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Abstract
Recent Italian earthquakes have shown the seismic vulnerability of many typical his-
torical masonry churches characterized by one nave and wooden roofs. Under transverse 
earthquake, the nave transverse response of this kind of churches can be influenced by 
the geometrical and material features. To increase the seismic performance, strengthen-
ing interventions aimed to pursue the global box-behavior by the realization of dissipative 
roof-structure represent a valid strategy, especially to avoid out-of-plane mechanisms. In 
this way, the roof structure must be able to represent a tool for the damped rocking of the 
perimeter walls. Cross-laminated timber (CLT) panels with calibrated metal connections 
have been recently adopted in experimental tests as a valid solution to obtain a roof-dia-
phragm with ductile behavior, satisfying the conservative restoration criteria at the same 
time. In this paper, after a description of the numerical approach for the damped rock-
ing mechanism for one nave configuration church, the effectiveness of different CLT based 
roof-diaphragms in the nave transverse response is investigated for four historical churches. 
The seismic responses are performed by comparative dynamic nonlinear analyses and the 
results are shown in terms of displacements and shear actions transferred to the façade. The 
influence of the geometrical features of the churches on the nave transversal response is 
deepened by sensitivity analyses with the aim to predict the displacements and shear varia-
tions under the same earthquake excitation.
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1  Introduction

The seismic preservation of the construction heritage is a crucial task for the human life 
protection and for social-economic-historical roles represented by masonry buildings in 
Historical centers (Valluzzi et al. 2021), churches (Valente and Milani 2018a; Valente and 
Milani 2018b; Valente and Milani 2018c), basilicas (Zucca et al. 2018, 2020; Fazzi et al. 
2021) and towers (Pavia et al. 2021; Kita et al. 2021). These buildings, built in areas only 
nowadays classified as seismic (Valente and Milani 2018a), must be preserved from the 
future earthquake’s effects to avoid possible failures and collapses like the ones occurred 
for instance in Italy during the last century: Sicily (1908), Irpinia and Volture (1930), 
Belice (1968), Friuli (1976), Irpinia (1980), Carlentini (1990), Umbria and Marche (1997), 
Molise (2002), Abruzzo (2009), Emilia-Romagna (2012), Marche and Abruzzo (2016), 
and Ischia (2017). Among the historical constructions, this paper is focused on the seismic 
behavior of the one-nave masonry churches characterized by wooden roof. For this kind 
of construction, the observation of post-earthquake damages allowed the identification of 
several recurring collapse mechanisms (Benedetti and Castellani 1981; Milani 2013, Sor-
rentino et  al. 2019). The seismic vulnerability, inducing partial damages or overall col-
lapse, depends on the materials and building typologies (Dal Cin and Russo 2016; Fazzi 
et al. 2021). In fact, the seismic response is strictly related to the geometric characteristics 
(De Matteis at al. 2017) of these constructions. For the one-nave churches, the nave trans-
verse response (Martinez et al. 2006; Roque et al. 2019) mainly induces both out-of-plane 
rocking mechanisms of the perimeter walls and excessive in-plane stresses on the seismic 
resistant elements transversally positioned with the longitudinal axis of the church (trium-
phal arches, head wall, head gable, etc.), (Giuriani et al. 2016; Valente and Milani 2018b). 
Therefore, to improve the seismic performance, the global box behavior must be pursued 
by adopting idoneous retrofitting techniques able to respect, as far as possible, the authen-
ticity of the construction (Longarini et al. 2019, Mibact 2010). Among these techniques, 
perimeter and transversal chains can be adopted (De Matteis at al. 2017) even if its effi-
ciency, in nave transversal response, can be jeopardized in case of poor-quality masonry 
or high slenderness of the perimeter walls. Recently, the realization of dissipative wooden 
roof-diaphragm represents another valid option to avoid the out-of-plane mechanisms and 
to reduce the in-plane shear actions on the seismic resistant elements (Longarini et  al. 
2019), obtaining a controlled rocking behavior of the perimeter walls opportunely coupled 
with the dissipative roof-diaphragm. The diaphragm can be realized with wooden planks 
having different orientation with respect to the original one (Parisi and Piazza 2015) or by 
precast solution of Cross Laminated Timber (CLT) panels overlaying the original wooden 
trusses and planks and creating wood-to-wood composite sections (Gubana 2010; Gubana 
2015, Roensmaens 2019). In several experimental tests and numerical analyses, the system 
composed by CLT panels with steel connections has provided adequate in-plane stiffness 
able to guarantee the floor diaphragm effect (Gubana and Melotto 2018; Longarini et al. 
2018). The roof diaphragm should be optimized according to the thickness of the panels 
and the typology and numerosity of the steel connections. Therefore, the nave transversal 
response, influenced by the church’s materials and geometries, also depends on the CLT 
panel thickness, the features of the panel-to-panel, and walls-to-panels connections (i.e. 
connectors diameter, numbers and spacing). The roof-diaphragm solution able to improve 
the seismic response should be calibrated in terms of its strength and stiffness: the sys-
tem characterized by the panels and the connections must be able to withstand in-plane 
shear actions by dissipating the seismic energy in the connections. On the contrary, a rigid 
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and stiff typology of connections can produce excessive in-plane shear on the CLT. Con-
sequently, the increase of the panels’ thickness appears mandatory also causing a change 
in global seismic response due to the structural mass increase. Four one-nave churches are 
here analyzed to perform comparative analyses among churches with the same configura-
tion and geometries; comparative analyses about the seismic response for historical build-
ings or churches similar themselves represent a valid approach to predict as far as possible 
the seismic behavior and to highlight the best structural retrofitting technique as it is per-
formed for long-span historical structures in (Roca and Clemente 2005), basilica churches 
in (Brandonisio et al. 2008; Betti et al. 2018; Lucibello et al. 2010), medieval churches in 
(Valente et  al. 2017), unreinforced masonry buildings with flexible diaphragms in (Betti 
et al. 2014), historical masonry churches located in the same historical Center in (Valente 
and Milani 2018c), Benedictine Basilica typology in (Fazzi et  al. 2021). These analyses 
consider the same seismic action but different CLT roof-diaphragm solutions and evaluate 
the influence of the panels’ thickness and connection stiffness. For each church strengthen 
by the CLT roof diaphragm configurations, sensibility analyses are carried out for detect-
ing the importance of the following geometrical features on the seismic response: the geo-
metrical slenderness of the perimeter walls, the geometrical slenderness of the façade and 
the ratio between length and width of the churches (shape factor). The dynamic analyses 
(where the seismic action is represented through a set of seven spectrum-compatible accel-
erograms) are performed by adopting equivalent models in which the nonlinear material 
properties of the masonry are introduced by means of rotational inelastic hinges located 
at the base of the equivalent vertical elements, while the nonlinear properties of the roof 
are introduced through shear inelastic hinges located in the equivalent horizontal elements 
(Giuriani and Marini 2008; Preti et al. 2017). This method is based on the structure dis-
cretization by macro-elements, with concentrated nonlinear properties (Pagnoni 1994; 
Lourenço et al. 1995; Lagomarsino et al. 2013).

The paper is organized as follows: (i) the numerical approach for the damped rocking 
schematization of one nave masonry churches with wooden roof structure is described in 
Sect. 2, (ii) the general issues of the sensitivity analyses are discussed in Sect. 3 together 
with the results of the sensitivity analysis and the relative remarks, (iii) general conclusions 
are finally presented in Sect. 4.

2 � Numerical approach for the damped rocking schematization

2.1 � Equivalent model

The nonlinear dynamic analyses can be performed with equivalent finite element models 
(EQ_FEM) in which mono-dimensional macro-elements represent the parts of the church 
involved in the nave transversal response. The transversal seismic resistant systems of the 
church (façade, coupled lateral walls, triumphal arches, head wall) are initially selected 
along the longitudinal axis in order to realize the model of the church (Fig. 1). Nonlinear 
properties of the perimeter masonry walls and CLT roof diaphragm can be assigned to the 
equivalent elements (Giuriani and Marini 2008).

In order to implement the EQ_FEM the following three steps can be followed:
(i) in the first step, preliminary pushover analyses are carried out on sub-structures rep-

resenting the single parts of the n-seismic resistant systems, i.e. the piers of the longitudinal 
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walls included between the openings or the abutments (Figs. 1 and 2a). Each sub-structure 
is divided in sections with fibers discretization where the nonlinear properties are assigned 
to the fibers by adopting the concrete trilinear model with zero tensile resistance (Midas 
2021), or considering the concrete damaged plasticity model (Lubliner et  al. 1989; Lee 
and Fenves 2002) in which tensile cracking and compressive crushing are the main failure 
modes (Milani et al. 2018);

(ii) in the second step, on the basis of the preliminary results obtained in the pusho-
ver analyses of the first step, the yielding and ultimate values of the M-χ diagram of the 
various members are assigned to the base sections of each equivalent seismic resistant 
system as bi-linear inelastic rotational springs. Then, pushover analyses are performed 
again detecting the shear-displacement curves of the transverse resistant system. Conse-
quently, the M-χ diagrams of each system are obtained by multiplying and dividing the 

Fig. 1   a Example of seismic resistant frame identification for one nave configuration church (plan view) 
and related equivalent finite element model representation (longitudinal view): the façade and the head wall 
are identified in green; the seismic resistant frames are identified in red, blue and violet; the roof-diaphragm 
is identified in grey; b Identification (plan view) of the sub-structures characterizing the n-seismic resistant 
frame; the two sub-structures are identified respectively in yellow and orange
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shear-displacements curves for the shear length (Figs. 1 and 2b), considering the distance 
between the section with zero bending moment and the section with maximum bending 
moment.

(iii) In the third step, the head wall, the façade and the transverse frames are modeled 
as vertical mono-dimensional equivalent elements. Typically, the façade and the head 
wall have in-plane strength and stiffness greater than the longitudinal walls, thus these 

Fig. 2   steps for the EQ_FEM implementation—a pushover analyses on sub structures of the seismic resist-
ant frames with fibers discretization with concrete trilinear model assigned to the fibers—b pushover analy-
ses on seismic resistant frame with inelastic rotational springs having M-χ detected in the previous step— c 
view of the equivalent finite element model (EQ_FEM) to be analyzed under seven spectrum compatible 
accelerograms
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structural members are implemented by equivalent elastic mono-dimensional elements 
fully restrained at the base (Giuriani and Marini 2008; Preti et al. 2014). Instead, the trans-
verse frames have concentrated inelastic rotational springs at the base described by M-χ 
diagrams obtained by the pushover analyses performed in the second step (Fig. 2c). In this 
third step, the EQ_FEM is completed by the introduction of horizontal mono-dimensional 
equivalent elements representing the roof-diaphragm (Preti et al. 2017). The elements of 
the roof are linked to the vertical ones by hinges located at the end of the vertical ele-
ments. This kind of implementation allows to trigger the rocking and to release the bend-
ing moment transferred to the roof. The equivalent elements of the roof are also pinned 
with respect to the head wall and façade. The roof’s shear deformability and the nonlinear 
behavior of the connections are also introduced to ensure the dissipative response of the 
roof diaphragm by means of shear elastic–plastic hinges. The shear roof springs can be 
described by the trilinear degrading model (Ferreira et al. 2014) or by the Clough model 
(Genshu and Yongfeng 2007; Rinaldin et al. 2013; Gavric et al. 2015; Hossain et al. 2015; 
Preti et  al. 2017) in which the unloading stiffness is obtained reducing the elastic one 
according to the general Eq. (1):

where KR is the unloading stiffness, K0 is the elastic stiffness, Dy is the yield displacement, 
Dm is the maximum displacement and α is the unloading stiffness degradation parameter, 
assumed equal to 0.4 (Otani 1981). The unloading stiffness gradually reduces when the 
deformation increases.

As mentioned before, the earthquake is represented by a set of spectrums compatible 
accelerograms acting perpendicularly to the nave axis (Fig. 2c).

2.2 � Damped rocking response

The CLT panels together with the wall-to-roof and wall-to-wall connections represent a 
deformable diaphragm able to permit the rocking trigger of the perimeter walls, limiting 
either the lateral displacements (within a fixed design range) and the seismic loads on the 
rigid head walls (thanks to the energy dissipation occurred in the steel connections). The 
dissipative roof-diaphragm works as a damper located at the top of the construction (Bolis 
et al. 2013).

Thanks to the dissipative roof-diaphragm, the nave transversal response of one nave his-
torical churches, usually characterized by a high percentage of the total mass involved in 
the first vibrational mode, can be represented by a flag-shaped diagram (Fig. 3c) given by 
(i) the bi-linear free rocking behavior of the masonry seismic resistant systems (Fig. 3a) 
(Bolis et al. 2013; Preti et al. 2017) and the (ii) dissipative hysteretic behavior of the roof-
diaphragm induced by the nonlinear behavior of the connections (Fig. 3b), (Johansen 1949; 
Larsen 1977; Tomasi et  al. 2010; Marini et  al. 2018; Longarini et  al. 2019). Figure 3 is 
adapted from Preti et al. 2017.

The bi-linear behavior of the free rocking can be described by the yielding and ulti-
mate force (respectively Fframe,y and Fframe,u) related to the yielding and the ultimate 
displacements of the generic resistant seismic frame (respectively δframe,y and δframe,u). 
These values come out from the pushover analyses of the second step already described 

(1)KR = K0

|||
Dy∕Dm

|||

�

≤ K0
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in Sect.  2.1 (Figs.  1 and 2a). The stiffness of the frame is consequently given by the 
ratio kframe = Fframe,y/δframe,y.

Similarly, the dissipative behavior of the roof can be described by the yielding and 
the ultimate force (respectively Froof,y and Froof,u) related to the yielding and the ultimate 
displacements of the roof (respectively δroof,y and δroof,u). These values can be deter-
mined from experimental tests on the connectors chosen for the connections (Sandhaas 
and Van de Kuilem 2017; Gavric et al. 2015). The stiffness of the roof is consequently 
given by the ratio kroof = Froof,y/δroof,y. Referring to Fig.  3c, the flag shaped diagram is 
mainly described by two hysteretic variables ζ and β, respectively:

therefore, the yielding force of the roof can be expressed in terms of β, Eq. (4), while 
the stiffness of the roof can be expressed by ζ and β, respectively Eqs. (5) and (6):

It is remarkable that:

•	 ζ can be also described by the ratio between the yielding displacements of the roof 
and the yielding displacements of the frame (ζ = δroof,y/δframe,y). It gives a measure 
of the roof-diaphragm stiffness, and it is indirectly proportional to kroof because if ζ 
increases, lower energy dissipation occurs (Fig. 3d);

•	 β is the key parameter for the intervention design being an index of the energy dis-
sipated by the roof: if β increases, the damping effect increases too (Fig. 3e). There-
fore, it must be calibrated in the preferable range β = 0 ÷ 1.5; in fact, β < 2 is pref-
erable because it allows the self-centering rocking behavior whereas for β > 2 the 
re-centering property is partially inhibited having a flag-shaped diagram with sig-
nificant residual displacements (Fig. 3e, the diagram changes from the blue line to 
the green one);

•	 the stiffness of the roof diaphragm kroof characterized by the wood elements and the 
steel connections can be evaluated by considering the bending stiffness kdf and the 
shear one kdt as it is noted in Eq. (7) where the equivalent elastic modulus Ew

*, the 
equivalent shear modulus Gw

* and the ideal inertia moment of the section Jid
* are 

given by Eqs. (8), (9) and (10) (Giuriani and Marini 2008):

(2)� =

(
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)

(
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kframeFroof ,y

)

(
�Fframe,y

)

(6)kroof ,y = kframe,y

��frame,y

2�roof ,y



6821Bulletin of Earthquake Engineering (2022) 20:6813–6852	

1 3

where nws is the homogenization coefficient of the connection steel to the wooden dia-
phragm, given by nws = Es/Ew

* (where Es is the steel elastic modulus); L is the distance 
between the seismic resistant elements (transversely disposed with respect to the central 
nave); Ly is the width of the roof; i is the spacing of the connectors; kn is the stiffness of a 
single connector; tw is the thickness of the wooden panels; χ = 6/5‧cos2α is the shear factor 
of the section (χ = 1.2 for rectangular sections); Aw is the cross-section area of the roof-
diaphragm; A* is the shear area given by Eq. (11):

nn is the number of the connectors for each connection stripe (the ratio between the spacing 
of the seismic elements and the spacing of the connectors); ns is the number of the connec-
tion stripes for each span; As is the cross-section area of the thin steel stripes of the roof 
diaphragm.

Initial stiffness of the roof kroof depends on the geometrical and material properties of 
CLT panels and connections and can be evaluated on the basis of preliminary seismic 
actions estimation as reported in (Giuriani and Marini 2008). The initial kroof can be used 
in the dynamic nonlinear analyses even if the optimum roof stiffness (kroof-opt) could be 
consequently adjusted in correspondence to optimal β (βopt) able to limit the lateral dis-
placement below the design value (δdesign). The design limit displacement can be fixed 
as δdesign ≤ 0.005‧hW, where hW is the height of the perimeter walls (Giuriani and Marini, 
2008). Referring to the damped rocking mechanism (Fig.  3c), it is worth nothing that 
kroof-opt can be also expressed by Eq.  (12) where Δ is the ratio between the yielding dis-
placements of the roof and the frame.

This kind of approach is valid because the displacement limitation is the first step 
towards the evaluation of the roof-diaphragm effectiveness (Giuriani et  al. 2009, 2016; 
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Preti et al. 2014). Furthermore, the stiffness of the roof-diaphragm does not influence the 
intensity of the seismic action on the structure, vice-versa it affects the maximum lateral 
displacement.

3 � Sensitivity analyses

3.1 � Aims of the analyses

The aims of the analyses are the evaluation of the effectiveness of CLT panel roof 
structure on the nave transversal response for historical one nave masonry churches 
and the evaluation of the influence of the churches’ geometrical features on the seismic 
performance of the churches, for each one of the CLT panel roof structure configura-
tions considered. The case studies (four historical churches) and the CLT panel con-
figurations are described in paragraph 3.2 while the geometrical features considered 
are the following:

•	 C is the number of the spans;
•	 lc is the length of the church;
•	 lf is the width of the church (equal to the façade’s dimension along the transversal 

axis of the church);
•	 tw is the average thickness of the lateral walls (their dimension along the transversal 

axis of the church);
•	 hw is the height of the lateral walls;
•	 λw is the geometrical slenderness of the walls given by the ratio λw = hw/tw;
•	 hf is the height of the façade;
•	 λF is the geometrical slenderness of the façade given by the ratio λf = hf/lf;
•	 SF is the shape factor of the church (SF = lc/lf);

	   In the equivalent FEMs the material features introduced are:

•	 Em is the elastic modulus of the masonry;
•	 Gm is the shear modulus of the masonry;
•	 wm is the specific weight of the masonry.

In particular, the sensitivity analyses are based on the influence of the geometri-
cal slenderness of the perimeter walls and the slenderness of the façade. The slender-
ness of the perimeter walls and the façade change independently, keeping constant the 
height of both the walls and the façade and varying their thickness. At first, for each 
church, the geometrical slenderness of the perimeter walls changes while keeping con-
stant all the other geometrical features. Then, the slenderness of the façade changes 
while keeping constant all the other geometrical features including the slenderness of 
the perimeter walls. Clearly, by varying the slenderness of the façade, different shape 
factors for each church are defined as well. The variations of the seismic responses are 
finally presented as a function of the slenderness of the perimeter walls, slenderness of 
the façade, and shape factor, for the four considered CLT roof configurations and under 
the same seismic actions.
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3.2 � Case studies

Sensibility nonlinear dynamic analyses are performed in terms of the main geometrical 
features (Fig. 4 and Table 1), by varying the β parameter in the range 0.1 ≤ β ≤ 1.5, under 
the same seismic action, on four one nave historical churches strengthen by CLT panels 
having different thicknesses. The aim is to analyze the seismic response in relation to the 
hysteretic variable β (already discussed in Sect.  2) and to investigate, for different roof-
diaphragm configurations, the role of the slenderness of the perimeter walls, the one of the 
façade, and the ratio between the length and the width of each church. The churches con-
sidered in this work are (Fig. 5): Chiesa di San Pietro (located in Felizzano, AL), Chiesa 
di San Pietro Celestino (located in Isernia, IS), Chiesa di Santa Maria del Parco (located in 
Bojano, CB) and Chiesa di San Lorenzo (located in Tigliole, AT).

The characteristics of the masonry come from experimental tests and refer also to the 
Italian design code (NTC 2018) and Table C8A.2.1 of its commentary (Circolare 7, 2009). 
The three CLT panel roof structure configurations (namely CLT_t where t stand for the 
thickness of the CLT panel in cm, in the following) are characterized by the same connec-
tors typology, Φ10 mm diameter steel screws with stiffness kc = 6500 N/mm (Sandhaas and 
van de Kuilen 2017). A representation of the CLT roof structure configurations is given in 
Fig. 6. By varying β in the analyses, optimal β can be detected and consequently, by adopt-
ing the previous Eqs. (7–11), the optimal kroof can be estimated as well. The seismic actions 
are introduced through seven spectra compatible accelerograms (Iervolino et  al. 2010a, 
2011) selected with Rexel 3.5 software (Iervolino et al. 2010b). It is important to notice 
that the considered earthquakes are referred to L’Aquila (Italy) city for a return period of 
475 years (NTC 2018; Totani et al. 2016).

3.3 � Results and remarks

To check the influence of the connection characteristics on the behavior of the roof 
structure, different scenarios having different β are considered. The results of the anal-
yses with β varying in the range 0.1 ≤ β ≤ 1.5 are given in terms of two dimensionless 
parameters: (i) displacement ratio (evaluated as the ratio between the lateral displace-
ment of the central part of the roof and the target displacement chosen as the 0.5% of 

Fig. 4   geometrical dimensions 
considered for the comparative 
analyses
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the height of the perimeter walls, according to the recommendation of the design code) 
and (ii) the force ratio (evaluated as the ratio between the base shear and the axial 
force on the façade). As discussed in paragraph 3.1, the considered parameters are: 
the geometrical slenderness of the walls (λw = hw/tw), the geometrical slenderness of 
the façade (λf = hf/lf) and the shape factor (SF = lc /lf). By the equivalent finite element 
models of the churches, lateral displacements, base shear, and axial force are evalu-
ated as the average values of the maximum ones, under the seven-spectrum compat-
ible accelerograms. As an example of the displacement values obtained with the seven 
accelerograms, the average and standard deviation values for San Pietro Felizzano and 
San Lorenzo churches in one roof-configuration, already presented in paragraph 3.2 
(CLT with t = 6 cm), are shown in Table 2. Moreover, for the same two churches, some 
results related to the plasticization of the inelastic hinges are provided too, for one of 

Fig. 5   the four churches under study
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the seven spectrum-compatible accelerograms (S1), in order to detect the influence of 
the β values on their activation (Fig. 7).

The sensitivity analyses are performed as described in Sect.  3.1 and a possible opti-
mized value of β can be determined, giving the possibility to design the corresponding 
characteristics of the connection with the Eqs. (3, 7, 12).

	 (1)	 For β

Fig. 6   CLT panels roof-structure configurations (example for three layers CLT panel)

Fig. 7   EQ_FEM of the case studies
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		    The first investigation regards the detection of the optimum β value for each church 
with different roof diaphragm configurations (Fig. 8). In this investigation, the design 
displacement is assumed as the 0.5% of the perimeter walls height (the target displace-
ments vary for each church in relation to the height of the perimeter walls, see also 
Table 1). It is worth nothing that the over resistant roof solution is not very influenced 
by the hysteretic variable β both for displacements and force ratios, giving low values 
of displacement ratio but very high values of the force ratio in comparison to the ones 
obtained from the CLT roof configurations.

		    From Figs. 8 and 9 it can be underlined that:

•	 A funding declaration is mandatory for publication in this journal. Please confirm 
that this declaration is accurate, or provide an alternative.

•	 the displacement ratio decreases for high β values because higher energy dissipa-
tion occurs in the roof-diaphragm according to Fig. 3;

•	 the force ratio is in opposition with respect to the displacement ratio;
•	 in case of an over stiffness solution, excessive values of force ratio are evalu-

ated. This means possible incompatible in-plane shear actions with respect to the 
geometry and material properties of the façades;

•	 the effectiveness of the over stiffness solution is especially compromised in terms 
of force ratio: the case studies show values almost doubled of the dissipative con-
figurations.

	   The second investigation regards the percentage variation of lateral displace-
ments (Δη), for each church, with the three CLT solutions by changing β with 
respect to the unreinforced wooden roof-structure with 4 cm single-layer planks. 
The trends shown in Fig.  10 are useful to understand the improvements of the 
seismic responses with increasing β.

	   From Fig. 10 it can be highlighted that:
•	 for the same church, the variations are more evident for panels with higher thick-

ness.
•	 in correspondence of β = 1.5, the variations are around 50% in average for each 

church with 100 mm thickness panels.

Table 2   Geometrical slenderness of the perimeter walls: original dimensions and variations used in sensi-
bility analyses keeping constant the other geometrical features of the churches

San Pietro Felizzano San Pietro Celestino

Original Variant 1 Variant 2 Variant 3 Original Variant 1 Variant 2 Variant 3

tw [m] 1.35 1.20 1.55 1.75 1.50 1.30 1.70 1.90
hw [m] 10.70 10.70 10.70 10.70 11.10 11.10 11.10 11.10
λw 7.92 8.82 6.90 6.11 7.40 8.53 6.52 5.84

San Lorenzo San Maria del Parco

Original Variant 1 Variant 2 Variant 3 Original Variant 1 Variant 2 Variant 3

tw [m] 0.70 0.60 0.90 1.10 1.20 1.05 1.35 1.50
hw [m] 5.00 5.00 5.00 5.00 11.75 11.75 11.75 11.75
λw 7.14 8.33 5.55 4.54 9.79 11.19 8.70 7.83
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	   The third investigation regards the differential rocking of the piers by detecting 
the transverse displacements of the roof’s nodes and the mutual distance between 
the equivalent vertical elements (measured from the façade). For the sake of 
brevity, this supplementary analysis is carried out for the CLT roof configuration 
having 6  cm thickness. From the equivalent models, analyzed under the seven-
spectrum compatible accelerograms, it can be observed that the central nodes of 
the roof show the highest lateral displacements, whereas the top nodes of the 
façade and head wall have displacements close to zero. For a church, by varying 
β, the displacements of roof’s nodes are calculated under the seismic actions and 
the average values are detected as well. Consequently, for different β-values, the 
ratios between the average top displacement and the height of the perimeter walls 
are evaluated in percentage terms. In this way, the rocking can be plotted in terms 
of the story drift ratio versus the mutual distances between the vertical equivalent 
elements. In Fig. 11, the different rocking of the case studies are shown for the 
CLT roof configuration with 6 cm thickness.

	   From Fig. 11, the following conclusions can be drawn:
•	 the transverse deformed shape of the roof depends on the mutual distance of the 

vertical equivalent elements;

Fig. 8   Displacement ratio (lateral displacement/target displacement) as a function of β 
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•	 the corresponding deformed shapes for other thicknesses (8 and 10 cm) are similar 
but the story-drift ratios are lower than the ones plotted for the 6 cm thickness con-
figuration;

•	 the flattening of the curve is more evident passing from β = 0.1 to β = 0.9. For higher 
β values, close to the limit value β = 1.5, the story drift ratio changes are signifi-
cantly less evident.

	   The fourth investigation regards the influence of β on the activation of the inelas-
tic hinges of both the equivalent walls and roof elements. As it was mentioned in 
the previous Sect. 2.1, (i) the equivalent walls have concentrated inelastic rotational 
springs at their base, described by a trilinear M-χ model (the behavior of these 
hinges is represented in Fig. 12, referred as Ry), (ii) the nonlinear behavior of the 
roofing system is represented by means of inelastic shear sliders described by a hys-
teretic Clough model (the behavior of these sliders is reported in Fig. 12, denoted 
with Dy). For the sake of brevity, the presented results concern only San Pietro 
Felizzano and San Lorenzo churches, already taken as an example in Sect.  3.2, 
under the spectrum compatible accelerogram S1. In Fig.  12, the symbol 1 (blue) 
represents the plastic hinges remaining in the elastic field, whereas the symbol 2 
(green) represents the activated plastic hinges.

	   From Fig. 12, it can be noticed that:
•	 by increasing β, the number of activated inelastic hinges on the roof decreases. 

Generally, the hinges located at both ends of the roof are always activated, con-
tributing to dissipation of energy, whereas the central part of the roof shows an 
increasing number of hinges remaining in the elastic field;

•	 the number of activated plastic hinges of the walls increases for β ranging from 
0.1 to 0.9 while, beyond 0.9, the number of inelastic hinges actually dissipating 
energydecreases.

	 (2)	 The influence of the walls’ slenderness (λw)
		    The influence of the geometrical slenderness of the perimeter walls λw on the 

seismic response in terms of displacements ratio is analyzed focusing on the results 
obtained for the central equivalent element of each finite element model. The central 
element is located in correspondence of the roof’s part afflicted by the maximum 
lateral displacement. Moreover, the influence of the geometrical slenderness of the 
perimeter walls λw on the seismic response in terms of force ratio is also analyzed 
focusing on the results obtained for the equivalent element representing the façade, 
in each finite element model. The role of λw is here investigated for 6, 8, and 10 cm 
panel thickness by varying β in the range 0.1 ≤ β ≤ 1.5. The slenderness considered 
are shown in Table 3.

		    From Figs. 13, 14, 15, 16, the following considerations can be drawn:
	 (3)	 the lateral displacements increase with geometrical slenderness of the perimeter walls;
	 (4)	 the geometrical slenderness of the perimeter walls influences the seismic response in 

terms of displacements particularly in the range 4.5 ≤ λw ≤ 9;
	 (5)	 beyond λw ≃ 9, the variation of the geometrical slenderness slightly afflicts the seismic 

response in terms of displacements, as it is for Santa Maria del Parco church;
	 (6)	 in the range 4.5 ≤ λw ≤ 9, the variation in terms of displacements is about 50% in aver-

age; by increasing the slenderness of the perimeter walls beyond λw ≃ 9 up to (about) 
11.50, the variation is about 17%.

	 (7)	 the hysteretic variable β influences the lateral displacements for the same CLT roof 
configuration. The most evident variation is present passing from β = 0.1 to β = 0.5, 
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while from β = 0.9 to β = 1.5 the curves of the diagrams are closer, especially for San 
Pietro Felizzano, San Pietro Celestino and San Lorenzo churches;

	 (8)	 for the same panel thickness and the same slenderness of the perimeter walls, the 
spacing of the connectors (for the same screw diameter and cross section of the steel 
stripes) seems slightly afflict the lateral displacements because the seismic response 
seems much more depending on the panel thickness.

	 (9)	 The influence of the slenderness of the facade (λf).
		    The influence of the geometrical slenderness of the façade λf in the nave transversal 

response in terms of displacements ratio is analyzed focusing on the results found for 
the central equivalent element of each finite element model. Moreover, the influence 
of λf in terms of force ratio is analyzed focusing on the results detected for the façade 
element, for the various models. The role of the slenderness is here investigated for 6, 
8, and 10 cm panel thicknesses by changing β in the range 0.1 ≤ β ≤ 1.5. The slender-
ness values of the façade are shown in Table 4.

		    From Figs. 17, 18, 19, 20, the following considerations can be highlighted:
	(10)	 the lateral displacements are less influenced by the geometrical slenderness of the 

façade λf with respect to the slenderness of the perimeter walls λw. Nevertheless, 
when the slenderness of the façade increases, keeping constant the geometry of the 
perimeter walls, the lateral displacements increase as well;

	(11)	 in the wide range 0.9 ≤ λf ≤ 1.9, the variations in terms of displacements are about 
18% in average;

	(12)	 for the same slenderness of the façade, the same diameter of the connectors, and the 
same cross section of the steel stripes, the response is much more influenced by the 
CLT panel thickness than the spacing of the connections.

	(13)	 The influence of the shape factor (Sf).
		    The influence of the shape factor (defined as the ratio between the length and the 

width of the church) in the nave transversal response in terms of displacement ratio 
is analyzed focusing on the results obtained for the central equivalent element of each 
finite element model. The role of the shape factor is here investigated for the three roof 
diaphragm configurations (previous Table 5) by varying β in the range 0.1 ≤ β ≤ 1.5. 
The slenderness of the façade here considered are shown in Table 5.

		    From Figs. 21, 22, 23, 24, the following considerations can be observed:
	(14)	 the shape factor SF influences the seismic response under transversal earthquake either 

in terms of displacements or shear on the façade; the trends referring to the lateral 
displacements are opposite with respect to the ones related to the shear on the façade;

	(15)	 the lateral displacements are less influenced by the shape factor Sf with respect to 
the slenderness of the perimeter walls. The trends are similar to the ones obtained 
by varying the slenderness of the façade λf. Nevertheless, when the shape factor 
increases, keeping constant the geometry of the perimeter walls, the lateral displace-
ments tendentially increases as well;

	(16)	 in the wide range 2.10 ≤ Sf ≤ 4.00 the variations in terms of displacements are about 
15% in average;

	(17)	 the hysteretic variable β influences the lateral displacements for the same CLT roof 
structural configuration; the most evident variation is present passing from β = 0.1 

Fig. 9   force ratio (base shear/axial force on the façade) as a function of β: (left) the diagrams of the CLT 
roof—diaphragm in comparison to the over stiff/rigid roof solution, (right) the diagrams related only to the 
CLT roof—diaphragm configurations

▸
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to β = 0.5; from β = 0.9 to β = 1.5 the curves of the diagrams are closer for all the 
churches here analyzed.

4 � Conclusions

In the present work, the influence of the geometrical features on the nave transversal 
response of four historical masonry churches, strengthened with different CLT panel 
roof structures, is deepened by nonlinear dynamic analyses. The seismic analyses have 
been performed by equivalent finite element models with concentrated nonlinear prop-
erties of the masonry walls and the roof-diaphragm, under the transversal seismic input 
represented by seven spectrum compatible accelerograms. In such analyses, the effec-
tiveness of the proposed CLT strengthening technique is appreciable both in terms of 
lateral displacements and shear action on the façade.

The followings remarks can be stated:

Fig. 10   percentage variation Δη [%] of lateral displacements between unreinforced wooden roof structure 
characterized by 4 cm single-layer planks and the three CLT roof- diaphragm proposed configurations
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•	 in seismic restoration of historical churches, the CLT panel roof-structure can be 
considered as a valid solution both for the structural benefits in the nave transversal 
response and the satisfaction of the heritage conservation criteria;

•	 the equivalent finite element model with concentrated nonlinear plastic hinges (for both 
the masonry and the roof-diaphragm) allows to evaluate the global response of histori-
cal churches with a low calculation cost;

•	 the damped rocking mechanism pursued by CLT panel dissipative roof-structure is 
mainly ruled by the variation of the hysteretic variable β that gives a measure of the 
energy dissipation; the calibration of β is preferable in the range 0.1 ≤ β ≤ 1.5 in order to 
limit the transversal top displacement under the design recommended value, guarantee-
ing the self-centering rocking behavior and limiting the actions on the head and perim-
eter walls;

•	 the displacement trends detected by nonlinear dynamic analyses are opposite to those 
of the shear. The proposed roofing system, through its dissipating behavior controlled 
by the plasticization of the connections, has the capacity to limit the shear transfer to 
the façade/head wall when the connections yield and the top displacements of the cen-
tral spans increases;

•	 the displacement and base shear variations depend on the thickness of the CLT panel, 
based on the stiffness of the roof;

•	 the thickness of the CLT panels seems to not afflict significantly the influence of the 
perimeter walls slenderness on the seismic response, in terms of displacements and 

Fig. 11   differential rocking with CLT (thickness t = 6 cm) roof structure
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Fig. 12   indication of the yielding status of the inelastic hinges of San Pietro Felizzano (a) and San Lorenzo 
(b) churches, under the accelerogram S1 for different β values
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Fig. 12   (continued)

Table 3   Geometrical slenderness of the façade: original dimensions and variations used in sensibility anal-
yses, keeping constant the other geometrical features of the churches

San Pietro Felizzano San Pietro Celestino

Original Variant 1 Variant 2 Variant 3 Original Variant 1 Variant 2 Variant 3

lf [m] 8.50 7.50 10.00 11.50 8.75 7.00 9.50 10.50
λf 1.25 1.62 1.21 1.05 1.26 1.87 1.38 1.25

San Lorenzo San Maria del Parco

Original Variant 1 Variant 2 Variant 3 Original Variant 1 Variant 2 Variant 3

lf [m] 4.80 4.00 6.00 7.00 10.00 8.50 11.50 13.00
λf 1.35 1.62 1.08 0.93 1.27 1.50 1.10 0.98



6836	 Bulletin of Earthquake Engineering (2022) 20:6813–6852

1 3

Fig. 13   displacement ratio (lateral displacement/target displacement) for San Pietro Felizzano and San Pie-
tro Celestino in relation to the geometrical slenderness of the lateral walls (λw) for the three different CLT 
roof structure configurations
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Fig. 14   displacement ratio (lateral displacement/target displacement) for San Lorenzo and Santa Maria del 
Parco in relation to the geometrical slenderness of the lateral walls (λw) for the three different CLT roof 
structure configurations
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Fig. 15   force ratio (base shear/axial force on the facade) for San Pietro Felizzano and San Pietro San Pietro 
Celestino in relation to the geometrical slenderness of the lateral walls (λw) for the three different CLT roof 
structure configurations
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Fig. 16   force ratio (base shear/axial force on the facade) for San Lorenzo and Santa Maria del Parco in 
relation to the geometrical slenderness of the lateral walls (λw) for the three different CLT roof structure 
configurations
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shear on the façade. Analogous statement can be formulated for the influence of the 
façade slenderness. In this kind of application, the range of possible considered CLT 
thicknesses is limited by construction limitations. This follows in a corresponding 
limited influence of the CLT thickness on the results, with respect to the other prop-
erties;

•	 in the nave transversal response, for grater values of the perimeter walls slenderness, 
the slenderness of the façade, and the shape factor, the displacement ratio increases 
while the force ratio decreases, as a result of the limitation of the shear actions in the 
roof caused by the plasticization of the connections;

•	 in the present cases studies, the geometrical slenderness of the façade λf (consider-
ing the range 1.05 ≤ λf ≤ 1.60) influences the variation of the transversal response of 
the churches in terms of displacement ratio for about 18% in average and in terms of 
force ratio on the façade for about 6%. The influence of the geometrical slenderness of 
the perimeter walls seems more appreciable than the slenderness of the façade and the 
shape factor on the nave transversal response;

•	 the force ratio on the façade is lower for thinner CLT panels, in opposition to the dis-
placement ratio. The calibration of the thickness of the panels in relation to the diam-
eters and spacing of the connections is mandatory in order to guarantee, as far as pos-
sible, a global box behavior of the one nave church under transversal seismic actions.

Table 4   Shape factors for the case studies: original values and variations

San Pietro Felizzano San Pietro Celestino

Original Variant 1 Variant 2 Variant 3 Original Variant 1 Variant 2 Variant 3

lf [m] 8.50 7.50 10.00 11.50 8.75 7.00 9.50 10.50
lc [m] 25 25 25 25 24 24 24 24
Sf 2.94 3.33 2.50 2.17 2.74 3.43 2.53 2.28

San Lorenzo San Maria del Parco

Original Variant 1 Variant 2 Variant 3 Original Variant 1 Variant 2 Variant 3

lf [m] 4.80 4.00 6.00 7.00 10.00 8.50 11.50 13.00
lc [m] 16 16 16 16 33 33 33 33
Sf 3.33 4.00 2.67 2.28 3.30 3.88 2.87 2.54
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Fig. 17   displacement ratio (lateral displacement/target displacement) for San Pietro Felizzano and San Pie-
tro Celestino as a function of the geometrical slenderness of the facade (λf) for three different CLT roof 
structure configurations
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Fig. 18   displacement ratio (lateral displacement/target displacement) for San Lorenzo and Santa Maria del 
Parco as a function of the geometrical slenderness of the facade (λf) for three different CLT roof structure 
configurations
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Fig. 19   force ratio (base shear/axial load on the façade) for San Pietro Felizzano and San Pietro Celestino as 
a function of the geometrical slenderness of the facade (λf) for three different CLT roof structure configura-
tions
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Fig. 20   Force ratio (base shear/axial load on the façade) for San Lorenzo and Santa Maria del Parco as a 
function of the geometrical slenderness of the facade (λf) for three different CLT roof structure configura-
tions



6845Bulletin of Earthquake Engineering (2022) 20:6813–6852	

1 3

Table 5   An example of the displacements for a CLT roof configuration under the seven-spectrum compat-
ible accelerograms for San Pietro Felizzano and San Lorenzo churches

San Pietro Felizzano—CLT = 6 cm, displacements (absolute values) [m]

Acc_1 Acc_2 Acc_3 Acc_4 Acc_5 Acc_6 Acc_7 average stand.dev

β = 0.1 0.110 0.085 0.072 0.062 0.110 0.074 0.081 0.085 0.019
β = 0.5 0.074 0.066 0.054 0.049 0.088 0.071 0.076 0.068 0.013
β = 1.5 0.046 0.053 0.040 0.047 0.056 0.043 0.047 0.047 0.005
San Lorenzo—CLT = 6 cm, displacements (absolute values) [m]

Acc_1 Acc_2 Acc_3 Acc_4 Acc_5 Acc_6 Acc_7 average stand.dev
β = 0.1 0.057 0.045 0.028 0.040 0.027 0.028 0.038 0.040 0.011
β = 0.5 0.036 0.036 0.022 0.027 0.022 0.022 0.025 0.027 0.006
β = 1.5 0.020 0.020 0.017 0.016 0.014 0.018 0.015 0.017 0.002
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Fig. 21   Displacement ratio (lateral displacement/target displacement) for San Pietro Felizzano and San Pie-
tro Celestino in relation to the shape factor (Sf) for three different CLT roof structure configurations
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Fig. 22   Displacement ratio (lateral displacement/target displacement) for San Lorenzo and Santa Maria del 
Parco in relation to the shape factor (Sf) for three different CLT roof structure configurations
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Fig. 23   Force ratio (base shear/axial load on the façade) for San Pietro Felizzano and San Pietro Celestino 
in relation to the shape factor (Sf) for three different CLT roof structure configurations
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Fig. 24   Force ratio (base shear/axial load on the façade) for San Lorenzo and Santa Maria del Parco in rela-
tion to the shape factor (Sf) for three different CLT roof structure configurations
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