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Abstract: Reinforced concrete (RC) frame buildings with masonry infills represent one of the
most common structural typologies worldwide. Although, in the past, masonry infills were
frequently considered as non-structural elements and their interaction with the structure was
neglected, earthquakes occurring over the last decades have demonstrated the important role of these
elements in the seismic response of all RC-infilled building typologies. In this regard, the selection
of the most suitable numerical modelling approaches to reproduce the hysteretic response of the
masonry infills—and their interaction with the RC frames—is still an open issue. To deal with this
issue, in this study, a macro-classification based on different available databases of experimental
tests on infilled RC frames, is firstly proposed to understand the variability in the infill properties
and the corresponding numerical modelling uncertainties. Five masonry infill types are selected
as representative for the typical existing configurations in Italy and other Mediterranean countries.
Three of those masonry infill types are then selected to carry out a more detailed analysis, namely
their numerical modelling validation using experimental testing results, considering and comparing
the main formulations available in the literature for the definition of the hysteretic behaviour of infills.
From such a comparison, the model that minimizes the prediction error, according to specific features
of the selected masonry infill, is identified for each masonry infill type.

Keywords: numerical modelling validation; RC infilled frames; masonry infill variability;
modelling uncertainty

1. Introduction

A relevant portion of the existing buildings in Italy and other Mediterranean countries is constituted
by reinforced concrete (RC) buildings with masonry infills, not designed according to modern seismic
codes. The current state of practice for the design of these buildings generally does not consider the
influence of masonry infills, which are rather treated as non-structural elements with the only scope
of providing thermal insulation from the outdoors. By contrast, earthquakes that occurred over the
last decades and post-earthquake survey damage assessment reports [1] showed the relevant role
played by masonry infills in the global and local building response. Extensive damage and collapse
of masonry infills led to significant economic and human losses, which are often worsened by the
fact that poor seismic detailing may frequently be found in existing RC buildings. About 80% of the
earthquake-related losses in this type of buildings are the consequence of damage to the masonry
infills [2]. As such, the frame-infill interaction should not be neglected, given that the masonry
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infills significantly affect the dynamic response of the building both in the linear and nonlinear range.
A significant increase of the seismic demand at which the buildings start to become unstable can
be observed due to the period shortening related to the presence of the masonry infills [3]. At the
same time, the modification in the inelasticity spreading might lead to brittle failure mechanisms.
Many efforts have been made in the last years to better understand both the behaviour of masonry infill
panels when subjected to earthquakes and their interaction with the surrounding RC frame. Extensive
experimental tests, both in-plane (IP) [4–7] and out-of-plane (OOP) [8–12], investigated the cyclic
hysteretic response of masonry infilled RC frames. Most of the experimental results are collected in
databases aimed at providing performance parameters to account for the masonry infills in the seismic
design and performance assessment [13,14]. Many researchers proposed analytical methods—generally
based on the results of single experimental testing campaigns—to provide approaches for the numerical
modelling of the masonry infills [15–17]. However, each approach has been validated for a specific
case and/or frame-infill system, thus implying that, at the moment, there is no consensus on a unified
and reliable approach for the design of fully- or partially-infilled RC frames. This is partly due
to—(i) the uncertainties and variability inherently related to the frame, infills and infilled frame as
a system and mostly to (ii) the lack of comprehensive cross-validation modelling efforts. Based on
these considerations, further research is still required to provide exhaustive indications to account for
the response of the masonry infills both in the design and assessment of RC buildings. In this sense,
starting from an extensive literature review, fully described in Section 3, this paper contributes to
addressing such an issue, through a series of analytical simulations, to define a comprehensive number
of masonry infill typologies that can be generally found in the Italian/European context and develop
reliable numerical models to be implemented in performance assessment of infilled frames both at
single and regional scale.

2. Research Methodology

Numerous analytical models have been proposed over the last decades for the prediction of the
lateral response of masonry-infilled RC frames. All of these models are generally developed and
calibrated using the results of a specific set of experimental pseudostatic tests. However, the specimens
of each experimental campaign are generally characterised by specific features that render them
rarely comparable. This leads to significant issues with the choice of the most appropriate analytical
models to be used for the design and assessment of masonry-infilled RC buildings, with non-negligible
implications, particularly for large-scale simulation research questions. For instance, De Risi et al. [14]
investigated the effectiveness of two largely adopted analytical models [18,19] in predicting the test
results from a database colleting many experimental campaigns on masonry-infilled RC frames.
Their study pointed out that the prediction capability of the two analytical models, in terms of backbone
curves, is significantly affected by the configuration of holes in the masonry bricks [14]. This is only
one example of the multiple sources of variability and consequent uncertainty that can affect the choice
of the analytical models for nonlinear analysis; other examples are the mechanical properties of the
masonry panels, the presence of openings and the observed failure modes, just to name a few.

A possible approach to overcome the inconsistency in selecting a unique analytical model
for seismic performance assessment of masonry-infilled RC buildings, both at single and regional
scale, consists in the development of a masonry infill taxonomy. For each masonry infill typology,
the corresponding analytical model or models, that best reproduce the structural response obtained
by experimental testing should be identified. This approach was followed in the present study to
define a comprehensive number of masonry infill typologies, generally found in the Italian/European
context and to develop reliable numerical models to be implemented in the performance assessment
both at single and regional scale. The points briefly discussed below summarise the adopted research
methodology (Figure 1):

1. Classify the typologies of masonry infills representative of the typical configurations adopted
in Italy and other Mediterranean countries based on experimental data. The results of in-plane
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pseudostatic cyclic tests, carried out on single-storey and single-bay masonry-infilled RC
frames, with and without openings, are analysed to identify the most common configurations.
The masonry infill typologies are defined based on the masonry infills strength; this parameter
was found to be the most suitable for future analytical applications on the seismic performance
assessment of masonry infilled RC building portfolios accounting for infill variability [20];

2. Define the most accurate numerical modelling approach to simulate the experimental lateral
response of masonry-infilled RC frames. If the frames are not designed according to modern
seismic provisions, then the numerical modelling should also be able to account for the typical
phenomena observed in existing buildings, such as material and geometrical nonlinearity,
bar slippage, joint flexibility, behaviour of poorly detailed and non-ductile RC frame members,
among others;

3. The main parameters affecting the numerical modelling of masonry infills are investigated.
The hysteretic behaviour of the masonry infill panel depends on several parameters, such as the
strut width, reduction coefficient to account for the presence of openings, failure mechanism model
or formulations to define the backbone curve. For each of these parameters, the main formulations
available in the literature are analysed to undertake parametric static pushover analysis;

4. In order to define the most reliable numerical modelling approach, for each masonry infill typology
identified in point 1, a set of parametric static pushover analyses are carried out combining all the
formulations defined in point 3. The comparison is then performed in terms of capacity curves.
In specific, given a selected backbone curve, different models could be employed to predict the
failure mechanism and strut width; hence, for each of the selected strength models, the impact
and accuracy of all the strut width equations is investigated and the same procedure is repeated
for all the parameters investigated;

5. Finally, once the most accurate numerical model is identified, cyclic pushover analysis (according to
the loading protocol used for the corresponding testing) is performed to investigate the
effectiveness of the proposed numerical models, when it comes to predicting the hysteretic
response of the masonry infilled RC frames.
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3. Numerical Modelling and Structural Response of Masonry Infills

An extensive literature review of the numerical modelling techniques commonly adopted
to simulate the seismic response of masonry-infilled RC frames points to a distinction between
two macro-categories: local or micro-models [21–25] and simplified or macro-models [15,26–30].
The micro-modelling approaches allows analysts to account for the local effects and to define
the crack patterns, ultimate load and collapse mechanisms. However, these models require the
calibration of a large number of parameters and high computational resources. For this reason,
micro-modelling approaches are generally used only for specific research scopes, targeting specific
objectives. Additionally, the micro-modelling approaches can be further classified by distinguishing
between simplified and detailed. In the simplified case, the brick units are represented by continuum
finite elements with the brick–mortar interface and the mortar properties being lumped into a unique
element; conversely, in the detailed micro-modelling, the brick units and the mortar are modelled by
continuum (smeared) elements and their interaction is represented by discontinuum interface elements.
The simplified or macro-modelling techniques allow the global behaviour of the masonry panels and
their influence in the building response to be reproduced. Nowadays, the equivalent strut models
represent the most used macro-modelling approach.

Given that the scope of this study is to provide reliable numerical models to be used both at
single and regional scale, the macro-modelling approaches, discussed more in detail in the next section,
are used. Interested readers are referred to Crisafulli et al. [15], Asteris et al. [16] and Asteris et al. [17]
for a comprehensive overview on finite element (FE) methods for infilled frames.

3.1. Macro-Modelling Approaches

Simplified or macro-models are mechanics-based modelling techniques developed by analysing
evidence from past earthquake events and experimental test results. Different numerical strategies can
be employed in macro-modelling techniques, ranging from simplified equivalent single strut models
to complex ones including multiple struts.

One of the first macro-modelling approaches used to account for the infill contribution to
the seismic response of RC buildings was proposed by Polyakov [31] (as reported by Klinger and
Bertero [32]) and implemented by Holmes [26] and Stafford Smith [33] in the 1960s. It consists in
adding two opposite diagonal struts to the RC frame (Figure 2a) and is largely adopted by engineers
and researchers, as also demonstrated by its implementation into seismic codes [34].
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However, as highlighted by Crisafulli [28], although the global behaviour of the masonry-infilled
RC frames is predicted quite well, single strut models are not able to account for the local interaction
between frame and infills, thereby inducing inaccuracy in the distribution of shear and moment
demand in the surrounding RC frame.

For the analysis of existing RC buildings, more than often characterized by poor seismic details
and non-ductile RC frame members, it might be more accurate to consider an off-diagonal macro-model
to simulate the possible shear failure mechanisms at the top of the columns. To accomplish this,
more complex macro-models were developed by using multiple diagonal struts. For instance, Leuchars
and Scrivener [35] proposed a model with two single struts and a shear spring, which is located at the
centre of the panel to reproduce the shear sliding failure of the panel. Furthermore, Chrysostomou
et al. [29] (Figure 2c) and El-Dakhakhni et al. [30] (Figure 2d) proposed a six-strut approach, foreseeing
three struts per direction, to accurately reproduce the local effects due to the frame-infill interaction.
It is worth mentioning that in case of multiple-strut approaches, different prescriptions regarding the
relative stiffness, the inclination and the contact length (length of the columns in contact with the infill
side during the horizontal deformation) are provided in literature and have to be adequately calibrated.
As regards the relative stiffness, in case of three struts, 50% and 25% of the total stiffness of the panel
are generally assumed for the central and off-diagonal struts, respectively. In case of two struts, if both
of the struts are off-diagonal, the relative stiffness is generally 50% of the total stiffness of the panel
(for each strut), whereas if just one is off-diagonal, the stiffness is generally set as 75% for the diagonal
strut and 25% for the off-diagonal one.

Crisafulli [28] developed a 4-node panel element in which the compressive and shear behaviour
were accounted for separately by using a double truss mechanism and a shear spring in each direction
(Figure 2e). The model is characterised by internal nodes and dummy nodes, spaced each other
as function of the contact length; only the internal nodes are connected to the beam-column joints,
which enables the subdivision of the column to be remedied and permits to reproduce the local effect
due to the frame-infill interaction more accurately. Finally, another simplified macro-model, which is an
upgrading of the equivalent bi-diagonal compression strut model, was proposed by Furtado et al. [27];
it consists of four rigid strut elements, which are connected to the beam-column joints and a central
element wherein the nonlinear behaviour is lumped (Figure 2f).

3.1.1. Approaches for Full-Height Solid Infill Panels

As mentioned above, Polyakov [31] pioneered the use of macro-models and suggested that an
equivalent diagonal bracing system could allow to consider the effect of infill panels. An equivalent
strut width needs to be defined within this numerical modelling framework. Based on the suggestion
by Polyakov, Holmes [26] proposed the first expression (Equation (1)) to calculate the width of the
equivalent diagonal strut:

bw

dw
= 0.33 (1)

where, bw and dw are the strut width and length, respectively.
In the same period, Stafford Smith [33] pointed out that the strut width is expected to vary between

0.10 and 0.25 times the diagonal length of the panel and later on proposed a formulation (Equation (2))
to estimate the relative panel-to-frame-stiffness parameter [32]:

λ =
4

√
Ewϑtw sin(2ϑ)

4EcIchw
(2)

where Ewϑ is the elastic modulus of masonry panel in the diagonal direction, tw is the thickness of
the infill panel, EcIc is the flexural stiffness of the columns of the surrounding frame, hw is the panel’s
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height and ϑ is the angle related with the aspect ratio of the panel (hw/Lw) and defined according to
Equation (3):

ϑ = tan−1
(

hw

Lw

)
(3)

where Lw is the length of infill panel. Higher values of ϑ indicate that the surrounding frame is less
stiff than the infill panel.

Later on, other researchers proposed different equations to calculate the equivalent strut width,
detailed in Table 1.

Mainstone [36] proposed two empirical expressions, Equations (4) and (5), based on analytical and
experimental tests on a series of infilled steel frames. Equation (5) is also employed in FEMA-306 [34].

bw

dw
= 0.16(λ h)−0.3 (4)

bw

dw
= 0.175(λ h)−0.4 (5)

Liauw and Kwan [37] proposed a semi-empirical expression (Equation (6)), based on tests of
infilled steel frames, to assess the equivalent strut width, assuming 25◦ ≤ ϑ ≤ 50◦.

bw

dw
=

0.95 sin(2ϑ)

2
√
λh

(6)

In Bertoldi et al. [18] the strut width (Equation (7)) is defined by means of two coefficients (K1 and
K2), which are defined as a function of λh.

bw

dw
=

K1

λh
+ K2;


K1 = 1.300, K2 = −0.178; i f λh < 3.14

K1 = 0.707, K2 = −0.010; i f 3.14 < λh < 7.85
K1 = 0.470, K2 = −0.040; i f λh > 7.85

 (7)

Decanini and Fantin [38] proposed two different sets of expressions (Equation (8)), depending
on the damage state of the considered infill panels (i.e., uncracked or cracked). The equations were
calibrated according to experimental tests on RC masonry infilled frames under lateral loading.

Uncracked :


(
0.085 + 0.748

λ

)
dw; i f λh ≤ 7.85(

0.130 + 0.393
λ

)
dw; i f λh > 7.85

Cracked :


(
0.010 + 0.707

λ

)
dw; i f λh ≤ 7.85(

0.040 + 0.470
λ

)
dw; i f λh > 7.85

 (8)

Another simple formulation (Equation (9)) was proposed by Paulay and Priestley [39].

bw

dw
= 0.25 (9)

It is noteworthy that the values provided by this equation, meant for the seismic design of
masonry-infilled frames, are in-between the lower-bound value proposed by Mainstone [36] and
the upper-bound one proposed by Holmes [26]. Furthermore, the value proposed by Paulay and
Priestley [39] corresponds to the upper bound value of the range proposed by Stafford Smith [33].

Papia et al. [40] proposed Equation (10) to calculate the strut width as a function of the Poisson’s
ratio (c, β), vertical load (k) and geometrical parameter (z):

bw

dw
=

kc

z(λ∗)β
(10)
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where, in particular, λ∗ is dimensionless, given by Equation (11), to estimate the relative
panel-to-frame-stiffness parameter.

λ∗ =
Ewϑtwh

EcAc

(
h2

L2 +
AcL
4Abh

)
(11)

All the parameters of the aforementioned equations are listed in Table 1.

3.1.2. Approaches for Infill Panels with Openings

The previously presented Equations are all related to full-height solid panels, however, the presence
of infills with openings is not unusual in many building layouts. With this in mind, several analytical,
numerical and experimental studies were undertaken in order to quantify the effect of openings on the
lateral stiffness and strength of partly infilled frame systems. In general, openings lead to a reduction
in the stiffness and strength of the masonry infilled frame system, depending on several parameters,
such as the size and position of the openings, the presence of lintels and reinforcements, among
others. Polyakov [31] tested eight infilled steel frames with openings of different dimensions observing
a reduction of the ultimate strength in the range of 23% to 76% with respect to the fully-infilled
counterparts. In Benjamin and Williams [41], the ultimate strength of a partly infilled frame including
a central opening with dimensions equal to 1/3 of the infill panel dimensions was about 55% of the
fully infilled one. To evaluate the shear strength in panels with openings, Imai and Miyamoto [42]
used the reduction coefficient in Equation (12):

rp = min
(
1− 0.01αl; 1− 0.1αa

0.5
)

(12)

where αl is 100 multiplied by the ratio between the length of the opening (lp) and the length of the panel
(Lw), expressed in percentage; αa is 100 multiplied by the ratio between the product of the opening’s
dimensions (lp·hp) and the product of the panel’s dimensions (Lw·hw), expressed in percentage.

Table 1. Formulations to evaluate the width of the strut and reduction coefficients of stiffness and
strength due to the presence of the openings.

Diagonal Infill Strut Width According to Different Models

Bertoldi et al. [18]

bw
dw

= K1
λh + K2

K1 = 1.300, K2 = −0.178; i f λh < 3.14
K1 = 0.707, K2 = −0.010; i f 3.14 < λh < 7.85

K1 = 0.470, K2 = −0.040; i f λh > 7.85


λ =

4
√

Ewϑtw sin(2ϑ)
4EcIchw

(Stafford Smith [33])
Ewϑ: elastic modulus of

masonry (inclined direction)
Ec: elastic modulus of concrete
Ic: elastic modulus of concrete

tw: thickness of the infill
bw: strut width of the infill

dw: diagonal length of the infill

Paulay and Priestley [39] bw
dw

= 0.25

Holmes [26] bw
dw

= 0.33

Liauw and Kwan [37] bw
dw

=
0.95 sin(2ϑ)

2
√
λh

Mainstone [36] bw
dw

= 0.175(λh)−0.4

Stafford Smith [33] 0.1 < bw
dw
< 0.25

Decanini and Fantin [38]

Uncracked:


(
0.085 + 0.748

λ

)
dw; i f λh ≤ 7.85(

0.130 + 0.393
λ

)
dw; i f λh > 7.85


Cracked:


(
0.010 + 0.707

λ

)
dw; i f λh ≤ 7.85(

0.040 + 0.470
λ

)
dw; i f λh > 7.85



Papia et al. [40]

bw
dw

= kc
z(λ∗)β

c, β: accounting for Poisson’s ratio
k: accounting for vertical load

z: geometrical parameter

λ∗ = Ewϑtwh
EcAc

(
h2

L2 +
AcL
4Abh

)
According to Papia et al. [40]

L: frame centreline span
h: centreline storey height.
Ac: column cross section
Ab: beam cross section

Reduction Coefficients of Stiffness and Strength due to the Presence of Openings

Dawe and Seah [45] rp = 1− 1.5αl
100 ; αl < 66%

αa = 100
lphp

Lwhw

αl = 100
lp
Lw

lp: opening length
hp: opening height

Lw: infill length
hw: infill height

Imai and Miyamoto [42] rp = min
(
1− 0.01αl; 1− 0.1αl

0.5
)

Tasnini and Mohebkhan [43] rp = 1− 2.238
(
αa

100

)
+ 1.49

(
αa

100

)2
; αa < 40%

Decanini et al. [46] rp = 0.55e(−0.035αa) + 0.44e(−0.025αl)

Asteris [44] rp = 1− 2
(
αa

100

)0.54
+

(
αa

100

)1.14
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Another expression (Equation (13)) was proposed by Tasnimi and Mohebkhah [43], who derived
it based on experimental tests on infilled steel frames:

rp = 1− 2.238
(
αa

100

)
+ 1.49

(
αa

100

)2
; αa < 40% (13)

Asteris [44] suggested another well-known formula (Equation (14)) to define the reduction
coefficient to be applied to the width of the diagonal strut.

rp = 1− 2
(
αa

100

)0.54
+

(
αa

100

)1.14
(14)

Equation (14) was obtained through a parametric study investigating the influence of the opening’s
position and dimension and its mathematical formulation is quite similar to the one by Tasnimi and
Mohebkhah [43].

The effect of an opening may be accounted for by means of a simplified approach based on the
work of Dawe and Seah [45], in which the reduction of stiffness and strength of the panel due to an
opening is taken into account through Equation (15):

rp = 1−
1.5αl
100

; αl < 66% (15)

More recently, the effect of openings was also investigated by Decanini et al. [46], in which a
novel reduction coefficient (Equation (16)) was proposed by means of about 150 experimental and
numerical tests.

rp = 0.55e(−0.035αa) + 0.44e(−0.025αl) (16)

Additional details on the reduction coefficients proposed in literature are summarized in Table 1.

3.1.3. Infill-Frame Contact Length

Due to the different lateral stiffness of the masonry infill panel and the RC surrounding frame,
at increasing lateral displacements a disconnection between the panel and the frame is observed except
for two opposite corner zones, which define the so called “contact length.” It is worth mentioning that
the contact length (z) has a significant effect in the distribution of shear and moment in the surrounding
frame, as reported in Reference [28]. Moreover, due to the contact length reduction under lateral
loading, as well as to the masonry infill cracking, the area of the struts decreases as a function of
the increment of the axial displacement in the strut. Under the assumption of constant modulus of
elasticity, this decrement is in the range of 20–50% due to cracking of the masonry. The model proposed
by Crisafulli [28] directly accounts for this phenomenon, given that the area of the strut varies as a
function of the axial displacement and considering a variable modulus, which decreases as the axial
compressive strain increases.

For what concerns the calibration of z, different approaches are available. Stafford Smith [33] made
use of experimental results for diagonally loaded steel frames pointing out that the contact length is
governed by the relative stiffness parameter (λ). More in detail, in his proposal, z is given byπ/(2λ) and
the column-infill and beam-infill contact lengths should be distinguished. To this end, the contact
lengths Zc and Zb (for columns and beams respectively) are defined by means of λ; Zc can be assessed
through Equation (2), whereas Zb is assessed replacing EcIc with EbIb in Equation (2) (where EbIb is the
flexural stiffness of the beam). Consequently, depending on the selected macro-modelling approach,
the location of the off-diagonal struts varies between z/3 (for the two-strut model) and z/2 (for the
three-strut model). Alternatively, according to Al-Chaar [47], the location of the off-diagonal struts
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may be assessed using two non-dimensional parameters Cd and Cod; the expressions in Equation (17)
provide zc and zb, where the off-diagonal struts are positioned, from the beam-column joints:

zc =
Cdbw + Codbw

2 cosϑ
; zb =

Cdbw + Codbw

2 sinϑ
(17)

where the non-dimensional parameters Cd and Cod are set equal to 0.50 and 0.25, respectively
(which correspond to the portion of the horizontal stiffness assigned to each strut).

3.2. Failure Modes and Backbone Curves

When an infilled frame is subjected to an earthquake, different types of failure could occur and
drive the response of the infill panel and RC elements. The onset and development of a given failure
mode depends strongly on the material and geometrical properties of both infill panels and the
surrounding frame, as well as on the manufacturing techniques and the type of stress state mobilised
in the panel. This variability renders non-trivial to predict the likeliest failure modes. Thus, it is useful
to recall the classification provided by Crisafulli [28] and Asteris et al. [17], who identified five main
failure modes for a masonry infilled RC frame (Figure 3):

• Surrounding frame: this failure mode is associated with the development of plastic hinges in the
RC elements. The collapse mechanism could be due to flexure, shear, beam-column joint failure
or high axial load. The location of flexural plastic hinges is strongly related to the features of
the frame-infill systems and may occur (very rarely) in the beams and/or columns, where the
maximum bending moment demand is reached. Shear failure in the columns is due to high
shear stress in the contact length zones and depends on the amount of transverse reinforcement,
concrete strength and efficiency of the concrete confinement. Especially in existing RC frames
built according to old codes and prescriptions, the panel may cause wide diagonal cracks along
the beam-columns joints and, consequently, their failure. Finally, even though it is very rare,
due to concrete strength effect, an axial failure might take place as consequence of high axial load
transmitted by a truss mechanism;

• Shear sliding: this mode produces horizontal sliding failure through several bed joints; it is
related to the aspect ratio of the masonry units and the infill panel, as well as the poor mechanical
properties of the mortar in the bed joints. This failure mode is associated with a strong frame and
weak mortar joints. The crack pattern starts a few courses beneath the upper loaded corner and
continues along the diagonal direction until reaching the centre of the panel, where finally the
cracks spread horizontally;

• Corner crushing: this failure mode produces compression failure (due to a biaxial compression
state) of the infill panels with crushing of the units near the beam-column joints; later on, it might
produce out-of-plane (OOP) failure and eventually collapse. It normally occurs if the contact
length is very or the contact length may be reduces increasing the lateral displacement and the
infilled frame is characterized by weak infill panel, combined with strong columns/beams and
weak joints;

• Diagonal compression: it is another compression failure mode however, in contrast with the
previous failure mode, the crushing of masonry units appears in the centre of the panel. This failure
mode is due to the geometry of panel, that is, when the infill is slender, with a subsequent
OOP failure;

• Diagonal tension or cracking: this is related to the failure of the compressed diagonal strut, which
consists of widespread cracking along the panel; as highlighted in El-Dakhakhni [15], this failure
mode occurs when the RC frame is weak or is characterized by weak joints and strong elements,
combined with a rather strong infill.
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Many researchers developed infill strength models based on the available experimental results.
Strength models allow to predict the maximum shear strength based on the failure mode observed
during the tests. The most used strength models are listed in Table 2 [18,34,39,49,50].

Once the shear strength capacity of the infill panel is calculated, the equivalent strut’s hysteretic
behaviour has to be defined. To this aim, different relationships are available in the literature to
predict the backbone curve [14,18,19,51]. Generally, these relationships are trilinear or quadrilinear
idealizations of the force-displacement envelopes. The idealized backbone curves should be able
to reproduce all the phases observed during the progressive damage caused by horizontal loading:
detachment between the infill and the surrounding frame, complete cracking of the panel and attainment
of the maximum lateral load and degrading phase until zero or residual capacity.

Bertoldi et al. [18] proposed a simplified formulation to evaluate the infill behaviour by means of
a quadrilinear backbone curve (Figure 4a).
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In detail, the backbone is defined according to the expected failure mode, which defines the
maximum force (Fmax), the cracking point (0.8Fmax), the residual strength (0.35 Fmax), the cracking-to-peak
stiffness and the residual-to-peak strength stiffness, the latter being derived though the secant stiffness
(−0.02Ksec). Both cracking-to-peak and softening-to-peak stiffness ratios are defined according to De
Sortis et al. [52].

Panagiotakos and Fardis [19] (Figure 4b) proposed a quadrilinear backbone curve based on ten
tests on infilled RC frames with horizontally hollow masonry bricks [53,54].
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Table 2. Formulations for the evaluation of infill strength and backbone curve.

Infill Strength According to Different Models

Paulay and Priesley [39]

VW = min(Vs ; Vc)
Sliding shear failure:

Vs =
fv0twLw

1−µ h
L

Compression failure:
Vc = 2

3 ztw flat

z = π
2 λ
−1

fv0: initial shear strength of bed-joints;
µ : friction coefficient (µ = 0.3);

λ: according to (Stafford Smith [33].

Bertoldi et al.
[18]

f ′m = min
(
σw,cc; σw,corn; σw,ss; σw,sd

)
Compression at the centre:

σw,cc =
1.16 fverttanϑ

K1+K2λh
Compression at the corners:

σw,ccorn =
1.2 fvertsinϑcosϑ

K1(λh)−0.12+K2(λh)0.88

Sliding shear failure:

σw,ss =
(1.2sinϑ+0.45cosϑ) fv0+0.3σv

bw
dw

Diagonal cracking:

σw,sd =
0.6 ft+0.3σv

bw
dw

ft: shear strength under diagonal
compression;

fvert : compression strength in vertical
direction;

fv0: initial shear strength of bed-joints;
σv : vertical stress;

λ: according to Stafford Smith [33].
bw: according to Bertoldi et al. [18].

EC6/EC8
[49,50] VW = fvtwLw

fv = fv0 + 0.4σv
fv0: initial shear strength of bed-joints;

σv : vertical stress.

FEMA 306
[34]

Vm f 6 VW = min(Vs ; Vc; Vcr) 6 Vmi
Sliding shear failure:

Vs = ( fv0 + µσv)twLw
Compression failure:
Vc = twbw flatcosθ

Diagonal cracking failure:

Vcr = 2
√

2twLwσcr
Lw
hw

+ hw
Lw

Vmi = 2
√

0.0069 fvert twLw
Vm f = 0.3Vmi

fv0: initial shear strength of bed-joints;
σcr: cracking strength of masonry;
µ : friction coefficient (µ = 0.4);

σv : vertical stress;
flat : compression strength in horizontal

direction of masonry;
fvert : compression strength in vertical

direction;
bw: according to Mainstone [36];
λ: according to Stafford Smith [33].

Backbone Curve according to Different Models

Bertoldi et al.
[18]

cracking strength:
Fcr = 0.8Fmax

residual strength:
Fres = 0.35Fmax
elastic stiffness:

K f c = 4Ksec
softening-to-peak stiffness:

Kdeg = −0.02Ksec

Fmax: peak strength, defined according to
the selected infill strength model;
Ksec : secant stiffness according to

Mainstone [36].

Panagiotakos and Fardis
[19]

cracking strength:
Fmax = 1.3Fcr

residual strength
Fres = βFmax

elastic stiffness
K f c = 4Ksec

softening-to-peak stiffness
Kdeg = −αKsec

Fcr: cracking strength, defined according to
the selected infill strength model;

α: [0.5%, 10%];
β: [1%, 2%];

Ksec : secant stiffness according to
Mainstone [36].

De Risi et al.
[14]

cracking strength:
Fcr = 0.7Fmax

residual strength:
Fres = 0

elastic stiffness:
Kel = 2.8KMS

secant stiffness:
Ksec = 0.8KMS

softening-to-peak stiffness:
Kdeg = −0.1KMS

Fmax: peak strength, defined according to
the selected infill strength model;
Ksec : secant stiffness according to

Mainstone (KMS) [36].

Sassun et al.
[51]

Backbone according to Bertoldi et al. [18] modified
with prefixed values of drift capacity ϑ (or

equivalently in terms of strain capacity ε [55])

DS1 (Operational): ϑ = 0.18%
DS2 (Damage Limitation): ϑ = 0.46%
DS3 (Life Safety): ϑ = 1.05%
DS4 (Ultimate): ϑ = 1.88%
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It is worth mentioning that diagonal cracking was the prominent failure mode of the infills tested
during this experimental programme. The main parameters to be derived to calibrate this model are
the cracking strength Fcr and the maximum shear strength Fmax. As opposed to the previous model,
the first parameter depends on the actual cracking shear strength, whereas the second parameter
is set as a function of Fcr (Fmax = 1.3Fcr). The elastic stiffness depends on the shear modulus of the
panel and on the geometrical properties, whereas the secant-to-peak stiffness is derived according
to Mainstone [36]. The degrading branch, up to the attainment of a residual strength, has a slope
that depends on the elastic stiffness (Kdeg = αKel) − α is in the range [0.005%, 0.1%] according to
Reference [19]. Finally, the residual strength is defined by a multiplier of the maximum shear strength.
The residual-to-maximum shear strength ratio β is suggested as 0.01–0.02. It is worth noting that this
model relies on the definition of only two parameters, Gm and τcr, with significant benefits for what
concerns its calibration; the former parameter is related to the modulus of elasticity (Em = 0.4Gm),
whereas the latter can be obtained as 0.275 times the square root of the comprehensive strength of a
masonry prism (fmv).

Recently, the formulations proposed by Bertoldi et al. [18] and Panagiotakos and Fardis [19] have
been modified by Sassun et al. [51] and De Risi et al. [14]. In Sassun et al. [51] a modified Bertoldi’s
backbone curve with prefixed values of drift capacity ϑ (or in terms of strain capacity ε [55]) is provided.
The drift capacity ϑ, associated with different damage states, is based on experimental tests conducted
in Europe, the Middle East and the United States on RC and steel frames (Table 2). In order to be
representative of likely infill typologies, solid and hollow clay brick and concrete block infills were
considered. The correlation between drift capacity ϑ and strain capacity ε is defined according to
Hak et al. [55] who proposed Equation (18):

ϑ =
dr

h
=

L
h
−

√
(1− ε)2

[
1 +

(L
h

)2]
− 1, (18)

where dr is the lateral displacement at a given storey, L is the frame centreline span and h is the
centreline storey height.

In contrast to the approach adopted by Sassun et al. [51]—and only once the reliability of the
backbone models by Bertoldi et al. [18] and Panagiotakos and Fardis [19] were proved through more
than 200 experimental tests collected from the literature—De Risi et al. [14] modified each of the
parameters (Fcr, Fpeak, Kcr, Ksec and Kdeg) needed to define the Panagiotakos and Fardis backbone curve.
This modification of the methodology proposed by Panagiotakos and Fardis [19] was made because the
CoV values calculated in the comparison with the experimental tests were lower than those related to
the model by Bertoldi et al. [18]. After a disaggregation of the collected data by considering horizontal
holes bricks and tests with vertical holes bricks separately, De Risi et al. [14] pointed out that the
CoV values are lower if the test results involving horizontally hollow bricks are compared with those
provided by the Panagiotakos and Fardis backbone [19].

All the modified parameters needed to implement the methodology proposed by De Risi et al. [14]
are listed in Table 2. De Risi et al. [14] indicated that the resulting backbone curve shows mean relative
error lower than 3% for all the required parameters thus proving the model accurate.

4. Classification of Masonry Infills According to Test Data

The importance of masonry infills in the seismic performance assessment of RC buildings is
demonstrated by the increasing number of experimental tests carried out over the last four decades.
Most of the experimental data available in the literature has been collected from recent databases
demonstrating the high variability associated with all the parameters characterizing the lateral response
of masonry infilled RC frames [13,14,51].

Despite the staggeringly-high-level of uncertainty surrounding the masonry infill properties,
constant mechanical and geometrical properties of the masonry infills are typically assumed in
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risk assessment studies both at single-building and regional scale. To deal with this issue and
include infill-to-infill variability in a seismic risk assessment framework, however, results of in-situ
tests on masonry infills are not available, to the authors’ best knowledge at least. Thus, only data
reported in recent databases are at hand and could allow to classify the masonry infills in different
typologies, as function of specific infill-related features, such as the in-plane stiffness, shear strength,
vertical/horizontal compressive strength of the masonry, vertical/horizontal modulus of elasticity and
thickness of the masonry, among others. This classification should help analysts in forging ahead and
reducing the uncertainty in the numerical simulation problem. It is noteworthy that the approach of
aggregation and classification the masonry infill properties is not a mere theoretical construct, since for
unreinforced masonry structures and masonry infills something similar already exists; for instance,
the material properties of different parameters for unreinforced masonry buildings and masonry infills
are provided in References [56,57], according to specific features and based on in-situ tests. Preliminary
attempts to provide a classification of the typologies of masonry infills were also done in the databases
proposed by De Luca et al. [13] and De Risi et al. [14].

De Luca et al. [13] proposed a database referred to as MID, namely Masonry Infill Database, which
consists of 114 tests; among them, 13 were tests on bare frames and 101 were tests for masonry-infilled
systems. All tests were classified based on the specific features of the masonry infills and RC frames.
The novelty of this database is that it provides damage data, a failure mode classification and a
normalized piecewise multi-linear fit of all the tests for future analytical applications, which makes it a
unique tool for analysts.

Within this context, in order to develop numerical models that can be considered representative of
typical typologies of masonry infills adopted in Italy and other Mediterranean countries, a classification
is proposed in this study, scrutinizing data reported in the available databases and presented by
further experimental testing efforts. Nowadays, a common and unique philosophy on the masonry
infills’ characterization does not exist and some parameters should be selected to undertake it.
A macro-classification approach based on masonry infills strength is adopted herein since it was
deemed the best approach to assume for analysing the seismic response of masonry-infilled RC
building classes accounting for infill’s variability and involving entire building portfolios. Even if
many other parameters, such as the relative stiffness between the panel and the surrounding frame,
the vertical/horizontal compressive strength of the masonry, vertical/horizontal modulus of elasticity
and thickness of the masonry could be selected as metrics for the masonry infills’ characterization.
However, the latter parameters would make the generation of building portfolios and the interpretation
of analysis results more complex and less effective/immediate.

The macro-classification approach used herein permits: (i) to include and elaborate on the
uncertainty underlying the mechanical properties of the infills, which is often neglected in large-scale
studies; (ii) to decouple beam-column joint failure or shear failure of non-ductile RC frame members;
and (iii) to correlate analysis results with the modes of failure of the masonry infills, which in turn are
generally correlated with the strength of each structural component of the infilled frames. Moreover,
Mohammad et al. [58] pointed out that the infill characteristics (e.g., infill stiffness, maximum strength
and displacement capacity) and the seismic masses have the greatest impact on the seismic response
parameters. This macro-classification approach is also used in Hak et al. [55], in which three different
increasing values of strength and stiffness of the infill panels were selected with the aim of defining
infill damage control through the limitation of the inter-storey drift.

In order to select reference experimental tests useful for the validation of the numerical modelling
presented in the following section, five masonry infill typologies have been identified in this study
from data available in the literature. The adopted strength-based classification is reported in Table 3
along with the reference experimental study and the main features of the test specimens.
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Table 3. Representative masonry infills.

References Type Macro
Classification

tw
[mm]

Ewv
[MPa]

Ewh
[MPa]

Gw
[MPa]

fwv
[MPa]

fwlat
[MPa]

fwu
[MPa]

Calvi and Bolognini [4] 1 Weak 80 1873 991 1089 2.02 1.18 0.44
Hak et al. [55] 2 Weak-Medium 240 1873 991 1873 1.5 1.11 0.25
Hak et al. [55] 3 Medium-Strong 300 3240 1050 1296 3.51 1.5 0.3

Morandi et al. [5] 4 Medium-Strong 350 5299 494 2120 4.64 1.08 0.359
Cavaleri and Di

Trapani [6] 5 Strong 150 6401 5038 2547 8.66 4.18 1.07

tw: thickness; Ewv: elastic modulus vertical direction; Ewh: elastic modulus horizontal direction; Gw: shear modulus;
fwv: vertical strength; fwlat: lateral strength; fwu: shear sliding strength.

Although the main metric for masonry infills’ characterization is the strength, the selected
specimens show a clear trend with respect to the stiffness, which increases with the strength;
hence, it is possible to state that a strength- and stiffness-based macro-classification has been considered.
The representativeness of the selected masonry infill typologies has been verified using the results
provided in the database by De Risi et al. [14]. In this database, the Young’s modulus (Ew) of the
masonry panels varies between 494 and 8140 MPa, the shear modulus (Gw) is in the range 130–2547
MPa, whereas the cracking (Fcr) and peak (Fpeak) loads are in the range of [5 kN, 270 kN] and [10 kN,
350 kN], respectively. Comparing these ranges with those of the five masonry infill typologies selected,
it can be concluded that the latter are representative of the ranges of variation of the main mechanical
properties evinced from the database, as can be gathered from Table 3.

5. Numerical Modelling Results and Validation with Experimental Data

Simulation of masonry-infilled RC frames requires advanced numerical modelling to accurately
predict the interaction between the masonry panel and the surrounding frame, as well as all failure
mechanisms that can occur both in the masonry panels and RC elements. In this section, the results of
the numerical simulations, carried out to investigate the most reliable numerical modelling approach
are presented. Firstly, the most accurate numerical modelling approach to simulate the response of
the RC bare frames has been investigated and validated using test results. Then, the influence of
the masonry infills has been investigated to validate the numerical modelling approach also for the
masonry infilled RC frames. For the sake of brevity, only the numerical validations of masonry infill
type 1 and type 4 (Table 3) are presented. The numerical modelling approach adopted for type 1
masonry infill can be also applied to types 2 and 3, while the approach adopted for the masonry infill
type 4 can be adopted for infill type 5 as well. In addition to that, since the selected experimentally
tested specimens were designed according to Eurocode 2 [59] and Eurocode 8 [50], the experimental test
presented in Verderame et al. [7] was also selected to prove the reliability of the numerical modelling
approach in case of RC frames designed for gravity loads according to Italian building code provisions
in force during the 1970s–1990s. Finally, with the aim of simulating a structural configuration that
features openings, an additional test presented in Morandi et al. [5], is considered in the numerical
modelling validation, allowing to identify the best reduction coefficient, rp, in the case that the masonry
infills present openings. This further test specimen belongs to the medium-strong masonry infill
typology. The numerical modelling validations were carried out using the FE software OpenSees [60].

5.1. Bare Frames

The experimental tests carried out in the last years to investigate the seismic response of both
existing and newly built RC buildings help clarifying the main features that a reliable numerical model
should be able to take into account. The simulation of the seismic response of an existing RC structure
requires more detailed numerical models with respect to the ones developed to simulate the response
of seismically designed RC buildings. In fact, in an existing building, specific behavioural aspects
should be simulated with great care: material and geometrical nonlinearity, rebar slippage, flexible
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beam-column joints, damage of non-ductile and poorly detailed RC frame members, shear failure
due to deficiencies in stirrups spacing, lack of concrete core confinement, amongst others. In order to
account for these phenomena, the numerical model approach developed by O’Reilly and Sullivan [61]
has been adopted and modified so as to account for additional aspects. Several experimental tests
available in the literature were used by O’Reilly and Sullivan [61] to calibrate the seismic response
of each structural member, such as columns or beam-column joints. The original model proposed
by O’Reilly [62] is based on a lumped plasticity approach that accounts for both flexural and shear
behaviour. Beams and columns are modelled by using the BeamWithHinges [63] element object
implemented in OpenSees [60], where the nonlinearity is lumped at the ends of the element and an
aggregation section [64], V–γ and M–θ, was introduced. Hence, the flexural behaviour is defined
through the moment-curvature relationships proposed in [62], whereas the shear behaviour was
modelled according to Zimos et al. [64], in which the backbone shear deformation curve consists of
four phases, namely initial elastic behaviour, post-cracking, peak response and strength degradation.
The behaviour of poorly detailed beam-column joints is another issue of paramount importance in the
seismic response assessment, as highlighted by past earthquakes [65] and experimental tests [66–69].
In the adopted numerical modelling approach, this aspect was considered by means of rigid links
in the joint and a central rotation spring, which represents the shear joint behaviour; its hysteretic
behaviour was calibrated according to different experimental tests [66–69].

Given that the model is meant to later incorporate the strut elements simulating the presence of the
masonry infills, both columns and beams are subdivided in three model elements per each (Figure 5).
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Figure 5. Numerical modelling approach for masonry infill, frame elements and beam-column joints,
implemented in OpenSees [60].

This modelling approach follows the indications provided by Chrysostomou et al. [29],
which account for the possible inaccuracy in the distribution of shear and moment in the surrounding
frame in case of single strut modelling of infill panel.

The experimental tests of RC bare frames carried out by Calvi and Bolognini [4], Morandi et al. [5]
and Verderame et al. [7] are selected in this study to validate the adopted numerical modelling approach
for the bare frame configuration. Some details about the tested specimens and the results of the
numerical validation are briefly discussed below.

The experimental tests performed by Calvi and Bolognini [4] are considered as a benchmark in
the modelling validation. The single-storey, single-bay frame specimens were designed as the lowest
part of a four-storey building, according to Eurocode 2 [59] and Eurocode 8 [50]. These specimens
were full-scale ones with total span length and storey height equal to 4.8 m and 3.0 m, respectively.

The structural elements were built using concrete with characteristic strength equal to 25MPa
and steel rebars with yielding strength equal to 500 MPa. The longitudinal reinforcement consists in
eleven (7 bottom + 4 upper) and eight (4 bottom + 4 upper) 16 mm diameter rebars in beam ends and
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central region, respectively. Eight 22 mm diameter rebars were provided in the columns. The columns
had 8 mm diameter stirrups with spacing of 18 cm and 8 cm in central and end regions, respectively.
The transverse reinforcement of beams consisted in 8 mm diameter stirrups spaced of 13 cm and 6 cm
at mid-span and end regions, respectively. Figure 6 reports the comparison between the in-plane static
cyclic response recorded during the experimental test and the numerical prediction.Buildings 2020, 10, 182 16 of 29 
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The numerical model is able to predict reasonably well the experimental results and the hinging
mechanisms, which were forced to form in the beam. The stiffness and strength predicted by the
numerical model, in the positive loading direction, is in accordance with the experimental evidence,
while the lateral capacity in the negative direction is slightly underestimated. Nevertheless, the model
is considered adequate to reproduce the cyclic behaviour of this frame typology.

Verderame et al. [7] tested four 1:2 scale specimens, two of which were designed only for gravity
loads, according to Italian code provisions in force during the 1970–1990s, while the other two were
designed for seismic loads. The total span length and storey height were equal to 2.30 m and 1.60 m,
respectively, for both specimen typologies. The gravity-load-designed (GLD) specimens were designed
to be representative of the bottom storey of a five-storey RC existing building. The longitudinal
reinforcement consisted of 8 mm and 10 mm diameter rebars for columns and beam, respectively;
6 mm diameter stirrups spaced at 15 cm were used as transverse reinforcement. Both longitudinal
and transverse reinforcement were anchored with 90-degree hooks. Figure 7a,b shows the results of
the in-plane static cyclic test and the numerical ones; in this case, two different assumptions were
considered for the modelling of beam-column joints, namely rigid joints and flexible joints with inelastic
shear deformation.
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Since the GLD specimen was designed to be representative of an RC existing building, the hysteretic
behaviour of the RC joints is calibrated according O’Reilly [62] and Pampanin et al. [66]. Modelling
the beam-column joints through rotational springs, which represent their shear behaviour, produces
a reduction of both elastic stiffness and global load capacity. The flexibility associated with the
beam-column joints allowed quite an accurate prediction of the cyclic behaviour of the bare frame,
thereby confirming the importance of adequately calibrating the shear response of beam-column
joints (Figure 7b). The achievement of the maximum shear capacity in the beam-column joints leads
to the failure of the specimen. Considering the beam-column joints as rigid, which is common for
buildings designed for seismic loads, yields an overestimated global capacity of the specimen and
denotes that both stiffness and strength degradation are not adequately reproduced, as reported in
Figure 7a. The test was terminated after the attainment of ±5.30% lateral drift, when significant shear
sliding appeared along the diagonal cracks occurred in the joints (already formed at almost 1% drift,
mixed with flexural cracking in the columns), as confirmed by vertical displacement in columns with
propensity to a potential imminent joint axial failure.

As regards the seismic-load-designed (SLD) specimens, it can be inferred that six (3 bottom +3 top)
10 mm diameter rebars were provided in the beam and eight 12 mm rebars in columns were used to
reinforce the columns.

Also, 6 mm diameter stirrups spaced at 10 cm and 5 cm in the central and end regions were
considered for both columns and beam and the transverse reinforcement was anchored with 135-degree
hooks. In contrast to the poorly detailed beam-column joints of the GLD specimens, the transverse
reinforcement in these beam-column joints consisted of 6 mm diameter stirrups spaced at 5 cm.

The numerical modelling approach adopted to reproduce this experimental campaign is the same
as that previously adopted, even if the beam-column joints are modelled by means of rigid links
without shear springs. The model is able to predict the elastic stiffness of the specimen, as well as the
maximum lateral force. As can be seen in Figure 8, the hysteretic behaviour of the experimental test is
reproduced quite well, which confirms the effectiveness of the adopted numerical modelling approach.
At ±5.30% drift, a significant crack was observed at a beam-joint interface, thus bringing the test to
a halt.
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Finally, the bare frame tested by Morandi et al. [5] was also simulated. The specimen was designed
according to the following European code provisions: EC8-Part 1 [50], EC1-Part 1-1 [70] and EC2-Part 1-1 [59].

On the other hand, the Italian building code (NTC08) [71] was used for what concerns the definition
of the selected design spectra, assuming high ductility class (DCH). The clear span and height of the
test specimen were 4.22 m and 2.95 m, respectively, whereas the structural elements were made up of
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concrete with characteristic compressive strength equal to 35MPa and reinforcing steel yield strength
of 450MPa. The cross section of the columns was 35 × 35 cm2 and eight (3 bottom + 2 middle + 3 top)
22 mm diameter rebars were provided as longitudinal reinforcement. The transverse reinforcement,
consisting of 8 mm diameter bars spaced at 9 cm, was uniformly distributed. Also, the beam had a
35 × 35 cm2 cross section, in which eight (4 bottom + 4 upper) 14 mm and two 10 mm (in the middle)
longitudinal rebars were located. Moreover, 8 mm diameter stirrups spaced at 20 cm and 7 cm were
lodged in the central and end regions, respectively.

The numerical modelling approach predicted quite well the results of the in-plane quasi static
test, as can be seen in Figure 9.
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Both stiffness and strength are accurately reproduced. It worth mentioning that the joints featured
good detailing, in line with Eurocode recommendations and for this reason the beam-column joints
were modelled by means of rigid links without rotational springs. Such assumption underlying the
results presented in Figure 9 is in accordance with the experimental observations for the selected
specimen, which showed no beam-column joint failure or damage.

5.2. Masonry-Infilled Frames

Masonry infills were modelled by using a six-equivalent-strut model, which consists of modelling
the panel through three diagonal, compression-only nonlinear truss elements, for each direction,
according to the methodology proposed by Chrysostomou et al. [29]. The uniaxial nonlinear Pinching4
Material model object available in OpenSees [64] has been adopted to simulate the hysteretic behaviour
of the masonry infills, following the rules described in what follows. The contact length (z) is estimated
according to Stafford Smith [33]. All the parameters defining the equivalent strut’s hysteretic behaviour
were not selected a priori but rather calibrated considering the specific features of each masonry
infill typology defined in Table 3. An extensive parametric study was carried out to define the most
appropriate formulations to represent the experimental response and all the formulations presented
in Tables 2 and 3 were investigated and combined to define the best set of parameters for each
masonry infill typology. In addition to the analytical models listed in Tables 2 and 3, the assumption of
reducing the initial shear strength (cohesion) fv0 to one-half is also assessed, which complies with
the recommendations provided in EC6 [49]. For the sake of brevity, only the numerical validation
for weak and strong masonry infill typologies are presented in Figures 10 and 11 in terms of cyclic
load-displacement curves. For completeness, Table 4 reports—for each masonry infill typology—the
formulations that provide the best fit with the experimental results.
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Table 4. Summary of the best numerical modelling approach adopted to define the strut’s hysteretic
behaviour for each masonry infill typology.

Type Macro
Classification

Strut
Width

Reduction
Coefficient

Failure
Mechanism

Backbone
Curve

1 Weak Bertoldi et al. [18] - Bertoldi et al. [18] Sassun et al. [51]
(modified)

2 Weak-Medium Bertoldi et al. [18] - Bertoldi et al. [18] Sassun et al. [51]
(modified)

3 Medium-Strong Bertoldi et al. [18] - Bertoldi et al. [18] Sassun et al. [51]
(modified)

4 Medium-Strong Mainstone [36] Decanini et al. [46] Paulay and
Priestley [39] Bertoldi et al. [18]

5 Strong Mainstone [36] - Paulay and
Priestley [39] Bertoldi et al. [18]
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In particular, the formulations for each input/response item required to define the hysteretic
behaviour of the equivalent strut models are provided in Table 4.

The medium-strong masonry infill type tested by Morandi et al. [5], herein referred to as type 4,
is selected and consists in an ordinary single-leaf masonry infill with thickness of 35 cm. It is made up
of vertically hollowed lightweight tongue and groove clay block units. Regarding the damage pattern
emerged from testing, it can be inferred that, at 1.75% drift, most of the masonry blocks in the top course
and some blocks in the lower central part were strongly damaged, while the infill was substantially
destroyed at approximately 2.50% drift; only a shear crack in the upper part of a column was found to
occur at 0.8% drift but it remained stable until the end of the test. The results of the parametric analysis
pointed out that the formulation proposed by Mainstone [36] provides the best results for the prediction
of the strut width; this formulation is also adopted in FEMA 306 [34]. The expression proposed by
Paulay and Priestley [39], modified by halving the initial shear strength (cohesion) fv0—according to
the analytical and experimental results presented in Morandi et al. [5]—provides the best estimation of
the lateral strength. Finally, the relationships proposed by Bertoldi et al. [18] were selected to calculate
all the points defining the backbone curve. A comparison of experimental and numerical results is
provided in Figure 10a.

The defined numerical model predicts quite well the stiffness and strength in both elastic and
nonlinear regimes of the response; also, the softening branch is in good agreement with the experimental
results. Further details regarding the approach employed to identify the best formulations for each of
the main parameters needed as input to the strut’s hysteretic behaviour are presented in Section 6.

In Figure 10b the comparison is plotted between the numerical prediction and the experimental
results, for the medium-strong masonry infill typology including the presence of opening, which are of
the same height of the panel, in this case. To simulate the results of this experimental test, the same
modelling strategy of the test without opening is used but with a reduction coefficient, rp, to account
for the opening. This reduction coefficient is applied to both strength and stiffness. The formulation
selected to evaluate rp is the one proposed by Decanini et al. [46], since the parametric analysis shows
it to be in very good agreement with the experimental response. Nonetheless also the reduction
coefficient rp proposed by Imai and Miyamot [42], Tasnimi and Mohebkah [43] and Dawe and Seah [45]
provided good results. Compared to the fully-infilled configuration, the match between the numerical
prediction and the experimental results is slightly worse, confirming that the presence of openings leads
to high variability and modelling issues. Moreover, in this particular case, an additional challenging
is introduced by the opening size and the force-displacement curves that shown an unsymmetrical
behaviour, although almost the same values of force were achieved for both loading directions. In spite
of these issues, the modelling approach provides results in good agreement with the experimental
ones: the strength is very well predicted, the stiffness in the positive loading direction is captured,
whilst the stiffness in the negative direction of loading is slightly underestimated. After a diagonal
crack formed at 0.4–0.5% drift in the left and right panel, a stepwise crack pattern developed starting
from the bottom left corner and reaching up to mid-height of the right panel at 0.6% drift. At the end
of the test (1% drift), the diagonal crack on the left panel widened further (this panel was already
more damaged than the right one), while the failure mechanism was not completely formed in the
right pane.

The weak masonry infill type 1, corresponding to that tested by Calvi and Bolognini [4], consists
in a single leaf infill made up of horizontally hollowed brick with a 1.0 cm thick plaster on each external
side and thickness equal to 8.0 cm. The results of the parametric analysis pointed out that the analytical
model proposed by Bertoldi et al. [18] provides the best estimation both in terms of lateral strength
and strut width. In this case, the formulations presented in Table 3 did not provide adequate results.
Hence, the a priori fixed values of drift capacity ϑ proposed by Sassun et al. [51], to which correspond
the strains εi to be assigned to the struts, have been modified with respect to the ones reported in
Table 3. In particular, εm (peak response) and εu (collapse) are set equal to 0.0012 and 0.044, respectively.
The values of the strains εi to be assigned at the struts are in good agreement with Morandi et al. [72],
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who considered the same specimen as benchmark test for numerical validation purposes. For this
reason, in addition to the numerical results obtained in this study, the numerical validation proposed
by Morandi et al. [72] is presented in Figure 11.

As far as the experimental force-displacement response and the failure mechanisms are concerned,
it appears very clear how a weak masonry infill does not result in important damage to the surrounding
frame; once the masonry infill collapsed with an abrupt loss of shear capacity, the system response is
completely controlled by the bare frame, which has the capability to withstand an increment of lateral
force. The numerical model is able to reproduce such lateral response by considering prefixed values
of strains εi. Moreover, the numerical results of this study are in good agreement with those provided
in Morandi et al. [72], although the macro-modelling of the infill panel and RC elements are different.

The same process just described for the weak and medium-strong infill types was undertaken for
each experimental test of interest and the best numerical models are reported in Table 4, whereas the
corresponding force-displacement response curves are depicted in Figure 12.
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These force-displacement response curves are derived assuming L = 4.0 m and h = 3.0 m, where L
is the frame centreline span and h is the centreline storey height; beam and column cross sections are
300 × 300 mm, the modulus of elasticity of concrete (Ec) is 2500 MPa and the material properties of the
masonry infills are listed in Table 3.

6. Discussion and Influence of Modelling Assumptions

In order to further investigate the influence of the modelling assumptions on lateral load-carrying
capacity and inelastic response of infilled frame systems, the results of the previously presented
parametric analysis (meant to identify the numerical models) are discussed more in detail, here focusing
on the role played by the uncertainties surrounding the modelling of masonry infill.

As previously discussed, the three main parameters for the definition of the equivalent strut
hysteretic behaviour are: (i) the formulation to define the backbone curve; (ii) the relationships to
calculate the width of the equivalent strut; and (iii) the failure mechanism of the infill. Figure 13a
provides insight on the variability of the backbone curve for the medium-strong masonry infill
typology, when varying the relationship to calculate the width of the strut (from Table 1) and the failure
mechanism (Table 2). In particular, for what concerns the backbone curve modelling, the formulation
by Bertoldi et al. [18] has been selected for this illustrative example, given that it provided the best
correlation with the experimental results for that specific masonry infill typology (type 4, Table 4).
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Figure 13. (a) Backbone curves by Bertoldi et al. [18] varying the strut width and the strength models;
(b) pushover curves resulting from each backbone curve versus experimental test results.

Figure 13a also presents the mean (µ) and mean ± standard deviation (µ ± σ), along with the
backbone curve that most accurately reproduces the experimental behaviour. It is also worth noting
that if the backbone curve would have been modelled according to the formulation proposed by
Panagiotakos and Fardis [19] or the modified Panagiotakos and Fardis proposed by De Risi et al. [14],
the dispersion would still be significant. This happens even if the models assume that the maximum
strength (Fmax) of the backbone curve be derived using the cracking stress (τcr) of the masonry (measured
in a diagonal compression test), rather than with one of the relationships proposed in Table 2. Although
the backbone curves proposed by Panagiotakos and Fardis [19] and De Risi et al. [14] are based on
very few parameters, the obtained response is still affected by high dispersion, caused by the effect of
the cracking stress, which can be estimated through a series of vertical compression tests or through
the expression 0.275

√
fmv proposed by Jeon et al. [73]; in both cases, the dispersion surrounding the

material properties is generally high.
Using the backbone curves presented in Figure 13a, monotonic static pushover analyses are carried

out to evaluate the force-displacement capacity curve of the medium-strong masonry infill typology
(Figure 13b). The variability associated with the definition of the backbone curve induces significant
modelling uncertainties, demonstrating the importance of an accurate definition of the formulation to
be used for the development of the numerical models. When comparing the capacity curves obtained
from the numerical modelling with the experimental results, it is possible to state that an incorrect
definition of the masonry infill model may lead to unrealistic results in the lateral load response.

With the aim of selecting the most suitable numerical models, a disaggregation of the parametric
results is presented in Figure 14.
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Figure 14. Pushover analysis results as function of the strut width and the strength formulations.

In each subplot, the variability in the load-displacement capacity curve due to the variation in
the formulation adopted to evaluate the width of the strut, for any given formulation to evaluate the
maximum strength, is plotted. This representation allows to better understand the impact of the strut
width and of the strength model on the global response. The formulation adopted to evaluate the
width of the equivalent strut does not induce a strong variation in the capacity curves, although it is
evident how this parameter introduces additional numerical modelling uncertainties. More specifically,
the observed variation ranges between 10% and 25%. By further analysing the results, it is possible to
observe that, with the exception of the models proposed by Mainstone [36] and Stafford Smith [33],
all the formulations proposed to evaluate the width of the equivalent strut provide similar results.
Conversely, the selection of the strength model has a strong impact on the capacity curve, leading to
a variation of the maximum base shear capacity of almost 59%, the maximum base shear being in
the range [360 kN, 880 kN]. To define the best numerical modelling approach, the ratio between the
experimental and numerical lateral load capacities was calculated over the imposed displacement
range (Figure 15b).
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Figure 15. (a) Best numerical results versus experimental ones for infill type 4 [5];
(b) experimental-to-numerical capacity ratio for different models; (c) comparison of two of the
best numerical models with in-plane static cyclic test results by Morandi et al. [5].

The five modelling approaches that best reproduce the experimental results are plotted in
Figure 15a, in terms of force-displacement response curve and are listed in Table 5.

Table 5. Summary of the best numerical models for the strong masonry infill typology, as function of
strut width and strength formulations.

Numerical
Modelling ID Backbone Curve Strut Width Strength Model µ σ

Model-1 Bertoldi et al. [18] Mainstone [36] Bertoldi et al. (fwu/2) [18] 1.00 2.46
Model-2 Bertoldi et al. [18] Stafford Smith [33] Bertoldi et al. (fwu/2) [18] 1.02 2.64
Model-3 Bertoldi et al. [18] Bertoldi et al. [18] Paulay and Priestley [39] 0.86 1.29
Model-4 Bertoldi et al. [18] Mainstone [36] Paulay and Priestley (fwu/2) [39] 1.00 2.46
Model-5 Bertoldi et al. [18] FEMA 306 [34] Bertoldi et al. [18] 0.93 1.35

Table 5 also reports the mean and standard deviation evaluated over the entire displacement
range. Model-3 and model-5 provide a very good match in terms of elastic stiffness, although once the
nonlinear behaviour is reached large differences emerge with respect to the experimental test results.
The mean of the experimental-to-numerical resistance ratio is 0.86 and 0.93 for model-3 and model-5,
respectively, thus that associated with the latter model is closer to unity. Nonetheless, even model-3
predicts quite well the maximum base shear. In the elastic range, the numerical results of model-1,
model-2 and model-4 underestimate the elastic stiffness of the infilled specimen, showing a more
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flexible behaviour in comparison with the experimental results. In the nonlinear range these models
provide a response similar to the experimental one with a better estimation of the maximum base
shear, which is almost identical to the experimentally observed one. Finally, an additional comparison
involving cyclic static push-pull analysis is presented in Figure 15c, in which the numerical results for
model-3 and model-4 are compared with the results of the in-plane pseudostatic cyclic test undertaken
by Morandi et al. [5]. As already pointed out, model-3 overestimates the lateral capacity and the
stiffness in the elastic range with respect to model-4, thus causing more damage to the surrounding
frame. This consideration is confirmed by a steeper softening after the maximum peak capacity is
achieved. By contrast, even though model-4 slightly underestimates the elastic stiffness, as well as
the secant stiffness for small deformation testing stages, its overall hysteretic behaviour is in good
agreement with the experimental ones and the model shows significant accuracy both for medium
and large deformations. Hence, the struts’ hysteretic behaviour set according to the strut width by
Mainstone [36] and the strength model by Bertoldi et al. [18], that is, model-4, is deemed to be the best
approach in reproducing the experimental response of the medium-strong masonry infill typology
identified in Section 4.

7. Conclusions

This study deals with the numerical modelling of the response of masonry-infilled RC frames,
stressing model validation needs, with the support of available experimental test results. Although
many efforts have been made in the last years to better understand the behaviour of masonry infill
panels when subjected to earthquakes and their interaction with the surrounding RC frame, issues on
both modelling and corresponding uncertainties are still open and some of them are treated in this
study. As discussed herein, the definition of the backbone curve, as well as of other input parameters
such as the strut width, the reduction coefficient for openings and the failure mode model should
be selected and calibrated with great care, paying significant attention to material and geometric
properties of the masonry panel-frame system of interest, so as to reproduce the in-plane behaviour
of any given masonry-infilled RC frame typology. Moreover, the significant variability related to
the material properties, infill panel thickness, presence of openings and manufacturing techniques is
examined and available data is scrutinized.

A macro-level classification that relies upon the masonry infill maximum shear strength criterion
is proposed in order to categorise with sufficient accuracy and representativeness the main masonry
infill typologies used in RC residential buildings in Italy, deemed to be relevant to other Mediterranean
countries as well. To this end, five masonry infilled specimens are taken from experimental testing
efforts available in the literature and the representativeness of these specimens and corresponding
typologies has been verified using a recent database that covers the very wide range of shear strength
levels that may be detected from in-situ material characterisation tests on RC residential buildings.
The approach of aggregation and classification is meant to be the same as that for unreinforced masonry
structures, for which a taxonomy based on specific features and in-situ test results was developed
and implemented in some codes and standards. Since no in-situ test on infill panels are available so
far, the macro-level distinction presented herein might be a useful tool in the assessment of infilled
existing buildings, at single and regional scale, as the current codes require to account for the masonry
infill interaction with the surrounding frame but none of them specify what properties have to be
considered. Also, no in-situ tests on masonry infills are prescribed nowadays.

In the second part of this study, the numerical model is adequately validated by reproducing
the experimental in-plane cyclic response of RC bare frame prototypes for existing and new,
seismically-designed buildings. Subsequently, different experimental tests are used as benchmark
to demonstrate the feasibility and accuracy of the employed macro-modelling approach for
masonry-infilled frame systems. The numerical results present a very good agreement with
the experimental data and test observations, once the modelling approaches with the strongest
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correlation with experimental results are identified. In effect, for the remaining alternative approaches,
the differences with respect to the observed experimental response were significant.

Following the assessment of the effectiveness of the numerical models, the effect of variability and
uncertainties surrounding the masonry infills is investigated and propagated involving the following
numerical model parameters: the strut width, the reduction coefficient to account for the presence of
openings, the failure mechanism model and the formulation to define the backbone curve. To do so,
the analysis framework takes into account: (i) nine formulations to define the width of the struts; (ii) five
equations to consider the presence of openings in the infill panel; (iii) four strength models to evaluate
the failure mechanism; and (iv) four relationships to define the simplified force-displacement behaviour
of the masonry infill panel. In particular, for a given masonry infill typology and backbone curve,
the validated numerical modelling is integrated with different combinations of strut width formulation
and failure mechanism model and a series of pushover analyses are carried out. Again, the results of
parametric pushover simulations underlined the high variability in the response, even when these
input/model parameters are set according to the most used relationships provided in the literature.
These numerical results actually confirm that an a priori selection of the numerical modelling should
be avoided and that the response variability is not only related to material and geometric properties
of the infills but also to the formulations needed to characterise their hysteretic behaviour. Indeed,
the latter has to be carefully selected, as demonstrated by the scatter surrounding the pushover curves
with respect to the experimental data.

In addition to a macro-level, strength-based distinction of masonry infills, the research outcomes
and methodology presented herein have allowed to identify the best model and relationships to be used
in the numerical modelling and/or in performance assessment exercises both at single and regional
scale for each of the considered masonry infill typologies. These outcomes support analysts in selecting
beforehand what models could be more representative of the actual inelastic response of the multiple
selected masonry infill typologies.
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