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 Gruppo Nazionale per la Difesa dai Terremoti

Brief Report 


Vulnerability of Historic Centres and Cultural Heritage 

Scientific Coordinator: Ing. Luciano Marchetti

Introduction

The research had the aim of collecting an extensive knowledge on the structural typologies and behaviour of historic masonry buildings surveyed on sampled historic centres and of testing the possibility of organizing in systematic Data Banks the necessary information for the preparation of prevention and restoration plans (such as the “Piano di Recupero”) and for the design of intervention on the cultural heritage in seismic areas. Data were systematically collected through a survey form, used  since 1997 after the seismic event in Umbria region, concerning in detail: 1) the technological and constructive characteristics of the surveyed  buildings; 2) the characteristics of the structure and the properties of the materials (with special attention to techniques and materials used for load bearing masonries) also of the ones used for repair before the earthquake; 3) the collapse mechanisms of buildings and structures also of the ones already repaired (Fig.1). In fact, retrofitting after previous earthquakes, mainly performed with heavy interventions (substitutions of timber floors and roofs with r.c., jacketing, etc.), showed unforeseen and serious out-of-plane effects (large collapses, local expulsions), due to the “hybrid” behaviour activated from the new and the old structures. 

The careful damage evaluation, based on the knowledge of the constructive techniques, of the materials and of the past interventions was particularly useful for the comprehension of the collapse mechanisms and to prevent future damages. The collapse mechanisms of the buildings were surveyed referred to structural macro-elements and to their movements in-plane or out of plane. The aim was to set up a mechanical approach to the behaviour of the structure under seismic loads, similar to the one already adopted by other researcher (as A. Giuffrè and others). These methodologies are particularly effective for the investigation and evaluation of the damage and for the choice of the most adequate friendly techniques for repair. This is in order to avoid the use of invasive and incompatible techniques.

The research aim was also to suggest a "minimal" investigation program, which can support the designers in their projects. The knowledge of existing buildings is approached by considering different analysis levels: history, materials, structural morphology of the wall section, observed damage mechanisms, effectiveness of retrofitting techniques. The methodology was applied to four historic centres all located in Umbria (Italy): Montesanto di Sellano; Roccanolfi di Preci; Campi Alto di Norcia; Castelluccio di Norcia. The survey of the buildings allowed to define an abacus of the typical collapse mechanisms, useful to define the seismic vulnerability also for other similar centres and to critically evaluate the past and future repair techniques.
Description of the tasks carried out

The project was subdivided in three main objectives: 

1.  
Understanding of the consistency of the historic constructions with reference to the four examined centres, analysis of the previous seismic damage and evaluation of the present vulnerability.

2. 
Survey on the safety interventions and their evolution on the basis of the historical, artistic and monumental value.

3. 
Evaluation of the effectiveness of interventions and preparation of guidelines for repair and improvement

The Research Units involved were:

U.R.1:  Scientific Responsible: arch. M. Gruccione, Ministero per i Beni e le Attività Culturali. Servizio tecnico interventi calamità naturali ed eventi sismci (U.C.A.A.A.S.), via di S, Michele 22 – 00153 Roma. Tel 06-58432221 e-mail: marita@mclink.it
U.R.2: Scientific Responsible: Prof. L.Binda, Dipartimento di Ingegneria Strutturale, Politecnico di Milano, Piazza L. Da Vinci – 20133 Milano. Tel. e fax 02/2399.4318; e-mail: binda@stru.polimi.it.

U.R.3: Scientific Responsible: Prof. C. Modena, Dipartimento di Costruzioni e Trasporti, Università di Padova, via Marzolo, 9 – 35131 Padova. Tel. e fax 049/8275613; e-mail: modena@caronte.dic.unipd.it.
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2.1.3 - INTERVENTI DI CONSOLIDAMENTO (anno 1990) DELL'EDIFICIO U.M.I. 20
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Poggiolini in collaborazione con il geometra Salvatori M. 

nell'anno 1983.
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PROSPETTO SUD

2.3 - SCHEMA DEI CINEMATISMI E STATO DI DANNO (anno 2001) DELL'EDIFICIO U.M.I. 10

PROSPETTO NORD
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: lesioni diffuse in corrispondeza delle teste delle 

travi di copertura.

2 

Danno

: lieve spanciamento della parete con lesioni 

pressocchè verticali in corrispondenza degli elementi di 

differente rigidezza.

3 

Danno

: lesione verticale in corrispondenza dell'attacco 

dei due edifici.

4 

Danno

: lesione nel maschio snello

5 

Danno

: lesione in prossimità dell'angolata

1 

Meccanismo:

 martellamento degli elementi di copertura    

per spinta fuori piano.

2 

Meccanismo:

 spinta fuori dal piano della parete sud a 

causa della particolare conformazione della pianta, della 

disomogeneità del tessuto murario, e della spinta delle 

travi del solaio.

3 

Meccanismo

: risposte differenziate all'azione sismica 

degli    edifici adiacenti; nel punto di collegamento, che è la 

zona più debole, si presenta una concentrazione di sforzi 

di trazione che porta alla rottura del collegamento stesso.
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Meccanismo

: schiacciamento dell'elemento snello per 

forze nel piano della parete.
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Meccanismo

: distacco tra i muri d'ambito per interazione 

di forze agenti sulle pareti ortogonali.
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Figure 1. Some examples taken from the survey form with reference to: a) general survey with plans, sections and photos; b) characteristics of the masonry structure and typology; c) past intervention projects and d) damage survey with crack pattern and evaluation of the possible collapse mechanisms.
TASK 1: Knowledge of the consistency of the historical patrimony of the centres: analysis of the seismic risk and evaluation of the vulnerability

1.1 Historical notes on the four centres

The objective of the research was focused on four sample centres: Montesanto di Sellano,  Roccanolfi di Preci, Campi Alto di Norcia, and  Castelluccio di Norcia in the province of Perugia. They are characterised by different typologies of buildings and by different levels of damage: simply isolated buildings in Montesanto, complex buildings in Roccanolfi and Castelluccio, and row buildings in Campi. The centres of Montesanto and Roccanolfi were more seriously damaged than Campi and Castelluccio, where only few buildings showed some evidence of damage.

The four centres were repaired after the 1979 earthquake and the subsequent earthquake of 1997 seriously damaged two of them: Montesanto and Roccanolfi. The investigation started with a series of surveys aimed to the identification of the most recurrent constructive techniques and masonry typologies in these two historic centres. Priority was given to these centres because the collected data on the damage mechanisms were used to build an abacus of collapse mechanisms, useful to predict damages on buildings of the other two historic centres, which were not seriously damaged Campi and Castelluccio di Norcia.

Montesanto and Roccanolfi

The castle of Montesanto was built in the 12th cent. on the top of a hill (Figs.2 and 3) and has a very long compact shape. It was completely surrounded and protected by a fortified wall of which some traces remain still today as the one at the entrance of the village. The Castle had a system of orthogonal streets with three main streets placed at different levels forming terraces. Many areas of the urban tissue are now empty due to collapses caused by subsequent earthquakes. 

The castle of Roccanolfi was built since 1460 and develops along a slope on the top of a hill, dominating the three accesses to the “Oblita” valley. (Figs. 4 and 5). The rules applied to the village focused on particular items: walls and entrances for conservation and defensive aspects. The municipal rules remarked the importance of having free streets and limited dimensions of the projections of the buildings on the streets, the minimum heights allowed for vaults and balconies and the maximum overall dimension of the external stairs. 
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Figure 2. View of Montesanto di Sellano
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Figure 3. Plan of Montesanto
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Figure 4. View of Roccanolfi di Preci
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Figure 5. Plan of Roccanolfi


Campi Alto and Castelluccio di Norcia

Campi Alto is a castle perched on a slope surrounded by walls, and whose buildings are arranged in concentric terraces and narrow streets connected by short radial flights (see Figs.6 and 7). The buildings follow the orography and are arranged in rows. Campi situated 11 km away from Norcia and at 900 mt above the sea level, belongs to the municipality of Norcia. It still preserves the original medieval aspect. Campi is divided in two parts: the old and lower one, "Campi basso", named “La Civitas Campli”, whereas the new one, “Campi alto”, is situated on top of the hill. 

When the lower part was destroyed by continuous barbaric invasions, the citizens decided to move to the top of the hill and in 1288 they built the Castle of Campi, also called “Campi nuovo” (New Campi), which was object of the research. The medieval gateway arch and the tower are still preserved; the characteristics of the buildings show the importance of the castle of Campi, although the damages due to earthquake and the effects of time and lack of maintenance are evident. Twenty-two churches and some monastery were the original ones and 13 churches are still present.

The little village of Castelluccio is situated on top of a hill following a helicoidal structure, 1453 metres above the sea level. The houses are arranged in concentric half-circling patterns on a slope facing south, whereas the northern side is mainly desert due to the unfavourable climatic and orographic conditions (see Figs.8 and 9). The first written documents on Castelluccio date back in 1276. Until about half of the twentieth century there was only one centre, the one included within the old town walls, whereas outside and down the hill there were the stables. Castelluccio has preserved almost entirely its old and original structure. Due to unfavourable climatic conditions, the old house windows, especially those facing the north, were very small and deep into the wall, in order to protect the dwelling from cold and wind. The time of the main development of Castelluccio was in the 16th century, whereas during the first half of the 18th century damages caused by two strong earthquakes (in 1703 and in 1730) were repaired.
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Figure 6. View of Campi alto di Norcia (PG)
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Figure 7.  Plan of Campi di Norcia
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Figure 8. View of Castelluccio di Norcia (PG)
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Figure 9. Plan of Castelluccio


1.2. Building and masonry typologies

The detection of the building typology is the first step to be carried out and can be carried by an accurate geometrical survey. Nevertheless the survey is not enough to understand the complexity of the construction since the building can have had an evolution along the time; e.g. be constructed as an isolated building (Fig.10a) and then become a row building (Fig.10b) or a complex one (Fig.10c) after several volumes have been added. As the building becomes more complex, the detection of its vulnerability can be very difficult; therefore its structural evolution should be known as much as possible, both through the possible historic documents and through the direct on site observation of the evolution signs.
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Figure 10. Example of: a) simple isolated building; b) row building; c) complex building

In Campi, as an example, due to the ground slope (more than 100 meters from the base to the top of the village), buildings develop following a row typology generally with three floors: the first one with an entrance at the lower street (for stables or deposits), one in the middle and the last with the entrance at the upper street (for living places). The lowest floor is partially excavated in the natural rock. The rooms are covered by barrel vaults, that, despite the several seismic events, are still well preserved even in the collapsed buildings. A detail observed in almost all buildings is that the vaults are backward from the facade of about 1 meter (Fig.11). 

[image: image16.png]ACCESS TO 2nd FLOOR

700

STAIR CASE ACCESS TO lst FLOOR

LOWER STREET|

=TT

UPPER STREET

TIMBER FLOOR)

BARREL VAULT

\

HIGHER
ACCESS

LOWER
ACCESS

EXCAVATED I
THE NATURAL
ROCK




Figure 11.  The row buildings typology of Campi Alto 

In the case of Roccanolfi and Castelluccio, the plan of the site was much more complex, with wind up narrow streets and rather complicated volumes of the buildings. The town-planning development of Castelluccio is shown in two parts: the first one, gathered around Cassero (the highest part of the village, of which only the planimetric plan and the grid of old streets are still preserved) and the second part at the bottom of the hill where still exist the old stables. The building typology of the top part is very complicated as shown in figure 12a, while the stable typology is very simple (Fig.12b).
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 b)
Figure 12. The building typology of Castelluccio: a) complex civil buildings and b) simple rural buildings (stables)
The geometrical survey is not enough then, and effort should be made to find through historic documents and also observation on site the modification the building was was subjected along the time. This operation can be carried out, by a stratigraphical investigation on site, beside the collection of historic documents. The stratigraphical method allows subdivision of the building into homogeneous blocks characterised by relative  chronological relationships. Each block corresponds to a unique building phase, recognized by the observation of constructive details. Its relationship with the other blocks may be “preceding” of “subsequent”, often with no possibility of an absolute dating. Critical connections between blocks have been investigated, in order to clarify the phases of expansion and transformation of the complex (Fig.13).
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Figure 13 – Example of constructive evolution phases of a complex buildings

The investigated masonry typologies of the historic centres were classified. A procedure for the investigation of the texture and, where possible, of the masonry section is the base for the study of the masonry morphology, evaluating the stone, mortar and voids percentages, the dimension and the distribution of voids. This information is useful both for the definition of the geometry and mechanical behaviour necessary to the modelling phase and for the design of possible strengthening intervention (e.g. grout injection). Figure 14a shows some examples of masonry texture with the corresponding cross section, which was possible to survey on damaged buildings in Montesanto after the seismic event. In Fig.14b some typical wall sections of Campi are presented, some of which with buttresses.
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	Regular texture 
	Texture with sub-horizontal courses
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Irregular courses
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	Figure 14. Constructive masonry typologies: a) masonry textures with the corresponding sections and b) some typical wall cross sections 


1.3 “Minimal” on site and laboratory investigation

As previously mentioned since it is impossible to carry out on site and laboratory tests on every building, when working at a urban scale (even if small centre), a “minimal” investigation is suggested by this multi-level approach in order to know by sampling from buildings representative of the whole. The aim is to identify the different materials used for the masonry walls and their mechanical and physical behaviour. This investigation is also useful to detect compatible materials and techniques for prevention and repair. On the basis of  the geometric and material surveys of the single buildings and of  the surveys of the crack patterns, the following in situ and laboratory tests should be carried out on strategic points as a minimum level of investigation of: 1) flat jacks tests; 2) sonic tests; 3) sampling of materials for their chemical-physical-mechanical characterisation. 

A diagnostic investigation has been carried out on some private (houses and stables) and religious buildings.

The Cultural Property Superintendence Office of the Regione Umbria has made them available for this survey. Samples of mortar and of some of the most recurrent stone materials have been taken. Mechanical, physical tests and chemical analyses have been carried out. 
The mortars sampled from private and religious buildings have revealed a high presence of lime pebbles that (as the chemical analysis have confirmed) means putty lime as binder. The aggregate is mainly calcareous and the ratio binder-aggregate may be stated around 1:2 1:2,5. Cylindrical specimens were cored from the stones to be tested mechanically in dry and saturated conditions in two directions. 
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Figure 15. Some results on mortars and stones specimens sampled from Campi.
In Figure 16 the results of the tests with simple and double flat jack carried out on some sample buildings of Campi di Norcia are reported. The results allow to see the difference of behaviour between the masonry of the important buildings or of complex structures (church or the bell tower) and the private or poor buildings. At the same time it is possible to compare the sonic velocity values (Fig.16) measured in the same areas where the flat jack test has been carried out. As an example it is possible to see that the dwelling masonry is the weakest one (UI199) both for flat jack and sonic test. 

	Ext. wall of Church S. Andrea
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	  Tower of Church S. Andrea
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	Façade of civil building (UI199)
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	Figure 16.  a) some results obtained with single and double flat-jack tests on the external wall of a church, of a bell tower and of a civil building; b) representative results of the diagonal surface sonic measurements


The investigation and analysis have certainly a cost that can be as high as the importance of the building is. Nevertheless the object of the above mentioned research was not the single building, but the whole historic centre (even if small). Therefore the strategic aim was also, beside collecting information on the effectiveness of the repair techniques adopted in the distant and recent past, to define a methodology for the analysis of the vulnerability of a building patrimony previously considered as minor, but with meaningful testimonies of cultural heritage. Hence there was the necessity of defining a "minimal" investigation program, eventually carried out by the municipality or by the province or region, in order to support the designers in choosing the right analytical model for the safety definition and the appropriate intervention techniques for their projects.

All data are collected in a survey form called “Schede per il rilievo tipologico e dei danni sismici agli edifice”, (Fig.1) subdivided per U.M.I. (Minimal Unit for Intervention) and U.I. (property unit), useful to build a data-base.

In collaboration with the Italian Department of Civil Protection, a data-base is realised and available on internet, built on the basis of the filled forms building by building and with many different research keys (Fig.17). At the end also an analysis on the behaviour of structural components could be carried out with the help of an automatic procedure in a Visual Basic ambient named VULNUS. This data-base has the possibility of being linked to other products such as the database of the masonry sections, of the tests results on site and in laboratory, of the abacus of collapse mechanisms and description of techniques for repair.
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Figure 17. Example of some pages of the database still under construction

TASK 2: Survey on the past safety interventions and their evaluation on the basis of the value of the historic buildings

The villages of Montesanto and Roccanolfi seriously damaged by two earthquakes in the last twenty years, show an interesting scenario for the study of the behaviour of masonry historic buildings repaired and consolidated in the eighties.

Most of the buildings presented earthquake-proof interventions made before the 1979 seismic event. They are buildings of low historic importance or public buildings continuously subjected to maintenance. These buildings showed various repair techniques as the use of: timber rods with steel connections to the walls, steel rods, buttresses or buttressed walls. The above mentioned techniques can be defined as traditional and were commonly and efficiently applied in the past before the use of reinforced concrete. The findings suggest that in every centre historical documents and direct investigation are needed in order to detect the traditional techniques for prevention and repair of the earthquake damages. If these techniques were successful, then they can be used also in the future interventions. Furthermore, buildings repaired according to the code ("Piano di Recupero") were identified. The following repair techniques were applied: stiffening or substitution of timber floors with r.c. beams or plates, tie concrete beam insertion in the walls, cementitious grout injections, reinforced injections, roof substitution, jacketing, local replacement in the walls, joint re-pointing, etc. In some buildings interventions made before and after 1979 were mixed. The survey allowed also to detect many failures of the more recent repair due to incompatibility of the new materials or techniques with the existing ones.

Taking into account the above premises and in order to avoid further mistakes the seismic vulnerability assessment of historical buildings should consist of an articulated procedure which takes advantage of two sources of information which can be defined as indirect (include archives and bibliographic information, collected for reconstructing the evolution of the building, its building and transformation phases and its load history as an history of the earthquakes occurred in the past) and direct on site. In figure 18 an example of “indirect” information that has been useful for the analysis of historic centre is reported; a comparison between the state of Campi Alto in 1820-35 and in 1997 is shown. 

After the 1979 earthquake that caused many damages to the building structures, the centre of Campi Alto has undergone several interventions of retrofitting that unfortunately changed almost all the original masonry features that now are very hard to study (see Fig.19). Most of the times they were of utmost importance in the preservation of the historic centre after the 1997 earthquake, even if the seismicity in this valley (Castorian Valley) was of minor entity. In fact the damages found in Campi after 1997 were of irrelevant nature, and mainly located in those buildings that were not repaired since a very long time.

The interpretation of failure or damage mechanisms in the case of large complexes of buildings, attached together to form a sort of curtain and/or built on steep slopes, is particularly complex. Blocks or parts of buildings may be identified and surveyed, also adopting axonometric representations which can better show the different levels of the soil, in order to single out their typical failure mechanisms. 
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Figure 18 – Comparison between the state of Campi in 1835 and in 1997
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Figure 19 - Comparison between the interventions realised before the earthquake of 1997 and the damage verified after the seismic event.

Normally, buildings placed at the beginning and at the free end of a complex are less constrained and therefore more severely damaged, with local collapses and large cracks. 

When collapses occur in the internal part of a complex they generally affect non repaired building units, adjacent to repaired ones. In the central part of building rows with the presence of decayed floors and roofs, large continuous deformations and tilting of the walls are generally detected. Where vaulted passages connect two blocks of buildings, cracks and damages appear due to the hammering of the two blocks, particularly when only one of them was repaired. 

The village of Montesanto seriously damaged by two earthquakes in the last twenty years, shows an interesting scenario for the study of the behaviour of masonry historic buildings repaired and consolidated in the eighties.

The overall evaluation of the damage scenario shows that the highest percentage of collapses is represented by the buildings repaired before the 1979 earthquake (all these buildings were never submitted to maintenance), whereas the buildings repaired after 1979 were interested by a medium level of damage (Fig.20).
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Figure  20.  Montesanto: damage occurred in 1997 to buildings strengthened before ’79, after ’79, before and after ’79 and not strengthened. 

The historic centre of Roccanolfi also suffered high damage, occurred to buildings which never had maintenance for years. Such condition was increased by the interaction between repaired and non repaired buildings due to the perticular morphological aggregation of the village, where buildings form winding rows connected by vaulted passages. 
No total collapses were detected for the repaired buildings, but the previous mechanisms were worsened with out of plane movements and passing through cracks. In the non consolidated buildings other types of damage are present and, worsened by the high decay due to lack of maintenance, which lead to several collapses.

The two centres fit in the preliminary studies aimed to analyse the collapse mechanisms of masonry buildings due to earthquake and to interpret them on the basis of knowledge of the original constructive techniques and of changes following the interventions (also including the recent retrofitting). The aim is to supply useful indication for the rescue plans of the two centres and for their return to usefulness. These indications will be useful to prevent and protect from future seismic events. The abacus gives a complete case history of all collapse mechanisms possible for isolated and row buildings, and in some cases also complex buildings (Fig.21). 
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Figure 21.  Some examples from the collapse mechanisms abacus

TASK 3: Evaluation of the effectiveness of past repairs and guidelines for repair and improvement

The identification of the most typical failure mechanisms activated by the earthquake add more information to choose appropriate analytical models.

With the aim of upgrading the safety level of historic centres located in seismic zones, reliable procedures for the evaluation of the seismic vulnerability of existing buildings, applicable both at global and local level, needed to be studied. Existing masonry buildings in historic centres, belonging to several typologies (isolated, complex aggregates, row buildings, ..), located on sloping sites, often do not satisfy the general conditions which allow the application of common equivalent static procedures, based on the “box” behaviour of the structure (which requires the presence of well-connected walls and floors and a proper horizontal stiffness of the floors) and on the elasto-plastic behaviour of the masonry. Common buildings in historic areas, in fact, are often realized according to typologies (multi-material masonry, multi-leaf walls) and constructive details (poor connection between intersecting walls, between walls and floors and even among the layers in the thickness), which can evidence fundamental deficiencies for the stability and the safety under seismic actions (Valluzzi et al. [7]). 

In such a context, standard assessment methods based on hypotheses often not easy to be satisfied in old centers, can be unappropriated, or even dangerous for the safety of the buildings. Some examples of bad conception of the design of retrofitting interventions (substitution of timber floors and roofs with heavy r.c. and hollow tiles mixed ones, multy-leaf masonry walls not adequately consolidated, r.c. tie-beams supported by half thickness of the wall, etc..) which badly performed during seismic events and connected to the application of unsuitable models, have been pointed out during the extensive in-situ survey.

A valid approach for the vulnerability assessment of existing masonry buildings in seismic areas concerns the application of single or combined kinematics models involving the equilibrium of macro-elements (Fig.23). The ultimate capacity of the building depends on the stability of its macro-elements, that is of portions of the structure bounded by the potential damage pattern (cracks, borders of poor connections, etc.) which can behave as a whole, following a kinematics mechanism. They are defined both for in-plane and out-of-plane mechanisms and provide a collapse coefficient c=a/g (where a is the ground acceleration and g the acceleration of gravity), which represents the masses multiplier able to led the element to failure. Therefore, in the simplified assessment procedures, the mechanism connected to the lowest value of c is the weakest one and, consequently, the most probable to occur. 

Those models, calibrated on the real damaged sites, are usefully applied for prediction analyses of the vulnerability for centres under seismic hazard, in order to prevent their future damage. Moreover, the simulation of possible interventions can be performed, both in damaged and undamaged conditions, evaluating their impact with the pre-existing situation.
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Figura 18 – Some kinematics models for out-of-plane mechanisms: a) Overturnig of a monolithic wall simply supported by the orthogonal wall; b) Overturning of a wall restrained at the top by a tie; c) Global overturning of a wall with the counteracting action of the floors; d) Arch effect in the thickness of the wall: ultimate condition for masonry crushing.

The procedure validation was preliminarily demonstrated for a damaged isolated building (Montesanto), by comparing the results of the analysis with the surveyed crack pattern. As a following step, the same procedure was applied on a more complex building (Roccanolfi): such phase pointed out some limits of the general methods working at global level, as the related required simplifications can be too far from the real configuration of the construction. Finally, the analysis was performed on the low damaged row buildings typology (Campi), in order to predict the current seismic vulnerability and to simulate some proposal of rehabilitation and improvement interventions.

· Isolated Building

The analysis of an isolated building located in Montesanto (Fig. 22) showed that the kinematics models which correspond to the lowest c coefficients (values lower than 0.28, the safety limit for the considered seismic zone prescribed by the national standards were found) are consistent with the main collapse mechanisms ascribable to the real damage (Fig. 23). In particular, they concern out-of-plane effects like the overturning of the most damaged façade (East) and of the corners; as confirmation, the presence of typical shear sloped cracks is related to in-plane mechanism connected to higher c coefficients (Fig. 23).
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	Figure 22: View of the building with survey of the crack pattern: the most damaged portions are the Eastern wall and the Nord-Eastern corner (overturning effects).
	Figure 23: Comparison among the single kinematics models: the lowest seismic coefficients are related to the out-of-plane mechanisms involving the most damaged portions of the building.


The building was retrofitted after a previous earthquake occurred in 1979, so the situation before the new event occurred in 1997 was related to the presence of stiff floor and roof (mainly r.c. and hollow tile mixed with tie-beam along the borders) and consolidated walls (even if only partially at the first floor). Such conditions allow the application of typical assessment methods based on the “box behavior” of the structure, which takes into account only the in-plane shear strength of the masonry panels composing the walls, as suggested by national standards. 

Nevertheless, the comparison of such method with the results obtained by the application of kinematics models, showed that it is not able to detect the sects of the walls wich correspond to the actual damage of the building (Fig. 24). Moreover, as expected, the related seismic coefficients are higher than the ones obtained by the application of the single elementary mechanisms models, so the assessment with that method could be unfavourable for the safety (Fig. 24c).

	[image: image73.wmf] 


	[image: image74.wmf] 


	[image: image75.wmf]3

rd

 floor analysis

0.395

0.685

0.542

1.329

0.0

0.5

1.0

1.5

1

2

Seism N-S               Seism E-W

c=a/g

in-plane kinematics models

'box behavior' method

 



	a)
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	c)

	Figure 24: Results of method adopting the “box behavior” of the structure: (a) the most damaged panels (East side) are given as simply reaching the elastic (E) or first crack limit (F), whereas the panel led to rupture (R) belong to a very low damaged wall (b); comparison between the two methods (c).


· Complex building 

For buildings characterized by more adjacent constructions (rows, complex) the general procedure for the vulnerability assessment is to perform first of all the global analysis and to control some local aspects by using the single kinematics models.

Nevertheless, some cases detectable in historical centers can have architectural and constructive aspects very complex, so a critical analysis of the results obtained at general level is necessary. In such connection, the study of a large complex located in Roccanolfi was considerd (Fig. 25a), with reference to one of the most damaged aggregates of buildings. Such complex is particularly irregular both in plan than in section and can be subdivided in eleven units, considered separately in the study (Fig. 25b).
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Figure 25 – Palazzo Ariani in Roccanolfi, example of complex aggregate
The analysis is performed both at global level by the use of the procedure VULNUS (Bernardini et al. [8]), and at local level, by applying the single kinematics mechanisms. By VULNUS is possible to define two indexes, I1 and I2, related to the in-plane and out-of-plane collapse mechanisms, respectively. The significant parameter, both for the above-mentioned indexes and for the application of the single mechanisms is still the collapse coefficient c=a/g, as described above.

Results shoved that a prevalent number of units composing the complex have out-of-plane index lower than the safety limit imposed by the national standards (c=0.28) (Fig. 26) and they correspond to the most damaged portions, as observed by the in-situ survey of the building
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	Fig. 26: Comparison between the two indexes and frequency of the results obtained for the variuos buildings included in the complex.
	Fig. 27: Estimation of vulnerability for different classes of limit seismic coefficient.


· Row building 

The global analysis with VULNUS conducted on the rows showed that the lowest collapse coefficients are referred to out-of-plane mechanisms (I2 index, see also Fig. 26). The global “survival” percentage of the buildings, with reference to the limit coefficient (c=0.28) is around the 81%. As expected, results denote a particular sensitivity of the most brittle mechanisms (overturning) for the head buildings of the rows. This was detected also by the application of the single collapse mechanisms: as an example, Fig. 25 shows the analysis performed on a row composed by four units, where the weakest mechanism (overturning of the upper floors), was found. 

For the same row, the simulation of several intervention as the strengthening of the masonry walls with injections (where applicable), the possible filling of the openings too close to the corners of load bearing walls, and the rehabilitation of wooden floors and roofs with stiffening compatible techniques, can induce a significant improvement. This is quantifiable with a proper reduction of the specific vulnerability, as shown in Fig. 26 (in the figure, the only reduction of the coefficient is related to the proposal of a rebuilding with original stones of a panel which was previously substituted with clay bricks; it is possible to notice that that changing is still assuring a proper safety level of the building).
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	Fig. 25: Localization of the panels with lowest seismic coefficient (global overturning of a two floor wall) by simple kinematics models.
	Fig. 26: Simulation of repairing interventions analysed with “Vulnus”: comparison of the I2 index (out-of-plane mechanisms) in case of injections.


The application of single or combined kinematics models involving the equilibrium of macro-elements revealed a better agreement with the poor structural characteristics often detected in existing masonry buildings, in comparison with standard assessment methods based on hypotheses often not easy to be satisfied in old centers. The general procedure can be used both for assessment of buildings in seismic areas and for prediction of the vulnerability or for simulation of proper interventions. It foreseens some simplification in the schematization of the real configurations of the existing buildings, therefore particular attention both in the application method and in results interpretation phases has to be paid for complex aggregates or irregular constructions.

Achieved Products

· TASK1

Product 1: Consistency of the historic patrimony of the four centres. Templates of the buildings distinct as UMI (Minimum Unit for Intervention) and UI (Property Unit)

Description: nearly the totality of the buildings of the four centres were surveyed and to each of them a template was prepared  reporting: (i) general information on the building, (ii) geometrical survey, ((iii) historical notes with the last projects of intervention, (iii) crack pattern survey, (iv) possible mechanism of failure, (v) material and masonry characteristics, (vi) foundation, floor, roof and details survey, (vii) analytical study of the vulnerability when available 

Product 2: chemical, physical and mechanical characteristics of the masonry and of its components 

Description: The results of the on site and laboratory tests carried out on sample buildings of the four centres are collected and elaborated in order to state the representatively of this type of investigation. The results are also compared with other tests carried out in Liguria, Toscana, Sicily. Classes of masonry typologies are presented from the point of view of the section morphology and of the material properties.

Product 3: Survey of complex buildings and of their evolution in time and study of their vulnerability. 

Description: The systematic survey of historic buildings allowed to study the different behaviour of isolated, row and complex buildings. These last typology as the row buildings modify following a continuous volumetric evolution from single isolated buildings or from defensive towers into more complicated structures. Their complexity and the connection defects between the volumes cause difficulty in the interpretation of their behaviour under earthquakes also from the point of view of modelisation. The building must be subdivided ideally into sub-volumes and then to know previously its evolution through historic documents and stratigraphical analyses.

Product 4: Data base of the four centres

Description: In collaboration with the Italian Department of Civil Protection a data base is being prepared which contains all the data collected building by building, with the possibility of being linked to other products (database of the masonry sections, of the tests results on site and laboratory, of the abacus of collapse mechanisms, etc. 

Final version of the products: It will be given to the Italian Department of Civil Protection on CD-ROM. The Database on the four centres it will be published on the Web-site with the title “Sicurezza di Intervento sui Centri Storici in Zona sismica”

Utility for the Italian Department of Civil Protection: Availability of data on typology of construction, materials and structures of historic buildings as a methodology to be followed in order top collect data from other historic centres and suggestions for the intervention in the already studied centres. 

· TASK 2

Product 1: Abacus of collapse mechanisms

Description: Following the collection and interpretation of data on the four centres an abacus of collapse mechanisms has been implemented which can be used to understand types of failures after an earthquake or to choose friendly techniques for repair of historic buildings. The data will be subdivided into: (i) isolated buildings, (ii) rows of buildings, (iii) complex buildings and into (i) non repaired buildings (ii) repaired buildings. The abacus has been used, calibrated and implemented after the study of Montesanto and Roccanolfi  on the two other centres Campi and Castelluccio.

Product 2: Map of the urban development of the four centres and of their vulnerability

Description: Starting from the Gregorian land register (beginning of XIX century) and from previous documents where existing, it was possible to reproduce for the four centres the construction development due to added volumes but also the loss of buildings after the various earthquakes. 

Product 3: Survey and critical revision of the strengthening and repair interventions before 1997.

Description: Within the descriptive templates of each surveyed building a section exists describing the intervention projects presented after the 1979 earthquake as they were given to the authors by the Municipality offices or as surveyed directly on site. The damage investigation also allowed to collect data on the traditional techniques applied before the 1979. It was so possible to carry out a critical review of all the applied techniques and to define the most appropriate for the studied cases. The collected data were statistically elaborated. 

Final version: The abacus, the maps of the centres, the repair surveys and the statistical elaboration results are given on CD ROM.

Utility for the Italian Department of Civil Protection: All the information collected in this task can be useful in order to make an overall estimation of the effectiveness of the past traditional and modern techniques of intervention and suggest which one to preserve or implement the buildings. 

· TASK 3

Product 1: Proposal for the analytical evaluation of vulnerability of historic buildings in seismic areas 

Description: The proposed analytical methodology concerns the use of elementary cinematic analytical models which analyses  the behaviour of structural components (macro-models). The analysis is carried out at a general level, building by building applying the VULNUS code; more locally is selecting in the buildings the most significant components by applying single models. Automatic procedures have been activated in ambient Visual Basic both for the VULNUS Methodology (VULNUS B) and the application of local cinematic behaviours (C-SISMA Code) in order to make easier the application at large scale of simple analyses. 

Product 2: Guidelines for diagnosis and intervention

Description: a second final product of the project will be a collection of Guidelines on the methodology of investigation analysis and choice of repair and improving techniques applicable at historic and single building level.

Final version: The automatic calculation last updated version of the code will be available and a final report containing the Guidelines will be presented. They both will be given on CD ROM

Utility for the Italian Department of Civil Protection: The number of products which will be available will offer a guidance to the application of a methodology which, through investigation and critical review of the past intervention, will give proposals for an appropriate knowledge of the damage phenomena in seismic areas and their interpretation, the right choice of repair techniques effective for the various building and material typologies. 
Conclusions
The selection of the centres on which the approach was calibrated was very accurate in order to limit the sample population to the most significant buildings. Information from each building of four historic centres in the Umbria region, are being collected in a data-base containing historic documents, overall geometrical (plan, views etc.) and masonry (material properties, section morphology, flat jack and sonic tests) data, representation of the structural system, eventual retrofitting, detailed description of the damage, and mechanical interpretation of the damage or collapse processes.

The extensive survey of the buildings was useful to produce an abacus of the typical damages occurring in constructive typologies, as already previously done for churches and a critical evaluation of the repair techniques and suggestions for future interventions. The better knowledge of damages led to the consequent systematisation of the mechanical models able to describe their specific behaviour by kinematics models, both for in-plane and out-of-plane mechanisms.

The results of the work carried out allow now to draw some guidelines useful for the authorities and the designers that could also be annexed to the future Codes for seismic areas.
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