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SUMMARY

Based on classification of damage and usability of over 40,000 build-
ings damaged in the Montenegro 1979 earthquake detailed analysis has been
performed in order to establish empirical and theoretical vulnerability
functions. Selected vulnerability functions are presented in this paper as
a basic evidence for the needs of damage estimate in evaluation of expect-
ed vulnerability and seismic risk. Implementation of developed functions in
physical and urban planning, code calibration and reduction of earthquake
consequences is discussed.

INTRODUCTION

Due to recent catastrophic earthquakes in Yugoslavia, Algeria and
Italy within the Mediterranean region, a larger number of residential build-
ings, schools, hospitals and other public, administrative and industrial
buildings, as well as other facilities of local and regional infrastructure
have been severely damaged. The largest number of the damaged buildings are
in the state that their use is not permissible before adequate repair and
strengthening of the basic structural systems, nonstructural elements and
installations. In order to assure appropriate safety and normal functioning
of the damaged buildings, it will be important to recognize that these
buildings will be exposed in the future to a large number of small and mo-
derate earthquakes and with significant probability to the catastrophic
earthquakes with large magnitudes similar to those in the past.

It would be of essential importance that in the stage of general, phy-
sical and urban planning, as well as during the process of repair and
strengthening of damaged buildings, other facilities and new constructions,
expected seismic hazard and its influence on seismic stability of the struc-
tures and installations should be taken into account in elaboration of safe-
ty criteria based on determined acceptable seismic risk levels, assuring
that seismic protection in the future earthquakes is economically justified
and that damageability levels will permit safe and undisturbed use.
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In order to have established acceptable seismic risk and damageability
levels an attempt is made for development of empirical and theoretical vul-
nerability models and functions. Based on damage distribution analysis and
available strong motion records in the recent earthquakes in Yugoslavia,
empirical vulnerability models and functions have been developed for diffe-
rent categories of structures and their usage. Theoretical vulnerability
functions have been developed based .on seismic hazard studies and analysis
of expected damageability levels for selected types of structural systems
of residential and public buildings. Based on established developed empiri-
cal and theoretical vulnerability functions development of seismic risk
models for planning of preventive measures, economical, physical and urban
planning are briefly discussed.

EMPIRICAL AND THEORETICAL VULNERABILITY FUNCTIONS

Based on classification of damage and usability of buildings and struc-
tures performed in eight categories immediately after Montenegro April 15,
1979 earthquake about 40,000 buildings in seven communes and over 300 set-
tlements with total gross area of about seven million square meters have
been selected for development of empirical wvulnerability functions or func-
tions of observed vulnerability (7). Considering vulnerability as degree of
loss to a given element of risk or set of risk elements, resulting from the
occurrence of earthquakes of a given intensity, vulnerability functions are
presented by two elements: vulnerability as a loss of total area of conside-
red structural type or usage (set of risk elements) in respect to the obser-
ved seismic intensities presented in terms of equivalent ground acceleration
(4) as most direct parameter connected with structural damage and soil con-
ditions. For basically considered seven categories of structural types and
eight categories of usage of the buildings classified in eight damage cate-
gories, detailed analysis has been performed for all 40,000 buildings con-
sidering equivalent ground acceleration for each of over 300 settlements
based on recorded earthquake ground motions and local soil conditions for
each settlement.

Several empirical vulnerability functions for different structural
types and usage of buildings are presented in Figs. 1 through 10 and space
distribution of observed vulnerability in the considered area (Figs. 13
and 14). In each vulnerability function percentage of the gross area of the
considered types of buildings is given in respect to the total analyzed
gross constructed area. Separately regression lines are defined for heavily
damaged (repairable), severely damaged (non-repairable) and cummulatively
of totally unusable buildings.

In order to estimate cost for repair and strengthening of heavily da-
maged buildings particular analysis has been performed of 105 buildings
with normalization of the cost to the year of 1980, for different levels
of equivalent ground acceleration. Four of developed relations of the cost
for repair and strengthening of strengthened masonry and RC frame buildings
are given in Figs. 11 and 12 and Figs. 15 and 16 cummulatively for all
structural types for residential apartment buildings and hotels, respecti-
vely, considering separately structural and nonstructural cost.

Considering that empirical vulnerability functions are developed do-
minantly for nomseismic structures, of particular interest would be to
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estimate vulnerability of modern seismic structures like RC frame and wall
structures. Based on damageability analysis of more than 50 selected build-
ings several theoretical functions are developed and two of them presented
in Figs. 17 and 18. Vulnerability of structural and nonstructural elements
is considered separately. Althrough calculated levels are rather high the
advantage of RC wall structures is quite evident and cummulative vulnerabi-
lity and seismic risk will depend on the level of expected seismic hazard.

IMPLEMENTATION

Developed empirical and theoretical vulnmerability funmctions on obser-
ved and expected vulnerability could be directly implemented in develop-
ment and analysis of the vulnerability and seismic risk models of specific
urban area, region or entire country with similar types of the existing
stock of buildings. By analysis of different alternatives in the future de-
velopment different levels of seismic risk will be obtained and possibili-
ty for determination of acceptable and economically justified level of se-
ismic risk could be created. Developed functions could be used for econo-
mical, physical and urban planning as well as seismic design code calibra-
tion, planning of organization of civil defense activity, preventive measu-
res and measures for reduction of earthquake consequences after disastrous
earthquakes. Further systematic studies of specific stocks of buildings
and structures exposed to different earthquake magnitudes are needed in
order to establish an appropriate data base for development of more general
vulnerability and seismic risk models and functioms.
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Fig. 15. Function of cost for repair and strengthening Fig. 16. Function of cost for repair and strengthening
of residential apartment buildings of tourism buildings (Hotels)
FRAME REINFORCED REINFORCED CONCRETE
CONCRETE WALLS
1. Vulnerability of structure 1. Vulnerability of structure
2. Nonstruc. el. and installations ~ 2. Nonstruc. el. and installations
& 3. Total vulnerability E 3. Total vulnerability
E'lOOr]rlu{ri 5&100ﬁ11il[|[|
g i ) 3 I 7
2 80 |— — T 80 |— —]
g - @ - ~‘5 - —
-
© 60 [(— / - R 60 — —
R [~
c -y -
T >
£ 40 Z 40 —
= 3
Kol o -
© @
£ 20 S 2 —
3 > L
p 4
10 20 30 40 10 20 30 40
EQA (% g) EQA (%g)
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