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Abstract: Infilled frames are usually modelled in the context of global building analysis using
simplified procedures without considering the aspects resulting from the interaction between the
panel and the frame. Other aspects, such as adequate design of the floor beams and the beam-
columns’ joints, and control of potential sliding shear failure of the columns, that significantly affect
the structural response, are also typically not accounted for. In the present work it is intended to look
over the literature to evaluate the state of the art regarding the lessons learn from recent earthquakes,
the evolution of the structural codes considering the infill masonry panels, and how this influences
the evolution of the numerical models and the experimental works to overcome the existent gaps.

Keywords: earthquake engineering; numerical modelling; experimental work; infill masonry walls;
RC frames

1. Introduction

Accounting for seismic action in the design and construction of buildings has always
been a delicate matter in engineering. The unpredictable nature of these natural phenomena,
both in terms of occurrence and intensity, has always posed tough challenges. Earthquakes
are the phenomena with the largest human and economic impact. Even though the larger
are rare events, the scale of the devastation they can induce is so spread to cause decades of
economic stagnation. Recently, several organizations have recognised the urgent need for
consideration of seismic hazards and risks, emphasizing the importance of the work. A
recent work developed particularly for Portugal by Silva (2013) points to this conclusion [1].

A similar conclusion can be extended to the rest of the world. Due to massive econom-
ical and human impact and the need to establish a better insight for seismic occurrences,
this topic is extremely important to invest in. Although the number of geophysical events
is not increasing (Figure 1a), the trends in economic losses are, and some of the biggest
impacts are indeed a direct cause of earthquakes, as seen by the 1995 and 2011 peaks caused
by Kobe and Japan-New Zealand earthquakes (Figure 1b).

This article intends to address complete research about the state-of-art on four main
vectors regarding seismic vulnerability of reinforced concrete buildings: 1. International
code recommendations, 2. Lessons learned from past earthquake performance, 3. Experi-
mental work, and 4. Numerical modelling (divided into macro and micro modelling).
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Figure 1. Natural catastrophes by (a) Occurrences and by (b) Global losses (adapted from Ref. [2]).

2. Behaviour of Masonry Infill Walls
Masonry walls, when integrated within a reinforced concrete frame, have a different
mechanical behavior compared to unconfined masonry walls. The lateral loading on
the confined system creates mainly biaxial stresses with compression on the diagonal
connecting opposite corners and tension on the perpendicular direction. The walls can
also be subjected to high shear demands, failing along the mortar layers. However, the
greater changes on the stress demands occur to the frame. The interaction between the
two elements changes the behaviour of the assemblage completely. Figure 2a,b supports
these remarks by showing the differences both on global and local levels. Analysing the
displacements between a building with and without infill masonry walls, it is possible to
assess that the bare-frame structure has higher deformations that are more distributed in
height than the infilled frame. It shows that, for higher seismic demands, there is a tendency
for concentration of deformations at specific levels, especially for the infilled frame. This
occurrence leads to the formation of a soft-storey mechanism, a possible consequence
intensified by the implementation of brittle masonry walls. Figure 2c shows the influence of
the wall at the local level; the typical stress diagram of a bare frame is normally completely
different from the presented here, demonstrating that ignoring masonry walls during the
design of a structure can lead to errors on the expected stress resultants.
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Figure 2. Global displacements for different seismic demands for RC (a) Bare-frame and (b) Infilled
frame (adapted from Ref. [3]), and (c) Local demands’ influence on infill wall on the RC columns.
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Infill walls are considered non-structural elements in RC structures because they are
not intended to carry loads in static conditions. However, in case of higher deformations,
lateral or vertical, these elements become active, change the response of the frame structure,
and claim a structural influence, typically causing a reduction of the bending moments
and an increase on the axial loads on the columns and beams. These aspects become even
more important since the requirements for non-linear response evaluation of structures,
according to new codes, are also higher. The walls increase the lateral strength of the frames
locally, however globally they may reduce the base-shear strength of a structure due to
failure on a certain level. At a global level, the infill walls can contribute to an increase of
stiffness with the direct consequence of reducing the lateral displacements and can improve
the dynamic behavior due to higher energy dissipation through friction on the structural
interfaces between infill and frame.

The uncertainties related with the behavior of infilled frames are numerous. For
medium-strong lateral loads, the frame tendency to deform creates a detachment between
infill and frame. In this process, the contact length is mainly controlled by the relative
stiffness between the involved elements. The bond strength between infill and frame on the
mortar boundary layers is less significant for the global behavior of the system. Openings
affect the behaviour of the infilled frame because the stiffness is not homogeneous which can
result, for example, in short-column mechanisms, locally, or in undesirable loss of stiffness
in a smaller region of the structure, globally. Hereupon it is noteworthy that infill walls
with more than 50% of openings are usually ignored because the behaviour of the system is
close to the bare frame. Moreover, as seen in Figure 2, infill walls completely change the
load redistribution of the structure, creating, for example, local stresses concentrated near
the corner region, which in turn can affect structural stability, causing another source of
uncertainties.

The global influence of the infill walls is further discussed in Sections 3 and 4, where
global issues of relative stiffness and propagation of failure (in-plane and out-of-plane) are
presented with reference to dangerous aspects of the structural response, such as torsional
effects or soft-storey mechanisms.

Fardis (2009) assesses that the effect of masonry infills is generally beneficial for
an infilled building without irregularities [4]. Table 1 summarises the advantages and
disadvantages on the integration of infill masonry walls on RC buildings.

Table 1. Pros and cons of infill masonry walls on frames.

Advantages Disadvantages
Structure protection for low and medium earthquakes Degradation of stiffness, strength, and energy dissipation capacity
Higher stiffness Stiffness irregularity in height (soft-storey) and in plan (torsion)
Higher strength Strength irregularity in height (weak-storey)
Reduction of lateral resisting contribution from the columns Concentration of shear in columns beams and joints
Reduction of deformations on the structure Increase of axial loads on columns

Higher energy dissipation capacity

Higher stress demand due to higher frequencies, especially on
the foundations

By neglecting the existence of the infill walls, a wrong lateral stiffness is indirectly
assumed [5,6] for the structure in analysis, introducing potentially dangerous consequences
such as unrealistic seismic design actions, prevention from accounting for torsional effects,
formation of mechanisms, or local failures. It is worth noticing that although many issues
were discussed about the behavior of infilled frames, the capacity of these infilled systems
are stronger when compared to unreinforced masonry walls.

2.1. Failure Modes

Different failure modes may occur depending on the properties of the materials and
the stress rate [7]. Several researchers have classified those modes in a slightly different
way. The following list is a collection of some definitions; however, it is important to keep
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in mind that failure is usually attained through a combination of different modes and not
due to a single reason. Some failure modes are identified as dominant nevertheless.

2.1.1. On Masonry Infill Wall

Many studies in the literature assess the various masonry infill failure modes. In some
research papers [8-11], the failure modes are categorised into the following groups:

1. Purely Flexural. It is identified as the case in which frame and infill wall cooperate as
a unique element during a low loading phase. Since it does not reach a failure state
from this behaviour, the mode is not considered as a primary failure mechanism.

2. Sliding Shear. This failure occurs from the shear failure on the bed joint layer of the
masonry infill wall. It is one of the most important failure modes, which decreases
the stiffness of the panel and may create local deficiencies on the frame, but not an
ultimate failure because the panel maintain some lateral strength capacity for the
infilled frame. The mode occurs in masonry walls with a weak mortar joint and a
strong frame. Multiple Sliding Shear. This mode is a special case of the previous one.
While the single sliding shear is usually observed for an individual layer located near
the middle of the panel, for the case of multiple sliding, the formations are distributed
along the height of the panel, creating fewer local problems in the RC frame.

3. Diagonal Compression. Occurs from the crushing of the infill. It may be located on the
central region, and it is associated with slender infill walls and out-of-plane buckling.

4. Corner Crushing. Crushing by compression located on one or more corners of the
masonry panel, with probability of occurrence for weak infills within frames with
strong members and weak joints.

5. Diagonal Cracking. It is the formation of cracks along the infill compression strut,
or also in the horizontal layer along the panel’s half height. It is common to occur
together with sliding shear, corner crushing, or frame failure modes.

6.  Out-of-Plane. It is characterised by a more destructive and spectacular failure com-
pared to in-plane failures. Seismic action does not occur perfectly aligned to the
building directions. Therefore, the failure often occurs with a combination of in-plane
and out-of-plane forces, with initial cracking caused by in-plane forces that weaken
the wall substantially. Masonry walls, as infills for frame structures, due to the in-
teraction with the bounding frame can develop out-of-plane resistance through the
arching mechanism, which is mainly dependent on the slenderness of the wall, on
the compressive strength of the masonry and on the support conditions. The risk for
this type of failure can be greatly reduced by decreasing distances between supports,
use of proper floor-to-ceiling supports, and attachment between walls and frames,
however the available knowledge in this regard is still limited, especially for non-pure
out-of-plane failure considering prior in-plane damage.

7. Frame Failure. An obvious possibility for the failure is the formation of plastic hinges
in the columns, or shear failure in the beam-column joints or columns. It can be caused
by either a weak frame or weak joints with a strong infill. The failure induced by the
infill walls may arise from a number of factors. The increase of stiffness and the forces
introduced by the infills can elevate the axial stresses on columns (both in tension and
compression). The diagonal truss of the infill creates a concentration region where the
wall transfers some of the stress near the joints, resulting in increased shear stresses
on both columns and the beams. In such a scenario the joints may fail, causing the
failure of the system. The flexural and shear demands may increase even more if a
short column is formed by an infill shear failure or by the existence of openings.

From this list, considering only in-plane demands, the most dominant types of failure
are sliding shear on mortar layers, corner crushing, and cracking by diagonal tension.
Table 2 correlates the in-plane failure modes with the infilled frame conditions. The blank
spaces are too unpredictable to assume a tendency for the failure.
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Table 2. Prediction of failure relating the strength of the frame and infill panel.
Weak Infill Strong Infill
Shear Sliding
Weak Frame Diagonal Cracking
Frame Failure
Strong Members . . Shear Shdmg
. Corner crushing Diagonal Cracking
Weak Joints .
Frame Failure
Strong frame Corner crushing

2.1.2. Structural Implications

The interaction of the non-structural elements with the structural elements, specifically
infill masonry walls with columns, beams and their joints, has great structural implications.
The combination of both responses during an earthquake increases the complexity of the
system and may prove crucial for the structural safety.

This topic is furtherly discussed in Section 4, regarding lessons from previous earth-
quakes. However, some aspects are briefly introduced here. The infill walls, when dis-
tributed irregularly in plan, may introduce dangerous torsion effects on the buildings,
which may lead to global collapse. On the other hand, when infills are distributed ir-
regularly in elevation, soft-storey mechanisms (collapse/failure of a building’s level) can
occur. Similar consequences can be inflicted if the stiffness of the infill walls is not properly
balanced both in elevation and in plan, as a result of concentration of openings, thicker
walls, etc., in a smaller region of the building. Weak infill walls, in-plane damage, and
out-of-plane damage can induce the same vulnerable mechanisms of soft-storey and torsion.
As a direct consequence on a local level, various adverse conditions may occur, such as
column and joint shear failure due to strong infill or formation of short-column mechanism.
At a global level, infill walls increase the stiffness of frames, which creates higher base-shear
demands and also changes completely the redistributions of stresses on the structure.

3. Design Codes and Recommendations

This section is dedicated to the review of standards and codes, with special focus on
the European recommendations and the influence of infill masonry walls in the behaviour
of the structural reinforced concrete elements. Design and ductility requirements are firstly
discussed before advancing to particularities about infill walls.

3.1. Concepts and Ductility

Eurocode 8 establishes two performance requirements, namely: (1) no-collapse, for
which the designed structure, for seismic action, should not suffer any global or local
collapse, and (2) damage limitation, in which a structure, subject to a seismic action
lower than the design seismic action, should not exhibit severe levels of damage or suffer
from a degradation of service [12]. They are related to the compliance criteria for safety
level described by ultimate limit states (ULS) and damage limitation states (associated
with serviceability limit states—SLS). These limits are established—in the case of ordinary
structures—respectively for the following levels: (1) design seismic action (for local collapse
prevention) with 10% probability of exceedance in 50 years, which corresponds to a mean
return period of 475 years, and (2) damage limitation seismic (or serviceability) action with
10% probability of exceedance in 10 years which corresponds to a mean return period of
95 years.

The analysis methods that can be used are: (1) linear analysis with lateral force method
for buildings meeting specific conditions, (2) linear analysis with modal response spectrum
method applicable to all types of buildings, (3) non-linear static (pushover) analysis, and
(4) non-linear time history (dynamic) analysis.
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Eurocode 8 suggests, for framed RC structures, that all the joints should satisfy the
condition where the sum of the moments of the columns (Mgc) should be higher than the
sum of the moments of the beam, according to:

Y Mg > 1.3) Mgy, ¢y

to ensure that the plastic hinges are formed in the beams before columns. In terms of
deformations, it is expected that the critical displacement associated with the collapse
of a building is much higher, with this capacity restraint, due to better distribution of
deformation demands to all storeys, instead of concentrating them in a specific location.
This designing philosophy is indirectly related with the ductility classes and with the
energy dissipation capacity of the structure, which should follow some rules for efficient
performance. The code distinguishes three different ductility classes, identified as low
(DCL), medium (DCM) and high (DCH) ductility levels. The low ductility class is only
recommended for areas with low seismicity, following, for the most part, only provisions
from the Eurocode 2. This type of structure should be prepared to sustain seismic action
within elastic range. Outside the non-seismic areas, it is recommended to be designing
with further provisions in order to increase the hysteretic capacity (non-linear behavior) to
dissipate seismic energy of the buildings. Structures designed for ductility classes DCM
and DCH should not have any type of brittle failure in any element.

3.2. Infilled Structures
There are three main philosophies for seismic design of infilled frames:

1. Structural isolation by creating gaps between the masonry wall and the frame to
allow free deformation by the frame. Some national codes adopting this philosophy
are a Russian code (SNIP-II-7-81 1996 [13]), or an old New Zealand code (NZS1170.5
1995 [14], replaced later by the 2004 version [15]). It has some disadvantages regarding
fire protection, thermal and sound insulation, or higher vulnerability for out-of-plane
collapses during an earthquake. The advantages are mainly a better control of the
structural behavior, in terms of stiffness, brittle failures, and undesirable effects created
by irregular placement of infills.

2. Use of the infill wall’s characteristics to reduce costs of construction and improve
the comfort and seismic behavior of the buildings. Codes following this philosophy,
such as the European one (CEN 2003 [12]), recommend some procedures to achieve
realistic natural frequencies, stiffness and seismic design loads, to avoid irregularities,
to account for openings, provisions of out-of-plane collapses, etc.

3.  Mandatory reinforcement of the masonry infill walls that is proposed from the Inter-
national Building Code (ICC 2003 [16]). Infill masonry walls are permitted during
design, but they must follow some stricter rules on their construction in order to
improve their quality and control of the assumed conditions during the design of
structures.

In Table 3 a summary of design provisions of several codes regarding infilled RC
frames is presented. For this compilation reference is made to Chronopoulos and Chronopou-
los (2012), Nazief (2014), and especially Kaushik et al. (2006) [17-19]. Most standards share
similarities between each other.

FEMA (1997) specifies that masonry infill panels shall be represented as equivalent
diagonal struts and may be placed concentrically across the diagonals, or eccentrically to
directly evaluate the infill effects on the columns [20]. It specifies strength requirements
for column members adjacent to infill panels. The shear force demand may be limited
by the moment capacity of the column with reduced length. FEMA (2000) recommends
various formulations for the analysis the masonry infills for both in-plane and out-of-plane
directions [21].



Buildings 2022, 12, 1146 7 of 55
Table 3. Seismic standards on masonry infilled RC frames. (adapted from Refs. [18,19]).
p Min. Force (%) Irregularity Infill
Country & References D i i
Y Natural Period Frame Inf Plan Elev. Drift f K; (0 oor
Greece (EAK 2000; nGCI 2012) [22,23] - - - - - - - - - - - -
USA (ICC 2003) [16] N X N N N N X N N N N N
USA (MSJC 2011) [24] - - - - - - Y - Y Y Y Y
India (IS1893-Part1 2002) [25] Y T, = 0.09% N N N Y X N N N N N
Israel (SI-413 1995) [26] Y T, = min{0.049h0-75; 0.068h0-075} 25 N Y Y 1.15 N Y N N N
Italy (NTCO8 2008) [27] - - - - - - - - - - - -
Mexico (Mexican-Code 2004) [28] - - - - - - - - Y Y - Y
Nepal (NBC-105 1994; NBC-201 1994) [29,30] Y T, = 0.09% 25 N Y Y 2 Y Y N Y Y
New Zealand (NZS 2004) [15] - - - - - N - - - - -
Philippines (NSCP 1992) [31] Y xray V T, = C;h%75; C; = % N N N N 1.5 N N N N N
C
. 1. 2
Ac =Y A;( 02+ min (%> ;095 ) (m)
Russia (SNIP-II-7-81 1996) [13] - - - - - - - - - - - -
Venezuela (COVENIN-2002 1988) [32] Y Rayleigh formula (*ray) 25 N X N N N
N N
T, =21 (Z Wif%) / (g )y Fiéei)
i=1 i=1
Only standard (FEMA 1998) [33] Y X N N N N X Y Y Y Y Y
Albania (KTP-N2-89 1989) [34] Y N N N N 1.2-15 N N N N N
Algeria (RPA 1988) [35] Y xray VT, = min{0,0Q%;o,%ho-%} 25 N N N 1.42 N N N N N
!
Bulgaria (BGSC 1987) [36] Y X N N N Y 1.5-3.0 N N N N N
Canada (CSA-S304.1 2004) [37] - - - - - - Y - Y Y N -
China (GBJ-11 1989) [38] Y X N N N N X Y N N N N
Colombia (NSR 1998) [39] Y sray V T, = Ch07%; C; = (\)-/% 25 100 N N X Y N N N N
C

25 100 N N X Y N N N N

Ac =Y A (0.2+ min{%;0.9}>2

—~

m)
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Table 3. Cont.
Min. Force (%) Irregularity Infill

Country & References D Natural Period Frame Inf Plan  Elev. Drift i K; o ooP
Costa Rica (CFIA 1986) [40] Y T, = 0.08N(infilled) | T, = 0.1N(bare) N N Y Y X Y N N N N
Egypt (ECP 1988) [41] Y T, = 0,09% 25 100 N N 2 N N N N N
Ethiopia (ESCP-1 1983) [42] Y T, = 0,09% 25 100 N N 125 NNN YNY N N N
Europe (CEN 2003) [12] Y sray V T, = C;h075; C; = %LS 50-65 N Y Y 12 Y N N Y Y

Ac=Y A,-(O.Hmin{( ) 09})( )

France (AFPS 1990) [43] Y N N N N X N N N N N

T, = min{0.094;0.06 4\ [/ |

D (dynamic analysis for irregular buildings), K (ratlo for design forces MI-RC), o; (strength of infill), K; (stiffness of infill), O (considers openings of infill), C; (correction factor for
masonry infill), [;; (length of the wall i in the first storey), A; (cross-section area of the wall), A. (combined effective area of masonry infill in the first storey), i (height of the building),

- (no information yet).
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Eurocode 8 specifies that the period of the structure used to evaluate base-shear stress
shall be the average between periods for the bare frame and for the elastic infilled frame [12].
Frame member actions are then determined by modelling the frame without the struts.
Irregular infill arrangement (in plan and elevation) is addressed with important recom-
mendations to avoid the formation of soft-storeys and torsion-effects. Moreover, designing
techniques are suggested to account for irregularities, such as increase of accidental eccen-
tricities and use of three-dimensional analysis. Regarding irregularities in elevation, if a
refined model is not used, the code suggests the computation of a magnification factor to
increase the seismic actions on columns:

. AVrw )
=min( 1+ ,q, 2
1 ( A (2)

where Vyyy is total reduction in lateral resistance of infills compared to the storey above,
Vg, is the seismic shear forces on all vertical members in the examined storey, and g the
behaviour factor dependent on the ductility class of the structure. If the value # is less than
1.1, it is not necessary to increase the designing forces.

In terms of lateral load shared between infill walls and the frame, CEN (2003) does not
make a reference to the infill walls, considering only that the frame system should resist
totally the vertical loads, and possess a 65% base-shear capacity—50% at minimum for other
types of structure—of the total lateral loading on the building [12]. For the serviceability
limit state, it is recommended to control the lateral deformation between storeys (drifts,
d,). For buildings with brittle non-structural elements, it should be limited to 0.005 /.
For buildings with ductile non-structural elements the drift is limited to 0.0075 h/y, or
0.010 h/ p if the building does not have non-structural elements. (% is the height of the storey,
and p is the reduction coefficient ranging from 0.4 to 0.5, depending on the importance
class). Due to the nature of the infill masonry walls, which indeed are non-structural and
brittle elements, the limit to be used is 0.005 i/ u.

The second generation of the Eurocodes is now in discussion and several changes are
expected in regard to the infill masonry walls. For example, the masonry infills should
be classified as interacting or non-interacting, and this fact will change the design of the
RC structure. In the non-interacting infill walls the contribution for the lateral (in-plane)
stiffness and resistance may be neglected, and this fact is much dependent on the bounding
connection between the infill wall and the frame, assuring the proper out-of-plane capacity.
If the building has interacting infills, the design may continue to assume the bare frame only,
especially in the case of regular distributions of the infill masonry panels with simplified
approach; however, the new generation of the Eurocode 8 may give direct recommendations
for the explicit consideration of the infill masonry walls in the linear and non-linear design
of RC structures.

Other codes require full resistance of the lateral loading from the infill walls, which
can only be achieved by specific measures so that the walls are structurally connected
to the surrounding RC structure. Nepal's code (NBC-105, 1994) has considerations for
masonry infills with openings, considering only those walls with more than 90% of the
gross panel area [29]. It also specifies three areas for openings, (1) restricted zone (areas
next to the corners with 1/3 of height and width), (2) significant opening (middle area), and
non-significant area (next to columns and beams). Inside the significant area it is necessary
to strengthen the wall with strategies of RC tie-bands.

4. Lessons from Earthquakes

This section is dedicated to observation of damages and lessons earned from previous
earthquakes. Section 4.1 focuses on the vulnerability of RC buildings for recent events
close to Europe, with a special interest on the interaction and failure of infill walls. Next,
in Section 4.2, a collection of studies on other earthquake events around the world is
presented.
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4.1. Recent Earthquakes in Europe

The impact of natural disasters is rising every year. Databases such as EM-DAT [44]
and Munich-Re [2] corroborate these trends, both in terms of number of events and of
human and economic losses [1]. While the number of earthquake occurrences worldwide
is not so profound, when compared to other types of natural or man-made extreme events,
the associated global costs and impact is extremely high.

Herein, the lessons learned from the observations of damages in reinforced concrete
building structures affected by recent earthquakes in Europe are discussed. The discussion
and analysis are focused on both the structural (columns, beams, joints, etc.) and non-
structural (masonry infill walls, parapets, etc.) elements, in order to achieve a thorough
understanding of the most common errors and deficiencies (during the design or construc-
tion phase) on building systems that can lead to severe consequences when exposed to
earthquake demands.

This section is focused on the following three earthquakes (listed in Table 4): the
first occurred in Italy, region of Abruzzo, L’Aquila, on the 6 April 2009 and reached a
magnitude of 6.3, killed 308, left around 65,000 homeless, and the economic losses were up
to USD 10,000 million; the second one occurred in Spain, Lorca, on the 11 May 2011, with a
magnitude of 5.1, nine fatalities, left around 5000 homeless and economic losses estimated
around USD 99 million and the last one, again in Italy, in the region of Emilia-Romagna, on
May 2012, struck with two main shocks with magnitudes of 6.1 and 5.8, causing 26 fatalities,
43,000 homeless, and economic losses of USD 13,000 million [45,46]. Reference is made in
Rodrigues et al. (2010) and Vicente et al. (2010) for Abbruzo’s earthquake and in Romao
(2013) for Lorca’s earthquake [47-49]. Even more recent earthquakes such as in Nepal in
2015 [50], Central Italy in 2016 [51], Northeastern Aegean, Greece in 2017 [52-54], Albania
in 2019 [55,56] or in Zagreb in 2020 [57,58] show similar problem in RC infilled masonry
buildings.

Table 4. Some earthquake occurrences in the world.

City, Country Year My, Deaths Losses
San Francisco, USA 1906 7.8 3.425 UsD8000 M
Guatemala City, Guatemala 1976 7.5 23.000 >USD750 M
Northridge, USA 1994 6.7 58 >USD50,000 M
Kobe, Japan 1995 6.8 6.434 >USD100,000 M
Dinar, Turkey 1995 6.2 90 USD250 M
Jabalpur, India 1997 6 39
Adana-Ceyhan, Turkey 1998 5.9 145 UsD1000 M
Athens, Greece 1999 6 143 USD3000 M
Kocaeli, Turkey 1999 7.5 17.127 USD23,000 M
Chi-Chi, Taiwan 1999 7.6 2416 UsD9200 M
Gujarat, India 2001 7.7 20.000 >USD10,000 M
Bingol, Turkey 2003 6.4 176
Sumatra, Indonesia 2004 9.2 280.000 >USD10,000 M
Sichuan, China 2008 8 62.664 >USD100,000 M
L’Aquila, Italy 2009 6.3 308 USD10,000 M
Haiti 2010 7 300.000 UsD8000 M
Maule, Chile 2010 8.8 525 USD30,000 M
Christchurch, New Zealand 2011 6.3 181 UsD20,000 M
Tohoku, Japan 2011 9 15.800 USD300,000 M
Lorca, Spain 2011 5.1 9 USD99 M
Bologna, Italy 2012 6.1 26 USD13,000 M
Nepal 2015 7.8 8964 USD10,000
Central Italy 2016 6.2 297 USD71,000
Northeastern Aegean, Greece 2017 6.3 2
Albania 2019 6.4 51 UsD12,000 M

Zagreb, Croatia 2020 55 1 USD11,500 M
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Observed Damages

This is an outline of the observed deficiencies in RC buildings that led to severe dam-
ages, throughout the above three seismic events: (i) Stirrups and hoops, (ii) Detailing;
(iii) Inadequate capacity and failure; (iv) Inadequate shear capacity of the joints, (v) In-
fluence of the infill masonry on the seismic response of the structures; (vi) Structural
irregularities (vii) Short-column mechanism; (viii) Strong-beam weak-column mechanism;
(ix) Secondary elements and surroundings, (x) Non-structural elements. From the collected
observations on the RC buildings from these recent earthquakes it is possible to summarise
the most important lessons:

e  RC buildings with 3 up to 6 storeys, with masonry infill walls, exhibited the larger
damages.

e  Ground storeys without wall infills, used for commerce/services, can be decisive for
the building behaviour and performance.

e Higher level of damage occurred at the lower storeys in both structural and non-
structural elements.

e  Poor reinforcement detailing in the beam-column joints resulted in the formation of
plastic hinges in the columns prior to beams.

e  Several collapses and buildings marked for demolition were due to shear failure of
the columns, designed as slender columns.

e  Non-structural elements with very poor performance caused major economic losses
and some deaths.

e A great number of failures of masonry infill walls (due to in-plane actions) was
recorded and detachments of the exterior panels in facade’s masonry walls, as well.

Although the damages are related to all sorts of different deficiencies, most conclusions
point to the influence of the infills and reinforcement detailing [48,49,59]:

e  Most damages on the buildings come from non-structural elements, such as infill
walls.

e Building collapses occurred from irregularities in plan or in elevation from both
structural and/or non-structural elements.

e  Structural damages are mainly present in columns, walls and beam-column joints due
to insufficient shear capacity.

In order to reduce the vulnerability of existing and new buildings, masonry infill walls’
influence cannot be ignored in structural design; particular attention should be given to
the stiffness differences between the first and upper storeys (storey height, dimensions
and position of openings, distribution of masonry infill walls); and reinforcement detailing
should be enforced, particularly on beam-column joints, in order to provide the required
anchorage of the longitudinal bars.

4.2. Seismic Performance

A brief list of earthquakes, organised by location and time, is available in Table 4, with
information regarding magnitude, and economical and human impacts. The presented
earthquakes were examined for the seismic behaviour of RC buildings.

Mosalam and Gunay (2012) and Estévao (2012) are in-depth references on this topic [60,61].

Hamburger and Meyer (2006) studied the San Francisco, USA earthquake, in 1906,
based on old damage-analysis reports [62]. The referred beliefs that infilled steel-frame
structures had a good performance, with increased strength, stiffness and ductility, were
questioned because they were dependent on the limited knowledge level of that period,
since the infill wall’s influence started to be studied years later.

Tiedemann (1980), for the Guatemala City, Guatemala earthquake, concluded that
80% of the total costs associated with damage in buildings were due to the non-structural
elements (namely, infill walls, supply systems, and other equipment) [63].
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On the earthquake of Northridge, USA in 1994 [64], 16 of the 58 fatalities were due
to collapses of buildings with a soft lower storey, characterised by the absence of strength
degradation of infill masonry walls.

For Kobe, Japan in 1995 [65], the buildings built after the new Japanese seismic code
of 1981 performed well, excluding buildings with a soft ground storey. The main issues
on those RC buildings were soft-storey mechanisms leading to severe damage or collapse,
torsion effects, insufficient detailing at the shear reinforcement, short-column mechanism,
damages on infill walls, and damages on the separation joints between non-structural and
structural elements.

In Dinar, Turkey 1995 [66], 40% of RC buildings collapsed or had severe damages. The
main vulnerabilities were column slenderness, bad detailing on transversal reinforcement,
soft-storey, bad quality of materials, and high levels of damage on infill walls.

The studies for the earthquake of Jabalpur, India in 1997 showed that the majority of
buildings without infill walls at the base-storey suffered the most from the earthquake, and
that—in general—buildings with infill walls had a satisfactory performance [67]. Moreover,
the impact of infill walls placement was observed.

The major damages verified after the earthquake of Adana-Ceyhan, Turkey, 1998 [68],
occurred on non-structural elements, both by in-plane and out-of-plane failure. The
buildings designed with the new seismic philosophies still did not perform satisfacto-
rily, showing vulnerabilities of weak-column-strong-beam mechanism, irregularities in
plan, inadequate shear reinforcement, and other construction deficiencies.

The observed issues on Kocaeli, Turkey’s earthquake of 1999 [69,70], were soil lig-
uefaction, weak storeys, short columns, inadequate column confinement, bad detailing,
and damages on infill walls at the lower storeys. Some collapses were initiated with the
failure of infills on a specific level. Different behaviours were observed in this earthquake,
since some buildings showed a large level of damages while others nearby did not. Since
those incidents involved buildings with similar design philosophies, the damages could be
correlated to the influence of infill walls’ placement, quality of the concrete, bad detailing,
or construction quality.

In Greece, until 1999, buildings were not designed with ductility requirements. When
the Athens, Greece earthquake occurred on 7 September 1999, issues related to bad quality
of materials, inadequate reinforcement, bad connection quality in joints, existence of short
columns and weak storeys were observed [71].

On Chi-Chi’s earthquake, Taiwan in 1999 [72-74], the main issues observed were weak
storeys, short columns, the weak-column-strong-beam mechanism, and low ductility on
columns due to detailing.

For the earthquake of Gujarat, India in 2001 [75-77], the main damages were due
to weak storeys, insufficient ductility because of bad detailing and quality of materials
applied on the structural elements. Irregularities in plan and in elevation increased the
observed damages. The infill walls were identified as inducing issues of soft storeys, the
short-column mechanism, and torsion effects. Favourable aspects were also mentioned
related with avoidance of collapse on some buildings with bad quality.

In Bingol, Turkey 2003 [78-80], the main issues were related with discontinuities on
vertical elements, weak storey, short columns, long cantilevers, irregularities in plan and
elevation, and bad quality of detailing and execution.

For Sumatra, Indonesia, 2004 [81-84], the main issues were related with soft storeys,
short columns, detailing on column-beam joints, and interaction between infill walls and
structure.

On the earthquake of Sichuan, China 2008 [85,86], the main issues were the collapse
of columns because of shear failure and excessive deformations, and also soft-storey
mechanisms. The infill walls were considered to have a strong influence on the observed
damages.

Haiti’s earthquake of 2010 exposed bad construction quality and inadequate detailing.
It was also verified that masonry walls, built with concrete units, performed badly [87,88].
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The earthquake of Maule, Chile of 2010 had a long duration, between 2 and 5 min, and
also high vertical accelerations. However, the design of RC buildings in Chile is very
advanced and—in general—buildings had a good response. Some issues were identified
regarding soft-storey mechanisms and horizontal cracks on the RC walls, instead of the
usual diagonal [89]. The behaviour of the buildings for the earthquake of Christchurch,
New Zealand in 2011 was—in general—satisfactory. The main issues were related with a
pounding phenomenon between adjacent buildings [90,91]. For Tohoku, Japan’s earthquake
in 2011 the identified damages were highly related with the tsunami and liquefaction of the
soils [92].

5. Experimental Work

Results from experiments are necessary for the calibration of the numerical models
and retrofitting analytical formulations. For that purpose, extensive works have been
performed and are included in this state-of-the-art. Some of those experiments were
focused on different purposes, such as in-plane strength, out-of-plane strength, deformation,
energy dissipation, damage types, influence of openings, through monotonic loading, cyclic
loading, or shake table tests.

The amount of different testing programmes, and variables in them, makes the the-
matic grouping of experimental works virtually impossible. For example, works could
be organised in terms of type of loading that can be monotonic, cyclic, pseudo-dynamic
or in a shaking table, direction of the test that can be purely in-plane, purely out-of-plane
or combined, or the materials properties of the frame and/or infill wall that can be of
reinforced concrete, steel, concrete blocks, or brick masonry. Therefore, the experimental
works are organised by their date, accompanied with a brief description, and some of the
most important general conclusions from each work. By the nature of the information
contained in this section, the descriptions follow a common pattern for easier assessment
from the reader. All information is planned to be available on a friendlier platform and
with higher level of completeness, such as a collaborative database.

A more exhaustive list of experimental work is presented at last on Table 5.

Table 5. Experimental work for infilled frame.

Author, Year Scale Type Wall Frame Wall Tests
Thomas (1953) [93] M Jigg Steel B,C
Ockleston (1955) [94] 1 M 1P RC B
Benjamin and Williams (1958, 1959) [95,96] 1-1/8 M 1P RC C 20
Wood (1958) [97] M P Steel
Sachanski (1960) [98] 1 M IP, O RC B,C 31
Holmes (1961) [99] 1 M I RC B,C
Holmes (1963) [100] 1 M P Steel B 13
Jorquera (1964) [101] 1 M 1P RC B
Stafford-Smith (1966) [102] M I RC B
Esteva (1966) [103] C P RC B,C 7
Polyakov (1967) [104] M P RC B
Yorulmaz and Sozen (1968) [105] 1/8 M I RC B 7
Stafford-Smith (1968) [106] <1 M P Steel B,C 3
Trigo (1968) [107] <1 M P RC B,C
Mallick and Severn (1968) [108] C P Steel
Stafford-Smith and Carter (1969) [109] 1P RC B
Fiorato et al. (1970) [110] 1/8 M, C I, O RC B 3(27)
Bonvalet (1970) [111] 1 M P Steel B
Fiorato et al. (1970) [112] 1/8 M 1P RC B
Chandrasekaran and Chandra (1970) [113] C P
Mallick and Garg (1971) [114] <1 M I?, O Steel C
Mainstone (1971) [115] 1-1/6 M 1P Steel B
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Table 5. Cont.

Author, Year Scale Type Wall Frame Wall Tests
Dawson (1972); Dawson and Ward (1974) [116,117] <1 M 1P Steel C 6
Abdul-Kadir (1974) [118] <1 M IP, O RC B
Leuchars and Scrivener (1976) [119] % C 1P RC B,C 3
Klingner and Bertero (1976, 1978) [120,121] % C 1P RC B,C 5
Jurina (1977) [122] 3 C P RC B 5
Liauw and Lee (1977) [123] M I, O Steel 4
Kahn and Hanson (1979) [124] C 1P RC C 5
Liauw (1980); Liauw and Kwan (1984) [125,126] <1 M 1P Steel C 3
Parducci and Mezzi (1980) [127] 2/3 C I RC B 8
Wei et al. (1980) [128] % M, C i RC B,C 9
Brokken and Bertero (1981) [129] 1/3 C 1P RC B,C 18
Bertero and Brokken (1983) [130]
Zarni¢ and Tomazevic (1984,1985) [131,132] 1/3 C 1P RC C 8
McBride (1984); Yong (1984) [133,134] 1 M P Steel C 34
Amos (1985); Richardson (1986) [135,136]
Yanev and McNiven (1985) [137] C I Steel
Dawe and Young (1985) [138] M P Steel C
Liauw and Kwan (1985) [139] <1 M, C I?, O RC
Govindan et al. (1986,1986) [140,141] % C P RC B 4
Stylianidis (1988) [142] 1/3 C P RC B 18
Zarni¢ and Tomazevic (1988) [143] 1/2-1/3 C 1P RC B 28
Moghaddam et al. (1988) [144] <1 D 1P, OP Steel B 4
Dawe and Seah (1989) [145] 1 M I, O Steel C 28
Dawe and Seah (1989) [146] 1 M OP, O Steel C 9
Dawe et al. (1989) [147] 1/3 ST 1P Steel B 10
Schmidt (1989) [148] C P RC B
Valiasis and Stylianidis (1989) [149] 1/3 C P RC B 24
Vintzeleou and Tassios (1989) [150] RC
Manos et al. (1990) [151] ST I, O RC B
Zarni¢ (1992) [152] 1/2 C P RC B 1
Zarni¢ (1992) [152] 1/3 M P RC B 3
Liauw and Kwan (1992) [153] 1/3 ST 1P, OP RC B,C 2
Manos et al. (1993) [154] 1/3-1/9 C 1P RC C
Mander et al. (1993) [155] <1 C IP, OP Steel B 3
Angel et al. (1994) [156] 1 C 1P, OP RC B,C 7
Mehrabi et al. (1994) [157] 1/2 M, C P RC B 14
Angel et al. (1994) [156] 1 C,M 1P, OP RC B,C 8
Ishibashi and Hastumata (1994) [158] 1 M, C Jigg RC B 19
Gergely et al. (1994) [159] <1 C 1P Steel C
Bashandy et al. (1995) [160] 1/2 ST 1P, OP RC B 8 (58)
Mehrabi et al. (1996) [161] 1/2 M IP, O RC C 12
Negro and Verzeletti (1996) [162] 1 D P RC B 2
Durrani and Haider (1996) [163] C P RC B
Crisafulli (1997) [7] 3/4 M i RC B 2
Mosalam et al. (1997) [164] C I, O Steel C
Al-Chaar (1998); Al-Chaar et al. (2002) [165,166] 1/2 C P RC B,C 2
Pires et al. (1998) [167] 2/3 C IP, O RC B 9
Chiou et al. (1999) [168] 1 M P RC B
Flanagan and Bennett (1999) [169] <1 M I, O Steel B 8
Flanagan and Bennett (1999) [170] <1 C 1P, OP Steel B
Buonopane and White (1999) [171] 1/2 D I, O RC B 1
Fardis et al. (1999) [172] 1 ST 1P, OP RC B 1
Buonopane and White (1999) [171] 1/2 D I?, O Steel B 4
Combescure and Pegon (2000) [173] 1/15 C I, O RC B 9
Lafuente et al. (2000) [174] 1/2 C I RC B 10
Dukuze (2000) [175] 1/3 M P RC B 23
Murty and Jain (2000) [176] 1/2.7 C P RC B 12




Buildings 2022, 12, 1146 15 of 55

Table 5. Cont.

Author, Year Scale Type Wall Frame Wall Tests
Calvi and Bolognini (2001) [177] 1 C,M 1P, OP RC B
Zarni¢ et al. (2001) [178] 1/4 D 1P, OP RC B 2
Felice and Giannini (2001) [179] M 0)5
Lee and Woo (2002) [180] 1/5 ST I, O RC C 5
Pinto et al. (2002) [181] 1 C,D IP, O RC B 7
Canbay et al. (2003) [182] 1/3 C 1P RC C
Cavaleri et al. (2004) [183] 1/2 M, C I RC B 3
El-Dakhakhni et al. (2004) [184] 1 C IP, O Steel C 2
Moghaddam (2004) [185] <1 C 1P RC B,C 5
Yarfiez et al. (2004) [186] 1 C I, O RC B,C 16
Negro et al. (2004); Molina et al. (2004) [187,188] 1 D P RC 1
Molina et al. (2005) [189]
Colangelo (2005) [190] 1/2 C I RC B 11
Dolce et al. (2005) [191] 1/3.3 ST P RC B 3
Santhi et al. (2005) [192,193] 1/3 ST P RC B 2
Hashemi and Mosalam (2006) [194] 3/4 ST I RC B 1
Huang et al. (2006) [195] <1 C I?, O RC B 6
Erdem et al. (2006) [196] 1/3 C P RC B 2
Kakaletsis and Karayannis (2007, 2008) [197,198] 1/3 C IP, O RC B 8
Griffith et al. (2007) [199] 1 C or - B 8
Anil and Altin (2007) [200] 1/3 C I, O RC C 9
Corte et al. (2008) [201] 1 C 1P, OP RC B 2
Arulselvan and Subramanian (2008) [202] 1/5 C 1P RC B 1
Blackard et al. (2009) [203] 2/3 C I, O RC B 4
Subramanian and Jayaguru (2009) [204] 1/3 C I, O RC B
Okuyucu et al. (2009) [205] 1/3 M i RC B,C 46
Stavridis (2009) [206] 1/3-2/3 C,D 1P, OP, O RC B
Puyjol and Fick (2010) [207] 1 D P RC B,C 1
Moghaddam and Goudarzi (2010) [208] M 0) B
Tasnimi and Mohebkhah (2011) [209] 1 C I, O Steel B 6
Komaraneni et al. (2011) [210] 1/2 C,ST 1P, OP RC B 3
Mohammadi et al. (2011) [211] 1/3 C 1P Steel B 8
Mohammadi and Mahalleh (2012) [212]
Asteris et al. (2011) [10] 1/3 C IP, O RC B 10
Misira et al. (2012) [213] 1/2 C i RC B 3
Stavridis et al. (2012) [214] 2/3 SK I, O RC B 14
Kurt et al. (2012) [215] 1/2 S P RC C 2
Kakaletsis (2012) [216] 1/3 C I?, O RC B 15
Stylianidis (2012) [217] 1/3 C P RC B 48
Zovkic et al. (2013) [218] 1/25 C P RC B,C 9
Pereira (2013) [219] 1 C 1P, OP RC B 8
Dubey and Kute (2013) [220] <1 M I, O RC C 7
Markulak et al. (2013) [221] <1 C P Steel B, C 9
Fang et al. (2013) [222] 1 ST 1P, OP Steel C 1
Ali (2013) [223] 1/2 D I, O RC B 1
Mansouri et al. (2014) [224] 1/2 C IP, O RC B 6
Dubey and Kute (2014) [225] <1 C P RC C 14
Kauffman and Memari (2014) [226] 1/4 M, C I - B 12
Morandi et al. (2014) [227] 1 C IP, OP, O RC B 5
Rastogi et al. (2014) [228] 3/4 D IP, O RC B 7
Essa et al. (2014) [229] 1/2 C P RC B 4

M—Monotonic, C—Cyclic, D—Dynamic, ST—Shake Table, IP—In-Plane, OP—Out-of-Plane, O—Opening,
B—Clay-Brick, C—Concrete-Block.

Jorquera (1964) tested full-scale RC frame infilled with brick masonry (typology used
in Chile), single bay (2.4 m) and single storey (2.4 m), for in-plane monotonic horizontal
loading [101]. The campaign was dedicated to study the influence of different types of
bricks. Some of the conclusions were: (1) resistance of infilled frames exceeded 12.5 to
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22.5 times that of bare frames, (2) the properties of the infill materials greatly influenced
the resistance of the system.

Stafford-Smith (1968) tested three reduced-scale steel frames (covered or not with
concrete) infilled with concrete walls or brick masonry, single bay, and single storey, for
in-plane monotonic horizontal loading [106]. Stafford-Smith (1968) evaluated walls for dif-
ferent aspect ratios (i/1 of 1.0, 2/3 and 1/2) with distributed vertical loading [106]. Some of
the conclusions were: (1) concrete walls introduced higher stiffness on the system than brick
masonry walls, (2) brick masonry walls have higher capacity to deform without such an
intense decrease of loading capacity, as verified for concrete walls, (3) low vertical loadings
had little to no influence on the failure mechanism of the wall, (4) vertical loadings lower
than half of their capacity lead to an increase of lateral ultimate capacity, and (5) vertical
loadings bigger than half of their capacity lead to a decrease of lateral ultimate capacity by
compressive crushing failure modes.

Trigo (1968) tested reduced-scale RC frames infilled with concrete walls and brick
masonry walls, single bay and single storey (11/1 of 1.0), for in-plane monotonic horizontal
loading [107]. Different walls and properties were tested, for different ranges of vertical
loadings on the columns. Some of the conclusions were: (1) vertical loading led to reduction
of ductility on the concrete walls, and (2) vertical loadings led to an increase of ductility on
the brick masonry walls.

Fiorato et al. (1970) tested 1/8-scaled RC frames with brick masonry walls, single bay,
and single storey [110]. The testing was performed in-plane with both monotonic and cyclic
loadings. The specimens had varying frame and wall dimensions, quality of materials,
ranges of loading (both horizontal and vertical), and also the influence of openings was
studied. Some of the conclusions were: (1) the horizontal shear failure on the infill leads to
a short-column mechanism, enabling the development of plastic hinges or shear failures on
columns, (2) infills increase the ultimate loading capacity of the frame, (3) infills reduced
the ductility of the system, (4) vertical loading increases both resistance and stiffness of
the system, (5) existence of openings reduces both stiffness and resistance, which are not
directly proportional to the area of the openings.

Mallick and Garg (1971) tested reduced-scaled steel frames with concrete walls, single
bay and single storey (k/! of 1.0), in-plane for monotonic loading [114]. Aspects such as
influence of openings and metallic connections between frame and infill were studied.
Some of the conclusions were: (1) the connectors increased both stiffness and loading
capacity of the system, (2) the metallic connections, by limiting the separation between
frame and wall, helped the system to behave as one body, achieving higher deformations,
(3) presence of openings decreased the stiffness of the system, even more if placed next to
the wall corners.

Dawson (1972) and Dawson and Ward (1974) tested six reduced-scale steel frames
with concrete walls, a single bay, and four storeys (i/1 of 6/7), in-plane for monotonic
loading [116,117]. The testing focused on the interface (bonding) between frame and infill,
for different levels of quality and when totally absent. Some of the conclusions were:
(1) systems with bad quality of bonding between infill and frame presented similar initial
stiffness as bare frames, (2) for higher frame deformations, when the full contact between
infill and frame is achieved, the stiffness level increased substantially.

Leuchars and Scrivener (1976) performed three, half-scale tests on RC frames, in single
bay and single storey (//1 of 5/8), for in-plane cyclic loading [119]. One was bare frame,
another one was infilled with reinforced brick masonry walls on two directions and vertical
bars connected to the beam, and the third specimen was built with the concrete filling the
hollows of the bricks. The study was dedicated to the influence of reinforcement on the
walls. It was concluded that the resistance of the infilled frames were 3.5 times higher than
the bare frame.

Klingner and Bertero (1976) and Klingner and Bertero (1978) performed five tests with
1/2-scale RC frames infilled with brick masonry and concrete blocks, a single bay, and
three storey (h/1 of 2/5), for in-plane cyclic loading [120,121]. A test with a bare frame
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and another two with reinforced (in two directions, with steel bars) masonry walls were
performed. Then, the frames of the two infilled specimens were used again to be tested with
the concrete blocks. The experimental campaign was dedicated to the influence of different
types of the walls and to assess the designing of high-dissipation systems against seismic
actions. Some of the conclusions were: (1) the initial stiffness of the infilled specimens was
up to five times higher than the bare frame, (2) the authors assessed that the increase of
dissipation of energy capacity and of resistance—introduced by the reinforced masonry—
have stronger benefits than the undesirable secondary effects caused by the increase of
seismic demands due to the stiffness of the system.

Jurina (1977) performed five tests with half-scaled RC frames infilled with pre-made
reinforced walls in brick masonry, in single bay and single storey (k/I of 2/3), for in-plane
cyclic loading [122]. The testing studied different infill reinforcements and connections,
and infilled frames designed for strong seismic actions. The infilling typologies were:
simple masonry wall, reinforced masonry on both directions and connected vertically to the
beam, pre-made reinforced masonry walls connected to the beam, and finally a specimen
built with stepped masonry on the edges with the column’s being constructed after the
wall, for better bonding. No vertical loading was imposed. Some of the conclusions were:
(1) the stiffness of the system was increased for infilled specimens, (2) the loading capacity
increased from 3.1 to 5.4 times for infilled frames compared to bare frames, (3) the initial
stiffness was 4 (infilling of pre-made masonry) to 30 (infilling with reinforced masonry)
times higher compared to bare frames, (4) the reinforced masonry wall system had the
highest ultimate loading capacity, and (5) the stepped masonry wall had a similar loading
capacity to the simple masonry wall.

Liauw (1980) and Liauw and Kwan (1984) tested three reduced-scaled steel frames
with concrete walls, a single bay, and four storeys (i/1 of 1/2 to 1/3), for in-plane monotonic
loading [125,126]. The experiments were dedicated to the connections between frame and
infill. Some of the conclusions were: (1) the connectors increased both stiffness and loading
capacity of the system, (2) the metallic connections, by limiting the separation between
frame and wall, helped the system to behave as one body achieving higher deformations.

Parducci and Mezzi (1980) performed eight tests with 2/3-scaled RC frames with and
without brick masonry walls, in single bay and single storey (h/1 of 4/7), under in-plane
cyclic loading [127]. The type of bricks, amount of reinforcement on columns, and different
bonds between columns and walls were investigated. Other aspects involved half of the
specimens being built with a 40 cm height of the top beam, and the other half with 10 cm
of height in order to simulate the infill behaviour within a slab confinement. Some of
the conclusions were: (1) higher resistance of the infilled systems from two to three times
larger, compared to the bare frame, (2) a stronger resistance degradation of the system with
infilling, was verified, occurring specifically to the concrete elements that may have been
connected to misplaced hoop reinforcement on the columns.

Brokken and Bertero (1981) and Bertero and Brokken (1983) performed 18 tests with
1/3-scaled RC frames infilled with brick masonry and concrete blocks, single bay, and three
storeys (/1 of 2/5), under in-plane cyclic loading [129,130]. The tests studied the system
behaviour for different types of walls and placements (full height or absent from a storey),
following the work of Klingner and Bertero (1976) [120]. The walls were reinforced in both
directions, about 0.6% of the wall’s area. Some of the conclusions were: (1) the resistance of
the systems without walls on the first storey were from 2.2 to 7.9 times higher than the bare
frame system, (2) the resistance of the systems infilled with concrete walls on all storeys
were from 1.7 to 11.7 times higher than the bare frame system, (3) it was assessed that the
infill of frames is a good retrofitting measure and that the concrete blocks are the most
suitable for it.

Zarni¢ and Tomazevic (1985) performed eight tests with 1/3-scaled RC frames infilled
with or without concrete block walls, in single bay and single storey (k/I of 5/8), under
in-plane cyclic loading [132]. Reinforcements on the walls and different connections, some
to the columns and another to the beam, were examined. No vertical loading was imposed
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to the models, and the maximum drift was limited to 5%. Some of the conclusions were:
(1) the construction process did not have a major influence on the testing campaign, (2) the
first cracks were formed on the horizontal and vertical interfaces between the wall and
frame to a drift of 0.14%, (3) the initial stiffness was increased six times when the frames
were infilled, (4) ultimate loading capacity was increased by 40% for infilled frames, (5) the
quality of the bonding between wall and frame may have affected the capacity of the
system, (6) the horizontal reinforcement of the wall and its connections to the frame had
low influence on the response of the system, and (7) a strength degradation of 25% for two
consecutive cycles with the same deformation was identified.

Stylianidis (1988) performed 18 tests with 1/3-scaled RC frames infilled with brick
masonry walls, in single bay and single storey (k/! of 6/10), under in-plane cyclic load-
ing [142]. Testing variables included the existence of infill, aspects such as loading on
columns, connection between components, use of different mortars, and the influence of
one RC lintel in the middle of wall. The maximum imposed drifts were 2.4% for infilled
models and 3% for the rest. Some of the conclusions were: (1) the failure mode of the
frames was similar with or without infill walls, except in some cases where a plastic hinge
was formed at middle height of the columns, (2) the infilled frames showed a much higher
pinching effect compared to the bare frame, (3) the infilled systems were 4.5 (no vertical
loading) and 5.3 (with vertical loading) stiffer than the bare frame, and 1.8 and 1.6 for
the loading capacity, respectively, to the same conditions, (4) the ductility decreased with
the infilling, (5) the ductility increased slightly when vertical loading was applied on the
columns, (6) a strength degradation of 15% was achieved for two consecutive cycles with
the same deformation, (7) vertical loading on columns increased resistance, initial stiffness
and capacity to dissipate energy, but reduced ductility slightly, (8) a good quality of inter-
face between infill and frame increased resistance and energy dissipation but did not affect
the ductility, (9) mortars with high compressive strength increased slightly the resistance
of the wall but did not affect the ductility, and (10) the lintel reduced the resistance, initial
stiffness, and energy dissipation for low drift levels.

Govindan et al. (1986) and Govindan et al. (1986) performed four tests with 1/4-scaled
RC frames infilled with brick masonry walls, in single bay and seven storeys (/I of 3/4
and 6/10), under in-plane cyclic loading [140,141]. The loading was imposed at the third,
fifth, and seventh storey levels. No vertical loadings were applied. The main purpose of the
testing was to compare the behaviour between bare frame structure and infilled structure.
Some of the conclusions were: (1) the ultimate capacity of infilled frames were two times
higher than the bare frame, (2) the initial stiffness was five times higher with infills, (3) the
energy dissipation capacity was increased with infills, (4) the ductility was reduced with
the infills.

Dawe and Seah (1989) tested 28 full-scale in a steel framed single-storey (2.8 m) and single
bay (3.6 m) specimens infilled with hollow concrete blocks (200 mm x 200 mm x 400 mm),
for a monotonic in-plane and horizontal loading [145]. The tests investigated the frame-
wall boundary conditions, opening sizes, joint reinforcement, strength of the diagonal
strut, bonding between beam and infill, and frame stiffness. Some of the conclusions were:
(1) absence of mortar between infill and frame affect slightly the initial stiffness of the
system; however, the ultimate load was reduced by 20%, (2) the cracking pattern was
modified with the presence of ties, (3) the presence of gaps, or no bond, between top-beam
and infill caused a reduction of the ultimate load by 50%, (4) poor mortar quality between
these elements achieved similar reduction of 50%, (5) reinforcement of the steel joints had
little to no impact on the initial stiffness and capacity, (6) in a frame with hinges it was
verified that an early detachment of infill and the frame led to a reduction by 50% of the
ultimate load, and (7) reinforcement of the diagonal strut led to an increase of the initial
stiffness and ultimate capacity by 76% and 31%, respectively. Regarding infill openings:
(1) central door openings led to a reduction by 54% of the initial stiffness and 40% of
carrying capacity, (2) openings located away from the loading side led to a reduction of the
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same attributes by 32% and 34%, respectively, while for openings near the loading region
the reductions were 53% and 56%, respectively.

Dawe and Seah (1989b) tested nine full scale steel frames infilled with concrete blocks,
single bay (3.6 m), and single storey (2.8 m), against out-of-plane forces [146]. The loading
on the wall was transferred with a system of airbags against a reaction frame, uniformly
inflating to impose a displacement. The objective was to study the horizontal connections
with reinforcement, the mortar interface of infill-frame, the influence of the wall’s thickness,
openings, and other aspects. Some of the conclusions were: (1) the interface’s reinforcement
provided higher out-of-plane ductility for the system, (2) interface reinforcement sustained
increased out-of-plane loading before first crack, (3) higher thickness prevented the out-
of-plane arch mechanism, resulting in higher collapse loads, and (4) the opening did not
reduce significantly the out-of-plane capacity.

Dawe et al. (1989) performed 10 dynamic tests on 1/3-scaled steel frames, infilled
with brick masonry, in a shake-table [147]. Flexible joints, rigid joints, and flexible joints
without infills were tested. Some of the conclusions were: (1) on the rigid joint’s frame, the
infill detached from the frame and diagonal cracking was formed, and (2) stiffness of the
systems was increased for infilled frames.

Liauw and Kwan (1992) tested two 1/3-scaled tri-dimensional RC models in a shake-
table [153]. The models featured four storeys with one bay in each direction. One model
was infilled with brick masonry walls and another model with concrete walls, both in only
one direction. The other direction was fixed with a set of metallic struts. Each level featured
a concrete slab with 40 cm of thickness. Some of the conclusions were: (1) no significant
differences in terms of resistance were found between the two models, (2) the possibility
for out-of-plane collapse was recognised, especially under real seismic actions, for which
the direction of seismic accelerations is not controlled.

Mehrabi et al. (1994) performed 14 tests with half-scaled RC frames infilled with
hollow brick, solid brick masonry and solid concrete blocks, in single bay and single storey
(h/1of 2/3), for in-plane cyclic loading [157]. Testing was performed for single-leaf and
double-leaf walls on brick masonry and concrete block wall. Some of the conclusions
were: (1) the resistance was lower under cyclic loading compared to monotonic loading,
(2) the strength degradation of the system was faster under the cyclic loading compared to
monotonic loading, (3) high vertical loading increased substantially the ultimate loading
capacity of the system, (4) the resistance was increased by 68% and 85%, respectively,
for strong and for weak frames, with double-leaf infills, and (5) it was assessed that the
behaviour of the system with infills was better overall.

Angel et al. (1994) tested eight full scale RC frames infilled with concrete blocks
and with brick masonry walls [156]. The interaction between in-plane and out-of-plane
behaviours was tested. The systems were damaged in-plane, prior to application of out-
of-plane loading. The initial damage was inflicted by imposing twice the level of lateral
displacement that provoked the first crack on the infill. The out-of-plane forces were applied
with air-bag systems following monotonic loading schemes. Some of the conclusions were:
(1) the stiffness (in-plane) was significantly reduced after the first crack, (2) the shear
strength of the infill was greatly affected by the mortar, (3) the stiffness (in-plane) of the
system was proportional to the masonry’s compressive strength, (4) the cracking pattern for
out-of-plane was a diagonal with horizontal central lines connecting the diagonals, (5) the
out-of-plane strength was affected by the thickness of the wall and by the compressive
strength of the masonry, (6) in-plane loading increased the out-of-plane stiffness.

Mehrabi et al. (1996) tested 12 half-scaled RC framed single storey and single bay
specimens, infilled with solid and hollow concrete blocks (simulating strong and weak
infills, respectively) under an in-plane static-monotonic procedure [161]. Two different
schemes were tested: one designed for strong lateral forces (earthquake) and another for
wind loads, ignoring the contribution of the masonry infill walls. Openings and gaps on
the infill walls were not tested. Some of the conclusions were: (1) lower aspect ratios of
infill walls (/) showed stronger lateral loading than higher aspect ratios (ratio of 1/2 had
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17% higher lateral resistance than a ratio of 2/3), (2) the strong infill (solid concrete blocks)
was 35 times stiffer than the weak infill (hollow blocks), (3) vertical loading on the masonry
infills increased both stiffness and lateral resistance due to better confinement, (4) infill
walls improved the performance of RC frames, (5) strong-infill-strong-frame had higher
load resistance and energy-dissipation capability compared to weak-infill-weak-frame. The
authors also concluded that the model of Mainstone and Weeks (1970) underestimated the
lateral stiffness for uncracked RC sections [230].

Al-Chaar (1998) and Al-Chaar et al. (2002) tested half-scaled RC frames infilled with
concrete masonry and clay brick masonry, under monotonic in-plane loading, with one to
three bays (2 m), and a single storey (1.5 m) [165,166]. Some of the conclusions were: (1) the
infill wall increased the loading capacity of the bare frame, (2) in multi-bay frames, the
stiffness was increased in a non-linear manner with the number of infilled frames, (3) the
damage in the infill was concentrated near the loading region, and (4) stronger bricks led
to an increase of strength of the masonry element.

Chiou et al. (1999) tested full-scaled RC frames infilled with clack brick masonry, under
monotonic in-plane loading, with a single bay (3 m) and a single storey (2.7 m) [168]. Two
specimens were tested: one was partially infilled (filled up to 1.1 m of height) and another
was fully infilled with full contact between frame and wall. Some of the conclusions were:
(1) the partially infilled frame had 47% less lateral load capacity than the fully infilled frame,
(2) the partially infill introduced new bending moments and shear forces not accounted for
before, inducing a short-column mechanism resulting in a severe column failure, (3) the
stress distribution on the frame was highly influenced by the mortar strength.

Flanagan and Bennett (1999) tested eight specimens of steel frames with clay tile
masonry, with different column and beam sizes, and with single- and double-leaf infill,
under monotonic in-plane loading [170]. The frames had three different aspect ratios of
1.0, 0.79 and 0.65. Some of the conclusions were: (1) the ultimate capacity was increased
with the reduction of the aspect ratio of the infill (5% and 11% to 0.65 and 0.79, respectively,
compared to aspect ratio 1.0, (2) gaps between frame and infill reduced the initial stiffness
by 40%, (3) the ultimate capacity of the infill was not affected by the gaps, (4) openings on
the infill led to a reduction of the ultimate capacity by 50% when located close and 25%
when far from the loaded region, (5) the ultimate capacity was increased for fixed frames
due to higher confinement of the wall, (6) the placement of the wall, with some eccentricity
relative to the loading centerline, led to out-of-plane demands, reducing both in-plane
initial stiffness by 30% and peak loading by 25%, compared to aligned specimens.

Flanagan and Bennett (1999) performed a series of tests involving reduced scale steel
frames infilled with brick masonry, subjected to cyclic in-plane, out-of-plane forces [170].
The authors wanted to assess the interactive behaviour of the system to actions on both
directions and to damage development. The frames were square-shaped and different
thicknesses of infill were tested, and some conclusions of this study were: (1) the damage
was initiated through the mortar interface between infill and frame, (2) the in-plane stiffness
decreased with the out-of-plane demand, and (3) the out-of-plane damage did not influence
the crushing capacity of the infill.

Calvi and Bolognini (2001) performed a set of full-scaled RC frame tests (4.2 m x 3 m)
infilled with brick masonry [177]. The tests were examined under monotonic out-of-plane
loading following application of cyclic in-plane loading to introduce prior damage on the
walls. The examined configurations included bare frame, unreinforced infills, horizontally
reinforced infills and infills reinforced with meshes. Vertical loading on the columns
was also applied. Some of the conclusions were: (1) initial in-plane stiffness was higher
for infilled frames, (2) the in-plane stiffness of reinforced infills was not significantly
higher compared to the unreinforced ones, (3) the reinforcement succeeded in reducing
the damage of the systems, (4) the reinforcement web on the mortar coating increased the
energy dissipation and also the in-plane loading capacity, and (5) the out-of-plane behavior
was strongly improved by the reinforcement.
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Pinto et al. (2002) and Varum (2003) tested pseudo-dynamically one full-scale, four-
storey and three-bay RC structure infilled with brick masonry walls [181,231]. The design
of the frame was representative of the design and construction aspects from southern
Europe of the 1960s. Examined under the testing programme were infill openings, seismic
records varying in intensity, in order to examine elastic and inelastic behaviour of the
frame, and also the integration of retrofitting strategies, with and without infill walls.
Some of the conclusions were (1) infill walls increased system frequencies about fourfold
compared to the bare-frame structure, (2) infill panels protected the structure for low-
medium earthquake intensities, (3) the brittle failure of the infills may lead to a soft-storey
mechanism and consequently collapse of the structure, (4) infill walls caused shear-out
failure in the external columns and (5) measures that increase the deformation capacity of
infill walls without abrupt loss of resistance can greatly benefit the seismic performance of
the structure.

El-Dakhakhni et al. (2004) tested two full-scale, single bay and single storey (3.6 m x 3 m)
steel frames under cyclic quasi-static loading [184]. Infills included hollow concrete units,
with one frame fully infilled (full contact) and the other with a door opening (1 m x 1.5 m).
Some of the conclusions were: (1) presence of openings led to an accelerated degradation
of the capacity of the wall, (2) the wall with opening behaved as a three-part wall, with
an element above the lintel and two others on the left and right side due to cracking,
and (3) occurrence of diagonal cracking occurred on the lateral sides of the wall after the
maximum tensile capacity was exceeded.

Moghaddam (2004) tested five scaled specimens of single bay and single storey
(1.5 m x 1.3 m), fully infilled, steel frames [185]. The programme examined different
infill walls, with solid bricks, perforated bricks, concrete units and also other retrofitting
measures at the frame corners and the panel level. It was verified that perforated clay brick
units increased the ultimate capacity by 41% when compared to solid units.

Yafiez et al. (2004) tested 16 full-scale, single-bay and single storey infilled RC frames,
under cyclic loading [186]. The experimental campaign examined both concrete blocks and
clay bricks infills, the presence of openings and particularly the influence of the infill on
weak frames. Some of the conclusions were: (1) all specimens failed due to diagonal tensile
cracking on the wall, (2) openings led to an increase of ductility compared to the full infill,
and (3) openings led to a reduction of the ultimate loading capacity.

Hashemi and Mosalam (2006) performed a set of dynamic tests on a %-scaled RC
structure, in a shake-table [194]. The specimen was representative of the first floor of a
five-storey building, The top beams were connected with a concrete slab. Some of the
conclusions were: (1) the infill wall had a strong impact on the strength and ductility of
the structure, supporting the need to design the structures with these elements taken into
account, (2) the infill increased the stiffness by 3.8 times, reduced the natural period by
half, and raised the damping coefficient from 4% to 12%, (3) the infills increased the system
capacity to dissipate energy, (4) the infills increased the load capacity, (5) infills lowered the
deformations at collapse, and (6) the stresses on the structural elements increased by 30%
for the specimen with infills.

Kakaletsis and Karayannis (2007) and Kakaletsis and Karayannis (2008) tested eight
single bay and single storey (1.2 m x 0.8 m) 1/3-scaled RC frames, under cyclic horizontal
loading up to a drift level of 4% [197]. Infills included clay tile masonry, with windows and
door sized openings. The frame design provided more stirrups on the critical regions of the
beams and denser ties along the columns, while the joints were designed to avoid brittle
failure. Some of the conclusions were: (1) openings led to a reduction of loading capacity
of the system, (2) door openings demonstrated higher impact than window openings
(formation of small piers with lower stiffness).

Griffith et al. (2007) performed eight full scale tests with brick masonry walls (4 m,
2.5m, 0.11 m) to cyclic out-of-plane forces, applied with air-bag system [199]. Some of the
conclusions were: (1) the vertical loading increased the out-of-plane strength substantially,
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(2) the walls may have out-of-plane drifts deformations than its own thickness, (3) the
stiffness and strength were reduced with the application of cyclic loading.

Blackard et al. (2009) tested four single bay and single storey, 2/3-scaled, RC frames,
infilled with clay brick masonry [203]. The study examined weak frames fully infilled and
with openings (small window, door or large window opening). All openings were placed
with eccentricities relative to the infill. Some of the conclusions were: (1) the openings
reduced the loading capacity of the system, (2) infills with openings had higher ductility
compared to the solid infill.

Pujol and Fick (2010) performed dynamic tests on a three-storey RC building (2 x 1 spans
and three storeys), designed only for gravity loads [207]. The loads were applied with two
hydraulic actuators per floor, imposing cyclic loadings with different drift levels, at the
first phase of the experiment which involved the bare frame. Afte, a collapse by punching
failure on the slab of the second floor, brick-concrete infills were built on the structure, on
the loading direction, and for the spans along the height. Some of the conclusions were:
(1) the infill increased the shear stresses by 100%, (2) lateral stiffness was increased by 500%,
(3) the authors also concluded that the infill walls helped to control the drifts between
floors, but measures needed to be taken in order for such an effect to be efficient, such as
prevention of out-of-plane collapse or column shear failure.

Tasnimi and Mohebkhah (2011) tested six large-scale single bay and single storey
(24 m x 1.87 m) steel frames, with clay brick masonry under lateral cyclic quasi-static
loading [209]. The configurations included a bare frame, a frame fully infilled and four
frames with openings (three window-sized and one door), all centred within the frame.
The infill walls were of 110 mm thickness. The conclusions of Tasnimi and Mohebkhah
(2011) were not in agreement with the majority of researchers, concluding that the ductility
did not increase with the presence of openings.

Komaraneni et al. (2011) performed three shaking-table tests of half-scaled, single
bay (~2.5 m) and single storey (~1.3 m) RC frames, with brick masonry walls, under dual
stage loading: firstly, by in-plane cyclic loading, to introduce damage, and secondly by
out-of-plane loading [210]. The specimens included one normal RC frame and two thin
ones (one of them with centred horizontal RC lintel on the infill). Some of conclusions were:
(1) the system with lintel demonstrated a better in-plane and out-of-plane behaviour in
terms of damage propagation and deformation capacity, (2) the out-of-plane collapse was
not entirely caused by inertial forces but also by the excessive out-deformation of the wall,
(3) inertial forces on the normal RC frame were uniform throughout its height, in contrast
of the thin RC frames.

Table 5 reports a thorough history of experimental works on infill frames. The table
categorises for each work some key characteristics regarding the testing configuration, that
may be useful to other researchers in search of suitable experimental data. As already
mentioned, a database is intended to be developed in a proper platform allowing better
access and search engine capability.

6. Numerical Modelling

There are two main approaches for numerical studies on infill masonry walls: micro-
modelling and macro-modelling. The micro-modelling is a refined /detailed strategy in
which all the elements composing the wall are modelled, with masonry units and mortar
joints as volumetric elements and boundary link-models simulating the contact and friction
conditions between the individual elements and the frame. A simplified approach within
micro-modelling involves reduced number of elements by combining a brick with the
surrounding mortar, which is connected to the rest by link-models. These approaches are
expensive on modelling time and computational demands, especially when applied to
dynamic and non-linear analysis. Macro-modelling is a simplified approach in which the
infill masonry wall is reduced to a shell element or to a set of struts working in the diagonal
compressive zone of the infill. The equivalent struts are by far the most used technique,
and therefore there are a great number of variations, such as single strut models connect-
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ing opposite nodes, or multi-strut models with different unloading schemes, connecting
column-to-column, beam-to-beam or node-to-node (the latter combining both column and
beam stress redistributions). This macro-modelling approach is very useful since it can be
much lighter on computational resources, facilitating the analysis of complex and entire
structures representing actual infilled RC structures. The works of Crisafulli (1997) and As-
teris et al. (2011, 2013) contain an extensive, organised, and in-depth state-of-the-art review
on infill masonry modelling, both for macro- and micro-modelling approaches [7,232,233].

Based on definitions given by Asteris et al. (2011, 2013), a comparison and the advan-
tages of each modelling strategy is presented in Table 6 [232,233].

Table 6. Comparison between micro- and macro-modelling.

Micro-Modelling Macro-Modelling

1 More detailed

Simplified

2 Allow interpretation of the behaviour at local level and to
obtain cracking patterns, ultimate load, and Allow a representation of the global behaviour of the infill

collapse mechanisms

3 Need a large number of parameters

4 Higher computational cost

masonry panels and of their influence in the building’s response

Usually modelled as an equivalent strut

Lower computational cost

5 Useful for the calibration of global models

6.1. Macro-Modelling

The macro-modelling with equivalent diagonal struts was originally developed to
enable numerical analysis of infilled frames with higher shear stiffness. From its evolution,
with multi-strut models it was possible to integrate shear and tensile stresses within the
contact length between wall and frame. Models have started to become more complex, with
some considering the reduction of stiffness and strength under dynamic loads, or other
equivalent approaches such as shear slip at the middle of the infill walls. One of the aspects
yet to be developed involves the out-of-plane behaviour, which becomes an important
issue when combined with the diagonal cracking created by in-plane demands on the
masonry infill walls. The following two sections describe the evolution of macro-modelling
approach, supported with tables and figures to better illustrate modelling procedures.

6.1.1. In-Plane Models

Polyakov (1956, 1967) was the first author to suggest the use of an equivalent diagonal
strut [104,234]. The proposal was based on experimental studies on steel frames with focus
on normal and shear stresses on the infill walls, in which it was observed that stresses
were transferred from the structure to the non-structural elements only by the compression
corners of infill-frame interfaces. The authors developed a numerical technique to estimate
the required load intensity to create diagonal cracking.

Holmes (1961) improved the previous concept being the first author to propose a
formulation for the diagonal strut (see Figure 3) [99]. The proposed formula for the width
of the equivalent strut (see Table 7) was calibrated for steel frames with brickwork and
concrete infill walls considering deformation and ultimate strength of the system. The
proposal triggered several other studies to define the width more accurately.
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Figure 3. Equivalent diagonal strut model for an infill masonry wall in a RC frame, with other
concepts of deformation, detachment, and width.

Table 7. Effective width for the equivalent infill strut proposed by different authors.

Reference Formulae
[99] W=dy/3
[235] W = 0.25d,, for square infill
N W =d,, /11 infill side’s ratio 5/1
[109] W= 0.58(1/H)_0'445(Ah)0'355d2(1/H)0'064
(230] W = 0175d, (1, 04)
[115] W = 0.16d,(1;0?)
[120] W = 0175, (1,04)
[236] W = 0.125d,,
[237] W =0.2sin6+/(E;Ac)/ (GwAw)

if1 < \/(E:Ac)/(GpAyw) <5
[238] W = 0.95H cos8/+/Ay,
W = (0.748/ A, + 0.085)d,, Uncracked

[239] W = (0.707/ Ay, +0.01)d,, Cracked
[240] W = 0.25d,,

W= 'y\/msin 20
[241] 7 = 0.32v/sin20[ (H*Ezt) / (mE, IsH)] !

m = 6[1+ (6EyIgH)/(nEyIsL’)]

[242] W=1/2\/a2 +a2
[243] [A=mt/(CAcosb)]
W = [(dzkc)/z] [1 / (A*ﬁ>]

A* = (Ez/Ep)(tH/Ag) [W?/L? + (Ag/ (4Ag)) (L' /H)]
[244] ¢ = 0.249 — 0.1167 + 0.5679>
B = 0.146 + 0.0073 + 0.126>
z=1+025(L/H—1)

[245] 0.1d,, < W < 0.2dy,
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Table 7. Cont.

Reference Formulae
W=, /a% + oci
[246] W = 1414x,,
ny = 71’/(2/\h)

W* = (71/2)2290(}1/3Lm/( L2 + (hm — kx)z)

ky=m/ Zhy
W* for partially infilled walls
W—Effective width of the equivalent strut, d,,—Diagonal length of the wall; H—Wall heigh; A,—Relative stiffness;
E—Masonry modulus of elasticity; t+—Thickness; 6 = tan~1(H,, / Ly,)—Infill diagonal angle.; E.—Concrete
modulus of elasticity; .—Moment of inertia of column; G,—Shear modulus of wall; A,—Area of wall; L—Width
of wall.

[247]

Stafford-Smith (1962), using experimental data of steel frame infilled with concrete
mortar, concluded that the width of the equivalent strut should depend on the contact of
the infill in the frame [235]. The conclusion was drawn from the observation of increased
stiffness when a wider compression (contact length) was realised. Thus, he proposed a
different width for the equivalent strut (see Table 7) depending on the proportions of the
infill wall.

Stafford-Smith (1968) and Stafford-Smith and Carter (1969), using experimental data
from Stafford-Smith (1966, 1967), suggested a more thorough way for computing the
equivalent strut width (see Table 7), taking into account the properties of the infilling
and concrete, proportions and thickness of the infill wall [102,106,109,248]. Empirical
curves were assessed by considering the interaction between frame and infill as triangular
distribution forces. Most models are still based on this assumption due to its level of
accuracy, employing the relative stiffness formulation:

E, tsin260
Ay, = hi/ 2=
W\ T4E Lk, ®)

where E. the Young’s modulus of the frame, E;; the Young’s modulus of the masonry wall,
I. moment of inertia of the column and ¢ the wall thickness.

An analytical formulation was also proposed to compute the lateral stiffness for hinged
nodes by:

1
M=A5sE @
and for rigid nodes by:
_ (A+B+C)
K= C(A+B) ©)
where the parameters are:
H(tan6)?
A= ———
AL (6)
B= % @)
atEy (cos0)
H3(2I,H +2I.L
C= ( b + 21 ) (8)

 12E.I.(6I,H + I.L)

Fiorato et al. (1970) proposed another formulation to compute the lateral stiffness of

infilled frames as [110]:
1
T )

Ky = T
Ko~ Kpi
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where the shear stiffness is A G
Ky = =rm (10)
m
and the flexural stiffness is
3E.I

Mainstone and Weeks (1970) and Mainstone (1971) proposed two different calibrations
for the equivalent diagonal strut width, using the stiffness parameter proposed by Stafford-
Smith and Carter (1969) (see Table 7) [109,115,230]. The authors divided the behaviour
of the system, firstly considering perfect frame-infill contact, and secondly assuming that
interaction would be restricted to the compressive corners (crushing region). The authors
stressed that the relative stiffness of the infill-frame interaction was the most important
aspect to be addressed when using an equivalent strut to estimate stiffness and the ultimate
strength of the system.

Abdul-Kadir (1974) investigated openings on infill walls and proposed an equation to
account the reduced infill stiffness [118].

Klingner and Bertero (1976) modelled the infill masonry walls with two equivalent
struts [120]. Apart from the strength and stiffness estimation, it was one of the first works
to incorporate hysteretic element response for analysis of cyclic behaviour, also proposing
a non-linear formulation of macro-model. An adapted width of the equivalent diagonal
strut was also proposed (see Table 7).

Leuchars and Scrivener (1976) proposed a model capable of representing the response
when horizontal shear sliding occurs in the masonry panel [119].

Liauw and Lee (1977) suggested a calculation method to compute the stiffness and
strength of the equivalent diagonal strut for these conditions [123].

Liauw (1980) and Liauw and Kwan (1984) developed a set of analytical formulations
to compute the maximum lateral loading for which shear failure is achieved [125,126]. The
formulation was calibrated for steel frames and can be used for infilled frames with or
without interface connectors.

Hendry (1981) worked on a semi-empirical calibration for the width of the diagonal
strut, based on the Abdul-Kadir (1974) experimental work [118,236]. The proposed value
was then used on the Canadian Standard (CSA-S304.1 2004) and corresponds to half of the
previously proposed by Stafford-Smith (1962) (see Table 7) [37,235].

Liauw and Kwan (1984), through experimental and analytical study, took into consid-
eration the non-linearities from materials and interfaces, proposing values to represent the
contact length between infills with the frame and the dependent width of the equivalent
diagonal strut (see Table 7) [238]. The studies can be also found in Liauw and Kwan (1983,
1983) [249,250].

Bazan and Meli (1980) developed diagrams for computing the equivalent strut width,
for diagonal cracked infill walls [251]. Later, Tassios (1984) converted those diagrams into
formulations, partially available in Table 7 [237].

Thiruvengadam (1985) was the first author to propose a multiple-strut model. It
was developed to overcome some of the limitations of the single-strut models to compute
bending moments and shear forces on the frame elements [252]. The proposed model is
not limited to a specific number of struts and can be adapted to different configurations in
order to capture cases such as the influence of openings or the separation between frame
and infill. Besides shear, axial stiffness was also accounted for as well as vertical stiffness of
the infill wall through vertical struts. Despite its increased complexity, the main advantage
of the proposed multi-strut model is the ability to represent the actions in the frame more
accurately.

Doudoumis and Mitsopoulou (1986) proposed a new model for strength deterioration
due to cyclic loading and applied it to an equivalent strut model [253].

Syrmakezis and Vratsanou (1986) used a multi-strut model composed of five parallel
struts in each direction, analysing both the strength and stiffness of the infilled system [254].
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It was concluded that the definition of the contact length has a major impact on the
distribution of moments on the frame, an effect that is not captured by simplified models
such as single struts resulting in inaccurate stresses on structural elements.

Decanini and Fantin (1986) suggested a hysteretic model with modified width of the
equivalent diagonal strut, depending on the relative wall-frame stiffness (see Table 7) and
on the cracking conditions of the wall [239].

Chrysostomou (1991) (also Chrysostomou et al., 2002) investigated the behaviour of
infilled frames, focusing on the effects of stiffness’ deterioration and wall strength [255,256].
A modelling strategy was proposed for the wall (for both diagonal directions) with three
parallel bar elements, as described in Figure 4. The considered offset length for the strut con-
nectivity coincides with the plastic hinge on column and beam. The model also estimated
the stiffness and strength degradation.

frame
element

1 //
/
oth g Z O AN 1

[ L |
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Figure 4. Triple-strut model, node-to-node (adapted from Ref. [255]).

Paulay and Priestley (1992) concluded that using a large strut width would result in
a stiffer structure and consequently in a higher seismic response [240]. With that concern
they proposed a modified strut width (see Table 7).

Hamburger and Chakradeo (1993) proposed a multi-strut model accounting for open-
ings and following a similar proposal by Thiruvengadam (1985) [252,257]. However, the
model had its limitation on the difficulty to calibrate the struts.

Mehrabi et al. (1994), employing the Mohr—Coulomb criteria, proposed a formulation
for the estimation of the load for which first crack occurs [157], as:
C+z, iozquceq

_ Mol
a—"7

(12)

Vwer =

where C is cohesion, A, horizontal area, y is initial friction coefficient, P is vertical load
on the wall, & is the height of the column (measured at the beam axis), and L is the beam’s
width (measured at the column axes). Ay is an equivalent area of infill-columns:

Aceq = (hcbc + Ac(Es/Ec - 1))(E5/Ew) (13)

On the other hand, the load for which the wall develops a crushing failure can be
computed by:
Verush = atf’,, cos6 (14)
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where « is the width of the diagonal strut, ¢ is the thickness of the strut and f/,, is the
compressive strength of the masonry. The shear capacity of the wall is computed by:

(15)

Moreover, Mehrabi et al. (1994) proposed a series of analytical formulations (not
presented here) to compute the resistance, for certain failure mechanisms [157].

Durrani and Luo (1994) also proposed a modified equivalent width (see Table 7),
developed from comparison with other models, using semi-empirical formulations [241].

Saneinejad and Hobbs (1995) proposed an analytical non-linear force-displacement
model to predict the behaviour up to the ultimate limit load [258]. It consisted of two
diagonal and parallel struts in each direction, distributing the loads to the column elements,
as seen in Figure 5. The model takes into account ductility limits of the infilled frame,
aspect ratio of the frame, shear stresses on infill-frame interfaces and relative strengths
between column and beam elements.
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Figure 5. Strut model column-to-column (adapted from Ref. [258]).

Crisafulli and Carr (2007), following studies of Crisafulli (1997), proposed an improved
strut model to compute the behaviour of infilled frame systems [7,259]. The model employs
six strut members using hysteresis rules. It consists of two diagonal and parallel struts
in each direction, which carry the axial loads on the panel, and another pair to describe
shear from the top and bottom of the panel. The compressive struts, implemented by
Smyrou (2006) on SeismoStruct, distribute the loading through internal and dummy points,
located on the joint and on the columns, considering the actual contact of the infill panel
when it is deformed (see Figure 6) [260,261]. Crisafulli (1997) compared different one-,
double- and triple-strut models, concluding that the double-strut model was the most
balanced, achieving accurate results without too much complexity in terms of calibration
and computational efforts [7]. According to Crisafulli and Carr (2007) and Smyrou (2006),
the model offers limited accuracy on connection to beam-column joints regarding bending
moments and shear forces on the structural elements [164,260].
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Figure 6. Crisafulli model for (a) compression/tension struts and (b) shear struts (adapted from
Ref. [261]).

Hendry (1998) defined a width for the equivalent strut (see Table 7) considering
uniform compressive stress on the wall [242].
Flanagan and Bennett (2001) suggested a formulation for the area of the equivalent

diagonal strut as [243]:
Tty

CAcosf

As mentioned before, Chrysostomou et al. (2002) published an improved work started
by Chrysostomou (1991), in which a non-linear model with six parallel struts (three in
each direction, as seen in Figure 4) was developed that takes into account the strength and
stiffness degradation of the infill wall [255,256]. The off diagonals were placed according to
the expected formation of plastic hinges on both structural elements, beam and column.
The model, developed for dynamic analysis, considered only a set of three struts at a time,
when they become compressive on a specific direction of the infill.

Al-Chaar et al. (2002) used the proposed diagonal strut width of Stafford-Smith and
Carter (1969) and Mainstone (1971) for solid infill [109,115,167]. Also introduced were
some new reduction factors that affect the equivalent strut width to take into account the
presence of openings, namely Rj:

2
A A
Ry =06 22 ) —16 =22 | +10 (17)
Apanel Apanel
where Agpen is the opening size and Ay, is the area of the infill panel, and R; related with
damage on the wall, according to Table 8.

A= (16)

Table 8. Value for reduction factor R, by type of damage [166].

hil Moderate Severe
<21 0.7 0.4
>21 Requires repair

Asteris (2003) proposed a series of parameters to modify the width of the diagonal
strut taking into account the existence of openings (location and area) on the infill wall
(see Figure 7) [262]. The findings were compared with previous analytical work of Gian-
nakas et al. (1987) regarding the influence of the wall openings to the frame behaviour [263].
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Figure 7. Stiffness reduction by number of openings on the infill wall (adapted from Ref. [262]).

El-Dakhakhni et al. (2003), following the analytical and experimental work in (El-
Dakhakhni 2000; El-Dakhakhni et al., 2001; El-Dakhakhni 2002), proposed a model with
three diagonal struts (see Figure 8) in each direction, one in the diagonal of the panel and
the other two non-parallel and off-diagonal [8,9,264,265]. According to the researchers
their model was more successful in predicting the stiffness of the wall and describing
the development of stresses along the frame elements compared to other models with
fewer diagonal struts. The model was implemented in ANSYS software (ANSYS-Inc.,
Canonsburg, PA, USA, 2012) [266]. The frame was modelled with elastic elements with
the non-linearities lumped on the frame joints with springs. This simplified non-linear
model was capable of computing the frame-infill interaction and corner crushing failure
mechanism. The width of the diagonal strut (distance between the struts connected to the
frame) used the contact length proposed by Saneinejad and Hobbs (1995) as [258]:

2(Myj+02M
ach:\/ ( e re) < 0.4h (18)
fm—O
2(My; +02My)
wpl = <04l (19)
b f/ t
m—90

where «. is the ratio of column contact length to height of the column, &} the ratio of
beam contact length to span of the beam, i height of the column, ! length of the beam,
M, minimum of the column’s plastic moment capacity, My and M, the plastic moment
capacity of the column and beam, respectively, f', _,and f’, 4, the compressive strength
of masonry panel, parallel and normal, respectively, to bed joints and ¢ the thickness of
infill wall.
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Figure 8. Three-strut model (adapted from Ref. [9]).

For the area of the diagonal struts, El-Dakhakhni et al. (2003) [9], suggested A1 = A/4
for the off-diagonal struts and A, = A/2 for the diagonal one, where the total area A was
computed by
(1/ac)acht

A =
cos

(20)

where f the thickness of the infill, and § = tan| —1(k/I)| the diagonal angle. A stress-strain
model was proposed for the masonry infill panel, as shown in Figure 9, computed by
e1 =& — 0.001, &2 = ¢y + 0.001 and ¢ = 0.01.

A

Stress

. - -
£ & & £ Strain

Figure 9. Simplified stress-strain tri-linear relation (adapted from Ref. [9]).

Asteris (2008) developed a 2D finite element approach proposing a new methodology
to account for the contact and separation between the frame and the infill walls [267]. The
frame was modelled with plane beam elements and the masonry infill with an isoparametric
rectangular element with eight degrees of freedom. When the load is applied, it begins with
the infill element connected to one of the nodes of frame column-beam connections, and
then, an iterative process is initiated in order to rerun the analysis until the infill element
is not overlapping with the frame elements. Another check is then performed in order to
assess the separation of infill-frame according to which, if tensions are computed on those
connections, then the points are not linked.

Tabeshpour (2009) recommended bounds for the width of the equivalent strut, shown
in Table 7 [245].
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Kadysiewski and Mosalam (2009) proposed an analytical model capable of simulating
both in-plane and out-of-plane behaviour of the infill walls, with a single diagonal beam-
column element having a node at midspan, with a concentrated mass, that introduces out-
of-plane inertial forces [268]. The beam-columns were developed as force-based elements,
with concentrated plasticity at their extremities. The interaction modelling was based on
experimental work (Hashemi and Mosalam 2006) and on numerical work (Hashemi and
Mosalam 2007) [194,269].

Amato et al. (2009) employed a model with an equivalent diagonal strut, proposing
verification of the local effects through eccentric evaluation [244]. Furthermore, a modified
width for the equivalent diagonal strut was proposed as shown in Table 7.

Rodrigues et al. (2010) utilised a simplified macro-model, previously suggested by
Varum (2003), based on an equivalent bi-diagonal compression strut model, in which four
rigid struts are connected to a central element containing all the non-linear behaviour
of the masonry wall [231,270]. This simplified approach offers the capability to simulate
both flexural and shear behaviour, and incorporated strength degradation of the infill
(Figure 10a,b).

Struts

(=
/ Central F

element
-

e | F‘

(a) | (b)

Figure 10. Simplified macro-model, (a) Representation of elements, and (b) monotonic behaviour
curve [270].

Parchuri and Kaushik (2011) proposed modified length of contact and widths for the
off-diagonal struts (Table 7) [246]. In the study, the infill was modelled by three parallel
struts as proposed by Chrysostomou (1991) [255].

Pradhan et al. (2012) studied partially infilled frames, suggesting some adaptations for
the width of the equivalent diagonal width, as shown in Table 7 [247]. Figure 11 presents
one example of a strut applied on a partially infilled frame, with the respective width.

L

m

.

L
Figure 11. Strut for partially infilled frame (adapted from Ref. [247]).
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More recently Yekrangnia and Asteris (2020) proposed a multi-strut model for the
prediction of the force and displacement behaviour of masonry infills with openings, taking
into account their position in the infill [271]. The calibration of the model was supported
by finite element analyses and a suggested a new reduction factor that compensates for the
presence of openings.

6.1.2. Out-Plane Models

Regarding out-of-plane analytical work, some models were developed to assess the
out-of-plane behaviour of infills. One of the first and simplest, is proposed by Timoshenko
and Woinowsky (1959), considering an elastic plate solved by a classical approach [272].
Other works considered two-way inelastic behaviour based on the yield-line theory,
amongst others by Drydale and Essawy (1988), Haseltine (1976), Haseltine et al. (1977),
and Hendry (1973). Flanagan and Bennett (1999) compared the proposals of Angel et al.
(1994), Klingner et al. (1996) and Dawe and Seah (1989), assessing that the yield-line theory
approach achieved results closer to experimental data [146,156,171,273-277]. Dawe and
Seah (1989) was also used by Hashemi and Mosalam (2007) in the development of the
out-of-plane macro-model [146,269]. Two formulations were proposed to compute the
ultimate out-of-plane load (see Figure 12 with yield-lines), assuming collapse by arching
mechanism. The formulations were proposed for three supported edges and for four/full
supported edges, respectively, as:

451972y

Tut = —[25 - and (21)
0.75 24
Guir = 457771 <L25 + Hli5) (22)
with coefficients 025
p=1 /H(EICHZ n G]CtH> ~ and (23)
0.25
B= 1/L(EIbH2 + G]th) ) (24)

where g, is in kPa, « should have an upper limit of 75 and 50, respectively, for three-support
and fully supported, and 8 should have an upper limit of 50 in either case.

Figure 12. Fully supported (on the (left)) and partially supported (on the (right)) walls with repre-
sented yielding-lines.

A great number of numerical and analytical analyses with macro-models have been
performed. Some of those works can be found in (Klingner and Bertero 1978; Sobaih
and Abdin 1988; Fardis and Calvi 1994; Negro and Colombo 1997; Fardis and Pana-
giotakos 1997; Kodur et al., 1995; Balendra and Huang 2003; Crowley and Pinho 2006;
Perera 2005; Reflak and Fajfar 1991; Smyrou 2006; Asteris et al., 2011; Chrysostomou
and Asteris 2012; Rodrigues et al., 2008; Dias-Oliveira 2013, Muratovi¢ and Ademovié
2015) [3,10,121,260,278-289].

6.2. Micro-Modelling

The modelling of the infilled frames, using diagonal compressive struts is representa-
tive mostly under high loading demands, after the infill becomes partially separated by the
bounding frame. This can occur due to a number or different reasons, such as the relative
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wall-frame strength and stiffness properties or properties of interface materials [234]. For
this reason, the macro-modelling approach is unable to capture some of the subtleties
regarding the complex interaction of an infilled frame system which are more suitably cap-
tured micro-modelling. The following paragraphs present modelling strategies developed
and used in the literature.

Mallick and Severn (1967) suggested the first micro-model for the analysis of infilled
frames, focusing on the contact/interface between wall and frame [290]. The infill walls
were modelled by rectangular elastic elements with two degrees of freedom per node, and
the frame elements were modelled without consideration of axial deformation. For the
interaction of wall-frame slippage was considered, defined through frictional shear forces.
The predicted stiffness of the system was in good comparison with experimental work, for
aspect-ratio less than 2.

Goodman et al. (1968) developed a joint element (plain strain with four nodes and
two transitional degrees of freedom in each node) used to simulate rock masses, which was
later adapted and modified for the simulation of interaction between frame and wall [291].
The modified rectangular element is connected with three or two degrees of freedom at the
nodes of the frame and infill elements, respectively. The shear strength properties depend
on adhesion and friction. King and Pandey (1978), demonstrated with that model the
elasto-plastic contact behaviour, with tangential stress-relative displacement curves [292].
Tangential stiffness was then developed according to those analytical findings.

Mallick and Garg (1971) extended the work in Mallick and Severn 1967 by considering
gaps between infill and frame [114,290]. In this work, the infill element is modelled in a
similar way and the frame elements considers shear and axial deformations, excluding
rotational ones.

Kost et al. (1974) observed that the bond between wall and frame was affected by poor
construction techniques [293]. Considering reduced tensile strength at the contact regions,
it an analytical model was developed to monitor the opening and closing of gaps.

Axley and Bertero (1979) used two finite element schemes to assess the behaviour
of infilled frame systems [294]. The first one was used for validation purposes, involved
a refined model where the stiffness matrices of the infill and frame were coupled. For
the second, the infill stiffness matrix was condensed to the boundary degrees of freedom,
resulting in a stiffness matrix of the frame-infill system having reduced degrees of freedom.

Liauw and Kwan (1984) modeled numerically experimental works for monotonic
loading, resulting in good approximations [238]. A bar element was used for the infill-
frame interaction with both slip and separation capabilities, and a triangular plain stress
element for the infill itself, with different properties in compression (nonlinear material)
and in tension (brittle material). The model allowed the characterisation of different failure
modes, such as corner crushing on infills with fracture on columns or beams, and diagonal
cracking on infills.

Rivero and Walker (1984) performed dynamic analyses aiming to develop a non-linear
model to study the behaviour of infilled frames, in terms of interaction on the infill-frame
interface and cracking/failure of the wall [295]. Two types of elements were used for
the interaction, one as gap element (for no-tangential stress conditions) and another as
connection element (for contact conditions).

Dhanasekar and Page (1986) studied numerically brick masonry infill walls, develop-
ing a finite element model that included elastic properties, inelastic stress-strain relations,
and a failure surface [296]. It was formulated with non-linear isotropic elements with six
nodes, while brick units and mortar joints were modelled separately.

Dawe and Seah (1989) developed a computer program in order to analyze analytically
pushover experimental data [145]. The frame was modelled with non-linear behavior
lumped at the end of each member. The infill masonry was modelled by a set of elastic
and rectangular elements connected with each other by joints having tensile and shear
capacities. In order to capture tensile failure on the elastic elements (simulating bricks),
virtual joints were introduced.
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El-Haddad (1991), using the finite element method and fracture mechanics techniques,
developed a computer model to analyse cracked frames with masonry infill [297]. The
cracked frame members were then updated on their stiffness matrix to account for the
new conditions of axial, flexural and shear deformations. The infill masonry walls were
modelled by a plane stress element with four nodes. The structural analysis took into
account both infill contact length and infill-frame relative stiffness. The model could be
used to assess overstressed regions in buildings due to structural cracking and separation
between frame and infill.

Some researchers, such as Rots (1991), Lotfi and Shing (1994), Lourenco (1996), Mehrabi
et al. (1994) or Mehrabi and Shing (1997) tested the validity of continuous-interface models
regarding the behaviour of mortar joints, accounting for the interaction between normal
and tangential stresses [157,298-301]. In those studies, authors used a set of different
modelling strategies, modelling components—concrete, ties, bars, masonry and mortar
—separately.

Lourengo (1996) proposed a model that combined coulomb friction, tension cut-off and
compression cap [300]. A simplified micro-modelling technique was suggested lumping
interface-mortar-interface in one discontinuous element. Thus, damages were concentrated:
(1) in the mortar joint, and (2) in the pure tension surface in the middle of the masonry unit.
The approach has computational advantages, and the capability to simulate the behaviour
of the masonry considering the cracking on bed joints, head joints and of the masonry units.
Approximate formulas are given to compute the stiffness of the interface elements. The

normal stiffness, as:
EyEnm

kn = ———mM——, 25
n hm (Eu _ Em) ( )
and shear stiffness, as:
Gu Gm
ks = ————, 26
S hm (Gu _ Gm) ( )

where E;, and E;;, are the modulus of elasticity of masonry unit and mortar joint, respectively,
Gy and Gy, are the shear modulus of masonry unit and mortar joint, respectively, and h,,
the thickness of the mortar joint.

The simplification proposed by Lourengo (1996) is described in Figure 13c [300].
Typical strategies for the micro-modelling of actual masonry walls (Figure 13a) involve
three-phase material (Figure 13b), where units, mortar and their interface are modelled
as continuous and discontinuous elements, respectively. Lourenco (1996) proposed a
simplified micro-modelling with two-phase material (Figure 13c), where the units are
still represented by continuous elements, but the mortar and interfaces are lumped to
discontinuous elements [300]. An even more simplified strategy that blurs the space
between macro-models and micro-models, namely called semi macro-modelling involves
one-phase materials (Figure 13d), where units, mortar and interfaces are combined into a
homogeneous and continuous element.

“Unit” “Joint™ Unit . Mortar Composite
\ / - y
N »
X
1 Interface
I:I ¥} Unit/mortar
il L
(c) (d)

Figure 13. Different modelling strategies for a (a) Masonry sample. (b) Micro-modelling, (c) Simpli-
fied micro-modelling, and (d) Semi macro-micro-modelling [300].

Mehrabi and Shing (1997) investigated the behavior of RC concrete frames infilled
with concrete masonry units using a simplified approach [301]. A smeared-crack element
was utilised to model both the frame and the masonry units along with constitutive models
to account for the mortar joints, assuming elastic behaviour under compression stresses
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of the interfaces. The proposed modelling was capable of assessing cracking, crushing,
and sliding under cyclic and monotonic analysis. Mehrabi and Shing (1997) concluded
that the use of bond-slip elements between frame and infill resulted more accurate results,
compared with experiments instead of ignoring them [301]. Although the results were
close to experimental data in terms of peak capacity, the behaviour of the analysed system
was not similarly close.

Singh et al. (1998) developed a model to compute the non-linear behaviour of infilled
frames. The frame was modelled with bar elements employing a special formulation [302].
The infill was modelled as a continuous material assuming elastic response up to the
failure. For the characterization of cracking and crushing failure the Von Mises criterion
was adopted with tension cut-off. Shear failure on both frame and infill elements was
concluded to be not satisfactory with the used modelling strategy.

Chiou et al. (1998, 1999) implemented the discontinuous deformation analysis to
model infill masonry walls through sub-blocks connected by joints having tensile and
shear strength [169,303]. The complete system was assembled using different strategies for
concrete and steel elements. The results were found to be in agreement with experimental
work. The model did not consider mixed tension-shear failure on joints, nor tensile failure
on the sub-blocks, using linear constitutive relations.

Dawe et al. (2001) (following Dawe and Young 1985) proposed a simplified computer
model, using linear finite elements [138,304]. Spring elements were used in order to
simulate the interface conditions between infill and frame, in terms of bond, friction,
separation and re-contact, with the capability to assess the failure on the interfaces too.
The model also accounted for non-linear behaviour duet to tension cracking, crushing and
shear failure of the infill. The model was calibrated with experimental results published in
Schmidt (1989) [148].

Asteris (2003, 2005, 2008) focused on contact conditions of infill-frame systems. In this
context, a finite element technique was proposed, employing an iterative process to find the
geometrical equilibrium conditions of the system [262,267,305]. The equilibrium assures
that the infill does not overlap with the frame, with only two interface conditions considered:
contact or separation. The technique can predict the influence contact conditions can have
on the infill stiffness. The same technique was used to study openings on infill walls,
leading to the following stiffness reduction factor:

A=1-2a5* + a3, (27)

Shing and Mehrabi (2002) studied the non-linear behaviour of masonry wall elements
using the plasticity theory [11]. Cracking in brick-mortar and mortar-frame were considered.
The system was expected to be homogeneous and isotropic up to the occurrence of cracking,
followed by elasto-plastic material behaviour, based on the Rankine/Von Mises crack
criterion.

Zhuge and Hunt (2003) studied the response of masonry walls using a discrete element
approach [306]. The assembly of the infill panel was simulated through discrete blocks
connected by joints modelled as surface contacts capable of computing the separation and
sliding between the units/blocks.

Basiouny and Ghobarah (2008) proposed a simplified model, in between micro- and
macro-modeling approach [307]. The model uses the Drucker-Prager failure criterion for
10 plane elements simulating the behaviour of the masonry. Each node has two degrees of
freedom, whereas these planar elements are connected with each other and to the bounding
frame through contact-interface elements (zero-length). The model is able to capture
various failure modes, such as flexural, shear, diagonal and crushing modes.

Al-Chaar et al. (2008) used commercial software to micro-model RC infilled frames [308].
The smeared-crack constitutive model was used for the continuous elements (brick units and
concrete) adopting the proposal of Lourengo (1996) for the interfaces (mortar joints) [300].
The interface model was based on the Coulomb friction model combined with tension cut-
off and elliptical compression (Figure 14), which was not considered adequate to capture
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the cumulative damage occurring on the mortar joints. The model failed its validation
through experimental results, needing further calibration of its parameters.

Al
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Figure 14. Interface model (adapted from Ref. [308]).

Stavridis (2009) and Stavridis and Shing (2010) combined the smeared and discrete
crack approach on a new modelling methodology that was able to evaluate different infill
failure modes, mortar joint shear failure, and shear failure on columns [206,309]. From a
parametric study, it was assessed that mortar joint properties were the most influential
compared to concrete or brick properties. Koutromanos (2011) and Koutromanos et al.
(2011) extended the approach, with the use of a cohesive crack interface model and im-
proved smeared-crack model, suitable for cyclic behaviour [310,311]. The methodology was
considered accurate in terms of load-displacement response, crack patterns and prediction
of failure mechanisms.

D’Ayala et al. (2009) and Ellul and D’Ayala (2012) numerically studied infilled frame
systems using different software with refined models, focusing on the interface param-
eters [312,313]. In their studies, the authors highlighted the importance of accurately
estimated column shear failure in order to correctly assess an infilled frame for seismic
demands.

Stavridis and Shing (2010) and Stavridis (2009) used the finite element method employ-
ing commercial software FEAP (Taylor 2007) to combine smeared and discrete cracking,
capable of describing different failure modes of the system [207,309,314]. Under the pro-
posed modelling strategy each infill is modelled with smeared-crack elements connected
with interface brick elements and interface for mortar joints, enabling the model of shear
cracking at the unit and joint levels. The materials were modelled through elastic-plastic
law adopting von Mises failure surface with tension cut-off (see Figure 15), given by:

Jo —1/30%, =0, (28)

ep =4/2/ 3885}885}]-, (29)

where ], is the second invariant of deviatory stress, o is the effective plastic stress tensor,
and ¢, is the plastic strain tensor.

and
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Figure 15. Constitutive models for (a) Stress-strain plasticity, (b) tensile behaviour and (c) full
compressive behaviour (adepated from Ref. [309]).

Cavaleri et al. (2020), studied through finite element modelling the out of plane
behaviour of infilled panels, prior damaged due to in-plane cyclic actions and suggested
formulas for the strength and stiffness deterioration inflicted by the latter [315].

6.3. Reinforced Concrete Models
6.3.1. Concrete Material

The use of accurate models for both concrete and steel components is decisive in order
to simulate accurately this type of complex analysis. The difficulties which are inherent to
the dynamic/cyclic behaviour are challenging, but the use of iterative processes becomes
accessible using computer software, which was not available to past researchers.

Penelis and Kappos (1997) highlight the importance of describing the envelope curve
of concrete cyclic behaviour as much accurately as possible, preventing errors from analysis
under monotonic loading [316]. The experimental results usually have a big correlation
between monotonic and cyclic loads, supporting their conclusion. Hereupon, the concrete
cyclic behaviour also will also be examined.

One of the first known researchers to work on the modelling of concrete cyclic response,
Karsan and Jirsa (1969), specified through experimental work the point where two branches
of unloading and loading meet, linking successive such points through second degree
parabolas [317]. One limitation of the model is it does not take into account the confinement
conditions provided by the stirrups.

Later, Blakeley and Park (1973) developed a simplified model capable of computing
the envelope curve of the concrete [318]. For the unloading behaviour, the model utilises
a straight line with simplified assumptions regarding non-energy dissipation or stiffness
deterioration for strains equal or smaller compared to the peak stress. The reduction of
stiffness is calculated through a processed parameter. The loading is accomplished through
two straight lines, the first one 50% stiffer than the calculated for unloading until the
maximum past strain and followed by a vertical line up to the lastly recorded stress.

Yankelevsky and Reinhardt (1987) proposed a model focused on the unloading and
reloading behaviour, considering that the envelope curve is already given [319]. The
model considers a linear shape for the cyclic branches with varying stiffness depending on
previous strain ranges.
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Mander et al. (1988) proposed a simplified version of the Karsan and Jirsa (1969)
model that included the tensile stress-strain relationships and employed equations pro-
posed by Popovic (1973) for the envelope curve, accounting for the confinement condi-
tions [317,320,321]. The model calibrates inelastic strain each time that a new maximum
strain is recorded, allowing it to estimate the cyclic behaviour for even greater strains.
Martinez-Rueda and Elnashai (1997) modified the model, enhancing numerical stability
which was lacking for large displacements of the modification involved three different
phases for the calculation of inelastic strains, instead of a single parameter in Mander et al.
(1988), accounting for softening of concrete, and the curve shape meeting the envelope on
reloading [320,322].

An efficient definition of the concrete model is very important in order to compute
the formation of plastic hinges during the seismic excitation and also simulate the ductility
of the material that allows for moment redistribution between element members. The
distinction between confined concrete on the core, provided enough stirrups are applied,
and non-confined cover concrete is important since the former can deal with much higher
stresses and, in the case of old RC buildings, it is necessary to assess the confinement factor
because potentially the stirrups were applied, with no clamping provisions, which are
predicted on the new codes. If the stirrups are not sufficiently clamped, they could open
wide negating any confinement conditions to the concrete core.

6.3.2. Steel Material

The steel impact on the cyclic response of RC structures can be drastic, depending
on the amount of reinforcement. Its behaviour, compared to concrete, is more predictable
but certain characteristics change under cyclic excitations. Both materials are important
in maintaining the safety of a structure, but an incorrect amount of steel can lead to weak
capacity of the affected members under high bending moment demands expected during
an earthquake.

Yu (2006) points out, from past research, that macroscopic material models offer the
best numerical approach to simulate steel response [323]. It is also referred that the use of
recent models can already be accurate enough for engineering regarding strain and stress
results.

In terms of non-linear analyses, some models were developed and can be grouped in
different approaches, as Linear Elastic-Perfectly Plastic, Linear Elastic with strain hardening,
Linear elastic with non-linear hardening and Ramberg-Osgood model [324].

In terms of cyclic behaviour, several investigators developed and discussed several
models throughout history. Some of these models are summarised in this section and
afterwards discussed in comparison to the model used in this work. Two of the first
researchers, Dafalias and Popov (1976), examined different models of purely kinematic
and purely isotropic hardening [325]. From the two approaches, some disadvantages were
pointed out, such as, inaccuracy regarding the stresses after yielding, using isotropic models
while kinematic models could not take into account the quick reduction of elastic stresses
after plasticity due to lack of isotropic hardening. Therefore, Popov and Petersson (1978)
developed another model, solving some limitations, using a “multi-surface” model capable
of creating a real transition between monotonic and cyclic behaviour of the material [326].
Santhanam (1979) presented a simplified linear model accounting for the effects of cyclic
stiffness degradation and the fact that yield stress growth was not accurate enough to
predict its behaviour in loading and unloading without considerable plastic flow [327].
Tseng and Lee (1983) used a two-surface model based on an isotropic hardening approach
that implements a bounding surface for monotonic response, coupled with a reduction of
yield surface [328]. Despite its performance in predicting cyclic softening and hardening
and stress relaxation well enough, the model could not also compute an accurate loading
and unloading behaviour, without considerable plastic flow. Cofie and Krawinkler (1985)
used some past relationships to support a similar model. However, its performance in this
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matter was still not flawless because it did not update enough parameters related with the
cyclic strain amplitude [329].

The next two models were a modification of Ramberg-Osgood model, a non-linear
equation able to compute the stress-strain relationship and especially the transition at
yielding and the strain hardening of materials such as steel. In Ma et al. (1976) the
model was modified to achieve a cyclic response, but according to Elnashai and Izzuddin
(1993), it developed an overestimated cyclic response and good results for monotonic
response [330,331]. Menegotto and Pinto (1973) presented a stress-strain relationship which
would be later modified by Filippou et al. (1983) that included some isotropic hardening
rules [332,333].

7. Final Remarks
7.1. Earthquake Lessons

The observed damages after earthquake events show a great impact of the infill
masonry walls on the behaviour of RC buildings. The study showed that the influence of
these non-structural elements is not only affecting their particular stability, but it can have
a massive influence on the structural vulnerability and direct human hazards either by
in-plane or out-of-plane or combined loading. The complexity and vulnerability increase
by the interaction between the structural and non-structural elements. The most common
deficiencies and damages are:

Stirrups and hoops (inadequate quantity and detailing),

Detailing (bond, anchorage and lap-splices),

Inadequate capacity and failure (shear, flexural),

Inadequate shear capacity of the joints,

Strong-beam weak-column mechanism,

Short-column mechanism,

Structural irregularities (in plan or in elevation: torsion, soft-storey, etc.),
Pounding,

Damages in structural secondary elements (cantilevers, stairs, etc.), and
Damages in non-structural elements.

0PN N

—_
e

It is possible to separate them into vulnerabilities on primary structural elements for
items [1-8], on secondary structural elements for item [9], and for non-structural elements
for item [10]. Changing the perspective, it can be claimed that non-structural vulnerabilities
are not only 1 in 10 but actually 7 in 10, if the interaction behaviour is considered on
items [3,4,6—-10]. The items were described in Section 4.

The value of this conclusion becomes even greater since infill masonry walls feature a
brittle behaviour, and they are not designed for seismic actions, often not having sufficient
capacity for non-accident conditions, and the seismic codes do not fully account their
influence yet, on the design and assessment of new and existing structures.

From recent experiences in Europe, on earthquakes Italy, Spain, Greece, Albania or in
Croatia, most damages on buildings originated from non-structural elements, while build-
ings collapses occurred from irregularities, especially in elevation. The verified structural
damages were mostly in columns and joints (and also RC walls) due to insufficient shear
capacity, due to bad detailing/designing or infill masonry interaction. From other analysed
events the influence of the infill walls was also highlighted. The most common damages
are caused from irregularities in elevation and plan (the cause for most collapses is the
formation of soft-storey mechanism), conditions that lead to formation of short-column
mechanisms, insufficient reinforcement or bad detailing for shear stress on columns, and
also damages originating from poor concrete quality.

7.2. Structural Codes

Existing codes are not fully prepared to acknowledge infill masonry walls in the design
of new or seismic assessment of existing infilled frame buildings, however, most specify
recommendations about them. Some of them are the following;:
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Dynamic analysis on irregular buildings,

Empirical formulas to compute the natural period of the structure,

Minimum seismic design ratio for the structural elements, preventing the resistance of
the structure to be decided by brittle infill walls,

Recommendations regarding irregularities in plan and in elevation,

Lower response by reducing factors for structures with infill walls compared to bare-
frame structures, in order to compensate for increased uncertainties and the decrease
of ductility of the building,

Limitation of deformations to control damage,

Specifications for wall slenderness to prevent out-of-plane collapses,

Suggestions regarding openings, and

Suggestions regarding retrofitting of the walls.

The Eurocode 8 was discussed in terms of ductility requirements and the position
of the standard towards infill masonry walls. Eurocode does not encourage the use of
beneficial effects of infills by imposing lower response reduction factors for structures with
infill walls. It makes recommendations regarding distribution/location of the infills, and
for the case of structural connections between the infill and frame, the structure should
be designed as a confined masonry building. The non-linear response demands by the
modern codes, in order to achieve higher ductility levels, are increasing the demands over
the infill walls.

7.3. Experimental Work

A short list of factors and its consequences determining infill masonry behaviour
are described next. The list is general since some researchers reached to slightly different
conclusions.

e  Wall aspect-ratio (height/length)—Decrease of aspect-ratio leads to an increase of the
ultimate capacity.

e Boundary conditions of frame-infill—Initial stiffness is not affected; The presence of
gaps decreases substantially the ultimate capacity of the frame.

e  Gaps on infill-frame interface—Masonry still contributes to the horizontal strength of
the system, but the efficiency is affected.

o  Wall stiffness—Stiffer walls allow higher load carrying capacity; Building stiffness
does not increase linearly with the number of walls.

e  Openings on the walls—They decrease the ultimate capacity; Openings near edges
reduce more the load capacity of the wall compared to centered openings; (usually)
they increase the ductility of the system.

e Reinforcement of masonry wall (i.e., mesh reinforcement)—Increases both initial
stiffness and ultimate capacity.

e  Gravity loading on columns—Higher level of vertical loading leads to an increase of
stiffness and resistance of the system due to increased confinement of the wall.

e  Frame stiffness—Stiffer frames lead to higher ultimate capacity of the system, offering

better confinement and contact between frame and infill.
Bonding quality between wall and frame—Affects the ultimate capacity of the system.
Position of infill—Eccentricity of the wall relative to the panel middle leads to out-
of-plane bending effects, reducing both initial stiffness and ultimate capacity of the
system.

e  Horizontal bond beam and other retrofitting strategies —capable of increasing the
ductility of the system.

Table 5 has presented some aspects regarding experimental works, while a visualised
summary is depicted in Figure 16. The data are organised into chunks of five years for
better visualisation of the trend. The global tendency until last year is linear and growing.
The monotonic tests have been substituted by cyclic tests over the years, which are more
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appropriate to assess the seismic behaviour of the system. Dynamic, in shake-tables, or
pseudo-dynamic strategies are increasing slowly due to the costs associated with them.
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Figure 16. Trend of experimental work for infilled frame.

7.4. Numerical Modelling

In the last 30 years, several numerical modelling studies for the infill masonry walls
have been developed with different levels of refinement or complexity. Regarding non-
linear analysis of buildings, the macro-models have shown to be the most suitable due
to their minor computational impact compared to micro-models. Micro-modelling, on
the other hand, is more suitable for research on topics that demand a higher level of local
detailing. Macro-modelling has to be validated with empirical results and micro-modelling
studies.

In the literature, most macro-models simulate the diagonal compressive behaviour
of the infill walls through a diagonal equivalent strut. This simplified approach, though
accurate at global level, has some limitations at local level, such as lacking shear redistri-
bution on the structural elements, or the out-of-plane interaction/failure while subjected
to in-plane damage. The macro-modelling review identified the deficiencies, and which
areas still need more study. Two aspects that are innovative and need more contributions
are (1) interaction between in-plane and out-of-plane damage, assessing a formulation
that can describe the failure curve, (2) double-leaf wall modelling strategies, since they
are particularly vulnerable to out-of-plane collapse, and (3) simplified models that can
incorporate retrofitting on walls to mitigate the vulnerability of RC buildings.

A non-exhaustive review regarding the available macro-models has been discussed
before and is summarised in Table 9. A collection of different models and strategies have
been proposed, suggesting improvements on the compressive strength, stiffness, hysteretic
response and shear strength capacity.

The reviewed proposals for the effective width of equivalent struts for infill masonry
walls have variations between 10% and 35%. This confirms the complexity and uncer-
tainty inherent in this subject that is greatly affected by a large number of qualitative and
quantitative variables. From the review of numerical models, it was pointed out that a
difference of 20% between experimental and numerical results should be considered a good
approximation for a model. Since the uncertainty on these elements cannot be suppressed,
that 20% margin can be used as a confirmation boundary to assess correlation between
chosen empirical data and numerical results.
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Table 9. Summary of macro-models.

Author, Year Strut Capability
Polyakov (1956) [235] 1 Concept
Holmes (1961) [99] 1 Ultimate strength
Stafford-Smith (1962) [236] 1 Effective width of equivalent strut
Stafford-Smith and Carter (1969) [109] 1 Stiffness, strength
Mainstone and Weeks (1970) [231] 1 Stiffness, strength
Mainstone (1971) [115] 1 Stiffness, strength
Klingner and Bertero (1976) [120] 1 Stiffness, strength, hysteretic response
Liauw and Kwan (1984) [238] 1 Stiffness, strength
Syrmakezis and Vratsanou (1986) [255] 5 Frame-infill interaction, strength stiffness
Zarni¢ and Tomazevic (1988) [143] 1 Stiffness, strength
Schmidt (1989) [334] 2 Frame-infill (FI) interaction, strength, stiffness
Chrysostomou (1991) [255] 3 FI interaction, stiffness, strength degradation
Saneinejad and Hobbs (1995) [258] 1 Non-linear force-displacement response
Crisafulli (1997) [7] 2 FI interaction, compressive and shear strength
Flanagan and Bennett (1999) [170] 1 Stiffness, crushing strength
El-Dakhakhni et al. (2003) [9] 3 FI interaction, corner crushing strength
Dolsek and Fajfar (2008) [335] 1 Non-linear force-disp. response, post-peak

Stavridis (2009) [206]

Kadysiewski and Mosalam (2009) [268]

—_

In-plane and out-of-plane interaction

Rodrigues et al. (2010) [270] 1 Non-linear behaviour, strength degradation
Sattar and Liel (2016) [336]
Stavridis et al. (2017) [337]

7.5. Conclusions

Infill masonry walls are an important and yet not fully developed topic on structural
design considering seismic events. The related motivations and interest relate to the
mitigation of risk, specifically in structural vulnerability, and also the economic impact
(damage repair, human care, etc.). H. Tiedemann and Hellenic Association of Schools
(Lourengo et al., 2009) for past earthquakes concluded that the total costs associated with
repairs due to non-structural elements range from 60% to 80% (considering infill walls and
other installations) [338].

Previous studies have already shown that infill panels can increase the stiffness, the
strength, overall ductility, and energy dissipation capacity of the structures in case of
an earthquake. Therefore, infill panels have indeed structural qualities for earthquake
conditions, taking a key role on the structural response.

The seismic design strategies place high ductility requirements for RC buildings.
The damages observed after earthquake events show that, even for countries with robust
seismic codes, vulnerabilities related with infill masonry walls remain an issue. Damages
are concentrated on infill walls, and that influences the structural behaviour leading to
collapse in several buildings due to formation of soft-storey and short-column mechanisms.

Regarding damages on infill walls, the critical in-plane failure modes are the corner-
crushing (excessive compressive demand) and sliding-shear (failure on mortar bond layers).
The out-of-plane failure, a very brittle and dangerous type, depends on support conditions
of the frame, slenderness of the wall, and in-plane damage combination (studies point to
a 50% out-of-plane strength reduction). This type of failure is particularly important for
double-leaf walls. The knowledge in this field is still very limited, therefore the characteriza-
tion of the infill walls’ behaviour when subjected to simultaneous in-plane and out-of-plane
loading is still lacking and more experimental and numerical studies are required.

This topic has progressively become part of researchers’ efforts, to develop models
and implementation on software programs, both micro-models (local level, more hardware
efforts and more complex) and macro-models (analysis of the entire panel as a simplified
element). The interaction of in-plane and out-of-plane behaviour of the infill walls and the
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out-of-plane vulnerability of double-leaf walls were identified as lacking infill masonry
modelling approaches to implement in global building analysis.

The author concludes this document citing Asteris et al. (2011a): The issue of modelling
infill walls is still an open one, despite the long and rigorous attention that it has received
from the research community over the years [233].
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