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Abstract: The preservation and definition of the correct retrofitting interventions of historic ma-
sonry buildings represents a relevant topic nowadays, especially in a country characterized by high
seismicity zones. Considering the Italian Cultural Heritage, most of these buildings are constructed
in ancient unreinforced masonry (URM) and showed a high level of vulnerability during the recent
2009 (L’ Aquila), 2012 (Emilia Romagna) and 2016 (Centro Italia) earthquakes. In this paper, the seis-
mic assessment of an historic masonry building damaged during 2016 Centro Italia seismic event is
presented considering different types of retrofitting interventions. Starting from the results obtained
by the post-earthquake survey, different finite element models have been implemented to perform
linear and non-linear analyses useful to understand the seismic behaviour of the building and to
define the appropriate retrofitting interventions. In particular, reinforced plaster layer and cement-
based grout injections have been applied in each masonry wall of the building in order to improve
their horizontal load-bearing capacity, and an additional wall made with Poroton blocks and M10
cement mortar has been built adjacent to the central stairwell. In addition, in view of the need to
replace the roof seriously damaged during the seismic event, a cross-laminated roof solution char-
acterized by a thickness equal to 14 cm (composed by seven layers, each 2 cm thick) has been pro-
posed. The results show that the proposed retrofitting interventions have led to a significant im-
provement in the seismic behaviour of the building.
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1. Introduction

During the last decades, different strong earthquake events occurred in Italy, e.g.,
2009 (L’Aquila) [1-3], 2012 (Emilia-Romagna) [4], 2016 (Centro Italia) [5,6] and 2017 (Is-
chia) [7] seismic events, where several historical buildings realized in ancient unrein-
forced masonry (URM) suffered serious damages. In fact, these constructions were de-
signed to resist mainly the gravity loads: they are generally characterized by slender
walls, flexible horizontal floors, bad quality of the masonry, bad interlocking among per-
pendicular walls and between walls and roof, absence of tie-beams used to absorb the
thrusts of arches and vaults [8].

Considering their wide diffusion and their high seismic vulnerability, the structural
safety of existing URM buildings is a very topical issue. In Italy, and more in general in
the Mediterranean area, a huge amount of such buildings belongs to the historical archi-
tectural heritage, and their conservation is needed both for the importance of their cultural
value as well as for the functions that they still perform up to now. Moreover, in many
developing countries such structural typology is still adopted now and commonly used,
so a huge amount of residential and civil buildings around the world are built in URM.
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For such reasons, in the last decades, much attention has been paid to URM buildings to
assess their structural safety and to define appropriate intervention of retrofitting [9-12].

Despite the important research works devoted to the study of the mechanical behav-
ior of URM structures carried out by several researchers in the last few years—a complete
overview of the different modelling strategies for the computational analysis of such
structures has been provided in [13] —the correct evaluation of the seismic behavior of
masonry structures, which is useful to define the retrofitting interventions, remains still
an open issue.

As it is well known, masonry is a composite structural material obtained by assem-
bling natural or artificial blocks by means of mortar layers or dry joints. Difficulties in
modeling are related to heterogeneity, anisotropy and to some peculiar features of ma-
sonry material, whose mechanical behavior depends on several parameters that are diffi-
cult to assess, such as mechanical properties of constituent materials, arrangement of
units, thickness of joints, presence of internal filling with relative unknowns and difficul-
ties in describing connections between external layers, manufacturing imperfections, state
of conservation, etc. In order to take into account these characteristics, several methodol-
ogies have been proposed in the scientific literature [14]; however, the use of refined mod-
els is usually limited to the research field, while in the common practice simplified ap-
proaches are more diffused. Such approaches usually rely on the description of the struc-
ture as an assemblage of its structural elements modelled by means of macroelements,
requiring a small number of mechanical parameters and low computational effort.

Considering structural assessment of URM buildings, different approaches have
been proposed for the evaluation of their seismic vulnerability, among which numerical
analyses stand out for their diffusion and applicability to both monumental and so-called
minor architectures [15,16]. In particular, the implementation of appropriate Finite Ele-
ment models (FEM) represents one of the most suitable approaches for their ability to
analyze even complex structures. It must be noticed that, due to its complex inner micro-
structure, the masonry shows a different behavior in compression and tension, therefore,
because of the very low tensile strength of masonry material, URM buildings exhibit a
non-linear behavior even at early stages of seismic loading, calling for the adoption of
nonlinear analyses. Among them, dynamic nonlinear analyses may provide the most re-
liable prediction of the structural seismic behavior; however, they are scarcely employed
in practice because of the required computational efforts and the difficulties in acquiring
data (such as seismic input or material parameters to be used); therefore, in this case, their
adoption is limited to specialized practitioners. For this reason, simplified nonlinear static
analysis has been developed in the late 70’s [17] in order to overcome such difficulties and
with the target to provide easy-to-use computational tools for common practitioners as
well. Nonlinear static analysis allows to evaluate the base shear-top displacement capacity
curve under an incremental horizontal load profile, providing an evaluation of the per-
formance point obtained by the intersection of the capacity curve with the displacement
seismic demand.

Nowadays, in common practice, nonlinear static analyses are combined with simpli-
fied structural models comprised by macroelements. Among the available modelling
strategies which can be properly adopted, the so-called Equivalent Frame Method (EFM)
[18] is the most widely used for seismic assessment of large URM buildings [19], which is
characterized by regular geometry is based on the adoption of macroelements to discretize
walls as an assemblage of piers, spandrels and rigid nodes. The EFM is based on strongly
simplified hypotheses and several limits in its applicability have been highlighted in
[20,21]. However, it can be reasonably used for the seismic assessment of existing URM
buildings which exhibit at a large extent a box behavior and with a quite regular opening
pattern. It is usually preferred in professional practice, where a small computational bur-
den and a time- and cost-saving structural analysis by using few mechanical parameters
is needed.
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In this paper, attention is focused on the evaluation of the seismic behavior of an
historic building realized in ancient URM and located in Perugia which has suffered seri-
ous damage during the 2016 Centro Italia earthquake [22]. Linear and non-linear analyses
have been performed to reconstruct the seismic response of the buildings and in order to
introduce suitable hypotheses of different types of retrofitting interventions useful to lead
the building to an adequate safety level under dynamic loads. In particular, starting from
the results obtained from the post-earthquake survey, nonlinear static analysis (pushover)
has been performed considering the equivalent frame method (EFM) [18] to evaluate the
in-plane collapse mechanisms and in order to calculate accurately the value of the behav-
ior factor (q) which characterizes the structure and is used to carry out the linear dynamic
analysis to obtain the out-of-plane behavior of the masonry walls. To complete the evalu-
ation of the seismic vulnerability of the building, the analysis of local collapse mechanisms
has been performed considering the kinematic approach [23,24]. Finally, different types
of retrofitting interventions have been proposed to guarantee an adequate safety level of
the construction.

The paper is organized as follows: in Section 2, the current configuration of the case
of study is completely described, mechanical properties of materials assessed by means of
in situ tests are reported. In Section 3, numerical analyses of current and retrofitted con-
figuration are provided: EFM and kinematic analyses of the local mechanisms are carried
out on both configurations and a comparison of the results is reported, highlighting the
obtained improvement in seismic behavior of the case of study. In Section 4, some final
remarks are drawn.

2. Description of the Building

The analyzed building was constructed around the 1600s in Perugia, and it is char-
acterized by a rectangular plan with dimensions 20.65 m x 13.15 m (Figure 1). The con-
struction presents three floors above ground and is made of uncoursed squared rubble
masonry (Figure 2) whose mechanical properties, evaluated according to [25,26], are sum-
marized in Table 1, where v is the unit weight, E is Young’s modulus, G is the shear mod-
ulus, fm is the mean compressive strength and o is the mean shear strength. The masonry
walls of the building are characterized by a thickness equal to 45 cm.
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Figure 2. (a) Detail of the masonry walls of the building; (b) Masonry texture (inspection window
dimension 40 x 40 cm).

Table 1. Mechanical properties of the masonry.

Y E G fm To
[kN/m3] [MPa] [MPa] [MPa] [MPa]
20 1230 410 2.00 0.035

The one-way slabs of the first and second floor (Figure 3) and the roof (Figure 4) are
made of wooden structure.

As mentioned before, post-earthquake survey was performed after the 24th August
2016 Centro Italia seismic event. Different crack patterns have been observed in corre-
spondence to the vertical and horizontal structural elements. In particular, the presence
of diagonal cracks was detected in the masonry walls due to the shear forces acting on the
walls during the earthquake and the low value of tensile strength which characterizes the
masonry. The beginning of the activation of out-of-plane mechanisms of the fagades pro-
duced by the structural behavior of the roof has been observed due to absence of tie-
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beams. Other cracks have been developed in correspondence to the openings and the lin-
tels. Furthermore, the wooden slabs showed an excessive vertical deformation.

flooring

sand and lime base

11

7.3

Y terracotta tiles

wooden rafters, interaxle spacing = 31 cm

wooden beams 34x34 cm, interaxle spacing = 165 cm

Figure 3. First and second floor slab (unit of measure is cm).

©
o

T . 1 ~ .

y Ny — i N tile roof

" wooden beams
20x20 cm
terracotta tiles

wooden rafters, 6x6 cm

Figure 4. Roof (unit of measure is cm).

3. Numerical Analysis
3.1. Current Configuration

To evaluate the seismic behavior of the building, linear and non-linear analyses have
been performed. In particular, non-linear static analysis has been carried out using the
equivalent frame method [18,27] which represents a suitable approach for buildings char-
acterized by a regular distribution of openings such as the one here analyzed (Figure 5b).
The piers and the spandrels have been implemented through deformable beam elements
interconnected by rigid offsets at their intersection. This modeling hypothesis is derived
from the damages observed in this type of construction subjected to seismic event which
show that, usually, cracks and failure modes are localized in piers and spandrels, while
little damage is observed at their intersection, thus justifying the adoption of rigid offsets
in the modelling process. Bending moments between orthogonal walls have been released
to represent the unperfect toothing and avoid out-of-plane response of piers [28]. Accord-
ing to [26], the following collapse mechanisms have been considered for the structural
elements: (i) diagonal shear cracking, (ii) sliding failure and (iii) rocking failure due to
bending moment. Considering that the damage is assumed to be concentrated in localized
sections of the building (in particular, in the mid and at the end of the monitored ele-
ments), non-linear beams with lumped inelasticity are used for piers and spandrels. The
lumped inelasticity was modeled in the EFM with non-linear flexural or shear springs
obtained considering, respectively, moment-rotation or shear-displacement laws. Hinges
are characterized by an elastic perfectly plastic behavior where the ultimate displacement
capacity, obtained considering the limit drift calculated as reported in [25], is taken equal
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to 0.6% for the flexural hinge and 0.4% for the shear hinge. The sectional limit strength
was calculated by the finite element software considering the masonry mechanical char-
acteristics listed in Table 1 and the actual stress distribution.

Figure 5. (a) 3D Finite Element model of the building; (b) Equivalent frame model.

Two horizontal load profiles have been considered to perform the pushover analysis,
representing the inertia forces related to the occurrence of a seismic event: (i) acceleration
distribution proportional to the first mode and (ii) uniform acceleration distribution. The
different horizontal load profiles have been applied in both X and Y direction, considering
both positive and negative signs. Figure 6 shows the capacity curves for X (red curves)
and Y (green curves) directions obtained from the execution of the pushover analysis.

To evaluate the seismic vulnerability of the structure, N2 method [29] has been used
considering the seismic action defined according to [25], where the fundamental parame-
ters are listed in Table 2.

o
m,
0 ’77/

hear [/\'N]

b
%

Figure 6. Capacity curves (current configuration).
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Table 2. Seismic parameters.

Limit State SLV

Life of the structure (Vn) [year] 50
Use category [-] I
Coefficient for use category (Cu) [-] 1
Reference life (Vr) [year] 50
Topographic coefficient (St) [-] 1
Soil category [-] C

Design ground acceleration (ag) [g] 0.299
Probability of exceedance (Pvr) [%] 10

The seismic capacity of the structure was defined considering two different types of
seismic vulnerability risk indices (RI) obtained as the ratio between the peak ground ac-
celeration which leads to the collapse of the structure (PGAc), the design peak ground
acceleration reported in Table 3 (PGAbp), and the related return periods (RPc and RPp):

RIrca = PGAc/PGAD, 1)
RIrp = RPc/RPpo. (2)

Table 3 shows the minimum risk index values obtained considering the capacity
curves calculated using the above-mentioned different horizontal load profiles, both in
terms of peak ground acceleration and related return period.

Table 3. Risk indices obtained from pushover analysis (current configuration).

PGAc PGAb RlIrca RPc RPp RlIrr
[g] [g] [-] [year] [year] [-]
0.047 0.299 0.157 6 475 0.013

It is possible to notice that the minimum value of risk index calculated is less than
one, which characterizes a structure with a high vulnerability to the seismic action.

Furthermore, with the N2 method, the behavior factor (q) that characterized the
structure has been calculated and is equal to q =2.

As mentioned in previous Section 1, kinematic analysis has been carried out in order
to analyze the local collapse mechanisms considering the different perimeter walls of the
building (Figure 7).

1) (2) 3)
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7)

Figure 7. Local collapse mechanisms.

8)

(6)

Table 4 summarizes the results expressed in terms of risk indices for each local col-
lapse mechanism analyzed, where PGAcLm represents the peak ground acceleration that

activates the local mechanism and RPcium represents the related return period.

Table 4. Risk indices calculated for the different local collapse mechanisms (current configuration).

Mechanism PGAcm PGAD RIrca RPcm RPo RlIrre
[n°] [g] [g] [-] [year] [year] [-]
1 0.118 0.299 0.395 41 475 0.086
2 0.141 0.299 0.472 58 475 0.122
3 0.221 0.299 0.740 169 475 0.356
4 0.100 0.299 0.335 28 475 0.059
5 0.135 0.299 0.452 53 475 0.112
6 0.219 0.299 0.733 166 475 0.349
7 0.165 0.299 0.553 83 475 0.175
8 0.243 0.299 0.814 229 475 0.482

The results show that the risk indices obtained are less than one both in terms of peak
ground acceleration and return period for each local collapse mechanism considered, con-
firming the evident seismic vulnerability which characterizes the structure.

3.2. Retrofitted Configuration: Intervention on Masonry Walls

To mitigate the seismic vulnerability of the building, different retrofitting interven-
tions have been proposed. Reinforced plaster layer and cement-based grout injections
have been applied in each masonry wall of the building in order to improve their hori-
zontal load-bearing capacity [30]. Table 5 shows the mechanical properties of the masonry
considered after the execution of the retrofitting interventions.
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An additional wall (45 cm thick) made in Poroton blocks and M10 cement mortar has
been built adjacent to the central stairwell (Figure 8).

* 20.65 m

b‘—' = ‘—'7\H }Ruj

l_\
0 o I
Lo [
[_/ —
t—\:] I—::— = ,;% % e T 13.15m
stairs-:

-l |

wall in Poroton

E blocks and M 10
' cement mortar

5\

i

i

Figure 8. The new wall made in Poroton blocks and M10 cement mortar.

Table 5. Mechanical properties of the masonry after the retrofitting interventions.

'Y E G fm To
[kN/m3] [MPa] [MPa] [MPa] [MPa]
20 2091 697 3.40 0.06

To avoid the activation of local collapse mechanisms, a concrete curb adjacent to the
roof has been realized and the interlocking between orthogonal masonry walls has been
improved through the application of steel ties. Furthermore, the wooden slabs have been
reinforced with the construction of new wood-concrete slabs connected to the existing
structural elements by means of shear connectors to improve the box behavior of the
building, realizing a rigid diaphragm at each floor (Figure 9).

flooring

sand and lime base

concrete layer

terracotta tiles

wooden rafters

wooden beams

Figure 9. Retrofitted configuration of the wooden slabs (unit of measure in cm).
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Equivalent frame model representing the retrofitted configuration has been imple-
mented considering the same hypotheses used for the equivalent frame model implemen-
tation of the current configuration (Figure 10).

(b)

Figure 10. (a) 3D Finite Element model of the building (retrofitted configuration); (b) Equivalent
frame model (retrofitted configuration).

Pushover analysis has been carried out considering the same horizontal load profiles
used for the evaluation of the seismic behavior of the current configuration. Figure 11
shows the capacity curves obtained for X (red curves) and Y (green curves) direction con-
sidering the retrofitted configuration.

Figure 11. Capacity curves (retrofitted configuration).

Table 6 summarizes the results of the non-linear static analysis performed for the
retrofitted configuration in terms of minimum value of risk indices calculated considering
the different capacity curves shown in Figure 11.
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Table 6. Risk indices obtained from pushover analysis (retrofitted configuration).
PGAc PGAbD Rlrca RPc RPp Rlre
[g] [g] [-] [year] [year] [-]
0.427 0.299 1.428 2475 475 5.211

It is possible to notice that the minimum value of the risk indices obtained by the
execution of the pushover analysis, both in terms of peak ground acceleration and return
period, is greater than one. It is important to highlight that the 2475 year-mark (which
corresponds to a value of peak ground acceleration equal to 0.427 g for the area where the
case study is built) represents the maximum return period that can be considered for the
evaluation of the seismic vulnerability of this type of construction according to what is
reported in [25,26]. In addition, for the retrofitted configuration, the activation of the local
collapse mechanisms has been evaluated through the kinematic approach. Figure 12
shows the possible local collapse mechanisms that can occur for the retrofitted configura-
tion while Table 7 summarizes the related results obtained expressed in terms of the same
risk indices.
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(10) (11)

Figure 12. Local collapse mechanisms for the retrofitted configuration.

Table 7. Risk indices calculated for the different local collapse mechanisms (retrofitted configura-
tion).

Mechanism PGAcam PGAb RIrca RPcm RPp RlIrr
[n°] [g] [g] [-] [year] [year] [-]

1 0.427 0.299 1.430 2475 475 5.211
2 0.427 0.299 1.430 2475 475 5.211
3 0.427 0.299 1.430 2475 475 5.211
4 0.427 0.299 1.430 2475 475 5.211
5 0.427 0.299 1.430 2475 475 5.211
6 0.427 0.299 1.430 2475 475 5.211
7 0.427 0.299 1.430 2475 475 5.211
8 0.427 0.299 1.430 2475 475 5.211
9 0.427 0.299 1.430 2475 475 5.211
10 0.427 0.299 1.430 2475 475 5.211
11 0.427 0.299 1.430 2475 475 5.211

The obtained results show that for all local collapse mechanisms analyzed, the risk
indices reach the maximum considered values defined according to what is reported in
[25,26].

3.3. Retrofitted Configuration: Intervention on the Roof Structure

In addition to the retrofitting interventions described above concerning the improve-
ment of the load-bearing capacity of the masonry walls and the realization of the connec-
tion between orthogonal walls and the diaphragm floors, in view of the need to replace
the roof, seriously damaged during the 2016 Centro Italia earthquake, a cross-laminated
roof solution has been proposed. In particular, a new cross-laminated roof characterized
by a thickness equal to 14 cm (composed by seven layers each, 2 cm thick) has been real-
ized.

To evaluate the effects of the cross-laminated roof on the seismic behavior of the ret-
rofitted configuration of the building, a 3D Finite Element model has been implemented
using a commercial software [31], where the masonry walls have been modelled with solid
elements (Figure 13). The presence of the reinforced slabs has been considered through
the introduction of rigid diaphragms in correspondence to each floor.
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(a) (b)

Figure 13. (a) Finite element model implemented using MIDAS FEA software; (b) Mesh.

The cross-laminated panels are represented by bidimensional elements, whereas the
panel-to-panel and wall-to-panel connections are introduced by inelastic springs (Figure
14) [32]. Table 8 summarizes the mechanical properties of the cross-laminated panel con-
sidering its orthotropic behavior.

The hysteretic behavior of the connections has been defined according to what is re-
ported in [33] (Figure 15) based on Clough constitutive model [34] and considering cylin-
drical connectors with a diameter equal to 10 mm and elastic stiffness 6200 N/mm.

cross-lam panel

inelastic spring: panel-panel connection

inelastic spring: panel-curb connection
Figure 14. Modeling of the panel-panel and panel-curb connections.

Table 8. Mechanical properties of the cross-laminated panel.

Y Ex E, E.
[kN/m?3] [MPa] [MPal [MPa]

5 7059 5387 370

G Vxy Vxz Vyz

[MPa] [-] [-] [

690 0.4500 0.0138 0.0138
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Figure 15. Connection hysteretic behavior.
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A non-linear time history analysis considering Rayleigh damping has been per-
formed using the seven spectrum-compatible accelerograms reported in Figure 16, ob-
tained using REXEL software [35] by considering the site seismic parameters listed in Ta-
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Figure 16. Seismic records.

Starting from the masonry mechanical properties reported in Table 5, a Concrete
Damage Plasticity (CDP) constitutive law has been adopted considering the fundamental
parameter listed in Table 9, where 1 is the dilation angle, e is the dimensionless eccen-
tricity, foo/fco is the ratio of biaxial compressive to uniaxial compressive yield stress, Kc is
the coefficient determining the shape of the deviatoric cross-section, and v is the viscosity
parameter [36].

Table 9. Concrete Damage Plasticity parameters used in this work.

q) e fbo/ feo Kc v
[°] [ [-1 [ [
10 0.100 1.160 0.667 0

Figure 17 shows the results in terms of X and Y displacement histories comparing the
cross-laminated roof structure with a classic wood roof solution (with 4 cm-thick single
planks). The results show the displacements of the roof for the first 25 s of the time history
analysis representing the most significant part of the seismic events. The trends shown in
Figure 17 represent the average value among the seven spectrum-compatible accelero-
grams combined according to what is reported in [25].
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Figure 17. Comparison between the obtained maximum displacements of the roofs in X and Y di-
rection considering the cross-laminated roof structure (14 cm thickness) and a single plank wooden
roof (4 cm thickness).

The results show an important decrease in the displacements in both directions. The
maximum displacement in X direction is about 2.5 cm in comparison to that (about 9 cm)
obtained by the single plank roof structure. In addition, in Y direction, the reduction is
significant because the maximum displacement is about 1.8 cm in comparison to the value
(about 5.8 cm) obtained with the single plank solution. The displacement reduction is due
to the dissipation of the energy occurring in the inelastic springs.

4. Conclusions

The paper focused on the structural rehabilitation of an historical masonry building
hit by the strong 2016 Centro Italia seismic event. Starting from the post-earthquake sur-
vey, 3D finite element models of the current configuration have been implemented using
an equivalent frame approach in order to evaluate the seismic vulnerability of the build-
ing. Moreover, a kinematic analysis has been performed to detect the possible activation
of the local collapse mechanisms. The results have shown that the building was afflicted
by a high vulnerability under seismic action. Therefore, different retrofitting interventions
have been studied to improve the seismic response of the construction. In particular, re-
inforced plaster layer and cement-based grout injections have been applied in each ma-
sonry wall of the building in order to improve their horizontal load-bearing capacity. An
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additional Poroton blocks wall adjacent to the central stairwell has been also introduced
for improving the stiffness redistribution of the seismic resistant structural elements. To
avoid the activation of local collapse mechanisms, a concrete curb adjacent to the roof has
been introduced and the interlocking between orthogonal masonry walls has been im-
proved through the application of steel ties. Furthermore, the wooden slabs have been
substituted by wood—concrete slabs with shear connectors to pursue the box behavior of
the building. These retrofitting techniques permitted to achieve the seismic performance
required by [25].

Two possible configurations of roof structure have been studied by retaining
wooden-based technologies: traditional single planks and cross-laminated panels. The
comparison between the two solutions was carried out by implementing 3D finite element
model and by introducing the seismic event as seven spectrum-compatible accelerograms.
The results were analyzed in terms of roof displacements. The cross-laminated panel so-
lution allowed to reduce the displacements by the energy dissipations of the panel-to-
panel and wall-to-panel connections represented by inelastic springs in the model.

Finally, it is important to highlight that the retrofitting interventions used in the case
study considered in this work can be applied to other buildings in similar conditions.
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