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Abstract. The out-of-plane (OOP) performance of infill masonry walls subjected to earth-
quakes is a topic of growing importance due to the significant number of collapses observed
through the recent earthquakes. Nowadays is recognized by the scientific community the in-
fluence of these elements in the structural response of reinforced concrete structures subject-
ed to seismic actions. The infills OOP behaviour depends on a series of variables and there is
a lack of experimental data to understand and predict their expected seismic performance.
There is a need of data to calibrate numerical models and to understand the effect of each
variable such as type of masonry, boarder constrains, previous in-plane damage and insuffi-
cient support width in the infills OOP capacity. The present manuscript pretends to overview
some considerations regarding the performance assessment of infills OOP performance such
as based on experimental tests and numerical modeling results. A brief revision of the litera-
ture and of the international codes will be presented along the manuscript regarding this top-
ic and will help to understand the importance of the infills OOP behaviour on the
performance assessment of reinforced concrete structures.
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1 LESSONS LEARNED FROM THE PAST EARTHQUAKES ON THE IM WALLS
SEISMIC PERFORMANCE

1.1 L’Aquila (Italy) earthquake, 2009

The 2009 L'Aquila earthquake occurred in the region of Abruzzo, in central Italy. The main
shock occurred on 6 April 2009, and was rated 5.8 or 5.9 on the Richter magnitude scale and
6.3 on the moment magnitude scale; its epicentre was near L'Aquila, the capital of Abruzzo,
which together with surrounding villages suffered most damage. There have been several
thousand foreshocks and aftershocks since December 2008, more than thirty of which had a
Richter magnitude greater than 3.5.

Non-structural elements, in general, are very vulnerable to earthquake action namely because
of the lack of earthquake design and construction detailing of non-structural elements [1]. As
a result, even light to moderate earthquake shaking/acceleration or drift levels can cause dam-
age to non-structural elements and this damage may result in life safety hazards, immediate
evacuation and loss of function of buildings, limiting the use of internal spaces. Based on
post-seismic damage assessment information, some examples, representative of systematic
masonry enclosure wall failures, are reported and discussed. The damage suffered by masonry
enclosure and infill walls by the Abruzzo earthquake in Italy, that occurred on the 6th of April
2009, particularly in the city of Aquila, is especially reported due to its representative charac-
teristics of the Mediterranean construction. A widespread of non-structural damage, mainly
the out-of-plane collapse (of the outer leaf of cavity walls); in-plane mechanisms and mixed
mechanism were observed. The Abruzzo earthquake hit several villages with different intensi-
ties; the maximum acceleration registered was 0.675g, widely exceeding the 0.25g defined in
the design code. Within the reconnaissance mission of the authors, it was observed a group of
systematic problems, consequence of bad construction practice.

Figure 1: Cracking and collapse of the outer leaf of a double leaf wall.

The out-of-plane failure mechanisms and associated cracking patterns are influenced by
several aspects, but more potentially by: i) the connection efficiency to orthogonal walls and
inner leaf panels; ii) the connection efficiency to upper and lower RC beams, as well as col-
umns; iii) the wall support conditions over concrete slab or beam. Focusing on external ma-
sonry enclosure walls, Figure 1 shows non-structural damage of masonry enclosure walls of a
six storey concrete framed building after the earthquake. Possible causes that lead to this level
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of damage are related to susceptibility of the balconies to higher vertical accelerations, slen-
derness of the masonry leafs, unconfinement of the external leaf, and the lack of ties or an-
choring systems either to the inner leaf or structural concrete frame. In Figure 1 is also evident
the existence of thin brick slips with deficient adhesion to the concrete beams and insufficient
width support of the outer leaf (perforated brick) over the slab/beam.

In Figure 2 is shown the extensive disconnection of the veneer wall and the its backing wall
due to the lack of wall ties, lateral constraint at corner angles, and insulation fixing system to
the moment frame resisting structure. In Eurocode 6 [2], section 8.5.2.2, it is recommended
that the minimum number of ties, nmin, for a cavity wall or veneer wall and its backing wall
should not be less than 2/m?.

Figure 2: Total disconnection of the outer veneer cladding wall.

In both cases it is visible the inadequate mortar jointing of brick wall, being unfortunately a
common practice associated to very poor workmanship. Slender walls are very sensitive to
acceleration and displacement and conditioned to peripheral connection and support condi-
tions to the concrete frame structure, as well as the connection efficiency to inner leaves and
orthogonal walls. The disconnection and cracking of the exterior wall panel, is the result of
the relative rotation of the wall leading to out-of-plane movement.

Due to all these aspects an out-of-plane mechanism can occur. However, this mechanism can
occur for lower levels of acceleration if previous in-plane damage is inflicted over the wall.

In moderate seismic regions, Eurocode 8 [3], specifically in section 4.3.5, referring to non-
structural elements, obliges to verify the effects of seismic action over these components, as
well as their connections and attachments to the main concrete frame. In the case of masonry
infills, if connected, they contribute to the resistant structural system and should respect the
compliance criteria specified for confined masonry. Particular attention should be paid to ma-
sonry panels with a high slenderness ratio, as will be discussed in section 4.2.

1.2  Lorca (Spain) earthquake, 2011

On 11 May 2011, an earthquake of magnitude M = 5.1 hit the city of Lorca in the southeast
region of Murcia, Spain. In many cases, the influence of non-structural infill panels showed to
be the cause of severe damages in buildings. Three damage mechanisms were observed in the
majority of the analysed cases. The first is associated with cases where masonry walls do not
extend towards all the inter-storey height for openings, leaving a short portion of the columns
clear, creating a short-column mechanism (see Figure 3a, 3b and 3c). The second is associated
also with the short-column mechanism, but induced by the stair-slabs connected to the column
(see Figure 3d). In both mechanisms, the non-consideration of the non-structural infill panels,
or of the secondary elements (as the staircases) in the design, may not represent the real be-
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haviour of the columns, underestimating the column stiffness and, consequently, of the forces
attracted, leading to unexpected shear failure [4].

Figure 3: Short-column mechanism.

Figure 4 shows the diagonal strut formed in the infill panel, evidencing the important contri-
bution of the infill masonry panels to the global response of RC buildings. In fact, the contri-
bution of the infill masonry panels to the global response of buildings may induces a
significant increase of the storey stiffness that, if not considered in the design phase, may
bring higher shear forces to the columns, leading to shear failure as observed in many cases
analysed in Lorca.

Figure 4: Diagonal strut of infill masonry panel. Figure 5: Balconies (vertical component effect).

1.3 Gorkha (Nepal) earthquake, 2015

On April 25", 2015 a devastating earthquake of magnitude 7.8 struck Nepal, causing about
9,000 deaths and nearly 23,000 injured. The epicentre was located in Lamjung, Ghorkha dis-
trict, 75km northwest of Kathmandu with a focal depth of 8.2km. The construction of RC
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buildings has accelerated in the last 15 to 20 years, in a country dominated by masonry build-
ings. This constructive typology takes advantage of the combination of the mechanical behav-
iour of concrete and steel. In Nepal, RC frames are the prevalent type of structural load
bearing system. RC moment frames structures are formed by a set of frames that group beams
and columns. The frames are connected through slabs that allow the transfer of own weight,
the inherent live loads, and other loadings to the foundations and soil. The seismic vulnerabil-
ity of a typical RC building buildings is smaller compared to the typical masonry buildings.
The RC frame buildings are infilled with masonry bricks which are used as partition elements
and provide for the building envelope. It is worth noting that in Nepal, the infill is typically
constructed using solid bricks, which introduce a unique behaviour to the infill walls when
compared to hollow bricks used in some countries of Europe [5].

The RC buildings construction in Nepal presents several weaknesses on the quality control of
materials (improper vibration of concrete, improper size of the aggregates and steel bars with
insufficient ductility) and reduced construction quality (reinforcement detailing and provi-
sions, and insufficient percentage of reinforcement), which have a direct impact on the bear-
ing capacity as well as the deformation capacity of the structural elements. Another influential
factor in the vulnerability was verified to be linked with the decreasing number of masonry
walls on the ground floor, leading to the formation of soft-storey mechanisms, and subsequent
partial/total collapse of some buildings, as illustrated in Figure 6 [6].

a)
Figure 6: Examples of buildings that developed a soft-storey mechanism: a) Collapse at the ground floor level, b)
Collapse at ground floor and pounding an adjacent building, and c) Collapse at the 2nd storey.

For this typology, the main observations from the reconnaissance effort are: (1) In what con-
cerns structural damages, the engineered structures (designed by NBC105 or Indian standards
[7, 8]) and pre-engineered buildings (MRT) behaved substantially better compared with the
ones which did not follow the referred norms or due to human error; (2) There were consider-
able site-effects at some locations due to large soil amplifications, which resulted in several
areas having a large number of buildings suffering complete collapse of the majority of build-
ings; (3) Regarding the non-structural damages of masonry infill panels, the majority of those
were verified as combined shear-cracking and sliding at mid panel height (Figure 7a), de-
tachment between wall and surrounding RC elements (Figure 7b), and diagonal cracking
(Figure 7c). Given the characteristics of these non-structural elements (high stiffness provided
by the interlock of double-leaf walls made of solid bricks), a reduced number of out-of-plane
failures were observed, occurring mainly in the case non-confined walls.
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a) b)
Figure 7: Examples of damage in masonry infill walls: a) horizontal sliding cracks at mid height, b) Detachment
of the wall from the surrounding RC elements, and c¢) Diagonal cracking.

In taller RC buildings with 10-18 storeys, filled entirely with infill masonry walls over the
height of the structures, damages to the infill walls were also observed. However, in most cas-
es, little to no damage occurred on the structural elements. The reduced level of damage suits
the proper seismic behaviour of these structures, which were designed by the Indian National
rules and standards. Even though, in many cases, damage was limited to the infill panels, it is
worth noting that in many of these structures the occupants had to be moved for temporary
sheltering (in some expected to more than a year) due to life-safety issues related to possible
failure of the panels and until all repairs are complete.

2 EXPERIMENTAL CHARACTERIZATION OF THE OUT-OF-PLANE
CAPACITY OF IM WALLS WITH AND WITHOUT PREVIOUS IN-PLANE
DAMAGE

2.1 Introduction

The experimental campaign presented along the present section is composed by five out-of-
plane tests of full-scale infilled RC frames with two main variables: different width support
conditions of the panel, axial load on the RC columns application and previous in-plane dam-
age. The outline of the experimental work performed is presented in this section and start
firstly by the description of the out-of-plane setup developed in the LESE laboratory followed
by the description of specimens tested, instrumentation and loading protocol. Finally the re-
sults of the mechanical characterization of the masonry wallets are presented.

2.2 Test setup

The experimental test setup was developed in order to apply a uniform distributed load
through nylon airbags which main advantage is to mobilize all the infill panel considering all
the distributed inertia forces that results of a seismic excitation. This test setup also allows to
monitoring all the loadings involved along the test and also includes the possibility of apply
axial load in the top of the infilled RC frame columns. The main innovation of this test setup
resides in the fact that is the reaction structure is a self-equilibrated system that uses the RC
frame stiffness and strength to react the forces developed along the test. This out-of-plane
tests platform is adaptable to full-scale specimens with different dimensions, different types of
masonry materials and existence of openings.

The uniform load applied through all the infill panel is reacted against a self-equilibrated steel
structure composed by five vertical and four horizontal alignments that are rigidly connected
to the RC frame with steel re-bars in twelve previous drilled holes (Figure 8). Between the
self-equilibrated steel structure and the RC frame and linked to the steel re-bars it was imple-
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mented twelve load cells that allow to measure the forces transmitted along the experimental
test. In front of the self-equilibrated steel structure it was placed a wooden platform to resist
the airbags pressure and transfer it to the structure and to the tested panel.
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Figure 8: Out-of-plane test platform developed in LESE laboratory, a) front view schematic layout, b) general
front view: O - strong floor, 1 — foundation steel shape, 2 — high-strength rods (¢30mm) fixing the foundation
steel shape to the reaction slab, 3 — steel rod (20mm) connecting the RC frame to the foundation steel shape, 4 —
vertical high-strength rods (¢30mm) to apply axial load, 5 —steel cap, 6 - steel rods (20mm) connecting the RC
frame and the reaction structure, 7 - distributing load plate.

In each column the axial load was applied by means of a hydraulic jack inserted between a
steel cap placed on the top of the column and an upper HEB steel shape, which, in turn, was
connected to the foundation steel shape resorting to a pair of high-strength rods per column.
Hinged connections were adopted between these rods and the top and foundation steel shapes;
the axial load actually applied on the columns was continuously measured by load cells in-
serted between the jacks and the top of each columns. The pressure level inside the airbags
was set by two pressure valves which were controlled according to the target and measured
out-of-plane displacement of the central point of the infill panel (the control node and variable)
continuously acquired during the tests using a data acquisition and control system developed
in National Instruments LabVIEW software platform [9] (Figure 9).
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a)
Figure 9: Out-of-plane test platform developed in LESE laboratory, a) front view schematic layout, b) general
front view: O - strong floor, 1 — foundation steel shape, 2 — high-strength rods (¢30mm) fixing the foundation
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steel shape to the reaction slab, 3 — steel rod (20mm) connecting the RC frame to the foundation steel shape, 4 —
vertical high-strength rods (¢30mm) to apply axial load, 5 —steel cap, 6 - steel rods (20mm) connecting the RC
frame and the reaction structure, 7 - distributing load plate.

2.3 Specimens’ detailing

The main goal of the experimental campaign was to study the out-of-plane behaviour of IM
panels representative of those existing in the Portuguese building stock. For this a statistical
study was conducted [10] from which was collected information concerning the structural and
non-structural elements from eighty existing buildings from Portugal. The specimens’ dimen-
sions were decided according to this study and the infilled RC frame was 4.80m width and
3.30m height, as illustrated in Figure 10, with the columns cross-sections 0.30x0.30m? and the
top and bottom beams 0.30x0.50m?. For the concrete it was adopted a C20/25 class and for
the steel A500 class.
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Figure 10: LESE specimens’ dimensions and reinforcement detailing.

The infill panels tested were built with hollow clay horizontal bricks with the dimensions
0.30x0.20x0.15m, as frequently adopted in the Southern Europe and in particular in Portugal.
Regarding the mortar it was adopted a typical M5 class (“Ciarga” type). Five specimens were

built and the main considerations between the tests are described in Table 1.

Specimen Previous in-plane drift Axial Load Type of Panel support condi- Br1<l:1;l;ln)1(t tSlZC

P (%) (kN) test tions
(mm)

Inf_O1 - 270 Monotonic Full support
Inf_02 - - Cyclic Full support
Inf_03 0.5% - Cyclic Full support 300x200x150
Inf_04 - 270 Cyclic Full support
Inf 05 - - Cyclic 2/3 width

Table 1: Summary of the experimental tests, loading test, type of test and panel support conditions.
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2.4 Instrumentation and test protocol

In order to obtain the panel out-of-plane displacements and rotation between the panel and RC
frame it was used twenty-one displacement transducers, thirteen of them LVDTs and the re-
maining eight DWTs. The LVDTs were divided along three vertical and three horizontal
alignments distributed along the quarters of each dimension of the panel. The rotation of the
panel was measured through a pair of DWT placed at the middle border of each side of the
panel. As previously stated before, twelve load cells were used to monitoring the forces of
each steel re-bar that link the RC frame and the reaction structure during the tests.

The first specimen Inf_01 and Inf_04 was subjected to a monotonic test combined with axial
load of 270kN in the top of the columns. The panel was subjected to out-of-plane displace-
ments until reach the collapse. Cyclic out-of-plane displacements were imposed on the re-
maining specimens with steadily increasing displacement levels, targeting the following
nominal peak displacements: 2.5; 5; 7.5; 10; 15; 20; 25; 30; 35; 40; 45; 50; 50; 55; 60; 65 and
70 (mm). Two cycles were repeated for each lateral deformation demand level at the control
node chosen as the central point of the IM wall where concentrated deformation was expected.

2.5 Material properties

Mechanical characterization tests were performed in masonry wallets in order to obtain fur-
ther information about the properties such as compressive strength, diagonal shear strength,
parallel and perpendicular flexural strength and are illustrated in Table 2. Additionally, mate-
rial characterization tests were conducted to the mortar and a mean compressive strength of
8.76MPa with coefficient of variation (COV) of 7.33%, a mean tensile strength of 5.16MPa.

fm,w Em,w
Type of test Mean (MPa) COV (%) Mean (MPa) COV (%)
Compressive 1.1 113 941.9 24.8
strength
Diagonal shear 0.60 20.1 - -
Parallel flexural 0.11 43 - -
Perpendicular 0379 95 i i
flexural

Table 2: Summary of the main results of the mechanical characterization tests in IM wallets.

2.6 Experimental results

From the force-displacement hysteretic curves of all the tested specimens plotted in Figure 11,
the following main observations can be drawn:
* The maximum strength was almost four times higher for the tests without previous in-
plane damage (Inf_O1 and Inf 02) and for higher out-of-plane drift values. For the
Inf_O1 and Inf_02 tests the maximum strength occurs for out-of-plane drift values of
1.52%;
* Through the comparison between the specimens Inf_01 and Inf_02, it can be observed
that the initial stiffness of the IM walls was slightly affected by the axial loading in the
RC columns. Namely, it was verified that the test with axial load (Inf_01) had about
5% more initial stiffness when compared with Inf_02;
* It was also verified that the initial cracking for the lower out-of-plane drift values for
the Inf_02 was about 10%. The cracking force in both experimental tests was about
50kN.
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Out-of-plane force (kN)

Out-of-plane force (kN)

The rupture of the panel Inf_04 occur for the out-of-plane displacement of 7.23mm
which corresponded to a maximum strength of 46 kN, which was 64% higher than the
Inf_05 that reached 27.8kN. However it was observed that the panel Inf_05 achieved
the maximum out-of-plane force for a larger out-of-plane displacement than the ob-
served for the specimen Inf_04;

The cracking displacement of both of the panels (Inf_04 and Inf_05) was around
15mm. After the appearance of the first crack that corresponded to the exhaustion of
the out-of-plane capacity of the wall Inf_04 the out-of-plane force reduced from 46kN
until 28.3kN. Regarding the Inf_05 it was not observed degradation of the force along
the test.

From the comparison between the specimens Inf_01 and Inf_04 it can be observed that
the first obtained 50% higher out-of-plane capacity. Besides the same axial load in the
top of the columns and being subjected to different loading solicitations (monotonic
and cyclic respectively) the main differences that justify the out-of-plane capacity can
be associated to the mortar properties of each test;

Regarding the tests Inf_02 and Inf 05, both tested cyclically and without axial load in
the columns it can be observed that Inf_05 reached 2 times and half lower out-of-plane
force than the Inf_02 justified by the support conditions of the panel. However it can
be observed that the displacements where there is more strength degradation are very
similar in both of the tests;

From the tests it was observed that the Inf 01 obtained less 7.4% initial stiffness than
the Inf_04 specimen, and the test Inf_02 obtained 58.6% higher initial stiffness than
Inf_05.
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OOP drift at control node (%)

000 087 174 261 348 435 522 609 696
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Figure 11: Out-of-plane force-displacement test results: a) Inf_01; b) Inf_02; ¢) Inf_03; d) Inf_04 and e) Inf_05.

3 NUMERICAL STUDY OF THE INFILL MASONRY WALLS IN-PLANE AND
OUT-OF-PLANE INTERACTION

3.1 Description of the modelling strategy

The IM wall simplified macro-model presented here, to be used in the software framework
OpenSees [11], is based on the Rodrigues et al [12] proposal which is an improvement of the
commonly used equivalent bidiagonal-strut model. Each masonry infill wall is simulated by
four diagonal struts with rigid behavior, and one central element where the non-linearity hys-
teresis is concentrated. With the main purpose of introduce the out-of-plane behaviour of the
IM wall, the panel mass is distributed by the two central nodes (Figure 12).

[ [ \ [ [ [ [ [ [ ., Diagonal strut

non-linear

Central nodes _— element
—» | | withooP mass

T T T T T T T 1 -
1 1 T T [ T T ]

=
E 4
a “ b4 )

4

Figure 12: IM wall simplified macro-model general view.

The numerical model was designed to be composed with the available elements and materials
in the OpenSees library [11]; thus, for the five linear elements the BeamWithHinges elements
can be adopted or, alternatively, four elastic BeamColumns can be used for the diagonal struts
and one nonlinear BeamColumn for the central element as previously studied by some of this
paper authors [13].

This numerical model is designed to represent the IM wall non-linear behaviour when subject-
ed to biaxial cyclic loading, such as in-plane and out-of-plane. These two components are de-
fined independently although when subjected to simultaneous in-plane and out-of-plane cyclic
actions they interact through an element removal algorithm that was developed by Musalam
and Gunay [14]. The following sub-section describes the in-plane and out-of-plane modelling
Strategy.
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The consideration of the out-of-plane behaviour through simplified macro-models is difficult,
for which there is not much information neither about experimental studies relative to the out-
of-plane behaviour of IM walls, considering all the relevant parameters, nor about the interac-
tion between in-plane and out-of-plane response [15].

For the present simplified macro-model, the following considerations were taken into account
to represent the IM walls out-of-plane behaviour:

* The out-of-plane behaviour is considered to follow a linear elastic curve;

* The numerical representation of this behaviour was implemented through the
application of mass at the central nodes, which can be calculated as 0.81M (M is the
total mass of the infill panel) and equally divided per the two central nodes with
0.405M mass each. Assuming the model has the same natural period as the original
infill wall, the OP mass and bending stiffness values were considered following the
recommendations of FEMA-356 [16] and ASCE-41 [17] and the suggestions of
Gunay et al [18].

* In order to obtain a realistic representation of the infill panel behavior when subjected
to biaxial loadings, it was added an element removal algorithm for masonry walls
developed by Musalam et al [14]. This algorithm was developed for automated
removal of collapsed elements during an ongoing simulation. The IM wall is
considered as collapsed when reaching the in-plane and out-of-plane interaction drift
limits. Afterwards, the algorithm removes the 5 elements, the corresponding central
nodes and respective masses.

The interaction between the IP and OP drift can be defined according to different dispositions,
but for the present study this interaction was adopted to follow a linear pattern and the limits
can be selected on the basis of previous experimental tests [18, 19]. In the literature a much
reduced number of biaxial experimental tests of IM walls can be found, for which further in-
vestigations should be performed to quantify this interaction and to better support the defini-
tion of displacement limits for the interaction law. In Figure 13 is explained the consideration
of the out-of-plane behaviour in the numerical model.

IM wall numerical model

v

Definition of IM elements,
nodes and mass

Definition of IP
hysteretic behaviour

Definition of OOP
hysteretic behaviour

!

\4

Requirements:
IM mechanical properties

IM geometric properties

Definition of IP and OOP

displacement interaction — |€¢—»

l

Non-linear Analysis

Requirements:
-IP displacement Limits

-OOP displacement Limits
-Displacement Interaction law

Achievement:
-IP analysis displacement
-OOP analysis displacement

IP analysis displacement < IP Limit
OOP analysis displacement < OOP Limit

IM wall not removed

PALOWAL [eA |

Figure 13: IM wall numerical model: consideration of the out-of-plane collapse.
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3.2 Case study

The influence of the IM walls, with and without the consideration of the out-of-plane behaviour in the structural
response of RC buildings subjected to seismic actions, was studied taking as an example an eight storey building.
The so called PT8building has in-plan dimension of 20x15m? arranged in 4x5 m? modules, with 3m storey
height as shown in Figure 14. The building was designed by the Portuguese Laboratory of Earthquake and Civil
Engineering - LNEC as part of a study about the seismic design of buildings, in accordance with the existing
code rules in Portugal [20]. For the present study, a 3D model was generated in the computer software OpenSees
[11].

iﬁ. - n » » n
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S| 8 ]

‘'l u n n n
a)

Figure 14: Case study: a) In plan layout and b), 3D bare frame model.

A set of 3 building configurations was selected according to the adopted IM modelling strate-
gies: (1) Bare Frame model (BF) which does not consider the presence of the IM walls; (ii) In-
Plane model (IP) in which the presence of the IM walls is considered in the external building
perimeter and the only the IP behaviour is activated; (iii) Out-of-plane model (IP_OOP)
which considers the presence of the IM walls in the external perimeter of the building and the
in-plane and out-of-plane behaviour interaction with the element removal algorithm.

The buildings under study was subjected to non-linear dynamic time-history analysis, particu-
larly to one artificial earthquake that was been generated for a medium/high risk scenario in
southern Europe for different return periods. Hazard consistent time series of acceleration
(with 90 seconds of duration) were artificially generated yielding a set of seven uniform haz-
ard response spectra for increasing periods.

3.3 Numerical results

In Figure 15 it is possible to observe the differences between the drift response obtained with
the three numerical models for three inter-storey zones (0 to 1*; 2™ to 3™ and 6™ to 7™ sto-
reys). It can be found that:
* the inter-storey drift evolution from O to 1* floor is higher for the BF model, with a
maximum drift of 4.2%, while only 0.7% is reached for the IP and IP_OOP model;
* The inter-storey drift between the 2" to 3" floors in the IP_OOP model is more
than 4 times higher the BF and IP model, at 74.95sec, as a consequence of the re-
spective IM walls collapse.
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Figure 15: Evolution of the inter-storey drift for: a) 0-1, b) 2-3 and c) 6-7 storeys.

Figure 16 shows plots of the maximum inter-storey drift against the peak ground acceleration.
It can be observed that the BF model has larger maximum inter-storey drifts in both directions
and that the transversal direction is the most vulnerable direction of the building as the maxi-
mum inter-storey drift increases sharply after 0.14g. A significant difference between the IP
and the IP_OOQOP models is quite apparent, because:

* For the IP model the infills are protective for peak ground accelerations up to 0.2g,
leading to similar response of the building in both directions for larger peak
ground accelerations;

* The IP_OOP model exhibits response similar to the BF model in the longitudinal di-
rection. In the transversal direction it can be observed that the inter-storey drift of
the IP_OOP model increase significantly for peak ground accelerations upper than
0.2g. This is justified by the out-of-plane collapse of the 5" storey infills’ in the
transversal direction occurs and, consequently, a soft-storey mechanism forms
which largely increases the inter-storey drift value.
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Figure 16: Evolution of the inter-storey drift for: a) 0-1, b) 2-3 and c) 6-7 storeys.

4 CODES RECOMMENDATIONS FOR INFILLED RC STRUCTURES

Some international codes recommends various formulations for the analysis the IM walls for
both in-plane and out-of-plane directions. For instance, FEMA [21] specifies that masonry
infill panels shall be represented as equivalent diagonal struts and may be placed concentrical-
ly across the diagonals, or eccentrically to directly evaluate the infill effects on the columns. 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.

EC8 [3] 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. Frame member
actions are then determined by modelling the frame without the struts. Irregular infill ar-
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rangement (in plan and elevation) is addressed with important recommendations to avoid the
formation of soft-storeys and torsion-effects. Moreover, designing techniques are suggested to
account for irregularities, such as increase of accidental eccentricities 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 (only).

Regarding the lateral load shared between infill walls and frame, EC8 [3] does not make a
reference to the infill walls, considering only that the frame system should resist totally the
vertical loads, and to have a 65% base-shear capacity — 50% as de minimum for other types of
structure — of the total lateral loading on the building. For the serviceability limit state it is
recommended the control of lateral deformation between storeys (drifts, dr). For buildings
with brittle non-structural elements, it should be limited to 0:005h=p. For buildings with duc-
tile non-structural elements the drift is limited to 0:0075h= p, or 0:010h= p if he building does
not have non-structural elements. (h is the height of the storey, and p is the reduction coeffi-
cient ranging from 0.4 to 0.5, depending on the importance class). Due to the nature of the
infill masonry walls, non-structural and brittle elements, the limit to use should be 0:005h= p.
There are some international codes that provides some recommendations on the OOP capacity
of infills, as well as the indications given about the design demand acting on them. For exam-
ple the Italian Building Code (NTCOS8) [22] gives some indications regarding OOP seismic
action on infill considered as non-structural elements, but no provision aimed at determining
their OOP capacity; FEMA306 [23] provides some recommendations on infills OOP strength,
but no indication on their maximum displacement capacity.

Eurocode 6 [2], in section 6.3.2, proposes an expression (Equation 1) to calculate the lateral
strength of masonry walls in which arching action can occur; this relationship can be extended,
eventually, to infill panels:

2
t .
q="r (Z_j Equation 1
In this relationship fq is the design compressive strength of masonry in the direction of arch-
ing thrust while la is the panel dimension in the same direction. The maximum OOP load is
the one that equilibrates the maximum thrust that can form in the masonry wall thickness de-
termined from:

t
N, =15f, (Ej Equation 2

FEMA 273 [24] and FEMA 356 [16] provide some indications concerning the ultimate OOP
displacement of infills with reference to different Limit States. In particular, a 2% OOP drift
is set as maximum displacement for Immediate Occupancy Limit State: this drift value corre-
sponds with the opening of visible cracks on the panel surface; with reference to the Life
Safety Limit State a 3% OOP drift is fixed as limit displacement: this drift value corresponds
with high possibility of detachment and expulsion of at least part of the infill. FEMA356 [16]
sets a 5% OOP drift as maximum displacement at Collapse Prevention. These indications are
effective for both new and existing buildings.

FEMA?273 [24] lists the conditions that allow considering arching action in the assessment of
infills OOP strength, such as the effectiveness of the infill connection to the surrounding
frame, its columns and beams stiffness and strength, and the panel slenderness. Among these
statements, the one referring to the infills boundary conditions seems to be the most signifi-
cant. In fact, the analysis of the experimental database presented in section 4 shows that, even
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for panels with slenderness greater than the value proposed as upper limit for the arching ac-
tion effectiveness, the best strength prediction was provided by relationships based on that
resistant mechanism. Under the above-mentioned conditions, it is possible to express the lat-
eral strength of the infill as Equation 3:

07xf, xA,

Q=—"ATnZ"2
(n/1)

in which ', is the lower bound of the compressive strength of masonry calculated by dividing
by 1.6 (by 1.3 according to FEMA356 [16]) its average compressive strength; A> is a slender-
ness parameter. FEMA274 [21] points out that the previous expression is the relationship by
Angel simplified to evaluate a lower bound of the infills lateral strength. To compute it,
FEMA306 [23] provide Angel’s relationship without modifications. This means that
FEMA306 take into account OOP strength reduction due to IP damage explicitly, even if it is
not stated how to set the IP drift at which the OOP strength should be assessed.

Equation 3

S CONCLUSIONS

This manuscript presents a research work regarding the IM walls seismic behaviour, such ex-
perimental and numerical, and their interaction with the RC structures. Their recent perfor-
mances in recent earthquakes motivated the present study, in particular the evaluation of the
out-of-plane capacity of the infill panels with and without considering the interaction with in-
plane behaviour. Thus an experimental campaign carried out at the LESE at the Faculty of
Engineering of the University of Porto in order to study the out-of-plane behaviour of IM
walls, and the influence of the previous in-plane drift in their out-of-plane response. For this,
five full-scale infill panels were constructed and were subjected to out-of-plane monotonic
and cyclic loading, with and without previous in-plane drift. The out-of-plane loading was
applied by using an innovative structure that was specially constructed to undertake this type
of experimental test. A significant difference was found between tests’ results, with and with-
out previous in-plane damage, namely: a) the maximum strength was almost 4 times higher
for the tests without previous in-plane damage, and for higher out-of-plane drift values; b) a
significant reduction of the initial stiffness was observed in the test with previous in-plane
damage when compared with the other ones; ¢) a significant maximum strength reduction was
found in the tests without the previous in-plane damage, which was not verified in the Inf_03.
The failure modes observed in each of the tests reveals different out-of-plane behaviour of the
IM walls with and without previous in-plane damages. The tests in original IM walls (Inf_O1
and Inf_02) showed vertical cracking, with detachment between the infill panel and the sur-
rounding RC frame in the top and bottom joints. In the Inf 02 wall a trilinear cracking was
observed with concentrated deformation in the middle point of the wall, with slight cracking
in the top joint. For the test with previous in-plane damage only the detachment was observed
between the infill panel and the surrounding top beam and columns, and typical rigid body
behaviour was found.

Additionally it was presented a presents a simplified macro-model to simulate the [P and OOP
behaviour of IM walls when subjected to seismic loadings. This model is adapted from the
typical bi-diagonal strut model, which considers the non-linear behaviour of the infill panel
and its contribution to the global response of the RC frames. The OOP behaviour is intro-
duced through the location of the infill mass in two central nodes of the bi-diagonal struts. An
OOP elastic behaviour was considered for the numerical model as well as in-plane and out-of-
plane interaction. This interaction mechanism allows considering IM collapse if the IP and/or
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OOP is reached. Further investigations should be performed to define IP and OOP drift limits
according to different types of IM units, with the main goal of approximate the IM wall nu-
merical and response of the IM behaviour subjected to seismic loadings during the last years.
Following a brief presentation of the macro-model, three RC buildings with the same geomet-
ric and mechanical properties were numerically modelled and subjected to non-linear static
time-history analysis for three different situations: bare frame; with infills considering only IP
behaviour and with infills considering IP and OOP behaviour. It was observed that the con-
sideration of the OOP infills’ behaviour increased the vulnerability of the building, leading to
the collapse of the most vulnerable storeys for peak ground accelerations above 0.3g. A sig-
nificant difference was observed between the IP and IP_OOP numerical models, which points
out to the need of considering the OP behaviour of the IM walls for proper seismic safety as-
sessment of existing RC infilled structures.
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