Carlos Sousa Oliveira

NOTES FOR THE CHARACTERISATION OF THE
SEISMIC VULNERABILITY OF BUILDING CONSTRUCTION IN LISBON

Introduction

The city of Lisbon has gone through the experience of several strong earthquakes during the last few
centuries, separated by large periods of quiescence. These earthquakes have marked the course of construction
techniques in the town. Even though the population has always been aware of the perils of the seismic activity, it
seems that the wide intervals between consecutive events erases the memory and, consequently, the quality of
construction has decreased with elapsed time since last occurred event. This has happened at least during the
period of quiescence towards the end of last century.

The present paper presents a summary of the main ancient construction techniques practised in Lisbon,
classifies the existing stock of buildings into several typologies, describes the parameters controlling their
seismic behaviour, and tries to evaluate the general vulnerability of the different typologies. It concludes with
recommendations for future studies which are necessary to reduce uncertainties on vulnerability assessments. A
large number of references on the topic are also presented.

Building types - Building stock

The behaviour of buildings during earthquakes is very difficult to predict and depends upon a great
number of parameters. In the town of Lisbon there are buildings of different types, ages, number of stories and
material properties, usually supported laterally by each other and showing discontinuities in height and plan. The
buildings may be located on a flat or steep area and may be in a good structural condition or in a bad one, due to
lack of repairing. ‘

The main types of ancient construction (before the onset of reinforced concrete construction) can be
viewed through Figs. 1 to 7, in which a general description of construction techniques is described: Fig. 1
presents typical masonry buildings prior to 1755 and Fig. 2 the case, still present nowadays, of jetty structures.
Fig. 3 gives an example of the Pombaline construction developed after the Lisbon earthquake of 1755 in the
reconstruction of the destroyed downtown. It follows the already used timber skeleton inside the masonry wall as
known the "gaiola" structure. Fig. 4 presents the detail in the connection between masonry walls and wooden
floors, a quite old technique for tying together the different masonry elements. This technique was used in more
recent building construction such as the masonry building at the end of 19th century, Figs. 5 and 6.
Unfortunately, as many years have passed over the 1755 event without other important earthquakes, the
construction techniques was not so effective for lateral loading as the previous ones. In many cases the interior
"gaiola" almost disappeared. At this period of time concrete as well as steel elements were used as shown in Fig.
7 where concrete slabs forming small arches are supported by steel beams ("abobadilha").

An important earthquake in 1909 (Benavente), with epicenter 25 km to the north of Lisbon, gave rise to a
revision of some of the construction practices requiring further attention to the treatment of masonry walls.

The period in "early 1900" to 1940 is characterised by a transition to the reinforced concrete technology,
and the main evolution since then is given by the existence of regulatory code of practice, the first one in 1958
(RSCS, 1958), then in 1963 (RSEP, 1963) and, finally, in 1983 (RSA, 1983)
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Fig. 1 - Masonry buildings prior to 1755.
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Fig. 2 - Jetty structure.

) [
=
—
—
=
—

a)

PLANTA

b)

Fig. 3 - Pombaline construction: a) fagade; b) interior "gaiola".
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Fig. 4 - Detail in the connection between masonry walls and wooden floors.
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Fig. 5 - Masonry building at the end of 19th century.
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In order to allow a more correct understanding of their seismic behaviour, and according to their main
structural properties, Lisbon's buildings have been classified into six different categories, five of them already
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Fig. 7 - Concrete slabs with steel beams ("abobadilha").

mentioned in Oliveira et al., 1984:
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A - Masonry stone buildings prior to 1755, low rise, most in bad shape (Freq. > 3Hz);

B - Masonry stone buildings constructed during the period 1755-1880, with horizontal ties and in good

shape (Freq. > 2.5 Hz);

C - Brick masonry tall buildings constructed during the period 1880-1940, wooden floors (Freq. > 2

Hz);

D - Dual structures with masonry resistant walls and reinforced concrete (RC) slabs or RC moment
resistant frames heavily infilled with brick walls, constructed during the period of 1940-1960 (Freq. > 2

Hz);

E - RC framed buildings with infills, constructed in the period 1960-1985, designed according to

uniform lateral load requirements of first types of modern codes (Freq. < 2.5 Hz).



F - Modern RC buildings with shear walls, constructed after 1985, designed according to the most
recent lateral load requirements (Freq. < 2.5 Hz).

The range of frequencies presented above can be depicted from Fig. 8 where the fundamental first periods
of vibration of building constructions, obtained through in situ measurements, are presented for all building
typologies and for old masonry structures.
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Fig. 8 - Fundamental first periods of vibration of building constructions - in situ measurements: a) all building
types; b) old masonry structures.
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Dynamic behaviour

The dynamic analysis of these structures is very complex due to the difficulty in determining the
constitutive equations of all components, specially for large amplitude values. Table I enumerates several
experimental techniques for the characterisation of dynamic behaviour of old buildings. Several research
programmes are now being launched in Portugal as well as in other southern European countries, in order to
better understand that behaviour. The effect of connections between the various components, such as masonry
and timber, is one topic which deserves great attention. Others are:

¢ behaviour of well cut and arranged stone walls in its own plan and the perpendicular direction;

e behaviour of rubble stone walls in its own plan and the perpendicular direction;

e  behaviour of corners between walls;

¢ the influence of horizontal diaphragms, either in timber or concrete slabs;

e the influence of inner partitions, either in simple masonry, in plywood or mixed;

¢ the influence of stairways, either in stones, in timber or mixed;

e the influence of a discontinuous first floor level, either by the use of arches or vaults, or by beams;

¢ the influence of the type of roof;

e the influence of adjacent buildings, either of the same size and material, or of different size and material.

To understand these behaviours and influences, several techniques have been devised. They deal with
either the whole structure or parts or components of the structure, to characterise the constitutive laws, using
dynamic analysis for low amplitude testing or, on the other hand, static large amplitude tests. The modulus of
elasticity for different types of masonry walls, according to the experience gained with ambient and forced
vibration testing, and compared with static testing, show great variations from material to material and with the
geometric arrangements of stones; but they are quite low for structures of poorer masonry quality. In the last
case, the yielding limits are barely above the dead loads, and the non-linear part has, however, an extremely long
resilient plafond.

Vulnerability and fragility analysis

Estimation of damage to people and property requires the knowledge of vulnerability and fragility of
different classes of building structures under different seismic strong motion conditions. By definition, while
vulnerability represents the damage (to human and material property) percentage, fragility represents the part
of total sampled population, in percent, which is affected by certain degree or type of damage. These two
concepts are naturally related to each other, specially if one thinks that the data to produce them is exactly the
same. The difference comes only from the way analysis is performed.

Depending-on the objective under prospection (output variable), use of one or the other should be made.
As an example, to obtain global distribution of damage, one prefers to work with vulnerability, but if the number
of homeless is the output variable, then it is easier to work with fragilities, Rojahn, 1993.

Many authors have been collecting data from past earthquakes to create data-bases dealing with all kinds
of damage types. Statistical information is consequently becoming available, allowing not only to derive
vulnerability and fragility curves with much higher confidence limits, but also permitting a better way to
compare with analytic and experimental results. Among the most recent works, one should refer Coburn et al.,
1992, Spence et al., 1992, Murakami, 1992, Gulkan et al., 1992, and Tiedemann, 1992.

The vulnerability curves were assigned to each category in Lisbon based in the type of construction,
natural period of vibration and on statistics obtained from several word wide earthquakes, Mendes-Victor et al.,
1993, and Tiedmann, 1992, Fig. 9 for human casualties and for damage ratio. In Fig. 10 are presented fragility
curves for the same set of typologies, adapted from Coburn et al., 1992), for two limit states: a) severe damage
and b) collapse.
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Fig. 9 - Vulnerability function for different typologies - (preliminary results, adapted from Tiedmann, 1992): a)

for human casualties (units: per million inhabitants); b) for damage ratio.
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Fig. 10 - Fragility function for different typologies - (from Coburn et al., 1992): a) severe damage; b) collapse.
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Studies for the Inventory of Building Stock

Many different techniques have been developed to obtain the main structural characteristics of a building,
essentially depending on the detail of vulnerability analysis. The Italian group for civil protection has devised
three levels of inquires, the first referring simple geometric values, the second a good description of geometry,
and the third requiring the knowledge of the mechanical properties of the materials. In Portugal, specific studies
for Lisbon have been conducted in the basis of the typologies above mentioned and on the organisation of
building blocks, Fig. 11.

Figure 12 presents a schematic spatial distribution of the first five above mentioned building categories
according to expert opinion, Oliveira et al., 1985.

The structural characterisation of Lisbon's building stock, covering different areas, Fig. 13, was made up
to now using several types of questionnaire surveys. Fig. 14 summarises the inquire for building survey used by
Laboratério Nacional de Engenharia Civil (LNEC).

1. The survey covering the areas of Alameda, Anjos-Pena and Western Rivershore area was made under
LNEC's (National Laboratory of Civil Engineering) supervision and was specially designed for future
seismic impact studies. The survey sheets had 30 different parameters to fill, and trained teams of
geographers, architects and engineers were formed for that purpose to assure, as far as possible, the
homogeneity of data collection.

2. The survey covering the areas of Lisbon's historical centre and other ancient quarters, now under a
rehabilitation process, was made by Lisbon's City Council Municipal Department of Urban Rehabilitation.
Most of the parameters contained in this survey are similar to the ones used in LNEC's survey.

3. In the areas not yet directly covered by the two previous surveys, the Population and Housing Census of 1981
and 1991 were used, INE, 1991. The data contained in the Census were completed with an expeditious field
work. This work, covering representative modern urban areas, used sampling techniques to determine the
number of stories and the land covered area. i

Typical results of the survey are presented in Fig. 15 either in quantitative terms or using graphic
geographical systems.

In many different locations around the world several methods have been tentatively used for studies of
earthquake impact (see papers published on NATO Advanced Research Workshop on An Evaluation of
Guidelines for Developing Earthquake Damage Scenarios for Urban Areas).
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Alameda Anjos Western Total
Rivershore
Geographic area 286 ha 105 ha 1644 ha 2035 ha
No. of blocks 185 46 729 960
No. of buildings 3273 1877 10355 15505
Total no. of stories 15692 4710 31577 51979
Total no. of dwellings 22264 6411 44445 73120
Average no. of stories 4.32 3.52 3.07 3.49
Predominant epochs 1870-1940: 55% | 1870-1940: 47.5% | 1755-1889: -
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* - Data from Marin et. al. (1983); ** - Data from SM.P.C. - CM.L. (1993a)
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Fig. 15 - Typical results: a) in quantitative terms; b) in graphic systems.
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Future studies

- A classification of building types should be done in a very detailed way. In doing so, inquires to evaluate
building stock and the determination of vulnerability functions need further development.

- This would require studies at various levels which have to be performed for the particular case of the area
under analysis.

- Inrelation to the inquires and the procedures for the field work, great care should be exercised in order that
they are easily and accurately filled up and treated.

- In relation to the vulnerability functions, special emphasis should be given to the behaviour of structures in
past events, to analytical and experimental techniques, merging all available information. One important
improvement of the model is the incorporation of strong motion in terms of spectral content, which is a
function of magnitude and focal distance.

- In the particular case of Lisbon’s stock of buildings, reinforced concrete buildings are the type of structures
deserving higher consideration. They represent a large portion of the recent stock of buildings, and were
constructed under three different seismic codes without a clear quality control. That’s why they pose large
uncertainties as far as performance for seismic actions are concerned.

- On the other hand, the traditional masonry structures prevails in the buildings constructed before 1960.
Their natural spatial organisation is the block which should be considered as the unit for this analysis.

- The study of vulnerability to the population deserves also particular attention. A few authors did already
some work in this direction analysing data from past events, taking into account the degree of damage in the
building, the type of building and population concentration, Murakami, 1992. This information can be built
into a more sophisticated damage model. Also, instructions to the population can address topics of
evacuation, how and how long, preparation for aftershocks, etc.

- The study of important structures, including the life-lines networks, need to be done in great detail, on the
basis of individual analysis. The sole exceptions are the cases of repetitive structures, such as certain types of
schools, industrial facilities, etc., for which a single complete study is enough.

- Special treatment as far as relief instructions in these structures should be addressed. A detailed emergency
plan should be provided for each structure, assigning all check list points. If they contribute to the
emergency plan of other systems (hospitals,...), their operationally should be granted at all means, and easily
checked.

- Monuments, libraries, art exhibitions, etc., require a different treatment. Their cultural value cannot be
jeopardised without prior knowledge.
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Table I - Experimental techniques for the characterisation of dynamic behaviour of old buildings.

Ambient | Forced Wave Analysis  of | Material | Shaking | Real earth-
vibration | vibration | velocity components | testing table quakes
Amplitude very small very small | large very medium | small to
motion small large large
Degree  of | simple more simple very more very depend on
difficulty complex complex complex | complex | occurrences
Observations | dynamic | dynamic | only for | static static dynamic | dynamic
simple dynamic
material
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