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The analysis of the behaviour of masonry infills under out-of-plane (OOP) and in-plane (IP) loading is paramount
to correctly assess the seismic performance of reinforced concrete (RC) frames. A very important issue about this
topic is certainly the IP/OOP interaction, namely the analysis of how the IP damage, which affects infills during
earthquakes, can influence their OOP behaviour (and vice-versa). Some studies about this topic were developed
in the last years; nevertheless, only a dozen of tests currently exists in the literature to experimentally explore
this key issue.

This work first presents an experimental campaign carried out on square infill walls in RC frames to in-
vestigate about the OOP behaviour of the masonry infills, and about the IP/OOP interaction. On the whole, four
specimens have been tested under OOP monotonic loading. Three of them have been first damaged under cyclic
IP actions, with different extent; the remaining one, used as a reference, was tested under OOP loading only. The
experimental campaign is described in detail in terms of specimens’ characteristics, material properties, adopted
setup and instrumentation layout. The experimental results are analysed in terms of IP and OOP force-dis-
placement responses, vertical arch strength contribution evolutions, and damage state evolutions, and compared
with prediction proposals from the literature.

Then, the influence of the infill aspect ratio (width (w)-to-height (h) ratio) on the IP/OOP interaction is
investigated by means of the comparison between data presented herein (collected on infills with w/h = 1) and a
companion experimental campaign previously performed on nominally identical infills except that for the aspect
ratio of the specimens (in that case, higher than the unit). It has been observed that under given IP drift levels,
square infills presented lower IP damage levels with respect to rectangular infills (with w/h > 1), thus generally
producing a less pronounced detrimental effect of the IP imposed drift on the OOP strength. Nevertheless, none
of the predictions from literature takes into account the role of the aspect ratio on the IP/OOP interaction,
generally resulting in conservative predictions, to be improved in future works.

1. Introduction

In present years, it is commonly recognized by the engineering
community — and considered in modern building codes - that the
seismic assessment and safety check of buildings cannot be considered
exhaustive if non-structural elements’ response, their contribution to
buildings’ seismic performance, and — above all — the risk related to
their collapse are neglected. For this reason, current research is deeply
focused on this topic. In the wide and heterogeneous world of non-
structural elements, infill walls are certainly the most studied, as they
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contribute in the most significant way to structures’ overall response
and given that their damage and/or collapse is associated with sig-
nificant repair/refurbishment costs and threat to human life.

Infill walls are interested by both in-plane (IP) seismic displacement
demand and out-of-plane (OOP) seismic acceleration demand. IP and
OOP responses are not independent, as the IP damage due to dis-
placement demands influences the OOP response and vice-versa. This
phenomenon is named “IP/OOP interaction”.

The investigation of this issue was deepened in 90s through fun-
damental experimental and theoretical works. Dawe and Seah [1]
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tested unreinforced masonry (URM) infills in steel frames and proposed
a mechanical-based OOP response model which is deeply discussed and
analysed in Verderame et al. [2]. Angel et al. [3], tested URM infills in
Reinforced Concrete (RC) frames and proposed a mechanical-based
strength model for them accounting for the IP/OOP interaction effects.
Bashandy et al. [4] proposed a mechanical-based out-of-plane strength
formulation for URM infills in which two-way arching occurs. Flanagan
and Bennett [5,6] tested URM infills in steel frames and proposed an
empirical formulation for the prediction of their out-of-plane strength.
Calvi and Bolognini [7] tested unreinforced and reinforced masonry
infills in RC frames with both pure OOP and combined IP/OOP tests. A
similar experimental campaign was performed by Pereira et al. [8].

In very recent years, experimental and numerical research on this
topic was resumed. Kadysiewski and Mosalam [9] and Mosalam and
Giinay [10] proposed a fiber model for modelling the OOP response and
collapse of URM infills and the IP/OOP interaction effects. A modified
version of this modelling strategy was applied for the seismic assess-
ment of RC frames by Longo et al. [11]. Varela-Rivera et al. [12] tested
URM infills in RC frames. Agnihotri et al. [13] validated a 3D Finite
Element Model (FEM) of Dawe and Seah [1]’s specimens and used such
a model to discuss the influence of geometrical and mechanical para-
meters on the IP/OOP interaction effects. A similar numerical research
was proposed by Mohyeddin et al. [14]. Guidi et al. [15] tested thin and
thick unreinforced and reinforced masonry infills in RC frames with
combined IP/OOP tests. Hak et al. [16] tested thick URM infills in RC
frames with both pure OOP and combined IP/OOP tests. Furtado et al.
[17,18] tested thin URM infills in RC frames with both pure OOP and
combined IP/OOP tests and applied a simplified version of Kadysiewski
and Mosalam [9]’s model for the seismic assessment of RC buildings.
Alternative IP/OOP modelling strategy were proposed by Oliaee and
Magenes [19], by Di Trapani et al. [20] and by Ricci et al. [21]. A
detailed state of the art review of OOP strength models was proposed by
Pasca et al. [22]. Di Domenico et al. [23] and Ricci et al. [24,25]
performed pure OOP tests on infills with different slenderness and
boundary conditions as well as combined IP/OOP tests of infills with
different slenderness ratio.

Ongoing research is mainly focused on the design and experimental
assessment of engineered infill walls characterized by the application of
innovative solution for limiting the IP damage and ensure safety with
respect to OOP actions (e.g., [26-28]).

Based on these studies, together with the results of previous ex-
perimental tests performed in the literature, the effectiveness of lit-
erature strength and displacement capacity models has been assessed
and empirical formulations for modelling the OOP strength and stiffness
reduction due to IP-damage have been proposed. However, some open
issues still remain, both on the pure OOP behaviour and on the effects
of the IP/OOP interaction.

The influence of vertical slenderness ratio (h/t) on the IP/OOP in-
teraction effects was recognized first by Angel et al. [3]. This is strongly
related to the influence of the h/t slenderness ratio on the entity of IP
damage. In fact, as also discussed by Morandi et al. [28], at equal IP
drift a higher damage level is expected for slender infills; hence, at
equal IP drift, a higher OOP strength/stiffness reduction is expected for
slender infills [25]. However, the IP response of infills is conditioned by
the infill aspect (width-to-height, w/h) ratio, too. Hence, the IP damage
due to IP actions could be influenced by the infill aspect ratio w/h.
Therefore the infill aspect ratio w/h may have some effects on the entity
of IP/OOP interaction effects. Only the numerical study by Agnihotri
et al. [13] discussed this issue, which has never been checked through
experimental tests.

Consider also that the database of URM infills in RC frames tested
for the investigation of the IP/OOP interaction is yet very small (despite
the fact that the ongoing research is contributing to rapidly enrich it) as
it is currently constituted by around a dozen of tests [25]. A contribu-
tion to the enrichment of the database is still needed to improve the
knowledge level on the OOP behaviour of infills and the IP/OOP
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interaction effects. Note also that the current experimental database is
constituted, for what concerns infills in RC frames, only by results on
rectangular infills.

In this paper, the results of four experimental tests on square URM
infill walls realized with clay hollow bricks in RC frames (one pure OOP
test and three OOP tests performed after IP tests carried out up to three
different drift levels) are presented. The main issues investigated are the
OOP strength of the IP-undamaged specimen, its reduction due to the
effects of the IP damage and the effect of the infill aspect ratio, i.e., the
width (w)-to-height (h) ratio, on the abovementioned reduction by
means of the comparison with the results of analogous tests carried out
on rectangular (w/h > 1) infills (previously presented in [24]).

The experimental results are presented with the support of IP and
OOP force-displacement response diagrams together with the re-
presentation of damage and cracking patterns’ evolution and of the
evolution of the specimens’ OOP deformed shape. The observed values
of the IP-undamaged specimen strength is compared with the predic-
tions of the available literature models. The results of the IP/OOP tests
in terms of OOP strength reduction at different IP drifts are then
compared with the prediction of literature formulations and some
considerations on the influence of the specimens’ unit aspect ratio on
the effects of the IP/OOP interaction are presented and discussed.

2. Description of the experimental campaign

The experimental campaign is described in this section. Four spe-
cimens have been designed, realised and tested. One of them has been
used as a reference and, therefore, it has been tested under out-of-plane
loading only. The remaining three specimens were first damaged under
in-plane actions — with three different IP damage levels (as in the cor-
responding experimental campaign on rectangular walls by Ricci et al.
[24]) — and, then, tested under out-of-plane loading.

First, details about the geometrical and reinforcement properties of
the RC frames and material properties are shown and commented in
Sections 2.1 and 2.2. Then, Section 2.3 reports details about the loading
setup adopted to perform the experimental tests and the instrumenta-
tion system used to monitor the responses of the specimens.

2.1. Specimens layout and details

The tested specimens are 1-bay-1-storey RC frames (see Fig. 1),
designed according to the Italian seismic code [29], nominally identical
for geometry and reinforcement details, with 200 x 270 mm? columns.
The upper beam has the same cross-section of the columns. The foun-
dation beam has a 400 X 400 mm? cross-section. The design of the
concrete members was performed according to the strength hierarchy
rules in agreement with the Italian seismic code mentioned before. As a
result, a weak-beam-strong-column hierarchy is obtained, and shear
failures of members and joints are prevented by means of a proper
stirrups amount (see Fig. 1).

Each frame was filled with a masonry panel. The infill panel was
built in total connection with the concrete frame along the four edges
through mortar. Infill walls’ thickness (t) is equal to 80 mm, realized
with 250 x 250 x 80 mm?® clay hollow bricks with a nominal void
percentage equal to 60%, and 1 cm thick horizontal and vertical mortar
joints. The clay hollow bricks were placed with the holes in the hor-
izontal direction.

All the specimens were 2:3-scaled frames due to capacity limits of
the laboratory equipment. It is worth noting that, in case of scaled
specimens, some experimental works from literature found how (see
e.g. [30,31]) the unit-to-wall size ratio could potentially influence the
experimental response of unreinforced masonry walls, particularly re-
ferring to higher in-plane drift capacity and, consequently, out-of-plane
response. Nevertheless, these studies were related to unreinforced ma-
sonry walls instead of masonry infills with a surrounding RC frame.
Specific experimental campaign should be dedicated in future research
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Fig. 1. Geometrical and reinforcement details of the tested specimens (dimensions are in cm).

works to investigate about such an influence on unreinforced masonry
walls also at low drift level. Based on these remarks, and since the
adopted scale factor is quite close to the unity, it can be argued that the
possible influence of the size effect on the infills response, if any, should
be at least mitigated in the experimental campaign described herein.

2.2. Material properties

The RC elements of the frames are characterized by a C32/40 class
of concrete. Cylindrical mean compression concrete strength (f.) has
been determined by testing, according to the European standard EN
206-1 [32], 150 x 150 x 150 mm? cubic samples (by multiplying the
mean cubic strength per 0.83, according to the Italian standard [29],
resulting equal to 42.9 MPa (see Table 1). Longitudinal and transverse
rebars are characterized by a B450C steel typology, with a nominal
yielding strength equal to 450 MPa. Mean steel yielding (f,) and ulti-
mate (f,) strength were evaluated by means of tensile tests carried out
according to the European standard [33]. Both properties resulted de-
pendent on the bar diameter, as shown in Table 1. Mechanical prop-
erties reported in Table 1 are mean values obtained by three specimens
each. More specifically, three tensile tests on three samples were per-
formed for each bar diameter. The related Coefficients of Variation
(CoV) are also shown in the same table.

The mortar adopted for the infills is a nominally class M5 ce-
mentitious mortar. Compressive tests on mortar have been performed
according to ASTM C109/C109M-16a [34] standard. Three mortar
prisms were prepared for each specimen, twelve mortar prisms overall.
The related mechanical properties and their coefficients of variation are
shown in Table 2.

Hollow clay units are characterized by mean compressive strength

Table 1
Mechanical properties of RC elements.

RC property

Concrete compressive strength f. 42.9 MPa (CoV = 2.25%)
Steel rebars yielding strength fy ¢ 12 524.5 MPa (CoV = 1.70%)
¢ 10 500.0 MPa  (CoV = 0.87%)
¢ 8 503.7 MPa  (CoV = 0.64%)
Steel rebars ultimate strength f, b 12 617.1 MPa (CoV = 1.33%)
¢ 10 596.5 MPa  (CoV = 0.18%)
¢ 8 599.0 MPa  (CoV = 0.47%)
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Table 2
Mechanical properties of masonry infills.

Masonry property

Mortar compressive strength fomor 9.44 MPa (CoV = 11.3%)
Clay unit compressive strength parallel to fon 500 MpPa
holes
Clay unit compressive strength fov 2.00 MpPa
perpendicular to holes
Compressive strength parallel to holes fun 463  MPa (CoV = 14.4%)
Compressive strength perpendicular to foy 237 MPa (CoV = 15.3%)
holes
Elastic modulus parallel to holes Emn 3452 MPa (CoV = 17.1%)
Elastic modulus perpendicular to holes Eny 1891 MPa (CoV = 18.0%)
Tensile strength fint 0.29 MPa (CoV = 14.5%)
Shear modulus G, 1622 MPa (CoV = 15.0%)

(*) Lower bound value provided by the producer.

values perpendicular and parallel to holes (f,, and f,y,, respectively)
shown in Table 2. Mean masonry compressive strength (f;,) has been
evaluated by means of three 750 X 750 x 80 mm® masonry wallets
tested perpendicularly (f;,,,) and three equal specimens tested parallel
(fun) to the holes according to the European standard [35]. Corre-
sponding Young modulus have been evaluated by means of the same
tests, and the related mean values are reported in Table 2. Mean ma-
sonry tensile strength (f.,) and shear modulus (Gy,) (see Table 2) were
also evaluated on three 1250 x 1250 x 80 mm® wallets, by means of
diagonal compression tests carried out according to the American
standard [36]. For each property, the CoV is also reported in Table 2.

2.3. Loading protocol, setup and instrumentation

The first specimen was tested under out-of-plane loading only. The
remaining three specimens were first damaged under in-plane actions
and, then, tested under out-of-plane loading. Therefore, the experi-
mental setup is made up of two main parts: the first one is related to the
application of the in-plane action (Fig. 2a); the second one is needed for
the application of the out-of-plane load (Fig. 2b).

About the IP action, the specimen was first rigidly fixed to the
strong floor of the laboratory by means of two steel stiff beams with pre-
stressed rods and horizontal steel constrains. Two stiff steel plates were
located at the top beam ends and were connected to each other by
means of pre-stressed rods. No axial load was applied on columns (as in
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Table 3
Imposed nominal in-plane displacement history.
Cycle 1P drift IP displacement N. of cycles per drift 1P level
# (%) (mm) ) #
1 0.1 1.97 3
2 0.2 3.93 3 1P;, (Low)
3 0.3 5.90 3
4 0.4 7.86 3 1Py (Medium)
5 0.5 9.83 3
6 0.6 11.79 3 1Py (High)

the companion experimental campaign by Ricci et al. [24]. Then a
hydraulic actuator — externally constrained to a rigid cantilever — ap-
plied a cyclic displacement history at one top beam end, according to
the pattern shown in Table 3, up to the “IP levels” IP;, IPy;, or IPy,
depending on the test, as better described in Section 3. Note that the IP
drift values reported in Table 3 are calculated as the ratios between IP
displacements and beam centreline distance from the top face of the
foundation beam. Note also that, even if higher values of in-plane drift
can be reached in design or analysis of infilled RC frames, these drift
levels are equal to those already adopted in the previously performed
experimental campaign [24] related to rectangular infills, for a sake of
comparison. In addition, these drift levels fall down within the typical
range of drift capacity values of thin hollow clay infills from Slight

loading points
(with spherical hinges)

S

(b)

Fig. 2. Experimental setup for in-plane (a) and out-of-plane (b) tests.
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Damage State (DS1) to Severe Damage State (DS3), as reported in De
Risi et al. [37] and Del Gaudio et al. [38].

About the OOP setup, an external steel frame was adopted as a re-
action frame for the hydraulic actuator that applied the OOP dis-
placements. Steel clamps were also used at the top of the beam to re-
strain potential OOP displacements of the RC frame during the OOP-
testing procedure. OOP increasing displacements were monotonically
applied with 0.02 mm/s increments. OOP load was applied by means of
four points/spherical hinges. The loading points were placed on the
infill’s diagonals, at a distance from both diagonal’s ends equal to one-
third of the diagonal length (as in [7,15,24,25]), as shown in Fig. 2b
and in Fig. 3. Additional details about the adopted setup can be found in
Ricci et al. [24].

Fig. 3 shows the instrumentation layout used during the tests to
monitor the IP and OOP responses. About the IP loading, two Linear
Variable Displacement Transducers (LVDTs) were located (in IP direc-
tion) at the beams’ centrelines to monitor the applied IP drift, and
constrained to external fixed points. Twelve horizontal LVDTs were
located (in OOP direction) all around the infill-concrete edges to
monitor eventual detachments. Five laser transducers — fixed to external
points — measured the OOP displacement at the centre of the panel and
at the points corresponding to the OOP load application. Two LVDTs
measured the OOP displacement of the top and bottom beams (at their
centreline) to deprive the total OOP applied displacement of eventual
displacements of the surrounding RC frame. An additional LVDT was
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finally located in the vertical direction on the top face of the upper 35 T T T T
beam; its measures will be discussed in detail in the next section. o0P
30 1
(¢] cracking
3. Experimental tests’ results o5 o peak |
[ end
In this section, the results of the experimental tests are shown and =
. >~ 201 1
commented. First, the response of the purely OOP test, used as a re- =
ference, is described in Section 3.1. Then, the combined IP/OOP tests 5 156 ]
for increasing IP damage level (from IP; to IPy, as introduced in U_o
Table 3) are analysed in Sections 3.2-3.4. For each test, the OOP force- 10 4 |
displacement response is shown, together with the OOP displacements
of the control points of the infill panel, the vertical displacement 5 _
measures of the top beam, and the evolution of the damage pattern. For
the combined IP/OOP tests, also the cyclic IP base shear-drift responses 0 " : . L
are reported and commented. 0 10 20 30 40 50
Each IP test ended at the attainment of the maximum nominal IP dOOP (mm)
drift target (see Table 4); whereas OOP tests were interrupted when the
test specimen presented an extensive damage level preventing a further Fig. 4. OOP force-displacement response of OOP test.
OOP pushing. Note that the maximum actual drifts achieved during the
IP tests were always lower than the maximum nominal drifts imposed Table 5
by the hydraulic actuator because of some “parasitic” displacements, “OO0P” test: OOP force-displacement characteristic points.
ma1n.1y dge to the reactllon cantll.ever d?formablhty.. Anyway, actual “«00pP” Cracking Peak End
applied displacements will be considered in the following analyses. The
comparison between nominal and actual drift levels is shown in Foop (kN) 20.12 29.46 13.41
Table 4. doop (mm) 2.09 5.98 23.04
Kgee (KN/mm) 9.62 4.93 -0.71

3.1. Pure OOP test

The first experimental test has been performed under OOP loading
only. Fig. 4 reports the experimental response in terms of OOP force
(hereinafter Foop) versus OOP displacement of the central point of the

Table 4
Main characteristics of the experimental tests presented herein.

Test ID Test typology Max nominal IP drift (%)  Max actual IP drift (%)
OOP OOP loading only  0.00 0.00
IP;-OOP IP/OOP loading 0.20 0.15
IPy-OOP  IP/OOP loading 0.40 0.28
IPy-OOP  IP/OOP loading 0.60 0.51
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infill panel (hereinafter referred to as doop). The main characteristic
points of this response are highlighted in Fig. 4 and reported in Table 5,
where K. represents the ratio between force and corresponding dis-
placement in the ascending part of the response. The secant stiffness at
the end of the test has been calculated by means of a linear interpola-
tion of the softening branch of the Foop-doop response from the peak
point to the last point of the response, imposing that the starting point
of the related softening line coincides with the peak point of the re-
sponse. Therefore, K. at the end of the test assumes a negative value.

After an initial elastic branch of behaviour up to Foop equal to about
7.5 kN, the initial stiffness slightly reduces up to a first visible cracking
of the infill, at Foop = 20.12kN and dpop equal to about 2mm
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Cracking

Fig. 5. Damage condition evolution for “OOP” test.

(Table 5). After this macro-cracking, the stiffness further decreases up
to the achievement of the OOP peak load, equal to 29.46 kN, at dpop
roughly equal to 6 mm (see Table 5). From macro-cracking to peak
strength, existing cracks become wider particularly in the centre of the
panel, as shown in Fig. 5. The damage conditions reported in Fig. 5
represent the condition of damage observed in three particular steps of
each test: (i) the first cracking in the panel, (ii) the achievement of the
peak load, (iii) the end of the test. Wider cracks are marked with thicker
lines. During the test, slight local damage of some tiles of the clay units
occurs at the infill-frame interfaces, as highlighted by the lines along
the edges in Fig. 5. No significant relative displacements between the
infill panel and the surrounding beam/columns were observed.

The peak point is followed by a very slight strength drop and an
almost constant strength branch until doop equal to 16.4 mm is reached,
characterised by the extension of the existing cracks throughout the
central portion of the infill panel. At doop = 16.4 mm a significant drop
of Fopp occurs (reaching Foop = 17.5kN), mainly due to the failure of
the vertical strength arching mechanism, as proved by the experimental
displacements provided by the vertical LVDT on the top face of the upper
beam (dy) shown in Fig. 6. Actually, dy progressively increases as the
vertical compressive arch strength mechanism develops within the infill
panel until the attainment of its failure due to the attainment of the
compressive masonry strength (at doop = 16.4mm dpop). After this
point, the vertical compressed arch suddenly unloads, and dy rapidly
decreases, together with Foop, until the end of the test. The test ended at
Foop equal to 13.41 kN and dpop = 23.04 mm (Table 5), corresponding
to a strength reduction equal to 54% with respect to the peak point.

The evolution of the OOP deformed shape of the infill panel from
macro-cracking to the end of the test (shown in Fig. 7) is obtained from
displacement measures provided by LVDTs along the infill edges and
laser transducers located on the panel. The deformed shape of the infill
panel appeared quite symmetric until the end of the test. Two pictures

35 T T r -
30} f
25
< 2
o
8 15
[Th
10
o cracking
5 o peak
¢ end
0 | | | I
0 0.2 0.4 0.6 0.8 1

d,, (mm)

of the finale damage state are shown in Fig. 8.

3.2. Test IP; — OOP

In this section, the IP;-OOP combined IP/OOP test is analysed. First,
the IP displacement history shown in Table 3 is applied until the IP;, level,
corresponding to a maximum IP nominal drift equal to 0.2% (IP dis-
placement, dip, equal to 3.93 mm). As mentioned before, due to the in-
plane setup deformability, an actual in-plane maximum drift equal to
0.15% (namely, 2.95mm) is achieved during the test. The cyclic IP re-
sponse (see Fig. 9a) appears quite symmetric. First visible cracks occurred
at Frp equal to +86.9/—88.0kN at +1.9/—2.1 mm of djp, involving some
clay units and mortar courses in the central part of the panel (see Fig. 10).
The IP test has been interrupted at a nominal drift of 0.2%, at Fp equal to
—92.0/+99.1 kN, right after the first IP macro-cracking. Therefore, the
damage state at the end of the IP test is very similar to damage state at first
IP cracking, as shown in Fig. 10. No softening branch of the IP response
can be observed, so that it can be argued that the IP peak load of the
infilled frame was not yet reached for this test.

After the IP test, the specimen is unloaded to begin the OOP testing
procedure. Fig. 9b reports the experimental response in terms of Foop
versus doop, together with its main characteristic points (cracking, peak
load, end of the test). The corresponding coordinates and damage states
are also shown in Table 6 and Fig. 10, respectively. Displacement
measures of LVDTy during the OOP test are shown in Fig. 11.

A first visible cracking on the infill panel is observed at
Foor = 16.15kN and doop equal to 3.50 mm (Table 6). After macro-
cracking, the stiffness gradually decreases up to the achievement of the
OOP strength, equal to 31.45kN, at doop = 10.43 mm (see Table 6).
From macro-cracking to peak strength, existing cracks become wider
and spreads particularly in the centre of the panel, as shown in Fig. 10.
Also during this test, slight local damage of some tiles of the clay units

1 T T T T

0.8

0.6

d,, (kN)
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Fig. 6. Vertical displacement of the top face of the upper beam for “OOP” test.

528



M.T. De Risi, et al.

2000
—O— cracking
1600 o peak
—<—end
€ I
é 1200
5
‘© 800 f
<
400 r

0 10 20 30 40 50
OOP displacement (mm)

Engineering Structures 189 (2019) 523-540

50 T T T T
——O— cracking

E 40 + ——0O— peak

S —0—end

5

g 30 -

©

o

o

220+

2

5

O 10+

0 : . =
0 400 800 1200 1600 2000
width (mm)

Fig. 7. Evolution of the OOP displacement of the infill panel for test “OOP”.

Fig. 8. End of “OOP” test.

occurs at the infill-frame interface, as shown in Fig. 10. No significant
relative displacements between the infill panel and the surrounding
beam/columns were observed.

The peak point is followed by a significant strength drop (reaching
Foop = 21.8kN), characterised by the extension of the existing cracks
throughout the central portion of the infill panel. Also in this case, the
significant OOP strength drop corresponds to the failure of the vertical
strength arching mechanism, as proved by the dy evolution shown in
Fig. 11. The strength drop is followed by an almost constant load branch up
to about 15.5 mm, while the vertical compressed arch is unloading. After
this point, dy rapidly decreases together with Foop, until the end of the test.
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OOP test was stopped at Foop equal to 12.69 kN and
doop = 20.78 mm (Table 6), corresponding to a strength reduction
equal to 60% with respect to the peak point. The final state of the
specimen is shown in Fig. 12.

3.3. Test IPy; — OOP

IPy-OOP combined test is analysed here. For this test, the IP dis-
placement history shown in Table 3 is applied until the IPy; level,
corresponding to a maximum IP nominal drift equal to 0.4% (IP dis-
placement, dp, equal to 7.86mm). Due to the in-plane setup

(b)

Fig. 9. IP (a) and OOP (b) force-displacement response of IP;-OOP test.
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Fig. 10. Damage condition evolution for IP;-OOP test (blue lines represent cracks appeared during the IP test, red lines during the OOP test).

Table 6

IP; -OOP test: OOP force-displacement characteristic points.
1P, — OOP Cracking Peak End
Foopr (kN) 16.15 31.45 12.69
doop (mm) 3.50 10.43 20.78
Ksee (KN/mm) 4.61 3.02 —2.04

deformability, the actual in-plane maximum drift achieved during the
test is equal to 0.28% (namely, 5.50 mm). The resulting cyclic IP re-
sponse is shown in Fig. 13a. It appears quite asymmetric in terms of Fp,
likely due to an asymmetric damage evolution during the imposed
displacement cycles. First visible cracks occurred at Fp equal to
+104.62/—55.34kN at +2.5/—1.2mm of dpp, mainly involving cen-
tral mortar courses and only few clay units (see Fig. 14). The IP test has
been interrupted at a nominal drift of 0.4%, at Fip equal to —104.0/
+142.6 kN. The final damage state shows the spreading of existing
cracks and the onset of new hairline cracks (Fig. 14). No softening
branch of the IP response can be observed; therefore, also in this case
the IP peak load of the infilled frame was not yet reached.

At the end of the IP test, the specimen is unloaded to begin the OOP
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testing procedure. Fig. 13b reports the experimental response in terms
of Foop versus doop, and its main characteristic points. The corre-
sponding coordinates and damage states are also shown in Table 7 and
Fig. 14, respectively.

A first visible cracking on the infill panel is observed at
Foop = 15.21 kN and dpop equal to 5.16 mm (Table 7). After the first
macro-cracking existing cracks become wider and spread particularly in
the centre of the panel; new cracks also appeared in the central portion
of the infill, as shown in Fig. 14. Slight local damage of some tiles of the
clay units occurs at the infill-frame interface (see red lines along the
interfaces in Fig. 14).

The tangent stiffness gradually reduces, becoming equal to zero at
Foop equal to about 22kN, where an almost constant branch starts
(from doop equal to 8.3 mm to about 15.5 mm). OOP strength (equal to
22.49kN) is achieved at doop = 12.86 mm (see Table 7). The peak
point is followed by a strength drop (up to Foop = 16.8kN), char-
acterised by the extension of the existing cracks throughout the panel,
including its upper and lower portions. The strength drop corresponds
to a significant dy reduction (which was increasing up to the peak load),
proving the failure of the vertical strength arching mechanism (see
Fig. 15). The strength drop is followed by a quite soft degrading up to
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Fig. 11. Vertical displacement of the top face of the upper beam for IP;-OOP test.
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Fig. 12. End of IP;-OOP test.
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Fig. 13. IP (a) and OOP (b) force-displacement response of IPy-OOP test.
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Fig. 14. Damage condition evolution for IPy-OOP test (blue lines represent cracks appeared during the IP test, red lines during the OOP test).
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Table 7

IP\-OOP test: OOP force-displacement characteristic points.
1Py, — OOP Cracking Peak End
Foop (kKN) 15.21 22.49 4.12
doop (mm) 5.16 12.86 47.53
Ksee (KN/mm) 2.95 1.75 —0.55

the end of the test, at doop = 47.53mm and Foop = 4.12kN (see
Table 7), corresponding to a strength reduction equal to 82% with re-
spect to the peak point. The final state of the specimen is shown in
Fig. 16.

3.4. Test IPy — OOP

The maximum IP nominal drift applied for this test is equal to 0.6%
(IP displacement, dip, equal to 11.79 mm). Due to the in-plane setup
deformability, the actual in-plane maximum drift achieved during the
test is equal to 0.51% (namely, 10.02 mm). The resulting IP cyclic re-
sponse is quite symmetric, as shown in Fig. 17a. A bi-linear response
can be clearly identified, with a first branch from the origin to the first
macro-cracking, and a second branch from the cracking point up to the
maximum achieved Fpp (at the last imposed displacement cycle). No
softening phase can be observed. The first visible cracks in some clay
units (see Fig. 18) occurred at Foop = +88.80/—94.19 and
doop = +2.02/—2.40mm. For increasing IP applied displacements,
first cracks become wider and new cracks developed throughout the
panel, together with some quite significant detachments between the
infill panel and the upper beam and the columns (Fig. 18). The IP test
has been interrupted at a nominal drift equal to 0.6%, at Fip equal to
—148.4/+151.9kN.

Then, the OOP testing procedure was applied, as for previous tests.
The resulting OOP response is shown in Fig. 17b, where also first OOP
macro-cracking, peak load and end of the test have been highlighted.

A first visible cracking on the infill panel and slight detachments
between infill and RC columns are observed at Foop = 11.61 kN and
doop equal to 7.49 mm (Table 8). After the first macro-cracking existing
cracks become wider and spread particularly in the centre of the panel;
new cracks also appeared in the central and in the top portions of the
infill, as shown in Fig. 18. Local damage of some tiles of the clay units
occurs at the infill-frame interfaces also for this test, more significant
due to the higher applied IP drift with respect to the previous tests.

The tangent stiffness gradually reduces up to OOP strength (equal to
19.21 kN) is achieved, at doop = 18.02mm (see Table 8). The peak
point is followed by a strength drop (up to Foop = 15.5kN), char-
acterised by the extension of the existing cracks throughout the panel
(Fig. 18). The strength drop corresponds to the beginning of the dy
reduction, which was increasing up to the peak load (see Fig. 19). The
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strength drop is followed by a quite soft degrading branch up to the end
of the test, at doop = 48.99 mm and Foop = 5.08 kN (see Table 8),
corresponding to a strength reduction equal to 74% with respect to the
peak load. The final damage state of the specimen is shown in Fig. 20.

3.5. Comparison and discussion

The experimental tests described in detail in the previous sections
are compared each other in this section, both in terms of IP and OOP
response (see Fig. 21).

About the IP tests, Fig. 21a shows the envelopes of the responses of
the three tests performed with different maximum nominal IP drift.
They appear very similar each other, especially in the initial phase and
in the positive direction (the first pushing direction). Actually, this
outcome was expected due to the nominally identical mechanical and
geometrical properties of all the specimens. Also first macro-cracking
due to IP actions appeared at very similar imposed drift levels. Max-
imum achieved in-plane base shear Fjp increases with the applied drift
from IP;-OOP to IPy-OOP; no degrading branches can be observed in
any in-plane test, as already highlighted in the previous sections.

Additionally, for the IP tests, a relationship between the observed
damage (see Figs. 10, 14, and 18) and Damage States (DSs) definitions
existing in the literature can be found. In particular, DSs definitions
proposed by Cardone and Perrone [39] are adopted herein, as recently
suggested in Del Gaudio et al. [38]. Based on these definitions, it can be
stated that DS1 (Slight Damage State) has been attained in tests IP; and
IPy;, at the end of the tests, due to the occurrence of slight diagonal
small cracks in the center of the panels. In test [Py, DS2 (Moderate
Damage State) can be considered reached at the end of the test, due to
the extension of previously born diagonal cracks and the localization of
damage units and wider cracks close to the top corners of the panel.

Fig. 21b shows the comparison of the OOP responses. First, it can be
noted that the “reference” test “OOP” (in black) is characterized by the
stiffest initial branch of the Foop-doop response, as expected due to the
absence of any IP damage for this test. Due to the increasing IP damage
from IP;-OOP to IPy-OOP test, this stiffness progressively reduces; in
tune, K. both at first-cracking and at peak load decreases when the IP
damage increases, as confirmed by data shown in Table 5, Table 6,
Table 7, and Table 8. The OOP displacement corresponding to the peak
load progressively increases with increasing IP damage; whereas,
maximum Foop generally decreases with increasing IP damage level, as
expected. The only exception to this trend is the IP;-OOP test, for which
maximum Fqop results slightly (about 7%) higher than maximum Foop
related to the “reference” IP-undamaged test. Given the very low IP
drift level and IP damage reached during this test, such an evidence can
be only attributed to an unavoidable experimental variability, generally
very pronounced for infill masonry walls, rather than to some ques-
tionable mechanical bases.

Finally, note that the post-peak behaviour of the OOP responses
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Fig. 15. Vertical displacement of the top face of the upper beam for IPy;-OOP test.
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Fig. 16. End of IPy;-OOP test.
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Fig. 17. IP (a) and OOP (b) force-displacement response of IPy-OOP test.
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Fig. 18. Damage condition evolution for IPy-OOP test (blue lines represent cracks appeared during the IP test, red lines during the OOP test).
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Table 8

IP;-OOP test: OOP force-displacement characteristic points.
1Py — OOP Cracking Peak End
Foop (kN) 11.61 19.21 5.08
doop (mm) 7.94 18.02 48.99
Ksee (KN/mm) 1.46 1.07 —0.48

seems to follow a common, quite soft, degrading branch, especially
after the peak load and the subsequent strength drop were achieved.

4. Assessment of the IP-undamaged specimen OOP strength

In this section, the pure OOP strength of the control specimen (OOP
test) is discussed. More specifically, the available literature formula-
tions allowing the assessment of the OOP strength are applied and their
results compared with the experimental test results. In addition, Dawe
and Seah [1]’s model is applied to obtain a prediction of the complete
force-displacement response of the specimen.

As reported in Section 4, the OOP strength of specimen “OOP” was
equal to 29.5 kN. The specimen slenderness, both in the vertical and in
the horizontal direction, is roughly equal to 23. This value, together
with the RC members’ cross-sections’ inertia, is compatible with the
formation of both horizontal and vertical arching resistance mechanism
according, e.g., to ASCE SEI 41/13 [40].

In the literature, formulations for the prediction of the OOP strength
of URM infills in which two-way arching action occurs are provided by
Dawe and Seah [1], Bashandy et al. [4], Flanagan and Bennett [6], Ricci
et al. [21].

The formulations by Dawe and Seah [1] and by Flanagan and
Bennett [6] are empirical and dedicated to infills under lateral uni-
formly distributed load. Hence, they are not applicable in the present
case.

Bashandy et al. [4]’s formulation is based on mechanical assump-
tions and has been adapted to the four-point loading condition by Di
Domenico et al. [23] as reported in Equation (1).

M
B = 16M,, | [ 2% 4 05w
max v 8 h Myv Xyh (1)

In Eq. (1), My is the infill resisting moment associated with vertical
(v subscript) and horizontal (h subscript) arching. It is expressed in
Nmm/mm and can be calculated as reported in Equation (2).

fn )2
Eméc 2)
In Eq. (1), f,, is masonry compressive strength expressed in N/mm?,

t is the infill thickness in mm, E is masonry elastic modulus in N/mm?,
€. is masonry limit strain calculated according to Eq. (3).
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In Eq. (3), L is the infill length in the considered direction (i.e., the
infill height for vertical arching or the infill width for horizontal
arching), t is the infill thickness.

In Eq. (1), xy is the OOP central displacement at the attainment of
the maximum possible contribution of vertical (v subscript) and hor-
izontal (h subscript) arching to the infill OOP resistance. It is expressed
in mm and can be calculated as reported in Eq. (4).

ot
Y Emee C)]

The application of Eq. (1) provides a predicted OOP strength equal
to 11.7kN for the in-plane-undamaged specimen “OOP”, with a sig-
nificant underestimation (—60%). It should be noted that Bashandy
et al. [4] themselves state that their formulation underestimates the
actual OOP strength of URM IP-undamaged infills and that it could be
used with better effectiveness for IP-damaged infills.

Ricci et al. [21]’s empirical formulation, reported in Eq. (5), was
derived based on an experimental database collecting infills laterally
loaded with both uniformly distributed and four-point loads. Hence, it
can be applied also in the present case.

tLSQ

— 0.35
Fpax = 1.95f%3 a5 ®)

In Eq. (5), f,,y is masonry vertical compressive strength expressed in
N/mm?, t and h are the infill thickness and height, respectively, ex-
pressed in m, A, which is equal to the infill width w times h, is ex-
pressed in mm?. This formulation provides and OOP strength equal to
26.6 kN, with a slight underestimation (—10%) with respect to the
experimental value.

Dawe and Seah [1] defined a mechanical model for the construction
of the entire OOP force-displacement response of URM infill walls. Such
model is based on the application of the Principle of Virtual Works and
allows accounting for the effect of the confining frame elements’ de-
formability on such response. The mechanical nature of the model al-
lows its application for infills under whichever loading condition.
Verderame et al. [2] described in detail the steps that must be per-
formed for the model application. Herein, the procedure is applied for
the “reference” specimen “OOP”.

First, a regularized and somehow idealized deformed shape, i.e., a
linear relationship between the OOP central displacement and the OOP
displacement of whichever point of the panel, must be set for the infill.
Clearly, this deformed shape should be reasonably defined based on the
real deformed shape exhibited during the test by specimen “OOP”.
Remember that, of course, the deformed shape of the infill changes
during the test, while the application of Dawe and Seah [1]’s model
requires the definition of a unique and non-evolving deformed shape.
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Fig. 19. Vertical displacement of the top face of the upper beam for IPy-OOP test.
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Fig. 20. End of IPy-OOP test.
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Fig. 22. Idealized deformed shape for specimen “OOP”.

The reference deformed shape is herein fixed based on the experi-
mental one exhibited at the attainment of peak load, due to the pre-
eminent importance of such condition in characterizing the response of
whichever structural or non-structural element. Note also that, actually,
the shape of the curves represented in Fig. 7 is quite independent on the
actual entity of the OOP central displacement. The experimental de-
formed shape of specimen “OOP” at the attainment of peak load along
vertical and horizontal alignments have been shown in Fig. 7. Based on
these deformed shapes, it seems reasonable to assume that the idealized
and regularized deformed shape of the infill can be described, within
the application of Dawe and Seah [1]’s model, by a square pyramid, as
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Fig. 21. Comparison among IP (a) and OOP (b) responses of the tested specimens.

shown in Fig. 22.
Herein, Dawe and Seah [1]’s model is applied under the hypotheses
of:

i. stiff confining RC elements; or
ii. deformable confining RC elements.

To be more specific, point ii. is applied in two ways: first, the RC
elements flexural stiffness is calculated based on the gross inertia of the
elements’ cross section; second, the RC elements flexural stiffness is
calculated based on a reduced inertia of the elements’ cross section to
account for the effects of concrete (and, potentially, steel rebars) non-
linearity. The reduction coefficient, equal to 0.35, has been determined
in order to obtain a predicted maximum deflection due to arching
thrusts of the RC frame upper beam equal to the experimental one,
which was read by LVDTy (see the instruments’ layout in Fig. 3) and
was roughly equal to 0.9 mm.

In Fig. 23, the experimental OOP force-displacement curve (black
line) is compared with the predicted OOP force displacement re-
lationship evaluated under three different assumption (i. — blue con-
tinuous line — and ii. with elastic — blue dashed line — and effective —
blue dotted line - stiffness of the RC elements). In the same figure, the
predicted relationship between the OOP central displacement and the
beam deflection is shown in the three cases and compared with the
experimental one.
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Fig. 23. Experimental and predicted OOP force-displacement relationship (a) and experimental and predicted OOP central displacement-beam deflection re-
lationship (b) for specimen “OOP”. The legend reported in the Fig. 23a applies also to Fig. 23b.

It seems from the comparison reported in Fig. 23 that the curve ob-
tained by considering stiff boundary elements is characterized by an
initial stiffness in good accordance with the experimental evidence.
Namely, the predicted initial stiffness is, in this case, 14.7 kN/mm, while
the experimental value is 15.6 kN/mm. However, the hypothesis of stiff
confining elements yields to a significant (+29%) overestimation of the
specimen strength, with a predicted value equal to 38.0 kN.

To obtain a more realistic prediction, it is necessary to account for
the frame elements’ deformability. In this case, the stiffness (both the
initial and the secant at maximum) of the specimen is underestimated
but the strength is very well caught in the case of elastic stiffness of the
confining members (with a predicted strength equal to 29.0 kN and an
underestimation error equal to less than 2%). However, in this case, the
maximum beam outward deflection is highly underestimated, as the
predicted value is 0.26 mm.

To obtain a more realistic prediction of the beam outward dis-
placement, an effective stiffness equal to 0.35 times of the elastic one is
assigned to RC members. Actually, this value seems to be too small, also
considering that the RC frame, in this case, has not been previously
damaged by IP actions. In this case, the predicted beam deflection is
equal to the experimental one, 0.9 mm, but the specimen stiffness and,
above all, strength is significantly underestimated, with a predicted
strength equal to 23.7 kN and an underestimation error equal to 20%.

Hence, the OOP strength of the specimen is very well caught by
Dawe and Seah [1]’s model if the effect of the deformability of RC
members, modelled as elastic, is considered. A summary of the strength
predictions obtained by applying the above-discussed models is re-
ported in Table 9.

It is worth to note, as shown in Fig. 24, that the application of the
same response model yields to a very good prediction of the experimental
response also of the rectangular specimen 80_OOP_4E by Ricci et al. [24],
with a very small overestimation of the OOP strength in the case of stiff
confining elements (+4%) and with a very small underestimation in the
case of deformable confining elements with elastic stiffness (—5%).

5. The influence of the aspect ratio on the IP/OOP interaction
effects

One of the main aim of the present research is the assessment of the
influence of the aspect ratio of the infill wall, i.e., the width-to-height

Table 9
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Fig. 24. Experimental and predicted OOP force-displacement relationship for
specimen “80_OOP_4E” by Ricci et al. [24].

ratio, on the entity of the IP/OOP interaction effects in terms of strength
reduction. To achieve this goal, four proper existing tests from literature
have been analysed together with the tests presented in the previous
Sections. More in details, four infill walls nominally identical for geo-
metric properties and materials used to those tested for this study, except
for the aspect ratio, were subjected to combined IP/OOP tests by Ricci
et al. [24]. Four infill walls with the same height (1830 mm) but with
width equal to 2350 mm and aspect ratio w/h equal to 1.28 were tested
in the OOP direction; three of them had been previously cyclically loaded
in the IP direction up to the attainment of the same three nominal drift
levels applied in the experimental campaign presented herein (0.20%,
0.40% and 0.60%). During the tests, given the setup slight deformability,
the actually attained drifts were equal to 0.16%, 0.37% and 0.58%. The
drift set herein investigated and that reported in Ricci et al. [24] still
remain comparable, as they are only slightly different.

Therefore, this section is dedicated to two main issues. First, the
combined IP/OOP tests’ results, together with those obtained on the
nominally identical rectangular infills by Ricci et al. [40], are compared
with the available formulations proposed in the literature for modelling
the IP/OOP interaction effects. Second, the potential deficient

Comparison of the experimental (exp) and predicted (pred) values of the OOP strength of specimen “OOP”.

Bashandy et al. Ricci et al. Dawe and Seah (Elgc= ) Dawe and Seah (Elgc = El,) Dawe and Seah (Elgc = 0.35ELy)
Predicted strength 11.7 kN 26.6 kN 38.0kN 29.0kN 23.7kN
exp/pred 2.52 1.11 0.77 1.02 1.24
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predictive capacity of such formulations is discussed at the light of the
comparison of the results of tests on square and rectangular infills and
with reference to the influence of the different aspect ratio on the entity
of the IP/OOP interaction effects.

In the literature, different relationships aimed at predicting the IP
displacement demand effects on the OOP response of URM infills have
been proposed.

The strength reduction factor R (IP damaged-to-IP undamaged
strength ratio) can be predicted by using Angel et al. [3]’s formulation,
which is reported in Eq. (6). In this case, R depends on the infill slen-
derness (h/t) and on the IP displacement demand (IDR) normalized
with respect to the IP displacement demand at the infill IP first visible
cracking (IDR¢;ack)-

IDR
1 <05
2IDRerack
R= IDR DR
[1.08 + (h/t)(—0.015 + (h/t)(—0.00049 + 0.000013(h/t)))]2PRcrack >0.5
2IDRerack
(6)

The value of the OOP strength degradation factor can be predicted
also by the [41] formulation, which is a function only of the value of the
infill slenderness (h/t), as reported in Eq. (7).

R = min(l.l( — M), 1)
55

The results of the comparison of the experimental data with the
predictions by Angel et al. [3]’s and NZSEE formulations are reported in
Table 10 and in Fig. 25. Note that the application of Angel et al. [3]’s
formulation is performed by assuming as IDR,.x for each specimen the
average of the positive and negative IDR value at the formation of the
first visible crack during IP tests. It can be observed that both for-
mulations are quite conservative. Additionally, neither of them ac-
counts for the infill aspect ratio. Fig. 25 also shows that the two ex-
perimental curves are not significantly different in the range of low/
intermediate IDRs, namely, when the IDR is normalized by means of
IDR,.ack the potential effect of the aspect ratio on the R factor seems to
be not present.

Further formulations for the prediction of the OOP strength reduc-
tion due to IP damage were proposed by Morandi et al. [14] and by
Verlato et al. [42] for URM thin and thick infills, respectively. The re-
lationship proposed by Morandi et al. [14], which was derived based on
Calvi and Bolognini [7]’s results, is more appropriate for the thickness
of the infills tested herein. Such proposal is reported in Eq. (8) in its
“stepwise” formulation and in Eq. (9) in its “linear” formulation. The
results of the comparison of the experimental data with the predictions
by Morandi et al. [14]’s formulations are reported in Fig. 26. Egs. (8)
and (9) represent an upper and a lower bound of the R factors registered
for Calvi and Bolognini’s tests up to an IP drift equal to 0.3%, which is
roughly corresponding to the attainment of Damage Limitation Limit
State. Actually, for very low drift values, the experimental R factors
related to the specimens tested in the present study are bounded by the
two curves proposed by Morandi et al. [14].

)

Table 10
Comparison of the experimental strength reduction factors with those predicted
by Angel et al.’s formulation and by [41] formulation.

IP; OOP 1P,;.O0P 1P O0P

IDR 0.15% 0.28% 0.51%

IDR rack 0.10% 0.09% 0.11%

IDR/2IDR rack 0.71 1.47 2.26

R (exp.) 1.07 0.76 0.65

R (pred. - Eq. (3)) 0.73 0.51 0.36 Mean median CoV
exp/pred 1.47 1.48 1.81 1.59 1.48 12%
R (pred. — Eq. (4)) 0.64 0.64 0.64 Mean median CoV
exp/pred 1.66 1.19 1.02 1.29 1.19 26%
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Fig. 25. Comparison of the experimental strength reduction factors with those
predicted by Angel et al. [3]’s formulation and by NZSEE [41] formulation.

1.2

—O— experimental (square)

1 O experimental (rectangular)
—O—— Calvi and Bolognini (2001)
0.8 predicted (stepwise formulation)
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X 0.6
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0
0 0.5 1
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Fig. 26. Comparison of the experimental strength reduction factors with those
predicted by Morandi et al. [14]’s formulations.

1.00 IDR < 0.30%
R =0.20 0.30% < IDR < 1.00%
0 IDR > 1.00% ®
1 — 2.67IDR IDR < 0.30%
R= 0.20 0.30% < IDR < 1.00%
0 IDR > 1.00% (C)]

If R experimental values for rectangular and square infills are
compared, a clear hierarchy among them is visible: R-values are higher
in the case of square infills, especially in the range of intermediate-high
IDRs values.

Another formulation to predict the OOP strength reduction R was
proposed by Ricci et al. [24], as reported in Equation (10). Table 11 and
Fig. 27 show the related predictions and the comparison with the ex-
perimental results presented herein, as well as with those associated
with the nominally identical rectangular infills.

R = min{0.14(IDR)~!12; 1.00} (10)

Table 11 and Fig. 27 also show that Ricci et al. [24]’s formulation
(which is derived from experimental results on infills similar to those
tested in this study, but also on other results proposed in the literature)
are quite good in predicting the effects of the IP/OOP interaction. A
slight error exists on the safety-side for the square infills, mainly be-
cause this empirical formulation was derived based on a dataset

Table 11
Comparison of the experimental force reduction factors with those predicted by
Ricci et al. [24]’s formulation.

IP; OOP 1P, OOP 1P OOP
IDR 0.15% 0.28% 0.51%
R (exp.) 1.07 0.76 0.65
(pred. - Eq. (7)) 1.00 0.58 0.30 mean median CoV
exp/pred 1.07 1.30 2.18 1.52 1.30 39%
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Fig. 27. Comparison of the experimental reduction due to the IP/OOP inter-
action of the OOP strength with those predicted by Ricci et al. [24]’s for-
mulations.

constituted only by rectangular panels with quite high aspect ratios
(ranging from 1.28 to 1.79).

Based on the above remarks, it is clear that the infill aspect ratio
cannot be neglected in the evaluation of the IP/OOP interaction effects
to avoid excessively safety-side results. As shown in Fig. 26 and Fig. 27,
square panels exhibited, at equal IP drift demand, less detrimental ef-
fects of the IP displacement demand on the OOP performance with
respect to rectangular panels for which concerns the OOP strength.
Note that the lower entity of IP/OOP interaction effects for panels with
lower aspect ratio was also assessed by means of numerical FEM ana-
lyses by Agnihotri et al. [13].

First, it is commonly recognised that the OOP strength reduction
associated with IP/OOP interaction effects is due to the IP damage.
Clearly, the entity of IP damage is strictly and mainly related to the drift
demand. However, it is reasonable to suppose that also infill geometric
and mechanical properties have some influence on the entity of da-
mage: e.g., it is expected that less slender infills are characterized by
lower damage than slender infills at identical IP drift demand, as
highlighted also by Angel et al. [3] and discussed by Morandi et al. [43]
based on Calvi and Bolognini [7] and on Morandi et al. [44] experi-
mental tests on thin and thick masonry infills, respectively. About the IP
damage, it is worth observing here the different damage states of rec-
tangular and square panels at the end of the IP tests. Such damage states
are reported in Fig. 28.

Fig. 28 shows that the square panels are significantly less damaged
than the rectangular ones at each drift level, but especially at inter-
mediate and intermediate-high displacement demand. In addition, Ricci
et al. [24] noted that, at intermediate-high IP drift level, some hollow
clay units were heavily damaged as their exterior tiles failed and
overturned. This circumstance did not occur for square panels. Under-
standing the reason of the lower damage experienced by square panels
and providing a mechanical demonstration for this issue is not
straightforward. Additionally, as reported in Hak et al. [45], square
infills should experience higher strain demand for the equivalent di-
agonal strut than rectangular infills at the same drift demand. Based on
this finding, square infills are expected to be more damaged than rec-
tangular infills at the same drift demand, contrary to the experimental
outcomes described above. A possible explanation can be derived by
analysing the experimental data, as reported below.

Fig. 29 shows the OOP central displacement of the specimens during
the IP tests for the rectangular panels and for the square panels for the
IP tests at the highest IP drift. The OOP displacement due to IP actions
results higher for rectangular panel. It could be possible that the IP
damage is, at least in part, due to OOP displacements produced by some
sort of potential buckling phenomenon involving the diagonal struts
forming in the infill thickness during IP tests. In this case, the higher
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damage for rectangular panels could be explained by a higher prone-
ness to this sort of buckling phenomenon with respect to square infills.
Clearly, further and ongoing studies are necessary to support and
confirm this possible explanation of the experimental evidence.

6. Conclusions and future developments

Nowadays, it is commonly recognized that the analysis of the be-
haviour of the masonry infills under out-of-plane (OOP) and in-plane
(IP) loading is paramount to correctly assess the seismic performance of
reinforced concrete (RC) frames. A very important issue about this topic
is certainly the IP/OOP interaction, namely the analysis of how the IP
damage, which affect infills during earthquake, can influence their OOP
behaviour and vice-versa. Some studies about this topic developed in
last years; nevertheless, only a dozen of tests — all on rectangular walls —
currently exist in the literature to experimentally explore this key issue.

This work first presented an experimental campaign carried out on
square infill walls in RC frames to investigate about the OOP behaviour
of the masonry infills and about the IP/OOP interaction. Then the in-
fluence of the infill aspect ratio (width (w)-to-height (h) ratio) on this
interaction is investigated by means of the comparison between data
presented herein and a companion experimental campaign previously
performed and presented in Ricci et al. [24], nominally identical except
that for the aspect ratio (w/h) of the infill (higher than the unit).

On the whole, four specimens have been tested under OOP mono-
tonic loading. Three of them were first damaged under cyclic IP actions,
with different extent; the remaining one (used as a reference) was tested
under OOP loading only.

The reference IP-undamaged infill, named “OOP”, is characterized,
as expected, by the highest OOP strength (29.5 kN) and by the highest
secant stiffness at first macro-cracking (9.62 kN/mm) and at peak load
strength (4.93 kN/mm). The OOP strength of the specimen are quite
well predicted by Ricci et al. [21]’s empirical formulation (with a re-
lative percentage error, e, equal to —10%), together with Dawe and
Seah [1]’s mechanical model if the (elastic) deformability of the sur-
rounding RC frame is taken into account (e equal to —2%).

For what concerns the combined IP/OOP tests, it was observed that
the OOP strength reduction due to IP damage was equal to —24% for
the specimen damaged up to an IP drift equal to 0.28% and to —35%
for the specimen damaged up to an IP drift equal to 0.51%. The spe-
cimen tested up to a very low IP drift equal to 0.15% exhibited a very
small (+7%) increase of the OOP strength most likely due to experi-
mental variability. Similar trends were observed for the other OOP
response parameters (i.e., secant stiffness and force at first macro-
cracking, secant stiffness at peak load).

Among the formulations proposed in the literature for the predic-
tion of the IP/OOP interaction, only the one by Ricci et al. [24] showed
quite good results in predicting this detrimental effect even if further
improvement of this prediction could be obtained if the influence of
some other parameters, e.g. the aspect ratio of the infills, was con-
sidered.

In fact, by comparing the results of the square panels with those
obtained on the companion tests on rectangular specimens, nominally
different from those presented herein only in terms of aspect ratio
(equal to 1.28 instead of 1.00), it was observed that at roughly same
drift demand, square and rectangular infills exhibit very different da-
mage states, with the rectangular ones more damaged than square ones.
This circumstance has some effects on the entity of the IP/OOP inter-
action, which is related more to the IP damage than to the IP drift.
Namely, at drift demand equal to 0.28%, the square panel exhibited a
strength reduction equal to —24% while the rectangular panel, at drift
demand equal to 0.37% exhibited a strength reduction equal to —52%;
at drift demand equal to 0.51%, the square panel exhibited a strength
reduction equal to —35%, while the rectangular panel, at drift demand
equal to 0.58%, exhibited a strength reduction equal to —73%.

This outcome (i.e., the more proneness of square infills to the IP/
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Fig. 28. Damage state at the end of IP tests for rectangular (a-c-e) and square panels (b-d-f) at low (a-b) intermediate (c-d) and intermediate-high (e-f) IP drift.
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Fig. 29. Envelopes of the OOP central displacement for rectangular and square
infills registered during the IP tests carried out up to the highest IP drift.

OOP interaction effects with respect to rectangular infills) was first
observed by Agnihotri et al. [13] through numerical FEM analyses, but
never confirmed by means of experimental tests. A possible explanation
of this outcome and, in tune, of the higher damage of rectangular infills
with respect to square infills, may be related to the OOP displacements
— and the consequent damage - registered during IP tests (which are
higher for rectangular infills than for square infills). However, it is
worth to note that the present study is the first one experimentally
investigating the IP/OOP interaction effects on square unreinforced
masonry (URM) infills in RC frames and to compare them with equal
rectangular infills. Future efforts are necessary to investigate the source
of the influence of the aspect ratio on the IP/OOP interaction effects.
Such efforts will be addressed to produce further experimental data on
square URM infills, which are essential to adequately enrich the cur-
rently “totally-rectangular” database and update the predictive for-
mulations proposed in the literature with the introduction of the infill
aspect ratio among the predictive parameters. This should be done in
order to account also for the above-demonstrated effects of the infill
aspect ratio on the results of whichever formulation aimed at modelling
the IP/OOP interaction effects and improve its predicting capacity.
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