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Abstract

The use of masonry infill walls in RC structures is a common solution in Portugal for more
than 50 years. These walls are used to build the envelope of the buildings and as interior par-
titions. Since these walls are built only after the hardening of the RC elements, they are as-
sumed as non-structural elements, and not considered in the structural design.

However, when buildings are subjected to seismic action, these walls assume a structural be-
havior. This leads in many cases to the existence of an unsatisfactory behavior of infill walls,
resulting in damage of the walls, which put human lives in danger and cause extensive eco-
nomic losses. This seismic vulnerability of masonry infill walls is well recognized by the sci-
entific community and has been observed in the recent earthquakes in southern Europe.

In the case of a seismic event of high intensity in Portugal, it is expected that similar problems
will occur in the Portuguese masonry infill walls, given the similarity of the construction ty-
pologies, in southern Europe. It is therefore important to study the masonry infill walls used
in Portugal over the years, to fully understand their seismic behavior, and thus be able to
propose and study new masonry infill systems for new construction.

Thus, in this paper is made a characterization of Portuguese masonry infill walls in terms of
evolution over the years. After being presented the problems that arise from the seismic vul-
nerability of these walls. In an attempt to solve some of these problems is presented in this
paper a new system of masonry infill walls, to be used in new construction, with the objective
of present a better seismic behavior. Experimental validation of the system is performed, us-
ing the in-plane and out-of-plane tests performed at the University of Minho. At the end of the
paper, a comparison is made between the new system and the traditional cavity walls, to as-
sess the improvement of the seismic behavior in relation to the traditional solutions.
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1 INTRODUCTION

Masonry infill walls are the most common solution to build enclosures walls in Portugal,
mainly in reinforced concrete structures, leading to the need of production of thousands of
masonry units annually [1]. In the last 60 years, several authors have carried out studies [2]—[5]
to assess the influence of masonry infill walls on the reinforced concrete structure, trying to
understand what is their contribution to the lateral strength and stiffness of buildings. Accord-
ing to these authors the masonry infill walls contribute significantly to the performance of
buildings and may have a positive influence on the lateral strength and stiffness of buildings,
as well as in energy dissipation. However, there are still problems in the behavior of these
walls especially when they are subjected to seismic action [6], because masonry infill walls
assumes a structural behavior for which they have not been designed. Since masonry infill
walls are considered non-structural elements in the current regulations [7], they are not con-
sidered in the current structural design practice. Usually there is no verification of their safety
against seismic actions. This leads to a high level of damage to moderate earthquakes, result-
ing in high economic losses and endangering human lives [8]-[10].

The recent earthquakes in Letkada in 2003 [11], L’Aquila in 2009 [12], Van in 2011 and
Emilia Romagna in 2012 [13], among others, have clearly revealed the vulnerability of non-
structural elements in contemporary architecture buildings with reinforced concrete structures.
These earthquakes allowed to observe that contemporary structures in reinforced concrete
have a reasonable ability to withstand seismic loads, given that were designed for this purpose
according to the current design codes [7]. But in the case of masonry infill walls these earth-
quakes confirmed their vulnerability to seismic actions. The most common pathologies are the
separation between masonry panels and structural elements, diagonal cracking, and out-of-
plane partial or total collapse. Sometimes it is possible to observe some kind of damage like
soft-story or short column associated with the improper use of masonry infill walls.

In the case of a seismic event of high intensity in Portugal, it is expected that similar prob-
lems will occur in the Portuguese masonry infill walls, given the similarity of the construction
typologies. Despite masonry infills walls being a widely used construction solution in Portu-
gal, the construction systems for this type of walls remains the same for many years, apart
from same minor changes. In Portugal the masonry infill walls, had its great advent in the
60’s, with the massification of reinforced concrete structures. Since then until our days the
masonry infills walls do not change, apart from same changes in thickness and introduction of
thermal isolation between the leafs. The construction system remains based in cavity walls
without any connection between leafs, constructed with horizontal perforated bricks and poor
mortars. Masonry units have always been ceramic clay bricks, with horizontal perforation and
high percent of voids with weak mechanical properties. In Figure 1, it is possible to see the
standardized masonry units used in Portugal. However, their vulnerability under seismic ac-
tions is recognized by scientific community and proven past earthquakes. Nevertheless, they
continue to be used, because until now does not exist any seismic resistant system developed
to be used in new construction, with clear design procedures and construction guidelines.

Eurocode 8 [7], is silent in this case and only present a simplified procedure for the calcu-
lation of the out-of-plane action, but does not provide design recommendations. On the other
hand, this code considers that verification of the safety of non-structural elements is guaran-
teed if the relative displacements between floors are limited. However, states that appropriate
measures should be taken to avoid brittle failure and premature disintegration of infill walls.

To address the existing problems with masonry infill walls, it is important continue the
study the masonry infill walls used in Portugal over the years, to fully understand their seis-
mic behavior, and thus be able to propose and study reinforcement systems for existing walls
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and new masonry infill systems for new construction, that can withstand seismic action and
propose design guidelines that can be used by structural designers.

30x20x7cm 30x20x9cm 30x20x11cm 30x20x15cm 30x20x22cm

Figure 1: Horizontal perforated masonry units used in Portugal.

Thus, in this paper is made a characterization of Portuguese masonry infill walls in terms
of evolution over the years, and in terms of geometrical characterization. After are presented
the problems that arise from the seismic vulnerability of these walls. In an attempt to solve
some of these problems is presented in this paper a new system of masonry infill walls, to be
used in new construction, with the objective of present a better seismic behavior. An experi-
mental validation of the system is performed, using the in-plane and out-of-plane tests per-
formed at University of Minho.

At the end of the paper, a comparison is made between the new system and the traditional
cavity walls, to assess the improvement of the seismic behavior in relation to the traditional
solution applied in Portugal.

2  MASONRY INFILL WALLS IN PORTUGAL

2.1 Evolution of Portuguese masonry infill walls

Masonry infill walls are a very common constructive solution to build the envelope of
buildings in Southern and Central European countries, particularly in Portugal, Spain, Italy,
Greece among others. This type of walls continues to be widely used, especially in reinforced
concrete structures, because they remain an economical and durable solution. In addition, they
are relatively easy to construct and provide great architectural freedom and are still capable of
meeting a number of requirements such as watertightness, acoustic comfort, thermal comfort,
fire safety and good air quality [14].

However, there are several possible solutions to build masonry infill walls. The wide varie-
ty of existing mortars and masonry units, as well as the use of connectors and reinforcements
make possible the existence of thousands of different combinations that can be translated in
different solutions to this kind of walls. Different solutions are often associated with different
geographies.

In Portugal the evolution of masonry enclosures walls is linked to the evolution of Portu-
guese building stock. The most significant moment in the evolution of masonry walls is the
transition between the old masonry buildings and the buildings built with in reinforced con-
crete structure. The massification of reinforced concrete structures, in the late 1940s, first on
slabs, replacing the wooden floors, and then on the vertical structural elements, caused ma-
sonry enclosures walls to lose their structural function, turning into simple infill elements.
This trend occurred in parallel with the declining use of stone, that start being replaced by
clay bricks. Clay brick units were developed in different sizes and shapes, progressing from
traditional solid small units to large horizontally perforated elements with a high percentage
of voids.
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The widespread use of reinforced concrete associated with the importance of maintaining
the watertightness of the enclosures led to the generalization of enclosure cavity walls, made
of clay bricks, in the 1960s (see Figure 2). The use of cavity walls, in addition to ensuring wa-
tertightness, reduce the load on the structure, increase the productivity in construction, reduce
costs, simplify the development of works in height.

Since its generalization in the 1960s, the masonry enclosures walls have undergone some
evolutions, as shown in Figure 2. The typical 1960s solution is a double wall solution, where
the external wall is thicker (usually 0.15m) than the inner wall (usually 0.11m), the wall pan-
els are not connected at all, and the cavity between the walls is filled with air. The masonry
units used are horizontal drilling and the mortar was produced on-site.

40’s 50’s

Figure 2: Evolution of masonry enclosures in Portugal (adapted from [15]).

In the 70's a reduction of the thickness (usually 0.11m) of the external leaf was observed,
which would increase in thickness in the 80's, in order to meet the thermal requirements, in
addition the cavity between the wall panels, was now filled with thermal insulation. Since the
1990s and nowadays, the cavity wall solution has been replaced by the use of the single wall,
using thicker walls, with thermal insulation in external side of the wall [5].

Although horizontal drilling masonry units are still widely used, in recent years the use of
so-called thermal and acoustic bricks has been introduced and they have vertical drilling and
improved thermal and acoustic properties. In terms of materials throughout all these years the
most used masonry units have always been ceramic clay bricks, much like other European
countries [16].

2.2 Geometrical characterization of Portuguese masonry infill walls

For the geometric characterization of masonry enclosures, were used the data collected in
two previous studies [5], [17], which analyzed design plants of reinforced concrete buildings
built in Portugal.

Furtado et al. [17] analyzed 80 architectural and structural design drawings to collect geo-
metric data about reinforced concrete elements, and masonry enclosures. For each building
were collected the following parameters: the story height with emphasis on ground floor, that
usually is different from the others, ground floor area, dimensions of columns and beams with
information about the reinforcement, and slabs thickness. Furthermore, 1400 masonry infill
walls, from the analyzed buildings, were studied to define the most common typologies of
openings and make a geometric characterization of masonry infill walls. The main goal was to
characterize these types of non-structural walls used in Portuguese construction practice.

The analyzed buildings are mainly located in the districts of Lisbon, Aveiro and Porto, and
there are also buildings in the districts of Braga, Viseu, Coimbra and Leiria. These buildings
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were constructed between 1950 and 2010. The period between 1950 and 1960 represents
11,77% of the analyzed buildings, and represents the buildings constructed prior to the entry
into force of any seismic regulation. 52,93% of the analyzed buildings were constructed be-
tween 1960 and 1985, having been constructed with the first Portuguese seismic regulation
[18]. The buildings constructed between 1985 and 2010, were designed with the most recent
seismic regulation in Portugal [19], [20] before the Eurocode 8 [7]. The analyzed buildings
constructed in this period from 1995 to 2010 represent 35.30%. These percentages are very
similar to those obtained from the 2011 census, for reinforced concrete buildings.

In the case of the number of floors, the analyzed buildings have a large amplitude from 2 to
10 floors, and most buildings have between 3 and 6 floors representing 70.6% of the analyzed
buildings.

Turning now to the geometric features of buildings. From the analysis of the buildings, the
authors concluded that normally the height of the ground floor, is different from the height of
the remaining floors. It was possible to conclude that ground floor of buildings presents
heights between 2,8m and 3,5m. The most common height is 3,0m representing 39,70% fol-
lowed by 2,8m with 25% of the buildings. The weighted average of the ground floor consider-
ing all the buildings is 3,19m. In terms of upper floors, the heights vary between 2,5m and
3,0m. The most used heights are 2,7m and 2,8m, representing almost 50% of the buildings.
The weighted average for upper floors is 2.77m.

In terms of reinforced concrete structural elements, the authors collect information about
beams and columns. For beams were collected the length, the height, the width and the rein-
forcement ratio of longitudinal reinforcement. For columns were collected information about
the dimensions, width and depth, and reinforcement, longitudinal reinforcement ratio, and
transversal reinforcement.

Beams length is usually conditioned by architectural options. For this study the authors,
recorded beams with a length of 2.5m to 6.5m. The most usual length is 5Sm to be used in
more than 26% of the elements analyzed. The great majority of buildings (69.42%) have
beams with lengths between 4m and 5.5m. The weighted average for the length of the beams
is 4.42m. Also, Pereira [5], in a similar study carried out on 24 reinforced concrete buildings,
reported an average beam length of about 4.5m. In the case of beams height, the weighted av-
erage is 0,43m. Were observed beams height between 0.20m and 0.55m, but the most used
heights are 0,40m and 0,45m, representing 44,59% of the analyzed beams. In terms of beams
width, the most used width is 0.25m, the weighted average of all analyzed elements is 0.29m,
having been observed widths between 0.15m and 0.4m. The last parameter analyzed in beams
was the reinforcement ratio. The reinforcement ratio from 0.50% to 0.75% is clearly the most
used, with 20% more elements than the second most used 0.25 to 0.50%. The weighted aver-
age value presents a value of 0.63%.

For the columns, the authors analyzed the width, depth, longitudinal reinforcement ratio
and transversal reinforcement. In terms of width there is a clear tendency to use the range be-
tween 0.25 and 0.30 m, with values ranging from 0.15 to 0, 40m. The weighted average width
of the columns is 0.26m. In the case of depth, there is a greater dispersion of the values used
in the analyzed columns. Values between 0.20m and 0.55m were observed. The weighted av-
erage has a value of 0.38m. In terms of longitudinal reinforcement ratios, the distribution is
similar to beams, the interval 0.50 to 0.75, is the one that presents greater number of elements
analyzed in a clear distance for the other intervals. The weighted average has a value of
0.61%. The distribution of the transversal reinforcement shows that all analyzed elements had
transversal reinforcement made of stirrups with 6mm rods, deferring only in the space be-
tween stirrups. The most common spacing is 0.15m, and was recorded in 40% of the columns,
followed by 0.25m spacing recorded in 24% of the analyzed columns.
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After characterizing the reinforced concrete elements, the authors worked on the character-
ization of the masonry infill walls of analyzed buildings. It was studied the presence of open-
ings in this type of walls, identifying the most common typologies of walls, in more than 1400
studied walls. It was also studied the dimensions of the openings in the masonry panel. The
authors identified thirteen different types of walls identified in Figure 3, which differ in the
number of openings and their position in the masonry panel.

Type 1 Type 2 Type 3
® ®
Type 4 Type 5 Type 6
@® ® @ ®
Type 7 Type 8 Type 9
® o
Type 10 Type 11 Type 12
Type 13

Figure 3: Masonry infill wall types

From the 1400 masonry infill panels of the analysed buildings, it was concluded that panel
type 1 and type 2 are the most used, each representing 17% of the total of infill panels. From
remaining typologies, types 6, 8, 4 and 12 are highlighted, which stand out from the other ty-
pologies with 15%, 11%, 10, and 9% respectively.

The distribution of openings height and width was measured in the infill panels. For open-
ings height was registered openings ranging from 0.5m to 2.5m. It was possible to identify the
interval of 1.0m to 1.5m as the most common value of height for openings. The weighted av-
erage for the height of the openings in the panels is 1.43m. In the case of the width of the
openings in the panels, there were openings with values from 0.5m to 4m. But clearly the
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range of 1.5m to 2.0m, and the range of 1.0m to 1.5m, are the most common, absorbing over
60% of the analysed openings. The weighted average width of the openings is 1.80m.

In conclusion, the buildings constructed in the recent past in Portugal, are characterized by
having a reinforced concrete structure, with an envelope made using masonry infill walls. In
terms of characteristics, based on the studies presented previously, it can be said that a typical
frame presents beams of 4.42m with a section of 0.29m width by 0.43m of height with a rein-
forcement percentage of 0.63%. In the case of columns, they have a height of 2.77m, with a
section of 0.26m wide by 0.38 deep. The longitudinal reinforcement has a value of 0.61% of
the section area, and the transversal reinforcement is composed of 6mm stirrups spaced of
0.15m. The openings have an average width of 1.8m with a height of 1.43m, and 17% of the
walls do not have any opening.

3 SEISMIC VULNERABILITY OF MASONRY INFILL WALLS

Despite all the advantages attributed to masonry infill walls constructed with ceramic units,
it is often the case that these infill walls present several pathologies, namely excessive crack-
ing and problems related with moisture, which are associated with the poor quality of the
workmanship and the lack of detail in terms of design [14]. The occurrence of earthquakes
has also demonstrated its inadequacy in terms of performance to the seismic action. Masonry
infill walls are not considered as structural elements since they do not support vertical loads
and therefore there are no specific rules or guidelines for their design and detail, including in
Eurocode 6 [21]. However, when an earthquakes occur, these walls play an important role in
the overall behavior of the building, generally having a positive influence on the overall be-
havior of the building increasing the lateral strength and stiffness, contributing also to energy
dissipation [4]. If the damage of the walls is controlled, they can promote mechanisms of en-
ergy dissipation and control the relative displacements between floors. On the other hand, an
irregular distribution of the walls in height, can lead to mechanisms of global collapse (soft
story) or local collapse, at the level of the columns due to shear forces induced by infill walls
(short pillar effect)[4].

Although masonry infill walls are not structural elements, individually they have to with-
stand seismic actions that are induced in the in-plane direction and in the out-of-plane direc-
tion [22]. The recent earthquakes in Lefkada in 2003 and Parnitha in 1999 in Greece, the
earthquakes of Laquila 2009, Emilia in 2011 in Italy, and Christchurch in 2010 in New Zea-
land, showed an high level of damage for non-structural elements, with the masonry infill
walls to present an inadequate seismic behavior.

Often the infill walls detach from the reinforced concrete elements and present diagonal
cracking as a result of the relative displacement between floors incompatible with their de-
formation capacity and the development of stresses higher than the tensile strength of the ma-
sonry (see Figure 4). Sliding is also possible at the level of the mortar joints, as a result of the
shear failure, leading to the detachment of the plaster. This cracking may or may not be re-
pairable, depending on the density and thickness of the cracks. The behavior of the masonry
infill walls presents a particular vulnerability to out-of-plane actions. For the seismic action is
frequent the occurrence of a global collapse of masonry panel, as result of its rotation around
the edges (beams and columns), which is associated with the poor connection between them
and the infill wall. In the absence of adequate connection between the wall and the frame, it is
impossible to develop the arch mechanism, typical of walls connected in two, three or four
edges (unidirectional or bidirectional arch mechanism), which allows the wall to resist to out-
of-plane actions with considerable deformations without loss of stability [23]. The seismic
vulnerability of infill walls is also associated with the lack of connection between the panels
in the case of cavity walls. In this case, the two panels work independently and the high slen-
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derness results in fragile collapse of the panels, in particular of the external panel, (see Figure
4). Another aspect to be considered in the vulnerability of cavity walls consists of the poor
support of the external leaf, when it is intended to use this for the correction of thermal bridg-
es [10]. From the seismic point of view, inadequate support from the external leaf can con-
tribute to accelerate the collapse of the wall in the out-of-plane direction. This type of collapse
should be avoided because produce severe damages and loss of human lives.

Figure 4: Masonry infill damage, (a) separation between infill and frame, (b) in-plane damage, (c) out-of-plane
collapse, (d) out-of-plane failure.

4 NEW SOLUTIONS FOR MASONRY INFILL WALLS

To address these issues of seismic vulnerability in masonry infill walls, the INSYSME pro-
ject (606229) has as the main objective the development of innovative systems for masonry
enclosures walls that resist better to seismic action. These solutions are designed to be used in
new construction, using traditional materials. This section focuses on the presentation of a
new constructive system for masonry infill walls in Portugal in order to improve the seismic
performance of masonry infill walls.

During the development of the new system, three main types of solutions have been identi-
fied for the development of innovative enclosure masonry systems. The main goal is to solve
the above-mentioned problems arising under the point of view of seismic behaviour. Notwith-
standing, problems and aspects also related to the service behaviour and to non-mechanical
behaviour of the infill walls, are tackled.

The three main concepts on which the systems rely are: (1) keeping the enclosure wall rig-
idly attached (adherent) to the frame, but using either or both robust units and internal (mainly
steel rebars, as in reinforced load bearing masonry) or external (mainly reinforced plasters)
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reinforcements; (2) keeping the enclosure wall rigidly attached (adherent) to the frame, or
slightly disconnected, but allowing the internal deformation of the wall to occur, by means of
special devices, special units, or special sliding or deformable vertical or horizontal joints; or
(3) disconnecting the enclosure system from the top beam and/or from the columns, in order
to allow relative displacements between the wall and the frame to occur without interactions.
It is also possible create hybrid systems using more than one of the solution described above.

At University of Minho was created one system called UMSystem. The UMSystem pro-
posed at university of Minho, also called Térmico system (see Figure 5), use the concept of
maintain the infill rigidly attached to the frame, using internal reinforcement and connectors
between the infill and frame. This system is a single-leaf clay masonry wall made with a
commercial vertical perforated masonry unit produced in Portugal. The proposed system uses
a M10 pre-mixed commercial mortar in the bed joints, and dry head joint with interlocking.
To improve the in-plane and out-of-plane performance of masonry infill walls, truss rein-
forcements was used in the bed joints. Additionally, the walls are connected to the columns
by metallic connectors at each two rows where bed joint reinforcement is applied. The mason-
ry infill panel was built with 294x187x140mm bricks with vertical perforation, using murfor
RND 0.5 100 reinforcement and in each two rows, and murfor L +100 anchors to connect the
infill and RC frame at the same levels of reinforcements.

1. Metallic connectors
for the interface

2. Horizontal mortar
joint reinforcement

3. Vertically perforated
masonry unit Matal Connacior

Figure 5: Masonry infill system proposed at University of Minho.

The idea of UMSystem is making the infill and the frame one system, increasing the initial
stiffness by using connectors and reinforcement, which not only helps to increase the maxi-
mum load, as to control cracking and the out-of-plane collapse.

S EXPERIMENTAL PROGRAM

5.1 Description of the specimen

The reinforced concrete frame considered in the present study is representative of the actu-
al building practice in Portugal. The definition of the typical RC frame was based on an ex-
tensive work of geometrical characterization of Portuguese masonry infill presented in point
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2.2. Due to the laboratory limitations, it was decided to test reduced scale specimens (2/3).
For this, Cauchy’s Similitude Law was considered. Therefore, the geometry of the frame was
reduced to 1,5 times and the reinforcing scheme was updated so that the relation between re-
sisting bending moments and shear resisting forces could be well correlated between full and
1:1,5 scale frames. The geometry and reinforcement scheme adopted for the 2/3 scale RC
frame are shown in Figure 6.
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Figure 6: RC frame used in experimental tests, (a) geometric scheme, (b) reinforcement scheme.

The frame had 2575 mm and 1770 in length and height, respectively. The dimensions of
beam and columns sections were 270x160 mm and 160x160 mm, respectively. The masonry
infill panel was built with 294x187x140mm bricks with vertical perforation, using murfor
RND 0.5 100 reinforcement and in each two rows, and murfor L +100 anchors to connect the
infill and RC frame at the same levels of reinforcements. The steel used for the construction
of RC frame and for reinforcement of masonry infill panel was a A400NR, and A5S00NR. In
case of concrete, a C55/67 class was used for the construction of the RC frame. A M10 mortar
was adopted for the laying of the masonry units. The thickness of the horizontal joints was
assumed to be 0,5cm. The mechanical proprieties of materials and masonry specimens was
obtained at university of Minho by Silva et al. [24].

5.2 Test setup and instrumentation

The test setup for the in-plane loading of the infilled frames is shown in Figure 7(a). The
infilled frame was placed on two separated steel beams of HEA300 that were firmly attached
to the strong floor to avoid their sliding on the floor. The sliding of the infilled frame was
prevented by bolting an L-shape steel profile to each side of the steel beam and its uplifting
was also prevented by bolting two rectangular-shape steel profiles to the steel beams. The rec-
tangular shape steel profile was made by welding two UNP140. The out-of-plane movement
of the enclosure frame was restrained by putting the L-shaped steel frame on each side of the
upper beam. Those profiles were bolted to the upper steel beams. Three rollers were placed on
upper L-shaped profiles to minimize or even completely eliminate the friction between them
and the upper reinforced concrete beam during in-plane loading.

Two vertical jacks were mounted on the top of the columns to apply the vertical load of
200 KN, corresponding to 30% of the column’s axial force capacity. Those jacks are pinned
to the lower steel beams by means of four vertical rods of ®16mm. A hydraulic actuator with
capacity of 250kN was attached to the reaction wall to apply the in-plane cyclic loading to the
specimen. A steel plate of 400x300x30mm was connected to the hydraulic actuator that ap-
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plies the load in positive direction from right to left direction. This steel plate was connected
to other one with the same dimensions by 2d50mm steel rods to enable to pull the specimen
in the negative direction. These steel plates enable also to have a uniform distribution of the
horizontal load in the cross-section of the upper beam.

An instrumentation scheme to measure the in-plane most relevant displacements during the
in-plane testing is shown in Figure 7(b). Eighteen linear variable differential transformer
(LVDT) devices were used to record the displacement in selected points. From them, two
LVDTs were mounted on the masonry infill to measure the deformation of the infill (L1 and
L2), and eight LVDTs were used to measure the relative displacement of the infill with re-
spect to its surrounding frame (L3, L4, L5, L6, L7, L8, L9 and L10). The LVDTs L11 and
L12 were placed to measure the sliding and uplifting of the infilled frame with respect to the
steel profile. Four LVDTs L13, L14, L15 and L16 measure the sliding and uplifting of the
steel profiles with respect to the strong floor. LVDTs L17 and L18 measure the horizontal
displacement of the upper reinforced concrete frame.
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Figure 7: In-Plane test, (a) test setup for cyclic loading, (b) instrumentation scheme.
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The test setup for out-of-plane loading is shown in Figure 8(a). The infilled frame was
supported on the same steel profiles used for the in-plane testing setup. The out-of-plane re-
striction at the top and bottom RC beams was strengthened so that out-of-plane displacements
at the boundaries could be prevented. For this, four steel rods connected to a steel device,
connected in turn to the horizontal steel profiles were added at each side of the top RC beam,
see Figure 8. The out-of-plane loading is applied by means of an airbag that is connected to an
external supporting frame. Four rollers were mounted in the bottom part of the supporting
frame enabling its moving along the direction of applied load without friction. The supporting
frame was also kept in touch with four load cells to measure the load that is applied to the in-
fill walls through the airbag, see Figure 8(a), where a detail about the system of the four load
cells is shown (section A-A). The supporting frame, to which the load cells are attached, was
firmly connected to the strong floor and to the lateral reaction wall, which prevented com-
pletely any uplifting and sliding of the out-of-plane reaction structure.

The instrumentation plan of the out-of-plane testing is shown in Figure 8(b). A total num-
ber of fifteen LVDTs were placed on the specimen to monitor its deformation while the out-
of-plane load is applied. From them, nine LVDTs record the displacement history of the infill
panel during loading (LVDT L1 to L9). Four LVDTs measure the relative displacement be-
tween infill and its surrounding frame (L10 to L13) and two LVDTs measure the out-of-plane
movement of the upper and bottom reinforced concrete beam (L14 and L15).
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Figure 8: Out-of-Plane test, (a) test setup for cyclic loading, (b) instrumentation scheme.

5.3 Loading pattern for in-plane and out-of-plane tests

The in-plane testing was performed under displacement control by imposing different pre-
defined levels of displacement by the hydraulic actuator, (see Table 1). The loading pattern
was computed in accordance with FEMA 461 [25]. It is composed of sixteen different sinus-
oidal steps that starts from displacement of 0.5mm (0.026% drift) up to the lateral displace-
ment of 75mm, corresponding to a lateral drift of 3.94%. Each step was repeated two times
except for the first step that repeated six times.

Cycle Drift Displacement Number of repetitions
(%0) (mm)
1 0.026 0.50 6
2 0.037 0.70 2
3 0.051 0.98 2
4 0.072 1.37 2
5 0.100 1.92 2
6 0.141 2.69 2
7 0.198 3.76 2
8 0.277 5.27 2
9 0.387 7.38 2
10 0.542 10.33 2
11 0.759 14.46 2
12 1.063 20.25 2
13 1.488 28.35 2
14 2.083 39.69 2
15 2917 55.56 2
16 3.937 75.00 2

Table 1: In-Plane loading pattern

The amplitude aj+1 of step 1 +1 is 1.4 times of the amplitude a; of step 1. Table 1 shows the
drifts, the displacements and the number of repetitions for each cycle adopted for in-plane
testing.

In the case of loading pattern for out-of-plane, a quasi-static cyclic testing (one cyclic di-
rection), the same approach was used, being the test conducted also in displacement control
[26]. The first amplitude was repeated for six times and the others repeated two times to in-
vestigate the strength degradation of the specimen at each displacement increment. The point
selected to control the test was the midpoint of the masonry infill wall (mid height and at mid
length). The loading was performed in one direction to monitor the deformation of the infill,
propagation of the cracks and performance of the interfaces between infill and reinforced con-
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crete frame. In out-of-plane load pattern for the cycle sixteen the displacement used was
77.78mm, corresponding to a lateral drift of 4.08%.

The experimental campaign is composed of two specimens to be tested under in-plane
loading (a bare frame, and a RC frame with the UMSystem), and, one specimen to be tested
under the out-of-plane loading.

6 TEST RESULTS

6.1 In-Plane behavior

The in-plane lateral force-displacement diagram obtained for UMSystem and Bare Frame
during in-plane loading is shown in Figure 9. The forces recorded correspond to the load cell
of the actuator placed at the middle height of the upper beam. In the case of the displacements,
these correspond to the LVDT 18, also placed in the middle height of the upper beam.

As mentioned before, positive direction is the direction where the hydraulic actuator push-
es the specimen, whereas the negative direction is the direction that the actuator pulls the
specimen by two plates that connected with two thick rods.

This diagram presents some differences in the positive and negative directions. The speci-
men reached maximum load of 166.65kN (+147% than bare frame) at displacement of
19.83mm corresponding to lateral drift of 1.04%. After the peak load the lateral force de-
creased until a residual strength around 95kN for 55.56mm displacement (2.92 % drift). On
the other hand, for the negative direction, the specimen reached its peak load of -155.25kN at
displacement of 19.60mm (lateral drift of 1.03%). Lateral force was gradually decreased and
reached a force around -84kN at the displacement of 55.56mm (2.92% drift).

The test stopped because of the non-repairable damage of infill, depicted also by a reduc-
tion of force that can be observed in Figure 9(a). The force response during the second cycle
is almost the same of first cycle, for firsts steps of loading in elastic range of the wall. After
these firsts’ steps, it is possible to see the reduction for second cycle. This reduction is approx.
10.75% for positive direction and 10.63% for negative direction.
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Figure 9: In-Plane force-displacement diagram, (a) UMSystem, (b)Bare Frame.
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To assess the influence of masonry infill wall in the global cyclic behavior, was carried out
one in-plane test only in the bare frame. The force-displacement diagram obtained for Bare
Frame is shown in Figure 9(b). By comparing the force-displacement diagrams for RC bare
frame and RC infilled frame, it is observed that an increase on the lateral strength was ob-
served in case of the RC infilled frame. The bare frame achieved a maximum load of 67.60kN
at displacement of 53mm corresponding to a lateral drift of 2.78%. After the peak load was
reached, a reduction of lateral load of about 17% was recorded at a displacement of about
75mm (3.93% drift). For the negative direction, the specimen presents a similar behavior. The
maximum load for this direction was -54.38kN at displacement of 46.98mm (2.47% drift).
For the last cycle of 75mm the lateral force was decreased for a value around -52kN.

Comparing these two in-plane tests, it is possible to conclude that the use of masonry infill
wall means the increase on the lateral resistance of approximately 147%. However, and as
expected, the stiffness of infilled RC frame is higher than stiffness exhibited by the bare frame.
The drift for maximum load is lower in the infilled frame, being of 1.04%, while in bare
frame the drift corresponding to the maximum lateral resistance was 2.78%.

The damage patterns at different levels of displacement are presented in Figure 10. The
damage pattern of infilled wall starts to be represented in Figure 10(a) at cycle 8, for a dis-
placement of 7.32mm corresponding to a lateral drift of 0.34%. At this level of deformation,
the cracking initiate at the interface between top beam and masonry infill, and in the interfac-
es between the columns and the infill wall, occurring the separation between the infill and the
bare frame. After the damage begins by appearing in the central part of the wall and progress
through the corners. In next cycles, the cracks increase their dimensions, and the damage in
the interface between masonry infill and bare frame increase. The damage involves also some
cracking at the brick units. At the end of the test in Figure 10(c) same parts of masonry units
fall from the wall, this is more clearly in top of infill, and along the diagonal of the wall.
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Figure 10: Damage pattern of UMSystem, (a) at 7.32mm, (b) at 14.35mm, (c) at 55.56mm.

For the bare frame the cracks start at cycle 8, for a drift of 0.34% (7.32 mm displacement),
at bottom part of columns. For increasing displacements, the cracks concentrate in the top in-
tersections between the columns and beams.

6.2  Out-of-plane behavior

The force-displacement diagram for the out-of-plane test of UMSystem is shown in Figure
11. After an initial linear behavior, the response become nonlinear before the maximum load
is reached. The system reached maximum load of 117.05kN at a displacement of 53.65mm
corresponding to lateral drift of 3.28%. After the peak load, the behavior presents same sof-
tening, and the lateral force decreased until a resistance around 108kN for 64mm displace-
ment (3.92 % drift), before stopping the test. The maximum displacement applied was around
64mm, near to wall collapse. The test stopped because the imminent collapse of infill, depict-
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ed also by a reduction of force that can be observed in Figure 11. The force response during
the second cycle is almost the same of first cycle, for firsts steps of loading in elastic range of
the wall. After these firsts’ steps, it is possible to see the reduction for second cycle. This re-
duction for maximum force has a value from approx. 6.59%.
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Figure 11. Out-of-Plane force-displacement diagram of UMSystem.

The damage patterns at different levels of displacement for the out-of-plane test are pre-
sented in Figure 12. The first cracks start to appear in central part of wall in cycle 9, 0.45%
drift (7.38mm). After this in next cycles until the final of test the cracks open from the central
part to the corners of the wall. It is possible to observe the development of an arch mechanism
in vertical direction. At the final stage of test, it’s clearly stair step crack, progressing from the
central part of the infill to the corners, as result of the development of the arching mechanism
in the vertical and horizontal direction. Additionally, it is seen same cracks in the middle of
the columns, that can result from que transmission of stress the occur due to the use of metal

connectors between the infill and the columns.
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Figure 12: Damage pattern of UMSystem for out-of-plane tests, (a) at 7.38mm, (b) at 20.25mm, (c) at 64.37mm.

6.3 Comparison with traditional cavity walls

After briefly presenting the results obtained for UMSystem, to the In-Plane, and Out-of-
Plane direction, it is important to compare the performance of the system, with the traditional
solutions used in Portugal, in order to evaluate the performance of the UMSystem, compared
to the current situation in Portugal.
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For this, were used the results of two tests performed by Akhoundi [27], in cavity walls
that are representative of traditional solution applied in Portugal. This comparison is possible
because the tests performed by Akhoundi uses a bare frame with de same dimensions of the
bare frame used in UMSystem, and the tests were performed in the same laboratory of Uni-
versity of Minho following the same test procedure. The masonry panel tested by Akhoundi is
a cavity wall, without any connection between the leafs, made with an external leaf of 80mm
and an inner leaf of 60mm, which gives que same cross section of UMSystem.

In the Figure 13, are presented the monotonic envelopes of the obtained from the experi-
mental hysteric loops, of the in-plane and out-of-plane tests.

Comparing the monotonic envelopes obtained for in-plane test of UMSystem, with the en-
velops obtained for the traditional wall and bare frame (see Figure 13(a)), it is possible to
conclude that the presence of a infill wall panel highly increases the stiffness and the maxi-
mum lateral force that the system can withstand. The UMSystem present the high value of
lateral resistance, increase the value in 147% in relation to the bare frame, and 24% in relation
to traditional cavity wall. The maximum lateral force on the traditional cavity wall is reached
for a lower drift value (0.54%), while for the UMSystem the maximum is reached for a drift
of 1.04%. The stiffness of the two systems is quite similar until the traditional wall approach-
es its maximum capacity. After reaching the maximum the tendency of the systems is to lose
lateral resistance, approaching the behavior of the curve of the reinforced concrete frame, for
great values of displacements.
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Figure 13: Force-displacement monotonic envelopes, (a) in-plane, (b) out-of-plane.

The monotonic envelopes obtained for out-of-plane test of UMSystem, and traditional wall
are presented in Figure 13(b). From the comparison of the curves, it is possible to conclude
that the UMSystem present a must larger value of lateral resistance, increase the value in
194% in relation to traditional cavity wall. This large difference can in part be explained by
the operation of the traditional wall, where only the exterior leaf works, when the wall is sub-
jected to out-of-plane loads. The maximum lateral force on the traditional cavity wall is
reached for a lower drift value (1.48%), while for the UMSystem the maximum is reached for
a drift of 3.28%, which shows the that UMSystem can accommodate large displacements be-
fore reach its maximum capacity. The stiffness of the two systems is similar in the initial
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phase for displacements lower than 3mm. After that the traditional wall approaches its maxi-
mum capacity, and the UMSystem continues the loading process. After reaching the maxi-
mum the tendency of the systems is to lose lateral resistance, the traditional cavity wall, have
a great capacity of deformation reaching almost 80mm, of maximum displacement. In the
case of the wall of the UMSystem, the loss of strength after the maximum is more pronounced,
but the system can continue to accommodate deformation, to a value close to 65mm, when the
test was stopped due to the eminence of collapse.

7 CONCLUSIONS

This paper presents and discuss same results obtained for in-plane and out-of-plane cyclic
testing carried out on a new solution defined to improve masonry infilled RC frames. This
system was developed by University of Minho in the scope of a European project INSYSME.

In the in-plane direction the masonry infill achieves higher resistance in about 24% than
the traditional solution of cavity walls. The global behavior of hysteric curves was similar in
the case of two systems, both presenting softening after peak load, but in case of strength deg-
radation the traditional cavity wall presents more degradation. In case of stiffness, both sys-
tems presented similar values until the traditional wall approaches its maximum capacity.

For the out-of-plane direction, it was possible to apply a uniform load using an airbag,
which is considered to be more representative of the out-of-plane lateral induced load by
earthquakes. The resisting mechanism in both tests was an arching mechanism more evident
in vertical direction. In both specimens it was possible to catch the post-peak behavior show-
ing same softening. The UMSystem present a must larger value of lateral resistance, increase
the value in 194% in relation to traditional cavity wall, which can be explained by the fact of
only the external leaf of traditional wall be loaded, when the wall is subjected to out-of-plane
test.

From the presented results, it can be concluded that this UMSystem, presents good indica-
tors with respect to the seismic behavior, representing an improvement in the behavior, com-
pared to the traditional cavity walls used in Portugal.
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