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ABSTRACT

Infill masonry (IM) walls are considered to be non-structural elements but, when subjected to earth-
quakes, they tend to interact with the surrounding RC (reinforced concrete) frames, which can result
in different failure modes depending on the combination of the in-plane and out-of-plane behaviour.
Therefore, the contribution of IM panels should be considered in the structural response analysis of exist-
ing buildings, for which an understanding of the out-of-plane non-linear behaviour of IM walls is of para-
mount importance in order to develop efficient strengthening solutions to prevent collapse and improve
their performance in future earthquakes, and consequently reduce their seismic vulnerability. In order to
obtain further knowledge of the out-of-plane response of IM panels, a study of full-scale IM walls was
carried out with the realization of three experimental (cyclic and monotonic) out-of-plane tests with
and without previous in-plane damage. The experiments, material characterization and the test set-up
will be described in this paper as well as presenting and discussing the main test results, namely in terms
of hysteretic force-displacement curves, damage evolution, stiffness degradation and energy dissipation.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, interest has increased in the study of infill
masonry (IM) walls, namely in their influence on the seismic
response of existing buildings. The contribution of the presence
of IM to a building’s seismic performance can be favourable or
unfavourable, depending on a series of phenomena detailing
aspects and mechanical properties, such as the relative stiffness
and strength between the frames and the IM walls, and the type
of connection between the IM and the structures [1-7].

From the surveys of damaged and collapsed reinforced concrete
(RC) buildings in recent earthquakes, a large number of buildings
that suffered severe damage or collapse had their poor perfor-
mance associated with the influence of the infill panels [8,9]. In
some RC buildings subjected to seismic actions it is possible to
observe that the major part of the structural elements has satisfac-
tory behaviour with slight or no damage; however, their IM walls
suffer much damage (in-plane or out-of-plane). Detachment of the
IM panel from the surrounding RC frame, diagonal cracking as well
as sliding cracking in the centre of the panel, shown in Fig. 1a-c are
frequently observed.

Moreover, the non-balanced in-plane distribution of infill
panels can introduce global torsion in buildings, which can induce
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larger demands on columns that were not considered in the
original design [10-12].

Three main mechanisms associated with the presence of IM
walls have been reported. One is associated with the short column
mechanism, where IM walls leave a short portion of the column
clear, concentrating larger demands in a short element; another
is related to the absence of panels on the ground floor, inducing
a sudden change in the storey stiffness and strength in height,
leading to a soft-storey mechanism [13]. The third and one of the
most critical failures is the out-of-plane infill, illustrated in Fig. 2.
One of the major factors that causes out-of-plane instability and
poor performance is the deficient/insufficient support-width of
the RC beams and/or slabs, normally adopted to minimize the
thermal-bridge effect, with no connection between the interior
and the exterior panels and, finally, no connection to the surround-
ing RC frames [9,14].

It is consensual that further and deeper knowledge is required
of the out-of-plane behaviour of IM walls to develop effective ret-
rofit strategies that prevent this type of collapse and consequently
protect the buildings’ users’ safety, as well as that of people near
the building. The study of this type of collapse mechanism is also
important to support the development of accurate numerical mod-
els that represent the expected behaviour of IM walls subjected to
out-of-plane loadings, combined or not with in-plane loadings.

Thus, the experimental test appears to be an excellent tool that
allows the study of IM walls subjected to static or dynamic cyclic
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(a)

Fig. 1. Typical damage observed on in-plane IM walls: (a) detachment of the surrounding RC frame in the L'Aquila (Italy) earthquake, (b) diagonal cracking in Lorca (Spain)

and (c) in the Nepal earthquake.

Fig. 2. IM walls out-of-plane collapse: (a) and (b) in the L’Aquila earthquake, and (c) in the Nepal Earthquake in 2015.

experimental tests combining different types of test variation, such
as: evaluation of the out-of-plane performance with different in-
plane damage levels, variations in the dimensions of the IM walls,
and different types of masonry bricks. However this type of exper-
imental test is difficult to perform as it requires complex experi-
mental set-ups with sufficient capacity for large samples. Some
experimental studies have been carried out in order to characterize
the out-of-plane performance of the infill panels considering and
ignoring previous in-plane damage [15-17]. It was observed that
the out-of-plane capacity of the IM walls is reduced with the
increase in in-plane demands, leading to the conclusion that fur-
ther experimental investigations, mainly of specimens representa-
tive of the country’s building stock, are of extreme importance.
From previous works and based also on the results provided by
the experimental tests some important direction can be withdrawn
for the future, and in particular can be fundamental to earthquake
prone countries, namely: (i) the structural engineers should take
into account with the structural contribution of this non-
structural elements in the buildings response when subjected to
earthquake loadings; (ii) With the experimental characterization
of the IM walls it is possible to develop some strengthening strate-
gies that could reduce their vulnerability, and thus save people’s
lives and decrease the level of damages that this non-structural
elements are subjected to; (iii) new guidelines regarding the IM
walls construction process can be drawn to improve their seismic
performance, and thus eliminate some factors that increase their
in-plane and/or out-of-plane seismic vulnerability (such for exam-
ple construction of infill panels disconnected of the surrounding RC

frame, etc.); (iv) The experimental data results can be used to cal-
ibrate numerical models, and thus assess the seismic vulnerability
of existing and/or new buildings considering the IM walls real and
expected behaviour when subjected to an earthquake.

Based on this motivation, an experimental campaign was
undertaken with the main goal of characterizing the out-of-plane
behaviour of infilled RC frames. Full-scale experimental tests were
undertaken at the Laboratory of Earthquake and Structural Engi-
neering — LESE, with the geometry based on a previous statistical
study conducted into Portuguese RC building stock, namely build-
ings constructed in the 1960s and 1970s [18]. The results of the
experiments comprising three out-of-plane tests (with and with-
out previous in-plane damage) will be presented and also dis-
cussed in terms of hysteretic force-displacement curves, damage
evolution, cracking pattern and displacements profiles.

2. Experimental tests
2.1. Experimental tests overview and specimen descriptions

The present experiments comprised three out-of-plane tests of
full-scale infilled RC frames, two of them without previous in-
plane damage and one with previous in-plane damage. The general
dimensions of the specimens were selected as 4.80 x 3.30 m and
the cross sections of the RC columns and beams were
0.30 x 0.30 m and 0.30 x 0.50 m, respectively, which are represen-
tative of those existing in the Portuguese building stock [18]. Fig. 3
shows the RC infilled frame geometry, as well as the corresponding
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Fig. 3. Infilled RC frame specimen dimensions (in m): (a) general dimensions, (b) column and (c) beam dimensions and reinforcement detailing.

column and beam dimensions and reinforcement detailing
(Fig. 3b and c).

All infill panels have equal geometry with in-elevation dimen-
sions of 2.30 x 4.20 m made of horizontal hollow clay bricks, as
usually found in the most common masonry in Portugal. No rein-
forcement was used to connect the infill panel and the surrounding
RC frame. Three infill panels were built (denoted as Inf_01, Inf_02
and Inf_03), all having an external leaf (150 mm thick) aligned
with the external side of the RC beam. For the panel Inf_03, an
internal leaf, 110 mm thick, was added aligned with internal side
of the beam, leaving a hollow thickness of 40 mm. This double-
leaf panel was first tested for in-plane cyclic displacements, after
which the internal leaf was removed, leaving the external leaf to
be tested under the same out-of-plane loading conditions as for
panel Inf_02. A summary of the experimental tests and corre-
sponding main characteristics are illustrated in Table 1.

2.2. Material characterization

2.2.1. Concrete and re-bar properties

The material ordered for the RC frame specimen construction
consisted of regular C20/25-class concrete [19]. Considering a cor-
rection factor of 0.8 to convert (approximately) the mean cubic
compressive strength, the yield is fcm,cy1 = 21.4 MPa. Then, assum-
ing the approximate relation fecy = fom,eyt — 8 MPa, which esti-
mates the characteristic value of the compressive strength,
fekeyi=13.4 MPa is obtained. Table 2 summarizes the results of
the corresponding compression tests for concrete strength and
elasticity modulus determination.

For the RC frame specimen construction, three different bar
diameters were used, from the same lot, namely 6 mm, 10 mm

Table 1
Summary of the experimental tests and target maximum displacements.

and 16 mm. Three samples of each were taken from each diameter
bar and tested according to [20]. The relevant results obtained are
summarized in Table 3, in terms of Young’s modulus, yield
strength, ultimate strength and ultimate strain, for each sample
and for the corresponding average value of each bar diameter.

2.2.2. Masonry properties

The RC frame was tested with three fully infilled specimens
(Inf_01, Inf_02 and Inf_03). The selected masonry typology repre-
sents the common clay blocks used in Southern Europe with hori-
zontal perforations and the geometric properties illustrated in
Fig. 4. Two different brick typologies were adopted, varying only
in the brick thickness. For the specimens Inf_01 and Inf_02 brick
type A was used, and for Inf_03 both brick type A and brick type
B were used with type B removed for the out-of-plane test.

A traditional mortar type M5 (Ciarga) was considered a suitable
choice with respect to the normal practice of the Portuguese con-
struction industry in the 1970s. The panels were constructed after
the full hardening of the RC frame. The thickness of both the
adopted vertical and the horizontal bed joints was 1 cm. Full con-
tact between the infill panel and the surrounding RC elements was
considered to be achieved by filling the vertical gaps between the
infill and the top horizontal gap with mortar. Flexure and compres-
sive mortar tests were carried out according to EN 196-2006, six
samples for each panel. The main results are summarized in
Table 4.

Further characterization tests were carried out on the mechan-
ical properties of the IM wallets of each type of masonry brick. For
this, seven samples (four of type A bricks and three of type B
bricks) were subjected to vertical compression strength tests and
six samples (three of each brick type) to diagonal compression

Test number Previous in-plane drift (%) Axial load (kN) Out-of-plane target Type Number of leaves Brick unit size
displacement (mm) ¢
I x h x t(mm)
h
i
Inf_01 - 300 70 Fully infilled 1 300 x 200 x 150
Inf_02 - 1 300 x 200 x 150
Inf_03 0.5% 2¢ 300 x 200 x 150 (ext.)

300 x 200 x 110 (int.)

2 Only for in-plane testing prior to out-of-plane, for which the internal leaf was removed.
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Table 2
Results from compression tests and elasticity modulus determination tests on concrete specimens according to NP-EN206 2000 [19].
Sample Compressive ultimate strength fcu (MPa) Average SD? cov® Elasticity modulus E. ¢ (GPa) Average SD? cov®
1 26.3 26.8 2.108 0.08 24.5 24.7 0.79 0.03
2 28.8 243
3 26.8 24.1
4 28.2 26.0
5 27.7 253
6 229 240

¢ Standard deviation.
b Coefficient of variation.

Table 3
Results from tensile tests on steel bar specimens according to NP-EN10002-1 2006
[20].

Diameter Sample Young's Yield Ultimate Ultimate
group modulus E  strength strength Fg,  strain &g,
(mm) (GPa) Fsy (MPa) (MPa) (%)
6 1 208.7 450.3 570.5 16.2
2 205.3 4415 619.9 17.7
3 198.5 440.3 589.1 15.3
Average 204.2 444.0 593.2 16.4
10 1 207.1 586.3 680.8 20.7
2 214.0 619.7 721.5 18.1
3 207.9 590.8 692.3 20.8
Average 209.7 598.9 698.2 19.9
12 1 203.7 492.8 616.6 26.9
2 2124 510.5 632.5 24.6
3 212.2 479.8 595.9 272
Average 209.4 494.4 615.0 26.2

tests, as illustrated in Fig. 5a and b respectively. The most common
damage observed was top or bottom crushing and diagonal crack-
ing of the wallets subjected to vertical compression strength tests
and diagonal compression tests, and both types of representative
damage are illustrated in Fig. 6a and b respectively.

Vertical compressive strength of f,a=0.531MPa and
fmp =0.667 MPa was obtained for wallets of brick types A and B,
respectively, together with vertical elasticity modulus of
Ema=1417.6 MPa and E,p=3116.3 MPa. The tests results are
summarized in Table 5.

Diagonal compressive strength of fynga=0.303 MPa and
fma =0.346 MPa was obtained for wallets of brick types A and B
respectively. The tests results are summarized in Table 6.

2.3. Modal identification
In order to determine the natural frequencies and the modal

response of the IM wall, a series of vibration tests was performed
before beginning the other tests. Among other interesting outputs,

(@

the modal analysis of the specimens led to different conclusions
regarding some of their main mechanical properties in a non-
tested state (for example the elastic modulus). The goal of the fol-
lowing measurements consisted of identifying the first natural fre-
quencies and corresponding mode shapes of the masonry
specimens. This dynamic identification allows calibration of the
numerical models, and may be particularly important to engineers
in practice when dealing with existing RC buildings with IM walls.

The measurements of the dynamic behaviour of the masonry
walls were taken using LabVIEW Signal Express software [21] to
log the data acquired from nine unidirectional accelerometers
(see Fig. 7a) in time frames of approximately 15 min, excited with
ambient noise vibration. The disposition of the accelerometers was
found to be at the quarters of each dimension (3 accelerometers in
each longitudinal and transversal direction) of the panel. The mea-
surements were taken at a time when the set-ups for the out-of-
plane tests were already assembled.

Modal analysis of the specimens was subsequently carried out
by means of the peak picking and frequency domain decomposi-
tion (FDD) techniques, implemented in the ARTeMIS Extractor soft-
ware [22], from which the first natural frequency of every single
wall was of 24.31 Hz for the 15 cm thick panels (illustrated red
in the Fig. 8 and the corresponding vibration mode can be observed
in Fig. 7b) and about 31 Hz for the 11 ¢cm thick panels. Additionally,
a spectral peak is observed about 4 Hz which corresponds to the
first out-of-plane frequency of the RC frame (illustrated black in
Fig. 8).

3. Monotonic and cyclic out-of-plane experimental test of a full-
scale im wall

The experimental characterization of the out-of-plane beha-
viour of IM walls was initially undertaken by comparing two IM
walls subjected to monotonic out-of-plane loading (Inf_01) and
cyclic out-of-plane loading (Inf_02). Additionally, axial load of
300 kN was applied to the infilled RC frame, Inf_01, in the RC
column before the test. Thus, the influence of axial load in the RC

(@

0.20m @ —— [0_15,n 0.20m E ——— ]o.nm
1 [ ]
0.15m  0.30m 0.30m 0.11m~ 0.30m 0.30m
(b) (© (d) (®) (© (d

Brick type A: 0.15x0.3x0.2m

Brick type B: 0.11x0.3x0.2m

Fig. 4. Brick type geometric dimensions (in m): (a) brick general view, (b) front dimensions, (c) lateral dimensions and (d) upper dimensions.
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Table 4
Results from flexure and compressive strength tests on mortar specimens.

Infill series test Flexure strength (MPa) Compressive strength (MPa)

Inf_01 5.65 16.55
Inf_02 2.11 5.66
Inf_03 4.27 13.40

columns in the response of the IM wall was also evaluated. In this
section the out-of-plane test set-up, instrumentation, loading con-
dition and the main results regarding the out-of-plane tests of IM
walls without previous in-plane damage will be presented.

3.1. Description of the out-of-plane test set-up

The out-of-plane test consisted of the application of a uniformly
distributed surface load through a system composed of seven
nylon airbags, reacting against a self-equilibrated steel structure,
as shown in Figs. 9 and 10. The application of a uniform out-of-
plane loading pretends (as was observed) to globally mobilize
the out-of-plane response of the IM wall. In the literature similar
out-of-plane load distribution adopted by other authors can be
found [23,24].

This reaction structure is composed of five vertical and four hor-
izontal alignments of rigidly connected steel bars, in front of which
a vertical wooden platform is placed to resist the airbag pressure
and transfer it to the steel reacting grid elements. Thus, 12 steel
threaded rods, crossing the RC elements in previously drilled holes,
were used to equilibrate the reaction force resulting from the pres-
sure applied by the airbags in the infill panel. The steel rods were
strategically placed to evaluate the load distribution throughout
the entire infilled RC frame resorting to load cells attached to each
rod, which allowed continuous measurement of the forces trans-
mitted to the reaction structure to which the rods were directly
screwed. On the other extremity of each tensioned rod, appropriate
nuts and steel plates were used to anchor the rod and apply its
reaction force to the concrete surface by uniformly distributed nor-
mal stresses, thus avoiding load concentration on the RC elements
crossed by the rods.

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 con-
nected 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 to the columns was continuously mea-

sured by load cells inserted between the jacks and the top of each
column, which was paramount in performing the in-plane tests.

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
the National Instruments LabVIEW software platform [25]. Prior
to the experiments, calibration of the whole system was under-
taken; this consisted of comparing the sum of the load cell forces
with the airbag pressure resultant force (the pressure multiplied
by the theoretical loaded panel area), in order to obtain the varia-
tion of load distribution, i.e. indirectly the actually loaded area,
with the increase in distance between the steel reaction structure
and the surface loaded panel. This calibration was achieved by
inserting a vertical wooden panel supported in wood beams react-
ing against the RC top and bottom beams, thus without involving
the brick masonry panel.

3.2. Instrumentation

The instrumentation of the experimental tests comprised a total
of 23 displacement transducers, among linear variable displace-
ment transducers (LVDTs) and draw wire transducers (DWTSs), as
illustrated in Fig. 11 The transducers were divided into 3 different
groups according to the corresponding measurement objective: (i)
IM wall out-of-plane displacements (13 DWTs), (ii) out-of-plane
rotation between the infill panel and the surrounding RC frame
(8 LVDTs) and (iii) out-of-plane displacements of the RC frame (2
LVDTs).

3.3. Loading condition

As previously stated, the aim of the present experiments is to
better understand the out-of-plane behaviour of IM walls, particu-
larly when subjected to previous in-plane damage. In addition, the
assessment of the influence of the RC column axial load application
in the out-of-plane response was made possible by imposing an
axial load of 300 kN on each RC column during the test on Inf_01
and no axial load during tests on Inf_02 and Inf_03. Inf_03, com-
prising a double-leaf panel (brick types A and B), was first sub-
jected to an in-plane drift of 0.5%, and then the brick type B
panel was removed and the damaged type A wall was subjected
to out-of-plane loading.

The Inf_01 test was carried out by imposing monotonic increas-
ing out-of-plane displacements in the IM panel. With regard to the
Inf_02 and Inf_03 tests, cyclic out-of-plane displacements were

(a)

Fig. 5. Layout of the masonry wallet tests: (a) vertical compressive strength test and (b) diagonal tensile strength test.

(b)
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@

Fig. 6. Masonry wallet damage after: (a) vertical compressive strength test and (b) diagonal tensile strength test.

Table 5

Results from compressive strength tests on IM wallet specimens.
Samples fmy (MPa) E; (MPa)
Ma 4 0.665 1826.1
Ma > 0.524 1561.1
Ma 3 0.484 1047.8
Ma 4 0.447 1235.2
Mg 4 0.970 2595.4
Mg > 0.758 4949.8
Mp 3 0.675 1803.8
Brick type A B
Sample fmi (MPa)  E;(MPa)  fun;(MPa) E; (MPa)
Mean (MPa) 0.531 1417.6 0.801 31163
SD 0.095 345 0.152 1636
cov 0.18 0.24 0.189 0.53
Characteristic value (MPa)  0.442 - 0.667 -

Table 6

Results from the diagonal compressive strength tests on IM wallet specimens.
Samples fmy (MPa)
Ma 1 0.260
Ma > 0370
Ma 3 0.280
Mg _1 0.340
Mg > 0.360
M;_3 0.340
Brick type A B
Mean (MPa) 0.303 0.346
SD 0.059 0.012
cov 0.190 0.03

imposed on the IM wall 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), as illustrated in Fig. 12. Three 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 is
expected.

3.4. Experimental test results
The main results of the out-of-plane tests of the fully infilled RC

frames, Inf_01 and Inf_02, were evaluated in terms of shear-drift
hysteretic curves, out-of-plane displacement profiles, damage

(b

evolution and crack pattern, stiffness and strength degradation,
and energy dissipation.

3.4.1. Force-displacement hysteretic curves
From the force-displacement hysteretic curves in Fig. 13a and b,
the following main observations can be drawn.

e The maximum strength was almost four times higher for the
tests without previous in-plane damage (In_01 and Inf_02)
and for higher out-of-plane drift values. For the Inf_ 01 and
Inf_02 tests the maximum strength occurs for out-of-plane drift
values of 1.5-2%.

e The strength degradation is particularly pronounced in both
tests. This fact can be explained by the failure mode observed
in this test (described below).

e By comparing Inf_01 and Inf_02, it was also verified that the ini-
tial 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.

o 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 50 kN.

3.4.2. Damage evolution and cracking pattern

Aiming for a detailed observation of the damage evolution dur-
ing the experimental tests, within the present study each test was
stopped at the end of the last cycle of each displacement level in
order to highlight and register new cracks and/or the evolution
of existing cracks. Visual observation of the damage evolution dur-
ing the tests yielded the information described in the following
paragraphs. The final damage patterns of all tests are presented
in Figs. 14 and 15, showing several differences between the tests
with and without previous in-plane damage. The final cracking
shape of Inf_01 was vertical, with detachment between the infill
panel and the surrounding RC frame in the top and bottom joints,
as shown in Figs. 14a and 15a. However, the Inf_02 test exhibited a
trilinear cracking pattern with deformation concentrated in the
mid-point of the wall, with slight cracking in the top joint, as
illustrated in Figs. 14b and 15b.

3.4.3. Out-of-plane displacement profiles

The out-of-plane displacement profiles of both IM walls were
measured during the experiment along three different alignments
(a) left, (b) centre and (c) right and at five different heights
(h1 =0m; h2 = ]/3hwall; h3 = 1/2hwal]; h4 = 2/3hw311 and h5 = hwall.
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where hy,, is the panel height), with the main objective of charac-
terizing the evolution of the displacements during the experiment.
A significant difference can be seen between the Inf_01 and Inf_02
responses; in the main, displacements of Inf_02 are concentrated
in the middle of the wall, particularly focusing on the centre align-
ment, and the Inf_01 displacements are similar along the panel
height (see Figs. 16 and 17).

4. Cyclic out-of-plane experimental test of a full-scale double-
leaf im wall with previous in-plane damage

Some southern European buildings are RC buildings with
double-leaf IM walls on their facades. According to some survey
reports, several out-of-plane collapses of external walls have been
observed, since there is no connection between the leaves. The use
of this type of strategy for building facades is adopted to correct
thermal bridges, and to improve the thermal behaviour of the

buildings. The study of this type of non-structural element is
important in order to develop retrofit solutions that could improve
their seismic performance, and, consequently, help in the calibra-
tion of numerical models that represent the behaviour of this type
of complex non-structural element when subjected to seismic
actions. A full-scale double-leaf panel (Inf_03) comprising an exter-
nal 15 cm thick leaf and an internal 11 cm thick leaf, was added
aligned with the internal side of the beam, leaving a hollow thick-
ness of 4 cm. This double-leaf panel was first tested for in-plane
cyclic displacements, after which the internal leaf was removed,
leaving the external leaf to be tested under the same out-of-
plane loading conditions as for panel Inf_02. The in-plane test
set-up, instrumentation and loading condition will be described
below. The details of the out-of-plane test are as described for
the IM wall, Inf_02.

In this section, the main results of the Inf_03 in-plane and out-
of-plane tests will be presented, together with the comparison
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Fig. 9. Layout of the out-of-plane test set-up: (a) front, (b) lateral and (c) plan view. 0 - strong floor, 1 - foundation steel shape, 2 - high-strength rods (30 mm) fixing the
foundation steel shape to the reaction slab, 3 - steel rod (220 mm) connecting the RC frame to the foundation steel shape, 4 - vertical high-strength rods (&30 mm) to apply
axial load, 5 - steel cap, 6 - steel rods (20 mm) connecting the RC frame and the reaction structure, 7 - distributing load plate, 8 - self-equilibrated reaction steel structure,
9 - counterweight, 10 - wood bars, 11 - hydraulic jack (for axial load application), 12 - vertical wooden platform, 13 - airbags, 14 - infill panel, 15 - RC column, 16 - steel

plate for rod force distribution.

Fig. 10. General view of the out-of-plane experimental test set-up: (a) front view, (b) lateral view.

between the IM walls without previous in-plane damage (Inf_01
and Inf_02) and the Inf_03, with the main objective of evaluating
the influence of the in-plane damage in the out-of-plane response
of the IM wall.

4.1. In-plane test set-up

The in-plane test consisted of the application of a horizontal
force on the top of the RC frame using a servo-controlled hydraulic

actuator (+500 kN capacity with 150 mm stroke) attached to a
steel reaction structure (Fig. 18). The horizontal force was trans-
mitted to the RC frame by two high strength rods (22 mm) (in
the front and rear specimen sides) tying two steel shapes at the left
and right extremities of the top beam (Fig. 19), in order to apply in-
plane loading cycle reversals. The two high strength rods were
linked at 1/4, 1/2 and 3/4 of the beam length to steel plates that
connect with the corresponding one of the other side of the beam
by 2 steel rods (10 mm) with the main objective of mobilize and
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Fig. 13. Out-of-plane force-displacement test results: (a) Inf_01 and (b) Inf_02.

distribute the in-plane load along the entire top beam cross-
section uniformly (Fig. 20).

The column axial load was applied using one hydraulic jack per
column, attached to the top and bottom of the steel devices by

means of high-strength rods with hinged extremities. The in-
plane infilled frame was tested under the so-applied column axial
load of 300 kN kept constant with the prescribed value measured
by load cells attached to the jacks. The test set-up was also
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Fig. 14. Out-of-plane observed damage: (a) Inf_01 and (b) Inf_02.
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Fig. 16. Out-of-plane displacement profiles of Inf_01: (a) left, (b) central and (c) right alignment.

provided with an additional guiding structure to prevent out-of-
plane displacements of the infilled RC frame, while allowing it to
slide along the steel shape guides. Fig. 20 shows the layout of the
in-plane experimental test set-up, illustrating each element with
a corresponding description.

4.2. Instrumentation

The instrumentation of the in-plane tests comprised a total of
21 displacement transducers, both LVDTs and DWTs, as illustrated
in Fig. 21. The instrumentation was divided into three different
groups according to the corresponding measurement objective:
(i) out-of-plane displacements of the infilled RC frame (3 LVDTs);

(ii) diagonal displacements in the infill panel and in the RC frame
(8 DWTs) in both specimen sides and (iii) in-plane displacements
of the infilled RC frame (10 LVDTs).

4.3. Loading condition

As previously stated, the aim of the present experiment is to
better understand the in-plane behaviour of IM walls, particularly
double-leaf IM walls. To this end, cyclic in-plane displacements
were imposed at the top of the IM wall with steadily increasing
displacement levels. The in-plane maximum drift was assumed
taking into account two premises: (i) the maximum strength of
the double leaf infill masonry wall is reached; and (ii) not achieve
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Fig. 18. Layout of the in-plane experimental test set-up: (a) front view; (b) lateral view and (c) Back view. 0 — top beam, 1 - hydraulic jack (for axial load application), 2 - steel
plates for horizontal force distribution, 3 - horizontal high-strength rods (/22 mm), 4 - head steel shape, 5 - vertical high-strength rods (30 mm), 6 - steel rod (20 mm)
connecting the RC frame to the foundation steel shape, 7 - high-strength rods (30 mm) fixing the foundation steel shape to the reaction slab, 8 - foundation steel shape, 9 -
strong floor, 10 - in-plane reaction frame, 11 - out-of-plane reaction and guiding structure, 12 - servo-controlled hydraulic actuator, 13 - right and left head steel profile and

14 - 5 - transversal rods (12 mm).

high levels of damage. In the future different levels of in-plane
maximum drift will be performed before the out of plane tests with
the main goal of define the interaction curve of the in-plane and
out-of-plane capacity of the infill masonry walls. Thus a maximum
in-plane drift of 0.5% was defined and the following nominal peak
displacement levels (mm) were considered: 2.5, 3.5, 9, 12 and 15,
with three cycle repetitions for each displacement level. An axial
load of 300 kN was applied and kept constant at the top of each
RC column during the experimental test.

4.4. Experimental test results

The experimental results will be presented individually for each
test, in terms of shear-drift hysteretic curve, displacement profile,
and damage evolution and cracking pattern. Finally, the Inf_03
tests will be compared with the Inf_01 and Inf_02 tests to evaluate

the influence of the previous in-plane damage on the experimental
response of the infill panel.

4.4.1. Shear-drift hysteretic curve

From the analysis results of the force-displacement hysteretic
curve (Fig. 22a) and the in-plane displacement profile (Fig. 22b),
the following main observations can be drawn.

o The results between the positive and negative loading direction
are non-symmetric, due to the longitudinal extension and
slacks of the horizontal high strength rod during the experi-
mental test. For this reason the positive loading will be adopted
as the reference.

e A continuous increase was observed in the in-plane strength up
to 0.25% drift, after which the strength stabilized until 0.5%
drift, though with clear stiffness degradation during the test.
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Fig. 19. Detail of: (a) servo-controlled hydraulic actuator (+500 kN capacity with +150 mm stroke) attached to a reaction steel frame and (b) horizontal high-strength rods
(@30 mm) that are connected to the left and right steel profile placed at mid-height of the top beam.

Fig. 20. Detail of the application of horizontal and vertical loading (a) top view; (b) lateral view and (c) transversal view of the upper beam with the particularity.
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Fig. 25. Inf_03 out-of-plane test damage: (a) left view, (b) right view and (c) zoom of the detachment of the infill panel.

e The maximum strength was characterized by the onset of diag-
onal cracking in the weaker panel (110 mm thick) and detach-
ment of the surrounding RC frame. At 0.3% drift it was
possible to observe panel detachment relative to the top beam
and also corner crushing in the stronger panel (Fig. 22).

4.4.2. Damage evolution

During the in-plane experimental test, detachment of the panel
from the surrounding RC frame was observed from 0.20% and also
corner crushing of the external leaf (Fig. 23a). With regard to the
internal leaf, only diagonal cracking was observed and local crush-
ing in the central upper zone of the panel, as illustrated in Fig. 23b.

4.4.3. Out-of-plane test results

Concerning the tests without previous in-plane damage, initial
cracking was found for the lower out-of-plane drift values (about
0.1% drift) for the Inf_02 test. The cracking force in both experi-
mental tests was about 50 kN. In the test with previous in-plane
damage (Inf_03), initial cracking occurred at 0.1% drift and at a
maximum strength of 18 kN, as shown in Fig. 24a. Finally, no
cracking pattern occurred in the middle of the IM wall Inf_03,
which is related to the observed detachment between the infill
panel and the surrounding top beam and columns, evidencing typ-
ical rigid body behaviour, as illustrated in Figs. 24b and 25.
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As in an earthquake, after an in-plane solicitation, shear stresses
lead to cracks that tend to separate the masonry wall from the
upper and lateral sides of the surrounding RC frame. This tends
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Fig. 26. Inf_03 out-of-plane test result: out-of-plane displacement profiles of (a) left, (b) central and (c) right alignments.
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to reduce the resistance of the wall to the out-of-plane loadings.
The out-of-plane displacement profiles show (Fig. 26), as said
before, rigid body behaviour.

4.4.4. Global out-of-plane test results

Through comparison between the force-displacement hys-
teretic curves, a significant difference between the test results,
with and without previous in-plane damage can be observed,
namely: (a) the maximum strength was almost four times higher
for the tests without previous in-plane damage and for higher
out-of-plane drift values; (b) the initial stiffness was significantly
affected by the introduction of the in-plane damage, that of the test
with previous in-plane damage (Inf_03) being almost 30% lower
than the original IM walls; (c) a significant maximum strength
reduction was found in the tests without the previous in-plane
damage, which was not verified in Inf_03 (Fig. 27).

The failure modes observed in each of the tests reveal different
out-of-plane behaviour of the IM walls with and without previous
in-plane damage. The tests of the original IM walls (Inf_01 and
Inf_02) showed vertical cracking, with detachment between the
infill panel and the surrounding RC frames in the top and bottom
joints. In the Inf_02 wall, trilinear cracking was observed with con-
centrated deformation in the middle point of the wall, with slight
cracking in the top joint. For the test with previous in-plane dam-
age, only detachment was observed between the infill panel and
the surrounding top beam and columns, and typical rigid body
behaviour was found (Figs. 28 and 29).

5. Conclusions

This paper reports 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, three 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. The exper-
imental test set-up was presented, including all the instrumenta-
tion and loading conditions.

A significant difference was found between the test results,
with and without previous in-plane damage, namely: (a) the max-
imum strength was almost four times higher for the tests without
previous in-plane damage and for higher out-of-plane drift values;
(b) a significant reduction in the initial stiffness was observed in
the test with previous in-plane damage when compared with the
others; (c) a significant maximum strength reduction was found
in the tests without the previous in-plane damage, which was
not verified in Inf_03.

The failure modes observed in each of the tests reveal a differ-
ent out-of-plane behaviour of the IM walls with and without pre-
vious in-plane damage. The tests on original IM walls (Inf_01 and
Inf_02) showed vertical cracking, with detachment between the
infill panel and the surrounding RC frame in the top and bottom
joints. In the Inf_02 test wall, trilinear cracking was observed with
deformation concentrated in the middle point of the wall, with
slight cracking in the top joint. For the test with previous in-
plane damage, detachment was observed between the infill panel
and the surrounding top beam and columns, and typical rigid body
behaviour was found.

Regarding the in-plane test of a full-scale double-leaf IM wall,
continuous increase in the in-plane strength up to 0.25% drift
was observed, after which the strength stabilized. There was no
strength degradation up to 0.5% drift, but clear stiffness degrada-
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tion was found during the test. The maximum strength was char-
acterized by a diagonal crack, starting in the weak panel, and
detachment relative to the surrounding RC frame, particularly after
0.3% drift when the top beam in both panels became clearly
detached and corner crushing was found in the strong panel.

In order to complement the present study and the global find-
ings, experimental tests should be performed in the future accord-
ing to the following objectives: (i) out-of-plane tests of IM walls
with previous in-plane damage for different levels (0.25%, 0.75%,
1%, 1.25% and 1.5% of in-plane drift); (ii) performing similar testing
campaign for different IM wall thickness (hollow clay bricks
300 x 200 x 110 mm and 300 x 200 x 220 mm); and finally (iii)
out-of-plane tests of IM walls with openings (different sizes and
disposition) without and with previous in-plane damage. With this
complementary studies the full characterization of original IM
walls out-of-plane behaviour will be achieved.
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