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Abstract. The aim of the contribution is to illustrate strengthening design in regard to the
conservation of Palazzo Murena in Perugia, designed in the eighteenth century by the
prominent Architect Luigi Vanvitelli. Starting from an accurate historical analysis and taking
into account experimental campaign and results of numerical analysis, the vulnerable elements
of the construction have been highlighted. A local reinforcement intervention is proposed with
the aim of retain the historical value of the architectural characteristics; this consists of the
application of plaster with Fiber Reinforced Cementitious Matrix, F.R.C.M., to achieve an
adequate strength, without adding supplemental weight to the masonry structure and therefore
avoiding an increase of the seismic vulnerability. The benefits of the application of F.R.C.M.
materials, also with respect to different reinforcement techniques are broaden.

1 INTRODUCTION

Owing to the recent earthquakes that affected central Italy, in particular the Umbria region,
the University of Perugia activated a research program aimed at the seismic vulnerability
assessment of historic buildings under its ownership and management. This activity also
involved the architectural complex of Palazzo Murena that hosts the headquarters of the
University of Perugia, Fig. 1. This aggregate is composed by three adjacent buildings: Palazzo
Murena (former monastic complex), the ex-accountancy office and the church of
Montemorcino Nuovo or church of the University, Fig. 2. With reference to Palazzo Murena,
in a previous contribution [ 1] the basic correlations among the historical knowledge, the seismic
vulnerability assessment and the widespread experimental tests campaigns have been addressed
in the framework of the safeguard of this iconic building. The seismic analysis [1], by macro-
element, proved the good global behaviour of the existing masonry structure anyway
highlighting, according to the Italian Building Code [2, 3], that Palazzo Murena ranks in a state
deserving to be seismic improved in order to enhance its safety. In addition, during the analysis,
the presence of a peculiar structural shape in elevation, influencing the building’s seismic
behaviour, has been observed and addressed as a possible trigger to the activation of local
mechanisms. The present work is aimed to illustrate the proposal of reinforcement with
F.R.C.M. composite materials. The contribution has been organized as follows. In Sec. 2 the
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outcomes of a depth historical investigation of Palazzo Murena, in relation to the design criteria
of Luigi Vanvitelli, are reported. The outcomes of a survey and experimental campaign are
reported in Sec. 3. From these studies and also considering the result of a vulnerability analysis
[1] the interventions conceived in order to increase the safety level regarding the seismic
behaviour of Palazzo Murena are described in Sec.4.

Figure 2: Composition of the architectural complex: 1) Palazzo Murena; 2) University Church;
3) Ex-Accountancy

2 HISTORICAL INSIGHTS

Palazzo Murena was once an Olivetan monastic complex, called Monte Morcino Nuovo
following the transfer from its former seat of Monte Morcino Vecchio, outside Santa Susanna,
to the current University’s square. The monastery and the church of the Olivetans have been
designed by Luigi Vanvitelli and completed by his pupil Carlo Murena, from whom the palace
takes its current name. The Vanvitellian contribution to the project of the Monte Morcino
Nuovo is witnessed by various bibliographical and archival historical sources [4-7]; between
these stands out the biography, dedicated to the architect, that was written by the eponymous
nephew in the early years of the nineteenth century [4] in which it is listed, among the works
carried out by Vanvitelli, the facades project of the church and monastery of Perugia. In
addition, it is reported that the Architect was called to Perugia to build the church and monastery
of the Olivetans while he was still working in Ancona and so the palace, whose drawings are
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still preserved in Caserta, was later completed by the aforementioned Carlo Murena. In 1740
the works began and concluded in 1762 a few years before the confiscation of the monastery in
favour of the University of Perugia; the total expenses were around 68.500 scudi (far from what
initially planned). In 1810 the monastery passed to the University and in 1813 also the Drawing
Academy found space within the monastery. With the return of the papal government in 1814,
the University had to defend itself from the charge of usurpation and pleaded the Pope not to
reclaim the building. Later Pius VII confirmed the University’s property entrusting its
management to the professors Luigi Canali and Pietro Vermiglioni in exchange, however, of a
regular annual tribute of 200 scudi to be paid to the Olivetans. With the "Regolamento degli
studi", issued by Leone XII in 1824, the University of Perugia became a State’s University with
Rector Luigi Canali. In 1860 the University passed to the Italian Government and its
neighbourhood was thus evolving into a true "university campus" conditioning also the viability
and the typology of the urban settlements [5], Fig. 3.

A considerable number of earthquakes occurred in the area of Perugia since the construction
of Palazzo Murena; on this issue, considering the last centuries, a complete report has been
drawn [1]. After the seismic event of 1997, the building was interested by reinforcement
interventions primarily aimed at the consolidation of its northwest portion. During time, the
building has been affected by variations, also in its end use, which reshaped its architectural-
structural asset many times. Currently the palace is the “headquarter” of the University of
Perugia and of the administrative offices.

3 SURVEY CAMPAIGNS

The research for symbolic-perceptive values emerges observing the geographical position of
Palazzo Murena: it is located on a slope within the historical centre of Perugia. That sort of
“spur”, on the best exposed side of the neighbourhood, guarantees to the palace an extraordinary
inter-visibility even from the Perugia’s old town. The principal facade of entrance has been
conceived in a single architectural composition with the inherent University’s Church.
Regarding its vertical arrangement, the palace’s facade is marked outwardly by the string-
courses corresponding to the floors, reflecting some of the proportions and locations of the inner
masonry elements (vaults’ position, wall’s heights etc.).

Figure 3: Picture postcard of Perugia’s view in the early of 900'; in the center stands out Palazzo Murena.
Extracted by the private collection of Alterocca (Terni)
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The ground floor is a hollow rectangle with external dimensions about 60 m x 48 m and inner
dimensions, due to the presence of the cloister, about 30 m x 33 m. The heights of the different
levels are: 4.80 m for the third basement, 4./0 m for the second basement, 3.80 m for the first
basement, 4.75 m for the ground floor, 3./0 m for the mezzanine floor and 6.00 m for the first
floor. Therefore, the layout extension of the building varies from level to level, indicating an
accentuated vertical asymmetry especially regarding the composition in elevation of the south
and east wings of the palace. Indeed, the ground floor plus the mezzanine floor encumber a total
height comparable to the lateral corridor’s one. This masonry cluster of vaulted rooms,
combining such different floors’ heights, creates situations, in the mezzanine, marked out by
the presence of some carrying walls resting on the top of the barrel vaults, Fig. 4. This
peculiarity, that once housed the monks’ cells and the relative corridor of distribution, is not the
result of a supplements following the original realization of the building factory but, thanks to
the historical investigations conducted in the state archive of Perugia [7], it has proved to be
perfectly coeval with the design genesis operated by Luigi Vanvitelli. The structure proposed
is an example of the creative flair and of the constructive expertise of the Architect; in that case
study the need to satisfy a design objective has entailed, on Vanvitelli’s path, the design of an
astonishing structural expedient.

Only the main formal relationships and most pertinent ones to the object of the present paper
were reported, but many others could be observed in relation to the architectural distribution of
the internal compartments e.g. in the inner main corridor can be observed that the inception of
the ample string-course in stucco, highlighting the floor of the mezzanine, is proportioned to
the corridor’s rise. Speaking of the architectural hierarchy, it is interesting to note how great
significance is attributed to the serving environments such as the hallways; probably a sign of
how the previous monastic use required the attribution of more relevance to common spaces
rather than the personal ones, Fig. Sa.

Fractures on the masonry vaults of the main corridor of Palazzo Murena are observable. On
this a monitoring system was implemented and permitted to figure out that, to date, the damage
pattern appears to be stabilized and that no arising deformation processes are in place for the
building and its foundations; please refer to [1] for further details.

The palace appears simple and rigorous by its bricks facades, based on rational splitting
norms by means of openings and string-course, but instead lavish on the inside spaces adorned
with frescoes, stuccos and extremely fine marble grit floorings, Fig. 5. In fact, above all, the
PhD’s hall, located on the noble floor of Palazzo Murena (the second one), and its vault have
been completely frescoed by two Perugian painters in the 18" century: Giovanni Bevilacqua
for the decorative parts and Vincenzo Monotti for the figurative features, Fig. 6. About the
floorings, including those of the mezzanine floor, they are made of marble grit, a technique
much appreciated and requested throughout the 19" century for the paving of architectural
esteem buildings. They are characterized, in this case, by high joints (at the same level as the
floor’s surface) and by narrow grout lines combined with sharp edged square tiles in order to
visually hide the mortar joints achieving a final result closer to the classic one entirely in marble
and so without joints). Those choices, however, entails an almost “perfect” installation as any
coplanar defects, even minor ones, could not be accepted either for aesthetic (emerging edges)
or for functional reasons (steps in the flooring) denoting that this valuable flooring has been
made by old craftsmen who were highly qualified, Fig. 5b.
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(a) (b)

Figure 5: Architectural arrangement of Palazzo Murena: a) detail of vaults and arcades covering the ground
floor; b) view of the marble floorings at the mezzanine floor

4 INTERVENTION OF STRUCTURAL STRENGTHENING

In order to estimate the vulnerability of Palazzo Murena has been recently activated a research
program. In a previous contribution [1] a preliminary seismic global analysis on a F.M.E. model
(frame by macro-element), created using the data gained by means of innovative survey
instrumentations, has allowed to identify in advance the most vulnerable portions of this ancient
masonry building and to consequently finalize (and so reduce) the successive execution of the
onerous and invasive investigation methodologies (like drills, endoscopies, flat jack tests etc.).

An experimental testing campaign has been conducted in order to assess the mechanical
proprieties of the materials; moreover, a monitoring system has been implemented to check the
mechanical behaviour of the building under environmental loading.
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Figure 6: Ceiling of the PhD’s hall of Palazzo Murena

On the basis of the increased level of knowledge deriving from the aforementioned
experimental campaign, the preliminary numerical modelling has been refined in order to tune
up the global seismic evaluation of the masonry building in its actual state. According to the
Italian Standard Codes [2, 3], the subsequent push-over analysis revealed the sufficient safety
from global point of view but, at the same time, the presence of high local vulnerable sub-structures.
This is the case of mezzanine floor that represent a large geometric irregularity and it is the source
of a huge difference in the distribution of the structural masses; moreover, it is vulnerable since it
consists of load bearing masonry walls resting, in turn, on the underlying brick vaults and therefore
not vertically continuous to the foundation. Eventually, by means of a numerical model, based on
the previous outcomes, the application of F.R.C.M. composite materials has been evaluated,
leading to a positive influence on the global seismic response of the masonry structures. Given
the constructive specificities and architectural uniqueness previously described, the structural
strengthening has to assure the building’s survival without penalize the role and the meaning it
stood for during the centuries. In this framework in order to envisage intervention of structural
strengthening the design approach, here proposed, is to not burden the masonry structure with
extended interventions but rather in the localized retrofitting of only the most vulnerable
structural elements. On this, the composite materials, that can be studied by analytical approach,
with classical and non-classical theories [12, 13] or by numerical modelling, allow to fulfil the
strengthening of ancient masonry buildings in compliance with their environmental, cultural
and social value.

In response to such outcomes, a real reinforcement plan, conceiving the design of F.R.C.M.
reinforcements, is proposed without put on the line socio-architectural prestige of the building;
circumstance also linked to the accessibility and to the function of such a strategic edifice. The
intervention consists in a high performance fiber mesh coupled with an inorganic matrix (mortar),
used instead of the traditional epoxy resins, proper of fiber reinforced plastics (F.R.P. systems), in
order to obtain a real reinforced plaster [3, 9, 10].
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On heritage buildings, the importance of the structural strengthening runs no deeper than the
preservation of architectural value of the artefacts; also in the present case the uniqueness of
masonries, especially with respect to arches [11], conditioned and inspired the intervention
strategies. Focusing the attention on the walls of the mezzanine floor, made of bricks and lime
mortar, the application of the composite material allows to avoid the burden of the existing
masonry structures with the additional weight and to avert damages to fine marble flooring and
other valuable elements during the building work. In particular, the localization of F.R.C.M. on
those inner walls guarantees to strength them regarding the bending and the shear actions, Fig.
7. Regarding the design and verification criteria, the technical guidelines provided by the CNR
[8] have been followed; in particular the rules described in the paragraph § 4.7.1 of the same.
In addition the implementation steps and criteria have been thrust toward the innovative design
rules promoted by the scientific and technical literature [14, 15, 16]. For design and verification
purposes the materials of the Kimia S.p.A. [14], and the relative mechanical parameters Tabs.
1-2, were taken as reference including the use of the bi-directional basaltic net KIMITECH BS
ST 400, the matrix in mortar M15/F. In addition, the use of transversal connectors known as
“fiocchi”, one for each 4-5 m?, in order to create artificial through stones within the walls, and
to create a sandwich masonry-reinforced plaster panel was intended, Fig. 8a. With respect to
such element the product Kimisteel FIOCCO GLV has been chosen, the latter is composed by
a “sock” containing unidirectional galvanized steel-zinc filaments. For such element the
designed diameters is ¢ 12 [mm]; entailing for its insertion the creation of wall drills of diameter
of between /6 and 20 [mm] for a minimum depth (L.) of 20 [cm]. By reference to the specific
locations of the different walls, in comparison to the external masonry casing, different
implementation modalities have been conceived, Fig. 8b-c-d; the thickness of the intervention
will be inferior to 30 /mm], including the final regularization layer.

[rr

]

Figure 7: Plan of the mezzanine floor with the proposed interventions in F.R.C.M. (characterized in green). 1)
Interventions on the arcades covering the main aisle; 2) Interventions on the inner walls of the mezzanine floor
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As observed during the survey, the main corridor on the ground floor is covered by cross vaults
spaced out by decorated arcades. In addition, a stucco moulding, placed at the height of
springer, runs along the entire length of the building and furthermore the walls are adorned by
half pilasters which also develop on the arches giving rhythm to the inner walls of the building.
During the monitoring, which is always an important item when dealing with historical
structures [ 17], it was possible to observe how the crack pattern detected on the vaults covering
the quadrangular corridor is not representing a state of danger, however its presence testifies
the memory of the numerous earthquakes that in past and recently times involved the structure
[1]. On this, in a future excerpt of the intervention plan their renewal will be foreseen in the
perspective of a re-garnish of whole Palazzo Murena. Aiming at the reinforcement of the
arcades the application of F.R.C.M. was envisaged according to a specific designed method,
taking into account the architectural value of the mouldings, which refers to the design tips
published by the CNR [8] and to the latest analytical and experimental outcomes available in
the scientific literature [18, 19].

Table 1: Mechanical properties of the bidirectional basaltic fiber net, KIMITECH BS ST 400: pp» [g/cm?]
density, £ [GPa] elastic modulus, o, /MPa] ultimate tensile strength, ¢ /%] breaking strain, g
[g/mq]grammage, wi [g/mq] weigth of tissue starching, D,, /mm/] dimension of the mesh, ¢ /mm] thickness of the
net, * [mm] equivalent thickness of the net, A, [mmq/m] resistant area, O [kN/m] tensile breaking load of the
warp, by f[mm] single strip width. *Intended for each warp direction

Pfib E Gu € g Ws Dnm t t* Ar QO br
*

2,67 89+2 3100 <8 414 61 20x20 1,15 0,065 65 >120 1000

Table 2: Mechanical properties of the matrix M15/F

Element  Material  Particle size =~ Compression Bending Shear E
distribution  strength [MPa] strength strength  [MPa]
[MPa] [MPa]
Mortar - Lime maximum at7 dd>9 at7 dd>3.8 0,15 9600
Matrix inorganic 1,20 mm at14dd>12 at14dd>3,9 (with
mortar at28dd>15 at28dd>4 masonry
M15/F -EN
711)

Each arch presents a tripartite moulding; the first phase of the proposed design plan consists
of the removal of a small stucco-band from the two most protruding portions of the decoration
in order to reach the resistant part of the arch constituted by the masonry. Then, with the same
superficial treatment described previously, the F.R.C.M. material is applied in the groove using
the aforementioned mortar but employing, this time, a unidirectional stainless steel fiber
reinforcement fabric, Kimisteel INOX 800, located with respect to its frame along the arch’s
profile; its high-strength properties are reported within Tab. 3. Regarding the arcades the
thickness of the reinforcement intervention should be around 6/7 [mm] and requires the use of
the aforementioned typology of connector in order to provide the coupling to the masonry
supports. Finally, for each garnish, the two lateral stucco strips, remainders of the pre-existing
decoration, will be used by restorers as reference in order to restore the mouldings in their
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entirety, guaranteeing an exterior appearance akin to the original result, Fig. 9. It should be
noted that this intervention plan, aimed at the safeguard of this architectural asset, is conceived
with methods and technologies which allow to not penalize the strategic function of this
building during the F.R.C.M. application phases.

In fact, unlike other strategies of structural intervention, the designed strengthening actions
do not lead to the total closure of the University “headquarter” and its offices. In turn some
offices, at the mezzanine floor, or part of the main corridor at the ground floor will be close and
by the time installations are completed the small construction sites will move to the next spaces;
permitting to reopen each time few retrofitted portion of structure in order to accommodate the
public, the students and the employees.
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Figure 8: Improvement intervention with F.R.C.M. a) Application procedure, scale 1:40. Technical details of the
reinforced walls, scale 1:20: b) General section of a reinforced internal wall with transversal connectors;
c¢) Section of a reinforced internal wall; d) Section of an external wall highlighting the corner joints between
reinforced internal walls and perimetral one
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Table 3: Unidirectional high-strength stainless steel fiber fabric, Kimisteel INOX 800 STI-0619: p [g/cm’]
density, E,, [GPa] elastic modulus of wires, R .. [MPa] wire resistance, ¢ /%] breaking strain, Ny number of
yelds for each wire, Dy [mm] diameter of strands, As [mmgq] strands resistant area, Q,, /N wire minimum
breaking load, by /mm] single strip width, g [g/mq] grammage, w; [g/mq] weigth of tissue starching, D,, [mm]
dimension of the mesh, # /mm] steel theoric thickness, #* [mm] equivalent thickness of the net, A, [mmgq/m]
resistant area for units of length, R, /N/mm] unitary resistance for units of fabric

7,85 210 2000 0,95 16 1 0,483 930 100- 800 20x2 0,07 77.33 160
300 0 7 8

transversal
connectors

—g—

Restoration of the
moldings in the final
implementation phase

/ Insertion of
transversal
connectors

Masonry Application of the FRCM
arch’s thickness  material

Moulding
Half pilaster

(b)

Figure 9: Improvement intervention with F.R.C.M. and its application procedure technical detail of the
reinforced plaster with fiber transversal connector, scale 1:40. a) Transversal section of an arch;
b) Longitudinal section of an arch
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5 CONCLUSIONS

- Starting from a historical study and accurate survey and taking into account the results
of vulnerability analysis, in the present paper a strengthening design approach in regard
to the conservation of Palazzo Murena in Perugia has been illustrated;

- In order to preserve the constructive specificities and architectural uniqueness of the
building, a local reinforcement intervention is proposed for the walls of the mezzanine
floor and for the arches of the main corridor on the ground floor. This consists of the
application of F.R.C.M. to obtain a reinforced plaster which assure an adequate
strength, without increasing the weight of the masonry structure and therefore without
increase of the seismic vulnerability;

- The ongoing research will take into account experimental testing and numerical
analyses to check the effectiveness of the proposed strengthening interventions also
with respect to the implementation modalities.
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