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Abstract: This paper is focused on the numerical evaluation of the equivalent damping
ratio (EDR) given by a dissipative wood-based roof diaphragm in the seismic retrofitting of
single-nave historical churches. In the design phase, the EDR could be a key parameter
to select the optimal roof structure configuration, thereby obtaining the maximum energy
dissipation. In this way, the roof structure works as a damper to facilitate a box behavior of
the structure during the seismic response. The EDR measures the energy dissipated by the
nonlinear behavior of the roof’s steel connections and masonry walls during seismic events.
In a preliminary retrofitting design phase, an initial implementation of the geometries of the
walls and the chosen geometry for the roof is carried out by adopting an equivalent frame
model (FEM) with inelastic rotational hinges for the nonlinear properties of the masonry
walls and inelastic shear hinges for the nonlinear behavior of the roof’s steel connections.
Since, for historical churches, the transversal response under seismic events is the worst
situation for the single-nave configuration, the earthquake is applied as transversal ac-
celerograms. In this way, the damped rocking of the perimeter walls due to the dissipative
roof diaphragm can be described in terms of a hysteretic variable. By varying the value
of the hysteretic variable, possible configurations of the roof diaphragm are tested in the
design phase, considering the different shear deformation values of the inelastic hinges
of the roof. Under these hypotheses, the EDR is evaluated by performing nonlinear Time
History analyses based on the cyclic behavior of the inelastic hinges of the roof, the strain
energy contribution due to the walls, and the lateral displacements of the structure. The
EDR values obtained with the Time History method are compared with those obtained by
applying the Capacity Spectrum Method by performing nonlinear static analyses, either
for the coefficient method of FEMA 356 or the equivalent linearization technique of ATC-
40. The EDR evaluations are performed by considering the following different hysteretic
behaviors of the roof’s steel connections: the skeleton curves with stiffness degradation
and the trilinear model with strength and stiffness degradation. Finally, the variation in the
EDR values as a function of the hysteretic variable is presented as well so to evaluate if the
maximum EDR value corresponds to the optimal value of the hysteretic variable able to
reduce the lateral displacements and to contain the shear forces acting on the roof and the
façade under a safety limit.

Keywords: historical buildings; churches retrofitting; cross-lam timber structure; equivalent
damping; seismic vulnerability; nave transversal response
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1. Introduction
Historical single-nave masonry churches are mostly affected by the seismic action

acting transversally with respect to the longitudinal axis of the nave. In fact, their dynamic
behavior is generally characterized by a principal vibration mode shape that involves a high
percentage of the total mass of the structure along the transversal direction. Therefore, the
transversal response of the nave must be evaluated (i) to avoid the out-of-plane rocking
mechanism of the perimeter walls and (ii) to limit the in-plane shear stresses acting on
the wood roof elements and the façade [1–3]. In the retrofit design phase of single-nave
churches, an effective dissipative roof diaphragm could represent a valid structural solution
to improve the seismic response by achieving a global box behavior, thus avoiding the local
mechanisms that can lead to the collapse of the structure. In this phase, solutions based on
the use of original materials are very often preferable [4]. For historical churches, among the
wood-based solutions, cross-laminated timber (CLT) panels, plywood panels, or inclined
hardwood planks with respect to the pre-existing planks [3,5,6] can be considered for the
retrofit of the roof, along with opportunely calibrated steel connections in terms of the
strength and stiffness, with the aim of controlling the horizontal displacements on top of the
walls. The calibration of the steel connections is related to the roof technology, the type of
steel connections, and the connection layout. It is worth nothing that an over-strength and
over-stiffness configuration of the roof diaphragm can undoubtedly reduce the horizontal
displacement but also increase the in-plane shear forces acting on the roof and the facade
up to values that are not compatible with the bearing capacity of these elements. Therefore,
the dissipation of the energy in the roof connections, as well as the equivalent viscous
damping, depends on the inelastic properties of the steel connections to be designed [7].
For the aforementioned issues, the present research aims to compare numerical methods for
estimating the equivalent viscous damping due to the dissipative roof structure in the nave
transversal response of historical churches in terms of the equivalent damping ratio (EDR).

In the case of cultural heritage masonry structures, limit analysis methods are com-
monly used to evaluate the safety of existing structures against the activation of local
predefined failure mechanisms [8,9]. On the other hand, when dealing with masonry
structures that exhibit a box behavior or that have already been retrofitted to avoid the
activation of local mechanisms, global assessment techniques are also available [10–13].
Among them, linear and nonlinear, static, or dynamic methods can be applied [14,15].

For the design of the structural retrofit, the EDR can represent a useful parameter to
design the steel connections of the roof, depending on the characteristics of the wooden
roof structure and masonry walls. At the same time, in the design phase, a significant
computational effort could be required in case of the implementation of the inelastic
properties of the masonry walls and the roof’s connections in a 3D model. Thus, an
equivalent finite element model (FEM) can be implemented using the approach described
in [16,17]. The equivalent FEM is described in Section 2.1.

In Section 2.2, the nave transversal seismic response is described, considering the
nonlinear behavior of the roof’s connections and walls, as a function of a hysteretic variable
(β-HYS), which represents a design parameter combining the yielding strength of both
the roof and the masonry walls [3,6,17,18]. By changing β-HYS in a suitable range of
values, different design configurations of the roof’s connections can be tested up to the
determination of the optimal value of β-HYS that is able to minimize the top horizontal
displacement of the walls, while also keeping the shear stresses in both the roof and
the walls in a safe range. Section 2.3 shows two different hysteretic models that can be
adopted to describe the cyclic behavior of the steel connections on the basis of the results
of cyclic tests performed on panel-to-panel connections [19–25] or evaluated by [26]. The
two considered hysteretic models are (i) the stiffness degrading (SD) and (ii) the strength
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and stiffness degrading (SSD) models. In the equivalent FEM, SD is implemented through
the Clough model [21,27] and SSD is implemented with the Takeda Slip model [28].

Section 3.1 describes the EDR evaluation by using the Capacity Spectrum Method
(CSM), performing nonlinear static analyses through the coefficient method of FEMA
356 [29] and the equivalent linearization technique of ATC-40 [30]. The EDR values are
evaluated as a function of the hysteretic variable β-HYS, allowing for the evaluation and
selection of different possible configurations of the roof. Section 3.2 describes a proposed
Time History numerical approach for the EDR evaluation. This is based on nonlinear
dynamic analyses of the equivalent FEM subjected to transverse earthquake loading,
represented by a set of seven spectrum-compatible accelerograms [31–33]. In this way,
different values of the EDR are calculated for different values of the hysteretic variable
β-HYS so to simulate the response of the retrofitted structure for several alternative design
configurations of the roof’s connections.

Section 4.1 describes the case study used for the analyses and Section 4.2 presents the
EDR values obtained by FEMA 356, ATC-40, and the Time History method. The results are
expressed for different values of the hysteretic variable β-HYS in order to identify the optimal
value β-HYS-opt that is able to maximize the EDR. The optimal value of the hysteretic variable
corresponds to a design configuration of the connections of the wood roof diaphragm.
In Section 4.3, the seismic response of the structure is analyzed in terms of two ratios,
considering the lateral top displacement and the shear on the façade, as a function of the
hysteretic variable β-HYS so to evaluate the optimum β-HYS-opt. In Section 4.4., a comparison
between the optimum values of the hysteretic variable is discussed to identify the most
suitable configuration of the dissipative roof that is able to (i) maximize the equivalent
damping in terms of the EDR, (ii) reduce the lateral top displacement so to prevent the
overturning of the lateral walls, and (iii) limit the in-plane shear force on the façade. In this
way, excessive computational efforts during the design phase could be avoided, and the
configuration of the roof related to β-HYS-opt could be subsequently tested and validated in
a more detailed FEM 3D model. Final considerations are listed in Section 5. The strategy at
the base of the present study is shown in Figure 1.
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2. Simulation of the Nave Transversal Response by Equivalent FEM
2.1. Equivalent FEM

The simulation of the transverse response of the historical church is carried out using
an equivalent finite element model (FEM) representing the members of the structure
involved in the nave transversal response [6,17,18] once the preliminary design of the roof
diaphragm is defined (in terms of the thickness, material, and technology). In the equivalent
FEM, the seismic action is introduced by means of a set of seven spectrum-compatible
accelerograms acting perpendicularly to the nave axis [34,35]. In the FEM, the head and
perimeter masonry walls are modeled as equivalent vertical beam elements, while the
wooden roof with the related steel connections is introduced through horizontal beam
elements. The geometries of the vertical elements reproduce the distribution of the masses
of the walls, while the geometries that characterize the horizontal elements represent the
thickness and length of the roof structures placed on top of the wooden trusses.

The dead loads of the roof are considered as distributed loads applied on the horizontal
beam elements. The self-weight of the equivalent structure implemented in the FEM should
correspond to the real one. The presence of the live and snow loads is not considered.
The model was validated by verifying that the resultant of the applied loads matched the
summation of the applied loads. Rotational inelastic hinges are introduced at the base
of the vertical equivalent elements, while the façade and the head wall are considered as
elastic elements, given their high in-plane strength and stiffness [18]. All of the vertical
equivalent elements are fully fixed at the base node. The inelastic rotational hinges are
described in terms of moment–rotation (M-φ) diagrams.

In the FEM, the roof diaphragm is represented by horizontal mono-dimensional
equivalent elements linked to the vertical elements by hinges located at the top end of
the vertical elements so to allow the rocking’s trigger and to release the bending moment
transferred to the roof. Both ends of the wood roof diaphragm are pinned to the head wall
and façade. The inelastic properties of the connections of the roof are introduced in the
FEM by in-plane shear hinges described by shear deformation (V-η) diagrams. This allows
us to model the roof structure as a deformable roof diaphragm. Thus, the rocking trigger
of the perimeter walls is allowed, but both the lateral top displacements and the in-plane
shear forces acting on wooden-based pitched panels, the head wall, and the façade are
limited only if the stiffness of the roof is opportunely calibrated [3,18]. In this way, the roof
diaphragm can work as a damper on top of the church [36].

2.2. Simulation of the Nave Transversal Response

In a single-nave church, it is mandatory to identify the seismic-resisting elements
under transversal earthquake in order to describe the nave transversal response. In the
FEM, the structural macro-systems capable of withstanding the transversal earthquake are
reproduced as equivalent beam elements. These include the head wall, the façade, and the
coupled perimeter walls or the triumphal arches. The head wall and façade are directly
reproduced in the FEM by vertical equivalent elements having the same geometry, the
equivalent cross-section areas and inertia moment, and with a perfect restraint applied
to the base node. The features of the coupled perimeter walls or triumphal arches are
defined considering the geometrical and mechanical features of the walls of their relative
sub-structures, as is explained in [6,17,18,37]. For example, in the case of the perimeter
walls, each sub-structure is represented by the masonry pier included between two adjacent
openings or the part of the wall belonging to a single abutment. For the triumphal arch, the
sub-structures are the two columns or the two abutments with the relative part of the walls,
depending on the as-built geometry of the church.
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Naming the generic transversal seismic-resistant system as the “frame”, on the basis
of the hypothesis made for the mechanical behavior of the structural elements, it behaves
as a bilinear curve described by the yielding and ultimate force (Fframe,y and Fframe,u, respec-
tively) related to the yielding and the ultimate displacements (δframe,y and δframe,u). The
frame’s stiffness kframe is obtained as the ratio between Fframe,y and δframe,y. The roof structure
is characterized by a dissipative hysteretic behavior represented by an elastic–plastic curve,
where the yielding and ultimate forces are Froof,y and Froof,u, respectively, whereas the related
yielding and ultimate displacements are δroof,y and δroof,u. These values can be determined
from experimental tests on the chosen connectors [24]. The stiffness of the roof kroof is given
by the ratio between Froof,y and δroof,y. By changing the features of the roof’s connections,
kroof changes as well.

On the basis of these hypotheses, the nave transversal response of the church with
the dissipative roof diaphragm can be represented by a flag-shaped diagram (Figure 2) in
terms of the base shear versus the top displacement.
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In a design phase, an index of the energy dissipated in the connections of the roof di-
aphragm is given by the hysteretic variable β-HYS [17]. When β-HYS increases, the damping
effect also increases. The hysteretic variable links the inelastic properties of the masonry
walls to the mechanical characteristic of the roof, as shown in Equation (1). The β-HYS

optimal value is usually comprised in the range β-HYS = 0–1.5 because, for higher values,
the self-centering rocking behavior is partially inhibited by the large residual displacements
implied by the flag-shaped load–displacement diagram. In the design phase, it could also
be interesting to test the seismic response beyond β-HYS = 1.5 [3,6,37] so to understand
the effects of an over-stiffness and over-strength configuration of the roof on the overall
structural response.

It should be remarked that an over-stiffness and over-strength roof configuration can
have a negative effect on the transversal nave response of historic churches. In fact, in this
case, the dissipative effect of the connections is reduced, allowing the roof to transfer a high
value of in-plane shear force to the masonry of the façade and head wall. Consequently, the
in-plane shear force acting on these macro-elements may not be acceptable in relation to
the mechanical properties of the masonry.

Furthermore, in the absence of adequate dissipation, the shear force acting in the plane
of the roof may be compatible with the mechanical properties of the steel connections,
but not with the wood technology characterizing the pitched panels of the roof. It may
therefore be necessary to increase the thickness of these wooden panels (whether they are
double planks or cross-laminated timber), thereby increasing the masses involved in the
seismic response and, consequently, with higher inertial forces.

By varying β-HYS, and knowing Fframe,y from the mechanical properties of the lateral
walls, Froof,y is evaluated by Equation (2). Consequently, the stiffness of the roof kroof can be
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expressed in terms of β-HYS using Equation (3). Defining ∆ as the ratio between the yielding
displacements of the roof and the frame (Equation (4)), the roof’s stiffness kroof is given by
Equation (5). Thus, the roof structure designed in this way allows us to obtain a controlled
rocking of the building characterized by a global seismic response with a flag-shaped
diagram (Figure 2).

In a preliminary design phase, it is useful to consider the role of the ratio ∆. If ∆ < 1,
in the nave transversal response, the roof reaches its yielding point before the activation of
the rocking of the masonry walls. This means that the energy dissipation begins with the
walls in their elastic field, while achieving possible damages in the structural elements of
the roof. Therefore, it is preferable not to consider this option in the design phase. If ∆ = 1,
the roof diaphragm and perimeter masonry walls will reach their relative yielding points
simultaneously; thus, the energy dissipation due to the roof starts only if the rocking of the
walls is uncontrolled. Otherwise, if ∆ > 1, the perimeter walls achieve the yielding point
before the plasticization of the roof diaphragm. Notice that ∆ values greater than one could
be acceptable even if, for large ∆ values, the energy dissipation in the roof elements will be
activated only after the onset of dangerous lateral displacements at the top of the perimeter
walls. In the following analyses, ∆ = 1 is considered as a preliminary design criterion.

β−HYS = 2
Froo f ,y

Ff rame,y
(1)

Froo f ,y =

(
Ff rame,y·β−HYS

)
2

(2)

kroo f ,y = k f rame,y·
β−HYS · δ f rame,y

2 · δroo f ,y
(3)

∆ =
δroo f , y

δ f rame,y
(4)

kroo f =
β−HYS· k f rame

2·∆ (5)

Different configurations of the roof diaphragm are tested by performing nonlinear
dynamic analyses [26,37]. The optimum roof stiffness should be calibrated by changing
β-HYS up to its optimal value β-HYS-opt, which is reached when the top lateral displacement
is lower than the design value (i.e., 0.5% of the height of the perimeter walls according
to [6,36]) and the in-plane stresses on the wooden roof diaphragm and the façade are com-
patible with the corresponding strengths. When β-HYS-opt is determined, the corresponding
roof’s stiffness is calculated with Equation (6), where kdf is the bending stiffness and kdt is
the shear stiffness. In Equation (6), given the presence of wooden elements and steel connec-
tions, the equivalent elastic modulus Ew*, the equivalent shear modulus Gw*, and the ideal
inertia moment of the section Jid* are introduced and evaluated by Equations (7)–(9) [16,36],
respectively. Therefore, every feature of the roof diaphragm (the geometry, material, and
connections) are described by Equations (6)–(10), as follows:

kroo f−opt =

(
1

kd f
+

1
kdt

)−1

=

(
5
6

L3

E∗
w Jid

+
χL

G∗
w A∗

)−1

(6)

E∗
w(nn, ns) =

Lkn
ns

2
tw Ly
cosα
nn

+
kn

L
ns

Ew

(7)
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G∗
w(nn, ns) =

L·kn
ns

2
tw ·Ly
cosα
nn

+
kn · L

ns
Gw

(8)

J∗id(nn, ns) =
tw · L3

y

12cosα
+ nws ·

[
2As

(
Ly

2

)2
]

(9)

where

• nws is the homogenization coefficient of the steel-to-wooden diaphragm connection,
given by nws = Es/Ew* (where Es is the steel elastic modulus);

• L is the distance between the seismic-resistant elements (the spacing between the
transversal frames);

• 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 = 6/5cos2α is the shear factor of the cross-section (χ = 1.2 for rectangular sections);
• Aw is the cross-section area of the roof diaphragm;
• A* is the shear area given by Equation (10), as follows:

A∗ =
Aw

χ
=

tw Ly
cosα

6
5cos2α

(10)

• nn is the number of 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 connection stripes for each span;
• As is the cross-section area of the thin steel stripes of the roof diaphragm.

2.3. Hysteretic Models for the Roof’s Connections

The hysteretic constitutive laws introduced in Section 2.2 and assigned to the inelastic
hinges of the roof should be preliminarily defined to highlight their influence on the
EDR, due to the change in the enclosed area of the hysteretic loops developed during
the transversal response caused by the ground shaking. FEMA 356 [29], FEMA 440 [7],
and ATC-40 [30] consider four hysteretic models, namely, (i) Elastoplastic Perfectly Plastic
(EPP), (ii) Stiffness Degrading (SD), (iii) Strength and Stiffness Degrading (SSD), and
(iv) Nonlinear Elastic (NE). The shape of the EPP hysteretic model does not correspond
to the cyclic load–displacement behavior shown by the steel connections in the wooden
elements [27], and the NE model does not exhibit hysteretic energy dissipation. Therefore,
these two models are not considered for this application. The SD model corresponds to
a model in which the lateral stiffness decreases when the lateral displacement increases [38].
Instead, the SSD model describes a cyclic behavior where both the lateral strength and
lateral stiffness decrease when subjected to cyclic reversals. The load–displacement cycles
of typical nailed or screwed panel-to-panel connections in the shear experimental tests on
wood specimens can be placed halfway between the SD and SSD models [27,39]. Therefore,
both the SD and SSD models are tested in the present numerical research by adopting the
Clough model [38,40–42] for the SD model and the Takeda Slip model [43] for the SSD
model, as shown in Figure 3. The adoption of the SD or SSD models is required to describe
the cyclic behavior of the steel connections of the roof, depending on the characteristics
of the connection and, possibly, based on the cyclic shear tests on the samples of the
designed joint.
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3. Methods for EDR Evaluation
3.1. Equivalent Damping Ratio (EDR) in Capacity Sptectrum Method (CSM)

The equivalent damping ratio is a parameter used to evaluate the equivalent viscous
damping of the dissipative roof structure. Equivalent viscous damping was first proposed
in [8] and extended to the yielding of single-degree-of-freedom systems in [44,45]. Further-
more, several methods for the EDR evaluation have been proposed in [40,46]. The EDR
can be evaluated by nonlinear static analyses (pushover analysis, PO), a type of analysis
capable of evaluating the capacity of the structure and identifying the most stressed struc-
tural elements. In PO, the approaches of the coefficient method of FEMA 356 [7,29] and
equivalent linearization technique of ATC-40 [30] are considered. In FEMA 356, the EDR
is indicated by the symbol βeq, while, in ATC-40, the EDR is referred to as the Effective
Viscous Damping (βeff). In both FEMA 356 and ATC-40, the hysteretic behavior of the
structure is responsible for the dissipation of the energy due to the earthquake [47]. The
energy dissipated in the hysteresis loops can be measured by the area enclosed in the
hysteresis loops themselves. This area can be used for the determination of the Equivalent
Viscous Damping. For the EDR evaluation, the equivalent FEM, described in Section 2, can
be adopted, and the inherent damping of the structure should also be considered.

PO allows us to obtain the capacity curve of the structure in terms of the base shear
versus the top displacement of the structure. This curve can then be converted into
its corresponding spectral acceleration (Sa) versus spectral displacement (Sd) diagram
by adopting the Capacity Spectrum Methods (CSMs) of FEMA and ATC-40. The CSM
graphically plots the capacity curve in the Sa-Sd plane and is very useful because it gives
a clear graphical representation of the nonlinear behavior of the structure. To obtain the
capacity curve in the Sa-Sd plane, the equivalent linearization method [30] or coefficient
method [29] can be adopted. When the capacity curve is plotted in the Sa-Sd plane, the
following two response spectra could be represented in the same plane: (i) the elastic
spectrum (considering only the inherent viscous damping of the structure) and (ii) the
inelastic spectrum (related to the total damping). The value of the inherent damping
depends on the materials properties, but, in [48], it is considered equal to 5% for all types
of structures, although it could be set to 3% for steel structures [49] and between 3% and
5% for unreinforced masonry structures [50]. In this work, 5% will be considered.

A graphical representation of the use of the CSM for the evaluation of the equivalent
viscous damping is given in Figure 4, where ay and dy define the linear branch of the
bilinearized capacity curve, while api and dpi represent the coordinates of the performance
point (PP, the intersection between the capacity curve and the inelastic spectrum), with dpi

being the maximum inelastic displacement of the structure.
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When the equivalent linearization method of ATC-40 is adopted, the EDR is evaluated
by Equation (11), where Ed is the dissipated plastic energy (corresponding to the area
enclosed by the hysteresis loop) and ES0 is the maximum elastic strain energy (graphically
represented by the area of the triangle defined by the spectral displacement dpi and the
spectral acceleration api of the PP). The EDR is obtained by considering the sum of the
inherent damping (5%) and the hysteretic damping represented as the equivalent viscous
damping (β0).

When the coefficient method of FEMA 356 is adopted, the EDR is evaluated by
Equation (12), depending on the ductility ratio µ, the post-yield stiffness ratio α, and an
adjustment factor k considering changes in the hysteretic behavior. In FEMA 356, the EDR
is indicated as βeff, and it is calculated as the sum of the inherent damping (5%) and a term
representing the dissipated energy in the form of the equivalent viscous damping (β0).

EDR = 5% +
1

4π

(
Ed
ES0

)
= 5% + β0 (11)

EDR = 5% + k · 2
π
·
(

(µ − 1)·(1 − α)

(µ ·(1 + α·µ − α)

)
= 5% + β0 (12)

Since the structure can dissipate energy by the inelastic hinges present in the equivalent
elements of the FEM, it is mandatory to evaluate the capacity curve and the corresponding
EDR for the different possible behaviors of the connections present in the roof by consider-
ing the different hysteretic models already described. ATC-40 reports the following three
kinds of structural behaviors: (i) Type A, (ii) Type B, and (iii) Type C, corresponding to
the (i) EEP, (ii) SD, and (iii) SSD hysteretic models of FEMA 440, respectively. As previ-
ously anticipated, the EEP model is not considered in this work. If Type B is adopted,
the Clough model (SD) is attributed to the inelastic hinges of the roof, and, in Equation
(12), k = 0.67 [29]. If Type C is adopted, the Takeda Slip model (SSD) is attributed to the
inelastic hinges of the roof so to consider the stiffness and strength degradation, and, in
Equation (12), k = 0.33 [29].

3.2. Time History Method for EDR Evaluation

The Time History (TH) method is based on the use of seven spectrum-compatible
accelerograms as the seismic action. The response of the roof is represented by hysteretic
cycles developed in the shear inelastic hinges applied to the roof elements (adopting the
SD or SSD models; see Figure 5a,b). The response of the masonry walls is described by
elastic bilinear diagrams [37,51–53] for the inelastic rotational hinges located at the base of
the vertical equivalent elements of the resistant frames, as shown in Figure 5c. In both the
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SD and SSD models, each inelastic hinge is able to dissipate energy and shows different
closed cycles during the seismic event.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 10 of 22 
 

elastic bilinear diagrams [37,51–53] for the inelastic rotational hinges located at the base 
of the vertical equivalent elements of the resistant frames, as shown in Figure 5c. In both 
the SD and SSD models, each inelastic hinge is able to dissipate energy and shows 
different closed cycles during the seismic event. 

   

(a) (b) (c) 

Figure 5. Examples of the hysteretic cycles of different inelastic hinges: (a) roof SD model, (b) roof 
SSD model, and (c) masonry NE model. 

Once the control node of the structure is defined as the node located in the center of 
mass at the roof level in the FEM [29], the church’s response in terms of the top lateral 
displacement can be plotted as a function of time. Then, a full hysteretic cycle, defined by 
the points 0 ÷ 4, as shown in Figure 6, can be extracted from the whole response of the 
structure. Considering seven spectrum-compatible accelerograms, the process is applied 
seven times, and the average value can be considered. 

The selection of the hysteretic cycle is illustrated in Figure 6. The first instant 
corresponds to the one in which the control node achieves the control displacement design 
value for the first time during the seismic event, namely, point 1 in Figure 6a. It must be 
underlined that FEMA 356 and ATC-40 could result in different control displacement 
values. The control displacement identifies a target value at which the structure reaches a 
predefined performance level, such as the yielding of the vertical elements representing 
the walls [7,29,30]. Then, the starting point of the cycle (point 0 in Figure 6a) is located 
immediately before point 1 on the time axis. The following instants correspond to the 
maximum transversal displacements in both the positive and negative directions (points 
2 and 3 in Figure 6a). The last instant represents the end point of the cycle, occurring when 
the displacement’s Time History crosses the time axis again (point 4 in Figure 6a). When 
the time window identifying the cycle is determined (from point 0 to point 4 instants), all 
of the corresponding sub-cycles of the roof inelastic hinges can be extracted for the energy 
calculation. Moreover, the time instants (corresponding to 0 ÷ 4 points) can be used to 
determine the branches of the bilinear responses of the inelastic hinges of the walls’ 
equivalent elements. Their contribution in terms of strain energy will be considered in the 
evaluation of the global EDR of the structure. 

For each inelastic hinge present on the roof, a force–displacement loop is extracted 
for the selected time window (0 ÷ 4 points). This corresponds to a sub-cycle of the complete 
cycling history of the i-th roof inelastic hinge (Figure 6b), and its enclosed area represents 
the hysteretic energy dissipated by the i-th inelastic hinge (ED,i). When the sub-cycle is 
plotted, the maximum transversal displacements can be detected along the positive and 
negative seismic directions. In correspondence of the absolute maximum displacement 
value, the maximum strain energy (ES0,i) of the force–displacement sub-cycle can also be 
calculated. In the case where the inelastic hinges are in the elastic range, they do not give 

Figure 5. Examples of the hysteretic cycles of different inelastic hinges: (a) roof SD model, (b) roof
SSD model, and (c) masonry NE model.

Once the control node of the structure is defined as the node located in the center of
mass at the roof level in the FEM [29], the church’s response in terms of the top lateral
displacement can be plotted as a function of time. Then, a full hysteretic cycle, defined by
the points 0 ÷ 4, as shown in Figure 6, can be extracted from the whole response of the
structure. Considering seven spectrum-compatible accelerograms, the process is applied
seven times, and the average value can be considered.
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The selection of the hysteretic cycle is illustrated in Figure 6. The first instant cor-
responds to the one in which the control node achieves the control displacement design
value for the first time during the seismic event, namely, point 1 in Figure 6a. It must
be underlined that FEMA 356 and ATC-40 could result in different control displacement
values. The control displacement identifies a target value at which the structure reaches
a predefined performance level, such as the yielding of the vertical elements representing
the walls [7,29,30]. Then, the starting point of the cycle (point 0 in Figure 6a) is located
immediately before point 1 on the time axis. The following instants correspond to the
maximum transversal displacements in both the positive and negative directions (points 2
and 3 in Figure 6a). The last instant represents the end point of the cycle, occurring when
the displacement’s Time History crosses the time axis again (point 4 in Figure 6a). When
the time window identifying the cycle is determined (from point 0 to point 4 instants),



Appl. Sci. 2025, 15, 3286 11 of 21

all of the corresponding sub-cycles of the roof inelastic hinges can be extracted for the
energy calculation. Moreover, the time instants (corresponding to 0 ÷ 4 points) can be
used to determine the branches of the bilinear responses of the inelastic hinges of the walls’
equivalent elements. Their contribution in terms of strain energy will be considered in the
evaluation of the global EDR of the structure.

For each inelastic hinge present on the roof, a force–displacement loop is extracted for
the selected time window (0 ÷ 4 points). This corresponds to a sub-cycle of the complete
cycling history of the i-th roof inelastic hinge (Figure 6b), and its enclosed area represents
the hysteretic energy dissipated by the i-th inelastic hinge (ED,i). When the sub-cycle is
plotted, the maximum transversal displacements can be detected along the positive and
negative seismic directions. In correspondence of the absolute maximum displacement
value, the maximum strain energy (ES0,i) of the force–displacement sub-cycle can also be
calculated. In the case where the inelastic hinges are in the elastic range, they do not give
a contribute in terms of damping energy, i.e., ED,i = 0. However, in these cases, the inelastic
hinges are considered either way in terms of their strain energy contributions (ES0,i).

Therefore, by considering the inelastic hinges of the walls and roof, the EDR of the
structure in the nave transversal response under the seismic action can be estimated by
Equation (13), where n represents the total number of inelastic hinges of the roof and the
walls, and ED,i and ES0,i indicate, respectively, the dissipated energy and the maximum
strain energy of the i-th inelastic hinge in the time window extracted from the overall
displacement Time History of the control node. The graphical procedure illustrated in the
previous figure (Figure 4) for the Capacity Spectrum Method is performed for all of the
inelastic hinges under the seven spectrum-compatible accelerograms. The values to be
considered for the EDR calculation are the average ones. Thus, in Equation (13), ED,i and
ES0,i are the average values. The analyses are carried out by Midas Gen [54].

EDR = 5% +
1

4π

∑n
i=1 ED,i

∑n
i=1 ES0,i

(13)

4. Case Study
4.1. Description of the Case Study

The nonlinear dynamic analyses and EDR evaluation are performed for a case study
represented by a single-nave church with masonry walls and a wooden roof modeled
with the equivalent FEM. The church has a 33 × 12 m rectangular plan, 90 cm thickness
head and façade walls, and 60 cm thickness perimeter walls, while the roof structure is
composed of hardwood trusses (horizontal tie beam elements with a 17 × 17 cm section,
inclined principal rafters with a 30 × 18 cm section, struts with a 12 × 17 cm section,
and a king post with a 12 × 12 cm section), joists (12 × 16 cm section), and 3.5 cm thick
planks. The 3D initial model and the equivalent FEM with inelastic features are shown in
Figure 7. The masonry is characterized by Young’s modulus E = 1200 MPa and a density
ρ = 18 kN/m3. The hardwood elements are characterized by Young’s modulus parallel
to the fibers E0,mean = 10,000 MPa, a shear modulus Gmean = 630 MPa, a tensile strength
parallel to the fibers ft,0,k = 20 MPa, and a density ρw = 5.00 kN/m3.

Starting from the design target behavior, in which the yielding of the steel connections
of the roof and the yielding of the inelastic hinges of the walls are activated simultaneously
(∆ = 1; Equation (4)), the properties of the roof inelastic hinges vary as a function of the
hysteretic variable β-HYS. Table 1 reports the inelastic hinge properties for the resistant
frames (corresponding to the piers of the lateral walls) and the roof. To consider several
possible configurations of the proposed retrofitting of the roof, seven different cases were
analyzed. Starting from the capacity of the masonry walls, evaluated according to [6,17,18],
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which cannot be changed, different values of the hysteretic variable β-HYS were taken into
account and, consequently, the yield load of the roof connections was defined according
to Equation (2). Then, by assuming ∆ = 1 (Equation (4)), the stiffness of the roof can be
determined. Consequently, by knowing the stiffness of the roof, the mechanical properties
of the wood panels, and the geometrical features of the church, the design of the steel
connections can be carried out using Equations (6)–(10). The ultimate over-yielding force
ratio of the roof elements was assumed to be 1.25 on average according to experimental
tests performed by [24].
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Table 1. Properties of the inelastic hinges for the SD model (Clough). Note: P1-D1 in the SSD model
are 10% less than P1-D1 of the SD model. P2-D2 in the SSD model corresponds to P1-D1 of the SD
model. P3-D3 in the SSD model corresponds to P2-D2 of the SD model.

Parts of the Roof Close to the Head Wall and Facade

β-HYS P1 [kN] = Froof,y P2 [kN] = Froof,u D1 = (P1/Kroof,y)/L D2 Mframe,y = Mframe,u [kNm]
Rframe,y

[rad]
Rframe,u

[rad]

0.30 9.69 12.11 0.00062 0.01257 555.422 0.00086 0.00258
0.60 19.38 24.22 0.00062 0.01257 555.422 0.00086 0.00258
0.90 29.06 36.33 0.00062 0.01257 555.422 0.00086 0.00258
1.20 38.75 48.44 0.00062 0.01257 555.422 0.00086 0.00258
1.50 48.44 60.55 0.00062 0.01257 555.422 0.00086 0.00258
1.80 58.13 72.66 0.00062 0.01257 555.422 0.00086 0.00258
2.10 67.81 84.77 0.00062 0.01257 555.422 0.00086 0.00258

Central Parts of the Roof

β-HYS P1 [kN] = Froof,y P2 [kN] = Froof,u D1 = (P1/Kroof,y)/L D2 Mframe,y= Mframe,u [kNm]
Rframe,y

[rad]
Rframe,u

[rad]

0.30 189.72 237.15 0.008619834 0.17239 10,877.185 0.01182 0.03548
0.60 379.44 474.30 0.008619834 0.17239 10,877.185 0.01182 0.03548
0.90 569.16 711.44 0.008619834 0.17239 10,877.185 0.01182 0.03548
1.20 758.87 948.59 0.008619834 0.17239 10,877.185 0.01182 0.03548
1.50 948.59 1185.74 0.008619834 0.17239 10,877.185 0.01182 0.03548
1.80 1138.31 1422.89 0.008619834 0.17239 10,877.185 0.01182 0.03548
2.10 1328.03 1660.04 0.008619834 0.17239 10,877.185 0.01182 0.03548

Points P1-D1 and P2-D2 represent the yielding and ultimate points, respectively. For
the inelastic hinges of the roof, if the SD model is adopted (the Clough model), P1 and
P2 indicate the yielding and the ultimate force of the roof’s inelastic hinges, respectively,
and D1 and D2 are the dimensionless drifts given by the ratio between the yielding or
the ultimate displacements and the length of the church. Otherwise, if the SSD model is
adopted (Takeda slip model), three points, P1-D1, P2-D2, and P3-D3, should be defined to
describe the inelastic hinge behavior. The Takeda model is normally used to represent the
hysteretic behavior of reinforced concrete structures [43]. In the case of steel connections
in a wooden structure, the Takeda model can also be adopted, but with some appropriate
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modifications [55]. It is possible to assume P2-D2 as the yielding point and P3-D3 as the
ultimate point (as already evaluated for the SD model), while the P1-D1 values can be set
to 90% of the yielding point [56,57].

In the case study, the design of the preliminary retrofit intervention on the roof
considers pitched CLT panels with a thickness of 6 cm (characterized by three layers, each
one with a 2 cm thickness and an elastic modulus ECLT-0,mean = 12 GPa, a shear modulus
GCLT = 690 MPa, a tensile strength parallel to the fibers fCLT-t,0,k = 18 MPa, and a density
ρCLT-w = 4.8 kN/m3). The panels have a rectangular shape of 6.10 × 3.00 m and are placed
between the wooden trusses.

In the FEM, the equivalent horizontal beam element modeling the roof diaphragm
considers the panels’ cross-section. In terms of the applied loads, the dead load related
to the wooden trusses of the roof is implemented as uniform loads on the horizontal
elements. Furthermore, the upper part of the façade is considered as an equivalent nodal
load applied on the top node of the vertical equivalent element representing the façade.
To account for the effect of the steel connections between the new CLT roof structure and
the existing masonry walls, cylindrical hinges were placed at the intersection of the roof
elements and the top of the walls. In the equivalent FEM, following this approach, rocking
is allowed to occur and the bending moment transferred to the roof structure is released.
Furthermore, the equivalent elements of the roof are also pinned to the head wall and
façade equivalent members.

4.2. Results in Terms of EDR

FEMA 356 and ATC-40 are initially adopted with both the SD and SSD models for
the hinges of the roof and to vary the hysteretic variable β-HYS. The control node is set
in the middle of the roof and its transversal displacement is plotted under the seven
accelerograms. When the nonlinear static analyses (pushover) are performed, the values of
the target control displacement changes in relation to the SD or SSD models, and it could
be different in FEMA 356 and ATC-40. Table 2 shows the target displacement values for the
different hysteretic variables.

Table 2. Target displacements of the control node by PO in FEMA 356 and ATC-40.

β-HYS Method SD—Target
Displacement [m]

SSD—Target
Displacement [m]

0.3 PO-FEMA/PO-ATC 0.038/0.055 0.041/0.057
0.6 PO-FEMA/PO-ATC 0.028/0.051 0.030/0.056
0.9 PO-FEMA/PO-ATC 0.028/0.044 0.031/0.050
1.2 PO-FEMA/PO-ATC 0.027/0.045 0.030/0.050
1.5 PO-FEMA/PO-ATC 0.037/0.054 0.039/0.057
1.8 PO-FEMA/PO-ATC 0.036/0.051 0.035/0.050
2.1 PO-FEMA/PO-ATC 0.021/0.039 0.021/0.039

The Time History method (TH) is applied to the case study considering the con-
trol node’s target displacements obtained by FEMA 356 and ATC-40. Seven spectrum-
compatible accelerograms, selected by Rexel software v3.5 [35], simulating the L’Aquila
earthquake [58], were considered. The main parameters characterizing the elastic spectrum
of the considered site, according to the Italian design code [59], are the peak ground accel-
eration PGA = 0.30 g, the return period TR = 475 years, the horizontal amplification factor
Fo = 2.36, the vertical amplification factor Fv = 1.63, and the acceleration–velocity transition
period T*c = 0.347 s.

The analyses are performed by varying the hysteretic variable β-HYS between 0 and
2.1. The Time History of the control node displacement is considered to select the time
window of the reference cycle according to the procedure described in Section 3.2. Once the
cycle is selected, the hysteresis loops of the inelastic hinges of the roof can be extracted, and
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the corresponding dissipated energy is calculated. Moreover, the bilinear behavior of the
walls is detected as well, and the strain energy is computed and used for the evaluation of
the EDR. This procedure is performed using both the SD and SSD models for comparison.

The EDR values obtained with the TH method by using the FEMA and ATC displace-
ments of the reference point are plotted in Figures 8a and 8b, respectively. When the TH
method is used with the equivalent FEM (Figure 9a), hysteretic loops are detected starting
from the cyclic responses of the inelastic hinges of the roof (Figure 9b), while elastic–plastic
bilinear cycles are identified for the walls (Figure 9c). In Figure 9a–c, for the sake of brevity,
the cycles and the extraction of sub-cycles are shown only in correspondence of one of the
seven accelerograms and for the SD model.
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4.3. Results in Terms of Damped Rocking

The seismic response of the case study is discussed by comparative analyses in terms
of the damped rocking expressed in terms of the force ratio (RF) and the displacement ratio
(RD), where

• The RF is the ratio between the shear force evaluated in the node connecting the roof
to the façade in the equivalent FEM, and the total shear force evaluated at the base of
the structure;

• The RD is defined as the ratio between the transversal displacement of the roof and
the target displacement (chosen as the 0.5% of the total height of the perimeter walls).

As an example, the first vibration mode shape, either for the 3D model or the equiv-
alent FEM, is depicted in Figure 10, from lateral and top views, to show the transverse
deformation that involves a great part of the structure’s mass. Concerning the equivalent
FEM adopted for the analyses, the first twenty natural periods and the corresponding
percentage of the masses involved in the vibrational mode shapes are shown in Table 3.
Moreover, the status of the yielding of the inelastic hinges is shown in Figure 11 for one
of the accelerograms at the end of the seismic event so to detect whether the hinges are
beyond the elastic limit. When the optimal value of the hysteretic variable β-HYS-opt is
reached (Section 2.2), it is possible to observe that the RD trend is the opposite of the RF one
(Figure 12). When the value of β-HYS exceeds 1.5, the RD does not significantly decrease, as
occurs for lower β-HYS values, while the RF continues to increase. This means that an over-
stiffness configuration is not recommendable in the roof structure optimization to avoid the
onset of extreme shear actions on the façade. The RD and RF values plotted in Figure 12 are
calculated as the average ones obtained for the seven spectrum-compatible accelerograms.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 16 of 22 
 

Moreover, the status of the yielding of the inelastic hinges is shown in Figure 11 for one 
of the accelerograms at the end of the seismic event so to detect whether the hinges are 
beyond the elastic limit. When the optimal value of the hysteretic variable β-HYS-opt is 
reached (Section 2.2), it is possible to observe that the RD trend is the opposite of the RF 
one (Figure 12). When the value of β-HYS exceeds 1.5, the RD does not significantly decrease, 
as occurs for lower β-HYS values, while the RF continues to increase. This means that an 
over-stiffness configuration is not recommendable in the roof structure optimization to 
avoid the onset of extreme shear actions on the façade. The RD and RF values plotted in 
Figure 12 are calculated as the average ones obtained for the seven spectrum-compatible 
accelerograms. 

 

Figure 10. Deformed shape related to the first transversal vibrational mode for the 3D model (Iso 
and top views, left) and the equivalent FEM (Iso and top views, right). 

 

Figure 11. Status of the yielding of the roof’s hinges (on the left) and the walls’ hinges (on the right) 
at the end of one of the accelerograms. 

  

midas Gen
POST-PROCESSOR

VIBRATION MODE

6.91952e-002

6.29047e-002

5.66142e-002

5.03238e-002

4.40333e-002

3.77428e-002

3.14523e-002

2.51619e-002

1.88714e-002

1.25809e-002

6.29047e-003

0.00000e+000

NATURALPERIOD=

2.723E-001
MODE 1

3rd Yield

2nd Yield

1st Yield

Linear

TH: EQK 1
Time Step : 20

MAX : 30
MIN : 30

FILE: CLT_60_BETA_06
UNIT: None
DATE: 12/16/2024

VIEW-DIRECTION
X:-0.483

Y:-0.837

Z: 0.259

Figure 10. Deformed shape related to the first transversal vibrational mode for the 3D model (Iso and
top views, left) and the equivalent FEM (Iso and top views, right).
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Table 3. Case study: the features of the first twenty vibrational mode shapes (equivalent FEM).

Mode Period tran-x tran-y rotn-z

n.◦ [s] Mass (%) Sum (%) Mass (%) Sum (%) Mass (%) Sum (%)

1 0.271 58.54 58.54 0.00 0.00 0.03 0.03
2 0.185 0.00 58.54 39.78 39.78 0.00 0.03
3 0.183 0.13 58.67 0.00 39.78 39.12 39.15
4 0.179 0.00 58.67 0.07 39.85 0.00 39.15
5 0.175 5.96 64.63 0.00 39.85 0.05 39.20
6 0.174 0.01 64.64 0.00 39.85 4.00 43.20
7 0.123 2.25 66.89 0.00 39.85 0.00 43.20
8 0.116 0.00 66.89 35.40 75.25 0.00 43.20
9 0.092 0.01 66.91 0.00 75.25 24.12 67.33

10 0.076 15.19 82.09 0.00 75.25 0.30 67.63
11 0.073 0.00 82.09 0.01 75.26 0.00 67.63
12 0.063 0.01 82.11 0.00 75.26 8.41 76.04
13 0.057 0.00 82.11 7.01 82.27 0.00 76.04
14 0.056 2.37 84.48 0.00 82.27 5.17 81.20
15 0.055 3.05 87.53 0.00 82.27 5.62 86.82
16 0.055 0.00 87.53 0.02 82.29 0.00 86.82
17 0.051 0.00 87.53 0.45 82.74 0.00 86.82
18 0.050 3.23 90.76 0.00 82.74 0.01 86.83
19 0.048 0.00 90.76 0.00 82.74 0.00 86.83
20 0.047 0.00 90.76 0.00 82.74 0.00 86.83
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Figure 12. Average values of the displacement ratio (on the left) and force ratio (on the right) by
varying the hysteretic variable β-HYS.

4.4. Remarks

The analyses performed on the retrofitted church configurations showed that the EDR
values determined using FEMA 356 or ATC-40 were generally higher than those calculated
with the TH method. The influence of the hysteretic model (SD and SSD) adopted for
the inelastic hinges of the roof is clear, with a lower damping coefficient in the case of
the SSD model. This seems justified by the lower amount of energy dissipated by the
roof connections during the seismic event due to the narrower shape of the hysteretic



Appl. Sci. 2025, 15, 3286 17 of 21

loops that characterize the SSD model, regardless of the trends of the accelerograms. In
the EDR evaluation, the value of the hysteretic variable β-HYS-opt, corresponding to the
maximum EDR, is close to its limit value of β-HYS-opt = 1.5. Beyond this value, the EDR
curve is essentially flat and, indeed, towards the value of β-HYS-opt = 2.1, the EDR begins to
decrease. For the case study, in the design phase, β-HYS-opt = 2.1 represents an extremely
rigid configuration of the connections. On the other hand, in the nave transversal response
of the case study analyzed in terms of the damped rocking by the introduction of the
displacement ratio and force ratio, the optimal value of the hysteretic variable is about
β-HYS-opt = 1.40.

Since the evaluation of the EDR and the damped rocking analyses gave very similar
results in terms of the hysteretic variable, it is possible to compare the EDR values for
β-HYS-opt = 1.40, calculated by FEMA 356, ATC-40, and the TH. In correspondence of
β-HYS-opt, including 5% of the inherent damping, the EDR evaluated with FEMA 356 is in
the range between 16.00% and 16.80%, while, when considering ATC-40, it is in the range
between 16.3% and 25%, for the SSD and SD models, respectively. The EDR values obtained
for FEMA 356 and ATC-40 in correspondence of β-HYS-opt are listed in Table 4.

Table 4. EDR values for the case study for βHYS-opt = 1.40.

Method Model EDR [%]

FEMA 356 SD ≃16.8
ATC-40 SD ≃25.0

TH in relation to FEMA 356 SD ≃15.2
TH in relation to ATC-40 SD ≃14.8

FEMA 356 SSD ≃16.0
ATC-40 SSD ≃16.3

TH in relation to FEMA 356 SSD ≃12.5
TH in relation to ATC-40 SSD ≃12.1

When FEMA 356 is adopted, the difference in the EDR values for the SD and
SSD models is ∆FEMA-SD-SSD = 5%, while, when considering ATC-40, the difference is
∆ATC-SD-SSD = 53%. This could be a limit for these codes, which is due to the different ap-
proaches (the coefficient method and equivalent linearization method, respectively). When
the TH method is adopted, the computed EDR values are much more homogeneous. In
fact, when the cycle extracted in the TH method refers to FEMA 356, the difference between
the EDR with the SD model and the one with the SSD model is ∆TH-FEMA-SD-SSD ∼= 21%,
whereas, if the TH refers to ATC-40, the corresponding difference is ∆TH-ATC-SD-SSD ∼= 22%.

Moreover, when comparing the estimated EDR values obtained from the TH analyses
and related to the selected cycles identified by the two codes for the same hysteretic cycle
model, the following differences can be highlighted: (i) for the SD model, the difference
between the EDR values based on FEMA 356 and ATC-40 is about 2.7%, while (ii), for
the SSD model, the difference between the EDR values calculated using FEMA 356 and
ATC-40 is about 3.3%. This means that, for the same hysteretic model, the EDR predictions
obtained with the TH method are essentially independent of the code used to select the
reference cycle.

By analyzing the EDR trend as a function of the hysteretic variable, for both the
Capacity Spectrum Methods and the TH method, it is possible to notice that (i) the EDR
shows a quasi-linear trend in the range 0.3 < β-HYS < 1.2, (ii) the EDR shows a spike in the
range 1.2 < β-HYS < 1.5, and (iii) the energy dissipation due to the roof diaphragm is not
significant once the EDR exceeds β-HYS = 1.5. In fact, in the range 1.5 < β-HYS < 2.1, the EDR
is almost constant, or it decreases, as occurs for ATC-40 and the TH method referring to
ATC-40. This means that the design of an over-stiffness roof diaphragm does not represent
a useful seismic solution to improving the transversal response of a historical single-nave
church. This can be also extended to historical churches with a central nave and two lateral
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aisles when the first vibration mode shape is characterized by a significant percentage
(about 50–60%) of the total mass of the construction.

The obtained EDR is related to the energy dissipation in the panel-to-panel and panel-
to-wall steel connections. This energy dissipation is caused by the plasticization of the
steel elements, which can be damaged during the earthquake. Therefore, after the seismic
event, the steel connections should be inspected to verify their condition. Two scenarios
can occur. The first scenario concerns a connection with only cylindrical shank elements
(e.g., steel screws). In this case, the plasticization of the screws also implies the damage
of the surrounding wood. Therefore, after the seismic event, a careful inspection of all of
the CLT panels should be carried out and, in the case of panels that are too damaged, it
may be necessary to replace some of them. In the second scenario, the connection usually
also includes a thick perforated steel plate as a coupling strip. In this case, the connection
behaves as an elastic–plastic device, where the screws remain in the elastic field, while the
energy dissipation is localized in the perforated steel plate. As a consequence, after the
post-earthquake inspection, only the substitution of the steel plate may be required. In
both cases, the amount of damage in the masonry walls could be limited by the hysteretic
behavior of the retrofitted roof structure.

5. Conclusions
This paper proposes numerical approaches for the evaluation of the equivalent damp-

ing ratio in the transversal response for a single-nave historical church due to wooden-based
dissipative roof structures.

The present research aims to discuss different methods for estimating the dissipative
effects of the roof diaphragm in terms of the EDR. Therefore, the EDR is evaluated for
several roof configurations characterized by different values of the hysteretic variable β-HYS.
The analysis of the obtained results leads to the determination of an optimal value of
the hysteretic variable β-HYS-opt that is able to maximize the EDR for the following two
different possible behaviors of the steel connections: the stiffness degrading model or
the strength and stiffness degrading model. The optimal value of the hysteretic variable
β-HYS-opt identifies the structural configuration with the best seismic response and the
maximum EDR value to be considered in the design of the steel connections of the roof. In
this way, through complex nonlinear analyses, the optimal values of the hysteretic variable
β-HYS-opt and the EDR can be evaluated. These values could represent reference parameters
to be considered by designers when developing the design of retrofit interventions using
linear analyses on common FEMs.

As a possible future development of the research, experimental tests could be per-
formed to characterize the hysteretic behavior of the connections.

From the numerical analyses, it is possible to highlight the following results:

• The equivalent FEM is useful to define the roof design during the preliminary
design phase;

• The analyses performed with the equivalent FEM represent a fast method to define
the roof configuration that best achieves a global box behavior in seismic response;

• The performed analyses allow us to test different possible retrofitted roof configu-
rations through various values of the hysteretic variable. On the contrary, during
the conceptual design phase, the analysis of local mechanisms (also referred to as
macro-elements) or the implementation of 3D models represent the standard approach
to evaluate the capacity of the original construction;

• By performing nonlinear dynamic analyses, the EDR and the transversal drift of the
roof are characterized by a similar variation as a function of the hysteretic variable
β-HYS;



Appl. Sci. 2025, 15, 3286 19 of 21

• The TH approach gives EDR values lower than those evaluated by the PO analyses
performed according to FEMA 356 and ATC-40;

• The effects of the SD and SSD hysteretic models are significant in terms of the dissi-
pated energy during the seismic event;

• ATC-40 overestimates the EDR values, especially if the SD model is adopted;
• The optimal β-HYS-opt value detected in the transversal displacement diagram is also

valid for the EDR estimation;
• For a hysteretic variable β-HYS greater than 1.5, the dissipative effect of the roof

diaphragm no longer increases, indicating that the structural configuration becomes
excessively rigid beyond this limit.
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