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Assessment of earthquake vulnerability of buildings
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ABSTRACT: A method for assessing the vulnerability of buildings to earthquake damage is pre-
sented. The method was derived by considering which characteristics of buildings affect their

vulnerability, by how much,

and how the influence of these characteristics can best .be com-

bined to produce realistic vulnerability values. The data relating the various char-
acteristics to vulnerability were obtained from damage analyses and from reports in the lit-
erature. The optimal approach was found to be determining vulnerability on the basis of con-
struction material type and modifying the values as necessary to account for building age,
regularity and the subsoil in the vicinity of the building.

1 INTRODUCTION

Structural and building engineers are inter-
ested in the performance of buildings during
earthquakes to help verify design assumptions
and the adequacy of building codes. Members
of the insurance profession have a similar
interest in the behaviour of buildings during
earthquakés but for them, the monetary as-
pects of the resulting damage are more impor-
tant. In parallel with the opportunity to im-
prove engineering design methods, damage in-
vestigations can provide valuable information
to insurers on the vulnerability of different
classes of buildings and therefore help re-
fine earthquake tariffs.

A significant amount of information relat-
ing vulnerability (in terms of building dam-
age cost ratios) to different building class-
es exists in the literature and in the files
of insurance companies. This information is
based either on statistical analyses of dam-
age in past earthquakes or, gquite often, on
the opinions of experts in the field. In ei-
ther case, it is not damage to individual
buildings but instead the statistical mean
damage of many buildings of similar construc-
tion type, age, height or other character-
istics which is considered and related to
earthquake intensity (usually Modified
Mercalli). A major problem for those wishing
to avail themselves of this vulnerability in-
formation is that each study has tended to
produce results which show the relationship
between vulnerability and specific building
parameters or combinations of parameters and
which are not easily applied in other cases
where the parameters, for example, the age or
construction type have changed. It was,
therefore, decided to collect and summarize
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the available information and synthesize from
it a clear, concise, and from an insurer's
perspective, applicable, vulnerability as-
sessment tool. The procedure followed and the
results obtained are reported herein.

2 PROCEDURE

The synthesis of the vulnerability assessment
comprised the following two major tasks:

1. determine building parameters which have
most influence on vulnerability and quantify
their influence;

2. develop tool with which vulnerability
can be assessed by taking account of the
building characteristics of a particular in-
sured portfolio.

2.1 Task 1

Vulnerability information was obtained from
an extensive search of the literature and
from four analyses of earthquake losses
carried out internally by Swiss Re. These
were Albstadt, Germany, 1978, Swiss Re
(1990); Popaydn, Columbia, 1983, Swiss Re
(1984); Chile, 1985, Swiss Re (1988) and Mex-
ico city, 1985, Swiss Re (1989). On the basis
of that review, the building parameters most
commonly used to describe differences in the
vulnerability of building samples or insured
portfolios were found to be:

age building height

insured value regularity and symmetry
building use building quality (base shear)
subsoil construction material type.
These various parameters are used to differ-
ent extents by different investigators. Thus,



for example, insurance company studies con-
centrate on insured values and building use
as this information is readily available and
comprehensible whereas engineering studies
tend to concentrate on base shear from design
codes, construction material type, subsoil
and building height. Insurance companies do,
however, have access to repair costs for cal-
culation of damage ratios whereas engineering
companies obtain such information in less de-
tail or simply estimate it. There was also a
significant number of the information sources
from which no quantitative data could be ex-
tracted because vulnerability was expressed
not as a monetary damage ratio but as a per-
centage of buildings affected or the like.
Such a ratio could still be used to qualita-
tively assess vulnerability. Direct compari-
son of vulnerability values was also made
difficult by the fact that several forms of
monetary damage ratio exist. Ideally, to per-
mit direct application to insured values, the
vulnerability had to be expressed as the ra-
tio of the sum of the repair costs of build-
ings of a particular age, type or height
etc., in a given Modified Mercalli Intensity
(MMI) zone, to the total replacement value of
all buildings with the same characteristica
in that MMI zone. This quantity is denoted as
the "mean damage ratio” or MDR at a given
MMI. The most commonly encountered variation
from the true MDR is the mean damage ratio of
affected buildings which takes no account of
undamaged buildings within a particular MMI
zone. The MMI parameter is far from ideal as
a measurement of ground shaking. It is a sub-
jective value and highly dependent on the ex-
perience of the investigator. It is, never-
theless, a very useful parameter for statis-
tical damage analyses and many risk maps show
seismicity in terms of MMI return periods.

For ease of application it was decided that
the influence of each parameter on vulnera-
bility should be represented on a multiplica-
tive scale, that is, as a multiple or factor
of the vulnerability at a selected starting
point. Task 1 also considered the important
aspect of interdependence between the parame-
ters.

2.2 Task 2

Having determined the important building pa-
rameters and the manner in which they can be
combined to influence vulnerability, a par-
ticular combination of parameters was chosen
as the basis for vulnerability estimation. As
shown in the results, several combinations
were theoretically feasible; the deciding
factors were global application and the
availability of data. This task also com-
prised determination of the absolute MDR's to
which the calculated influence factors would
be applied.
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3 RESULTS - TASK 1

A graphical representation between masonry
building AGE and relative vulnerability is
shown in Figure 1.
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Figure 1. Influence of age on vulnerability
of masonry,

Age represents the time elapsed between the
construction of the building and the occur-
rence of the earthquake and relative vulnera-
bility is the ratio of MDR at a particular
age to MDR at age five years. The resulting
trend is that the MDR increases more or less
linearly (on the semi-logarithmic plot) up to
about fifty years old at which age masonry
buildings are four to five times more vulner-
able. Age can influence vulnerability in two
ways:

(1) the obvious deterioration of material
strength and performance particularly for
brick and mortar construction,

(ii) improved seismic design methods in
newer buildings particularly in high-rise
steel and concrete frame buildings.

The results of these two influences are equal
- newer buildings are generally less vulnera-
ble.

Figure 2 shows the relationship between SUM
INSURED as a multiple of the local average
building value in each affected portfolio and
the ratio of vulnerability of a particular
sum insured class to the vulnerability of the
smallest sum insured class. According to Fig-
ure 2, the smallest sum insured class is
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Figure 2. Influence of sum insured on vulner-

ability,

about 6 times more vulnerable than the aver-
age valued class. The individual curves
therefore show the decrease in vulnerability
with increasing sum insured values within
(and not between) the respective case stud-
ies. That the curves can not be used to esti-
mate vulnerability of portfolios in other re-
gions or countries where only the average
building value is known is a disadvantage.
Further, this parameter is not a physical
feature of'a building or portfolio of build-
ings but simply a monetary value which re-
flects the quality of the construction ma-
terials, the age of the building and the gen-
eral quality of design, construction and exe-

cution.
Buildings categorized by USE fall into

three groups: residential, commercial or in-
dustrial. Swiss Re (1985) report residential
building vulnerability up to five times larg-
er than either commercial or industrial
building vulnerabilities. This fact is usual-
ly ascribed to the less stringent design re-
quirements and more vulnerable construction
materials used in residential construction.
Using this direct relation between building
“use categories and vulnerability could, how-
ever, lead to erroneous vulnerability assess-—
ments. Inner city residential buildings may,
for example, be redeveloped for commercial
purposes without any changes to structural
strength and vulnerability.

SUBSOIL and BUILDING HEIGHT are usually
treated separately with increasing vulnera-
bility ascribed to "poorer" subsoil condi~
tions or increasing height. Nevertheless, the
spectacular increase in vulnerability as a
result of resonance effects (Mexico City,
1985; Romania, 1977 and others) suggests a
more complex interrelationship between the
subsoil under a building and building height.
Thus the influence of the subsoil should be
dealt with in two modes of behaviour: damage
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caused by instability of the subsoil (local
failure) and rescnance effects (where the
earthquake ground motions are influenced by
the subsoils which nevertheless remain sta-
ble).

Within the first of these groups we
recognize 3 distinct types of subsoil insta-
bility; compaction, liquefaction and land-
slides.

In the second group, the effect of the sub-~
soil is less obvious because the ground sur-
face remains intact and the mass of soil re-
mains more or less stable.

Discussions of the influence of subsoil on
vulnerability have tended to consider the
soil mass instability and resonance effects
as one problem. This is usually dealt with
using the so-called MICROZONATION technique
in which the MMI of the different microzones
are increased or decreased by increments of
intensity relative to some assumed average
ground condition. NZNSEE (1984) summarises
subsoil microzone effects from several such
studies and presents the follow-
ing assessment:

Table 1. Subsoil Influence on MMI.

Deep alluvium + 2
High porosity sediment + 1
Compact sediment (assumed average ground) 0
Basement rock -1

This procedure has the advantage of being
easy to use but the validity of the MMI
changes can only be assessed after the rela-
tionship between absolute MDR's and MMI has
been established. This is dealt with later in
this paper.

The influence of REGULARITY and SYMMETRY is
one of the least well documented probably be-
cause of the difficulty in quantifying these
factors. Nevertheless, past earthquakes have
consistently exposed the greater vulnerabili-
ty of irregular buildings and the influence
can be significant. In one of the few de-
tailed studies reported, Tiedemann (1990)
quotes vulnerabilities four times larger for
"moderately irregular and asymmetrical build-
ings" compared to "regular and symmetrical™.
The meaning of these descriptive terms is
rather unclear. Kyriakides (1987) suggests
that for a building to be considered regular,
it must have symmetry, a simple and sound
structural system and no weak points. Thus we
can exclude buildings with soft storeys, T, L
and H-shaped plan buildings, buildings on
sloping ground etc..

The influence of improved BUILDING DESIGN
CODES on vulnerability are indeed significant
but little quantitative data is available to
permit comparisons. Of the few available,
Hopkins (1989), suggests MDR's decreased by a
factor of almost ten at MMI VIII as a result



of code improvements in New Zealand.

Categorization of buildings and assignment
of vulnerabilities on the basis of their CON-
STRUCTION MATERIAL TYPE is more common. One_
of the most frequently used sources is the
graphical relationship proposed by Sauter &
Shah (1978) in which damage ratios are given
for ten common construction material types.
Swiss Re (1985) report the vulnerability of
unreinforced masonry, for example, six times
greater than that of reinforced concrete
framed buildings in the same MMI zone.

Consideration of the interdependence of
these various influence factors will not be
discussed in detail in this paper. It is ob-
vious from the group of influence parameters
discussed above, that some, for example sum
insured, are highly dependent on several of
the others - age, construction material type,
building quality and regularity and symmetry.
It follows therefore that a vulnerability
value assessed on the basis of sum insured
should not need to be modified to take ac-
count of changes in those parameters but
should be modified to account for changes in
subsoil and height effects. Similarly, it can
be reasoned that base shear (as defined in
most building codes) takes account of age,
material type, usually subsoil but not regu-
larity and symmetry. Finally, using the same
reasoning, it can be concluded that vulnera-
bilities derived on the basis of construction
material type should be modified by age, sub-
soil and, regularity and symmetry factors to
give a realistic vulnerability value when one
or more of those characteristics change.

4 RESULTS - TASK 2

The object of this project was to develop a
vulnerability assessment tool with general,
that is, worldwide applicability. Of the
three possible combinations discussed above,
the first - using the sum insured to estimate
vulnerability - is rejected because it can
only be applied locally. The second - using
base shear - is probably the most desirable
but presently impractical because of lack or
data. The third combination using con-
struction material type as the primary influ-
encing factor is proposed as the most feasi-
ble vulnerability assessment tool. This would
be in the form of MDR versus MMI curves for
different material types corresponding to
specific age, regularity and subsoil condi-
tions, complemented by tables of influence
factors for these three parameters.

The proposed material classification system
is shown in Table 2 below.
The proposed classification system, in addi-
tion to considering the basic material types,
also considers in general terms the load car-
rying system (ie. whether flexible [frame] or
rigid [wall)) and modern forms of construc-
tion (precast frame, lift-slab buildings and
tilt-up walls).
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With this classification system in place,
the next step is to compile the available MDR
data. This proved to be a major problem be-
cause of the limited amount and reliability

Table 2. Construction Material Classification
System,

Construction

Material Type Description

1a Wood frame with light ex~

terior wall finish (eg.

plaster, stucco, weather-
board) .

1B Wood frame with brick ve-
neer finish.

2A Steel frame with steel bra-

cing or reinforced concrete
shear walls or with light-
weight cladding systems.

2B Steel frame without bracing
or shear walls and with
non-load bearing walls of
reinforced concrete, brick,
glass etc.

3A Reinforced concrete frame
with reinforced concrete or
brick shear walls.

3B Reinforced concrete frame
without shear walls and
with load or non-load bear-
ing walls of precast con-
crete, brick, glass etc.

3c Precast concrete frame and
lift-slab buildings with or
without shear walls.

4A Reinforced concrete, pre-
cast tilt-up, reinforced
masonry or reinforced hol-
low block bearing (or non-
bearing with pilasters)

walls.

4B Unreinforced britck or solid
block bearing walls.

4c Unreinforced hollow block

bearing walls.

of usable data. Much of the existing data on
vulnerability is poorly documented and vague-
ly defined and data does not exist for all
construction types and/or at high intensity
shaking (MMI X to XII). Thus while there are
many papers written on the subject of vulner-
ability, there is relatively little, origi-
nal, empirical data. Most of the vulnerabili-
ty curves produced are best estimates of the
various authors (based on the little factual
data) which are in turn often reused to pro-
duce other estimates. We therefore must ac-
cept that with the exception of the Swiss Re
damage analyses Swiss Re (1984, 1988, 1989,
1990) the information available had already
been filtered, hopefully on the basis of ex-—
perienced judgment. In addition to the four
Swiss Re studies, major sources of data were



Table 3. Age Influence Factors,

Modified Mercalli Intensity

Construction

Material Vi VII
Type Age Group Y1 Y2 Y3 Yl Y2

1 0.9 1.0 1.1 0.9 1.0 1.
1B 0.5 1.0 1.5 0.5 1.0 1.
2a 0.4 1.0 3.0( 0.3 1.0 3.
2B 0.4 1.0 3.0/ 0.3 1.0 3.
3A 0.4 1.0 3.0/ 0.3 1.0 3.
3B 0.4 1.0 3.0| 0.3 1.0 3.
3c 0.4 1.0 3.0| 0.3 1.0 3.
4a 0.4 1.0 2.0| 0.6 1.0 1.
4B 0.4 1.0 2.0| 0.6 1.0 1.
4C 0.4 1.0 2.0( 0.6 1.0 1.

Age Group Y1l < 15 years
Y2 15-40 years
¥3 > 40 vears

ATC 13 (1985), Dowrick (1989), NZNSEE (1984),
Chandler (1991) and Whitman (1973).

To standardize the MDR data in terms of
age, regularity and subsoil, it was first
necessary to determine the full range of iq:
fluence factors. The influence of age on ma-
sonry structures is shown in Figure 1. Less
detailed information relating to wood and,
steel and concrete frame buildings was also
reviewed. On the basis of that review, the
matrix of age influence factors (multiplica-
tive) shown on Table 3 is proposed. Much in-
terpolation and extrapolation of values was
required hecause the available data corre-
spond to only one or two age groups. The fac-
tors have been weighted such that factor 1.0
corresponds to an average age of 30 years,
consistent with the MDR curves presented in
this report. Age 30 years was taken as the
pivot point for the age influence factor be-
cause in the absence of specific age informa-
tion it would be a reasonable average age to
assume.

The extrapolation and interpolation of val-
ues have also been based on the following:

° age is most significant for masonry con-
struction

° for brittle structures, age influence is
more significant at lower intensities

° steel and reinforced concrete frame
structures show little true aging change but
instead, design code differences which are
related to age, prevail.

The influence of regularity is still in much
doubt. However it is our opinion that the
curves shown in this report represent a regu-
larity condition somewhere between "regular"
and "moderately irregular". The curves are,
therefore, slightly conservative but we lack
the data to justify any reduction in vulnera-
bilities.

The influence of subsoil type in terms of
changes MMI was presented in Table 1 as a
possible solution. Comparing the effects of
these MMI increments with the available data
gives a reasonable correlation and they are
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Yl Y2 Y3 Yl Y2 Y3 ¥l Y2 ¥3
0.7 1.0 1.3/ 0.9 1.0 1.3) 0.9 1.0 1.3
0.7 1.0 1.1f 0.9 1.0 1.1f 0.9 1.0 1.1
0.3 1.0 3.0/ 0.4 1.0 2.2| 0.6 1.0 1.5
0.3 1.0 3.0] 0.4 1.0 2.2] 0.6 1.0 1.5
0.3 1.0 3.0( 0.4 1.0 2.2| 0.6 1.0 1.5
0.3 1.0 3.0( 0.4 1.0 2.2] 0.6 1.0 1.5
0.3 1.0 3.0/ 0.4 1.0 2.2} 0.6 1.0 1.5
0.8 1.0 1.5/ 0.9 1.0 1.4| 0.9 1.0 1.1
0.8 1.0 1.5} 0.9 1.0 1.4| 0.9 1.0 1.1
0.8 1.0 1.5| 0.9 1.0 1.4} 0.9 1.0 1.1

for steel and concrete frame buildings

therefore proposed as a suitable series of
subsoil influence factors. The average condi~
tion is that described in Table 1 as "compact
sediment”. It is stressed that while age data
and some subsoil data were available in the
Swiss Re studies, in the other cases it had
to be assumed that the data corresponded to
the defined average conditions.

With the standardized MDR data available,
new summary curves were drawn up for the ten
previously described construction material
types. These are shown on Figure 3.
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Figure 3. Vulnerability curves per construc-
tion material type.



5 APPLICATION OF RESULTS AND CONCLUSIONS

The vulnerability curves presented in this
report may be used to estimate building dam-
age caused directly by earthquakes as a re-
sult of ground shaking and movement. They do
not reflect damage from fire following earth-
quake, damage to building contents or busi-
ness interruption. The curves as derived may
be modified to assess vulnerability for other
conditions of age, subsoil conditions and
perhaps eventually regularity. For portfolios
in which details of material type, age, etc.,
are not known, the average values should be
assumed. A further modification - a "country
factor" - is probably necessary to take ac-
count of differing execution and workmanship
skills in different countries. This factor
would tend to increase the MDR values as the
curves are in general based on data from
countries with superior execution and work-
manship (California, New Zealand, Germany,
Chile).

Two additional economic factors which would
tend to increase the MDR values are worthy of
consideration. These relate to large event
inflation and monopolistic insurers. Experi-
ence shows that in major catastrophic events
producing large numbers of losses, repair
costs and therefore MDRs are inflated. This
results on one hand from poor loss adjustment
by the insurance companies as a result of
time constraints and on the other hand from
demand for services and building materials,
etc. exceeding the supply. To the best of our
knowledge (at least for the Swiss Re loss an-
alyses) the vulnerability data used in this
study was based on damage from relatively
small events suggesting that the large event
inflation effect is absent. With monopolistic
insurance companies, there-is a tendency to-
wards slightly lower settlements resulting in
smaller MDRs. In this study, the insurance
companies involved in the Albstadt and New
Zealand events were monopolies. Exactly how
much influence these economic factors should
have on the vulnerability values is not yet
known but the influence should be noted.

Despite the sometimes questionable quality
of the raw data, it is felt that this empiri-
cal approach to vulnerability assessment for
insurance purposes offers many advantages
over other, theoretical approaches, not the
least of which is its simplicity and adapt-~
ability. The proposed vulnerability assess-
ment tool provides a framework in which new
data may be added as it becomes available to
improve its validity and usefulness.
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