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Abstract: The objective of this study is to evaluate the out of plane behavior of a masonry
infill wall provided with an exterior thermal insulation system. For this purpose there were
constructed two 1:1 scale specimens of masonry infill walls in order to compare a simple wall
with one having already applied an exterior thermal insulation system composed by a polystyrene
insulation and a protection layer of plaster and a glass fiber mesh. The load was applied through a
horizontal force, acting at the mid height of the wall. Both specimens were tested in displacement
control, using alternate force with 3 cycles per loading step. As it was expected, an increased
stiffness and out of plane resistance was observed for the wall provided with the insulation
system. Various observations were noticed related to the technology and overall behavior of the
infill masonry wall.
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1. Introduction

Masonry walls used as compartment, veneer and enclosure systems in framed
structures represents a current trend, evolved from the traditional building techniques
based on bearing walls as structural elements. A healthy indoor environment is provided
if certain rules regarding temperature, fire, durability, acoustic insulation and other
factors are respected. Systems, which use masonry infill walls usually and easily,
respect those requirements. The beginning of the XX™ century came with a rapid
development of the reinforced concrete sector, which in turn had an effect on the
masonry industry. Formerly used as bearing elements, the masonry walls present in
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reinforced concrete frame buildings were transformed into elements of negligible
volume, mass and stiffness. Being constructed after the erection of the structural frame,
the infill walls are currently considered in design as non-structural elements and are
calculated only as a uniform vertical load on the structure, as it can see in Fig. I. New
construction techniques revealed a series of structural deficiencies related to the
structural behavior of these walls. Design codes do not provide clear solutions for
problems related to performance, safety, aesthetics and design. The drawbacks of design
codes are more evident in case of accidental loadings (e.g. earthquakes, strong winds,
settlements etc.), when these non-structural infill walls performed in a structural
manner. Masonry infill walls constitutes the subject of a European research program
(INSYSME), which studies innovative systems of earthquake resistant masonry
enclosures in reinforced concrete buildings [1] and tries to improve current guidelines
and design codes. The behavior of infill walls subjected to combined in-plane and out-of-
plane actions can lead to brittle failure modes, which can affect the economy and ultimately
human life. Using non-destructive tests, the evaluation of parameters used in structural
analysis of masonry structures is possible [2]. Extensive research is carried out in the
direction of improving the behavior of walls and the development of new materials and
construction techniques which should resist exterior actions [3]-[5].
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Fig. 1. Construction sequence of masonry infill walls

2. Typical damages recorded in infill walls after earthquakes

Having a nature difficult to predict, earthquakes affect everyday activities and all
man-made constructions. The masonry infill panels from reinforced concrete frame
buildings are prone to in-plane and out of plane damages. Consequently, these damages
can cause the loss of building functionality, impacting everyday life at an economic and
social level. Current design codes fail to provide proper regulations for these infill walls
and can ultimately cause the loss of human life [6]. In order to increase the stiffness of
reinforced concrete frame structures, masonry walls are introduced between the frame
elements. Combining materials with different mechanical characteristics can cause an
unpredictable behavior of the overall structure [7]. From this association of materials,
the following scenarios can emerge: strong frame and weak infill, weak frame and
strong infill, strong frame and strong infill, and weak frame with weak infill. Given the
existing recordings in literature, this paper focuses on the first two scenarios. The result
of the first scenario can be observed in Fig. 2a as diagonal cracking of the infill panels,
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and for the second scenario Fig. 2b illustrates the failure of the reinforced concrete
column, as well as severe cracking of the infill wall. Overturning of the masonry infill
represents the most dangerous out of plane failure. Due to the high seismic forces
occurring in the non-structural elements, the masonry infill can fail out of plane, as it
can be seen in Fig. 3a and Fig. 3c, highlighting poor conformation to the structural
frames [8]. Driven by the desire to ensure a good correction of thermal bridges in a
building, veneer walls were placed over the reinforced concrete frame structure [9]. As
a result of the seismic action and poor connection to the frame, failure of this veneer can
be seen in Fig. 3b.

a)g Cracks of the infill wa_]l_ hb)'

Fig. 2. In-plane damages, a) Cracking of the infill wall, [zmit earthquake; b) Local failure of
reinforced concrete column, Adana-Ceyhan earthquake (after Bachmann 2002)

orizqntal cracking

a) Lvertad )

Fig. 3. Out of plane overturning of masonry infill, a) Abruzzo earthquake (after Morandi et al.
2013); b) Failure of veneer, Abruzzo (after Vicente et al. 2010); c) Van earthquake [10]
3. Out-of-plane behavior of masonry infill

Recordings after seismic activities indicated that the masonry infill have an
inadequate serviceability performance. Failure of these walls can affect the overall
behavior of a building, which can ultimately lead to its collapse. Without detailing
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provisions given in design codes, and together with poor workmanship, the resistance of
these walls is reduced when subjected to out of plane loads. The Romanian seismic
design code [11] accounts the interaction of reinforced concrete frame and masonry
infill, only if a set of compressed diagonals are identified in the masonry panel. Due to
uncertainties from the execution phase and together with the collaboration between
structural and non-structural elements make this identification difficult. Two out of
plane failure modes are identified by the Romanian masonry design code [12], one
parallel and one perpendicular to the mortar joint, as it can be seen in Fig. 4a and
Fig. 4b.

— N o

a) b)

Fig. 4. Out-of-plane failure modes for masonry infill walls, a) parallel with the horizontal joints;
b) perpendicular on the horizontal joints

Investigation of the out of plane deformation of masonry infill is of great importance
since the current design codes for seismic and masonry design do not give information
regarding the performance and bearing capacities of these walls. Strategies in order to
improve the behavior of these types of walls were studied, using exterior composite
materials [13], or various reinforcement typologies [14]. Moreover, another interesting
direction is to study measures that efficiently combine the structural rehabilitation with
energetic performance of masonry infill walls [15].

4. Experimental testing

Two infill wall panels were constructed at a scale 1:1. The first constructed
specimen (MW 1) was the reference one, in order to establish a comparison. The second
constructed specimen (MW2) had a 10 cm exterior thermal insulation system applied,
composed of polystyrene panels fixed with adhesive to the infill wall surface and an
exterior reinforced plaster with a glass fiber mesh. The infill panels had a dimension of
2.65 m width and a height of 3.50 m. In order to construct these specimens, clay blocks
with vertical holes of dimensions 375x250x238 mm (length/width/height) and a 53%
volume of holes were used together with general purpose M5 mortar. The compressive
strength of a clay unit was given by the producer and had a value of 10 N/mm?, while
the mortar had a resistance of 5 N/mm®. Material characterization tests were performed
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and reported in a design guideline for structural systems with clay blocks with vertical
holes [16]. In both cases, the infill panels were simply supported on a concrete beam at
the bottom side, while at the top, wooden wedges and mortar was placed between the
top side of the wall and the elements of the experimental set-up, representing the current
practice from Romania. No interaction was provided with the adjacent columns of the
experimental stand, in order to test the infill panels only to one way vertical bending.
Both wall specimens were subjected to a cyclic load applied at mid height, through a
steel anchoring system composed of angle profiles and steel rods passing through the
wall. A layer of rubber was placed between the angle profiles and the surface of the
infill walls, in order to avoid local crushing of the masonry. The test setup of the
experiment can be observed in Fig. 5. The loading protocol was performed in
displacement control up to a value of 45 mm. Three cycles were applied at each loading
step in both pushing and pulling state, as it can be seen in Fig. 6 [17].
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Fig. 6. Measuring points of out of plane displacement and loading protocol
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The experimental setup for infill specimen MW1 can be observed in Fig. 7. At a
displacement of 10 mm, a horizontal crack appeared in the horizontal mortar layer,
followed by horizontal cracks at the bottom part and top part of the masonry wall.
Increasing the displacement, the crack in the middle part of the wall opened as much as
8 mm, as it can be seen in Fig. 8. Using a hydraulic actuator to apply pressure on the infill
wall, the displacement was monitored in the central part and the force displacement curve
obtained for MW1 can be observed in Fig. 9. The maximum recorded force was 56.6 kN
for an out of plane displacement at 45 mm representing an inter-story drift of 1.28%, larger
than the value of 0.7% given in the Romanian seismic codes [11]. Larger displacements
were not able to be recorded due to the limitations of the laboratory equipment.

T

Fig. 8. Opening of horizontal crack in MW1
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Fig. 9. Force-displacement diagram for MW1

The construction process of the infill wall specimen MW2 having a layer of thermal
insulation applied can be seen in Fig. I0 and was performed as per producers
requirements. The application of the insulation system on one part of the wall simulates
the current trend of thermal proofing of existing and new buildings.

Fig. 10. Construction process of infill specimen MW2

Plastic dowels at the corners and in the middle of every polystyrene panel were
provided and a reinforced plaster with glass fiber mesh was provided over the
polystyrene. The tensile strength of the glass fiber mesh had a value of 1750 N/50mm,
as provided by the producer. An adjustment was made in order to allow for the
application of the cyclic load without damaging the polystyrene, as it can be seen in
Fig. 11. An overlapping of the glass fiber mesh of 40 cm was provided in this area.

First superficial cracks appeared in line with the steel anchoring system, as expected,
at a displacement of 5 mm, while the first crack in the horizontal joint occurred at a
displacement of 7.5 mm, as it can be seen in Fig. /2. The maximum recorded force was
reached at a displacement of 42.5 mm and had a value of 60.44 kN, while at 45 mm a
slight decrease of force was recorded, reaching only 58.9 kN. The force displacement
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diagram for infill wall specimen MW2 can be observed in Fig. 3. Analytical
calculations performed according to Mosoarca et al. [15] can yield a good correlation
with these results.

Fig. 12. Experimental setup for MW2
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Fig. 13. Force displacement diagram for MW2
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No tearing of the glass fiber mesh was observed, although the opening of the
horizontal mortar joint was about 12 mm at an out of plane displacement of 45 mm.
Local separation of the glass fiber mesh from the plastering was observed, in the zone
adjacent to the anchoring system.

In order to better understand the effect of the thermal insulation system on the out of
plane behavior of masonry infill walls, Fig. 14 presents in comparison the backbone
curves of the analyzed infill specimens MW 1 and MW2, in terms of resisting force and
out of plane displacement. It can be seen that at the ultimate displacement of 45 mm, the
bearing capacity of MW2 had a slight increase of 6%. On the other hand, an increased
stiffness as well as enhanced energy dissipation can be observed for MW2, which can
be translated to a better response to seismic action. Table I presents comparative values
of the forces recorded at the moment in which the first crack appeared in the horizontal
joint. It is clear that the external insulation system protects the infill wall confining it
and providing a more stable response until the ultimate point of behavior. Fig. 15
presents the displacement measured on the height of both infill walls. It can be observed
that a smaller displacement is recorded in the adjacent points of MW?2.
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Fig. 14. Pushing state backbone curves for MW1 and MW2

Table 1
Force displacement values at first horizontal crack appearance
Infill specimen Displacement [mm] Force [kN]
MW1 10 13.47
MW2 7.5 23.29

5. Conclusions

The experimental testing performed on masonry infill walls, revealed that the out of
plane behavior of these walls is affected by placing an exterior thermal insulation
system. Data obtained from testing showed an increase of 6% of the bearing capacity of
these walls when subjected to cyclic loading. However, the stiffness and the overall
inelastic behavior are remarkably better than the wall without the thermal insulation
(MW1), due to the presence of the plaster reinforced with a mesh of glass fiber. It
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should be noticed that in these types of systems the stiffness is more important than the
strength, because the infill contributes in the elastic range stiffening the reinforced
concrete frame, while in a further step will absorb more energy, offering more
protection to the adjacent frame. Using consolidating materials placed only on one side
of the walls can be considered a viable solution for increasing their bearing capacity to
out of plane seismic actions. The fact that the glass fiber mesh from the thermal
insulation system did not reach a state of failure also demonstrates that the proposed
solution can have a beneficial improvement against the out of plane behavior of
masonry infill walls.
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Fig. 15. Ultimate out of plane displacement for MW1 and MW?2 versus the height of the infill
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