'," frontiers

ORIGINAL RESEARCH
published: 14 May 2019

in Built Environment doi: 10.3389/fbuil.2019.00052

OPEN ACCESS

Edited by:
Michele D'amato,
University of Basilicata, Italy

Reviewed by:
Raffaele Laguardia,
Sapienza University of Rome, Italy
Giovanni Chiumiento,
University of Naples Federico I, Italy

*Correspondence:
Silvia Caprili
silvia.caprili@ing.unipi.it
Irene Puncello
irene.puncello@ing.unipi.it

Specialty section:
This article was submitted to
Earthquake Engineering,
a section of the journal
Frontiers in Built Environment

Received: 20 February 2019
Accepted: 01 April 2019
Published: 14 May 2019

Citation:
Caprili S and Puncello | (2019)
Knowledge-Based Approach for the
Structural Assessment of Monumental
Buildings: Application to Case
Studies. Front. Built Environ. 5:52.
doi: 10.3389/fbuil.2019.00052

Check for
updates

Knowledge-Based Approach for the
Structural Assessment of
Monumental Buildings: Application to
Case Studies

Silvia Caprili * and Irene Puncello %

* Department of Civil and Industrial Engineering, Universitf Pisa, Pisa, Italy? Department of Engineering of Energy,
Systems, Territory and Construction, University of Pisa,iPa, Italy

Historical buildings are characterized by a high level of coplexity due to a long realization
process often resulting in an overall lack of information ahin a structural behavior that is
more similar to a “structural aggregate” rather than to a “sigle building”. The assessment
of the static safety and seismic vulnerability then requisea multidisciplinary and
multilevel approach including a deep and accurate prelimary knowledge phase before
performing structural analyses. In the present paper, a caolidated knowledge-based
procedure is presented and applied to four case studies in dly. Interest is focused
on the knowledge phase, combining critical-historical angsis to in situ architectural,
geometrical, structural, material, and geotechnical aspes. The knowledge phase
proves to be fundamental in understanding the structural beavior of cultural heritage,
with special attention to the determination and analysis ofocal mechanisms and
vulnerability elements and allowing to validate and give ason to numerical results.

Keywords: cultural heritage, historical buildings, masonr y structures, multidisciplinary approach, structural
assessment

INTRODUCTION

The conservation of historical-monumental buildings regms a relevant topic in Italy and
in all the Mediterranean countries. Earthquake events thetently struck central regions (as
an example, Umbria e Marche 1997, Puglia-Molise 2002, Abruz@8,Z2bmilia Romagna 2012,
Lazio—Umbria—Marche 2016-2017) were only the last evidefitee high seismic vulnerability of
the national cultural and historical heritage. During ttest decades, the need of elaborating and
implementing a safeguard plan was faced, aiming to protectlimgs from exceptional actions and
following damages and, worse, local and global failures.

Current national technical standard®( M., 201§ deal with high accuracy the precautions
and the technical prescriptions to be adopted for the seismi¢eat@dn of new constructions,
as function of the structural typology, of the constructioites etc. Di erent is the case of
existing structures and, even more, the one of historical amonumental buildings, realized
according to common experience, following a process of proyesptimization of structural
element proportions and mainly based on functional, architesl, and practical needs, neglecting
consequences in terms of structural performance, resuliiragls, and e ects. Structures were
sized to withstand static vertical loads and static hortabthrusts of arcs and vaults, neglecting
seismic action. Seismic horizontal forces, otherwisdliiglter the funicular polygon of thrusting
elements, causing diused cracks and, in worst cases, panidpses. Therefore, historical
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buildings are vulnerable, even if characterized by goodityua 2007; Zuccaro et al., 2008; Zuccaro and Cacace,)20t5
materials, not always typical of constructions realizediuwees to estimate the vulnerability index on the base of relevant
ago (agomarsino, 2006; Castori et al., 2DIlhe constructive parameters (GNDT Il level-<=NDT-SSN, 1994Bernardini and
technique and the practical experience of a speci ¢ geographlcagomarsino 2008). Such methods allowed the analysis of a
area were strongly aected by the seismic hazard level andide quantity of constructions providing a “hierarchy” uskfa
by the frequency of occurrence of earthquake events: in-highassess the highest/lowest need of structural assessmetitmt
seismicity areas, their relevant occurrence led to theldpweent  interventions and the following allocation of economic rasmes
of constructive solutions able to reduce the seismic vidhiity.  (Bernardini and Lagomarsino, 2008
This is, for example, the case of ties and buttresses adopted in ~ The adoption of simpli ed mechanical models able to provide
presence of arches and vaulted surfaces, which became grainte a vulnerability estimation based on geometrical and materi
part of constructive methodology in seismic-prone areasndpei parameters or oiin situ survey of the cracking scenario, without
otherwise used only for retrot or in the presence of relevantresorting to complex numerical models, was also considered at
damages in other cases or after several decades from the lde urban or single scale level. Among them, the VM method
seismic eventd_ @gomarsino, 2006 (Dolce and Moroni, 2005 RE.SIS.TG (Mazzotti et al., 2013

Historical masonry buildings are characterized by veryor the Lvl Method CdM, 201) referred to the evaluation
complex structures, not based on a uniform constructive pssce of the collapse acceleration, accounting only for the shear
and developed thanks to subsequent modi cations that ogedirr resistance of masonry pier®'@mato et al., 2018; Fuentes et al.,
over centuries. As a result, they behave more similar t@019. A macro-element approach simplifying the building as an
“structural aggregates,” composed by several “structuntcu  “aggregation” of a reduced number of elements with assigned
than to unique buildings. It is thus important to carefully sty behavior was adopted bip'Ayala (2002)and Augusti et al.
the building construction process, the presence or the lack2001) Displacement-based approaches, aimed at de ning limit
of adequate connections among structural units and velrticastates on the acceleration/displacement plane, were also pavid
and horizontal elements, the cracking scenario to identifyCattari et al., 2004; Kr an et al., 2015; Lagomarsino andatiat
homogeneous portions for age of construction, the de ned and®2015. Macro-seismic and mechanical approaches were even
ongoing relative displacements of elements and componentspmbined, resulting in a mixed procedure such as in the case of
the structural system, materials, the oor and roof typolpgy the VULNUS method Bernardini, 2000 critical values of the
the geometry, and so orB(nda et al., 1999b; Formisano et al.,mean acceleration response, corresponding to de ned collapse
2010; Cattari et al., 2014; Caprili et al., 2017; Baggio et amechanisms, were combined with qualitative information on
2018; Castellazzi et al., 2)18tructural elementary units can be, buildings and soil characteristics, resulting in the asszess
preliminarily, analyzed as isolated buildings, further siering  of the collapse probability of a single building or groups of
their interaction and mutual interrelationship accoungin buildings. Lagomarsino (2006highlighted the need to adopt
possible restraints conditions, basing on the structurdlittan  a multistep methodology based on an in-depth study: starting
adopted andn situinvestigatedQliveira, 2003; Berto et al., 2017; from a widescale damage analysis based on building typology
Degli Abbati et al., 2009 he identi cation of the structural units and using a macro-seismic approach characterized by a fatt el
highlights the constructive discontinuities that can reggat survey, relevant “scored” parameters were de ned to modigy t
weak areas of the structural aggregate to be in deep analyzed. vulnerability index and to assess the structural perforneant

In relation to what the above presented, it is evident thaftritical single buildings or of macro-elements/components.
the deep and accurate knowledge of construction is a crucial Complex methodologies based on the development of high-
aspect to perform valid and representative assessment ahgxist de nition 3D numerical nite-element models were often
buildings, especially in the case of architectural and histd adopted for the structural assessment of historical masonry
relevance. To neglect the complexity of their evolution,emts  buildings, despite the strong computational and time e ort.
of morphological processes, structural features, and typedog Both linear and nonlinear analyse2dmos and Lourenco, 2004;
of bearing elements and connections among structural unit§hellini et al., 2014; Clementi et al., 2016; Miano et al., 2017
leads to wrong estimations of the structural safety andigfoge, Ramirez et al., 20)%vere used, according to the di erent aims
to incorrect design of retrot measurement®(veira, 2003  and complexities. Each typology of analysis has, in fact, its ow
In the last decades, several methodologies were developedptms and cons: for example, nonlinear time—history analyses ar
assess the seismic vulnerability of existing buildingspradeg commonly considered to better estimate the seismic demand
to dierent aims and dierent action ranges. The selection but, at the same time, require a very strong computational
of the most feasible analysis approach depends on margort, being not properly suited for masonry structures due to
factors, for example, the need to extend results at teratori the fact that connections among elements are not easy to be
scale, building complexity, accuracy needed of the rediitg, represented despite their strong in uence on dynamic behavio
required, and resource demands. Methodologies based on tiiglallardo et al., 2008 The adoption of linear and nonlinear
macro-seismic approach at the territorial scale, using datanalyses is appealing since it allows to freely model each typolog
sheets concerning structural characteristics, mainteeastatus, of geometry (for example, in the case of vaulted surfaces) and
damages, and other qualitative parameters, were elabofated constitutive laws; beside, di culties lie in the high compiional
fast evaluations in both post- (GNDT 1 level=N.R., 1998 e ort, in the time required for modeling, and in the reliahiyi
and pre-event phas®EC, 2000 (AeDES—DPC 2000)3(SMA,  of the model itself: geometry, construction materials, badary
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conditions, damages, and previous repairs strongly a ect thef the aggregate. Even if characterized by several anslogie
results Roca and Elyamani, 20),8these parameters being in terms of structural typologies, progressive modi cations
di cult to determine. Those models need then to be “combiried due to functional needs, coexistence of di erent construction
with accurate geometrical survey, even by means of a laserchniques, etc., relevant di erences exist for the casestdtical
scanner, and deep investigations on structural detailgeri@d  masonry buildings; such di erences lie in their structuraltuee
mechanical properties, and morphological evolution of theand in the architectural relevance they own. The approach shal
building (Caprili et al., 2017; Formisano et al., 2017 be well speci ed when applied to cultural heritage, allowing to
Regardless the chosen methodology, a propepreserve and highlight their architectural, historicaldaartistic
multidisciplinary knowledge phase is essential to acquirgalue.Barbieri et al. (2013showed the “traditional” way to
information able to validate the results achieved. Herftéta assess the structural performance of a historical masorifgihg
a knowledge-based approach for the analysis of historicalstarting from a real case study, presenting a typical example
monumental buildings is proposed with a specic focus onof how to behave with cultural heritage without de ning a
the knowledge phase. To highlight the possibility of directlycodi ed approach.
applying the above-mentioned approach to cultural heritage,
four di erent case studies are presented.

KNOWLEDGE-BASED METHODOLOGY

A multilevel approach for the analysis of the seismic vulngitstb
of existing structures based on the accurate and reliable
knowledge of the constructions themselves was proposed by
Binda et al. (1999h)Binda and Saisi (2005and applied to
large-scale situations (e.g., historical city-centeagounting
for the collection of general information on di erent unitshe
execution of mechanical tests on materials, and, abovehall,
correlation between thim situ cracking scenario and the results
of simpli ed macro-element analyses on relevant portionsfsin
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FIGURE 2 | Material analysis on the east and north facades of the
FIGURE 1 | East and north fagades of the Lanfreducci Tower. Lanfreducci Tower.
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FIGURE 3 | Sections of the Lanfreducci Tower.
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FIGURE 4 | Plan of the rst oor of the Lanfreducci Tower.

In the case of cultural heritage, the key to success
achieving meaningful results close to reality is to devedop
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FIGURE 5 | Map of archaeological nds in the area of the tower (MappaG|3)

providing proper knowledge of the structure, allowing the
deep understanding of the main structural and morphological
features; the second ones are based on the application of one or
more vulnerability assessing methodologies, includingogied
mechanical methods and/or the use of numerical modeling
and analysis. The qualitative approach is the fundamental
part of structural assessment, needed to achieve reliable
results and to identify the weakest areas of the buildings
requiring an in-deep approach. The knowledge phase is
the “framework” where the structural assessment is selecte
and organized, being fundamental the characterization of
the constructive system, oor typologies, structural eleme
geometry, information concerning foundation, geoteclatic
and geological characteristics of the soil, mechanicaleredt
properties, damages or restoration works that eventually
happened in the past, local mechanisms that could be
potentially activated ICOMOS, 2005; D'Ayala et al., 2008;
Bosiljkov et al., 2010; Caprili et al., 2015; Cattari et al.,
2015; Castori et al., 20.7The degree of details of the
knowledge phase and the typology of information collected
should be calibrated based on the analysis that needs to
be performed. Accounting for the peculiarities of historieal
monumental buildings, a common knowledge multistep and
multilevel procedure is de ned, able to highlight criticisms
and de ciencies fundamental for the organization of a relea
structural assessment.

Historical Analysis

The genesis of a monumental building is a complex process
taking place over centuries through modi cations, alteoais,
aggregations of new portions, collapses, and rebuildingsethe

lBctions were not usually recorded in historical documents

or drawings; sometimes their memory was lost over time

“quantitative” methods: the rst ones are based on act@sti MappaGlIS, editorRitrovamenti
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FIGURE 6 | Morphologic evolution hypotheses of the Lanfreducci Tower
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FIGURE 7 | Comparison among the actual and the original oor height of te
Lanfreducci Tower.

as result of spontaneous and unplanned processes, making their
presence not clearly recognizable. The critical-histoaoalysis
allows the reconstruction of the construction and morpholkaji
evolution, pointing out areas of structural discontinuitynch
individuating past collapses or damages due to exceptional
actions (e.g., past seismic event) or structural inadequacy
allowing to identify the weakest portions of the building or
the mechanisms still ongoing. This result could be achieved
crossing and comparing data coming from di erent sources
such as bibliographic and archive research; study of histbri
documentations and cartography (e.g., cadastral maps, IGM
maps); analysis of images of the building coming from paintings
or frescoes, which could show, in a more or less reliable way,
the characteristics of a speci ¢ historical period; critieaklysis
of masonry stratigraphy; and analysis of the architectonic
features coming fromn situ inspections Qugusti et al., 2001;
Cattari et al., 2015; Berto et al., 20.1The critical-historical
analysis allows to identify the structural units composing th
overall aggregate, including the understanding of the raltu
interrelationship resulting in di erent boundary conditits
(Berto et al., 2007 By this way, it is possible to determine
criticisms and vulnerabilities characterizing the buildiseen as
a “structural aggregate” and analyze how the di erent stouat
units can in uence each other in the whole performan&rili
et al., 201y, The results of the morphological evolution are used
to plan thein situ investigations in a rational and optimized
way, deepen the e orts in correspondence with those areas
aected by highest uncertainties, criticisms, overlapping of
structural parts derived from dierent constructive phases,
or evident structural weaknesses. The determination of past
damages or previous restoration works could suggest stralctur
de ciencies to be solved. Further, it helps in indentifying
local mechanisms potentially activating, that cannot be
adequately considered through global model and analysis
(Binda and Saisi, 2005; Capriliet al., 217

The critical-historical analysis therefore allows to miiie
the human impact on existing monumental buildings,
where the artistic and architectural value shall be preskrve
(Cattari et al., 20156
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FIGURE 8 | Hypothesis of the evolutive development of the La Sapienzadface and plan of ground oor with indications of the variousypes of masonry
(Caprili et al., 2017.

In situ Survey and the geotechnical features. This information allows to
Thein situ survey includes several activities aimed at collectingecognize the bearing system of the building, determining t
information concerning the global geometry of the buildingentity of loads acting on elements and understanding the
(in plan and in elevation), the structural characteristicé o structural performance toward vertical and horizontal acs.
elements and details, the mechanical characteristics tdnaés, Direct survey of masonry walls, horizontal stories and roof
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FIGURE 9 | Hypothesis of the morphological evolution of Palazzo Ducal

stratigraphy, nonstructural elements including in llsrsttural  to the eventual presence of artistic paintings to be protected.
asset, etc., is needed; data shall be collected by meansEofdoscopic examinations allow the measurement of the wall
di erent tools, according to the budget available, the comftiex thicknesses and the individuation of cavities, lling, rakt
of the structures, and the information coming from original insertions, or adjacent facings of dierent thicknesses or
documentation, allowing reduction of thén situ e ort and  typologies Roca et al., 2010; Caprili et al.,, 2D17The
minimizing the impact on cultural heritage. information achieved in this knowledge step should be coregar

Measurements can be made directly, as well as by meaasd should integrate the results of the historical—critica
of tools such as a terrestrial laser scanner or drones, beiranalysis to reconstruct the building morphologic evolution
as accurate as required in relation to the analysis that wilD'Ayala et al., 2008
be performed on the structureS@lonia et al., 2007; Fortunato ~ The material characterization can be achieved directly
et al., 201). The analysis of the global geometry includes althrough the execution ofin situ nondestructive or partially
the relevant aspects for the building structural responseh &1  destructive tests, determining the mechanical properties (i
the relationship with adjacent buildings—a ecting the dyni@  terms of strength and elastic moduli) needed for structural
response and could cause building pounding, the presence assessment. The organization of experimental tests shall t
geometric irregularity in plan or elevation—in uencing the advantage of historical analyses, with the aim of charagieyi
irregular mass distribution, leading to an uneven dynamicall the relevant masonry typologies in relation to the age of
response and the presence of thrusting structures—especiatlgnstruction. The determination of mechanical characation
where ties are not introduced. Presence of untied mezzanindased on results presented in the current scientic literatu
needs to be investigated because it is often characteriged is also possible, if supported by adequate reasddisd@
lack of lateral force-resistant system, representing paént et al., 1999a; Bosiljkov et al., 2005; Borri and De Maria,
collapse elements whose stability needs to be checkedulareg 2009; Magalhdes and Veiga, 2009; Vasconcelos and Lourenco,
distribution of nonstructural elements, such as masonrytigian ~ 2009; Bosiljkov and Kr an, 20)2Geotechnical aspects are of
walls and arcades or pillars alignments behaving as a softate relevant importance to characterize the foundation setdam
surveyed [D'Ayala et al., 2008 Concerning structural details, as and the types of soils and for the following analysis of
function of the complexity of the building, several inforn@t  seismic action and soil-structure interaction. The exexubf
cannot be directly measured and needs to be de ned based dacal seismic response analysis could be performed as well,
reliable assumptions and considerations, also accountinthe  starting from the dynamic characterization of the foundaeti
information provided by the reconstruction of the morpholagi  soil (Caprili et al., 201).
evolution process.

Masonry wall identi cation is performed by removing Analysis of the Cracking Scenario
plaster portions to identify the masonry texture, its stateThe survey of the cracking scenario and of the deformation
of conservation, and the quality of the connection amongpattern includes information concerning type, geometry, and
perpendicular walls and among walls and oor, with attentionlayout distribution of cracks in the building and presence
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FIGURE 10 | Masonry typologies surveyed in Palazzo Ducale.

of cracks and out-of-plumbs. The identi cation of structura and collapses or damages is possiBleo(io and Cangi, 1999;
irregularities such as rotations, vertical deviations,lass of Borri et al., 1999; Bartoli et al., 2000; Casarin and Modena,
horizontality in load-bearing elements is also needed, @aflg 2009, together with the organization of a continuous or step-by
in a re ned analysis §inda and Saisi, 2005These activities step monitoring system to analyze the development of relevan
could be performed by means of inspections and, if neededisplacementsginda and Saisi, 2005

removal of plaster portion and are important to identify

settlement movement of the structure or local mechanisnag th . .

can potentially activate. In the phenomenon-involved areasotructural Analysis and Evaluation of

the greater number ofn situ investigations, with the aim of Seismic Assessment

performing more accurate analysis, can be concentrated. Byhe knowledge phase represents the qualitative contribution
comparing the information collected with the historicalitaral to the vulnerability assessment procedure; once completed,
analysis (e.g., past collapses, damages, past seismic ewehts)enough information for the execution of the quantitative
that with the structural analysis (e.g., structural demiy, lack approach has been collected. The potentially achievable
of quoins), the understanding of the reasons of local faidur local mechanisms, previously identied combining the

Frontiers in Built Environment | www.frontiersin.org 8 May 2019 | Volume 5 | Article 52



Caprili and Puncello Structural Assessment of Monumental Buildings

FIGURE 11 | (A) Floor typologies ( at or vaulted) surveyed in correspondereto the second level of Palazzo Ducale(B) Floor typologies surveyed in correspondence
to the third level of Palazzo Ducale.
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FIGURE 12 | Examples of structural details surveyed in Palazzo Ducale.
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FIGURE 13 | Cracking scenario of a portion of the clauster in the Certosaf Calci.

FIGURE 14 | Cracking scenario of a portion of the Palazzo Ducale.
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FIGURE 15 | Examples of 3D numerical models realized based on the inforation collected in the knowledge phase(A) Palazzo Ducale;(B) Torre Lanfreducci.

morphological evolution and the determination of indepentlen by the tower and by the whole surrounding urban area during th
structural units/portions/elements and thén situ survey centuries. Palazzo La Sapienza is a monumental complexdocate
of the evident cracking scenario, should be analyzed. Local the city center of Pisa, very close to the Lanfreducci Tower
problems can enable the development of a global buildinghe structure was the result of the progressive aggregatibns
behavior, causing serious damage even for low-intensityeveral masonry units or tower houses to the medieval stractu
earthquakes or, in general, in the presence of relevant quasif Piazza del Grano and of Dogana del Sale, due to the creation
static horizontal thrusts. Simplied techniques, such a® th of the house seat of the University of Pisa in the Fifteenth
already mentioned macro-element analysis, linear or me@dr  century. Relevant structural modi cations (e.g., demotliti of
kinematic analysis, or other procedures suggested in thiaternal bearing walls, super-elevations, realization af stabs,
current scienti c literature Borri et al., 1999; Orduia and etc.) were performed in the Nineteenth century to enlarge the
Lourenco, 2001; Milani, 2013; Rossi et al.,, 2015; Circolarspace for hosting the books of the University Library, causing
2019, can be adopted. Global analyses on the whole buildingtructural diseases.
with numerical models realized based on the knowledge The Certosa of Calci is a monumental complex in a valley
achieved according to the information previously collectedclose to Pisa, whose construction began in 1366. At the
are meaningful only if the activation of local failures haseh end of the Fourteenth century, the rst nucleus, including
prevented, since otherwise the study of a global “box” beasi all the functions needed for a monk's life, was completed.
not realistic. Interventions and modi cations were continuously carried

out until the Eighteenth century, aiming at enlarging the

building, creating more comfortable spaces, and embellishing
APPLICATION TO CASE STUDY decorating, and harmonizing the complex. In the Nineteentt a
BUILDINGS Twentieth centuries, retro t was performed to adapt the birig

to new intended uses (e.g., military barracks, war hospital,
The relevance of the proposed methodology was appreciateghd museum).
within the structural assessment of four historical casedpt Palazzo Ducale is located in the center of Massa. The rst
buildings located in the Tuscany region: the Lanfreducoiv€o unit of the building dates to the Fifteenth century with the
(Pisa, ltaly), the Palazzo La Sapienza (Pisa, Italy), thez®al construction of a small rectangular-shaped dwelling aimed a
Ducale (Massa, Italy), and the Certosa of Calci (Pisa,)ltaly being a hunting residence for the Malaspina, a noble family tha

The Lanfreducci Tower is a medieval masonry tower locateduled around the town. During the Sixteenth century, seVera

in the most ancient area of the city of Pisa, directly conedct modi cations, not well documented, enlarged the buildinges
to the building “Alla Giornata.” The tower is known with the up to the Seventeenth century when the palace reached the
name of the family that owned it for several centuries: theappropriate size for a noble residence and was supplied of
building was o cially mentioned for the rst time in a will representative rooms. In the following centuries, the works
in 1348, and the Lanfreducci family owned it until the endproceeded, giving the palace the actual con guration.
of the Nineteenth century. There were no o cial documents The drawings, the structural sections, and the plans of
concerning the construction of the tower, and very few werdghe dierent levels of the Lanfreducci Tower are presented
contained information concerning the modi cations undenge  in Figures :4. The architectural/geometrical survey was
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performed using both traditional instruments and total joists with or without reinforcement, as well to identify frees
station/theodolite technique, allowing to achieve an aatei with insu cient support length in the wall. An extendeéh situ
and reliable organization of masonry walls and horizontalsurvey campaign was planned to investigate all the typologies
stories both in plan and in elevation. The information of horizontal structures by de ning the oor stratigraphyhé
coming from the historical analyses, mainly concerning thegeometrical size, and the structural characteristics efehts.
construction phases, was validated using the results of tHeor each investigation, structural sectiofsgure 12, useful for
in situ surveys. Archaeological ndingsFigure 5 as well as the modeling, were provided.
cadastral maps were analyzed to date back the construction Information resulting from the cracking scenario survey
birth and to understand the in uence of the urban area onjoined with other indications coming from old documents,
the buildings' evolution. Based on the historical inforieat ~ structural retrot, etc., leads to the identication of lat
and architectural features—e.g., materials, windows'psha mechanisms and to the comprehension of the possible causes of
typological characteristics of medieval towers, presendde detected phenomena. The cracks' layout represents a valid
and typology of decorations, etc.—hypotheses about th@ol to understand the structural behavior and to recognize
morphological evolution of the tower were formulated phenomena such as vertical wall overturning, collapse of the
(Figure 6), allowing to reconstruct the original stories' height upper portion of the facade, separation and expulsion of the
(Figure 7). Masonry typologies were visible from the outside,corners, and so on. For instance, in the case of the Certosa of
di erently with respect to the other cases, well highlightithg ~ Calci, the analysis of the cracking scenario in the clustes cell
di erent construction phases and their correspondence withhad highlighted a crack prevalence in the long rectangulatybo
historical ndings. instead of in the smallest oneBigure 13. That di erence was

In the cases of more complicated buildings, such as, fgorobably since the two bodies of the cells were not built in the
example, the Palazzo La Sapienza or the Palazzo Ducale, mas@ame period and with the same masonry typology and since there
typologies were not directly visible, and more investigatio was a phenomenon of subsidence of the land that facilitates a
were needed to allow the correspondence among constructiaitational phenomenon. Land subsidence phenomenon, when
phases and mechanical characteristics of materials to lseinse detected, need to be investigated in-depth because it could
the numerical modeling and structural assessméfigres 8  seriously aect the structural response of the building. The
10). More invasive techniques, such as removal of plastigisual recognition performed for the Lanfreducci Tower did
portions, were adopted beyond the visual inspections, and, inot highlight important cracks, resulting in a nonsigni cant
both cases, the surveys were spread all over the buildings t¢oacking scenario, a possible consequence of recent mairdgenan
have an overall idea of the masonry typologies, concengatinoperations carried out over the past decades, being the Tower
actions where the historical analysis located discontjnaieas, was used as headquarters of the rectorate of the University
criticisms, etc. of Pisa. Palazzo La Sapienza, as evidence@aiprili et al.

Similar considerations shall be made concerning horizbnta(2017) highlighted a cracking scenario characterized by an
stories, whose bearing capacity is an important parameter fdarregular distribution of medium-high damages mainly lded in
the structural assessment of the whole structure, takirsp al correspondence with those areas where the highest modonati
into account that the knowledge of their characteristica (i toward the centuries took place: as an example, the corner
terms of thickness and weight of di erent layers) is needed fobetween Via Curtatone e Montanara and Via della Sapienza
the numerical modeling. In the case of the Palazzo Ducale diu ered from the di erential displacements caused by di erent
Massa, a lot of dierent oor typologies were found due to settlement of foundations and from the presence of dierent
the great interventions' strati cation. In the rst and send masonry typologies (e.g., stone columns of ancient tower
building levels, there was a prevalence of vaulted surfheel  houses, masonry panels, etc.). This situation evidencedribe s
or pavilion vaults were detected mainly in wide spaces, whileslationship existing between the morphological and histair
cross vaults characterized little spaceggre 11). An irregular  development of the aggregate and its structural response. A
stone-brick masonry bearing layer characterized most & thperiodical monitoring of the cracking scenario was performed
vaults on the rst level, while a one-brick-thick bearingyé&a  for Palazzo Ducale, because of the small damages and cracks
characterized most of the vaults on the second level. Emgidsc that became visible after the earthquake event of May 2012. Th
investigations, performed in dierent vault sections, alkdv procedure was adopted to understand if the building was—or
to de ne the thickness of the bearing layer and of the lling not—subjected to ongoing phenomena, potentially representing
material, which changed signi cantly according to the dieamt  a structural problem since connected to in-progress relative
vaults. The density of the lling material was opportunely displacements. As presentedrigure 14 four survey campaigns
measured not to under(or over)estimate permanent loadshént were executed from September 2012 to July 2013, highlighting
third and fourth levels, horizontal stories with di erent Beng  an ongoing crack phenomenon, probably a consequence of the
elements were found, such as steel frames, timber frames, aearthquake of Emilia Romagna and still in progress.
precast reinforced concrete, introduced as a consequence of The application of the proposed multistep procedure granted
di erentretro t operations. For example, steel frames werteaf reliability to the 3D numerical nite element models, reai for
introduced in timber frame structures to increase the begri the execution of the analyses, adopting, for example, the models
capacity and/or to limit high de ections. Interest was paid to represented irfFigure 15based on a deep and situ knowledge
brittle elements, which could represent a criticism, suchrsk  of the construction analyzed.
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CONCLUSIONS DATA AVAILABILITY

In the present paper, a knowledge-based approach for thall datasets generated for this study are included in the

analysis of historical-monumental buildings is presented a manuscript and/or the supplementary les.

applied to four case studies of relevant importance located

in the Tuscany region. Historical-monumental buildings areAUTHOR CONTRIBUTIONS

generally characterized by great complexity due to a longtd

homogeneous constructive process, which resultsintheimgidd SC and IP contributed to the design and implementation

being characterized by the interaction of several “strtaitu of this research, to the planning and survey of time situ

units” whose behavior determines the structural response afvestigations, to the analysis of the results and to theimgiof

the overall complex. Because of this complexity and to théhe manuscript.

general lack of information typical of this kind of buildings,

all the methods for the evaluation of the seismic vulneigbil FUNDING

should be associated to a deep and accurate knowledge phase

in order to provide reliable results when structural assessm This research was carried out in the framework of the

is performed. project Studi conoscitivi e ricerche per la conservazione e la
A multidisciplinary and multilevel knowledge procedure valorizzazione del Complesso della Certosa di Calci e dePsilio

has been proposed and tested on case studies with thguseali promoted by the University of Pisa (project coordinator

aim of providing a tool easy to adapt in all typologiesProfessor Marco Giorgio Bevilacqua), of the research agzee

of monumental buildings, respecting their peculiarities andStudi e Ricerche sulla Vulnerabilita Statica e Sismica detRala

their uniqueness. The procedure is based on three maiDucale a Massa between the Department of Civil and Industrial

steps able to achieve information concerning morphologicaEngineering of the University of Pisa and the Province of Mass

evolution, geometry, structural details and typologiesterial  Carrara (Scienti ¢ Project Head, Professor Walter Sakkejtand

mechanical characteristics, ground characteristics,iplas®cal in the framework of other collaboration with the University

mechanisms, and deformation. In this way, it is possible taf Pisa.

reconstruct a geometrical-structural model of the building

able in pointing out structural units, in comprehending the ACKNOWLEDGMENTS

typology of connections among them, and in recognizing

the weakest areas of the overall building, which needs tohe authors are thankful to the University of Pisa, to the

be investigated and analyzed in-depth. In the frameworkSuperintendence BAPSAE of Pisa and Livorno, and to the

provided by the knowledge procedure, it is possible themrovince of Massa—Carrara for supporting and encouraging this

to develop numerical models for carrying out complexresearch. The authors would like to thank the expert teclamisi

analyses or to perform simplied analyses, according taSimone Cavallini, Mirko Donati, Giuseppe Chellini, and Michele

one of the several methodologies provided by the currenDi Ruscio of the Laboratorio U ciale per le Esperienze sui

scienti c literature, obtaining reliable results represative of Materiali da Costruzione of Pisa University for the execntaf

the reality. experimental tests on masonry structures, vaults, and story.
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