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Abstract

The masonry infill walls are widely spread over the reinforced concrete buildings due to dif-
ferent demands. The buildings' thermal energy efficiency is a top priority nowadays since
many of the existing building stock comprises buildings with low energy performance. The
buildings' external envelope is suffering a transformation with the appearance of the vertical
hollow concrete blocks with high thermal and acoustic demands. However, recent evidence
from a strong earthquake shows that the masonry infill walls are vulnerable to out-of-plane
loadings and were responsible for many casualties, injuries, and economic losses. Based on
that, this work's main objective is to study the out-of-plane (OOP) behaviour of masonry in-
fills made with vertical hollow concrete blocks. The experimental campaign comprises the
OORP testing of three full-scale infill walls made up of these masonry units. One of them was
as-built without previous damage, one with previous damage due to an earlier in-plane test
and the third one retrofitted. All the tests consisted of applying the loading-unloading-
reloading history of imposed displacements in the OOP direction through a uniformly distrib-
uted load. The results will be presented in terms of OOP force-displacement responses, de-
formed shapes, damage evolution, energy dissipation capacity and damping. Finally, the test
results are compared to each other to assess the previous damage and the retrofit technique's
effectiveness.
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1 INTRODUCTION

Masonry infill walls are widely spread over the reinforced concrete (RC) building structures.
Different masonry units were developed over the years to be used to construct the RC build-
ings envelopes. Their geometric, thermal and acoustic characteristics followed the building
code demands, neglecting the vulnerability's assessment under out-of-plane (OOP) seismic
loadings. At the beginning of 1950, hollow clay horizontal bricks with different thicknesses
(70mm, 110mm, 150mm and 220mm) and at the 2000 decade, clay and concrete vertical
thermal blocks were developed. Their acoustic and thermal characteristics were improved to
be used in the buildings facade. However, experimental studies on the seismic behaviour of
lightweight concrete blocks are very scarce.

Different investigations were carried out concerning the OOP behaviour of masonry infill
walls [1, 2], from which it was concluded that the OOP strength reduces with the increasing
of the panel slenderness [3, 4]. Ricci, et al. [4] performed a series of OOP tests assessing the
effect of the walls slenderness in their OOP behaviour. Before the OOP tests, the walls were
subjected to different [P damage levels (Low — 0.30%; Medium — 0.60% and High — 1%)).
Hollow clay horizontal units were used to construct the scaled walls with slenderness equal to
22.9 and 15.2. It was observed during the tests a more significant decrease of the OOP maxi-
mum strength and initial stiffness for the thinner panels.

De Risi, et al. [5] carried out a testing campaign to study the effect of the panel aspect ratio
(1.28 and 1) in their OOP response. The authors found that square and rectangular infills have
very different damage states. For examples, the rectangular walls showed more damage than
square ones. For panels previously subjected to low IP drift (0.30%), the square panel exhibit-
ed a strength reduction of 24%, while the rectangular panel reduced by about 52%.

Based on this motivation, this research work's primary goal was to study the OOP behaviour
of full-scale masonry infill walls made with lightweight concrete blocks. An experimental
campaign was carried out comprising three full-scale specimens. The first specimen was test-
ed without previous damage and without strengthening. The second specimen was tested with
prior damage caused by a previous IP test with a maximum drift of 0.3% without strengthen-
ing. The third wall was tested without previous damage, but it was strengthened with a TRM
based solution. All the tests have been performed by imposing a half-cyclic (loading-
unloading-reloading) history of displacements in the OOP direction employing a uniform dis-
tributed load provided by small pneumatic jacks. The results will be presented in terms of
damage evolution and OOP force-displacement responses.

2  DESCRIPTION OF THE TESTING CAMPAIGN
2.1 Specimens characteristics

A full-scale RC frame was built in a laboratory 4.80m long and 3.30m high and was designed
according to Eurocode 8 — Part 1 [6] for medium ductility class. The columns dimensions are
0.30x0.30m2 with longitudinal reinforcement 4016+2¢12 and transversal reinforcement equal
08//0.05m along the plastic hinge regions and ©8//0.15m in the remaining extension of the
column. Regarding the beam cross-section detailing, it was defined to be 0.30x0.50m2 with
symmetrical longitudinal reinforcement of 5016+5016 and transversal reinforcement of
28//0.10m along the plastic hinge length and ¢8//0.20m in the remaining beam extension. The
dimensions and detailing of the frame are presented in Figure 1.
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Figure 1 — RC frame dimensions and detailing.

The masonry infill walls were constructed with vertical hollow concrete blocks. These light
lightweight concrete blocks (Figure 2) of expanded clay aggregates have the nominal dimen-
sions of 400x190x315mm?>. The thermal transmission coefficient (U) is 0.51 W/m?°C and
were specially designed for simple exterior walls or in contact with unheated areas. It can also
be used in partitions between fires, stairwells and elevators. Vertical compressive strength
tests were carried out in masonry units according to the standard EN 772-1 [7].

hu=190

Figure 2 — Detail of the masonry unit: a) general overview; and b) geometric details (units in millimetres).

All the panels have the same geometrical dimensions, boundary conditions and materials. The
construction of each wall started with the placement of a continuous layer of mortar over the
entire width of the previously humidified frame. The blocks were then placed and positioned.
The masonry infill walls were aligned with the external surface of the RC frame. Due to that,
a short portion of the masonry infill walls remained 15 mm from the frame's back face (the
thickness of the block is 315mm, and the beam width is 300mm). Discontinuous bed joints
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approximately 15 mm thick were placed using a mortar box provided by the supplier. This
procedure was repeated until it was impossible to fit another row of blocks, leaving about 130
mm between the panel and the lower face of the RC frame's upper beam to be filled. It was
decided to close the masonry panel two or three days after its construction to guarantee stabi-
lization in the deformation of the wall during the mortar curing, ensuring the sealing between
the upper face of the masonry and the upper beam of the frame. An M5 class mortar was used
to build the masonry infill walls. Vertical bed joints with 10mm thickness were assumed be-
tween the concrete masonry units.

As mentioned before, the specimens LWC Ref and LWC _IPOOP were built with the same
characteristics. The third wall LWC S was strengthened with TRM. The reinforcing mesh
was applied only on one side of the wall. The strengthening consisted of using a glass fibre
textile mesh with a matrix of 4x4cm and a tensile strength equal to 70kN/m?. The construction
process started with the first layer of plaster (0.5cm thick) over the whole panel and 12cm in
length and the RC elements. For this plaster, it was used an M10 mortar. After that, the textile
mesh was placed and fixed to the panel using plastic connectors. These connectors were set
all over the wall with a geometry defined in Figure 6. Also, the mesh was anchored to the RC
elements using thin steel plates and steel connectors M8. According to the supplier recom-
mendations, a textile mesh overlapping with a total length of 100mm was used. The interface
wall-RC frame was used to layers of stripes with a full extension in the columns and beams of
170mm and the panel of 400mm, in agreement with the standard ACI 549 4R recommenda-

tions. After applying the textile mesh, a second layer of mortar (1cm) was applied. The sche-
matic lavont af the T W' S ¢trenothino ic nrecented in Fionre 3

Panel-frame transition
overlapping

Steel Plate

Steel connector

Plastic connector

Panel-Panel transition
overlapping

Figure 3 — Schematic layout of the strengthening solution of the wall LWC_S.

2.2 Description of the in-plane and out-of-plane test setup

The quasi-static IP cyclic test consisted of applying a horizontal force at half the height of the
RC frame's upper beam through a hydraulic actuator with a capacity of approximately 500 kN
and +/-150 mm travel. The hydraulic actuator is connected to a steel reaction structure. The
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horizontal force transmission to ensure full-cycle tests were performed using two steel pro-
files positioned on the top beam's extremities linked together through four dywidag pre-
stressed bars (927 mm), resulting in a beam compression of about 170 kN. The quasi-static
cyclic test schematic layout is shown in Figure 4. A steel structure was used at the back of the
RC frame, linked in two points of the frame top beam. The primary goal was to avoid OOP
displacement or rotation of the structure during the test. The frame's base IP and OOP displace-
ment were restricted using a steel profile attached to the strong slab.

The IP drift ratio was computed using the displacement of the top beam-column joint divided
by the distance between the bottom and top beam-column joints. The IP displacement of the
bottom beam-column joint is subtracted from the displacement of the top beam-column joint
to avoid possible frame sliding effect.

The quasi-static [Pcyclic loading consisted of applying a horizontal load at half-height of the
RC frame upper beam, in the form of target displacements until a drift of 0.3%. Each cycle
started with an increase in loading until reaching the target displacement and after unloading
the inverse target, displacement was applied, ending after unloading. Three target displace-
ments 2.8, 5.6 and 8.4 mm were imposed, corresponding to 0.1%, 0.2% and 0.3% drift, re-
spectively, with three repetition cycles for each target displacement, totalling nine complete
cycles.

raulic atuator
. e !_ i e ———— ;biteel Profile

Anchorage of RC frame to
the steel support beam

Anchorage of steel support
beam to the strong floor

1
Steel support beam

.

Strong floor | | ] |
g : 1 :

a)

Figure 4 — Schematic layout of the IP test setup.

The OOP test consisted of applying a distributed OOP loading through twenty-eight pneumat-
ic actuators that mobilize the entire infill panel surface resorting to wood plates (one per actu-
ator) placed between the actuators and the panel. The maximum strength capacity of each
pneumatic actuator is 20kN and a total displacement amplitude of 185mm. The system has a
full-strength ability to apply a distributed load of 560kN. This testing platform can test infill
panels with openings (with different configurations and dimensions). This test setup also al-
lowed placing the instrumentation in the back of the reaction structure, which helps to per-
form OOP tests until the panel collapse without damaging any equipment. Identifying the
panels' cracking throughout the OOP tests becomes easier as the quality of the pictures and
films recording of each test improved significantly. A self-equilibrated system was used,
which balances the transmission of the OOP loadings to the reaction frame attached to the RC
frame. Thus, this test setup uses pneumatic jacks linked to four horizontal alignments per-
formed by HEBI140 steel profiles, which react against five vertical alignments made of
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HEB200 steel profiles. The horizontal alignments are coupled with hinged devices that allow
lateral sliding. The steel structure is attached to the RC frame in twelve points (5 in the bot-
tom beam, 5 in the top beam, and 2 in middle-height columns) with steel bars coupled with
load cells to monitor the OOP loadings. Figure 5a and Figure 5b present the schematic layout
and the general view of the test setup. The pneumatic actuators applied the OOP loading, and
the test control is ensured by monitoring their internal pressure and the imposed OOP dis-
placements in a selected control point.

Figure 5 — Layout of the OOP test setup using pneumatic actuators: a) front and b) near view.

The loading protocol is based on the protocol used in the previous tests [8] and consisted of
the application of several half-cyclic OOP displacements (loading-unloading-reloading) that
were imposed with steadily increasing displacement levels, targeting the following nominal
peak displacements at the control node located in the centre of the panel: 0.5, 1, 1.5, 2, 2.5,
3.5; 5; 7.5; 10 mm; and then 5 by 5 mm up to a maximum OOP displacement of 120 mm
(largest capacity of the pneumatic actuators). Two half-cycles were repeated for each lateral
deformation demand level. No axial load was applied on the top of the adjacent RC columns.

3 DISCUSSION OF THE EXPERIMENTAL RESULTS
3.1 Individual results

3.1.1. Specimen LWC_Ref

The undamaged and no-strengthened specimen LWC_Ref was tested under OOP loadings and
reached the first cracking for a DRoopcrack 0f 0.29% and a corresponding force equal to
76.75kN. The cracking was located at the panel centre and is horizontal with a full-length ex-
tension of 2m. The initial stiffness was estimated at 24024kN/m. After that, diagonal cracking
emerged from the horizontal first one to both bottom corners of the panel. A vertical crack
was also visible at the panel middle length, from the horizontal first crack to the panel's top.
This cracking configuration is similar to trilinear cracking, which typically corresponds to a
wall with three borders constrained, and the top boundary is unrestricted or less restricted.
This phenomenon is justified by the quality and type of construction of the wall last row (top
beam-panel interface), which was mortared. Similar observations were reported in the litera-
ture by other authors [8, 9].

At this stage, the specimen reached the maximum peak load of about 229.6kN for a DRoop,max
equal to 4.19%. When compared with the first cracking stage, it is possible to observe that the
peak load and the OOP drift are 3 and 14.4 times higher, respectively. Afterwards, the panel
reduced its OOP strength slightly until reaching the OOP drift of 6% in which occurred a
large detachment of the panel from the top beam and a slight separation from the bottom

1217



M. Agante, A. Furtado, H. Rodrigues, A. Aréde, P. Fernandes H. Varum

beam. New oblique cracks appeared. Horizontal and vertical cracks became thicker and crack
developed at the bottom panel-frame interface, presenting a crack pattern maintained until the
end of the test. Upon reaching the DRoop,uit of 7.63% with a residual strength of 149.2kN. The
panel exhibited an increase of detachment concerning the upper and lower beams of the frame
and presented new vertical cracks in the panel's centre. Based on the measurements made by
the vertical displacement located at the top of the frame structure and based on this cracking
pattern, it can be concluded that the arching mechanism controlled the response of the wall.
Two-way bending occurred similarly to a panel three borders constrained. The top panel-
frame interface was not fully mortared due to difficulties in the wall constructions, which is
quite common in constructing infill walls, as observed in previous research works [5, 8, 10].
Finally, it can be stated that the conventional rupture occurred for an OOP drift of 6.94%. The
force-displacement curve is presented in Figure 6a. The damages observed at the end of the
test are shown in Figure 6b.

Out-of-plane drift at control node DR, (%)

0.00 1.74 3.48 522 6.96 8.70 10.43
300 T T

T T T T
—— Specimen LWC_Ref * Cracking point

No previous IP drift * Peak Load
* Ultimate stage
250 | * Conventional failure™|

200
150

100

Out-of-plane force F,, (kN)

50 |

| |
100 120
Out-of-plane displacement at control node d mm)

oop(
a) b)

Figure 6 — Specimen LWC_Ref: a) Force-displacement curve; Damages observed at the end of test and b) Front
view.

3.1.2. Specimen LWC_IPOOP

The out-of-plane load was applied after the in-plane test, in agreement with the protocol de-
scribed before. From the test, it is was observed that the first crack occurred for a DRoop,crack
equal to 0.71% and a corresponding force of 204.4kN. The first crack appeared horizontally,
followed by two oblique cracks up to the panel's lower corners. The initial panel stiffness was
60427kN/m. After that, the peak load was reached for a value equal to 246.06kN and a corre-
sponding drift of 1.39%. A vertical crack appeared at the top of the panel, and horizontal
cracks develop in this stage. The OOP strength remains almost constant until 2.3%, when it
started to reduce progressively. The conventional rupture was reached for an OOP drift equal
to 3.87%.

After that, the panel rupture occurred through the vertical sliding and cracking of the concrete
blocks from the panel upper part. The separation of the panel into two pieces resulting from
the arching mechanism development becomes more evident. The trilinear cracking pattern
was observed at the test end for a DRoopuic equal to 4.77% and a residual force of 155.9kN.
Based on the measurements made by the vertical displacement located at the top of the frame
structure and based on this cracking pattern, it can be concluded that the arching mechanism
controlled the response of the wall. Again, two-way bending occurred similarly to a panel
three borders constrained, as observed in previous research works [5, 8, 10]. Figure 7a shows
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the force-displacement curve. The damages observed after the end of the test are shown in
Figure 7b.

Out-of-plane drift at control node DR %)

OOP (

0.00 1.74 3.48 522 6.96 8.70 10.43
300 T T T T

T T
—— Specimen LWC_IPOOP
Previous IP drift: 0.3%
* Cracking point -
* Peak Load
* Ultimate stage
* Conventional failure

Out-of-plane force F ., (kN)

60 80 100 120

Out-of-plane displacement at control node d, (mm)

a)

Figure 7 — Specimen LWC_IPOOP: OOP test a) Force-displacement curve; Damages observed at the end of test
b) front view.

3.1.3. Specimen LWC_S

The strengthened panel LWC_S was subjected to a pure OOP test and presented an initial
stiffness equal to 69250kN/m. The development of the first visible horizontal cracks occurred
for a DRoop,crack equal to 0.30% for a corresponding force of 171.3kN. The OOP force in-
creased to values around 280kN and remained almost constant until reaching the maximum
value of 281.28kN for a drift of 2.76%. The panel detached from the upper beam during this
period and developed a vertical crack in the panel's upper part. The first diagonal cracks ap-
pear. The vertical crack is more evident at the peak stage, and new vertical cracks occur at the
panel's top and bottom. Horizontal cracks become thicker, and cracks develop at the interface
between the panel and the frame. After that, there is a sudden reduction of the OOP force of
about 25% for a drift of 3.1%. The degradation of the OOP strength was then slow until
reaching the conventional collapse for the drift of 6.17%. At this moment, it occurred again, a
reduction of the panel strength of about 20%for a 6.82% of drift. After that, the panel strength
was continuously reducing until the last stage, where it was observed the sliding of the glass
fibers of the reinforcement mesh from the steel plate. The residual panel strength was
103.57kN for a drift of 8.21%. Based on the measurements made by the vertical displacement
located at the top of the frame structure and based on this cracking pattern, it can be conclud-
ed that the arching mechanism controlled the response of the wall. Again, two-way bending
occurred similarly to a panel three borders constrained. The force-displacement curve is plot-
ted in Figure 8a. The damages observed after the end of the test are shown in Figure 8b.
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Figure 8 — Specimen LWC _S: a) Force-displacement curve; Damages observed at the end of the test; b) Front
view.

3.2 Global results comparison

The initial secant stiffness, koop sec,ini, Was calculated for each specimen by dividing the peak
load of the first half-cycle by the respective OOP displacement. It can be observed that the
LWC S reached, as expected, the highest one. The initial stiffness of the panel LWC S is
2.88 times higher than LWC_Ref and 14% than LWC IPOOP. Surprisingly, LWC IPOOP
got an initial stiffness 2.52 times higher than LWC Ref. Since this panel was damaged before
the OOP test due to the IP test, it was expected that the initial stiffness would be lower than
LWC Ref. Based on this, and since no other experimental evidence can justify this result, this
higher initial stiffness of LWC IPOOP can only be attributed to experimental variability.
Regarding the first cracking development, the lowest DRoop,crack Was 0.29%, and LWC_ Ref
reached it. The highest DRoopcrack Was 0.71% achieved by the LWC_IPOOP, 2.44 times high-
er than LWC_ Ref. The previous damage was the reason that justifies this significant variation.
The cracks developed in the IP test widened and the other ones only emerged for a larger
OOP drift demand. The TRM strengthening increased the DRoop.crack by about 3.4%. Concern-
ing the Foop,crack, LWC IPOOP and LWC Ref again reached the highest and lowest result
with 204.4kN and 76.8kN, respectively. Experimental variability can justify can that
LWC_TPOOP DRoop,crack was 2.66 times higher than LWC_Ref. The strengthening increased
the Foop,crack about 2.23 times.

The maximum peak load was reached by the strengthened specimen LWC_S with 281.3kN,
proving the technique's efficiency to increase the wall strength capacity. LWC Ref achieved
the lowest peak load with 229.6kN. The TRM strengthening increased the strength capacity
about 23%, but it occurred for a DRoop,max.35% lower. The previously damaged LWC_IPOOP
reached a Foop,max 7% higher than the reference one due to variability often observed in exper-
imental tests [4]. The DRoopmax Of the specimen LWC IPOOP was 77% lower than the refer-
ence specimen.

The conventional rupture occurred first for the specimen LWC IPOOP (doopconv €qual to
3.87%), highlighting the importance of previous damage in reducing the OOP capacity. The
DRoopconv Of the specimen LWC REF was two times higher than LWC IPOOP. The
strengthening solution did not contribute to the increase of the DRoopconv, Since the panel
LWC _S reached the conventional rupture at 6.17%, 11% lower than the reference specimen.
However, the residual strength capacity was 22% higher.
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No reliable conclusions can be extracted from the ultimate stage since the tests were inter-
rupted for different OOP displacement demands depending on the level of damage.

Table 1 - Global results comparison.

Parameters LWC Ref LWC IPOOP LWC S
koop sec.ini (kKN/mm) 24024 60427 69250
Foop.crack (kN) 76.75 204.41 1713
Foop,max (kN) 229.6 246.06 281.3
Foop,conv (KN) 183.7 196.3 225
Foop,uit (kN) 149.2 155.92 103.6
DRoop,crack (%) 0.29 0.71 0.30
DRoop,max (%) 4.19 1.39 2.76
DRoop,conv (%0) 6.94 3.87 6.17
DRoop.utt (%) 7.63 4.77 8.21
CONCLUSIONS

This manuscript's primary goal was to study the OOP behaviour of full-scale masonry infill
walls made with lightweight concrete blocks. An experimental campaign was carried out
comprising three nominally identical full-scale specimens were built. One of them without
previous damage and without strengthening. The second specimen was tested with prior dam-
age caused by a prior IP test with a maximum drift of 0.3% without strengthening. The third
wall was tested without previous damage, but it was strengthened with a TRM based solution.
All the tests have been performed by imposing a half-cyclic (loading-unloading-reloading)
history of displacements in the out of plane (OOP) direction employing a uniform distributed
load provided by small pneumatic jacks. From the testing campaign, the following conclu-
sions can be drawn:

» The previous damage increased the displacement corresponding to the first crack
development. On the other hand, the strengthening reduced this cracking displacement.
The same phenomenon was observed at the peak load, and conventional rupture stages.
It should be taken into account the variability often observed in experimental tests;

» The OOP strength capacity was not affected by the previous damage, which can be
associated with experimental variability. A minor increase of the panel peak load was
also observed when strengthened with TRM compared with the reference specimen.
Globally, it can be stated that the IP damage and strengthening affect the ductility in
negative and positive manners. Only three tests were carried out to assess both effects,
which are not enough to draw solid conclusions. Additional tests need be carried out
to validate the findings herein extracted;

» The TRM strengthening provided no significant improvement in all the response
parameters. Besides the use of a textile mesh with high tensile strength, the strength
capacity was not improved. Even the strength degradation was similar to the reference
specimen.
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