From Seismic Historical Information to Seismic Intensity Assessment through Fuzzy Set Theory
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ABSTRACT: To define the damages buildings have suffered due to the past earthquakes, the information we have at disposal is generally linguistic and often difficult to interpret. The present model aims to formalize the knowledge we get from historical data as well as its reliability. To formalize and to represent uncertainty, we have adapted some techniques realized in the frame of the Fuzzy Set Theory. The same techniques, once the damage has been defined, are used to carry out the evaluation of the macroseismic intensity of the earthquake in question.

1 Introduction

To study the past earthquakes it is necessary to analyze different kind of sources. They can consist in card-indexes to consult, parish registers, as well as letters, treatises etc.. The information can be given by common or learned persons, or also by technicians. 

Till now the examination of documents and hence the selection of what is to be considered valid and meaningful, for the purpose of their application by seismologists, architects and structural engineers, has been carried out almost exclusively by experts in history. That is why, sometimes, data essential for the evaluation of seismic effects, in particular those regarding the damages to buildings, are not pointed out.

The individuation of valid information, present in the various sources mentioned above, requires a multidisciplinary activity that integrates the various concurrent skills.

Once all the possible data are available and catalogued according to their characteristics, it seems extremely useful, if not necessary, to have at disposal a methodology formalized for the interpretation of the same information: a methodology fit to "translate" the language used in the old sources, often of a literary type, in a technical, modern language.

Trying to realize such a translation it becomes clear that one of the things we must necessarily consider regards a systematic uncertainty as to the data we are dealing with. Such an uncertainty should be difficult to model with traditional approaches, such as calculus of probability. Instead, the Fuzzy Set Theory appears to be more suitable for this goal, because it is nearer to the uncertainties as it has essentially an empiric character more than a statistical one.

Among the various possible applications we mention the attribution of intensity to past earthquakes, a result whose conceptual and practical importance is clear.

Successively the same model has been experimented on a concrete case: the earthquake of Fabriano in 1740. The different phases of the application are presented.

2 INTERPRETATION OF HISTORICAL DATA

Historical data give information on seismic damages of buildings almost always in a descriptive, linguistic and not numerical form. The considerations depend on the subjectivity of the observer whose expressions differ from the terminology in use today. Moreover the consequences described can be, as it often happens also today, underestimated or overrated, not always in good faith, but also in view of some not very clear end. The spatial -  temporal context can also determine, sometimes even heavily, the value of the affirmations about the events. Their validity must be considered and, according to the situations, interpreted and "corrected". Finally, the terms used in the historical data can be by now out of use, sometimes dialectal, their sense has been lost or it has changed.
 Considering all this and having significative information at disposal, if we aim to define damages on historical buildings in a technically valid way, it is fundamental that the method we will use for the interpretation of linguistic data considers and formalizes as manageable uncertainty the grade of reliability and / or imprecision of the information.

Moreover, it is necessary to consider also the cases in which the information is abundant and, so, probably also  dishomogeneous. The abundance of information can require the realization of a very complex system, within which every evaluation implies a certain quantity of uncertainty. That is why the direct observation of the data isn't enough for the expert. He needs a model that is able to denote the uncertainty inherent to interpretations and evaluations and that handles the system as a whole.

To attribute a significance to a linguistic term it is necessary to make a semantic operation composed of two moments: Lexical Interpretation (LI) and Contextual Interpretation (CI). The fact, that the significance attributed is uncertain, depends on the subjective nature of each semantic operation.

To formalize what we have just said we can write 



S(A) = CI[LI(A)]
and moreover



LI(A) + CI(A) -> U[S(A)]

in which we indicate with S significance of the linguistic value A, and with U uncertainty of meaning.

The first type of uncertainty (the lexical one) fixes the significances of the words as if the question were to build up, in a traditional way, a dictionary; the second type considers the context in which the word is used. So, reliability of historical information can be conceived as evaluation of its semantic content, related to lexical and contextual interpretation. Context, in this case, is not only linguistic: also the characteristics and the aims of who informs us constitute it, as well as the spatial - temporal coordinates.

A typical situation, in which contextual interpretation can have special importance, is when the informative value of documents must be established in case of attempts of speculation on reliefs promised by the State.

3 DEFINITION OF THE MODEL

3.1 Damage from historical sources

Dealing with historical sources describing seismic damages of buildings the use of concepts of Fuzzy Set and linguistic variable are remarkably efficacious to represent their semantic values and the relevant uncertainty. To elaborate the lexical interpretation of historical terms ten classes of damage (DC) have been defined and they form the basic variables. Linguistic variable is denoted by the term Damage, while all the linguistic expressions describing damages constitute its linguistic values.

Once we have assigned the membership degrees of the ten classes of damage to the fuzzy set representing the linguistic value, we analyze the context in which the term has been used and decide if the entity of the damage described by the linguistic expression is to be increased, lessened or left unvaried. In the last case the fuzzy set is used as it has been produced by the lexical interpretation. In the other cases an upgrading or downgrading procedure is carried out.

upgrading procedure

F = (f1, ... f10),

c, c1 = constants,

fi = fi - fi c + fi-1 c,  where i = 2, ... 10,

f1 = f1 / f1 c1,

downgrading procedure

F = (f1, ... f10),

c, c1 = constants,

fi = fi - fi c + fi+1 c,  where i = 1, ... 9,

f10 = f10 / f10 c1,

In which F denotes the fuzzy set associated with the linguistic expression that describes the damage, while c and c1 are modification values.

The operations of interpretation described above are carried out for each linguistic expression describing the damage. Considered a certain building, or better a set of buildings, we analyze the pieces of historical information at disposal, which refer to the damage suffered by each single typology of element, structural and non structural, present in the building/s, deriving from a series of documents sufficiently abundant. So we will have a certain number of fuzzy sets, corresponding to the number of linguistic values at disposal. The damage suffered by the element E1 will be denoted by a set of subsets, to which an operation of aggregation will be applied.

Generally, the above operations are defined by the function

h : [0, 1]n -> [0, 1]

per n ≥ 2.

If we apply h to n fuzzy sets A1,A2,...An, defined on X, it produces a fuzzy set A operating on membership grade of each x ε X.

The operation of aggregation, that the model here presented adopts, is that of arithmetic mean:

                    1
h(a1, a2,..., an) = --- (a1, a2,..., an)

                    n
3.2 Construction of the relation damage / macroseismic intensity

Once we can represent the damage, described by historical information, in a numerical form comprehending the uncertainty implied in the interpretation of the sources, we proceed with an estimation of seismic intensity, by means of a relation damage / intensity.

This relationship is built up considering the typology of each element surveyed. Naturally it isn't sufficient to indicate, as it happens in the traditional relationships between crisp sets, simply the absence or presence of links or interactions between the elements of the sets, but it is necessary to define the grade of relation between the elements, in this case between the ten classes of damage described above and the levels of intensity of the MSK scale. Such a grade can be denoted assigning membership degrees within a fuzzy relation.

In particular a fuzzy binary relation is constituted of a relation between two sets X and Y:

R(X, Y)

normally represented by means of a matrix of membership grades.

We can obtain the fuzzy set denoting the earthquake intensity, associated to a certain element, using the compositional rule of inference. If we denote with A the fuzzy set which describes the damage suffered by the element, and with R the fuzzy relation which denotes the knowledge of the expert, who connects the classes of damage D with the grades of macroseismic intensity scale S, we will infer the fuzzy set G, which denotes the reliability of the different grades of intensity of the earthquake, by means of the compositional rule of inference

G = A ° R

or

μG(s) = max[min(μA(d), μR(d,s))],

            d ε D

for each s ε S.

In this way we obtain a fuzzy set denoting the intensity of the earthquake related to the damage suffered by a single element, among those which compose the construction as a whole.

If the same process is carried out for more elements, it is possible to obtain an estimation of macroseismic intensity connected to the damages suffered by the whole building. Such an estimation can be attained through an operation of aggregation already described, this time applied to the subsets describing the intensity of different elements.

4 AN APPLICATION OF THE MODEL

To make a first test to the above model we have studied the damage "surveys" of the Earthquake of Fabriano of 24 April 1741. Among the constructions on which information is at disposal, we have chosen the Palazzo Pubblico di Fabriano due to richness of its elements as well as for variety of data. Historical sources have permitted to point out 27 linguistic expressions regarding this specific building . They describe damages caused by the earthquake and they refer to 6 elements;

MASONRY ARCH

01 - due archi di pietra aperti

02 - archi di porte e finestre rotti da rimettersi di nuovo

03 - archi da rimettersi di nuovo

04 - arco di porta rotto

05 - arco ceduto

06 - si sono aperti due archi

BEARING WALLS

07 - molte crepature alli muri

08 - facciata piegata e fuori piombo

09 - muri di faccia crepati

10 - muri aperti nelle cantonate da risarcirsi

11 - caduto un pezzo di muro

12 - facciate con grosse aperture

13 - facciata aperta nelle cantonate

14 - muri disgiunti

STAIRS

15 - molte rotture alla scala principale

FLOORS

16 - soffitte in più parti smosse (slentate)

17 - un pezzo di soffitta da rimettersi, essendo caduta o cadente

18 - rotture di soffitte

ROOFS

19 - caduto un pezzo di tetto

20 - tetto in pessimo stato, diroccato quasi la meta`

21 - tetto scrollato

MASONRY VAULTS

22 - caduta la meta` della volta

23 - volti caduti

24 - voltone tutto risentito

25 - si devono risarcire li volti

26 - volti crepati

27 - volti slentati

If we analyze these linguistic expressions applying the concept of linguistic variable, as it is defined by the already described model, we obtain an interpretation of the same expressions.

Proceeding to apply the described operations, we arrive to define, in order: damage suffered by each element, intensity of the earthquake evaluated on each single element, intensity associated to the whole building.

As to the relations damage / macroseismic intensity, referred to different elements, it is necessary to precise that, to carry out this first explicative application of the model, we have thought to adapt the same relation, and hence the same matrix, for all the elements. We consider, anyhow, that the correct measuring of such relations damage / macroseismic intensity, constitutes a delicate and compelling question to examine case by case, so that the application of the model proposed might lead to correct results.

We report here the fuzzy sets representing the estimation of the macroseismic intensity related to the elements and to the building:

MASONRY ARCH

(0/1, 0/2, 0.09/3, 0.2/4, 0.33/5, 0.7/6, 0.84/7, 0.84/8, 0.84/9, 0.8/10, 0.7/11, 0.7/12),

BEARING WALLS

(0/1, 0.06/2, 0.1/3, 0.2/4, 0.3/5, 0.51/6, 0.7/7, 0.85/8, 0.85/9, 0.85/10, 0.8/11, 0.75/12),


STAIRS
(0/1, 0/2, 0/3, 0.1/4, 0.3/5, 0.5/6,
0.7/7, 0.8/8, 0.9/9, 0.9/10, 1/11, 0.9/12),

FLOORS

(0/1, 0/2, 0.03/3, 0.17/4, 0.23/5, 0.5/6, 0.6/7, 0.67/8, 0.67/9, 0.67/10, 0.67/11, 0.67/12),

ROOFS

(0/1, 0/2, 0.03/3, 0.2/4, 0.3/5, 0.67/6, 0.77/7, 0.83/8, 0.83/9, 0.8/10, 0.77/11, 0.7/12),

MASONRY VAULTS

(0/1, 0/2, 0.1/3, 0.2/4, 0.43/5, 0.72/6, 0.77/7, 0.77/8, 0.77/9, 0.72/10, 0.63/11, 0.63/12),

INTENSITY OF THE EARTHQUAKE RELATED TO THE WHOLE BUILDING

(0/1, 0.01/2, 0.06/3, 0.18/4, 0.32/5, 0.6/6, 0.73/7, 0.79/8, 0.81/9, 0.79/10, 0.76/11, 0.73/12).

5 Conclusion

The example that we have elaborated has consented to illustrate the conditions of application of the proposed model. As already explained the question regarding the individuation of the correct relations damage / macroseismic intensity for each element remains open. Moreover, we have here limited to apply the model to a single building; it is clearly important to have at disposal data relevant to various buildings that consent to obtain surely more reliable results.
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