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ABSTRACT: The general report of the Working Group 7 of the European Association on Earth-
quake Engineering on seismic aspects of preservation of historical monuments is presented. The
text of this General Report is composed of five parts. Part 1, includes some general information,
and a short description of the Working Group activities for the period 1994-1998. Following chap-
ters present the today's main aspects of the problem. Part 2 presents a general consideration on the
safety of historical centres. Part 3, refers to the fundamentals of a historical rehabilitation process.
In part 4, the problem of seismic vulnerability of building in historic town centres is presented. Fi-
nally part 5 presents specific experiences gained on the rehabilitation of historical monumental
buildings.

1 INTRODUCTION

Several years ago, European Association on Earthquake Engineering, has created a special working
group, covering the subject of preservation of historical monuments. The group started his activity
under its present composition on 1986. Active members of the group since that time have been,
A.Giuffre from Rome, Professor M.Yorulmaz from Istanbul, C.A.Syrmakezis, Convenor of the
group, Associate Professor, from Athens, as well as Professor F.Wenzel from Karlsruhe. During
last four years, new members have jointed the group´s activities: Dr R. Spence (U.K.), A. Carocci
(Italy), D. D´Ayala (U.K.), L. Tzenov (Bulgaria).

Due to financial difficulties official meetings of the Group have not been organized.  Several
bilateral contacts between members of the group took place during that four year period. During
these meetings several points have been cleared up. Concerning general activities first, the mem-
bers of the group were encouraged to continue their efforts undertaking specific research programs,
the results of which could provide helpful information in the future for the group activities. More
specifically, it was generally accepted that a comparison of existing results should continue to be a
task of the group. The members of the group have been also contributors to the success of EAEE
Regional Seminars, as well as to other national or international activities, related to the subject of
the group.



11th European Conference on Earthquake Engineering © 1998 Balkema, Rotterdam, ISBN 90 5410 982 3

2

The problem of financing of the Working Group activities, has been proved very important.
Recently, the Group lost one of its distinguished members, Professor Antonino Giuffrè. This re-

port is dedicated to his memory.
Antonino Giuffrè was born in Messina on 17-1-1933 and died in Rome on 27-11-1997. He

started his engineering studies in Messina , but his real vocational training was held at the Faculty
of Engineering of Rome where he carried out his course of studies and particularly where he met
Carlo Cestelli Guidi. By knowing him "he understood that there was something more stirring than
mathematic abstraction, more involving than conics, and more human: truth. The truth of things
around us, truth of the houses in which we live, the material in which they are built, the way in
which they are constructed and projected, and how is possible to guarantee their quality." He
taught, as professor of "Tecnica delle Costruzioni" in Rome at the Faculties of Architecture, first
for a long time at the University "La Sapienza", and from 1992 at the Third University. Until 1984
he has focused his interests on Seismic Engineering subject and Stochastic Dynamics producing
very important studies and publications (such as Analisi Matriciale delle strutture: statica, di-
namica, Dinamica aleatoria, 1976). Since 1984 he concentrated his research on the structural prob-
lems concerned with the protection from seismic events of historical architecture, namely of the
city (Monumenti e Terremoti, 1989, Lettura sulla meccanica delle murature storiche, 1990,
Sicurezza e conservazione dei centri storici - il caso Ortigia, 1993, Il codice di pratica per la
sicurezza e la conservazione dei Sassi di Matera, 1997). These subjects enabled him to link up his
scientific knowledge with his profound interest into humanistic and historical matters. The text of
chapter 2 represents his latest methodological contribute to the subject of safety and preservation of
historical city centres. The included plates concern his fresh study on Palermo's historical centres:
"Practice Code for earthquake-proof and structural restoration interventions".

In spite of the difficulties met during last four years period, the Group should remain active in
the future with activities on the following directions:

a. organization of a long term support of the research work, through collection of the existing,
non easily accessible, information, and documentation. Such an effort should be an urgent and of
high priority task of the group. A trans-european data base as complete as possible, is highly desir-
able, including e.g. the following: terminology definitions (short dictionary), publications (papers
etc), types of structures and structural elements and types of response (classification), types of in-
tervention methods (classification).

b. in view of the variety of cases and methods used, and as a prerequisite to the above case a,
analytical investigations of the different types of structural elements, used in the various european
countries, through various rehabilitation techniques, should be considered of high priority.

c. other questions of interest are those related to: the position of a historical structure in a his-
torical complex (historic town center), the proper use of contemporary codes with special concern
to the definition of the risk of the structure (e.g. seismic acceleration) and legal aspects (occupancy,
safety, etc), repair and/or strengthening techniques, soil - structure interaction, interdisciplinary
character of interventions etc, training of people involved (cooperation with universities), etc.

d. organization of joint projects and activities. These joint projects, should focus more on the
needs for the elaboration of common basis of work, and less on the production of original scientific
results. Coordination of existing projects is also possible.

The text of this General Report is composed of five chapters.
This chapter 1, presented by the convenor of the group, includes some general information, and

a short description of the Working Group activities for the period 1994-1998. Following chapters
present the today's main aspects of the problem, with special emphasis to the analysis problems. 

Chapter 2, presented by professor A. Giuffre and with Mrs Caterina Carocci, from the Depart-
ment of Architecture of University III of Rome, gives a general consideration on the criteria for the
formulation of a “practice code” for the safety and preservation of historical centres.

Chapter 3, presented by professor C.A.Syrmakezis, the convenor of the group, refers to a struc-
tural analysis methodology for historical buildings.

 Chapter 4, presented by Professor Dr. Spence and Dr. D´Ayala describes the research activity
of the Cabridge-Bath group on the seismic vulnerability of buildings in historic town centres.
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 Chapter 5, presented by Professor L. Tzenov, refers to the aseismic protection of buildings of
the Bulgarian national bank-monuments of culture.

2 CRITERIA FOR THE FORMULATION OF A “PRACTICE CODE” FOR THE SAFETY
AND THE PRESERVETION OF HISTORICAL CENTRES (A. GIUFFRE & C. CAROCCI)

2.1 Premise

For more than ten years, above all in Italy, studies of seismic vulnerability of urban centres have
been carried out. The classical methodology has been formulated with statistical criteria based on a
rapid and extensive survey leaded by a given schematic form (GNDT 1993). The items of the form
are parameters characteristic of the building taken into consideration and the whole of the informa-
tions concerning all the buildings are statistically elaborated. The outcome of the research is the
probability that a certain level of damage will be verified upon the expected seismic intensity. By
means of this studies useful comparison were carried out among several urban centres verifying
priorities and emergency of prevention intervention.

We have known for several years that antiseismic interventions in the masonry construction of
old cities present a notable impact in the constructive reality of historical construction, and the in-
stance of conservation - all the more pressing the more one observes the loss of identity of restruc-
tured houses and of the character of the cities - calls for such intervention being led by a precise
awareness of the original structure and by structural choices which are knowingly consistent.

As a result it spreads a methodology of analysis of seismic vulnerability directed more precisely
towards the choice of mitigation intervention through a reading of the historical structure in all its
mechanical potentiality and its inadequacies concerning seismic action. In this type of investigation
which we have put right and have already experimented on at various times, the construction of the
urban fabric is still examined in extensive terms but concentrating firstly on the possibilities of
damage which the constructive particularities typical of the site enable us to predict; then the most
opportune techniques to rectify the structural insufficiencies are carefully considered. The outcome
of the investigation is a "Practice Code" i.e. a manual offered to professionals as a guide to the
comrehension of the historical structures of their city and suggestions on criteria and intervention
techniques. The "Practice Code" is an operative instrument with which the local governments can
check and render homogeneous the quality of intervention in their city.

2.2 The two aspect for the “Practice Code”

Firstly we must introduce the two purpose which the Code establishes: in this approach the study of
vulnerability is explicitly addressed to a design end and to a check of seismic safety.

Consequential ends: following a fact finding path which predicts seismic damage (vulnerability)
intervention is projected (design purpose), and therefore, on the base of the same knowledge verifi-
cations are carried out which control the mechanical efficacy of the choices which have been made
(purpose of seismic safety). The design process requires the comprehension of the constructive
techniques and of their mechanical qualities, mechanical modellations necessary for verification
come from the same data.

2.3 Methodology of the Design Phase

The first step of the investigation necessary for the formulation of the "Practice Code" concerns
the general vision of the city. Its history, evolution, its periods of decadence and recovery allow us
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Fig. 1. A map of Palermo (XVIII century) where the underlined the beds on the river dained during XVI
century.

to determine the epochs in which the development of the city underwent homogeneous criteria.
In this manner urban areas which contain similar contractions are identified and borders between
zones built up with different systems are plotted out. This investigation allows us to draw the peri-
metrs of homogeneous areas and circumscribe those sectors in which the constructions present a
common constructive typology. This is a criteria for generalizing observations which will come
with time based on the survey (Fig. 1, 2).
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Fig. 2. A map of Palermo (XVIII century) that shows the effect of 1726 earthquake. The strongest damages
on the buildings were localized inside the riverbeds areas.

The survey of structural condition: The survey of the original constructive technique proceeds
through a comparative analysis of the constructions of the area whose perimeters has been defined.

The goal is to identify the constructive typologies which are at the base of the urban fabric. The
number of floors, traits of masonry, the layout of floors and roofs, materials used and system of as-
semblages are all observed. In this way we recognize "the original construction mode", a "con-
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structive technique" which determines the rules both of detail and criteria of assemblage of the con-
struction. These rules are as complete and consistent as those which today supply the technical
norms for new constructions even though they are more elementary.

The "reasons" for historical structures are thusly identified and useful mechanical considerations
are obtained. Furthermore an average structural conformation is identified, which might reveal
generalized inadequacies as far as seismic resistance is concerned.

The constructive characteristics observed in the various cases in question, firstly the construc-
tion of walls, show different levels of quality in the various buildings. In this phase of the study the
case surveyed are placed in an abacus, oriented according to a progressive order of mechanical ef-
ficacy. A qualitative judgment ("good" - "average" - "bad") is used in this phase in order to arrange
a systematic list. In order to arrive at more concretely quantitative evaluations only some elements
of the list need to undergo experimentation (physic or numerical) to quantify the traits of all the
others.

The identification of the constructive technique common to the internal structures in the area in
question and of the criteria of structural assemblage, allow us to distinguish the "regular" condition
from the case in which either because of inadequacy from the beginning or because of later tam-
perings, the rule has not been respected. This investigation, therefore, arrives at a comparative
reading of the static conditions of the entire portion of a urban fabric.

Relationship between damage and seismic intensity: vulnerability and mitigation criteria: To
carry on the investigation methodology we are presenting we must insert some consideration con-
cerning the relationship between damage and macroseismic intensity, i.e. a first embryonic criteria
for foreseeing damage.

Macroseismic intensity is defined by a description of damage scenarios. This is significant only
in as much as the mechanical consistency of the construction is judged to be uniform throughout all
the territory subject to earthquakes, to the degree that the same scenario of damage can be indica-
tive of the same physic action.We have attempted a structural interpretation of such scenarios, es-
pecially for the VIII and IX degrees, with reference to the definition of the MCS scale (Carocci
1996): we believe we can affirm that the scenario of the VIII degree affects the precarious portions
of the constructions while that of the IX degree, which exposes generalized damage affecting the
greater part of the city, calls for an intrinsic and systematic characteristic of the masonry construc-
tion: the weakness of connections between facades and cross walls.

In judging the intensity of the VIII degree as that which affects the precarious portions of the
building we evaluate such precariousness with respect to a rule that has never been codified other
than by the effective uniformity of the masonry structure, the number of floors, thickness of the
walls. This constructive uniformity comes from the uniformity of the needs of the residents. During
the last century the latter uniformity has gone astray or has been stabilized in forms completely dif-
ferent from the old ones. The constructions have been modified not according to former evolution-
ary criteria which however maintained the masonry structure within the general norm (except for
precarious sporadic cases which earthquakes brought to light), but in the light of incompatible
needs. For example, the number of floors has been multiplied; roofs have been turned into terraces
by raising only a portion of the area without respecting supporting walls; walls have been knocked
down to create larger rooms; spaces on ground floors through which trucks can pass have been
opened.... With respect to the rules intrinsic to a historical city recent tamperings leave the build-
ings in a precarious state which an earthquake will ruthlessly not fail to demonstrate (Fig. 3).

In addition to the tamperings decay must be taken into account as this is very wide spread
through historical Italian cities which have been seriously neglected since the end of the Second
World War. Partial collapses leaves tottering cornices, detached stone facings, and other unstable
elements; seismic vulnerability of such situations is similar to that of chimneys whose collapse
characterizes the seventh degree scenario.

An accurate analysis of urban fabric as requested by the elaboration of a Practice Code supplies,
as we have already stated, information concerning the original state and tamperings and de
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Fig.3 Survey of structural condition in the house in Palermo. Assemblages of different elements in the build-
ings.
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Fig.4 The collapse mechanisms delineated for the masonry building in palermo. They depends on the posi-
tion of the house in the urban fabric and on the position of the openings in the facade.
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cay the construction has encountered. This therefore allows us to make probabilistic forecasts of
damage scenarios. The procedure is as follows: from the local seismic history we can judge the
probability of occurrence of diverse intensities, for example of the seventh, eight and IX degrees.
The scenario of damage of each of such events is described by the macroseismic scale. Today,
however, we have to add to this description the collapse of all situations created by decay or tam-
perings. With the probabilities with which it is correct to expect events of the seventh, eight or IX
degrees, we can foresee partially different scenarios, certainly more serious than those which define
such intensity, but correctly foreseeable by an examination of the current state of the buildings
compared to that of the beginning of this century. Further element to foresee the additional damage
scenario is the mechanical confrontation between the seismic resistance of the elements whose
collapse characterizes the scenario corresponding to the macroseismic intensity, and new situations
created by recent evolution.

With this procedure which, however, requires an accurate reading of the fundamental charac-
teristics of the building and its current discordance with the norms a reliable analysis of vulnerabil-
ity in terms of predicting seismic damage in the intensity function is carried out. We can conclude
affirming that in order to judge the present situation of a structure we must know its history. In or-
der to formulate probabilistic extrapolations about expected earthquakes we have to correlate sce-
narios of damage from the past with the corresponding constructive scenarios, and those with those
of today, and finally with the results of our interventions.

In addition to the probabilistic outcome of this investigation the mechanical interpretation of the
damage scenarios enunciated by the macroseismic scale allows for a highly useful application of a
projectional type. The expectations of particular damage scenarios suggests directly corresponding
intervention strategies.

An awareness of the local seismic history must tell us if we need fear the event of an earthquake
of the VIII or IX degree, or our prevention policy must decide if we want to protect buildings from
earthquakes of the VIII or IX degrees.

On the base of that which we have stated about damage associated with such events for both
cases precise intervention strategies can be formulated.

VIII degree: we must eliminate precarious situations
IX degree: we must systematically contain all facades.
(If we expect an earthquake beyond the IX degree, the intervention strategy is at the onset the

same as that of the IX degree, except for the results of safety verification which will be mentioned
further on).

The enunciation of these strategies brings our approach closer to statistical methods, but the
project's intention here is evident. Identifying the precariousness is the premise for rectifying it. In
the following paragraph we shall see how such strategies are realized in precise operative criteria.

The mechanisms of damage: Having made this premise, the investigation on constructive types
proceeds with the research of modes of damage. The first step consists in identifying the "precari-
ousness": outside walls too wide between transversal walls, connections between right angled walls
deteriorated, raisings not laid on supporting walls, roofs that have lost their roof ridges and which
lean upon the tops of walls, walls whose transversal consistency has been destroyed by decay,....
The local constructive technique in the configuration we have defined as "average" supplies the
threshold between "normality" and "precariousness" and this phase of the investigation does not re-
quire numerical checks.

Seismic action acting upon the masonry structure tends to highlight incongruities: the walls tend
to detach themselves and set off as mechanisms of rigid bodies. The preferential lines of detach-
ment are easily read on the base of the position of wall - external walls tend to tip over towards the
outside - and the position of the openings which condition the fracture. According to the structure
of the building fabric several generalized damage mechanisms can be predicted. The Practice Code
researches them and identifies their principle characteristics. If we wish to protect a building from
the probable event of the VIII degree (probable in base of the seismic catalog) we have to design
intervention capable of eliminating the above mentioned precariousness, by leading the tampered
or worn and torn situations back to the norm. We will soon say more about the intervention tech-
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niques but we can already expect that the most natural formula to reconstitute the norm is truly the
"norm" itself, i.e. the original technique and the original rules of assemblage. The most natural way
to the prevent a detachment mechanism is to introduce connective elements capable of impeding its
activation.

If we want to protect the building from the IX degree, since the prediction gives a systematic
detachment of the facades besides the precariousness we have to find a way to systematically con-
nect the external walls to the transversal ones.

Techniques of intervention: The cycle of the first phase of elaboration of the Practice Code (the
design phase) concludes with the formulation of intervention techniques. The survey of the con-
structive techniques offers a series of systematic or particular cases of situations to be rectified and
of possible collapse mechanisms to be prevented, The task of this sector is to design technical de-
tails extracted as far as possible from the same original lexicon with the addition of steel tie or ma-
sonry tie-beams. The surveyed masonry technique will be used as need be, to its greatest quality, or
the constructive process will be rationalized by inserting (if the IX degree is expected) generalized
connections between the external walls and the right-angled ones. Some axioms of the masonry
structure which have never been denied even thought particularized differently, will be respected.
For example the construction's characteristic of "being disassembled" has always been present in
all historical construction as a consequence of a builder's yard which proceeds for successive as-
semblages. The facility of disassemblage was the condition for the maintenance process and this
has permitted the multi century duration of cities; this will not be interrupted by interventions
which connect in an irreversible way elements with precise individuality. Moreover modern inter-
ventions should not eliminate the porosity characteristic of traditional materials which consents
evaporation and impedes condensation of moisture.

The proposals of intervention which constitute the operative body of the Practice Code derive
from qualitative considerations of regularization of abnormal situations and of controls of damage
mechanisms and belong to the design phase. Seismic safety must be verified with mechanical pro-
cedures. This is the second purpose of the Practice Code and is explained in the following para-
graph.

2.4 The methodology of the seismic verification phase

The fundamental problem for the mechanical verification of masonry structures consists of cor-
rect modeling. The reality of the walls is not correctly interpreted by continuous and isotropic mod-
els, nor can resistent models defined by tensional characteristic be adopted. Its constitution with
discreet assembled elements with mortar substantially lacking cohesion, makes that varying the
strains path the behaviour of the wall evolves according to successive conditions of stability. And
normally the collapse is caused by a loss of equilibrium: global instability, if the masonry work is
well interlocked, local instability if it is lacking in transversal interlocking; as a rule, such last case
dramatically anticipates the ruinous conclusion of the phenomenon. Then the quality of the wall
should carefully accounted for.

The use of the abacos set up in the phase of survey, arranged according to the mechanical qual-
ity, has just the duty to graduate the prevision of the structural performance. This is a first founda-
mental link between the verification and the survey.

The seismic preservation design derives, as we saw, from the knowledge of the original tech-
niques and from the identification of their inefficiencies. Different designs, as the aim of the pre-
vention is the VIII degree or the IX degree (or the X too, for which the intervention is the same as
for the IX except the more severe checks), but in any case designs leaded by the criterion of pre-
venting the damage mechanism.

Afterwards the design presumes the hypothesis of a mechanism. It will be recognized through
the survey of the building. As we said the masonry construction is an assembled work, and the
continuity on the walls is marely an appearance as they are made with stones put side by side. It is
always possible that the wall is separated into portions, and every portion is kept undivided by the
interlocking of the stones and by the compression stress which push them the one on the other. Of-
ten our analysis points out more than a mechanism: different hypotheses of subdivision are possible



11th European Conference on Earthquake Engineering © 1998 Balkema, Rotterdam, ISBN 90 5410 982 3

11

and all of them should be checked. Then we should evaluate the resistance of such mechanisms ac-
counting for the restraints we place to control them. The basic methodology examines the equilib-
rium of the mechanisms of rigid bodies under the action of dead load and horizontal seismic forces
proportional to it. The value of the proportionality factor related to the loss of equilibrium (when
the mechanism starts moving) measures the static resistance of that damage mode.

The verification consists in comparing the static resistance of each foreseen mechanism with an
assigned value of the seismic acceleration. Such value should represent the seismic design force,
accounting for the design having been carried out with the aim to prevent a damage scenario related
to the foreseen macroseismic intensity: the numerical verifications should be coherent to aspected
event. Nevertheless the problem of relating the characteristics of the ground motion, for instance
the pick ground acceleration, to the macroseimic intensity is yet under study. But an other problem
arises: the dynamic response of structures whom damage mode has been modeled as a rigid bodies
mechanism. The first results of the dynamic studies on structures oscillating with rocking motion
concern a response spectrum valid for such structures (Giuffre et als. 1989, Baggio 1993 & Giuffre
et al. 1994). It is reproduced in the figure. It shows that under the seismic action the structure
doesn’t start moving until the draging acceleration reaches the value of its static resistance, and
then it oscillates around the equilibrium position, moving from that as more as the seismic accel-
eration exceeds its resistance. It needs a peak ground acceleration much higher than the static re-
sistance of the structure, to reach oscillations so strong to attain the loss of equilibrium, and the
displacement must reach values close the half thickens of the wall (Fig. 4).

In short, if the peak ground acceleration reaches the static resistance of the mechanism the first
cracks of detachment appear. More high values of the peak acceleration give rise to more high dis-
placements and the cracks become more manifest. Over a given value the collapse occurs. The
distance between the value of the peak ground acceleration which provokes the first detachment
and the value which provokes the collapse measures the pseudo-ductility of the masonry construc-
tion; and such pseudo-ductility is usually very high to judge by the sets of cracks which can be ob-
served in masonry buildings damaged but not collapsed. They show capillary cracks and cracks
tens of centimeters wide.

These considerations lead to define as multiplier for the verification of the stability of the
mechanisms, that is to say as collapse verification, a lower value than the expected peak ground ac-
celeration. As much lower as more stability to the oscillations the masonry wall can offer. In fact if
the masonry work of the walls subject to oscillation is not of good quality the wall breaks up sooner
it reaches the limit displacement. In this case the collapse follows closely the first detachment.

It can be asserted that in order to verify masonry walls of good quality, made with stones of
considerable dimensions as regards to the thickness of the wall and well interlocked cross-wise the
wall, the horizontal force can be evaluated by dividing the peak ground acceleration by a ductility
factor equal to 1.6; but this value must be reduced to 1 with the decreasing of the quality of the ma-
sonry work until the last case contained in the abacus.

3 STRUCTURAL ANALYSIS METHODOLOGY FOR HISTORICAL BUILDINGS (C. A.
SYRMAKEZIS, A.A. SOPHOCLEOUS & P. G. ASTERIS)

3.1 General Methodology Description

The proposed methodology includes seven steps for the structural analysis of a historical building.
Detailed architectural and structural drawings, describing the existing status of the structure, are
always prerequisites for the application of the proposed methodology.

Step 1: Material characteristics determination.
The characteristics of materials composing the structure are basic input data for a reliable

structural analysis. Namely, the compressive-tensile strength of the materials, their modulus of
elasticity and Poisson ratio are of primary importance. For the estimation of those parameters,
combination of analytical or semi-empirical methods and experimental data have to be used. For
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the determination of the masonry compressive and tensile strength, several semi-empirical expres-
sions exist combining all parameters involved. These parameters are, a factor describing the influ-
ence of the blocks' shape and the type of the construction, a factor describing the kind of the ma-
sonry (stone or brick), a factor describing the bed-joint width and the volume of the included
mortar, the compressive strength of stones, and the compressive\tensile strength of mortar.

Values of compessive strength of stones, have to be estimated experimentally. The values of
mortar's compressive and tensile strength, have to be estimated by the specially adopted method of
fragments' and scratch-width tests. Modulus of elasticity, if not otherwise defined, can be estimated
as the 1000 multiple of the compressive strength of masonry. Poisson ratio, can be taken equal to
0.30.

Step 2: Structural simulation.
A 3-D finite element model seems to be generally the most suitable for the analysis. For a

higher model reliability, specific simulation parameters, like the rotation capacity of the wooden
floor connection with the masonry wall, the rigidity degree of connections between intersected
walls, the influence of spandrel beams, etc., have always to be taken into account.

Step 3: Actions.
Loadings foreseen by the codes for the relevant use of the building, have to be taken into con-

siderations. An appropriate seismic loading has also to be taken into account, especially for struc-
tures built in seismic areas.

Combinations of dead loads, live loads and earthquake action, is used, following the general
rules provided by codes. Earthquake has to be considered along all unfavourable directions for the
building. Base seismic coefficient along height distribution is taken into account following the
Eurocodes' requirements, appropriately modified.

Step 4: Analysis.
Using the data of the steps 1,2,3, FEM linear elastic analysis is performed and stresses (normal-

shear) - displacements at the joints of the mesh are calculated. Due to the actual behaviour of plain
masonry and the high degree of uncertainty in the previous steps, elastic analysis seems to be the
most realistic one for the analysis of such structures, especially before any repair and/or strength-
ening.

Step 5: Failure criterion
Taking into account conclusions of step 1 concerning materials' characteristics, a failure crite-

rion is established. On the basis of the FEM analysis results, this criterion is used for the definition
of the failed regions of the structure.

For the plane (σx ,σy≠0 , τ xy =0) the proposed failure criterion is based on the combination of a
specific masonry plane failure line for the cases biaxial tension (BT), biaxial tension-compression
(BTC), biaxial compression-tension (BCT) and Von Mises failure ellipse for the case of biaxial
compression (BC). Therefore the final result is a 3-D failure surface which is constituted by four
families of surfaces (S1,S2,S3 and S4) for each one of the previous cases.

In this respect it has to be mentioned here that masonry is at least an orthotropic material. Me-
chanical characteristics are essentially different along the two principal directions, i.e. perpendicu-
lar and parallel to bed joints. During the work presented in this paper, a simplified assumption was
made, taking into account isotropic material. Consequently, no modification of the biaxial failure
envelope has been considered for the planes τ xy ≠0.

A special computer programme called "FAILURE" has been developed in the Institute of
Structural Analysis and Aseismic Research of NTUA for the failure analysis of the structure. The
program is using the FEM analysis results and the mechanical characteristics of the materials for
the determination of the failure regions of the structure. The failure regions can be automatically
plotted directly on the shape of the corresponding wall. This programme gives also for each of the
walls or for the whole structure and for each loading case, statistics for the number of failure points
and the type of failure (BC, BCT, BTC, BT). This information provides a general view for the
probable damage level and the main type of damages of the structure.

Step 6: Repairing and/or strengthening decisions
Decisions have to be taken concerning repair and/or strengthening of the existing structure. The
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methods to be used, the extend of the interventions, the type of the materials, etc., are directly re-
lated to the results of step 5, based on semi-empirical expressions for the final mechanical charac-
teristics of masonry (Tassios et al., 1985).

Step 7: Reanalysis.
Within the frame of a final redesign, a new structural analysis has to be performed, using the

new material, loading and structural data. Results of the analysis have subsequently to be used in
the process of step 5, leading to a final approval (or rejection) of the decisions already taken in step
6, concerning repair and/or strengthening of the existing structure.

3.2 Illustrative example

The methodology following the steps of the previous paragraph is illustrated in a comprehensive
form, through the case-study of the Casarma tower, in Sitia, Creta. A short description of the ac-
tions undertaken for each one of the aforementioned steps, is given.

1. In situ inspection showed that masonry stones were porous stones. Experiments have been
performed using conventional specimens for stones and special tests for mortar, and the following
have been estimated: compressive strength of porous stones fbc=10.0MPa, compressive strength of
mortar (scratch-width method) fmc=0.75MPa, tensile strength of mortar (fragments-test method)
fmt=0.15MPa. Taking into account the above mentioned values, using semi-empirical expressions,
the values of masonry compressive and tensile strength, have been calculated: fwc=1.13MPa,
fwt=0.20MPa, modulus of elasticity Ew=1000fwc, Poisson ratio ν=0.30.

2. For the simulation of the structural characteristics, a 3-D finite element model consisting of
4540 joints and 4130 shell elements has been created.

Table 1. Failure statistics for the whole structure before interventions for all loading combinations.

Loading
case

Failed joints TOP Failed joints BOT-
TOM

1 0/4540 (0.00%) 0/4540 (0.00%)
2 332/4540 (7.30%) 255/4540 (5.62%)
3 479/4540

(10.60%)
411/4540 (9.06%)

4 278/4540 (6.12%) 322/4540 (7.09 %)
5 413/4540 (9.09%) 450/4540 (9.91%)

Table 2. Failure statistics for the whole structure after interventions for all loading combinations.

Loading
case

Failed joints
TOP

Failed joints BOTTOM

1 0/4540 (0.00%) 0/4540 (0.00%)
2 28/4540 (0.06%) 41/4540 (0.09%)
3 69/4540 (1.52%) 90/4540 (1.98%)
4 34/4540 (0.07%) 2/4540 (0.00 %)
5 92/4540 (2.03%) 62/4540 (1.36%)

3. For the case considered, earthquake action along the two main axes of the building have been
taken into account, in both directions (left-right, right-left). Consequently 5 action combinations
have been used. Both vertical and horizontal loads have been applied as nodal ones.

Base seismic coefficient has been calculated following modified Eurocodes and Greek codes re-
quirements, equal to Sd=0.40g. For the calculation of Sd, the maximum expected ground accelera-
tion, soil conditions, type of foundation, structural damping, importance factor, behaviour factor,
dynamic characteristics of the structure etc., have been taken into account.
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4. By FEM analysis biaxial stresses σx  and σy  (homosemous or heterosemous), shear stress 2xy

as well as displacements and rotations have been calculated. The programme SAP-90 used for the
analysis, provided numerical, as well as graphical, output of the results.

5. A special computer programme called "FAILURE" has been developed in the Institute of
Structural Analysis and Aseismic Research of NTUA for the failure analysis of the structure7. The
program is using the FEM analysis results and the mechanical characteristics of the materials for
the determination of the failure regions of the structure. The failure regions can be automatically
plotted directly on the shape of the corresponding wall. This programme gives also for each of the
walls or for the whole structure and for each loading case, statistics for the number of failure points
and the type of failure. This information provides a general view for the probable damage level and
the main type of damages of the structure.

On table 1, failure statistics for the whole structure before interventions for all loading combi-
nations are given.

On Table 2, data summarising the statistics of failed points for the whole structure for the load-
ing combination 2 are given. It can be concluded from this table (as well as from an other four
similar tables) that main source of failure for the structure is the biaxial tensile stress state.

6. Following last conclusion appropriate decisions for the repair and/or strengthening process of
the structure have been taken.

7. For the reanalysis of the structure, the new data concerning values of material characteristics,
loading and structural layout have been evaluated. The strengths of the new composite materials
are modified as following: fwc=1.51MPa, fwt=0.35MPa.

Taking into account the same value of behaviour factor q (equal to 1.50) the same value of base
seismic coefficient a equal to 0.40g has been used.

4 RESEARCH ACTIVITY OF THE CABRIDGE-BATH GROUP ON THE SEISMIC
VULNERABILITY OF BUILDING IN HISTORIC TOWN CENTRES (R. SPENCE & D.
D´AYALA)

The present paper reviews the research developed mainly by Dr. Spence (Cambridge University)
and Dr. D’Ayala (Bath University) in the field of analysis of seismic vulnerability of buildings in
historic town centres from 1994 to 1998.

Macroseismic intensity, observed levels of physical damage based on post-earthquake surveys,
and financial losses to owners and their insurers are different ways of considering and measuring
the damage caused by earthquakes. Often, it is assumed that simple correlations should exist be-
tween them, and such correlations are commonly used for the prediction of the consequences of
future earthquakes, by assigning a given class of vulnerability to buildings types in relation to level
of hazard for a given geographical area.

However due to the diverse aim with which each of these assessment of damage is carried out
the measures obtained can be rather inconsistent and some time conflicting. The activity of the
group has focused mainly on the class of historic masonry structures and on ways of relating the
structural vulnerability to economic loss and measures of damage.

The research activity was associated with a European project, Tosqa, developed from 1994 to
1996 and more recently with research activity in connection with the Umbria-Marche earthquake of
September October 1997.

In the first case the object of study was the definition of the seismic vulnerability of the Alfama
district of Lisbon, Portugal and the identification of efficient strengthening devices. The vulner-
ability analysis used for the Lisbon case study is based on the identification and evaluation of a
number of geometric and structural parameters which allow different collapse mechanism to be as-
sociated with particular situations, in this way ranking the buildings by a limit load factor, equiva-
lent to shear capacity. The procedure is as follows.

Two classes of out-of-plane (OP) and in-plane (IP) mechanisms are considered and a value of
equivalent shear capacity is calculated for each building in terms of a/g, where a is an equivalent
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static horizontal acceleration applied to the centre of gravity of the element under study.  For each
building, in relation to its position within the block, a two dimensional analysis is carried out rela-
tive to the most vulnerable wall.  This is in most cases the facade of the building, which is often the
main bearing wall.  For buildings on corners or with more than one free wall, the analysis considers
that with the highest percentage of opening surfaces. The type of connection of the wall to the rest
of the structures, i.e. presence of ties or dressed stone corners or ring-beams, defines the type of
prevalent mechanism and hence the equivalent shear capacity.

Due to the assumptions of limit-state analysis to define the equivalent shear capacity only ge-
ometry and boundary conditions data are necessary, while the masonry, which cannot be reliably
assessed with this level of survey, is taken as a perfect rigid-plastic material.  Fig 5 shows the
equivalent shear capacity as a function of the building height for the two classes of mechanisms.  In
most cases the out-of-plane mechanism will take place for value of equivalent shear capacity lower
than the in-plane one, in this way defining the lower threshold of damage for that particular build-
ing.  It can, however, be seen that, when some level of strengthening has occurred or particular care
in the lay out of the stonework is present, i.e. presence of tie-rods or stone dressed corner, while at
the same time the building is quite high (more than four floors) and the piers of the facade are
comparatively slender, the out-of-plane mechanism does not necessarily represent the lower
threshold.

A number of buildings were also surveyed by completing the Level 2 GNDT form in order to
compare the two methods.  The results (Fig. 6) show that the trend is similar for GNDT Level 2
and the in-plane mechanism obtained with the limit state analysis, although the values obtained
with the latter are consistently lower, with an average of 30% less.  This can be explained by the
explicit reduction of the factor due to out of verticality and presence of openings, and also to the
fact that while for the GNDT Level 2 only the shear failure is taken into account, for the ‘limit’ in-
plane model mechanisms due to bending behaviour of the pier were also allowed.  The GNDT
Level 2 procedure does not take into account failure for out-of-plane mechanisms and this is made
evident by the poor correlation shown by the two sets of data.  It is worth noticing that in cases in
which ties and quoins are present the out-of-plane factor can actually be greater than the GNDT
Level 2 parameter.  A detailed presentation of this work is reported in papers to international con-
ferences, and journals ( D'Ayala, Spence et al, 1996, D’Ayala, Spence et al. 1997).
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Given the low shear capacity associated with the majority of buildings, 70% have a/g smaller
than 0.16g in an area where new buildings are designed to resist 0.33g, it is evident that specific
strengthening provision should be considered, if this building stock is to be retained without alter-
ing its historic fabric.

As it appeared evident from the analysis that traditional ties improved substantially the perform-
ance of the building, it was felt that this was the most appropriate type of strengthening, capable of
upgrading the buildings, while preserving their appearance. This choice was also evaluated from an
economic point of view by weighing the cost of implementation against the cost of damage repair.

Latest activity is the in progress analysis of data collected following the earthquake in Umbria
Marche of 26 September 1997 and following shocks.

Unlike Lisbon, the seismicity of this region of Italy is characterised by relatively frequent me-
dium intensity earthquakes. Following the Ms=6.2 earthquake with epicentre in Val Nerina in
1979, most of the region was classified as seismic of second category according to the Italian
Codes, which means that masonry buildings should be able to withstand an equivalent horizontal
acceleration of 0.28g. According to this, strengthening measures were implemented in the last 15
years both to damaged and undamaged houses in the numerous medieval historic centres of the re-
gion, in accordance with regional and national laws.

The earthquake strong-motion characteristic, its macroseismic intensity as deduced from the
damage distribution and the specific aspects of this event, are presented in a detailed report fol-
lowing the EEFIT team visit (Spence, D’Ayala et al.1998). In the following a review of the work in
progress is given.

Although detailed data on the recording of instruments triggered by this earthquake are not yet
available, a comparison between observed damage to building surrounding strong motion instru-
ments and published values of peak ground acceleration for them at two locations has been carried
out. This seem to indicates that the recorded acceleration are substantially higher than the level ex-
pected if comparing with the macro-seismic intensity associated with the level of damage observed.
The reasons for this are object of current investigation.
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A second major object of study is the performance of strengthening devices, either traditional,
like ties and dressed corners, or of recent implementation like reinforced concrete roof and floors
and ringbeams, in accordance to the seismic code requirements. Surveys have been carried out in
Sellano, Assisi, and data collection is in progress in Nocera Umbra. Fig. 7 shows the vulnerability
curve for out of plane mechanism for 60 buildings surveyed in Assisi and 40 in Sellano, and com-
pared with the one obtained for Alfama. Its worth noting that most of the building in Assisi show a
value smaller than 0.1g. However it had not been possible to confirm whether some of those actu-
ally had roof strengthening. The maximum acceleration recorded in Assisi at the location of the St.
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Francis Basilica was 0.19g, and although only a minority of the buildings surveyed showed evident
signs of damage on the external facade, the ones that could be internally inspected showed serious
crack patterns and damage in general of level D3.

In Sellano the damage was mainly caused by the later shock of 14/10/97 which had epicentre
near the village. There was not close strong motion instrument and hence not peak ground accel-
eration level are available. However our model show that most upgraded buildings, while showing
a marked improvement with respect to the non upgraded, had a equivalent shear capacity of greater
than 0.20g, but smaller than 0.30g. This can explain the majority of them suffering level of damage
D2. This work is still in progress and these results should be considered as indicative of issues de-
serving further attention.

A third field of study is the level of vulnerability shown by churches and other monumental
buildings with respect to seismic action has been recognised as different and usually higher than
the one associated to ordinary houses (Doglioni et al.1994, Sofronie 1982). Especially in respect to
moderate earthquakes.

This might be attributed to two principal causes:
• intrinsic greater structural vulnerability due to open plan, greater height to width ratio and

thrusting horizontal structures;
• smaller tolerance to cracking if the decoration apparatus is not to be damaged and presence of

false ceilings and other non structural elements less ductile than the structure itself.
This problem has usually been tackled by advocating the unique character and value of a given

church and pursuing a policy of one assessment and one strengthening project specifically tailored
for a given church. However the recent Umbria-Marche earthquake has shown that the problem is
generalised and that the type and distribution of damage is fairly recurring. Figures provided by the
Regional Sovrintendenze show that in both regions the number of damaged churches is high (1815
Umbria, 1450 Marche) and although complete collapses are not numerous, the loss of important
artefacts is quite considerable. It appeared also evident that the form of damage was relatively re-
current and that many of those churches had already undergone forms of strengthening, borrowed
from the general repertory used for residential housing. It is therefore evident that the problem can
not be solved with a one to one approach but more general rules should be laid out and the first step
in this direction is the assessment of the specific vulnerability of this class of buildings and then the
specification of appropriate measures to reduce that vulnerability.

0.01

0.1

1

0 5 10 15 20

height  (m)

sh
ea

r 
ca

pa
ci

ty
 (

g)

Alfama

Assisi

Sellano

Fig. 7. Out of Plane Vulnerability curves for 3 samples

The other more general argument relates to the quantification of the historical seismicity and
hazard of a region and the way this is quantified and related to instrumental more recent data. The
fact that the intensity of past earthquakes is derived mainly on the basis of historic accounts of
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damage associated to those earthquakes and that these usually relate to churches and other “emer-
gent” buildings, might lead to actually overestimate the intensity of a particular earthquake and
overall the hazard of a given region.

Research is in progress to evaluate the vulnerability of churches and relate it to the vulnerability
of residential buildings.

5 ASEISMIC PROTECTION OF BUILDINGS OF THE BULGARIAN NATIONAL BANK-
MONUMENTS OF CULTURE (L. TZENOV)

More than 25 years the Central Laboratory for Seismic Mechanics and Earthquake Engineering
at the Bulgarian Academy of Sciences (CLSMEE) takes active part in the preservation and restora-
tion of monuments of culture. During this time in citu dynamic experiments of a big part of the
bulgarian monuments of culture were performed. They gave possibility to extract a number of im-
portant findings, conclusions and recommendations not only for the current seismic safety of the
monuments of culture, but also for the investigation and analysis of their complete structural state,
needed for their conservation and restoration. After the 10 ECEE, a considerable part of the earth-
quake engineering research activities in CLSMEE were connected with reglementation of the
asesmic protection and case studies of the buildings of the Bulgarian National Bank - monuments
of culture.

During their life times, the banks have always been among the buildings with a greatest signifi-
cance for the image of the town centers. The most advanced for that times technologies and materi-
als have been used for the bank buildings and they have been built up with a special emphasizing to
their representatives. This is especially valid for the buildings of the national bank institution, con-
siderable part of which are registered as monuments of culture in Bulgaria.

The task of aseismic protection of the bank buildings - monuments of culture, poses the ques-
tion for a special approach their aseismic retrofitting, which allows to treasure to the highest degree
their identity and functionality. Practically, there are no Codes and Recommendations to assist the
designers in the engineering analysis of the seismic vulnerability and in the design of aseismic ret-
rofitting of monuments of culture. For this purpose there was a need of regimentation of all the ac-
tivities, connected with the complete estimation of the current state and possibility for future ex-
ploitation of the buildings of the Bulgarian National Bank - monuments of culture, aiming at not
only their seismic safety, but also:

careful maintenance and increase of the life time of the building
. determination of the optimum possibilities for modernization, perfection and bringing of the

bank technology in line with the vanguard world tendencies
. treasuring in a highest degree the architectural merits and art valuables
. harmonization of the activities on all structural interventions with the requirements of the ad-

hock Codes and Recommendations.
To perform this task efforts of the specialists on earthquake engineering have been consolidated

with those of the experts with experience of many years on preservation and restoration of cultural
monuments. As a result there was specified a detailed technology for observation, investigation,
analysis and estimation of the current seismic safety and the permissible intervention for aseismic
retrofitting of bank buildings - monuments of culture.

The technology comprises description of the following main stages:
1. Reglementation of the interventions in the bank buildings - monuments of culture in accor-

dance with the ad-hock Codes in Bulgaria.
2. Activities, needed for assessment of the current state and the possibilities for future exploita-

tion of bank buildings - monuments of culture:
. Drawing up of a complete file of the building up history of the building
. Making a complete and precise plan of the current state of the building
. Observation, investigation and analysis of the current state of the structure.
3. Admissible intervention - extraction of restrictors:
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. Restrictors, arising from city planning, tactile value, current architectural structure and details

. Restrictors of the structural intervention

. Restrictors of the infrastructure

. Restrictors connected with the respect of the art valuables

. Restrictors arising from the requirements of the modern bank technology.
4. Setting a task for design of the future interventions in the structure
5. Design - stages and reglementation.
6. Special requirements to the execution of the building works.
Case studies on application of the technology were performed on the buildings of the Bulgarian

National Bank - monuments of culture in Plovdiv and Varna. The two buildings were built in the
beginning of the 20 th century. They are irregular in plan and elevation and have endured a lot of
structural interventions during their historical life. Architectural and engineering observation, in-
vestigation and analysis of the structures gave accurate data for mathematical modeling of the soil-
structure interaction and established restrictors for the future interventions. Precise engineering
analysis of their response to dynamic excitations was performed on the basis of in citu dynamic ex-
periment. 3D models and express method for calculation of the dynamic characteristics of the
buildings were developed and verified with the experimental data. On the basis of the design seis-
mic loading the seismic vulnerability of the buildings was determined. Precautions for the seismic
retrofitting of the critical zones, elements and cross-sections were outlined taking into account the
extracted according to the technology restrictors of the structural intervention.
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