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Abstract.

Historical masonry structures are characterised by a high level of seismic vulnerability, as
demonstrated by recent and past seismic events. Monumental buildings, in particular, represent
a very challenging topic. Their morphological evolution, characterised by transformations,
aggregations and modifications developed over the centuries, have given rise to very complex
structures that should be considered as structural aggregates rather than single buildings. The
present paper briefly summarises the assessment of the structural performance of the
monumental complex of the Certosa di Calci (Italy), by applying an in-depth multi-level and
multi-disciplinary approach. The morphological evolution of the aggregate was studied by
means of critical historical analysis enabling the identification of the structural units
composing it. The complex was, besides, subjected to in-situ survey campaigns allowing an
adequate knowledge level. Reliable FEM models were elaborated, and non-linear static
pushover analyses were performed. The single structural units were initially studied as isolated
buildings and then combined evaluating the influence of the in-aggregate behaviour on the
overall structural response. Pushover analyses were performed for each evolution
configuration, allowing results in terms of capacity curves, load factors and damage
distribution. The methodology presented, although used for a specific case study, can be
extended to other constructions characterised by similar complexity and features.
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1 INTRODUCTION

Masonry structures represent the most widespread existing constructive typology in the
European cultural heritage. Seismic events recently occurred evidenced the high seismic
vulnerability of historical buildings, highlighting the need for detailed research on their structural
response [1, 2]. Among masonry constructions, monumental buildings represent a particularly
challenging issue. These structures are characterised by a complex constructive genesis, where
the transformations occurred over the centuries determine the coexistence of portions belonging
to different ages. Those portions are not always easily recognisable and are often characterised
by different construction techniques and by the lack of adequate connections [3]. Many
monumental buildings should be considered as structural aggregates rather than as single
buildings [4], composed by several Structural Units (SU) not necessarily working together in a
global way [5]. To achieve reliable results from structural assessment, deep and accurate
investigations are needed, based on detailed knowledge of their history and construction features
[6-8]. A sufficient knowledge should be achieved on the base of a well-organised historical
analysis able to reconstruct the actual morphology and accounting for the past transformations
[9]. Besides, the intrinsic nature of the aggregate requires a detailed identification of its SUs in
order to stablish a realistic decomposition into elementary cells mutually interacting [10, 11].

The present paper focuses on the investigation of the structural seismic behaviour of a portion
of the Certosa di Calci monumental complex (Tuscany, Italy). An accurate multidisciplinary
knowledge analysis [12, 13] was carried out to reconstruct the structural evolution of the aggregate.
Criteria to subdivide the complex into SUs were envisaged accounting for the realisation period and
the different morphology of structural components [ 14-18]. Relevant SUs were then modelled using
the FEM approach to perform non-linear seismic analyses. The pushover analyses allowed a prompt
and relatively easy characterisation of the structural behaviour and seismic capacity. A critical
review of the mutual interaction between SUs is obviously needed since the morphological
evolution and the historical transformations lead to a complex mechanical collaboration among the
different units constituting the aggregate. The numerical model, with all the simplifications and
assumptions required, represents a useful tool to assess the reliability of the adopted subdivision
criteria. The capacity curves and damage predicted by the numerical model allows an accurate
investigation and understanding of the structural behaviour of the aggregates taking into account
their construction complexity. For this purpose, the elementary cells were firstly analysed as single
buildings and then progressively connected with other cells to account for the aggregate
morphology. Pushover analyses were thus performed in different configurations, based on the
information derived from the historical analysis, in order to evaluate the influence of the interaction
between SUs on the overall structural response.

2 HISTORICAL EVOLUTION OF THE MONUMENTAL COMPLEX

The Certosa di Calci monumental complex (Figure 1a) is located in Calci, few kilometres
far from Pisa, in a strategic position in the South-Western foothill of the Monte Pisano. Benefit
from the inheritance of a rich merchant of Pisa and of other private donations, the building
process of the monastic complex officially started in 1366. At the beginning, the construction
works proceeded fast, allowing the settlement of the first religious family only two years after
the foundation. Despite that, the conclusion of the original nucleus, provided with all the spaces
essential for the monks’ life, could be attested only in the last decade of 14™ century.
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Figure 1: a) View of the Certosa di Calci. Photo by courtesy of Guglielmo Giambartolomei; b) plan of the 1%
level of the complex with identification of the macro-constructive phases according to the legend.

The building process slowly continued in the 15™ and 16" centuries, mostly through local
interventions (e.g. addition of porticoes and stairways) and restorations aimed to give a more
‘monumental” appearance to the complex. Between the end of the 16™ century and the second half
of the 17" century, more impactful works were performed including a one-floor addition over
most of the first nucleus, important transformations in the main cloister, in the cells and in the
cloister on the right of the church, and some additional modifications in the front building (Figure
1b). Nevertheless, the biggest transformations involving Certosa di Calci took place at the end of
the 18" century, when the structure was considerably enlarged on the northern side, the fagade on
the courtyard was completed with the addition of the block on the southern corner and several
other modifications were realised [19, 20] bringing the building to the current appearance.

3 CERTOSA DI CALCI: STATE OF THE ART

3.1 General description of the building complex

Nowadays, the monumental complex of Certosa di Calci shows an irregular shape, the result
of the non-homogeneous genesis and of the gradual additions of units to the original nucleus
previously mentioned. The different SUs composing the aggregate generally develop on two or
three floors, according not only to the importance of the housed function, but also to their
position, since the ground level is uphill towards the main cloister.

The different portions are distributed around seven courts (Figure 2), including the main
courtyard facing the Church, two little cloisters on its right (i.e. ‘chiostro del capitolo’ and
‘chiostro della foresteria’), three gardens/courts on its left and the main cloister. All the cloisters
are surrounded by vaulted porticoes, while continuous fagades mainly frame gardens and courts.

On the front of the complex, limiting the main courtyard on the East side, the building known
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as ‘Case Basse’ is located. It developed through subsequent additions to the original surrounding
wall and is characterised by a large longitudinal extension with significant structural complexity
mainly at the ground floor. The North side of the main court is closed by a two-level block which
continues towards the garden and slightly changes its orientation following the sloping ground.
Next to the above-mentioned courtyard there is another small court, delimited on the northern
side by a quite regular building once housing the barn. The central wing of the monumental
complex is composed of several blocks, mainly developed on three levels and organised around
four open spaces with the church as central fulcrum. The main cloister shows six cells on the
northern and southern side and three cells on the western ones; each cell has its own garden and
presents a main squared two-level body and a rectangular one-level body added in the back. The
Prior’s cell is the only showing higher dimensions and more refined architectural elements.

Figure 2: Plan of the first level of the monumental complex with identification of representative areas.

Different functional activities are housed inside the Cerfosa: offices of employees of the Pisa
University are spread in different areas, mostly on the 2" and 3™ floor, while the first two levels on
the left of the church host museum spaces. Part of the block on the front of the main courtyard is
managed by the Superintendence of Cultural Heritage, as well as part of the 1% floor on the right of
the church that is devoted to tourist visits; the cells in the main cloister are mostly used as storages
or unused. Due to the large dimensions and to the high heterogeneity of the complex, the in-situ
surveys and the following numerical analyses focused on the southern portion marked in Figure 2.
This area is one of the most ancient and most articulated due to its highly stratified genesis.

3.2 Geometrical and structural survey

With the cooperation of other research groups of Pisa University, the geometry of the
selected area was investigated by means of direct and indirect measurements. The latter ones
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were performed through Terrestrial Laser Scanner, able in measuring the position of a great
amount of points (the so-called ‘point cloud model’), later elaborated in CAD environment to
produce plans and sections of all the floors with a high level of accuracy.

An extensive in-situ survey campaign was performed to deeply analyse the current structural
condition. Investigations were planned to determine the geometry of structural elements, to
define the consistency of walls, vaults and horizontal storeys as well as the connections among
different bearing components. Different typologies of vaulted surfaces (e.g. groin, barrel and
mirror vaults, some of them with lunettes), with average height between 5 and 6 m, were
surveyed in the first two floors. On the contrary, the last level mostly presented wooden storeys
with interstorey height equal to about 3-4 m.

The in-situ investigations were spread homogenously around the analysed area achieving a
consistent knowledge level, focusing where evident critical points or possible discontinuities
were highlighted by the historical analysis (Figure 3). Concerning vertical bearing structures,
the textures were analysed by the removal of 50x50 cm plaster portions, with attention to the
eventual presence of paintings to be protected. Afterwards, endoscopic investigations aiming
to check the inner morphology (e.g. presence of cavities, different adjacent walls, etc.) were
performed. Six typologies of masonry pattern were classified. In turn, a general lack of suitable
connections between perpendicular walls was observed. No relevant correspondence among the
masonry typologies and the historical construction periods was found.

Figure 3: Plans of the first level of the selected area representing: a) the identification of the
morphological evolution b) the survey of the masonry typologies.

Plaster removals and endoscopic investigations were also used for the analysis of vaulted
surfaces, determining the material composing the load-bearing part, its thickness, the size and
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typology of the filling layers. Concerning horizontal storeys, the direct survey was used to
determine the size of structural bearing elements and the upper stratigraphy needed to evaluate
the resulting permanent loads and masses. In the case of the roof structure, consisting in timber
trusses with joists directly supporting the roof covering, inspections were performed only in the
accessible areas; consequently, the level of maintenance of the material was assessed thanks to
specialised technologists. The survey of the cracking scenario and of the deformation pattern
was besides completed both on vertical and horizontal structures; visual inspections and, where
needed, removal of plaster portions were performed with the aim of identifying possible local
mechanisms, settlement movement or structural deficiency to be in-depth analysed.

3.3 Material properties

For the masonry mechanical properties, values suggested by the current scientific literature
were adopted due to the lack of experimental tests results. The masonry textures identified
through the in-situ surveys were divided into two macro-categories, correspondent to the
‘Muratura in pietrame disordinata’ and ‘Muratura in mattoni pieni e malta di calce’ of the
table C8.5.1 of the Italian Design Code ‘Circolare applicativa’ [21]. The latter one was adopted
also for the vaults, while for the material of the columns, identified as serena stone, the values
proposed in [22, 23] were accounted for. Table 1 summarises the adopted material properties.

A specific investigation of the state of maintenance of the iron tie-rods was performed
including experimental tests to assess the effective value of tensile strains characterising each
element. Concerning timber structures, and as suggested by the results of the in-situ survey, fir
wood was considered with an elastic modulus equal to 9500 N/mm?. Due to the observed
maintenance problems and to the lack of specific experimental tests, the most unfavourable fir
wood class (S3) according to CNR-DT 206/2007 [24] has been adopted.

Table 1: Mechanical properties of the masonry materials

General properties Tensile properties Compressive properties

Masonry typology E Poisson w fi Gt i res fe Gr £, res
N/mm? - KN/m> N/mm? N/mm N/mm? N/mm? N/mm N/mm?

Uneven masonry 690 0.2 19 0.05 0.0050 0.005 1 1.60 0.1

Masonry composed
of solid brick and
lime mortar

Serena stone 1581000 0.2 26.5 5 0.1253 0.5 100 160.00 10

1200 0.2 18 0.13 0.0097 0.013 2.6 4.16  0.26

4 NUMERICAL MODELLING AND STRUCTURAL ANALYSIS

4.1 General approach adopted for modelling

To assess its structural performance, the selected portion of the Certosa di Calci was firstly
disaggregated into its SUs, analysed separately and later re-assembled aiming to understand the
effects of mutual interaction of the SUs due to the ‘in-aggregate’ behaviour. At the moment, only
the two limit conditions have been considered, consisting of lack of connection and full connection.
The real connection condition may be in fact an intermediate case between these two extremes.

The determination of the SUs took into account several parameters, including the historical
constructive period, the variation of the interstorey height and corresponding alignments among
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portions, the vertical disposition of bearing masonry walls and thickness’ changes, the typology
of roof structures, the technological system adopted and, finally, the masonry typology
determined through in-situ surveys [12, 17, 18].

a) b)

Figure 4: a) tag adopted for the different structural units identified inside the aggregate and indication of the
reference system; b) 3D model showing the structural units so far analysed.

Due to the heterogeneity and complexity of the buildings investigated, it was almost
impossible to achieve - even within each single SU - a perfect categorization according the listed
parameters without reaching an excessive subdivision that would be not really representative of
the effective structural behaviour. The pursuing of an ‘overall’ homogeneity was then preferred,
based on the knowledge of the building reached thanks to in-situ surveys. This choice led to the
identification of at least seven different SUs in the considered area, as represented in Figure 4a.

So far, only the three SUs represented in Figure 4b were analysed. Considering the
differences among them, the two units SU A and SU B should belong to the same historical
period, even if the construction may not be exactly contemporary as suggested by a structural
discontinuity identified in the ground floor. Moreover, SU B is characterised by the presence of
a double volume and its separation from SU A is marked by a partial wall discontinuity. In turn,
SU_D is characterised by lesser homogeneity in the structural features, compared to SU A, and
by a strongly different spatial orientation. The separation between the two SUs is also marked
by a different global height and by distinct roof structures.

4.2 Numerical model

A Finite Element Model (FEM) was built by means of the non-linear analysis software
DIANA FEA [25]. For all the considered SUs, the same approaches were adopted.

Vaulted surfaces and horizontal floors were modelled as equivalent two-dimensional plane
elements [26, 27] by using hexi-quadratic shell elements with eight (CQ40S) and six nodes
(CT30S). The same typologies of elements were used to model also masonry walls, while three-
node three-dimensional class-III beam elements (CL18B) were adopted for arches. Two-node
enhanced-truss element (L6TRU) were used for ties and one-node point masses (PT3T) were
employed to simulate the load distribution acting on walls in the case of beam-framed floors.
The mesh size varied in proportion with the smallest dimension of each element, with a medium
size of 50 cm. Since no specific investigations were performed concerning the foundation
system and the soil typology, vertical elements were fully restrained at the base.

For the constitutive model of masonry, the Total Strain Rotating Crack Model [25] was used,
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able to describe the nonlinear properties of the materials by assuming exponential softening in
tension and parabolic hardening followed by softening in compression. The value of the tensile
strength, where not directly provided by experimental tests or literature, was evaluated
according to suggestions provided by [26, 27], starting from the compressive strength value.
The compressive and tensile fracture energy, needed as input parameter in the numerical model,
were determined according to [27, 28]. For wooden floors and vaulted structures, a linear elastic
orthotropic material model was assumed. The mechanical characteristics were determined
according to the principles of equivalence in axial stiffness [29, 30]. For steel components, a
linear elastic material model was adopted.

a) b) <) d)
Figure 5: FEM model of Structural Unit SU_A, SU B, SU D, SU A+B+D, respectively in a, b, ¢ and d.

4.3 Non-linear static analysis: methods and first results

The seismic performance of the structural aggregate was analysed by means of nonlinear static
analysis. While keeping constant the gravity loads, monotonically increasing horizontal forces,
proportional to the mass of the structure, were applied.

Each of the modelled ‘single’ SUs was analysed separately by investigating the failure
modalities and the maximum capacity achieved in terms of acceleration (or base shear force)
and displacement. The single-unit analysis allowed an understanding of the individual
performance of each portion, including phenomena that would not have been detected if only
a global analysis of the entire aggregate had been performed (i.e. local failures, cracking and
activation of out-of-plane phenomena of single walls).
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Figure 6: Pushover results for the +x direction: a) tensile strain distribution and b) capacity curve.

As an example, Figure 6a shows the damage distribution due to an out-of-plane local
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mechanism for pushover analysis in +x direction on the structural unit SU_B (Figure 4) composed
by a double volume. Figure 6b shows the corresponding capacity curve. The same procedure was
repeated for all the considered SUs.
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Figure 7: Pushover results in terms of capacity curve for the +x direction (a) and for the +y direction (b), and
selected control points.

After analysing the units as isolated buildings, the different portions were progressively
connected to each other with the aim of investigating the resulting behaviour due to the “in-
aggregate” performance. So far, the adopted procedure has allowed to investigate, for the Certosa
monumental complex, the following situations: the connection of two units with very different
size and the connection of two units with very different shape. In the former case - SU_A and
SU B - the units were characterised by different capacity related primarily to their dimensions
but also to some local phenomena influencing on their performance. In the aggregate
configuration, the capacity in +y and -y direction was approximately the same as for the larger
unit. Less predictable was the result in +x and -x since the aggregate showed a rather higher
capacity than the bigger unit. The smaller unit in fact, despite its limited dimension, was able to
mitigate a short pillar effect which was affecting the capacity of the other unit in the isolated
configuration. This local phenomenon took place near the connection among the two structures,
in a wall of the larger unit which continues in the other one. Consequently, due to the particular
location of the local phenomenon, including the smaller unit had a beneficial effect and increased
the global capacity.

In the second analysed case - SU_A+B and SU_D - the two units considered as isolated were
characterised by higher structural performance in opposite directions due to the very different
shape with subsequent different stiffness and resistance. The aggregate configuration revealed, in
all the directions, an intermediate capacity among those units analysed as single buildings. Due
to their similar dimension, none of the two units was thus able in determining the structural

2084



Silvia Caprili, Irene Puncello, Pere Roca

performance of the aggregate. However, they mutually improved their capacity along the
respective weakest directions. This result has been useful also to prove that in these two units the
behaviour is not determined by local failures, as otherwise any increment of the global
performance would have been hindered by them.

Figure 8 shows the comparison among damage distribution in different SU configurations
for comparable accelerations. Cracks development in the connection between the two units can
be noticed. Generally, differences in the damage distribution in proximity with the connection
area were detected only when the pushover direction was parallel to the connecting surface.

A
a) b)

Figure 8: Difference in tensile strain distribution among the structural aggregate composed by SU_A+B (a) and
the ones composed by SU_A+B+D (b)

S CONCLUSIONS AND FUTURE WORKS

The structural assessment of a portion of the monumental historical building Certosa di Calci
was performed by means of numerical nonlinear static analyses. Due to the high complexity
and heterogeneity of the aggregate which included various structural units characterised by
different floors and roofs, masonry typologies, material properties and construction periods, the
resulting performance of the complex is strongly dependent on the behaviour of the SUs
constituting it. The interaction phenomena arising from the combination of the SUs were
investigated through the analysis of different historical configurations with increasing
complexity. The structural assessment was preceded by a deep multidisciplinary investigation
allowing an adequate level of knowledge of the aggregate.

Different SUs were identified and ‘extracted’ from the monumental complex and their
individual seismic response was investigated by means of FEM analyses. In a second phase, the
units were progressively connected and pushover analyses were performed for each aggregation
in order to study the failure modalities, the interaction phenomena and the modification of the
seismic capacity due to the in-aggregate behaviour. It has been noticed that these kinds of
analyses, even if oriented to understand the aggregate effect, should consider possible local
mechanisms and the reciprocal influence of connected units in the overall behaviour. This
phenomena in fact, could partially affect the result even when the structure is characterised by a
global behaviour.

Further research is ongoing with the aim of considering a higher number of structurally
connected units and also different connection levels among them.
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