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Abstract: Though flexible diaphragms play a role in the seismic behaviour of unreinforced masonry
buildings, the effect of the connections between floors and walls is rarely discussed or explicitly
modelled when simulating the response of such buildings. These flexible diaphragms are most
commonly timber floors made of planks and beams, which are supported on recesses in the masonry
walls and can slide when the friction resistance is reached. Using equivalent frame models, we
capture the effects of both the diaphragm stiffness and the finite strength of wall-to-diaphragm
connections on the seismic behaviour of unreinforced masonry buildings. To do this, we use a newly
developed macro-element able to simulate both in-plane and out-of-plane behaviour of the masonry
walls and non-linear springs to simulate wall-to-wall and wall-to-diaphragm connections. As an
unretrofitted case study, we model a building on a shake table, which developed large in-plane and
out-of-plane displacements. We then simulate three retrofit interventions: Retrofitted diaphragms,
connections, and diaphragms and connections. We show that strengthening the diaphragm alone is
ineffective when the friction capacity of the wall-to-diaphragm connection is exceeded. This also
means that modelling an unstrengthened wall-to-diaphragm connection as having infinite stiffness
and strength leads to unrealistic box-type behaviour. This is particularly important if the equivalent
frame model should capture both global in-plane and local out-of-plane failure modes.

Keywords: unreinforced masonry; seismic assessment; equivalent frame models; incremental dy-
namic analysis; timber floors; flexible diaphragms; retrofitting

1. Introduction

Historical unreinforced masonry buildings have proven to be particularly susceptible
to earthquakes (e.g., [1–5]). To establish effective seismic risk management strategies and
design appropriate retrofitting schemes, simulation tools are required that can reproduce
the behaviour of historical unreinforced masonry buildings in their unstrengthened and
strengthened configurations.

Different modelling techniques have been adopted to simulate the seismic behaviour
of unreinforced masonry buildings, which differ regarding both the level of detail at which
the building is modelled and the computational costs of the simulations (e.g. [6,7]). While
more detailed techniques, such as the ones used in [8–12], simulate masonry behaviour
at a micro-scale, the computational cost limits at present still either the size of the model
analysed or the number of simulations. For the simulations in this paper, we chose to use
the equivalent frame model approach, which we consider a good compromise between
level of detail and computational cost if a large number of analyses are performed [13].
It is also a modelling approach that is widely used in engineering practice, making our
findings highly applicable [14]. In equivalent frame models, building facades are idealised
as frames consisting of vertical pier elements, horizontal spandrel elements, and nodes
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[13,15]. This frame idealisation is applicable to buildings with a relatively regular opening
layout, such as the layout of many residential masonry buildings [16–18].

In equivalent frame models, the response of individual piers and spandrels is captured
through macro-elements, which phenomenologically reproduce the force-displacement
response of the piers and spandrels. A number of such macro-element models have been
proposed for unreinforced masonry elements [15,20–33]; a recent review is included in [14].
The simplicity of this modelling approach allows multiple static and dynamic analyses
to be performed in a short time, and a large number of performed analyses can address
aleatory and epistemic uncertainties [13,34–37]. However, because all but the most recent
macro-elements for unreinforced masonry elements [38] capture only the in-plane and not
the out-of-plane response, equivalent frame model analyses were restricted to the global
response.

Timber floors and their wall-to-diaphragm connections affect the global response of un-
reinforced masonry buildings and the formation of local out-of-plane failure modes [1,2,39].
Solarino et al. [40] reviewed wall-to-diaphragm connections common in unreinforced ma-
sonry buildings as well as classical and innovative strengthening solutions. The effect
of timber floors and their wall-to-diaphragm connections has been investigated exper-
imentally by several research groups through large-scale shake table tests on masonry
buildings [41–55]. Other studies numerically investigated the effect of diaphragm stiffness
on the global nonlinear seismic response of unreinforced masonry buildings by modelling
the diaphragms as elastic membranes and using equal DOF (Degree of Freedom) con-
straints for the wall-to-diaphragm connection [56–62]. Recent works by Mirra [63] and
Trutalli et al. [64] proposed modelling timber floors by an assemblage of elastic truss
elements and nonlinear springs, which are assigned as a uniaxial material using Pinching4
of OpenSEES [65] that represents a ’pinched’ load-deformation response and degrades
under cyclic loading. The necessary parameters for obtaining an accurate pinching cycle
were then calibrated against experimental results.

The effect of the quality of the wall-to-diaphragm connection on the seismic response
of vernacular masonry buildings was addressed by Ortega et al. through an investiga-
tion of the influence of several floor parameters, including the diaphragm stiffness, the
beam stiffness and the wall-to-diaphragm and wall-to-beam connections [66]. The ma-
sonry was modelled using solid 3D elements and an isotropic total strain rotating crack
model. Because this method is computationally expensive, pushover analyses rather than
time-history analyses were carried out. The wall-to-beam connections were modelled by
imposing equal DOF conditions in combination with different embedment lengths for
the beams, and the wall-to-diaphragm connections were modelled either with equal DOF
conditions or without any connection. The friction connection was therefore idealised as
either infinitely strong or non-existent. The results showed that if a proper connection was
lacking, a stiffened diaphragm did not have the expected benefits. First equivalent frame
models that used the macro-element by Vanin et al. [38] showed that this new formulation
can capture out-of-plane mechanisms of single walls and parts of buildings that involve
one-way bending of single elements [67]. Common post-earthquake, out-of-plane damage
patterns, such as those shown in Figure 1 illustrate the necessity of correctly modelling this
phenomenon.
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Figure 1. Examples of out-of-plane damage patterns from L’Aquila 2009 earthquake: (a) Out-of-plane
mechanism in long walls. (b) Global overturning of external walls. (c) Overturning due to the lack
of anchorage between walls and horizontal diaphragms. (d) Corner out-of-plane mechanism [66].
(Sources: Dr. Javier Ortega, Prof. Hugo Rodrigues)

The objectives of this paper are to show that the latest equivalent frame modelling
approach can be used for studying the effects of diaphragm stiffness and wall-to-diaphragm
connections and to highlight the importance of explicitly modelling the wall-to-diaphragm
connection. More specifically, we make the following two contributions:

• Equivalent frame model for Building 1 of the Pavia test series on stone masonry
buildings [47,48]: This test series comprised uni-directional shake-table tests on three
stone masonry buildings. Building 1 had a weak diaphragm and wall-to-diaphragm
connections that relied only on friction between beams and walls. It developed
significant nonlinear in-plane deformations but eventually succumbed to out-of-plane
failure. Building 1 has not yet been modelled by an equivalent frame approach, so we
close this gap by developing an equivalent frame model for Building 1 and validating it
against the experimental results. Buildings 2 and 3 had strengthened diaphragms and
wall-to-diaphragm connections. They did not develop any out-of-plane mechanisms
and their in-plane response was modelled successfully by Penna et al. [68] using
Tremuri [27] and the macro-element by Penna et al. [28].

• Interplay between diaphragm stiffness and unstrengthened wall-to-diaphragm con-
nections: We model the unstrengthened wall-to-diaphragm connection of Building 1
and analyse various configurations using a nonlinear spring with a force capacity that
is limited by Coulomb friction. We confirm the finding by Ortega et al. [66] that when
a proper connection is lacking, a stiffened diaphragm lacks its beneficial effects. By
modelling the connection through a friction connection rather than as fully connected
(equal DOF) or disconnected, we show that there is a threshold PGA (Peak Ground
Acceleration) value for which the wall-to-diaphragm connections start to slide. For
higher PGA values, stiffened diaphragms lose their beneficial effect.

In this paper, we first outline our modelling strategy for unreinforced masonry build-
ings (Section 2) and establish the equivalent frame model for Building 1 (Section 3). We
compare the results of the analyses to the experimental results. We then simulate three
simple strengthening interventions that highlight the interplay of diaphragm stiffness
and wall-to-diaphragm connection strength (Section 4). Based on these simulations, we
formulate recommendations for modelling timber slabs in unreinforced masonry buildings
in the final section (Section 5). Finally, we conclude as much as these case studies permit
on the effect of the retrofit techniques on the seismic response of unreinforced masonry
buildings and formulate future research needs regarding the modelling of timber slabs in
equivalent frame models.

2. Equivalent Frame Models for Unreinforced Masonry Buildings with Timber Slabs

Here, we describe the equivalent frame model that we adopted for simulating the
seismic behaviour of stone masonry building with timber floors. As our goal is to investi-
gate the role of the timber diaphragm and wall-to-diaphragm connection on the seismic
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response of unreinforced masonry buildings, we discuss modelling assumptions with
regard to these two points in particular detail.

2.1. A Macro-Element for Modelling the in-Plane and out-of-Plane Response of Unreinforced
Masonry Piers and Spandrels

In this study, we use the newly developed macro-element by Vanin et al. [38], which
is implemented in OpenSEES [65]. It is the first macro-element for equivalent frame
models that can capture the in-plane and out-of-plane behaviour of piers and spandrels
by modelling each as a three-node element in three-dimensional space (Figure 2). The
element is formulated as a system of two panels, deformable only in shear, rotating around
three end sections and where flexural deformations are lumped. The exact equilibrium
is ensured at all sections in the deformed configuration using an approximated P − ∆
formulation. The in-plane response of this macro-element is based on the formulation by
Penna et al. [28].

Figure 2. Macro-element by Vanin et al. [38]: deformation modes.

With this approach, the in-plane flexural and shear failures and the out-of-plane
overturning of the panel can be modelled [38]. The shear model depends explicitly on
the axial load applied to the section. The shear strength of the panel is defined by a
Mohr-Coulomb failure criterion imposed by a damage-plasticity model describing residual
displacements, stiffness degradation, and post-peak strength degradation. The flexural
response, both in-plane and out-of-plane, depends directly on the applied section model.
In the following, an analytical section model is used, assuming a material without tensile
strength and with limited compressive strength with no post-peak degradation. When
large lateral displacements are attained, in-plane failure of the panel is imposed.

2.2. Modelling Assumptions for Masonry Walls and Wall-to-Wall Connections

The strength of the wall-to-wall connection depends on the material properties and
the level of interlocking in the corners, which also depends on the skills of the builders and
modifications of the structure in its lifetime. We model masonry wall-to-wall connections in
the equivalent frame model using a 1D material model that is linear elastic in compression
with no crushing and with finite tensile strength with exponential softening [38], shown in
Figure 3. The strength of the connections is calculated according to [69].
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Figure 3. Equivalent frame model of wall-to-wall interface [67].

2.3. Modelling Assumptions for Timber Floors

In equivalent frame models, floors are usually modelled by elastic membrane elements
with perfect connections between the floors and walls [14,27,28,49,67,68]. Such simplified
assumptions are justified if the main goal is to describe the force redistribution and the
floor-provided coupling of the response between different façades. However, if out-of-
plane failure modes that span more than one floor are to be captured, the nonlinear in-plane
response of the floor needs to be modelled. Since, in general, little distributed damage is
observed on timber floors in post-earthquake surveys, concentrating the non-linearity in
the connection between floors and walls is a reasonable approach [67]. The floor diaphragm
is therefore modelled as linear elastic orthotropic membrane with a larger axial stiffness
in the direction of the beams and a lower axial stiffness in the direction orthogonal to the
beams [70,71]. To do this, estimates of timber floor properties are needed to describe the
in-plane axial stiffness in both directions as well as the shear stiffness.

The diaphragm axial stiffness in the strong and weak direction of the timber floor is
based on the timber stiffness both parallel and perpendicular to the grain. The diaphragm
shear stiffness is computed according to the approach by Brignola et al. [70,71]. This shear
stiffness, which is given in Equation (1), accounts for the (i) rigid rotation of the planks due
to the slip of nails; (ii) flexural deformation of timber planks; and (iii) shear deformation of
timber planks.

Geq = χ/A(l/(ksers2
n) + χ/(GA) + l2/(12EI))−1, (1)

where χ is the shear correction factor (normally 5/6 for the rectangular cross-section), A is
the area of a single plank section, l is the distance between the nail pairs on the opposite
sides of a plank, kser is the nail stiffness per shear plane per fastener provided by codes [72],
sn is the nails spacing, G is the shear modulus of timber planks, E is the flexural modulus
parallel to the grains of timber planks, and I is the moment of inertia of the plank section.
The nail stiffness is calculated according to EC 1995-1-1-2004 [72] using the equation:

kser = ρ1.5
m d0.8/30, (2)

where ρm is the nail density in kg/m3 and d is the nail diameter in mm. The value of kser is
then in N/mm [72].

To model the increase in floor stiffness when an additional layer of timber planks is
added as retrofit measure, the thickness and the equivalent shear stiffness are increased.
The thickness of the retrofitted diaphragm corresponds to the thickness of the original
planks plus the thickness of the new planks. The nails that are needed to fix the additional
planks on the original planks increase the shear stiffness. Therefore, for the retrofitted
configuration, we rewrite the equation as:

Geq = χ/A(l/(4ksers2
n) + χ/(GA) + l2/(12EI))−1. (3)

2.4. Modelling Assumptions for Wall-to-Diaphragm Connections

As outlined in the introduction, we model the limited force capacity of this connection
explicitly for the unstrengthened wall-to-diaphragm connection, meaning when the force
transfer from the floor to the wall relies on a Coulomb friction mechanism [73]. The values
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for the friction coefficient were derived from a series of friction tests between both timber
and timber and timber and mortar [73]. As shown in Figure 4, we model this connection
by a nonlinear spring, coupling axial and shear force. The model allows for loading in
the positive direction through sliding (beam pulled off the support) and in the negative
direction through pounding (beam pounding against the wall).

Wall-to-diaphragm connections are typically reinforced by anchoring the floor beam
to the wall [40], which can make a rather stiff wall-to-diaphragm connection [74,75]. For the
purpose of this study, these retrofitted connections are therefore assumed as infinitely stiff
and strong and are modelled with the EqualDOF command in OpenSEES, which constructs
a multi-point constraint between nodes [67]. In the future, additional simulations with a
limited anchor capacity could be envisaged. First strength models for the anchor capacity
in stone masonry and numerical simulations of the anchors were put forward by several
groups [74,76,77].

Figure 4. Equivalent frame model of wall-to-diaphragm connection [38].

2.5. Damping Model for Dynamic Analyses

Here, we conduct nonlinear time-history simulations using the equivalent frame
model. Vanin et al. [78] showed that the overdamping that occurs with the classical
Rayleigh damping model becomes especially relevant for out-of-plane behaviour. To
avoid both the overdamping attributed to initial-stiffness proportional damping and the
numerical problems stemming from tangential-stiffness proportional damping, we used
the newly developed secant-stiffness proportional damping model in this study [78].
The secant-stiffness proportional damping model defines a correction term for the initial
stiffness-matrix proportional damping in the classical Rayleigh damping matrix, thus
approximating the secant-stiffness proportional damping model. This correction term
is updated at each converged analysis step. The use of secant-stiffness proportional
damping simulates out-of-plane rocking with acceptable accuracy when compared to the
experimental data and classical rocking formulations, such as those of Housner et al. [79],
and experimental evidence [78].

3. Case-Study Building

The case-study building is Building 1 of an experimental campaign by Magenes et
al. comprising a full-scale unretrofitted stone masonry building (Pavia Building 1) and
two retrofitted configurations of the same building (Pavia Building 2 and 3) [47–49]. The
building was tested on the shake table at the EUCENTRE, Pavia, Italy. As outlined in the
introduction, the two retrofitted configurations have already been successfully modelled
by Penna et al. [68]. In this paper, we model Building 1, which developed significant
in-plane deformations and then an out-of-plane failure mode. We directly base this model
on the equivalent frame models of Buildings 2 and 3 by Penna et al., modified so the new
equivalent frame model can capture the out-of-plane response developed by Building 1. In
the following, we describe the unretrofitted building as well as the obtained experimental
and numerical input data and the seismic record.
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3.1. Experimental Campaign

The Pavia Building 1 [47], shown in Figure 5, is representative of an existing stone
masonry building without any aseismic detailing. The building was 5.8 m long and 4.4 m
wide. It had two storeys and a roof; the total height from the base to the top of the gable
was 6.0 m. The walls were 32–cm-thick double-leaf stone masonry, without throughstones
except in the corners and in the vicinity of openings. Two leaves of undressed stones were
simply built adjacent to each other with smaller stones and mortar filling the irregular gaps.
The four facades had different opening layouts such that some rotation in the building was
expected. It is therefore a suitable case study of the effects of the floor diaphragms and
wall-to-diaphragm connections on the seismic response.

Figure 5. Drawings of Pavia Building 1 with the positions of accelerometers: (a) West wall. (b) East
wall. (c) North wall. (d) South wall [47].

The floor was composed of timber beams that were 12 cm wide and 16 cm thick
with planks that were 30 mm thick simply nailed on top of the beam [47]. The roof was
composed of a 20 cm × 32 cm ridge beam, two 32 cm × 12 cm spreader beams and 8 cm ×
12 cm purlins. The 30–mm-thick roof planks were again simply nailed on top of the purlins.
The details of the masonry walls, floors and connections are shown in Figure 6. Additional
masses were evenly distributed onto the floors, for a total amount of 3.2 tons.
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Figure 6. Building 1 details: (a) masonry wall. (b,c) timber floor. (d,e) timber roof [47–49,68].

3.2. Numerical Model

All three buildings had the same overall geometry, differing only with regard to the
floor and roof details. The previous model of Buildings 2 and 3 [68] included a sensitivity
study regarding the discretisation of the equivalent frame model. We built here on their
work and use the “MOD” discretisation, which they concluded to be the most appropriate
for capturing the force capacity and damage mechanism observed during testing. In
the “MOD” discretisation, the height of the piers was equal to the height of the adjacent
openings.

Our material parameters for masonry in the numerical model are based on those used
in the equivalent frame models for Buildings 2 and 3 [68], which were analysed using the
software Tremuri [27] with the macro-element by Penna et al. [28]. As outlined in Section 2,
we used the macro-element by Vanin et al. [38], which builds the in-plane response on the
macro-element by Penna et al. [28]. For this reason, the macro-element parameters were
based on the values used in the original modelling of Buildings 2 and 3 [68]. The chosen
set of material parameters for the macro-element simulating masonry piers and spandrels
is shown in Table 1. For each model, the modal properties were calculated first and then
the Rayleigh damping model parameters were computed such that the damping ratios at
the first and sixth mode corresponded to the damping ratio of this model. We built upon
the existing models by using the ability of the macro-element [38] to explicitly model the
out-of-plane behaviour. As shown in Tomić et al. [37], when the out-of-plane behaviour
is accounted for, the influence of non-linear connections can be highlighted. Therefore,
unlike the Tremuri model where the floors were assumed to be perfectly connected to
the walls and the stiffness was calibrated accordingly, here we explicitly model the non-
linear connections to base the stiffness of the floor diaphragm on material properties and
mechanical formulation. The OpenSEES Building 1 model is shown in Figure 7.

Table 1. Pavia Building 1: Material parameters assumed for masonry elements [68].

E (MPa) G (MPa) ρ (kg/m)3 fc (MPa) τ (MPa) µ

1900 300 2200 4.50 0.175 0.20

Floors and roofs were modelled as orthotropic membranes, with the parameters
calibrated according to Brignola et al. [70,71]. The floor-wall connection was modelled
using a frictional interface calibrated according to the experimental tests performed by
Almeida et al. [73]. The floor parameters and floor-wall connection parameters are sum-
marised in Table 2. E1 and E2 represent the membrane axial moduli in the strong and
weak direction, respectively, and G represents the shear modulus of the membrane. The
first row contains stiffness values that estimate the timber properties of Building 1. For
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evaluating the influence of the retrofitting strategies on the building response, a diaphragm
is first modelled considering a retrofit of an additional layer of planks and nails. Then, the
retrofitted floor-wall connection is modelled followed by the seismic performance of the
building for both retrofitting techniques applied simultaneously.

Figure 7. OpenSEES model of Pavia Building 1.: (a) View from the northwest corner. (b) View from
the northeast corner.

Table 2. Pavia Building 1: Material parameters of diaphragms and the wall-to-diaphragm connec-
tions.

E1
(GPa)

E2
(GPa)

G
(MPa)

t (m) µw−to−d

Unretrofitted 10 0.5 10.3 0.03 1.0

Diaphragms retrofitted 10 0.5 19.6 0.06 1.0

Wall-to-diaphragm connections retrofitted 10 0.5 10.3 0.03 fixed

Diaphragms and connections retrofitted 10 0.5 19.6 0.06 fixed

3.3. Seismic Excitation

In the experimental campaign, Building 1 was subjected to the east-west component
of the seismic record of the Montenegro 1979 earthquake at the Albatros station [47]. The
record was scaled to nominal PGAs (Peak Ground Accelerations) between 0.05–0.40 g, and
Building 1 was subjected to five runs of increasing intensities (Table 3). The actual applied
PGAs were between 0.07–0.63 g. The numerical simulations used the actual applied ground
motion as recorded during the test. To capture the damage evolution, we performed one
long analysis that comprised all five runs. In between runs, we included zero ground
acceleration records to again reach near zero building vibrations at the start of the next run.

Table 3. Building 1: Summary of shake-table runs [47].

Test Run Nominal PGA (g) Actual PGA (g)

1 0.05 0.07

2 0.10 0.14

3 0.20 0.31

4 0.30 0.50

5 0.40 0.63
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For the second part of the analyses where we studied the interplay of diaphragm-
and connection-strengthening interventions, incremental dynamic analyses (IDAs) were
performed. The applied ground motions comprised both horizontal components of the
Montenegro 1979 earthquake at the Albatros station, with the east-west component applied
in the x-direction and the north-south component in the y-direction. For these analyses,
we used the record as downloaded from Engineering Strong Motion Database [80]. The
acceleration records and the response spectra are shown in Figures 8 and 9, respectively.
More details on the IDAs are given in Section 4.2.

(a)

(b)
Figure 8. Processed acceleration time-histories of the Montenegro 1979 earthquake at the Albatros
station: (a) east-west direction. (b) north-south direction [80].

Figure 9. Acceleration response spectra of the Montenegro 1979 earthquake at the Albatros
station for 5% damping ratio [80] .

4. Numerical Results for the Case-Study Building

We started by validating the numerical model of the unretrofitted building against the
experimental data from the uni-directional shake table-test with regard to displacement
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demands and damage mechanisms. We analysed the four configurations of the case study
building, the original unretrofitted and three retrofitted configurations, with regard to the
differences in floor diaphragm and wall-to-diaphragm connections. These analyses were
performed using the bi-directional seismic excitation of the Montenegro 1979 record. The
run time for running a single model IDA analysis, consisting of 12 dynamic analyses, was
about 1 hour on an Intel Pentium i7 with 16 GB of RAM and a Nvidia Quadro P2000.

4.1. Model Validation

For each of the five runs, the experimental data set contained accelerations recorded
at 22 positions on the building and its foundation. To derive the displacements, we double-
integrated the signals and applied a band-pass filter before each integration. Because it
was difficult to choose the single best set of corner frequencies for the band-pass filter, we
chose several sets that all produced results that are in agreement with the video recording
of the test [81]. The corner frequencies of the band-pass filter were judged reasonable if the
maximum relative x-displacement between accelerometers F and T (Figure 5) was between
4–10 cm, which was the maximum sliding displacement estimated from the video of the
test [81]. Based on this check, we chose two sets of corner frequencies (wide band: 0.5–450
Hz, narrow band: 1–40 Hz) and assume that the so-obtained displacements are the bounds
of likely displacements. The numerical prediction was compared to the experimental
results in terms of the average displacement of three measurements: (i) the 2nd storey, (ii)
the stiff (east) facade of the 2nd storey, and (iii) the soft (west) facade of the 2nd storey. All
displacements are in the x-direction.

The only model parameter that was calibrated was the damping ratio. To do this, we
tested damping ratios between 1 and 5%, and the best fit was obtained for a damping ratio
of 2.5%. As outlined in Section 2, we chose a secant-stiffness proportional damping model.
Figure 10 compares the maximum displacement values per run. The predicted maximum
values of the average displacement of the 2nd storey (∆max) lay within the bounds of the
derived experimental values for almost all levels of excitation; the match is therefore very
good. The model tended to underestimate the displacements of the stiff facade (∆max,sti f f ),
while the displacements of the soft facade (∆max,so f t) were well predicted, except for the
last run, for which the model overestimated the displacement demand.
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Figure 10. Comparison of experimental and numerical maximum displacements at each run.

The out-of-plane displacements of the gables were not measured during the test, but
they can be observed via recorded videos [81–83] and the mechanism that developed during
the final run (nominal PGA of 0.4 g) is sketched in [48]: (i) The north facade containing the
opening developed an out-of-plane mechanism that involved the 2nd storey and gable wall
of the facade as well as the adjacent pier and spandrel of the 2nd storey of the west facade.
This part of the building rotated around the bottom of the 2nd storey (line A-B in Figure 5);
(ii) The out-of-plane mechanism of the south facade involved only the gable wall, i.e., the
gable rotated around its base (line G-H in Figure 5). The numerical model replicated the
dominant out-of-plane behaviour of both out-of-plane facades, as shown in Figure 11.
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(a)

(b)
Figure 11. Out-of-plane behaviour (magnification factor ×10): (a) North facade-out-of-plane dis-
placement involving the 2nd storey piers and the gable. (b) South facade-out-of-plane displacement
involving only the gable.

4.2. Modelling Retrofitting Interventions

Once the model of the unretrofitted configuration was validated, it was used to model
the following unretrofitted and three retrofitted scenarios:

• Unretrofitted (diaphragm and wall-to-diaphragm connection unretrofitted): This
corresponds to the configuration of Building 1.

• Diaphragm retrofitted: The diaphragm stiffness was increased to reflect the effect of
an additional layer of planks (Table 2).

• Wall-to-diaphragm connections retrofitted: The wall-to-diaphragm connections were
modelled as infinitely stiff and strong using equal DOF constraints.

• Diaphragm and wall-to-diaphragm connections retrofitted: The two individual retrofitting
conditions were combined.

Each of the models was subjected to an IDA (Incremental Dynamic Analysis) using
the two horizontal components of the Montenegro 1979 record [80] (see Section 3), with the
east-west component in the x-direction and the north-south component in the y-direction.
The record was scaled—for the east-west direction, the starting PGA of 0.0525 g was
increased in increments of 0.0525 g until a PGA of 0.63 g was reached (the effective PGA
applied in the final run of the shake table test [Table 3]). For the north-south direction, the
starting PGA of 0.043 g was increased in increments of 0.043 g until a PGA of 0.516 g was
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reached. Figure 12 shows the IDA curves for the x- and y-direction. The IDA curves are
plotted as PGA vs. the absolute maximum value of the mean 2nd storey displacement.
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Figure 12. IDA curves for the four configurations in terms of PGA vs. the absolute maximum values
of average 2nd storey displacement: (a) in the x-direction (b) in the y-direction.

The IDA curves for the x-direction show that for PGA values below a threshold
value (here 0.4725 g), retrofitting the diaphragm reduced the displacements, as the sliding
displacements of the diaphragm-wall connections were still small. Therefore, the increased
shear stiffness of the retrofitted diaphragm proves effective. However, when the PGA rose
above the threshold value, the capacity of the wall-to-diaphragm connection became the
weak link, and significant sliding displacements occurred between the floor and wall. Then,
in the two models with unretrofitted wall-to-diaphragm connections, sliding occurred
at those connections, which drastically increased the mean 2nd storey displacement to
produce a kink in the PGA-displacement curve. This means that the force transferred
by the diaphragm is limited by the wall-to-diaphragm connections, and therefore, the
beneficial effect of retrofitting the diaphragm is reduced. In fact, for PGAs larger than
0.45 g, the mean 2nd storey displacement of the original unretrofitted configuration and the
configuration with only the diaphragm retrofitted were almost equal. Conversely, models
with retrofitted connections make use of the full stiffness of the diaphragm.
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The difference in the y-direction was significantly lower. This was partly due to
the lack of significant out-of-plane behaviour in the y-direction for any of the modelling
approaches in comparison with the out-of-plane displacements of the gables in the x-
direction. The reduced impact of the shear stiffness on the redistribution of the loads
between the in-plane walls also lowered the overall difference in the y-direction.

The effect of the retrofitting solutions was also visible when observing the deformed
shapes, which are shown in Figure 13 for a PGA of 0.58 g. The unretrofitted and diaphragm-
only retrofitted models showed a significant out-of-plane displacement of the gable walls.
The in-plane deformation of the soft facade (west facade) was slightly lower for the di-
aphragm retrofitted model than for the unretrofitted model, but a larger effect was pre-
vented by the limited force capacity of the wall-to-diaphragm connections. Otherwise,
the two models with retrofitted connections did not show any significant out-of-plane
displacements, which are successfully prevented by the rigid connections. The rigid con-
nections fully exploit the beneficial effect of the increased shear stiffness of the retrofitted
diaphragm, leading to lower displacements and drifts when compared to the model with
only the connections retrofitted.

(a)

(b)

Figure 13. Cont.
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(c)

(d)
Figure 13. Deformed shapes and maximum element drifts in flexure and shear (magnification factor
×10): (a) Unretrofitted. (b) Diaphragms retrofitted. (c) Connections retrofitted. (d) Both retrofitted.

4.3. Force Demand on the Wall-to-Diaphragm Connections

The analyses showed that retrofitting wall-to-diaphragm connections significantly
impacts the behaviour of the case-study building, shifting the failure mode from out-
of-plane to in-plane. However, to ensure the behaviour as predicted by the model, the
necessary pre-condition is that the wall-to-diaphragm connection must be reinforced by
anchors able to sustain the force demand. The EqualDOF command, which was initially
used to model the wall-to-diaphragm connections retrofitted by anchors (Section 2), did
not provide the force transmitted by this connection. Therefore, to measure this force
demand in another set of analyses, this connection was also modelled using very stiff
elastic elements. The impact on the results was negligible, and the maximum tensile force
demands on the wall-to-diaphragm connections for the example of PGA of 0.63 g are given
in Table 4.

Table 4. Maximum tensile force demands on the anchors of the first storey, second storey, and gable
of the model with connections retrofitted for the PGA of 0.63 g.

Position Unit Maximum Tensile Force

First floor (kN/m) 20.58

Second floor (kN/m) 7.56

Gable (kN) 37.09

For the first storey, the largest tensile force demand of 20.58 kN/m was recorded for
the anchors. This value was obtained by dividing the sum of the recorded tensile forces in
the anchors with the length of the facade to obtain a value more practical for the design
of the retrofitting intervention. For the second storey, the largest tensile force demand
anchoring the roof to the wall was 7.56 kN/m. For the gable, the largest tensile force
demand of 37.09 kN was recorded and reported here as a concentrated force, as a single
anchor pair is assumed to anchor the ridge beam to the gable wall.

Ciocci et al. [75] tested the pull-out capacity of injection anchors in masonry of a
similar typology to the case-study building. The anchor configurations each consisted
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of two horizontal anchors that failed at the cone. The test showed a direct relationship
between the pull-out capacity and the overburden stress. For a very low overburden stress,
such as the one acting on the roof-wall connection, the mean capacity of such a pair of
anchors was approximately 30 kN; meaning that even for a very low overburden stress, the
tested anchor design would achieve the assumed behaviour in the case-study building with
a reasonable number of anchors per meter. Due to the possible high local concentration
of force in the anchor pair, special attention should be paid to the anchorage of the ridge
beam into the gable wall.

5. Conclusions

In this paper, we validated an equivalent frame model for unreinforced masonry
buildings with unstrengthened timber floors and diaphragm-wall connections. This equiv-
alent frame model completes the suite of models covering the full range of diaphragm and
connection details found in unstrengthened and strengthened configurations of historical
stone masonry buildings. Building configurations with strengthened floor diaphragms and
wall-to-diaphragm connections had already been successfully modelled and validated by
Penna et al. [68]. Modelling the unstrengthened configuration required three modifications:
First, the new macro-element by Vanin et al. [38] captured in-plane and out-of-plane failure
modes of piers and spandrels. Second, the wall-to-wall and wall-to-diaphragm connec-
tions were modelled with infinite stiffness but limited strength using nonlinear springs.
Third, a new secant-damping model prevented the overdamping of rocking motions that is
frequently observed for initial-stiffness proportional damping [78]. These changes allowed
us to capture next-to-inelastic, in-plane deformations and large, nonlinear, out-of-plane
displacements. The modelling approach was validated against the results of the Pavia
Building 1 shake test [47].

In a second step, we investigated the influence of strengthening interventions on the
global behaviour and local failure modes of the building under earthquake loading. The
following modelling assumptions were made with regard to diaphragms and diaphragm-
wall connections in their unstrengthened and strengthened configuration:

• In its unstrengthened configuration, the diaphragm consists of timber beams and a
single layer of planks nailed to the timber beams. The diaphragm is modelled as
an orthotropic elastic membrane. The properties of this membrane are determined
according to Brignola et al. [70].

• The diaphragm is retrofitted by adding a layer of planks at a right angle to the first
layer of planks. The increase in stiffness of the diaphragm is again calculated using the
formulae provided in [70], with a slight modification to account for the deformation
of the additional set of nails (Equation (3)).

• The wall-to-diaphragm connection in its unstrengthened configuration transfers
loads only via friction. Representative friction coefficients were determined by
Almeida et al. [73]. In finite element models of configurations with unstrengthened
wall-to-diaphragm connections, the connection was modelled as rigid until the friction
force was attained and sliding occurred.

• It was assumed that the wall-to-diaphragm connection was retrofitted by injection
anchors that are relatively stiff until the peak force is attained. For this reason, they
were modelled as infinitely rigid with infinite force capacity. Using the force capacities
attained, it was computed how many anchors would be necessary to transfer the
forces between the diaphragm and wall, which were recorded for the numerical
model. Reasonable numbers were attained.

The effect of the two retrofit interventions (strengthening of floor diaphragms and of
wall-to-diaphragm connections) was investigated by simulating virtual retrofit measures
for Pavia Building 1. For this case-study building, strengthening the diaphragm alone
only had an effect up to a threshold value of the PGA, where the capacity of the frictional
wall-to-diaphragm connection was exceeded. For larger PGA levels, the seismic response
of the building could only be improved if the wall-to-diaphragm connections were strength-
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ened. Retrofitted wall-to-diaphragm connections increased the capacity because the failure
mode changed from out-of-plane to in-plane. When the wall-to-diaphragm connections
were retrofitted, also retrofitting the diaphragm improved the PGA values beyond the
threshold value because this prevented sliding of the wall-to-diaphragm connections. Here,
retrofitting the diaphragm led to smaller average peak displacements in comparison to the
model where only the connections, but not the diaphragm, were retrofitted.

These observations lead to two conclusions: (i) When designing a retrofitting inter-
vention, increasing the shear stiffness of a diaphragm can produce a more favourable
response for lower PGA levels but will only negligibly affect the limit states closer to
collapse when the wall-to-diaphragm connection becomes the weak link; and (ii) When
modelling unreinforced masonry buildings using the equivalent frame approach, it is
necessary to explicitly model the wall-to-diaphragm connection, as simplification to a
perfect connection might lead to an unrealistic box-type behaviour. This is particularly
important if the equivalent frame model should capture both global in-plane as well as
local out-of-plane failure modes.

In addition to further validations of this modelling approach against large-scale
experimental results, future work should address the nonlinear response of retrofitted
wall-to-diaphragm connections and the non-linear response of diaphragms.
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