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ANALYSES OF SEISMIC RELIABILITY
OF THE MASONRY CONSTRUCTIONS BUILT ON THE
DIOCLETIAN’S PALACE IN SPLIT (CROATIA)

R. Gori
Dipartimento di Costruzioni e Trasporti, Universita di Padova, Italy

ABSTRACT

An automatic procedure of relief usually carried out to evaluate the seismic
vulnerability of masonry buildings has been improved and applied to structural
aggregates built up, in many ages, in the Palace of Roman Emperor Diocletian, in
Split (Croatia), between the forth century a.C. and the nineteenth century, which
represent a extraordinary historical testimony of the town.

1. INTRODUCTION

In the procedures of analysis of the seismic vulnerability of the masonry
buildings, according to the methodologies running employed in Italy, the relief
operations on one side constitute the more onerous operating phase from the point
of view of the necessary time and the economic costs, from the other the more
difficult and delicate phase from the point of view of the reliability of the
successive evaluation of vulnerability. Handbook and predisposed technical forms
for such relieves constitute profits guides, but, in particular if used from detectors
not particularly expert, can carry to wrong or not reliable classifications in the
rigid outlines of the prefixed categories from the analysis methodologies.
Categories that often do not concur to hold account of the enormous variety of the
masonry walls typologies, floors and roofs realised in different zones and/or
different periods, and of the same ambiguity of the terminology employed for
their description.

In the within of the construction of an expert system for the analysis of seismic
vulnerability of buildings in masonry, they have been put to point computer
science procedures that concur the interactive access of the detector with bases of
acquaintance and bases of data, orienting the observation of building the more
important characteristics of the typology in examination and automatically
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recording the result in the format demanded for the further analyses of
vulnerability.

The relief procedure and the corresponding analysis of vulnerability, in this phase,
has interested a champion of 63 masonry buildings, pertaining to zones south-east
of the Diocletian’s Palace, in the town of Split (Croatia) (Fig. 1-6).

Several in-situ tests have been carried out on different masonry walls, with
different typologies (from the Diocletian’s walls of the 4-th century, to 8-th
century ones, to medieval ones, until 19-th century ones (Fig. 7)) in order to
calibrate the use of the expert system and to became possible the evaluations of
structural reliability and the forecast of the effects of different hypotheses of
retrofitting.

2. VULNERABILITY ANALYSES

The procedure, created in Padova University [8-15] is based on a vulnerability
model of masonry buildings, that depend on the following parameters:

I1 is the ratio of in-plane shear strength of the walls system to total weight;

12 is the ratio of out-of-plane flexural strength of the most critical external wall to
total weight, evaluated by summing the resistance of vertical (I12”) and horizontal
(12) strips;

13 is the weighted sum of the scores of seven partial vulnerability factors;

a is the mean absolute acceleration response of the building;

u is the uncertainty factor depending through a fuzzy relation on I3.

The output vulnerability Vu = f (I1, 12, a, u) is the probability of collapse or
damage [fidegree D4 (EMS98: European Macro-seismic Scale 1998).

The evaluation of the vulnerability of each building requires the definition of rules
to merge qualitative and quantitative informations. Two aspects must be solved:
the relation between I3, synthesising qualitative judgements on the characteristics
of the building and the parameter u (of which the reliability function fg = 1-Vu
depends); the influence of the quality of informations on the final measure of f;.
The fuzzy set theory [30, 32] has been adopted for such purposes: it gives general
formal rules to treat vague informations which have been already applied in the
field of structural reliability. Details of the procedure are given in [8] and the
results can be given, for each value of the seismic intensity a, and for each
building, through the membership function of the fuzzy subset of interval of
variation of fg.

The building can be assigned to fixed classes of vulnerability using numerical
techniques for ordered classification of the fuzzy subset fs. In the application five
classes of vulnerability (Very Small, Small, Medium, Large, Very Large) to
which the fuzzy subsets are associated, are considered.

The results can be used not only to compare the vulnerability of every single
building of a group (Vu) but also the vulnerability of different groups of buildings
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(Vg); in the second case the statistical distribution of the buildings of a sample in
the classes can be used. Both the types of comparison are useful when retrofitting
interventions are to be planned in a region, given for every group of buildings the
expected intensity of the seismic action.

Shaking table tests on masonry buildings models [3] show that in the highly
damaged state the seismic intensity a is nearly equal to PGA.

To the current state the complex is introduced like a altogether apparently
homogenous take-over for constructive typology. In the truth, in phase of relief,
above all from the examination of the inner surfaces of masonry, they have been
found, in a great number of cases, situations of walls with various masonry types
much in the same wall (Fig. 8), with insertions of far ages much between they,
from the Roman Diocletian’s wall, of IV the century, to the clay bricks wall of
VIII the century to the medieval, until renaissance, baroque and finally twentieth-
century examples. The prevailing use of the squared or roughly hewn stones,
arranged in regular way in all the facades, can draw in deceit on the real
distribution of the mechanical characteristics of the carrying elements. The
presence of a second poorer quality and more worse organised inner layer, let
alone the frequent presence of a internal zone of material with insufficient
consistency, even if modest thickness, alters the theoretical carrying capacity
considerably, is for forces in the plane of the wall (compression for vertical loads,
shear for horizontal actions) that for those out of plane.

To completion of the general information on the characteristics of the built up
complex, it goes added that the buildings are developed with articulated
aggregations a lot in plant and often also in elevation and denounce various states
of conservation, prevailing one be of generally poor maintenance. The expert
system has concurred variable times of relief from one - two hours for simple
buildings to three - four hours for buildings with articulated plant.

The masonries are realised mostly in quasi-regular fabric squared or roughly hewn
stones of good quality (Fig. 9-10), of limestone origin; the original mortar of
aerial lime is rather porous and has medium resistance to the superficial abrasion.
The state of conservation of the same one is extremely variable, like often
happens in the historical centres, depending mostly on the state of exposure and
maintenance of the masonry surface. In the zones of insufficient maintenance and
with high humidity degree the mortar turns out nearly always of much poor
quality.

In attended of further experimental results, in the treatment of the data they have
been assumed temporarily, for the materials, values that for affinity with previous
surveys of the search unit, correspond to three different levels of mechanical
characteristics of masonry (in the order: compression strengths = 2.00, 3.00, 4.00
MPa; tensile strengths = 0.10, 0.15, 0.20 MPa; density = 2300, 2500, 1800
kg/m3).

The analysis of seismic vulnerability of the single buildings, conduct with fuzzy
approach is carried out for increasing values of seismic intensity, measured from
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the medium value of the response acceleration of the building, between 0.08g and
0.40g. Tale field comprises, for a reason or purpose pure indicative, also values
0.16 g, 0.28 g and 0.40 g, suggested from the Italian Code for the verification of
masonry buildings of new construction respectively in zones of third, second and
first category. The vulnerability is measured through a qualitative judgement to 5
levels: Very Small, Small, Medium, Large and Very Large. In Fig.11 are brought
back the classes of vulnerability of the single examined buildings, for increasing
values of answer acceleration (0.08 g, 0.12 g, 0.16 g, 0.28 g, 0.40 g), and for a
medium value of the "class of uncertainty ", for every building. In a detailed
report of next publication the analyses of vulnerability of the single buildings
related with the data of II level GNDT forms will be introduced also.

3. CONCLUSIONS

The judgements on the seismic vulnerability of each building, also being born
from analysis of collapse mechanisms connected to horizontal actions, can
naturally be correlated with the state of static efficiency, and in last analysis with
the reliability of the same construction also under current conditions. In other
words, the poor resistance to the horizontal actions, that it is involved the
operation of the resistant walls is for shear that (above all) for bending - due to a
poor control of the horizontal structures (possibility of slip of the wooden rafters
of floors), to the lack (also partial) of perimeter r.c. beams or iron chains - reveals
a inborn weakness of the whole construction. One elevated vulnerability class can
indicate therefore also, plus generally, one greater dangerousness of the state of
the construction. The vulnerability maps can therefore be one qualitative
instrument for the appraisal of the "state" of an aggregate of buildings.

At the current state of the research, in the vulnerability analyses have been used
values of the mechanical characteristics of masonry deduced for analogy from
previous experiences, mediated through the interpretation of the tests carried out
in situ. In extending and detailing relationship, currently in preparation, analyses
of different carried out vulnerabilities placing to comparison will be exposed also
hypothesis on the materials, considering also the cases in which interventions of
consolidation of masonry and of buildings in their complex are operated (insertion
of chains, formation of perimeter beams, etc), let alone the forecasts of damage
for every building, for several scenarios of seismic intensity. In both these
analyses, lead with the aid of the expert system previously cited, will distinguish
also the "relative classes of uncertainty " to every building, described like fuzzy
sets through the information deduced from the compilation of II level GNDT
forms.

Returning to the description of the activities of the unit of research of Padova
University, it goes remembered that the survey team has carried out between April
and May 2000 the collection of the necessary information (carrying relief of
geometry, elements, floors, materials, cracks, degree of conservation, etc.) on a
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total of 63 buildings (23 in zone 5 and 40 in zone 10) in correspondence of the
wall south of the Diocletian’s Palace.

In attended of one more deepened and careful appraisal of result of tests carried
out in some buildings, that it will constitute the base for the analyses of
vulnerabilities included in a detailed report that the unit of research is preparing,
remain temporarily acceptable the choices operated previously (and prudently) for
analogy with previous experiences. Otherwise, the adopted fuzzy approach for the
expert system is particularly adapted to the treatment of "uncertain" informations,
as they are those on the mechanical characteristics of the materials and/or on the
resistances of the structural elements.

It is intention of the group of research, in accordance with the municipality of
Split, to extend the relief and the analyses of seismic vulnerability also to the
buildings of the other zones contained in the perimeter of the Diocletian’s Palace.
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Fig.1 - Aerial view of Diocletian’s Palace in Split

Fig. 2 - View of a part of the south-west wall of Diocletian’s Palace
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Fig.4 - View of south quarter of Diocletian’s Palace
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Fig.6 - View of two masonry buildings of south-east corner of Diocletian’s Palace
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Fig.8 - Wall with inserts of Diocletian’s masonry
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