intensi ties and other characteristics (like spectral character-
istics, duration, etc.) expected (in a probabilistic sense) to
affect a given site during a specified period of time.
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2. Seismic Vulnerabili ty -- the distribution or damage and/or loss
resulting from seismic action, considered as a function of an
appropriate measure of the seismic action affecting a structure
dealt with.

3. Specific Seismic Risk -- damage and/or losses expected (in a prob-
abilistic sense~ffect a structure and its occupants and con-
tents during a specified period of time, given that the elements
at risk are permanently exposed.

4. Elements At Risk -- the people, property, cultural values, etc.
that can be affected by the seismic action and that mayor may not
be exposed in connection with a given structure.

5. Seismic Risk -- the damage and/or losses expected (in a probabil-
istic sense) to affect a structure and the other elements at risk
related to that structure during a specified period of time and as
a result of seismic action.

These adapted definitions are related to site-specific structures. Their
revision would be obviously needed were one to consider geographically dis-
persed building stocks, lifelines, etc.

It may be noted that:

a) the specific risk must be evaluated by means of appropriate con-
volutions of the basic data related to seismic hazard and seismic
vulnerability (see in this sense Section D.4);

b) the risk must be evaluated by means of appropriate convolutions of
the basic data related to elements at risk and previously obtained
.specified risk evaluation results or products (to which con-
volutions may be reduced under definite conditions).

Figures D-l, and D-2, which present flow-charts corresponding to steps a and
b, respectively, give also a general idea about the outline of Appendix D.

BASIC DATA: SEISMIC HAZARD
CHARACTERISTICS
(SECTION D.2)

SEISMIC VULNERABILITY
CHARACTERISTICS
(SECTION D.3)

OPERATION:

RESULT:

Figure D-l. Evaluation of Specific Risk

Engineering codes at present employ basically deterministic formats to char-
acterize hazard, structural strength, ductility, etc. In later sections,
code parameters will be related to those parameters proper to a probabil-
istic approach. These relations allow one to investigate how varying code
parameters influences safety, and to exhibit how code parameters are affect-
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ed by expected subsequent service duration, and also building importance, as
well as elements at risk.

BASIC DATA:
SPECIFIC RISK
CHARACTER I STI CS
(SECTION 0.4)

ELEMENTS AT RISK
(SECTiON 0.5)

OPERATION:

RESULT:

Figure D-2. Evaluation of Risk

D.2

D.2.1

HAZARD CHARACTERIZATION

General

The earthquake hazard at a site represents basically a sequence of seismic
actions believed to affect that site in the future. Current knowledge does
not permit a deterministic prediction of seismic events. Expectation of
future seismic events is therefore considered in terms of numbers of events
exceeding certain appropriately defined sizes, and as functions of the
future time interval considered. The results of these probabilistic analy-
ses lead to the specification of various design parameters, like those dealt
with in Section D.2.

The earthquake action may be present in two basic forms:

a) catas trophic forms, like earthquake-induced landslide, rockfall,
subsidence, or ground rupture;

b) normal forms, like motion of ground-structure interface for
elevated structures, imposed deformations for embedded structures,
etc.

This distinction is of major importance for subsequent activities connected
with the mitigation of risk in existing structures. In case the form (a) is
present, it is not possible in practice to adopt measures of strengthening
existing structures, such as to reduce the earthquake risk. The basic
question is whether and to what extent to tolerate further exposure (which
may include the acceptable period of subsequent service as well as the ac-
ceptable level of exposure of elements at risk). In cases where only form
(b) occurs, the various possible measures of strengthening of structures may
be efficient in mitigating the risk. Decision makers can consider a wider
spectrum of possible ways to confer a sui table degree of safety for the
future.

The characterization of earthquake hazard at a given site involves two basic
aspects:

a) characterization of an individual occurrence of seismic action;
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b) characterization of a sequence of occurrences of seismic action
(expected to affect the site considered).

The appropriate characterization of earthquake hazard as well as the various
methodologies used for the quantification required basically respresent
concerns of engineering seismology.

The parameters used for ground motion characterization in this manual are
compatible with code formats. Since no single code format is accepted for
all countries where this manual is to be used, the users must themselves
correlate the format adopted in this manual with the formats of national
codes. Since this manual is concerned with protection of structures against
expected future events, some kinds of envelopes of future events believed
not to be exceeded with some reasonable probability should be basically
considered.

This section covers first characterization of an individual ground motion
for use in engineering acti vi ties, and second a corresponding characteri-
zation of sequences of ground motions occurring at a specific site. Final-
ly, relations are developed between code formats and more analytical
characterizations of seismic hazard required for appropriate seismic risk
analyses.

D.2.2

D.2.2.1

Characterization of an Individual Ground Motion

An actual ground motion is defined basically by means of its (corrected,
free-field) accelerogram at a designated site. If the time history of
ground acceleration in a given direction is wg(t), its effects upon linear
SDOF (single-degree-of-freedom) systems are described by the response
spectra for:

a) absolute acceleration,

-n w( t-t')e sin w' ( t- t') w (t') dt' Ig
(D.2.1a)

b) relative pseudo-velocity,

I e-n w(t-t') sin w'(t-t') w (t') dt'l
g

(D.2.1b)

c) relative displacement,

-n w( t-t')e sin w' ( t- t') w (t') dt' I
g

(D.2.1c)

The system parameters used are:

a) the (undamped) natural circular frequency, w;

b) the fraction of critical damping, n;

c) the (undamped) natural frequency, f = !L
21t (D.2.2a)
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d) the natural (undamped) period, T = :~ = ~

e) the reduced (damped) natural circular frequency,

w' = w 1_n2

The approximate relations

Sd(T,n) ..~ S (T,n) .. -1.._ S (T n)
w p ,2 a '

w
are valid.

(D.2.2b)

(D.2.2c)

1.0

0.1

0.001

0.1 1. 10.
f(Hz)

(log)

Figure D-3. Spectral Accelerations, Spectral Pseudo-Velocities and
Corner Frequencies for Two (High and Low Frequency)
Response Spectra (n=0.05)

The three response spectra defined by relations (D.2.1) may be represented
by a unique plot (tri-partite diagram), as in Figure D-3, where illustrative
examples are given for the spectra of a low (predominant) frequency motion
and for a high (predominant) frequency motion, as determined for n = 0.05.
An actual motion can be characterized in a simple manner by a spectral acce-

- -leration S and by a spectral pseudo-velocity S , as drawn in that figure.a p __
The straight lines corresponding to the spectral characteristics Sand S
play the role of envelopes and may be exceeded only locally by onl to tw8
narrow peaks of the response spectrum. The crossing of the straight lines
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corresponding to the spectral acceleration and to the spectral pseudo-velo-
city defines the corner frequency fc:

1 Sa

2lt S
p

(where consistent units are used for measuring Sa and Sp)'

The corner frequency may lie in the range from 0.4 to 0.8 Hz. for low
frequency motions and from 1.5 to 4.0 Hz. for high frequency motions (the
latter being the most common under conditions of crustal sources and harder
soil) •

It may be useful to characterize a ground motion by means of the peak ground
acceleration,

and, correspondingly, of a non-dimensional dynamic factor, the normalized
response spectrum (of absolute acceleration),

S (T,n)
S~ (T,n) = apGA (as a result, n = 0.05) (D.2.6)

It may be useful also to characterize a ground motion by means of the ef-
fective peak acceleration (EPA) and effective peak velocity (EPV), defined
by means of the relations

EPA 1 - (D.2.7a)-S2.5 a
and

EPV 1 - (D.2.7b)=-S2.5 p

A ground motion may also be characterized by means of the macro-seismic (MSK
or MM) intensity, 1. In case there exists a record of ground motion, the
macro-seismic (MSK or MM) intensity be estimated by means of the r~lation

I 10g4 EPA(m/s2) + 10g4 EPV(m/s) + 8 (D.2.8)

10g4 [EPA(m/s2) x EPV(m/s)] + 8

with an averaging of the products EPA x EPV obtained for two orthogonal
horizontal directions.

To illustrate the use of previous relations, one can consider in Table D-1
two examples of motions of intensity VIII,

D.2.2.2 Idealized Ground Motions and Code Provisions

The accelerograms, as well as the response spectra of actual ground motions,
exhibit considerable randomness. Accelerograms and response spectra are
always different even for different ground motions occurring at a single
site and from the same source zone. Practiaally speaking, ground motions
must be idealized at a level that is compatible with available knowledge and
technology for forecasting motions expected to affect a designated site.
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Table D-l. Examples for Parameters Characterizing Motions of Intensity
I = VIII According to Relation (D.2.8)

TYPE OF MOTION
PARAMETERS

LOW PREDOMINANT HIGH PREDOMINANT
FREQUENCY FREQUENCY

fc (Hz) 0.64 2.55
- (m/i)S 5. 10.a-
Sp (m/s) 1.25 0.625

EPA (m/s2) 2. 4.

EPV (m/s) 0.5 0.25

Current advanced design codes are based on the
design coefficient (related, as a rule, to any
slational motion of ground) may be determined
an expression

c (T) = k ß(T)~,s s

where ks is a non-dimensional ratio

response spectrum concept. A
horizontal direction of tran-
in principle on the basis of

ks
= PGA

g
(or = EPA)

g (D.2.10)

(g = acceleration of gravity);

PGA = peak ground acceleration of design motion defined on the
basis of expression (D.2.5)

ß(T) = an idealized, normalized response spectrum for absolute
acceleration, corresponding basically to the expression
(D.2.6), but extrapolated for future ground motions

~ = a reduction factor, depsnding on the type of structure
dealt with, that permits one to take into account the
ability of structures to withstand earthquakes as a re-
sult of strength reserves as well as ductility reserves

The idsalized normalized response spectrum ß(T) should correspond to the
types of motions having occurred (and anticipated to occur) at a site. They
should accord with the features of specific earthquake mechanisms and of
site conditions. Illustrative examples of such dynamic factors are given in
Figure D-4 for low frequency motions and for high frequency motions, re-
spectively. For some sites, different classes of motions of different pre-
dominant frequencies may be important to consider along with appropriate,
different, dynamic factors ß(T) to be defined accordingly.
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ß(T)

3.0
2.5
2.0
1.5

1.0

0.5

o

LOW FREQUENCY
SPECTRUM

o 0.5 1.0 1.5 2.0 2.5 3.0 T(s)

Figure D-4. Examples of Normalized Response Spectra (Dynamic Factors)

Characterization of Sequences of Ground Motion Affecting a Site

Sequences of Past Ground Motions

Consider the sequence of past seismic motions having affected a given site
over the last decades or centuries, and imagine that the normalized, smooth-
ed response spectra of those earthquakes are rather similar (more precisely,
that corner frequencies, as defined by expression (D.2.4), are about the
same). In this case, it is possible to characterize statistically the
sequence of past events in terms of such statistics as spectral acceler-
ations (S ), effective peak accelerations (EPA), peak ground accelerations,
(PGA), an~ macroseismic intensities (I). These intensity parameters may be
denoted by q, and the time duration referred to is T. It is then possible
to consider the numbers of events N(q,T) having exceeded given thresholds q
during the time T. The number N(q,T) will monotonically decrease when q
increases and monotonically increase when T increases.

In contrast, the response spectra of past events may have been greatly dis-
similar -- the corner frequencies may be relatively low for some events
(e.g., for motions due to larger magnitude earthquakes with remote sources)
and relatively high for other events (e.g., for motions due to smaller
magnitude earthquakes with nearby sources). In this case, it is suitable to
consider distinct classes of motions corresponding to different shapes of
the normalized response spectra, or, more specifically, to different corner
frequencies. One could, for instance, consider two classes of earthquakes
with corner frequencies of approximately 0.6 Hz. and of approximately 2.0
Hz., respectively. In this case, it makes sense to consider separate stat-
istics for each of the classes of motions referred to.

Probabilistic Characterization of the Sequences of Future Events

The forecast of seismic events expected to affect a definite site represents
an extrapolation from past experience. The sequence of future events will
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N(q. T)

(109 )

100.

10.

1.

0.1

0.01

Figure D-5. The Expected Number of Exceedance Cases for a Type II
Extreme Value Distribution (Maxima)
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be characterized basically by probabilistic concepts and will hence be con-
sidered to be a stochastic process. If no evidence exists to the contrary,
it may be assumed that this process is stationary (i.e., the expected
sequence of events for a time interval does not depend on the origin of the
time interval considered) and that the sequence of future events does not
depend in a probabilistic sense on the sequence of past events. These as-
sumptions imply that the sequence of seismic events is a Poisson process.

Statistical analysis of the seismic activity of various source zones, as of
the earth as a whole, shows that a law such as

log N = a - bM, (D.2.11)

fits well for magnitudes M not exceeding some upper bound for the zone (in
the above equations, a and b are constants, M is the Richter magnitude and N
is the number of events of magnitudes higher than M, occurring during a time
interval of definite (long) duration). In fact, the constant "a" depends on
the time interval considered. This type of law is valid, under similar
limitations, for the macroseismic intensities affecting a specific site. In
a similar way, a law such as

log N = a' - b' log PGA (D.2.12)

will be valid, under homologous limitations, for peak ground accelerations
affecting a site, or for such other kinematic parameters as S or EPA. The
law (D.2 .11) represents an extreme value distribution of tyG'e I (maxima),
while the law (D.2 .12) represents an extreme valus distribution of type II
(maxima) •

An accurate hazard characterization requires more accuracy in describing
extreme value distributions and, also, a discussion of the connection be-
tween these laws and the probabilities of non-exceedance of some given
thresholds of intensity, peak ground acceleration, etc. Any of the laws
(D.2.11) or (D.2.12) is compatible with the relation

N (q;T) = T Jr~s(q) dq,
q

where N (q; T) is the expected number of occurrences of ground motions of
intensi ty exceeding q, during a time interval of duration T, while s(q) is
the densi ty of expected number of ground motions of intensity q for a unit
time interval (unit may mean one year, or possibly a century, etc.; the
intensity q is understood in a broad sense and it may reprssent MSK inten-
sity, PGA, etc.). The (average, or expected) return period of a value q,
T (q), is given by the condition

N (q; T (q)) = 1 (D.2.14)

For two different values ql and q2' one may use the following conventions:

(D.2.15)

The type II law (D.2.12) may be rewritten more accurately in the form
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(10g2q2-l0g2q) lnT1 + (10g2q-1og2ql) lnT2
ln T - --------------------

lo~~ - 10g2Ql
(D.2.16)

The homogeneity of relation (D.2.16) permits one to replace the bases e of
ln and/or 2 of 10g2' However, this is the most natural form, since 10g2q
(where q is a kinematic parameter) increases in the same way as the macro-
seismic intensity, so that it leads directly to a type I law:

(I2-I) lnT1 + (I-I1) lnT2ln N( I; T) = ln T - ---------.----I2 - I1
(D.2.17)

At the same time, the use of natural logari thms brings some simpli fica tion
in the calculation of derivatives. The density s(Q) introduced by the re-
lation (D.2.13) corresponding to the law (D.2.16) will be

s(q)
(In T2 - ln Tl) 1

( ln q2 - ln Ql) q (D.2.18)

where, again, the commonlogarithm base could be changed.

The law (D.2.16) is illustrated in Figure D-5. The law (D.2.17) would imply
replacement of the logarithmic scale of abscissa by means of a natural scale
(for macroseismic intensities or Richter magnitudes).

The probabilities of m occurrences with intensities exceeding Q will be

G (Q;T)m

(m = 0,1,2 ••• )

IN(q~~>lm exp [-N (q;T)] = rT/T~f)lm exp [-Tir(q)]

(D.2.19)

In particular, the non-exceedance probability of a value q will be

Go (q;T) = exp [-N(q;T)] = exp [-~]
T(q)

and it is given in Table D-2 as well as in Figure D-6.

(D.2.20)

The upper part of Table D-2 may be read as follows: during a period of
service half as long as the return period of a value q, the non-exceedance
probability of that value is .607. The lower part of Table D-2 may be read
as follows: in order to provide a non-exceedance probability of .7, the
return period must be 2.80 times longer than the duration considered (e.g.,
for a service period of 50 years, the corresponding return period must be
140 years).



212

Table D-2. Values of the Non-Exceedance Probability, Go(q;T)

- TN(q;T) .. -=-- Go(q;T)
T(q)

.1 .905

.2 .819

.3 .741

.4 .670

.5 .607

.6 .549

.7 .497

.8 .449

.9 .407
1. .368
1/9.49 .9
1/4.48 .8
1/2.80 .7
1/1.96 .6
1/1.44 .5

1.0 .0000434
0.8 .00182
0.6 .01867
o 4 .08112
• .20497 I, GO(q,T)g:~ .36788 ~

-0.2 .53208
-0.4 .67159
-0.6 .77788
-0.8 .85343
-1 .90484
-1.2 93885
-1.4 .96097
-1.6 - - - - - - .97519
-1. 8 - - - - - - - .98428
-2 -- - - - - .99005
-2.2 - - - -"- - .99371
-2.4 - - - - - - .99603
-2.6 - - -- - - - .99749
-2.8 - - -- - - - .99842
-3. - - - -- - .99900

Figure D-6. Relation Between Expected Number of Exceedance Cases
and Non-Exceedance Probability
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The hazard characterization given by the previous relations is basically
appropriate in case one can consider, for a definite site, a unique class of
seismic motions (characterized by rather similar normalized response
spectra). In contrast, when several distinct classes of motions must be
considered, relations (D.2.13) through (D.2.20) apply separately to each of
the classes. Consideration of the combined effects of all classes of
motions will be made in connection with specific risk evaluation (see
Section D.4).

D.2.4 Additional Comments on Seismic Hazard in Connection with Code
Provisions

It was mentioned previously that relation (D.2.9) is used to specify a de-
sign spectrum, that the factors ks and ß(T) occurring in the memberof that
relation are connected with the features of ground motions, and that the
reduction factor ~ is related to the features of structural performance.
The dynamic factor ß(T) will be adopted to lead to basically equal exceed-
ance probabilities for sites with different local conditions. In one way or
another, codes prescribe some differentiations of the values of the factor
ks for a similar site but in order to provide different safety levels to
structures of varying importance.

In order to analyze the influence of variations of the factor k on the
level of safety, it is useful to consider the definition (D.2.141 of the

return period T (q) and to apply it in connection with the relation
(D.2.16). Based on expression (D.2.16), condition (D.2.14) leads to the
expression

(D.2.21)

or, what is equivalent, using base 10 logarithms,

(D.2.21 ')

. 10gT2 - 10gT1
The rat~o ------- should belong, as a rule, to the interval (1.5,

10gq2 - lOgql
2) • Thus, an increase of ks by 50% implies an increase of T (q) by some

100%, while an increase of ks by some 100%implies an increase of T (q) by
200%to 300%.

Should exceedance probabilities 1 - Go(q; T) be low, then, as a consequence
of (D.2.20),

1 - Go(q;T) = 1 - exp[- ~-] M ~
T(q) T(q)

(D.2.22)

A doubling of T(q) leads to a halving of the ratio~, i.e., of the number
of cases of exceedance, etc.. T(q)
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VULNERABILITYCHARACTERIZATION

General

A facility subjected to strong seismic action may be affected in many dif-
ferent ways. Physical damage of various degrees (apparent or hidden) may
occur at different points or zones and losses of various sorts (to people,
property, cultural values etc.) may occur. The physical damage as well as
the earthquake induced losses will depend first on the intensity of seismic
action. However, direct post-earthquake observation of damage and other
effects evidences considerable randomness in the degree of damage and loss,
even for structures designsd identically and subjected to nominally equal
seismic intensity. This randomness, as well as the practical impossibility
of accurate deterministic analysis of individual structures, makes it neces-
sary to consider a statistical distribution of damage and losses. One can
consider, for instance, damage and loss histograms derived from post-earth-
quake surveys; one can also consider damage and loss distributions predict-
ed on the basis of a probabilistic analysis of structural behavior and of
earthquake induced losses.

Accordingly, the vulnerability of a type of building or other structure will
be represented by a distribution (in the probabilitic or statistical sense)
of earthquake induced damage and losses, considered as a function of seismic
intensity.

One can distinguish here between observed vulnerability and predicted
vulnerabili ty. The observed vulnerability represents basically a system of
histograms of the degrees of damage and loss (defined separately for dif-
ferent seismic intensities) as derived from post-earthquake surveys. The
observed vulnerability can be related to a given class of buildings or other
structures.. Each class must be sufficiently homogeneous relative to layout,
nature and quality of materials, etc. In contrast, the predicted vulner-
ability represents a family of distributions of damage and loss, depending
on a parameter representing the seismic intensity. The predicted vulner-
ability can be related to a specific type of building or other structure.
Consideration of a broader class of structures including several types of
buildings will lead to some corresponding averaging.

The vulnerability of a class or type of buildings will be related to a
single occurrence of seismic action. Following a strong earthquake, the
intervention of man will as a rule change the characteristics of a building
affected by an earthquake so that its vulnerabili ty will be modified (even
if no intervention occurs, the damage produced by a strong earthquake will
have some more or less serious negative implications for its vulnerability).
While vulnerability is related to an individual seismic event, specific risk
and risk (as dealt with in subsequent sections of this chapter) are related
to sequences of earthquakes expected to affect the site during a specified
period of time.

A classification of the possible kinds of seismic action was given in
Section D.2.1. That classification is significant from the viewpoint of
vulnerabili ty too. In case seismic actions occur in the form (a) ("catas-
trophic"), the vulnerability of a structure will be in principle total,
i. e., total destruction, with corresponding implications for human life and
property. Vulnerability ceases in this case to be a characteristic of a
structure; the hazard will be directly converted into specific risk. In
the normal case, when seismic actions occurs in form (b) ("normal"), damage
and losses involved may be very different and the vulnerability of a struc-
ture is a significant, basic element in the risk assessment procedure.
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Engineering analyses must be focused on the evaluation of predicted vulner-
ability. These may rely on data on observed vulnerability, as obtained from
appropriate damage surveys (see Chapter 2), from techniques of evaluation
(see Chapter 5), and from other evaluation methods or sources in the litera-
ture.

Parameters of Reference for the Vulnerability Characteristics

Characterization of vulnerability requires adoption of appropriate specifi-
cations with respect to:

a) the class or type of structure;
b) the damage or loss due to seismic action;
c) the seismic action.

The specifications given in Chapter 2 of the manual in relation to the
classification of structures and to the evaluation of damage should be con-
sidered in this regard. Besides those specifications, some general recom-
mendations are given later.

The classification and description of structures should consider the follow-
ing main characteristics and data:

1 • Type of structural system.

2. Foundation conditions.

3. Azimuthal orientation.

4. Dynamic characteristics (primarily fundamental periods correspond-
ing to oscillations along different directions).

5. Age (year of construction).

6. Degree of engineering (design, materials, workmanship, in-
spection).

7. Estimates on the degree of protection against lateral forces (base
shear coefficient corresponding to limit of elastic stage,
ductility characteristics and limit deformations for horizontal
and/or vertical forces).

8. Data on previous overloading (earthquakes, other accidents), cor-
rosion etc.

9. Function.

10. Outline drawing.

The assessment of degree of damage or loss of function for a given structure
should consider following general guidelines:

1. The degree of damage will be estimated by a method consistent with
that used to evaluate MSK macroseismic intensity. A calibration
from 0 (no damage) to 1 (collapse) is recommended.

2. Whenever possible, a distinction will be made between damage
undergone by structural members and damage undergone by non-struc-
tural members.
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3. For a definite class of structures, specific guidelines should be
elaborated to convert degree of damage into percent diminished of
the capacity to resist seismic action, given the cumulative nature
of damage.

4. For a definite class of structures, specific guidelines should be
elaborated to convert degree of damage into losses (economic loss-
es, risk for people, potential chains of effects).

Section D.A.2 provides further details on damage quantification techniques
as used in the 1977 engineering post-earthquake surveys in Romania.

The seismic action should be characterized according to the specifications
given in Section D.2.2. The parameter q used in further relations may re-
present S or EPA, given specification of the predominant frequency (or of
the cornlr frequency) of the class of seismic ground motions considered.
For a site expected to be affected by seismic actions belonging to different
classes (as referred to in Section D.2.3), vulnerability characteristics may
be specified separately for the different classes of motions believed to
affect the given site.

Quantification of Vulnerability

The quantification of vulnerability considered in this section is related to
the observable damage degree (DD). It is assumed here that a discrete
system of increasing damage degrees Dk is defined for a class of structures.

The observed vulnerability is characterized in this case by the relative
frequencies fk(q) of the damage degrees Dk owing to a seismic action of
intensi ty q. The predicted vulnerability is characterized by the probabil-
ities Pk(q) of the damage degrees Dk owing to a seismic action of intensity
q. While the parameters fk(q) represent essentially a family of h~stograms,
the parameters Pk(q) represent a family of discrete probability distri-
butions.

Intensities q may also be discretized or lumped into some values qj that are
consistent with integer macroseismic intensities or with halves of such
integers also. In this case, the functions fk(q) and Pk(q) will be replaced
by matrices of values fk/. or Pk/" respectively (called also damage prob-
ability matrices). J J

Vulnerability Evaluation

The evaluation of vulnerability of structures should rely first on a deter-
ministic approach, intended to exhibit some qualitative features of struc-
tural behavior as well as the specific parameters of reference for a type of
structure dealt with. This step should be then completed by a probabilistic
approach, aimed basically to estimate the scatter of specific character-
istics and thresholds of the type of structure considered.

Some recommendations for the deterministic step are made later. Consider
for example a simple, low-rise building, as represented in Figure D-7. The
analysis of the performance of such a structure could lead to a relationship
between the (static) lateral force fez) and the (static) internal de-
flection, u, as in Figure D-8. In order to develop this relationship, it is
necessary first to identify the various possible failure mechanisms and next
to determine (in a deterministic formulation) the various deflections Uk and
forces Fk corresponding to the damage degrees Dk' Consider in this relation
a distribution of deflections
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Figure D-7. Scheme of a Simple Structure
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Figure D-8. Force-Deflection Characterietic of the System of Figure D-7

v(Z) = u T)(z) (D.3.1 )

where u is the deflection at some reference point (e.g., at the upper floor)
and T)(z) is an influence coefficient. An equivalent mass me may be defined
on the basie of distributed mass, ~(z):

me = I~(z) T)2(z) dz (D.3.2)

An equivalent force Fe may also be defined:

Fe =If(z) T)(z) dz

An equivalent static acceleration, ae, will be given by the expression
Fe

ae = m- (D.3.4)
e
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k e

The natural circular frequency wI can be evaluated (in the elastic range) by
means of Rayleigh's formula,

2 ae Fe
wI = u iiiU

e
The corresponding stiffness, ke, will be given by the relation

2 Fe
me wI = u

By extension, one can consider the approximate values of wI and ke cor-
responding to non-linear behavior. A simple way to do this ~s represented
by the "secant" stiffness and the corresponding natural frequency. The
points Dk on the plot will correspond to some specific damage degrees, or
levels, or thresholds (e.g., failure of infill masonry, plastic hinges in a
framed structure, failure of lintels for a bearing wall structure). In
Figure D-8, some hysteresis loops corresponding to the various loading
ampli tudes are also desirable to determine. The equivalent fraction of
critical damping, ne, can be evaluated by means of the relation

n = 1..... ~~~~~si~~_l!!:~~_ (D.3.7)
e 4~ potential energy area

A representation as in Figure D-8 makes it possible to construct a relation-
ship between the equivalent fraction of critical damping, ne, and the ampli-
tude (u). A tripartite diagram, as in Figure D-9, can be used to represent
the relationship between u and wI and to discern from the plot the points
(and the associated vertical straight lines) that correspond to various
values of the fraction of critical damping, such as n = 0.05, 0.10, and
0.20. Through superimposing the plot representing the relationship between
u and wI on the plots representing a family of design spectra for various
values n, one can obtain an approximate idea about the level of loading
and damage. The intersection of the (u, wI) plot may be considered with the
design spectra corresponding to a value ~n that is equal to ne (u) or ne
(wI) [7]. Especially for rigid buildings, it is important to consider the
total equivalent deflection, Utotal' given by the expression

u =u +utotal structure ground

where ugrol,lnd is the deflection corresponding to ground compliance (Figure
D-l0). Th~s simplified approach may be suited for evaluation of relatively
simple structures, as mentioned previously. But more refined approaches are
required for structures where the identification of failure mechanisms re-
quires first the consideration of several D.O.F.

As a first approximation, probabilistic evaluations required by vulnerabil-
ity analysis could be made through determining the expected values of Fek
and uk in Figure D-8, the corresponding root mean square values and, the
correlation between Fek and uk' As a result, ellipses can be plotted as in
Figure D-ll, characterizing the r.m.s. (root mean square) scatter of the
points Dk' These ellipses can be converted into ellipses on the tripartite
plot, as in Figure D-12. The degree of confidence of not exceeding some
damage degree Dk may be estimated in this case by means of the ratio of the
radius r from the plot to the design spectra, to the radius r of the
ellipse in the same direction, as for a normal (Gaussian) distAbution.
Under these assumptions, it is possible to estimate the conditional prob-
abilities Pk/j referred to in Section D.3.3. This approximation may be made
by first cons~dering the family of smoothed spectra (for different values n)
corresponding to a given intensity (e.g., EPA) q = qj' Next, for the damage
level Dk (which corresponds to a certain value n = nk)' one evaluates the
minimumratio r/re for the various directions, starting from the center of
the ellipse corresponding to the damage degree Dk'
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Figure D-12. Stiffness-Deflection Characteristic Versus Spectrum
Considering Randomness of Material Properties

Background data on vulnerability characteristics come from some estimates
given in [10] about the conditional failure probability as a function of the
ratio of EPA characterizing an actual ground motion to the EPA used for
design. The data plotted in Figure D-13 represent estimates referring to
structures engineered according to U.S. practice. Results obtained from
post-earthquake surveys provide another source of relevant information.
Reproduced in Figure D-14 histograms on the conditional damage distribution
obtained in the 1977 post-earthquake studies in Romania and for a definite
class of buildings (bearing wall masonry structures, with reinforced
concrete floors, built prior to 1940, and not engineered to resist earth-
quakes) [12]. The damage degree was evaluated according to the methodology
outlined in Section 4.2. Results are highly scattered mainly because the
statistical population is non-homogeneous (differences in number of stories,
in layout, in material quality and workmanship, etc.). This example, basic-
ally involving an averaging about a broader class of different types of
structures, exhibits the need for suitable classification of buildings in
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Figure D-13. Conditional Failure Probabilities According to [10]; As Derived
for USAConditions
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order to use post-earthquake survey results to evaluate the vulnerability of
a definite building type.
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Figure D-14. Vulnerability Characteristics (Histograms, Average Values
and R.M.S. of DD) Obtained in Romania for Non-En~ineered
Old Brick Masonry Buildings with R.C. Floors [12j

In the diagram in Figure D-13, for the solid part of the plot referring to
the failure of structures, the approximate relationship

6 log F(_) (actual EPA) ~ 5 6 log (actual EPA)

holds, where F(_)(q) represents the conditional failure probability (Le.,
Pk(q) for the ultimate k). This relation is equivalent, for the range re-
ferred to, to the relation
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D.4
D.4.1

EVALUATIONOFSPECIFICRISK

General

(D.3.10)

The specific risk represents basically the expected effects of seismic
actions anticipated to affect the structures dealt with, and on the as-
sumption that some elements at risk are permanently exposed. Given that the
specific risk represents essentially a convolution of hazard and vulnerabil-
ity, each of them being unpredictabls in a deterministic manner, any evalu-
ation of specific risk must rely in some way on a probabilistic forecast.
I t is therefore necessary to consider the expectation of future earthquake
actions and effects in a way that is essentially similar to that of hazard
characterization. Bearing in mind the state-of-the~art of engineering
practice, one must also consider the connections between the application of
probabilistic concepts on one hand and the use of code formats on the other
hand.

The specific risk may be present in two basic forms that are homologous to
those referred to in Section D.2.1:

a) cases in which the earthquake action in catastrophic forms makes
it impossible to protect structures or human lives and the eventu-
al result essentially represents destruction and total loss;

b) cases in which the earthquake action in moderate forma involves
the possibility of more or less severe effects, as determined,
essentially, by the ratio of seismic intensity to structural re-
sistance.

The basic difference between the two situations referred to is that in cases
of category (a) structures are totally vulnerable (so that the measures of
hazard and of risk, respectively, must be basically equal), whereas in cases
of category (b) the vulnerability of structures in a matter of degree and
introduces some kind of weighting of hazard characteristics in the evalu-
ation of specific risk.

The specific risk should be considered relative to a unique future possible
seismic event. Subsequent to such an event a structure affected should be
considerably modified by human intervention like repair or strengthening or
even demolition. It does not make sense, therefore, to consider the effects
of a sequence of several strong seismic actions on the same unmodified
structure. Nevertheless, as an auxiliary means of measuring the risk, it
may be advantageous to consider the cumulated expected losses affecting a
structure during a specified period of subsequent service.

D'.4.2 Convolutions of Hazard and Vulnerability Characteristics

Consider following basic characteristics of hazard and vulnerability, as
referred to in Sections D.2 and D.3, respectively:

a) the density of expected number of occurrences of seismic action of
intensity q, s(q);

b) the failure probability in case of seismic action at intensity
q, F(_) (q);
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The expected number of failures during a time interval of duration T will be

(D.4.1)

where it may be useful to consider, as an auxiliary measure of specific
risk, the parameter

or, the expected number of exceedance cases during a unit time interval. The
survival probability under these conditions will be

H(+)(T) = exp [-N(_)(T)] = exp [-T ~~ s(q)F(_)(q)dq]
o

In case of low exceedance probabilities, the relation

will be valid, which shows that the failure probability is approximately
equal to the expected number of cases of exceedance.

The importance of the duration T is obvious, since this parameter acts as a
factor for the expected number of cases of failure N(_) (T) and as an ex-
ponent for the survival probability H(+)(T).

It is possible, indeed, to proceed more complexly, considering several
damage degrees (e.g., "non-structural" damage, partial failure, total col-
lapse, as mentioned in Section D.3). In this case, the relation (D.4.1)
would be related to the expected number of cases of exceedance of a certain
damage threshold, Dk, while the relation (D.4.3) would be related to the
probability of non-occurrence and non-exceedance of that damage degree. The
number of cases of occurrence of damage degree Dk wPl be under these con-
ditions (see Section D.3.3).

Nk(T) = T ~~ s(q) Pk(q)dq T Ik
o

where

Ik = ~~ s(q) ~(q) dq
o

while the probability of non-occurrence and non-exceedance will be

k')k

exp - L Nk, (T)
k'

(D.4.6)
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(where the assumption of Section D.3 that the damage
monotonically with the index k is further on adopted).
abilities of occurrence or exceedance of damage degree
will be approximately

k'>k

1 - Hk(T) " I: Nk, (T)
k'

degrees Dk increases
In case of low prob-
Dk, their expression

(D.4.8)

D.4.3 Sensitivity of Specific Risk to Variation of Some Parameters

(D.4.9)

The expressions (D.4.1) and (D.4.5) of the basic characteristics of specific
- -risk, N(_)(T) and Nk(T) respectively, clarify the main factors on which

these dharacterist~cs depend. A first conclusion is that the expected
number of cases of failure is proportional to the expected number of earth-
quake occurrences (duration T times the specific frequency s(q) of the
previous relation).

It is also interesting to examine the dependence of the specific risk
characteristic on the safety factors characterizing a given situation (i.e.,
a given structure at a given site). Assuming that a type II extreme value
distribution (D.2.16) is valid for a kinematic characteristic q (where q may
be equal to EPA), Figure D-5 shows the dependence of the expected number of
occurrences of seismic motions exceeding an intensity q, on the duration T
and on the value q. Given the condition (D.2.14) and, hence, the relation

N(q;T) = _T__
T(q)

and given the probability of N( )(T) to N(q;T) and also the relation
(D.2.21 '), the expected number of failures will satisfy the relation

log T2 - log T1
Iöi-q:;-:-föiq;- (D.4.10)

log c " - (1.5 •••2)
log c

This relationship is valid, of course, as far as the expression (D.2 .16)
holds, or, more precisely, as far as an expression of this kind is valid for
the interval of values q that provides the major contribution to the in-
tegrals (D.4.2) or (D.4.6).

D.4.4 Specifi~ Risk Related to Existi~Structures

The relations of Section D.4.2 show the manner in which the hazard and
vulnerabili ty characteristics must be considered in order to obtain evalu-
ations for the specific risk. The nature of basic data required for such
calculations is hence obvious. Hazard data, represented basically by the
specific frequency s(q), characterize a specific site, not a specific struc-
ture. Vulnera bili ty data, represented basically by conditional probabil-
ities like F(_)(q) or Pk(q), depend directly on actual structural character-
istics. The~r nature and the degree of accuracy represent a major concern
in cases when specific risk is to be evaluated. Available sources of in-
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formation, noted in Section D.3 and possibly augmented by other sources too,
are to be used to a full extent in order to provide realistic estimates of
the vulnerabili ty of a type of structure, and hence, of the specific risk
affecting that type of structures at a given site.

D.S ELEMENTSATRISK, EXPOSUREANDPOTENTIALLOSSES

General---
Potential earthquake-induced losses materialize with the presence of
elements at risk, including people, properties, economic activities, and
cultural values. An up-to-date risk evaluation thus requires satisfactory
information on the nature of elements at risk, on the degree of exposure,
and on the nature and likelihood of losses. The previous two sections (D.3
and D.4) are concerned basically with quantification of vulnerability and
specific risk, given that some observable and quantifiable damage measure is
used. These aspects are now followed by an analysis of elements at risk
from the viewpoint of exposure and potential losses.

Two criteria may be used to classify elements at risk: exposure (i.e.,
amount of time and degree to which the elements at risk are present) and
importance or sensitivity (i.e., magnitude of effects or losses if the
elements at risk are actually affected).

To structure design combinations, it is possible to consider an exposure
classification similar to the classification of actions. Some elements at
risk, such as structures themselves, are permanently exposed. Someelements
at risk such as people are intermittently exposed. Intermittent exposure
varies with building use. The number of people exposed in a residential
building varies to a moderate extent in the neighborhood of an average (or
of the number of permanent residents of that building). The number of
people exposed in an assembly hall varies greatly, from zero to the maximum
possible during some meetings, performance, etc. Similar remarks may hold
for cultural values or for material goods in an exhibition hall, etc.

From the viewpoint of importance or sensitivity, there again exist various
possibilities. One can consider here quantifications such as the number of
people exposed (maximum)and value of goods exposed.

D.S.2 Quantifications

Seismic risk evaluations require appropriate quantifications of the elements
at risk. The basic topics to be dealt with in this context are:

a) identification of the elements at risk, E1;

b) quantification on the degrees of exposure (e.g., the number of
people at risk in an assembly hall at some definite time);

c) probabili ty of affecting an element at risk, El' at a definite
degree of exposure, at some definite time;

d) identification and quantification of potential losses (a loss that
is proper to an element at risk E1 will be denoted cl);

e) probabilistic characterization of the expected losses, assuming a
damage degree Die.to have occurred (conditional probability den-
sity: gl/k (cl); condit~nal probability function, G1/k (cl);
expected conditional loss, c1/k);
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f) such additional important factors as cross effects or correlations
and potential chain effects.

The appropriate symbols and measures of deterministic and probabilistic
nature for all entities listed under item (a) to (f) may, of course, be
introduced. In any case, the final result should be an estimate of the
quan.-:ities or functions listed under items (e), Le., gl /k( cl)' GI/k( cl)

and cl/k and an appropriate analysis of the aspects mentioned under item
(f). !~is assumed, later, that the outcome of such analyses is at hand.

For existing structures, one should consider the relatively high likelihood
of complete destruction. For older structures, which are as a rule not
engineered, an earthquake-induced collapse is a definite possibility.
Special attention ehould therefore be given to the evaluation of loss

characteristics like gl/k(cl), Gl/k(cl) and cl/k' for the ultimate or col-
lapse damage degree, k = ku. These loss charac~eristics are of course also
important when the seismic hazard is present in catastrophic forms (land-
slide, ground factors etc.).

D.6
D.6.1

EVALUATIONOF RISK

General

The evaluation of seismic risk represents the main concern of this chapter.
As defined in broad qualitative terms in Section D.l, the seismic risk re-
presents a convolution of specific risk and of elements at risk (in parti-
cular, this convolution may be replaced by a product). In Section D.4, the
specific risk was expressed in terms of probabilities of exceeding at least
once during a certain period of time certain levels of observable damage.
The elements at risk were dealt with in Section D.5 from a qualitative view-
point and their quantifications were related to the conditional distri-
butions of various losses, given that a certain degree of physical damage
was undergone by a structure.

In the same way as in Sections D.2 and D.4, two kinds of exposure to seismic
hazard must be considered: catastrophic and of moderate forms, respective-
ly. Catastrophic forms were not explicitly dealt with in Section D.4, where
attention was given mainly to moderate forms for which more complete re-
lations, including the contribution of structural vulnerability, were de-
veloped. Attention is given in Section D.6 to both forms.

The seismic risk should be considered, essentially, in connection with a
single future possible seismic event, given the argument outlined in Section
D.4.1 : strong seismic actions will affect in some way a structure exposed
and possibly (and desirably) will lead to human intervention intended to
reduce the risk implied by subsequent earthquakes. Still, some further
quantifications of seismic risk are related to cumulative effects (cumu-
lative losses over a definite period of time, number of cases of exceedance
of a certain level of loss). These measures of risk, in spite of their
purely formal character, are useful in cost-benefit analyses implied by the
decision on intervention on existing buildings [8] which represent the
object of Sections D.7 and D.8.

This section discusses

• some measures of risk (relative to both types of seismic hazard),

• the sensitivity of those measures with respect to parameters
characterizing basic data,
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• possible correlations and comparisons with use of code formats,

• specific features of risk as applied to existing buildings.

D.6.2 Measures and Evaluation of Seismic Risk------------.-----------
The evaluation of seismic risk implies a quantification both of eventual
losses and of likelihood of their occurrence. Measures of losses are the
same in Section D.5, Le., a system of measures cl appropriate to the dif-
ferent elements at risk E1• Measures of the likelihood of the losses, con-
sidered in this section, are:

a) expected cumulative losses for a definite period of time;

b) the expected number of cases of exceedance of a certain level of
loss during a definite period of time;

c)

d)

the probability of non-exceedance
during a definite period of time;

auxiliary measures, expressing the
mentioned measures with respect to
time, frequency of occurrence of
safety factors.

of a certain level of loss

sensitivi ty of the previously
such basic data as period of
earthquakes, and conventional

The losses resulting from seismic damage may occur at different times. For
some losses, it is reasonable to use discount factors. This approach is
accepted at present for economic losses. The discounting function consider-
ed is an exponential,

Zl (t) = exp( -al t) (D.6.1)

(D.6.2)

where the origin of time should coincide with the initial moment (the moment
of cost-benefit analysis required by eventual decision making), while the
constant al will be related to interest rates, rates of economic growth,
etc. Note here that the integral of zl (t) is

',(t) • ,t' ",(t')dt' - ~, [1 - .xp (-',t)]

Although functions like z (t) or Zl(t) may be used to discount economic
losses, this approach canrlot be applied to possible loss of lives or of
cultural values. One cannot determine whether a loss of life is more or
less serious a loss at present than twenty years hence. Functions zl (t)
should therefore be evaluated separately for each component of poss~ble
losses.

A first measure of seismic risk, as referred to, is given by the expected

cumulative losses for a period of time of duration T, Cl(T). The cor-
responding expression is

T- =[L:- -L:-C1(T) k c1/k Ik zl(t)dt - k c1/k Ik Zl(T) (D.6.3)

where Ik is given by the expression (D.4.6). A second measure of seismic
risk is given by the expected number of cases of exceedance, N1 (Cl; T), of
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a level of loss cl' during a period of time of duration T. The correspond-
ing expression is

in case no discounting is considered. When discounting is used, a more
general expression

(D.6.5)

must be used. Finally, the probability of non-exceedance of cl will be

(D.6.6)

(D.6.3')

The expressions (D.6.3) to (D.6.6) may be adapted to cases of catastrophic
forms of seismic hazard. The specific basic elements in this case will be
Sc (the expected number of occurrences of catastrophic seis~ic actions for a
uni t time interval) and the expected loss characteristics c1/k ' gl/k (cl)
or G1/ku (Cl)' corresponding to the case of collapse, k = ku. u u

The expression (D.6.3) will be replaced in this case by the expression
T

C1(T) = [ ~l/k Sc zl(t)dt = ;l/k Sc Zl (T)
u u

The expressions (D.6.4) and (D.6.5) will be replaced by

and

S dtc

(D.6.4')

(D.6.5')

while the non-exceedance probability N1(cl ;T) will be expressed by the re-
lation (D.6.4).

D.6.3 Sensitivity of Risk Measures with Respect to the Variation of
Basic Parameters

The relations given in this chapter exhibit how the following basic factors
influence seismic risk: duration of service (T), frequency of occurrence of
seismic events (s(q), etc.), structural vulnerability (Pk(q», and eventual
effects of damage on elements at risk (cl/k' etc.). It is difficult to give
some direct quantitative estimates for the risk, as expressed by the re-
lations of Section D.6.2, given the lack of basic information as well as the
diversity of situations as related to different countries, to different
sites, and to different structural systems. It is easier, however, to
analyze the sensiti vity of risk measures with respect to the variation of
the basic parameters previously mentioned.

The risk measures of cumulative nature, i.e., C1(T) or N1(C1;T) depend di-
rectly on the duration T, which tends to appear as a factor. Still, dis-
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counting functions z1(t) may seriously alter this picture, especially in
case of longer :3ubsequent service duration. The characteristics of earth-
quake occurrence frequency s(q) or Sc act as factors in the expressions of
these cumulative measures. The consequences for the measure Hi(cl ;T) that
represents a non-exceedance probability may be easily deduced. Both service
dura tion and frequency will influence the exponent of the non-exceedance
probability. However, for the components of losses which are strongly af-
fected by a discounting function z1(t), the role of service duration T is
seriously reduced since the significant contribution of service duration is
reduced to that of a few initial decades or even years.

The influence of vulnerability characteristics Pk(q) on risk characteristics
is somewhat more complex, since p(q) represent; a system of probabilities
that must satisfy the corresponding normalization condition. The tendency

- -
of the values of the cumulative measures C1(T) and N1(c1;T) to increase with
increasing probabilities of heavy damage is nevertheless obvious. The
consequences for the non-exceedance probability Hl(c1 ;T) are obvious too.
The last factor referred to is represented by the expected losses. Here- - -
again, the proportionalities of Cl(T) with c1/k' and of N1(cl ;T) with the
exceedance probability 1 - G1/k(c1), are obviou~.

The influence of the conventional safety factors is of the same nature as
discussed in Section D.4.3 and expressed by the relation (D.4.l0) for the
range where the type II (maxima) extreme value distribution is valid for the
kinematic parameter of ground motion, q.

D.6.4 SomeAspects Related to Existing Structures

The evaluation of seismic risk measures is basically a necessary step for
the cost- benefi t analysis required by decisions to intervene in existing
structures (Sections D.? and D.8). Risk measures must therefore be derived
to fit the format used in the subsequent cost-benefit analysis. The ex-
pressions of Section D.6.2 permit alternative approaches. These expressions
can be obviously generalized, but the most significant features of the
seismic risk are nevertheless brought out by them.

The main practical problem in dealing with the existing building stock is
represented by the search for the most sui table way to reduce the seismic
risk in case the risk is unacceptably high. The main ways to reduce the
seismic risk are:

a) reduction of the duration of subsequent service, T (set deadline
for intervention);

b) reduction of vulnerability (adopt efficient upgrading measures and
set a corresponding deadline);

c) reduction of the degree of exposure of elements at risk (e.g.,
change functions of a building, prohi bi t large groups from using
unsafe assembly halls etc. and again set a corresponding dead-
line) •

Since modification of hazard characteristics s(q) or Sc
human capabilities, these elements represent merely
problem.

is currently beyond
hard data of the

Determining more detailed ways of reducing risk and the extent to which
measures like those mentioned under items a, band c may be used, represent
tasks of decision making (see Section D.8).
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Given the difficulties raised by the practical use of a more sophisticated
approach, like that developed in the Sections D.3 to D.6, it is necessary to
employ more direct means of seismic risk evaluation. This part is concerned
to a considerable extent with topics that represent the objective of Chapter
5 of the manual, but offers at the same time a simple approach to some
aspects related to the elements at risk as well as to risk itself.

D.7 COST AND BENEFIT COMPONENTS

General----
Any solution adopted for a structure, whether it is the design of a new
structure or the intervention on an existing structure, will imply some
benefits resulting from the use of that structure, and some costs for con-
struction work, maintenance activities, and various losses. The relation-
ship between benefits and costs should be as favorable as possible.
Pursuing this goal implies in principle cost-benefit analyses, as dealt with
in Sections D.7 and D.8.

As mentioned in Sections D.5 and D.6, losses due to earthquakes, which imply
a major contribution to the quantities to be considered in cost-benefit
analyses, consist of several components such as economic losses and losses
of human lives. However, it is obvious that each of the cost(loss)-benefit
components consist of several terms due to different factors. The main goal
of this section is to discuss briefly the components and terms of benefits
and costs as well as to comment on the specific input data involved.

Components of Benefits and Costs

The benefits and the costs (losses) to be considered in cost-benefit analy-
ses consist of several quali tati vely different components. A first com-
ponent, the most common, represents the economic benefits and costs. This
component can be expressed in monetary terms. A second component represents
the human lives affected (in a favorable or unfavorable sense) in relation
to a structure. This component can be expressed in terms of human lives.
It is possible to consider additional components, e.g., in relation to
cultural values (of course, quantifications related to these raise difficult
issues).

For subsequent cost-benefit analyses, some general rules should be adopted:
definition of the units used for quantifying each of the components and use
of a consistent sign convention (the benefits will be assigned positive
values while the costs or losses will be assigned negative values).

D.7.3 Terms of Benefi~~and Costs

The analysis of benefits and cos ts or losses shows that several factors
contribute to the various components referred to in Section D.7.2.

A first (positive) contribution is use of a structure. The benefits result-
ing from this use, which will be referred to also as gross utility, can be
expressed in monetary terms (rent, value related to goods produced, etc.),
in terms of lives (lives saved in a hospital, favorable influence on health
of comfortable life conditions expressed in the same terms on the basis of
equating the expected increase of length of life, etc.), and possibly in
other terms. This term will be denoted in principle with B and the com-
ponents corresponding to it will be denoted by B,.

A second (negative) contribution results from the investment in constructing
new structures or by the intervention into existing ones. This term will be
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denoted by C' (with components Cl). Whereas the term B represents a contri-
bution that is distributed along the service time of a structure, the term
C' is practically concentrated at one, or a few, moments of time. The
moment of intervention on existing structures will be denoted by ti•

A next (negative) contribution consists of maintenance costs. This contri-
bution denoted M (with components M1) could be included in (i.e., subtracted
from) the term B, or it can be kept separately. Maintenance costs are also
distributed along the service time of a structure.

A last (negative) contribution results from various earthquake losses.
These losses were denoted in Section D.6 by C (with components Cl). These
losses are practically concentrated at the moments of occurrence of earth-
quakes (indirect losses due to an earthquake can be related in an appro-
priate manner to the moment of occurrence). These losses can be evaluated
on the basis of risk analysis techniques, as presented in the previous
sections. Whereas the other terms (B, C', M) may have some components equal
to zero (the maintenance work may not affect human lives), the term C will
contribute as a rule in case of destructive earthquakes to all components of
benefits and losses.

The Net Utility

Net utility here means (U) the difference between the benefits (denoted B)
and the various costs to investment, repair (C'), maintenance (M) and earth-
quake inflicted losses (C). Net utility may be written as

U = B - C' - M - C (D.7.1 )

This expression should be replaced, in a more accurate formulation, by a
system of scalar relations considered for each of the components referred to
in Section D.7.2.

(D.7.2)
Each of the terms of the right member will depend on a set of arguments,
such as time variables (service duration, moment of intervention), and vari-
ables characterizing the nature of eventual interventions.

The terms occurring in the right member are affected various degrees of
randomness. Whereas the randomness of the terms Band Mis low and the term
C' can be analyzed even in a deterministic manner, the randomness of the
last term. C, is especially high, owing to the various factors influencing
it, as discussed in Section D.6. The net utility is therefore a random
entity that must be dealt with using probabilistic concepts. A first ap-
proach in this regard is to consider expected values for each of the terms
of the right member, which leads to consideration of the expected utility.
Some additional discussion in this relation is presented in Section D.8.

D.8
D.8.1

CONSIDERATIONSONDECISIONMAKING

General----
The decision as to whether or not an intervention on existing structure is
necessary and, in the affirmative case, on the nature and size of inter-
vention, may be made at different levels (governmental level, local level,
level of the owner of a building, etc.). In any case, the decision maker
should have at least a qualitative insight into the main fact,ors that influ-
ence a rational decision. The costs of intervention should be weighed
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against the potential costs of the consequences from earthquakes that are
likely to occur.

Approaches to decision making vary in sophistication. More sophisticated
approaches should be adopted basically by highly competent institutes or
engineers, when preparing the basis for decisions at a governmental level,
which are intended to cover either an important existing building stock or
particularly important individual cases. In this case, it is advisable to
make use of all the developments of this appendix. Some data are given in
this relation in Sections D.8.2 and especially D.8.}. In the opposite case,
when a sophisticated approach is not justified (and this may refer to the
large majority of buildings dealt with one-by-one), it is advisable to use
the codes of current engineering practice, as well as the methods of evalu-
ating the resistance of existing buildings, as given in Section 5 of this
manual, and to consider also some' amendments to the code requirements, as
recommendedin Section D.8.4.

D.8.2 Possible Decisions

Decision-making in connection with existing structures must cover basically
two features of the problem:

a) their further use
b) the intervention

Decision making will be urgently needed after destructive earthquakes (as
well as after other exceptional events such as bombing, explosione, as well
as other natural hazard phenomena). This may be necessary also under dif-
ferent conditions where the time pressure is as a rule not so high. The
functionality/use of a structure may need to be changed (as a rule in order
to increase its utility); a project may be needed to provide a satisfactory
degree of safety to a certain category of structures (e.g., the residential
building stock of a given seismically hazardous area) and/or of general
revision of land use, town planning, etc.

From the viewpoi~t of further use, it is possible to decide:

a) no change (further use as before);

b) some modification (immediate of use, discontinuation such as
through evacuation for a particularly high risk; some decrease,
aimed to reduce the elements at risk; some increase, aimed to
lead to a higher utility).

From the viewpoint of intervention, it is possible to decide:

a) no intervention;

b) some intervention (immediate demolition, for a specially high risk
without sufficient reasons for repair; some modifications aimed
to reduce the risk, such as removing upper stories of a taller
building; repair and/or strengthening aimed to reduce the risk in
order to maintain the previous use, or to introduce some modifi-
cations aimed to increase the utility of the structure).

Each possible decision should be accurately defined from the qualitative
viewpoint as well as from the quantitative one. Quantifications should
refer to the characteristics of intervention, its timing, and the subsequent
lifetime considered for a structure.
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There exists, of course, a wide spectrum of possible decisions concerning
both further use and intervention. Nevertheless, it should be borne in mind
that:

a) when required a decision must be made, since postponing a decision
is in fact a deciding to do nothing', and may be dramatically mis-
taken under certain circumstances;

b) any action relating to further use or intervention will involve
some immediate cost, such as the cost of moving furniture and
equipment or the cost of repair and strengthening work);

c) any action will involve as well some modifications in the costs
and benefits related to the further use of a structure, main-
tenance cost, utility benefit, various costs of the effects of
eventual subsequent earthquakes, etc.;

d) most structures represent components of some systems and decisions
on individual structures will be in fact decisions on parts of
some larger systems (e.g., on development of some town areas)
which can be reasonably dealt with only in relation to the re-
quirements of the systems involved;

e) as a rule, decision-makers are faced with considerable uncertain-
ties related to the various aspects of physical phenomena (like
seismic hazard or structural behavior) or of human activities
(like existence of elements at risk or possible chains of events);

f) the condi tions under which a decision is made today may consider-
ably change owing to social evolution, to changes in life style,
etc., such that latitude should be allowed for subsequent de-
cisions to be adopted after several decades or even years.

D.8.3 Cost-Benefit-Analysis Based Decision Making

The basic data to be considered in the decision on intervention in an exist-
ing structure relate to:

a) seismic hazard
b) seismic vulnerability of the structure
c) costs of intervention
d) implications, or costs of eventual damage
e) maintenance costs
f) utility of service

The arguments on which the functions related to the basic data enumerated
depend are:

a) the time variable, t

b) the timing of intervention, ti
c) the characteristics of intervention (degree of strengthening, like

amount of additional reinforcement etc.), represented by a vector
a

d) the various variables characterizing the entities listed previous-
ly, which become arguments on which the functions describing sub-
sequent entities depend
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The developments of previous sections show how the basic data referred to
may be described in mathematical terms as well as how risk characteristics
may be determined on the basis of corresponding basic data.

The ultimate goal of decision making should be that of maximizing the net
utili ty dealt with in Section D.7.4. This may be done in principle, pro-
vided that one considers the randomness of various terms of the right
members of expression (D.7 .2). But the high degree of randomness of the
terms C or Cl' representing the earthquake-induced losses that are likely to
occur, deserve special attention. It is necessary here to consider the
social sensi tivi ty to concentrated losses, especially when large numbers of
casualties are involved. It is therefore advisable not to carry out a de-
cision process in which only expected values (in the probabilistic sense)
are considered for the various components and terms. Rather, various possi-
ble solutions should be characterized by numbers related to the various
terms involved in the expression (D.7.2). Since the most highly random term
is by far Cl' it is reasonable to characterize it probabilistically by means
of the various characteristics considered in Section D..6 (more precisely in
the expressions (D.6.3) to (D.6.6». These estimates will represent. a use-
ful basis for judgment by decision-maksrs.

The consideration of expression (D.7.2) leads to a multi-cri terial attempt
at optimization. It may be useful here to consider a weighting vector of
(positive) components wl and to use an internal product

U =

The condition of maximumnet utility would be in this case

U = max

(D.8.l)

(D.8.2)
The weighting vector could be used also for the analysis of other character-
istics of the predicted losses, like those involved in relations (D.6.3) to
(D.6.5).
Treating structures individually may be useful from the methodological view-
point, but it will not be always relevant for the reality, where decision
makers will be asked, as a rule, to deal with some ensembles that may be
large (e.g., the residential building stock of a certain town). Under the
latter conditions, it will be important, first of all, to define successive
priorities of intervention (more precisely, a system of successive deadlines
t~) and to classify the existing building stock into categories to be dealt
w~th by certain deadlines. The highest priorities will be assigned to
structures with the highest probabilities of important negative U values for
short durations of subsequent service as long as intervention does not take
place (a second criterion for assigning priorities would be that of the
efficiency of intervention, given by the vector of components Ci)' More
specifically, analysts or decision makers could define and use apriority
index (or a system of priority indices) on the basis of information sum-
marized according to formats developed and accordingly classify the com-
ponents of the existing building stock. The main arguments in favor of high

priorit:y would be negative values of the components Uj (assuming non-inter-
vention), relatively high probabilities of events leading to high values of

Cl' relatively high sensitivities of U with respect to the design character-
istics, etc. It may also make sense to define ratios of the previously
mentioned quantities to the number of people at risk, the built area at
risk, etc.
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It appears to be reasonable to develop decision making formats along follow-
ing lines:

a) consider the variables of intervention ti (intervention moment)

T

am

(lifetime subsequent to the decision making moment)

(characteristics of interventions such as reinforcement
at some critical points, amount of concrete in some
strengthening members or parts, etc.)

and discretize the variables to, T, a , as well as the terms of U
(D.7.1), (D.7.2). J. m

b) consider, possibly, high and low variants of the (regularly in-
creasing) term B-M.

c)

d)

for each couple (a, to), derive basic information according to
the format describe! as J.follows.

for a couple (a , to), the basic information should include: for
each T~ the dis~rib~tion of discretized vectors Cl' the expected
vector Cl as well as characteristic of variance of Cl'

Some auxiliary elements of use for cost-benefit analysis are given in
Section D.A.3. They refer on one hand to the relations between risk char-
acteristics and to their dependence on lifetime and on the other hand to the
dependence of the optimum safety factor (under certain simplifying as-
sumptions) on some basic data of the cost-benefit analysis problems.

D.8.4 Amendm~nts to Code Provisions

As mentioned in Section D.8.1, the practical approach to existing buildings
will be, in most cases, similar to that of design activities related to new
buildings. It is possible to recommend some amendments on the application
of code provisions if one considers some features of the dependence of risk
measures on the values of parameters used in engineering design. Assume
that the extreme value distribution of type II (D.2.12), that leads to the
expressions (D.2.16) etc. and consequently to the expression (D.4.10), is
valid for the range of values most significant for the risk. Consider two
different possible subsequent lifetimes, Tl and T2, and the design factors
cl and c2 that would be adopted in order to protect a structure for the two
different lifetimes, respectively. In case the relation

:.~ = (c2) 1.5 ... 2

Tl cl

is satisfied (where the exponent is the same as the numerical factor in
relation (D.4.10», the failure probabilities are about the same for the two
cases. Design factors may therefore be corrected using the relation

ccorrected
Tservice 1/2 ... 1/1.5
T----- x Ccodecode

(D.8.4)

In this relation,
designed according
for structures of
practice, Tservice

Tcode represents the reference lifetime of structures
to code provisions, ccode represents the design factor
a given class designed according to standard code

represents the (shorter) subsequent lifetime considered
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for an existing structure, and ccorrected represents the design factor for
which that structure should be checked or designed.

D.g
D.9.1

ADDITIONALCOMMENTS

Uncertainties in Risk Evaluation

Risk evaluations are affected by considerable uncertainties, resulting from
all categories of input data, i.e., hazard characteristics, vulnerability,
and expected conditional losses. Compared to these uncertainties, compu-
tational difficulties are of secondary importance.

It is currently difficult to quantify the uncertainties referred to. The
basic mathematical model of seismic hazard may prove to be inadequate. The
assumptions on stationarity and on independence of occurrence of different
seismic events may lead to erroneous estimates if the hazard characteristics
are inferred from historical evidence only (historical information may be
available for only a few centuries, while analysis of the seismicity of
areas with historical information covering two to three millennia, like
China and the Eastern Mediterranean, have shown periods of several centuries
of higher activity alternating with periods of several centuries of lower
activity). The observed vulnerability is affected by a high degree of
scatter, as previously mentioned. The information that can be used for
calibration of the data on the expected conditional losses is very poor to
date too.

All the sources of uncertainty referred to must be considered in risk evalu-
ation. A useful suggestion for overcoming the bias raised by this situation
is to consider, in cases of high uncertainties, alternative hypotheses, and
to perform sensi tivi ty analyses of the risk characteristics with respect to
the input data. This approach is recommendedand feasible especially when
seismic risk studies cover an important building stock and when these analy-
ses occur under the auspices of government agencies in order to provide the
necessary basis for land use planning, for actions during reconstruction,
etc.

D.9.2 Additional Comme~tson Existing Structures

The importance of. the task of providing a satisfactory degree of safety to
the existing building stock has become increasingly obvious and even oc-
casionally critical especially in regard to earthquake risk. The existence
of an important building stock to be used for several subsequent decades,
the evolution of earthquake protection standards which often render older
code provisions unsatisfactory and deterioration and aging (corrosion,
fatigue, etc.) represent more than sufficient reasons for giving this task a
high priority. Post-earthquake conditions, when the existing building stock
may be seriously affected, dramatically emphasizes this social need.

Destructive earthquakes have demonstrated the lack of appropriate resistance
capacity of larger or smaller parts of the building stock affected. Appro-
priate pre-earthquake intervention would have had considerable mitigating
effects. These facts underscore the importance of concern for existing
structures.

Remedying existing structures is considerably more difficult than seismical-
ly constructing new ones. The education of engineers is currently oriented
almost exclusively toward dealing with new structures. Code provisions or
other regulations related to existing structures are scarce and incomplete
if not totally absent. Even basic concepts are developed currently to a
much lesser extent than those related to new construction, not to mention
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the important specific factors to be considered over and above those related
to new construction.

D.l0 CONCLUDING REMARKS-----------
This appendix is devoted basically to the analysis of seismic risk for in-
dividual structures and the approach considers each structure in isolation.
Given the appendix's goal of relating primarily to the activity of govern-
ment agencies, a more sophisticated mathematical tool was used. This tool
may be not well suited for everyday practice, but its use is in the range of
possibilities of specialized institutes and engineers charged with the task
of providing the required safety to larger building ensembles.

The applications of methodology and relations of this appendix must make use
of the basic elements provided by Chapters 2 to 5.
Risk analyses performed for individual systems may prove to be insufficient
when dealing with localities, lifelines, or other systems. In those cases,
very significant interactions can occur between the different components of
the buHtstock and chain effects can considerably magnify the primary ef-
fects resulting from damage to one individual structure.

The state-of-the-art, especially the uncertainties referred to in Section
D.9.1, obviously raises the need for existence further research at a scale
which obviously requires international cooperation.

D.A.l

1.1

MATHEMATICAL SYMBOLS USED IN APPENDIX D

Hazard

Parameters Related to One Motion (T is vibration period)

Sa(T,n):

S (T,n):
p

Sd(T,n):

S :a

S :p

f :c

I:

M:
EPA:

EPV:

k :s

response spectrum - absolute acceleration

response spectrum - relative pseudo-velocity

response spectrum - relative displacements

spectral acceleration

spectral pseudo-velocity

corner frequency

macroseismic intensity (MSK)

magnitude (Richter)

effective peak velocity

effective peak acceleration

peak ground acceleration

normalized response spectrum-acceleration

ratio of EPA to gravity acceleration used in design

dynamic factor used in design (correspondent of SO
(T,n» a
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reduction factor, to account for strength reserves and
ductility

design coefficient

1.2 Parameters Related to Sequences of Motions (T is service duration)

q: intensity parameter (as a rule proportional to amplitude
of motion)

N(q;T):

N(q;T):

s(q):

T(q):

Gm(q;T) :

S :c

number of occurrences of motions with intensities ex-
ceeding q, during a period of time of duration T)

expected value of N(q;T)

density of expected number of occurrences of (moderate)
motions of intensity q, for unit time interval

(average) return period of intensity q

probabili ty of m occurrences of motion of intensities
exceeding q, for a time interval of duration T

non-exceedance probabili ty of the intensity q for the
same time interval

expected number of cases of occurrence of catastrophic
motions for unit time interval

2. Vulnerability

DD:
Dk:

fk(q):

Pk(q):

q .:
J

fk/j:

Pk/j:
F(_)(q):

damage degree

damage state of kth order

conditional relative frequency of kth damage degree

conditional (discrete) probability of kth damage degree

discretized q (see hazard parameters)

conditional relative frequency of kth damage degree

conditional (discrete) probability of kth damage degree

conditional failure probability

N(_)(T): expected number of failures for a time interval of
duration T

1(_): expected number of failures for unit time interval

H(+)(T): survival probability for a time interval of duration

Nk(T): expected number of occurrences of damage state Dk during
a time interval of duration T
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expected number of occurrences of damage state Dk during
unit time interval

c: design safety factor

4. Elements at Risk

elements at risk

G1/k( cl):

c1/k:

potential loss proper to element at risk E1
conditional probability density of cl (assuming Dk to
have occurred)

conditional probability function of cl

conditional expected value of cl (assuming Dk to have
occurred)

c1/k : the same, assuming collapse to have occurred
u

5. Evaluation of Risk

discounting function, proper to element at risk F1
(Zl(T): its integral)

Cl (T): expected cumulative loss (related to element at risk El)
for a time interval of duration T

expected number of cases of exceedance of loss Cl for a
time interval of duration T

probability of non-exceedance of loss Cl for a time
interval of duration T

D.A.2 DAMAGE EVALUATION METHODOLOGY USED IN ROMANIA-.--------------------------
The DD (damage degree) was evaluated in Romania during post-earthquake
surveys on which subsequent derivation of vulnerability characteristics
relied, as follows:

not affected: 0
slightly affected: 1 (for lack of specification, 0.5)
cracked: 1.75
strong cracking: 2.50
out of vertical direction: 4
collapsed: 5

Non-Bearing MasonrL:

not affected: 0 (for lack of specification: 0.5)
cracked: 1
partially collapsed: 2
completely collapsed: 3
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The DD assessed for a building was the maximum of the DD's assessed for
bearing walls and for non-bearing masonry respectively.

II. R.C. Frames

Columns:

not affected: 0.5
cracked: 2
strong cracking: 4
crushed concrete: 4
buckled reinforcement: 4

Beams:

not affected: 0
slightly affected: 1 (for lack of specification: 0.5)
cracked: 2
strong cracking: 3
failed: 4

not affected: 0
boundary cracks:
cracking: 1.5
strong cracking: 2
dislocation: 2.5
collapsed: 3.

The DD assessed for a building was the maximum of DD's assessed to columns
and to infill masonry for pre-1950 buildings, and the maximum of DD's as-
sessed to beams and to infill masonry for post-1950 buildings.

III. R.C. Bearing Walls

not affected: 0
slightly affected: 1 (for lack of specification: 0.5)
cracked: 2
strong cracking: 3
failed: 4

The same values as in case of R.C. frames were used for infill masonry and
for columns.

The DD assessed for a building was the maximum of DD's assessed for R.C.
bearing walls and for infill masonry, respectively, for buildings with homo-
geneous layout or the maximum of DD's assessed for the former ones and for
the columns for buildings with flexible first stories.

IV. Buildings Done of Low Quality Materials

Walls:

not affected: 0
slightly affected: 1 (for lack of specification: 0.5)
cracked: 2
strong cracking: 3
collapsed: 5
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The DD assessed for a building was the DD assessed for the walls.

D.A.3 AUXILIARY ELEMENTS FOR COST-BENEFIT ANALYSIS

The Depen~ence of Risk Characteristics on Lifetime

The relation between the survival probability H(+)(T) and the expected
number of failure cases during a unit time interval, 1(_), resulting from
the expressions (D.4.1) to (D.4.4) may be rewritten as

exp [-T I(_)]

- ~ ln H(+)(T) = - ln H(+)

(D.A.3.1a)

(D.A.3.1b)

It may be useful for effective calculations to consider also the logarithm
of 1(_),

1(_) exp [-J] (D.A.3.2a)

J - ln 1(_) (D.A.3.2b)

The relation

ln [TI(_)] = ln 1(_) + ln T = -J + tnT (D.A.3.3)

The use of the double natural cologarithm J in advantageous primarily owing
to its dependence on the safety factor (or on the design acceleration).
Some numerical calculations shown a dependence that is not far from a linear
one,

where c is the safety factor and J1 is positive. Unlike J, the parameter
1(_) presents a tendency of uneven variation, with a sharp increase for low
safety factors. Keeping in view these facts, the diagrams of Figure D-15
can be used in practice. The values along the vertical lines correspond to
the relations (D.A.3.1) and (D.A.3.2) while the two-axes diagram corresponds
to the relation (D.A.3.3).

D.A.3.2 Optim~zing Safety Factors

The expression (D.7.1) is considered here in a much simplified form.
Instead of the net utility one considers only an expected scalar "total"
cost, C, consisting of two terms, the investment cost C' and the expected
cost of earthquake induced losses, C(T):

Based on expressions (D.6.1) and (D.6.2), it is useful here to consider a
reduced lifetime, Te' obtained from the expression (D.6.2),

Z(T) =.1. [1 - exp (-aT)] = T ~~~tl = T (D.A.3.6)a ~ e

In case one assumes an expression

C' " C~ + C~ c
and one rewrites the expression (D.6.3) in the simplified form
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where C represents the expected total loss due to a failure, the attempt to
minimiz~ the function (D.A.4.5), which leads to the condition

may be rewritten as

(D.A.3.10)

Introducing the sensitivity parameter d,

the condition (D.A.3.10) becomes

3 I( _) = 1
3c - Cl

or, on the basis of (D.A.3.2),
3J 1

I( _) 3c = Ci

The optimum value of the risk characteristic 1(_) becomes on this basis
1 1

1(_) = d (3J) = ~
1\c

in case the relationship (D.A.3.4) is considered.

Figure D-16 may be used in order to obtain the solution 1(_) of (D.A.3.14).

D.A.4 ILLUSTRATIVE SEISMIC RISK EVALUATIONS

Some illustrative seismic risk evaluations are presented on the basis of
concepts and relations given in this appendix. Two cases are examined an
apartment house and an assembly hall. The basic data are related to

a) seismic hazard
b) vulnerability (expressed in damage degrees)
c) elements at risk, which here include building and people exposed

Seismic hazard data are assumed to be summarized in Figure D-5, in which the
kinematic parameter in the abscissa is q = EPA. The design spectrum is
assumed to be constant over the range of fundamental natural periods, either
in the elastic range, or, as apparently increased, due to post-elastic de-
formation. Under these conditions, vulnerability may be simply expressed as
related to a single parameter, q.

The vulnerability characteristics are related to six damage degrees, accord-
ing to the developments presented in [9] by Whitman and Cornell. The damage
degrees Dk are given in Table D-3.
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Figure D-16.
Table D-3. Damage Degrees According to "[9]

SYMBOL CHARACTERIZATION
NONE - 0 NO, OR INSIGNIFICANT NON-STRUCTURAL DAMAGE
LIGHT - L OR 1 MINOR, LOCALIZED NON-STRUCTURAL DAMAGE
MODERATE - M OR 2 WIDESPREAD, EXTENSIVE NON-STRUCTURAL DAMAGE;

READILY REPAIRABLE STRUCTURAL DAMAGE
HEAVY - H OR 3 MAJOR STRUCTURAL DAMAGE; POSSIBLY TOTAL NON-

STRUCTURAL DAMAGE
TOTAL - T OR 4 BUILDING CONDEMNED OR REPLACED
COLLAPSE - C OR 5 BUILDING PARTIALLY OR TOTALLY COLLAPSED

These damage degrees parallel approximately the damage degrees considered by
the MSK scale.
The vulnerability of both buildings ie assumed to correspond to Table D-4,
which basically agrees the vulnerabili ty characteristics given in [9] for
buildings designed according to the US-UBC 0 design strategy.
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Table D-4. Vulnerability Characteristics Assumed (histograms
expressed in %)

MSK VALUE OF DAMAGE DEGREE
INTENSITY q = E~A

I (m/s ) 0 l(L) 2(M) 3(H) 4(T) 5(C)

V 0.25 100 0 0 0 0 0
V 1/2 0.35 70 30 0 0 0 0

VI 0.5 27 73 0 0 0 0
VI 1/2 0.7 20 65 15 0 0 0

VII 1.0 15 48 33 4 0 0
VII 1/2 1.4 0 21 45 29 5 0

VIII 2.0 0 0 20 41 34 5
VIII 1/2 2.8 0 0 0 20 65 15

IX 4.0 0 0 0 0 75 25
IX 1/2 5.6 0 0 0 0 50 50
X 8.0 0 0 0 0 25 75

The first building is assumed to be a five-stories with ten apartments,
housing nominally 30 persons and having a total replacement value of US
$400,000. The distribution of people present in the house corresponds to
Figure D-17. Dotted lines replace with a good approximation the real dis-
crete distribution.

The second building is a one-story assembly hall housing a maximum of 1000
persons and having a replacement value of US $600,000. The distribution of
people present in the building corresponds to Figure D-18.

Losses expressed as fractions of the replacement costs are such summarized
in Table D-5, for any of the buildings.

Table D-5. Expected Losses for Various Degrees of Damage

DAMAGE RATIO (2%)
DAMAGE DEGREE

RANGE CENTRAL VALUE

0 0 •••0.05 0.01
1(L) 0.05 •••1.25 0.3
2(M) 1.25 •••20 5
3(H) 20 •••65 30
4(T) 65 •••100 95
5(C) 100 100

The losses distributed according to Table D-5 are assumed to correspond to a
distribution in the range (a, b), with a central value c, such as in Figure
D-19.
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Figure D-17. Exposure of People in an Apartment !louse (First Illustration)
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Figure D-18. Exposure of People in an Assembly Hall (Second Illustration)
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Figure D-19. Conventional Distribution Assumed to Fit Data of Table D-5
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Central values of injury and life loss are presented in Table D-6 as a
functions of the damage degree undergone by the buildings.

Table D-6. Injury and Loss of Life (Central Value %) as Functions
of the Damage Degree

LOSSES(%)
CASE1 CASE2

DAMAGEDEGREE
INJURY INJURY

(AT LEAST) LOSSOF LIFE (AT LEAST) LOSSOF LIFE

0 0 0 0 0
1(L) 0 0 1 0

2(M) 1 0 5 1
3(H) 2 .25 20 5
4(T) 10 1 60 20
5(C) 100 20 100 60

The numbers for the first illustration are again in fair agreement with the
data of [9].

For any risk evaluation, it is necessary to dispose of the values of the
parameters Ik (D.4.6) while it is advantageous to replace the expression
(D.4.6) as follows:

j '" '"
I = P s(q)dq = - f Pk(q) dN(q; 1) f Pk(T) dN(I;1) ..k k

0 0 0

~
Pk/j t:.N. (D.A.4.1)j J

It is possible to use either. the kinematic parameter q, or the macroseismic
intensi ty I as an argument in the integration. For the approximate dis-
cretized forces the sense of argument is no longer of interest. In case the

expression of N(q;l) corresponds to Figure D-5, it may be written

N( I; 1)

N(q; 1)

10(2-1/2)

- 1. (3+log q)
10 2 2

(D.A.4.2a)

(D.A.4.2b)

(where it is assumed that q (m/ l) = 21-VII) . The values Pk/ j needed for
the numerical integration of (D.A.4.1) are given in Table D-4.

The values of N. (i.e., N(q.;l) or N(I.;l) are given in Table D-7.
J J J



250

Table D-7. Values of N.
J

- -N. (i.e., N(q.;l)
J J

q(m/ s2) -I(MSK) or N(1.;1)
J

V 0.25 0.3162
V 1/2 0.35 0.1778

VI 0.5 0.1
VI 1/2 0.7 0.05623

VII 1.0 0.03162
VII 1/2 1.4 0.01778

VIII 2.0 0.01
VIII 1/2 2.8 0.005623

IX 4.0 0.003162
IX 1/2 5.6 0.001778

X 8.0 0.001

The numerical calculation of expressions (D.A.4.1) gives the values Ik in
'rable D-8.

Table D-8. Values of Ik (Expected Annual Number of Occurrences of
Damage Degree Dk)

DAMAGE DEGREE 0 1 2 3 4 5

Ik .210 .078 .0125 .0051 .0050 .00164

The sum of Ik is approximately equal to N(V; 1). The difference results
mainly from numerical errors. Given these results, the damage degree 2
(moderate) is expected to occur .0125 times in one year, .125 times in ten
years etc., the damage degree 5 (collapse) is expected to occur .00164 times
in one year, .164 times in 100 years etc. The expected number of cases of
damage of degree 3 (heavy) or higher in one year is .0051 + .0050 + .00164 =
.01174, and, for fifty years, .587. According to (D.2.14), the return
period of damage of degree 3 or higher is (.01174)-1 = 85.18 years. Accord-
ing to (D.2.20) or (D.4.7), the probability of non-occurrence of damage of
degree 3 or worse in fifty years is exp (-50 years/85.18 years) = .556. The
probability of satisfying the same condition for 10 years is

exp (-10 years/85.18 years) = .889

In relation to expected losses, two categories must be considered: 1) ma-
terial losses (on the basis of Table D-5) and 2) losses inflicted to people
(on the basis of Table D-6) subdivided on the basis of Table D-6 into (2a)
injury or loss of life and (2b) loss of life.

Material losses can be expressed in monetary terms, either as a fraction of
replacement cost or in absolute values. Accepting the assumptions on which
the developments Section D.6.2 relies (primarily, the perfect restoration of
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a structure affected by a seismic event), one can determine various measures
of expected losses. According to (D.6.3), the expected loss in 50 years is

C1 (50 years) = ~ ~1/k IkZ1 (50 years) =

(.01x.210 + .3x.078 + 5x.0125 + 30x.0051 +

+ 95x.0050 + 100x.00164) x Z1 (50 years)/100

.0088 Z1 (50 years)

If no discounting occurs, a1 = 0 in expression (D.6.1), Z1 (50 years) 50
years, and C1 (50 years) = .44.

If the discount rate a1 = 10%, then, according to (D.6.2),

Z1 (50 years) = [1 - exp (-.1x50)]/.1 = 9.93 years

and the present value of loss is only

C1 (50 years) = .087

Expressed in absolute terms, the non-discounted expected loss for the first
illustration is

.44 x 400,000 US $ = 176,000 US $

while the discounted expected loss for the second illustration is

.087 x 600,000 US $ = 52,000 US $

The conditional probabilities of non-exceedance of some loss thresholds,
G1/k(c1)' used in relations (D.6.4) and (D.6.5) are based on Table D-5
(second column) and distributions presented in Figure D-19, and are given in
Table D-9.

Table D-9. Conditional Non-Exceedance Probabilities for Some Loss
Thresholds

NON-EXCEEDANCE PROBABILITIES FOR
THRESHOLDS OF 10SS

DAMAGE DEGREE
10% 30%

0 1. 1-

1(L) 1- 1-
2(M) .8667 1-
3(H) 0 .5
4(T) 0 0
5(C) 0 0
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The calculation of the conditional non-exceedance probability G1/2 (10%),
which is not immediate, was calculated based on assumptions in Figure D-19,
as in Figure D-20.

f

NON-EXCEEDANCEPROBAB IL ITV

EXCEEDANCEPROBABI UTY

1.25 5 10 DAMAGE RATIO (%)

Figure D-20. Calculation of Probability of Non-Exceedance of 10% Loss
for Moderate Damage, According to Table D-5

According to (D.6.4), the expected number of cases of exceedance of (non-
discounted) loss of 10% in a unit time interval is

N1 (10%;1) = Ox.210 + Ox.078 + .1333x.0125 +

+ 1x.0051 + 1x.0050 + 1x.00164 = .0134

The same for a loss of 30% is

N1 (30%;1) = Ox.210 + Ox.078 + Ox.0125 +

+ .5x.0051 + 1x.0050 + 1x.00164 = .00919

According to (D.6.6), the probability of non-exceedance of a loss of 10% in
10 years is

H1 (10%;10 years) exp (-.0134x10) = .8746

The same probability for a loss of 30% and 50 years is

exp (-.00919x50) = .6316

The expected number of injured persons, C2 (T), or of killed persons, C2b(T),can be approximately calculated, considerin~ the exposure characteristics of
Figures D-17 and D-18 and treating the data on Table D-6 as deterministic
values (more accurate evaluations should convolute in an appropriate manner
exposure characteris tics as in figures referred to with dis tribu tions re-
placing the data of Table D-6). Based on (D.6.3) and derived from Table D-
6, the expected number of annually injured persons (%) in the first illus-
tration (apartment building) is

C2a(1) = (Ox.210 + Ox.078 + 1x.0125 + 2x.0051 + 10x.0050 +

+ 100x.00164) % = .2367 %
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A summary of risk to persons is given in Table D-10, for each illustration.
According to Figure D-17, the expected number of exposed persons in the
first illustration (apartment building) is 30 and according to Figure D-18,
that number for the second illustration (hall) is

.75 x 0 + (25 x (0 + 1000)/2) = 125

The value for the case of collapse (last number) was calculated as follows:
the conditional probabili ty of non-exceedance of 60 victims is the same as
the probability of exposure of no more than 100 persons, since the probabil-
ity of loss of life in case of collapse is assumed to be 60% according to
the table. The probability of not more than 100 persons exposed is the sum
of two terms: .75 (concentrated probability of empty hall) plus 0.1x.25
(10% of the probability of persons being present, due to the constancy of
probability density in the interval (0, 1000 persons) in Figure D-20).

According to (D.6.4), the annual expected number of cases of exceedance of
this threshold is

N2b(60 k.p.;1)

= .001244

(1 - .825) x .005 + (1 - .775) x .00164

The probability of non-exceedance of the threshold of 60 killed persons
during one earthquake for a twenty years period is

H2b(60 k.p.;20 years) = exp (-20x.001244) = .9754

Table D-10 shows the high risk for people involved by the assembly hall,
given the assumptions made (the exposure according to Figure D-18 and con-
ditional expected numbers of Table D-6).

Table D-10. Annual Expected Number of Injured and of lCilled Persons

CASE

1- APARTMENT BUILDING 2. ASSEMBLY HALL
NATURE OF LOSSES

INJURY OR INJURY OR
LOSS OF LIFE LOSS OF LIFE LOSS OF LIFE LOSS OF LIFE

RELATIVE (%) .24 .039 .71 .24
ABSOLUTE (PERSONS) .072 .012 .89 .3

(Note here that killed persons are also counted as injured.)

Another measure of risk, connected with the expressions (D.6.4) and (D.6.6),
pertains to exceedance of a certain number of victims following one earth-
quake. The calculations are done for the second illustration (assembly
hall). The threshold of 60 killed persons is considered. The conditional
probabili ties of non-exceedance G2b/k( C:2b) are determined from the distri-
bution of Figure D-18 and the data bn Taole D-6 (last column). For the six
damage degrees in order, the conditional probabilities are

1., 1., 1., 1., .825, .775
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APPENDIX E

EXAMPLE OF ORDINANCE FOR EARTHQUAKE RISK REDUCTION

Ordinance No. 154,807, EARTHQUAKE HAZARD REDUCTION IN EXISTING BUILDINGS
enforced on January 7, 1981 by the City of Los Angeles Division 68 is repro-
duced below as an example of existing legislation for earthquake risk re-
duction at the level of a large community.
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TABLE NO. 68-A
RATING CLASSIFICATIONS

Type of Buildinq ela8si fication

Essential Building I
High Risk Building II
Medium Risk Building III
Low Risk Building IV
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Figure E-l. Los Angeles Muncipal Code: Ordinance No. 154,807; City
of Los Angeles - Division 68, Earthquake Hazard Reduction
in Existing Buildings. January 7, 1981, (Page 1 of 3)
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Figure E-l. Los Angeles Muncipal Code: Ordinance No. 154,807; City
of Los Angeles - Division 68, Earthquake Hazard Reduction
of Existing Buildings. January 7, 1981, (Page 2 of 3)
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