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Despite extensive research studies, the seismic response of infilled reinforced concrete buildings remains an open problem due to
both the complexity of the interaction between the infill and the frame and the large number of parameters involved. )us,
guidelines for both modelling and analysis are still lacking and the infill walls are normally treated as nonstructural components in
seismic codes. However, it may be not conservative to neglect the influence of infills. In fact, the infill masonry walls may
significantly affect the stiffness, strength, and energy dissipation capacity of RC buildings, even when they are regularly distributed.
Recognizing this influence and its importance on the vulnerability of infilled frames, Eurocode 8 requires amplifying seismic
action effects due to infills. In this paper, the effectiveness of the Eurocode 8 design provisions for infill irregularity in plan and/or
elevation was investigated. To this aim, different in-plan layouts of infill walls were selected as marginal cases for which Eurocode 8
does not require amplification of the action effects due to the presence of infills, or the additional measures to counteract these
effects are not mandatory.)e seismic vulnerability of the infilled RC buildings was evaluated using nonlinear static and nonlinear
dynamic analyses. Both cracking and crushing of masonry and stiffness and strength degradation were considered in the analysis.
)e effect of the layout of the masonry infills on the seismic response in terms of resistance and displacement was evaluated.
Results show that in one of the case studies here examined, it is not conservative to neglect the influence of infill panels. In fact,
structural failure due to torsion and soft-storey effects may occur even in cases where Eurocode 8 does not require the am-
plification of the action effects. Finally, the total shear demand on columns may be underestimated, even in cases where the code
provisions for infills irregularity are not mandatory, and the additional shear demand in the columns induced by themasonry infill
is very low.

1. Introduction

Reinforced concrete frames infilled with masonry walls are
widely used for low-to-medium-rise buildings throughout the
world, also including high seismicity zones. )e use of un-
reinforced masonry infills as interior partitions and external
walls is often the favourite solution since it matches all ar-
chitectural needs, such as efficient thermal and sound insu-
lation, durability, and simple and cost-effective construction.
Experience from recent destructive earthquakes (Turkey
Kocaeli earthquake in 1999, the Central Peru earthquake in
2007, the China Sichuan earthquake in 2008, L’Aquila
earthquake in 2009, and the Emilia earthquake in 2012) has
confirmed that the masonry infills may have a significant role

in the seismic performance of RC buildings. In fact, the
studies of postseismic damage have highlighted the vulner-
ability of irregularly infilled RC framed buildings and the need
for better understanding of inelastic behaviour and failure
mechanisms due to interaction between masonry infills and
frame members. In the European seismic regions, the ma-
sonry panels are constructed in complete contact with the
surrounding RC frame and are made of brittle materials.
)erefore, they interact with the surrounding RC members
and the combined effect of their high stiffness and brittleness
may negatively affect the seismic performance of the struc-
ture. In fact, the uncertain position of the masonry infills walls
together with the loss of integrity of some infills under cyclic
loading can make the building irregular in plan and elevation.
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)is occurrence is often produced when the ground floor is
left open because of its usage for commercial purposes, while
the other storeys are infilled. In this situation, severe localized
damage or collapse of the first storey (“weak” or “soft” storey)
may occur under strong earthquake ground motions [1, 2].
On the other side, if the infill walls are irregularly distributed
in plan, negative torsional effects may be induced and thus the
inelastic deformation demands concentrate on the “flexible”
side of a building (i.e., the part in which there are fewer
partitions). Nowadays, it is generally recognized that the
interaction between masonry infills and reinforced concrete
structures plays a critical role in seismic performance of
buildings since their contribution to seismic resistance of RC
buildings might not be beneficial. In fact, the stiffness and
strength of masonry infills might preserve the building from
structural damage but also result in unintended and un-
wanted effects. First of all, the increased stiffness of the infilled
frames increases the natural frequency, thus influencing the
seismic demand [3, 4]. )en, acting as diagonal struts, the
masonry infills cause additional internal forces at the ends of
beams and columns and increase the seismic shear forces at
the beam-column joints. )is occurrence might activate
brittle failure modes under cyclic loading, undesirable soft-
storey failure, or short column effect, especially for buildings
designed without seismic provisions. Finally, the irregular
distribution of masonry infills in plan and elevation might
induce undesirable soft-storey failure, short column, or ad-
ditional torsional effects, thus increasing damage even under
moderate earthquake ground motions.

)e seismic behaviour of masonry infilled RC buildings
was investigated since the 1950s. Many experimental studies
were carried out to investigate the interaction of infill walls
with the RC frame structure. On the other side, several re-
search studies developed analytical models of masonry infill
panels going from pinned equivalent struts macromodelling to
finite element micromodelling for the performance analysis
under both monotonic and cyclic loads. However, many
problems remain unresolved and questions are left open, and
this makes it difficult to account for the effects of masonry
infills in current practice.)e first reason for this is because the
interaction between brittle materials such as masonry and
concrete is difficult to model for its high degree of nonlinearity
and degradation. )en, a wide scatter of published experi-
mental data was observed. On the other side, the existing
analytical models are generally formulated and validated based
on experimental data, but they cannot be readily relied upon
since their many parameters need a great effort. Moreover, it is
difficult to generalize the results since they depend on overall
geometry of infills and their distribution in plan and elevation,
location and dimension of openings, methods properties of
infill and concrete members, reinforcement configurations,
and construction details. Finally, there is a lack of standardized
guidelines formodellingmasonry infill panels in global seismic
analysis of buildings. On the other side, more studies are
required that focus on the role of masonry infills in the seismic
performance of RC buildings. Mehrabi et al. [5] investigated
the influence of masonry infill panels on the seismic perfor-
mance of RC frames designed following the current code
provisions. Panagiotakos and Fardis [6] studied the effects of

masonry infills on the global seismic response of reinforced
concretes structures. Dolšek and Fajfar [7] studied the effect of
masonry infills on the seismic response of a four-storey
reinforced concrete frame using the N2 method. Many case
studies were presented about the influence of the infill panels
over the seismic response and failure mechanisms of infilled
RC buildings with different infill configurations [8–10] and the
effects of vertical irregularity and thickness of masonry infills
on the robustness of structures [11]. Asteris et al. [12] classified
the collapse of infilled frames into five distinct modes (corner
crushing, diagonal compression, sliding shear, diagonal
cracking, and frame failure). )e additional shear demand of
the columns due to the local frame-infill interactionmay cause
their brittle shear failure. To account for this effect, Celarec and
Dolšek [13] proposed an iterative pushover-based procedure
to approximately incorporate the effects of masonry infills on
the shear demand of the columns and simulate their brittle
failure modes for the case when infills are modelled by means
of simplified nonlinear models. Cavaleri and Di Trapani [14]
proposed to calculate the axial load transferred as shear to each
section through the use of shear distribution coefficients es-
timated through an extended numerical experimentation on
infilled frames with different characteristics. Mohammad et al.
[15] showed the importance of accounting for shear failure of
columns when modelling the infill-frame interaction and the
influence of the inelastic shear law. Basha and Kaushik [16]
improved the existing strut modelling by simulating the effect
of infill on columns to account for the increased shear demand
on the column because of the frame-infill interaction. Several
factors were found to affect the failure mechanism, including
type of infill and construction method, aspect ratio and
openings of masonry panel, number of stories and bays,
column-to-beam stiffness ratio, and axial load ratio on col-
umns. Despite the large number of studies in the literature, the
issue related to modelling and analysis of masonry-infilled RC
structures remains unresolved, and there is a need for more
research on the subject.

)is paper investigates the effectiveness of the Eurocode
8 design provisions for infill irregularity in plan and/or
elevation. To this aim, the paper addresses marginal cases in
which Eurocode 8 does not require any measures for infilled
frames, or the additional measures are not mandatory. )us,
a numerical campaign on infilled frames structures with
different kinds of infills was carried out. A multistrut
macromodel including the classical truss elements and a
special shear frictional strut was used to reproduce the
frame-infill interaction. A series of nonlinear analyses were
carried out to evaluates the effect of unreinforced masonry
infill walls on seismic performance, failure modes, hysteresis
behaviour, and force transfer mechanisms of the building.
)e obtained results provide useful insights into the accu-
racy and conservativeness of Eurocode 8 design provisions
for infill irregularity in plan and elevation.

2. Design Provisions for Infilled RC Frames in
Seismic Codes

In general design practice of new buildings, designers usually
treat the masonry infill panels as nonstructural elements and
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do not include their contribution in both the analysis model
and the design procedure. )e masonry infills are only
considered as appropriately distributed additional loads and
masses, while the local and global effect due to the inter-
action of these stiff and brittle elements with the RC bare
frames is neglected. )is means that the real seismic per-
formances of the building may differ considerably from
those predicted using the structural model, especially when
the building is subjected to strong ground motions. On the
other side, the retrofit of existing buildings is based on a
preliminary estimate of their seismic safety based on non-
linear static analysis.)e pushover curve of the infilled frame
can be very different from that of the corresponding bare
frame. In fact, the masonry infills can significantly enhance
the capacity of the existing buildings to resist lateral forces,
but, on the other side, the infill irregularity in plan and
elevation can increase the seismic action effects. )e design
procedures differ significantly from one country to another
due to the complexity of infill-frame interaction. In many
cases, the current seismic codes do not give detailed pro-
visions but only generic recommendations for nonstructural
elements. In particular, they do not adequately consider the
role of the masonry infill panels in the seismic response of
buildings. Eurocode 8 [17] does not require explicit con-
siderations of infills as structural members. )us, infilled RC
frames are analysed as if they were bare frames. However, the
design process tries to eliminate all of the potential adverse
effects due to masonry infills, while their beneficial effects are
conservatively neglected. Practically, the code provisions
counteract the potential adverse effects depending on plan
and elevation irregularity of the masonry infills. )e ir-
regularities in the distribution of infills in plan are con-
sidered by increasing the accidental eccentricity by a factor
equal to 2.0. As far as the distribution of infills over the
structural height, regularly distributed infills may signifi-
cantly reduce the deformation demand and enhance the
energy dissipation capacity of the building under earthquake
ground motions. On the contrary, irregular distributed
infills may give high seismic demand of inelastic defor-
mations and brittle failure modes due to torsion and soft-
storey effects. In case of regularly infilled frames, all the
global effects due tomasonry infills (stiffening/strengthening
and nonapparent soft-storey effects) can be conservatively
neglected, while the local shear effect should be considered.
)e stiffening/strengthening effect can be neglected because
the increasing of seismic forces demand is compensated by
the increasing strength due to infills [18]. )e nonapparent
soft-storey effect occurs when the masonry infills in a
particular storey fail prior to those in the others under
earthquake ground motion, thus creating a soft/weak storey
irregularity [19]. )is effect can be neglected in case of
regularly infilled frames since the lateral drift demands of
regularly infilled frames tend to concentrate in lower stories
where it is kept well below that required to trigger structural
instability [18]. In case of irregularities in elevation of infills,
the seismic action should be amplified by the magnification
factor. )e Italian Code [20, 21] recommends magnifying
forces in potentially soft stories, multiplying by a fixed
magnification factor of 1.40. According to Eurocode 8 [13],

the calculated seismic action effects should be amplified by a
magnification factor η defined as follows:

η � 1 +
ΔVRw

ΣVEd
 ≤ q, (1)

where ΔVRw is the total reduction in lateral resistance of
masonry infill walls in the storey concerned, compared to
the more infilled storey above it, ΣVEd is the sum of the
seismic shear forces acting on all structural vertical el-
ements of the storey concerned, and q is the behaviour
factor. )e American technical codes [22–24] suggest
using a macromodelling approach for the analysis of
infilled frame structures, modelling infill as an equivalent
diagonal compression strut having the same thickness
and Young’s modulus of the masonry infill and an
equivalent width estimated using the relationship pro-
posed by Mainstone [25]. However, general information
about the evaluation of the mechanical properties of the
masonry infills and the influence of vertical loads on the
lateral stiffness of masonry infilled frames are still
lacking. Moreover, provisions are not provided for
infilled frames with openings. Finally, FEMA 356 [26]
allows to calculate the masonry infill in-plan stiffness and
strength, based on nonlinear finite element analysis of a
composite frame substructure with infill panels that ac-
count for the presence of openings and postyield cracking
of masonry. Alternatively, general provisions are given
about the elastic in-plan stiffness, strength, and defor-
mation capacity of solid and perforated masonry infills, as
well as the corresponding acceptance criteria.

3. Modelling of Masonry Infills

3.1. Review of Models for Infilled Frame Structures. )e an-
alytical modelling of infilled frame structure is a very
complex issue since the interaction of the masonry infill
panel and the surrounding frame gives rise to a highly
nonlinear inelastic behaviour due to the bare frame
(cracking of concrete, yielding of steel reinforcing bars and
bond slip), the masonry infills (cracking and crushing,
stiffness and strength degradation) and the panel-frame
interfaces (variation of the contact length and degradation of
the bond-friction mechanism). Moreover, very limited ex-
perimental tests were performed on real-scale infilled RC
frames and the experimental research in the literature refers
only to selected masonry typologies, like clay bricks and
concrete blocks. )e first studies on framed structures
infilled with unreinforced masonry walls began since the
1950s. Poyakov [27] proposed a model in which the effect of
the infill walls is represented as an equivalent compression
only brace. Holmes [28] first proposed the empiric rule to
replace the panel with an equivalent diagonal strut, with
cross section width equal to 1/3 of the diagonal length. Smith
[29] calibrated a relationship to evaluate the relative panel-
to-frame stiffness using experimental results on several
infilled steel frames. Mainstone [25] suggested an empirical
equation based on experimental and analytical data to es-
timate the equivalent strut width w:
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w

d
� 0.175 · λ−0.4

n , (2)

where d is the diagonal length of the masonry panel and λn is
the relative panel-to-frame stiffness introduced by Smith
[29]. )is is one of the most popular formulations since it
was included in FEMA-274 [23] and FEMA-306 [30].
Klingner and Bertero [31] presented the first experimental
and analytical studies on the cyclic behaviour of infilled
frames structures also providing a first hysteretic model.
Afterwards, many other studies in the literature proposed
more detailed models to predict the interaction effects be-
tween frames and infills. Such methods may be divided
roughly into two categories, depending on whether they are
based on micromodelling or macromodelling approaches.
)e former is based principally on the Finite Element
Method and requires the modelling of both the masonry
blocks and mortar joints as discrete elements and the in-
terface as continuous links to reproduce the shear sliding of
masonry mortar. )e latter simulates the infill behaviour
with equivalent diagonal struts and it is less complex and
computationally demanding, even though unable to capture
local phenomena. A complete literature review about the
aforementioned approaches was carried out by Asteris et al.
[32] and Crisafulli et al. [33]. Saneinejad and Hobbs [34]
described a new method of analysis and design for steel
frames with concrete or masonry infilling walls subjected to
in-plan forces. Madan et al. [35] proposed an analytical
macromodel based on an equivalent diagonal strut approach
with a hysteretic force-deformation rule that accounts for
strength and stiffness degradation as well pinching resulting
from opening and closing of masonry gaps. Crisafulli et al.
[36, 37] proposed a simplified macromodel, which considers
two pairs of compression-tension diagonal struts to carry
axial loads and two pairs of shear struts to carry the shear
from the top to the bottom of the panel. El-Dakhakhni et al.
[38] presented a simple method in which each masonry
panel is replaced by three struts with force-deformation
characteristics based on the orthotropic behaviour of the
masonry infill. )e multiple strut approach is useful to
account for the shear transmission in critical regions.
However, the calibration of the related parameters may be
somewhat complex. Cavaleri et al. [39] proposed a detailed
force-displacement law accounting for cyclic or monotonic
behaviour taking the results of experimental tests into
account.

3.2. Nonlinear Modelling and Calibration of Infill Panel
Parameters. In this paper, the masonry infills were modelled
using the macromodel proposed by Crisafulli et al. [36, 37],
which considers both frictional effects and local infill-frame
interaction and accounts for the different failure modes. )e
model is based on two parallel compression-tension diag-
onal struts in each diagonal direction to carry the axial loads
and a shear strut to carry the shear from the top to the
bottom of the panel (Figure 1). A hysteresis model is used for
the axial struts while a bilinear model is considered for the
shear strut. In Figure 1, the vertical and horizontal offsets are
used to account for the dimensions of the masonry panel

that depend on the depth of the frame members. )is model
is probably one of the most complete macromodels for
masonry. However, a great number of parameters difficult to
characterize should be evaluated for its application [36]:
elastic modulus (Emo), compressive strength (fn), tensile
strength (f’t), strain at max stress (εm), ultimate strain (εu),
closing strain (εcl), unloading stiffness factor (cun), reloading
strain factor (αre), strain inflection factor (αch), complete
unloading strain factor (βa), stress inflection factor (βch),
zero-stress stiffness factor (cplu), reloading stiffness factor
(cplr), plastic unloading stiffness factor (ex1), repeated cycle
strain factor (ex2), shear fraction (cs), friction coefficient (μ),
bond shear strength (τo), and reduction shear factor (αs).
)ese parameters were calibrated using past experimental
data in literature [40]. In particular, the test for the ductile
RC frame infilled with full-scale fly ash bricks
(230×110× 75mm) was used for calibration. )e test
named DFS in [40] was carried out on infill constructed
using 1 : 4 (cement:sand) mix mortar with a water cement
ratio of 0.6.)e infill wall was constructed by laying bricks in
stretcher bond (running bond). )e calibration was carried
out using SeismoStruct software [41]. )e default values
recommended by Smyrou et al. [42] were used as the first
trial. )e maximum value of base shear force was used to
correct the vales of initial Young’s modulus and compressive
strength. )e parameters cun, αch, and ex1 that control the
shape of hysteresis loops were changed in the range provided
by Crisafulli [36] to match the experimental results. Finally,
the values of the less influential parameters were modified to
reduce the differences in both pinching and strength deg-
radation. Figure 2 shows the lateral load behaviour of
specimens during slow cyclic loading in the form of hys-
teretic response. )e numerical hysteresis loops after the
calibration of infill panel model are compared with exper-
imental data. )e values of calibrated parameters are shown
in Table 1. )ese values were used in the analysis, while the
geometrical parameters were updated according to the ge-
ometry of the structure.

It should be highlighted that most past studies
[13, 43–46] used fly ash or solid clay bricks, hollow blocks, or
concrete bricks/blocks as infills. In the current study, frames
were infilled with fly ash bricks, which were found to be
considerably softer and weaker compared to the RC frame
[47]. Similar to past studies [48, 49], this low-strength
masonry was used in order to reduce the effect of infill on the
lateral load response of the frames and the shear demand on
the columns due to the frame-infill interaction.)e reason of
this choice is that this paper mainly focuses on evaluating the
effectiveness of Eurocode 8 design provisions in marginal
cases for which the amplification of the action effects due to
the presence of infills is low or absent.

3.3. Nonlinear Modelling of RC Members. A three-storey
regular RC frame building was considered in the analysis.
Figures 3 and 4 show the plan and 3D view of the building
considered in the analyses. )e storey height is 3.5m for the
first floor and 3.0m for the other ones. )e bay length is
5.00m in both orthogonal directions.)e slab is 20 cm thick.

4 Mathematical Problems in Engineering



)e steel material used is B450C having tensile strength
value equal to 450MPa. )e cross-sections are 40× 40 for
columns and 40× 50 for beams. )e concrete is assumed to

have a nominal compressive strength fck = 25N/mm2

(compressive strength class C25/30) and a unit weight of
24.0 kN/m3. )e building was designed and detailed
according to Eurocode 8 [17] for site class A, Ductility Class
Medium (DCM), and behaviour factor q= 3.9 for the ulti-
mate limit state verifications. )e design spectral accelera-
tion was evaluated considering damping ratio 5% and design
Peak Ground Acceleration of 0.25 g for the Life-Safety Limit
State. )e design base shear was equal to 0.16W, whereW is
the seismic weight of the building. )e seismic effects were
calculated using the response-spectrum mode superposition
method. )e additional measures for masonry infilled
frames presented in Section 4.3.6 of Eurocode 8 [17] were
not applied, since they are not mandatory in the design of
frame systems of Ductility Class Medium (DCM). In fact,
Eurocode 8 considers the RC buildings of the lower ductility
classes (Ductility Class Medium and Low) as designed for
sufficient lateral strength to overshadow the infill walls. In
this way, this study may address marginal cases in which
Eurocode 8 does not require any measures for infilled
frames. )e capacity design provisions were applied to
obtain the hierarchy of resistance. Meeting this criterion
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Table 1: Calibrated values of parameters of masonry infill panels.

Elastic modulus Emo (kPa) 1158000
Compressive strength fn (kN) 680
Tensile strength ft

′ (kN) 0.5
Strain at max stress εm 0.004
Closing strain εcl 0.04
Unloading stiffness factor cun 1.6
Reloading strain factor αre 0.48
Strain inflection factor αch 0.90
Complete unloading strain factor βa 0.99
Stress inflection factor βch 1.4
Zero-stress stiffness factor cplu 0.7
Reloading stiffness factor cplr 1.7
Plastic unloading stiffness factor ex1 3.2
Repeated cycle strain factor ex2 1.7
Shear fraction cs (kN) 140
Friction coefficient µ 0.9
Bond shear strength τo (kN) 250
Reduction shear factor αs 1.8
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results in high longitudinal reinforcement ratio for columns
(ρl> 2%). )e design longitudinal reinforcement is com-
posed of 16ϕ18 for the corner columns and 18ϕ18 for the
other columns. )e transverse reinforcement consists of
8mm diameter closed stirrups spaced at 10 cm. Regarding
the beams, the longitudinal reinforcement is composed of
4ϕ14 both on top and bottom.)e transverse reinforcement
consists of 8mm diameter closed stirrups spaced at 15 cm. In
the numerical analysis, the following material parameters
were used for concrete: null tensile strength, modulus of
elasticity of 31476MPa, and strain at peak stress of 0.002. It
was assumed for steel a modulus of elasticity of 210000MPa,
strain hardening parameter of 0.005, fracture/buckling
strain of 0.1, and specific weight of 78 kN/m3. )e RC
structural members were modelled in SeismoStruct [41]
using the inelastic force-based fibre elements (infrmFB).)e
cross section is subdivided into fibres of three materials: steel
for reinforcing bars, confined concrete inside the inner layer
of hoops, and unconfined concrete outside the hoops. A
bilinear hysteretic model was used for the reinforcing steel
bars, while the well-known Mander model [50] was used for
confined concrete. Sections were assumed to behave elas-
tically under shear and torsion.

4. Parametric Study

)e RC structures can have various kinds of configurations
of masonry infills. In order to investigate the influence of

masonry infills on the seismic behaviour of infilled RC-
frame structures, both the presence and the absence of all
infills, as well as different in-plan layouts of infill walls, were
examined. To this aim, six case studies with different layouts
of infills both regular and irregular in plan and/or elevation
were considered in the analysis (Figure 5): (A) infills in two
sides of the perimeter; (B) infills in one side of the perimeter;
(C) infills in two sides at the first floor; (D) infills in one side
at the first floor; (E) infills in two sides except in the first
floor; and (F) infills in two sides at the first and third floors.
As aforementioned, the plan and elevation irregularities due
to masonry infill walls may change the seismic behaviour of
the building with respect to those expected during the design
phase. )e asymmetric distribution of the masonry infill
walls in plan (such as in case studies B and D) increases the
eccentricity between the centre of mass and the centre of
stiffness, thus generating additional torsional and higher
modes effects during the seismic event. )e irregular dis-
tribution of masonry infill walls over the height of the
building (such as in case studies C, D, E, and F) may induce
soft-storey collapse mechanisms in the storeys where infills
are missing. It should be highlighted that some of the
presented cases of infilled frames may not be entirely re-
alistic buildings. However, it should be highlighted that the
purpose of this paper is an analysis of the marginal cases for
which Eurocode 8 does not require amplification of the
action effects, or the additional measures are not mandatory,
or the magnification factor due to infills is not able to
counteract the potential adverse effects depending on the
irregularity of the masonry panels. For this purpose, two
different models were considered for each case study: (1)
infill frame model and (2) bare frame model. )e first one
(infill frame model) explicitly considers the masonry infill
panels using the macromodel described in Section 3.2. )e
second one (bare frame model) neglects the stiffness and
strength contributions of the masonry infills and applies the
Eurocode 8 provisions [17] for the infilled frames.

)e seismic behaviour of the building was carried out
using both static and dynamic inelastic procedures. )e
Nonlinear Static Procedures (NSPs) are widely used in the
literature to estimate the deformation demands without the
complex modelling and computational effort of Nonlinear
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Figure 3: Plan of the building.

Figure 4: 3D view of the building.
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Response History Analysis (NRHA). Some NSPs based on
the Capacity Spectrum Method or the Displacement Co-
efficient Method were incorporated in the current genera-
tion of seismic codes. )e two main weaknesses of these
conventional NSPs are the simplifying hypotheses they are
based on: (1) the vibration properties remain unchanged in
spite of structural yielding; (2) only the fundamental mode
of vibration is considered, neglecting the effect of higher
modes. )us, modifications and improvements were pro-
posed in the literature to include the higher mode effects
[51–55], the progressive stiffness degradation [56–58], and
the effects of masonry infills on reinforced concrete frames
[13, 59]. Since the main goal of this paper was to investigate
the effectiveness of the code provisions for the infilled frame,
the nonlinear static (pushover) analysis was carried out
according to Eurocode 8 [17]. )us, two vertical distribu-
tions of lateral loads were applied: (1) uniform pattern, based
on lateral forces that are proportional to mass and (2) modal
pattern, proportional to lateral forces consistent with the
lateral force distribution determined in elastic analysis. )e
relation between base-shear force and control displacement
(the “capacity curve”) was determined according to EC8
provisions [17]. )e procedure reported in Annex B of EC8
[17] was applied to calculate the target displacement. As it is
well known, this procedure (that implements the N2 method
[60]) is based on the elastoplastic idealization of capacity
curve and the Rμ-μ-T relation proposed by Vidic et al. [61] to
scale the Elastic Demand Response Spectrum (EDRS) and
plot the Inelastic Demand Response Spectrum (IDRS). In
general, the extension of the N2 method to infilled RC
frames requires a multilinear idealization of the pushover
curve and a specific Rμ-μ-T relation. Dolšek et al. [62] de-
veloped an incremental N2 method to calculate the seismic
demand of infilled reinforced concrete frames for multiple
levels of seismic intensity. For the case studies examined in
this paper, a specific Rμ-μ-T relation is not required for the
infilled frame structure. In fact, as will be highlighted below,
no strength deterioration of pushover curves was observed.
)us, the traditional N2 method may be employed as a

simple tool to estimate the Peak Ground Acceleration (PGA)
for the LS Limit State (PGALS). In fact, the target dis-
placement corresponding to seismic capacity at Life Safety
Limit State is known. In the same way, the effective period T,
the ductility μ of the elastoplastic idealization of the capacity
curve, and the corresponding reduction factor Rμ (T, μ) are
known. )us, the N2 method may be used to calculate the
elastic spectral acceleration that leads the structure to its LS
Limit State and the corresponding Peak Ground Accelera-
tion (PGALS). Practically, this gives a point of the IN2 curve
[62] corresponding to LS Limit State.

5. Results and Discussion

Figures 6 and 7 show the demand vs. capacity comparison in
ADRS format (i.e., spectral acceleration Sa vs. spectral
displacement Sd) using the infill frame model for the dif-
ferent case studies (A–E) and lateral force distributions (i.e.,
first mode and uniform). Figures 8 and 9 show the results
from the bare frame model. It should be underlined that in
the case studies considered here the resistance of the ma-
sonry walls described in Section 3.2 is not so high. )us, the
magnification factor η defined by (1) is less than 1.1 and,
therefore, the calculated seismic action effects should not be
amplified even in case of irregularity in elevation (i.e., C, D,
E, and F). On the other side, according to EC8 provisions
[17], the irregularity of infills in plan (e.g., B and D) may be
considered by increasing the accidental eccentricity by a
factor equal to 2.0. )us, Figures 8 and 9 show the results
obtained using an accidental eccentricity of 5% and 10%,
respectively.

)e capacity spectrum was obtained from the pushover
analysis in the Y-direction with accidental eccentricity. Two
performance points are plotted on the capacity spectrum
corresponding to the Damage Limitation (DL) Limit State
and Life Safety (LS) Limit State, respectively. )e Limit State
of Damage Limitation (DL) is defined by the chord rotation
at yielding (θy) evaluated by the formulae (A.10b) and
(A.11b) from EN 1998-3 [63]. )e Limit State of Life Safety

(a) (b) (c)

(d) (e) (f )

Figure 5: Different layouts of masonry infills considered in the analysis.
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Figure 6: Demand vs. capacity comparison. Infilled frame model under uniform distribution. LS Limit State and corresponding elastic
spectral acceleration Sae, LS and Peak Ground Acceleration (PGALS).
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Figure 7: Demand vs. capacity comparison. Infilled frame model under first mode distribution. LS Limit State and corresponding elastic
spectral acceleration Sae, LS and Peak Ground Acceleration PGALS.
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(LS) is defined by the corresponding chord rotation that is
assumed as 3/4 of the ultimate chord rotation θu defined by
the formula A.1 from EN 1998-3 [63]. )e results in Fig-
ures 6 and 7 show that there is no strength deterioration of
pushover curves before the LS Limit State is reached. )e
reason for this behaviour is that the case studies considered
here are frames infilled with fly ash bricks that are signifi-
cantly softer and weaker in comparison to the RC frame.
Moreover, the fly ash brick masonry infills have high
deformability under cyclic actions and high deformation
capacity. In fact, their hysteretic response during slow cyclic
loading shows that the deformation capacity of the infills is
about 2% of storey drift once infills start to deteriorate
(Figure 2). Finally, in the case studies examined here, the LS
Limit State occurs before the masonry infills significantly
deteriorate. Figures 6 and 7, as well as Figures 8 and 9, also
plot the elastoplastic idealization of the capacity spectrum;
the radial line from origin and crossing yield point that
represents the elastic system with period T; the inelastic
displacement capacity (Sd, LS) and the corresponding elastic

spectral acceleration (Sa, LS); and the Inelastic Demand
Response Spectrum (IDRS). It can be observed that P(Sd, LS;
Sa,LS) is a point of the IN2 curve [62]. )e corresponding
peak ground acceleration (PGALS) gives the ground motion
intensity that leads the structure to its LS Limit State.

)e values of the capacity PGALS are shown in Table 2.
For each case study (i.e., A–E), the values obtained for the
infill frame model are compared with the values calculated
for the bare frame model applying the EC8 [17] provisions
for masonry infills. )e case study A is regular in plan and
elevation.)us, no additional measures are required, and the
results of the bare frame model are shown in Figure 8. For
the case studies C, E, and F, the irregularity in elevation does
not give any amplification since the magnification factor η is
less than 1.1. )us, the results are taken from the bare frame
model with accidental eccentricity of 5% (Figure 8). For the
case studies B and D, the irregularity in plan is considered by
increasing the accidental eccentricity by a factor equal to 2.0.
)us, the results are obtained from the bare frame model
with accidental eccentricity of 10% (Figure 9). In order to
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Figure 8: Demand vs. capacity comparison. )e bare frame model with an accidental eccentricity of 5%.
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Figure 9: Demand vs. capacity comparison. )e bare frame model with an accidental eccentricity of 10%.
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investigate the effect of masonry infill panels on the failure
mechanism, Figures 10 and 11 show the patterns of yielding
of the different case studies for their Life Safety performance
level. )ese patterns of yielding are estimated in terms of
chord rotation. )e members where plasticity is developed
(i.e., the chord rotation at yielding θy is reached) are plotted
in red.)emembers where the chord rotation capacity at the
Limit State of Life Safety is reached are plotted in black.

)e results in Figures 10 and 11 show that in the case
studies A, E, and F the patterns of yielding in the bare and
infilled frame are very similar. After all, in these cases, no
additional measures are required for infill irregularity, since
A is regular in plan and elevation, while E and F are irregular
in elevation, but the magnification factor η of EC8 is less
than 1.1. On the contrary, the masonry infills induce neg-
ative torsional effects if they are irregularly distributed in
plan (such as in case studies B and D under the first mode
distribution). In this case, the inelastic deformation de-
mands concentrate on the “flexible” side of the building in
which there are no masonry panels. )us, the achieving of
the chord rotation on a beam of the “flexible” side occurs for
very low values of the target displacement (Figures 6 and 7).
)is behaviour is substantially reproduced by the bare frame
model if the EC8 provisions for masonry infills are applied,
that is, if the accidental eccentricity is increased by a factor
equal to 2.0 (i.e., accidental eccentricity of 10%) (Figure 9).
)e corresponding values of PGALS in Table 2 are conser-
vative when compared to the infilled frame model. )is
shows the effectiveness of the Eurocode 8 provision for the
case studies with irregularities of infills in plan (i.e., cases B
and D). Finally, it should be underlined that the results of
case study C are particularly interesting. In this case, under
the uniform distribution of lateral loads, the accidental
eccentricity provides a torsional rotation of the building and
this increases the stresses on infill panels placed in frame Y6
(see Figure 12). )e masonry infill walls have a brittle be-
haviour and, thus, their contribution to the strength of frame
Y6 decreases dramatically as the drift increases (Figure 13).
)is produces a sudden increase in stresses of the frame
members that activates negative torsional effects since the
inelastic deformation demands concentrate on the “flexible”
side of a building (i.e., the part in which the failure of the
masonry panels of frame Y6 occurs) (Figure 12). )is high
torsional rotation for low displacement values of control
node does not occur both in the bare frame model and in the
infill frame model under the first mode distribution. )us,
the capacity of the infill frame model for the uniform

distribution (PGALS � 0.190 g) is significantly lower than
both the value corresponding to the first mode distribution
(PGALS � 0.520 g) and the value obtained using the bare
frame model (PGALS � 0.665 g) (Table 2).)is means that, in
this case, the masonry infills cannot be neglected in the
model, since they significantly influence the inelastic re-
sponse of the building and its failure mechanism. )us, it is
unsafe to neglect the presence of the masonry infills even in a
case where the EC8 provisions are applied and no ampli-
fication is required.

Finally, the shear demand in the columns of infilled
frames was investigated. In order to evaluate this effect, the
total shear demand in a column (VD,t) was calculated as the
sum of the shear force in the column resulting from the
analysis (VD,a) and the additional shear force, which is in-
duced by the masonry infill (VD,i) as follows:

VD,t � VD,a + VD,i,

VD,i � cci · Ns · cos θ,
(3)

where Ns is the axial force in the equivalent diagonal strut, θ
is its inclination with respect to the horizontal axis, and cci is
the model parameter that defines the proportion of the force
that is transferred from the infill to the column. On the basis
of the results of their parametric study, Celarec and Dolšek
[13] observed that cci depends on the ratio between the
stiffness of columns and that of the infills, as well as on the
location of the column in the building varying from 0.44 to
0.58. In this paper, the variation of cci due to the location of
the column in the building was neglected, and the value 0.5
was considered. In the case studies examined, the ratio
between the stiffness of columns and that of the infills is very
high, since fly ash bricks were considered as infill, which are
considerably softer and weaker compared to the RC frame
[47]. Figure 14 shows, for example, the shear demand in the
first storey corner column of frame Y1 (case study C) during
the pushover analysis under the uniform distribution of
lateral loads. Figure 14 shows that the shear force induced by
the masonry infill is much less than the shear force in the
column resulting from the analysis. Moreover, the failure of
diagonals in compression always occurs before the LS Limit
State of the RC structure, when the shear force in the column
is still increasing with displacement.)us, the increase of the
shear demand in the columns induced by the masonry infill
is very low. Finally, the total shear demand in the columns is
well below the value of shear strength estimated according to
Eurocode 8 [63]. For example, the shear strength is 327 kN

Table 2: Capacity of Peak Ground Acceleration (PGALS) at Life Safety (LS) Limit State.

Case study
Uniform distribution First mode distribution

Infill frame model Bare frame model with EC8
measures for infilled frames Infill frame model Bare frame model with EC8

measures for infilled frames
A 0.730 0.665 0.532 0.523
B 0.456 0.372 0.338 0.282
C 0.190 0.665 0.520 0.523
D 0.677 0.372 0.408 0.282
E 0.638 0.665 0.540 0.523
F 0.615 0.665 0.528 0.523
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for the first storey corner column of frame Y1 considered in
Figure 14. Figure 15 shows the total shear demand in the
corner column of frame Y1 at the displacement corre-
sponding to the Life Safety performance level of the infill

frame model. )e results of the infill frame model are
compared to the results obtained from the bare frame model
applying the additional EC8 measures for infilled frames. In
the case study D, the shear demand in the column of the

Infill frame model Bare frame model
EC8 measures for infilled frames

(a)

(b)

(c)

(d)

(e)

(f)

Figure 10: Comparison of patterns of yielding between the infill frame model and bare frame model. Life Safety Limit State-uniform
distribution.
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infilled frame model is greater than the bare frame model. At
the upper storey, the increase of the shear demand in the
columns of infilled frames reaches up to 30%. )is increase
depends on the variation of nonlinear static response of the

RC frame due to the infill panels. )us, for the case study D,
the bare frame model is not conservative, also applying the
Eurocode provisions to counteract the potential adverse
effects depending on the infill irregularity in plan.

Infill frame model Bare frame model
EC8 measures for infilled frames

(a)

(b)

(c)

(d)

(e)

(f)

Figure 11: Comparison of patterns of yielding between the infill frame model and bare frame model. Life Safety Limit State-first mode
distribution.
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Finally, the influence of the masonry infills on the in-
elastic dynamic response of the buildings was evaluated
using a set of 7 recorded accelerograms selected from the
European Strong-Motion Database (ESD), the Italian
Accelerometric Archive (ITACA), and the Selected Input
Motions for Displacement-Based Assessment and Design
database (SIMBAD) [64, 65]. )e recorded accelerograms
were adequately qualified with regard to the rules recom-
mended in the seismic standards based on the target
spectrum matching [17]. In the range of periods of interest

(0.1≤T≤ 2.0 sec), no value of the mean elastic spectrum,
calculated from all time histories, is less than 90% of the
corresponding values of the target elastic spectrum. )e
recorded accelerograms considered in the numerical analysis
are summarized in Table 3. )e spectrum compatibility for
the selected acceleration records is shown in Figure 16. )e
accelerograms considered in the analysis were scaled to
0.25 g. )e effects of an accidental eccentricity of 5% of the
longer plan dimension were considered by shifting the
centre of mass. In cases with irregularities in the distribution

Figure 12: Comparison of deformed shape between the infill frame model and bare frame model. Target displacement at Life Safety Limit
State of infill frame model-uniform distribution—case study C.
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of infills in plan, the accidental eccentricity was increased by
a factor equal to 2.0 (accidental eccentricity of 10%)
according to EC8 provisions [17]. Figure 17 shows the mean
of Y-top lateral displacements from Nonlinear Response

History Analysis. In the cases examined here, the bare frame
model gives conservative results if the Eurocode 8 provisions
for irregularities in the distribution of infills are applied. In
fact, the displacements found using the bare framemodel are
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Figure 15: Shear demand in the corner column of frame Y1. Pushover analysis under uniform distribution.

Table 3: Set of earthquake natural records.

Waveform ID Earthquake name Date Direction PGA (m/s2) Magnitude (MW)
386Y Christchurch 13.06.11 EW 5.546 6.0
467X Kozani 13.05.95 NS 2.041 6.5
467Y Kozani 13.05.95 EW 1.370 6.5
216X Parkfield 28.09.04 NS 2.406 6.0
114Y South Iceland 17.06.00 EW 1.559 6.5
452Y Loma Prieta 18.10.89 EW 4.029 6.9
413X Irpinia 23.09.80 NS 0.564 6.9
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higher than those obtained with the more refined infill frame
model, both in the centre of mass (CM) and in the left (frame
Y1) and right (frame Y6) sides.

6. Conclusions

)is paper investigates the effectiveness of the Eurocode 8
design provisions for infill irregularity. For this purpose, the
paper addresses some marginal cases for which Eurocode 8
does not require any measures for infilled frames or the

additional measures are not mandatory. To this aim, a
macromodel that considers both frictional effects and local
infill-frame interaction is used for the masonry infill panels
while inelastic force-based fibre elements are used for the RC
members.)e inelastic response of the structure is estimated
using both nonlinear static (pushover) and Nonlinear Re-
sponse History Analysis. )e total shear demand on the
columns is calculated as the sum of the shear force in the
column resulting from the analysis and the additional shear
force that is induced by the masonry infill.
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Figure 16: Spectrum compatibility for the selected records.
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Figure 17: Mean of Y-top lateral displacements from Nonlinear Response History Analysis.
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)is study has led to the following conclusions:

(1) Masonry infills may significantly alter the inelastic
response of the building even if they are regularly
distributed both in plan and elevation, or the
Eurocode 8 provisions to counteract the effect of
irregular distribution of masonry infill panels are
applied. In fact, different structural failures due to
torsion and soft-storey effects are highlighted.

(2) In one of the case studies examined here (in which
the distribution of masonry infills is regular in plan
and irregular in elevation), the torsional rotation of
the building due to the accidental eccentricity in-
creases the stresses on infill panels placed on one side
of the plan. )e brittle behaviour of these panels
dramatically decreases their contribution in strength
and increases the stresses of the framemembers, thus
activating torsion and soft-storey effects.

(3) )e abovementioned unwanted inelastic behaviour
of the infilled frame model does not occur in the bare
frame model. )us, the capacity, in terms of peak
ground acceleration, of the bare frame model is
greater than that one obtained with the infill frame
model. )is means that in one of the case studies
examined here it is not conservative to neglect the
participation of the infill panels in the overall
structural behaviour, even in a case where the EC8
provisions are considered, and no additional mea-
sures are required.

(4) Even in cases in which the Eurocode 8 provisions
against the negative effects of infills are not man-
datory but are applied, a significant increase in shear
demand of columnsmay occur.)is increase is given
by both the additional shear demand due to the local
frame-infill interaction and the variation of the
nonlinear response of the framed structure due to the
masonry infills. )e increase of the shear demand in
the columns may cause their brittle shear failure if
they are not seismically designed and detailed. )us,
the masonry infill may give an adverse contribution
that may induce unexpected and dangerous non-
ductile collapse mechanisms.

(5) Finally, it should be underlined that some simpli-
fying hypotheses have been introduced in the present
paper. First of all, the out-of-plane failure of infills
was neglected, while it can introduce irregularities in
the distribution of infills in plan and elevation, thus
affecting in a negative way the seismic behaviour of
the building. )en, only infills without openings
were considered in the analysis. Moreover, the po-
tential shear failure of the columns was not mod-
elled, but it was checked that the shear demand did
not exceed the shear capacity. Finally, the specific
Eurocode 8 provisions to counteract the potential
adverse effects depending on plan and elevation
regularity of the masonry infills were considered in
the analysis.
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