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Abstract
The paper presents the results of an experimental investigation assessing the
influence of the openings typology and position on the cyclic response of
masonry-infilled reinforced concrete frames. The experimental program con-
sisted of seven 2/3 scale square frame specimens infilled with hollow clay bricks,
which were subjected to quasi-static lateral cyclic tests up to large drifts. A ref-
erence bare frame was also tested for comparison. The specimens included solid
infill walls, infills with door openings, and infills withwindow central and eccen-
tric openings. The experimental responses of the specimens were analyzed in
terms of strength, stiffness, energy dissipation capacity, and equivalent damp-
ing, and were compared to those of the reference bare frame and fully infilled
frame. Results revealed a significant modification of the resistingmechanisms as
a function of the typology and position of the openings with respect to the case of
a fully infilled frame, although the lateral resisting capacity was not substantially
modified. On the other hand, it was observed that the achievement of the limit
state thresholds occurred at substantially different interstorey drifts, indicating
different damagemetrics. Simple regression analyses, based on the experimental
results of this study and from the literature, were finally conducted to interpret
the modification of the peak force and of the corresponding drift as a function of
synthetic parameters defining the opening arrangement.
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1 INTRODUCTION

The decisive influence of masonry infills on the seismic performance of frame structures has been extensively stud-
ied through post-earthquake damage observations, experimental testing, and numerical simulations. These studies have
conclusively demonstrated that masonry infills significantly impact overall seismic performance parameters, including
strength, stiffness, ductility, and collapse modes. Therefore, the inclusion of masonry infills in seismic safety assessments
of existing structures and the design of new ones is imperative. In recognition of this, a significant number of researchers
have conducted extensive experimental investigations in this field over the past 50 years. In a recent paper, Huang
et al.,1 estimate 264 tests carried out on reinforced concrete and steel infilled frames loaded in-plane. Numerous valuable
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NOVELTY

∙ Infilled frames with central/eccentric window and door openings were cyclically tested up to large drifts to
assess their strength, stiffness, and energy dissipation with respect to bare and fully infilled frames.

∙ The dependence of the mechanical response on the typology and position of the openings was focused as well
as the development of alternative resisting mechanisms.

∙ Damage metrics indicating the reference limit state thresholds were reconsidered as a function of the opening
arrangement.

∙ Empirical expressionswere defined to interpret themodification of the peak response depending on the opening
typology.

experimental campaigns have been conducted in the field of reinforced concrete frames with solid infills, including those
by Mehrabi and Shing,2 Calvi and Bolognini,3 Al-Chaar,4 Papia et al.,5 Colangelo,6 Da Porto et al.,7 Cavaleri and Di
Trapani,8 Bergami and Nuti,9 Verderame et al.,10 and Morandi et al.11 These studies have contributed significantly to the
understanding of the behavior of reinforced concrete frames with solid infills under seismic loading. At the same time,
several attempts to reproduce the experimental responses by analytical and numerical approaches have been performed
using refined finite element micro-models (e.g., Mehrabi & Shing,12 Koutromanos et al.,13 Caliò & Pantò,14 Di Trapani
et al.,15 Milanesi et al.,16 Di Trapani et al.17), simplified equivalent strut macro-models (e.g., Bertoldi et al.,18 Panagiotakos
& Fardis,19 Dolsek & Fajfar,20 Rodrigues et al.,21 Di Trapani et al.,15 De Risi et al.,22 Liberatore et al.,23 Di Trapani24), or
multi-strut macro-models Chrysostomou et al.,25 El-Dakhakhni et al.,26 Crisafulli and Carr,27 Fiore et al.,28 Jeon et al.,29
and Di Trapani et al.30 Comprehensive dataset collections have been also provided by Huang et al.,1 Blasi et al.,31 and De
Risi et al.22
In recent decades, parallel studies have been undertaken to evaluate the impact of openings on the seismic response

of infilled frames. These studies have employed both experimental testing and numerical simulations to investigate the
behavior of steel and reinforced concrete infilled frames. The results of these investigations have demonstrated that, in
the case of door or window openings, infills are still capable of providing additional strength and stiffness, though this is
dependent on the opening percentage and location within the frame. Additionally, it is found that the size and location
of openings have a significant effect on the seismic performance of infilled frames. Available tests on infilled frames with
openings are significantly less than those made for solid ones (Mohammadi & Nikfar32), among these Dawe and Seah,33
Mosalam et al.,34 Tasnimi andMohebkhah35 tested one-storey steel-infilled frames, while most of the experimental works
focused on reinforced concrete infilled frames (e.g., Kakaletsis & Karayannis,36–38 Blackard et al.,39 Sigmund & Penava,40
Zhai et al.,41 Mansouri et al.,42 Morandi et al.,43 Basha et al.44). Full-scale reinforced concrete multi-storey frames includ-
ing both solid infills and infills with openings were also tested by Carvalho and Coelho,45 Al-Chaar et al.,46 and Stavridis
et al.47 In consideration of the results from the experimental tests, different authors provided empirical relationships to
effectively modify the equivalent strut approach to consider the strength and stiffness reduction due to the presence of the
openings. These analytical expressions generally related a reduction coefficient (r≤ 1) to a parameter that accounts for the
opening ratio with respect to the area of the entire infill wall. In most cases the ratio Ao/Ai was used, where Ao is the area
of the opening and Ai is the area of the infill. This reduction coefficient is applied to the width (w) of the equivalent strut
evaluated for a solid infilled frame. Among these approaches, it is worth mentioning those by Dawe and Seah,33 Durrani
and Luo,48 Papia et al.,5 Al-Chaar et al.,46 Asteris,49 Mondal and Jain,50 Tasnimi and Mohebkhah,35 Decanini et al.,51 and
Asteris et al.,52 while similar prescriptions are given by some technical standards such as ASCE/SEI 41-1353 and NZSEE.54
It has been well established through experimental and numerical studies that the type and position of openings within
infilled frames have a significant impact on the seismic response in terms of strength, stiffness, and collapse mechanisms.
However, the majority of existing empirical relationships used to model this behavior only take into account the open-
ing area as an input parameter, neglecting the influence of opening position and type on the seismic response of infilled
frames. This simplified assumption is a result of the limited understanding of the underlying damage mechanisms. As
such, further research is needed to develop more comprehensive models that take into account these factors. To achieve
this, a more detailed understanding of the damage mechanisms associated with infilled frames is necessary. This knowl-
edge can then be used to establish new analytical formulations that can be employed in the next generation of standard
building codes.
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TABLE 1 Typological and geometrical features of the specimens.

Specimen Scale
Type of
opening

Position
of the
opening Type of masonry

li
(mm)

hi
(mm)

lo
(mm)

ho
(mm)

ll
(mm)

lr
(mm)

ht
(mm) hb

BF 2:3 – – Bare frame – – – – – – – –
FIF 2:3 No opening No opening Hollow clay bricks 2200 2100 0 0 0 0 0 0
CW-F1 2:3 Window Central Hollow clay bricks 2200 2100 900 800 650 650 650 650
CW-F2 2:3 Window Central Hollow clay bricks 2200 2100 900 800 650 650 650 650
SW-F1 2:3 Window Eccentric Hollow clay bricks 2200 2100 900 800 200 1100 650 650
SW-F2 2:3 Window Eccentric Hollow clay bricks 2200 2100 900 800 200 1100 650 650
CD-F1 2:3 Door Central Hollow clay bricks 2200 2100 750 1650 725 725 450 0
CD-F2 2:3 Door Central Hollow clay bricks 2200 2100 750 1650 725 725 450 0

Focusing on reinforced concrete infilled frames with openings, this study provides an experimental investigation on the
influence of the opening typology and position on the lateral response of infilled frames. Seven 2/3 scaled square infilled
frame specimens arranged with hollow clay bricks have been subjected to quasi-static cyclic tests up to large drifts. The
specimens included solid infill walls, infills with door openings, and infillswithwindow central and eccentric openings. To
provide a comprehensive understanding of the impact of openings on the seismic response of infilled frames, an additional
bare frame specimenwas also tested as a reference. The hysteretic responses of the infilled frameswith openingswere then
compared to that of the bare frame and of the specimens with solid infills in terms of strength, stiffness, energy dissipation
capacity, failure mechanisms, and damage thresholds. The results were used to provide a deeper understanding of the
modification of the mechanical response of infilled frames with window and door openings, focusing particularly on the
overall response parameters and the damagemechanisms activated as a function of the typology of the openings and their
position within the infill. It was also highlighted that the damage metrics commonly adopted to assess the limit states of
solid infills need to be reconsidered in the case of window and door openings. The experimental results were collected and
analyzed alongwith available literature data to provide an empirical estimation of the expected peak responsemodification
(peak resistance and peak interstorey drift) of infilled frames with openings in comparison to fully infilled frames.

2 EXPERIMENTAL PROGRAM

2.1 Specimen details

The experimental program entailed subjecting eight 2/3 scaled specimens to a quasi-static cyclic loading protocol. The
specimens were designed according to the Chinese standard GB 50011-201055 and are representative of a sub-frame
extracted from a common three-storey residential building located in a moderate-to-low seismic hazard region. The eight
specimens included a bare frame, a frame with a solid infill and six infilled frames with openings. The detailed experi-
mental program is reported in Table 1. The geometric dimension of the specimens appearing in Table 1 refer to the scheme
depicted in Figure 1. The infills had a total dimension of 2200 × 2100 mm and were arranged with two wythes of hollow
clay masonry bricks (230 × 110 × 80 mm). The two wythes of masonry are made of brick layers arranged in parallel, alter-
natively along the layer length and along its thickness, in order to realize an effective transverse connection (Figure 2).
The adopted brick typology, as well as the arrangement of the masonry, is quite common in China and in the neighboring
countries of South Asia, such as Pakistan, India, and Iran. The mortar layers had a thickness of about 10 mm. The bricks
were unscaled with respect to the overall specimen’s scale (2/3), but they were small enough to consider the scale effects
to be negligible. The reinforced concrete frame used in all tests had the geometrical and reinforcement details depicted
in Figure 2. The specimens were built by casting the concrete frames first. The construction of the infills started after a
28-day curing period of the concrete. The arrangement of the infills provided filling the interfacemortar joints between the
masonry and the concrete frame to ensure contact during the tests. In this construction phase, special care was addressed
to filling the interface joint between masonry and top beam.
Infilled frames with openings consisted of 3 typologies, central window openings (CW), side window openings (SW),

and central door openings (CD). Two replicas of each typology (F1 and F2) were arranged. Geometrical schemes of the
infilled frame specimens are provided in Figure 3. The opening ratio (Ao/Ai) was 15.6% for the window openings and 26.8%



4 DI TRAPANI et al.

F IGURE 1 Reference geometrical parameters of an infilled frame with an opening in a generic position.

F IGURE 2 Reinforcement details of the frame and arrangement of the masonry (dimensions in mm).

F IGURE 3 Geometric details of specimens: (A) IF; (B) CW; (C) SW; (D) CD. Dimensions in mm.
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TABLE 2 Geometrical ratios of the infilled frame specimens with the openings.

Specimen A0/Ai (%) l0/li (−) h0/hi (−) xo/li (−) ht/hi (−)
CW-F1/CW-F2 15.6% 0.41 0.38 0.50 0.31
SW-F1/SW-F2 15.6% 0.41 0.38 0.30 0.31
CD-F1/CD-F2 26.8% 0.34 0.79 0.50 0.21

F IGURE 4 Brick units: (A) view from the top; (B) side view; (C) compressive test.

TABLE 3 Mechanical properties of materials.

Concrete ϕ 20 Steel ϕ 8 Steel Brick Mortar
Specimen fc (MPa) fy (MPa) ft (MPa) fy (MPa) ft (MPa) fb (MPa) fmr (MPa)
#1 13.78 441 638 488 620 10.5 5
#2 13.95 438 618 569 699 11.6 2.6
#3 13.33 431 668 423 646 12 3.4
#4 13.87 420 202 460 654 8.7 3.4
#5 13.65 491 616 432 570 13.2 4.4
#6 12.62 428 585 468 643 12.2 1.6
#7 26.9 3.8
#8 14.4 3.6
#9 14.6 2.3
#10 20.2 2.2
#11 2.5
#12 4.2
Mean 13.53 441.50 554.50 473.33 638.67 14.43 3.25
Std. Dev. 0.50 25.37 174.85 52.56 42.45 5.35 1.02
COV 4% 6% 32% 11% 7% 37% 31%

for the door openings. The eccentricity of the openings was defined as the ratio between the horizontal distance of the
center of the openings (xo) and the length of the infill (li) (eccentricity ratio). This ratio results in 0.5 for central openings.
The openings of specimen SWwere characterized by an eccentricity ratio of 0.3. Additional geometrical ratios identifying
the opening position within the infills are summarized in Table 2.

2.1.1 Material properties

Comprehensive material tests were carried out. Material tests included compressive tests on concrete 150 × 150 × 150 mm
cubes, mortar 50 × 50 × 50 mm cubes, tensile tests on steel rebars, compressive tests on bricks. Bricks had a 20% opening
percentage (Figure 4A,B). Compressive tests on bricks were carried out parallel to the direction of the holes (Figure 4C)
according to the ASTM C6756 standard. The results of the tests are reported in Tables 3 and 4. The average compressive
strength of the bricks (fb) resulted in 14.43 MPa.
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TABLE 4 Mechanical properties of the infill masonry.

Specimen Compressive tests parallel to the holes fm (MPa) Diagonal shear tests fv (MPa)
#1 3.00 0.352
#2 3.55 0.321
#3 3.52 0.395
Average 3.36 0.356
Standard deviation 0.31 0.04
Coeff. of variation 9% 10%

Average elastic modulus parallel to the holes Em (MPa) Average shear modulus Gm (MPa)
3730 318.8

2.2 Masonry properties

Three masonry prisms having dimensions of 900 × 750 × 230 mm were tested in compression according to the ASTM
E447-9757 standard. The tests were carried out along the direction of the holes of the bricks, which is orthogonal to
the mortar bed joints (Figure 5A). The average compressive strength of the masonry specimens (fm) was determined
to be 3.36 MPa. The average elastic Young’s modulus (Em) was 3730 MPa. A view of a masonry wall specimen at the
end of the tests is provided in Figure 5B. Compressive tests of masonry prisms orthogonally to the direction of the hole
were also carried out. However, the outcomes of these tests are omitted in this paper due to discrepancies stemming
from anomalies within the specimens. Despite these data inconsistencies, the horizontal resistance of the masonry
(fmh) can be estimated according to the Eurocode 6 formula as 75% of the vertical one. In addition, diagonal shear tests
were carried out on masonry wall specimens having dimensions 620 × 620 × 230 mm (Figure 6A). The tests allowed
evaluating the average shear resistance in absence of compressive loads by dividing the peak load by the diagonal
transverse area of the specimen, that is the diagonal length by the thickness of specimens. The shear resistance resulted
in fvm = 0.356 MPa, while the average shear modulus was Gm = 318.8 MPa. The normal stress versus normal strain (σ−ε)
and tangential stress versus angular deformation diagrams (τ−γ) were also obtained and are depicted in in Figure 7. For
both compressive and shear tests, limited variability of the peak strength was observed. In terms of strains, similar results
were obtained by the specimens tested in compression, while significant variability in terms of angular deformation was
recognized for specimens subject to shear test. This trend was justified by the abrupt formation of large cracks crossing
the measurement system reference points. However, this did not affect the evaluation of the peak shear strength, which
was affected by a low coefficient of variation (10%), that is in the same order of magnitude of that of the compressive
tests (9%).

F IGURE 5 Compressive tests on masonry prisms: (A) specimen at the beginning of the test; (B) specimen at the end of the test.
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F IGURE 6 Diagonal shear tests on masonry: (A) specimen at the beginning of the test; (B) specimen at the end of the test.
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F IGURE 7 Stress-strain responses from tests on masonry prisms: (A) compressive tests; (B) diagonal shear tests.

2.3 Test setup and instrumentation

All specimens were tested in the structural lab of the Zhejiang Technical University (Hangzhou, China). A scheme of
the test setup is shown in Figure 8A, while a picture of a specimen in the testing apparatus is provided in Figure 8B.
The horizontal lateral load was applied at mid-height of the beam by a double-action hydraulic actuator, connected on
one side to the reaction wall and on the other one to the steel beam with a hinged connection. The hydraulic jack had
a stroke of ± 250 mm and a nominal a load capacity of ±2000 kN. To transfer the horizontal force to the frame during
reverse loading cycles, a system of two steel plates and four prestressed rebars was applied to the steel beam. Additionally,
a concentrated vertical load was applied to the RC columns via two independent hydraulic jacks. The vertical load, which
was constant and equal to 390 kN, was applied using two vertical hydraulic jacks. The vertical load was transferred from
the jacks to the specimen via a horizontal steel beam, which was in contact with the columns of the frame via two steel
plates. These plates enabled the distribution of the vertical load to the columns (195 kN per column, corresponding to an
axial load ratio of 0.2) in a manner that replicated the effects of gravity loads.
To constrain vertical displacements and rotation, the foundation of the specimen was fixed to the strong floor with two

steel beams through 50 mm diameter high-strength threaded rods. To further prevent any lateral movement, the base
beam was braced against the reaction wall using an anti-slip device. Each specimen was subject to an imposed cyclic
displacement protocol of 30 cycles. Each cycle was repeated 3 times for each target displacement. The displacement test-
ing protocol is illustrated in Figure 9. The target displacements started by ± 10 mm and were increased by 10 mm after
completing each group of three cycles. Themaximum displacement achieved was 100mm. The corresponding interstorey
drift ranges from 0.47% to 4.7%. For all the tests, the lateral force versus top displacement response was recorded. The
displacement testing protocol is also illustrated in Figure 9.
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F IGURE 8 Test setup and instrumentation: (A) scheme of the test setup; (B) view of a specimen in the testing apparatus.
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F IGURE 9 Cyclic displacement testing protocol.

3 EXPERIMENTAL RESULTS

The results were analyzed and compared in terms of strength, stiffness, energy dissipation capacity, and damage evolution.
The study specifically investigated the influence of opening typology and position on the response, with a specific focus
on the modification of response in comparison to the bare frame and the fully infilled frame cases. The cyclic responses
of the specimens are depicted in Figure 10. A comprehensive analysis of the results revealed that all the infilled frame
specimens exhibited a significant modification of response in comparison to bare frame specimens, indicating a decisive
role of the infills. For both cases of infilled frameswith andwithout openings, an overall increase in stiffness and resistance
was observed. The peak and post-peak responses of the infilled frames were dependent on the specific test, indicating a
variable evolution during testing as function of the arrangement. Further interpretation of the test outcomes is provided
in subsequent sections.

3.1 Strength, stiffness, and displacement capacity

Figure 11A provides the backbone curves (positive and negative) for the different specimens where strength and stiffness
are more clearly observable. Strength and stiffness were evaluated on the average (positive and negative) backbone curves
(Figure 11B). The initial stiffness (K0) of the specimens was evaluated as the slope of the line joining the origin to the point
at the initial cracking stage, denoted by the first change of the slope. Table 5 summarizes the initial stiffness values, the
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F IGURE 10 Cyclic responses of the specimens: (A) bare frame (BF); (B) fully infilled frame (FIF); (C) central window (CW); (D) side
window (SW); (E) central door (CD).

ratios between the initial stiffness of the infilled frames and that of the bare frame (K0/KB0), and the ratios between the
initial stiffness of the infilled frames with the openings and that of the fully infilled frame (K0/KFI,0). As it can be observed,
the initial stiffness of the fully infilled frame was significantly higher (about 21 times) than that of the bare frame. The
presence of the openings produced an initial stiffness reduction of about 70% with respect to the stiffness of the fully
infilled frame. The stiffness of the infilled frames with openings was still higher by about 6 times than the BF stiffness. It
is noteworthy that, despite the different opening typologies and positions, the infilled frame specimens with the openings
showed similar initial stiffness. This was on average 27% of the initial stiffness of the fully infilled frame (Table 5 and
Figure 12).
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F IGURE 11 Envelope curves: (A) positive and negative envelopes; (B) average envelopes; (C) average envelopes of the infilled frames
subtracted of the bare frame contribution.

TABLE 5 Initial stiffness and initial stiffness ratios of the specimens.

Specimen K0 (kN/mm) K0/KB,0 (−) K0/KFI (−)
BF 3.3 – –
FIF 70.8 21.25 1.00
CW-F1/2 17.6 5.28 0.25
SW-F1/2 21.0 6.30 0.30
DW-F1/2 19.6 5.87 0.28
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F IGURE 1 2 Initial stiffness ratios of the infilled frames with respect to the bare frame and the fully infilled frame.

On the other hand, the fully infilled frame had a stronger stiffness decay at very low drifts. From Figure 13A it can be
observed that the secant stiffness of the FIF at 0.5% drift was about 20% of the initial one, while the infilled frames with
the openings were subjected to a stiffness reduction of about 50% for the same drift level. Figure 13A also shows that the
stiffness reduction trend of infilled frame specimens with openings was intermediate between the bare frame and the
fully infilled frame. The secant stiffness trend of the specimens is compared in Figure 13B,C. The latter are normalized
by the secant stiffness of the bare frame (KB) and of the fully infilled frame (KFI), respectively. It can be observed that
in correspondence with drifts larger than 1.2%, the stiffness of the CW and CD specimens was similar to that of the FIF.
In this drift interval, the stiffness increment with respect to the bare frame (K/KB) was limited in a range varying from
2.7 to 1.5. A different trend was followed by the infilled frames with eccentric openings (SW), showing a significant loss
of stiffness after 2% drift, which is consistent with a major damage accumulation. Similar considerations can be drawn
by observing the trends in Figure 13C, where the stiffness reduction of the SW specimens after 2% drift results are more
evident. As regards the CD specimens, the sudden increase of the ratio K/KFI after 4% drift denotes a larger ductility even
with very high drifts.
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F IGURE 13 Secant stiffness ratios at the different drift levels: (A) K/K0; (B) K/KB; (C) K/KFI.

TABLE 6 Peak and ultimate resistances and displacements of the specimens.

Specimen
Rpeak
(kN)

Rpeak
/RB,peak
(−)

Rpeak
/RFI,peak
(−)

Rult
(kN) dpeak

dr,peak
(%)

dpeak
/dB,peak
(−)

dpeak
/dFI,peak
(−)

dult
(mm)

dr,ult
(%)

dult
/dB,ult
(−)

dult
/dFI,ult
(−)

BF 86 1.00 – 73.1 60.0 2.86% 1.00 – 100 4.76% 1.00 –
FIF 178 2.07 1.00 151.3 31.0 1.48% 0.52 1.00 73 3.48% 0.73 1.00
CW-F1/2 163 1.90 0.92 138.6 49.0 2.33% 0.82 1.58 76 3.62% 0.76 1.04
SW-F1/2 152 1.77 0.85 129.2 28.0 1.33% 0.47 0.90 51 2.43% 0.51 0.70
DW-F1/2 142 1.65 0.80 120.7 40.0 1.90% 0.67 1.29 90 4.29% 0.90 1.23

(C)(B)(A)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

R pe
ak

 / R
B,

pe
ak

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

R pe
ak

 / R
FI

,,p
ea

kFu
lly

 in
fille

d (F
I)

Centra
l w

indow (C
W)

Sid
e w

indow (S
W)

Centra
l d

oor  (
CD)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

d pe
ak

 / d
B,

pe
ak

0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75

d pe
ak

 / d
FI

,p
ea

k

Fu
lly

 in
fil

led
 (F

I)
Ce

nt
ra

l w
in

do
w (C

W
)

Sid
e w

in
do

w (S
W

)
Ce

nt
ra

l d
oo

r  
(C

D)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

d ul
t / 

d B,
ul

t

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

d ul
t / 

d FI
,u

lt

Fu
lly

 in
fil

led
 (F

I)
Ce

nt
ra

l w
in

do
w (C

W
)

Sid
e w

in
do

w (S
W

)
Ce

nt
ra

l d
oo

r  
(C

D)
F IGURE 14 Resistance and displacement ratios of the infilled frames with respect to the bare frame and the fully infilled: (A) peak
resistance; (B) peak displacements; (C) ultimate displacements.

Table 6 reports the peak resistances (Rpeak), displacements (dpeak), interstorey drifts (dr,peak), ultimate resistances (Rult),
displacements (dult) and drifts (dr,ult) of the specimens. The ultimate displacements are evaluated as those associated with
an 85% reduction of the peak resistance. Table 6 also reports resistance and displacement ratios with respect to the bare
frame and the fully infilled frame. As regards the peak resistance, the fully infilled frame showed an increase of about two
times that of the bare frame. The peak resistancewas achieved at 1.48% drift, which is about half of the peak drift of the bare
frame. The peak resistances of the infilled frames with the openings did not show a significant reduction, ranging between
80% and 92% the FIF peak resistance (Figure 14A). However, some relevant differences can be recognized in terms of peak
and ultimate drifts. In fact, from Table 6 and Figure 14B, it can be observed that the specimens with central openings,
CW and DW, had a shifting of the peak drifts by +58% and +29% respectively, with respect to the FIF. On the contrary, a
reduction of the peak drift by−10%was observed for the specimens with eccentric openings (SW). As regards the ultimate
drifts, the FIF achieved an ultimate drift of 3.48%, namely 73% of that of the BF. The infilled frames with openings showed
significantly different post-peak trends (Figure 14C). In fact, while the CW specimens had an ultimate drift (3.62%) similar
to that of the FIF, the CD specimens showed an increase of 23%. On the contrary, the SW specimens had a 30% reduction
of the ultimate drift with respect to the FIF, denting a more brittle behavior. The above-referred considerations can be also
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recognized from Figure 11C, showing the contribution of the infills only, which is obtained by subtracting the bare frame
response from the overall responses of the infilled frames.
Based on the experimental data, several conclusions can be drawn. Firstly, it appears that infilled frames with openings

may be capable of developing alternative mechanisms for resisting loading, thus achieving peak resistances comparable
to the fully infilled frames. Secondly, the peak and ultimate drifts of infilled frames with openings exhibit substantial
variations depending on the opening arrangement. Specifically, central openings appear to have the effect of shifting the
peak and ultimate drifts in comparison to fully infilled frames, with central door specimens displaying a particularly
ductile behavior. In contrast, infilled frames with eccentric windows exhibited an earlier onset of peak response and a
steeper post-peak slope, indicating a more severe damage (SD) accumulation.

3.2 Energy dissipation

The energy dissipation was assessed by evaluating different energy-related parameters, namely the energy dissipation
per cycle (Wd), the cumulative energy dissipation (ΣWd), and the average energy dissipation per unit length (Wd/2δ).
The latter was obtained by dividing the energy dissipation per cycle by the total peak-to-peak displacement variation
for each cycle (2δ). Results are illustrated in Figure 15. All the infilled frame specimens dissipated far more energy than
the bare frame at each cycle (Figure 15A), independently from the presence of the openings. Moreover, the first cycle of
three repeated is characterized by large dissipation indicating degradation of the mechanical behavior (Figure 10). How-
ever, significantly different energy dissipation trends have been observed in the different cases. The fully infilled frame
dissipated more than all the other specimens up to 1.5% interstorey drift (Figure 15A,B). The average energy dissipation
per unit length of the FIF, was quite high at the lower drifts, but rapidly decreased up to 2% drift (Figure 15B). Beyond
this drift,Wd/2δ stabilized to constant value. Infilled frame specimens with central window and door openings showed
a much more stable trend. For these specimens, the average energy dissipation per unit length was initially significantly
lower than the FI specimen, but it remained approximately constant from 1 to 3.5% drift. In this range, the CW spec-
imen showed approximately double energy dissipation capacity of the CD. This is also evident in terms of cumulative
energy dissipation (Figure 15C). It is also noteworthy to observe that beyond 1.5% drift, the CW specimen dissipated more
energy than the FIF (Figure 15B). A different response was recognized from the specimen with the eccentric window
(SW). The latter had a similar energy dissipation capacity to the CW specimen up to 1.5% drift (Figure 15B). Beyond this
point, the energy dissipation constantly decreased. Finally, observing cumulative energy dissipation curves in Figure 15B,
and considering the average monotonic envelopes shown in Figure 10B, it can be generally noted that specimens having a
higher stiffness (FI and SW), and so subjected to earlier damage, showed also higher energy dissipation at the lower drifts,
while this was reduced when the displacement demand increased. Conversely, specimens having lower initial stiffness
(CW and CD), showed a stable energy dissipation capacity, that was maintained even in correspondence with high drift
demands.
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F IGURE 15 Energy dissipation: (A) energy dissipation per cycle; (B) average energy dissipation per unit length; (C) cumulative energy
dissipation.
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F IGURE 16 Equivalent viscous damping: (A) equivalent viscous damping per cycle; (B) average equivalent viscous damping at different
drifts.

The equivalent viscous damping (ξeq) at the different cycles was also evaluated as:

𝜉𝑒𝑞 =
𝑊𝑑

2𝜋(|𝑊+
𝑒 | + |𝑊−

𝑒 |) (1)

where Wd is the dissipated energy per cycle, and 𝑊+
𝑒 and 𝑊−

𝑒 are the elastic energy at the positive and negative peak
displacements, respectively. Results for each cycle are illustrated in Figure 16A, while the average 𝜉𝑒𝑞 values per cycle are
reported in Figure 16B as a function of the interstorey drifts. The data presented in Figure 16 demonstrate that while the
bare frame experienced a steady increase in between 2% and 6% drifts, the infilled frame exhibited a distinct behavior. As
amatter of fact, 𝜉𝑒𝑞 values evaluated for the infilled frames showed a trend characterized by a first decrease up to 2%−2.5%
drifts, followed by an increase at higher drift levels. The average values of 𝜉𝑒𝑞 for the FI, CW, and SW specimens were
relatively similar at equivalent drift levels, primarily falling between 3.8% and 6%, while the CD specimen exhibited lower
values in the range of 2.5%−4.5%.

4 DAMAGE ANALYSIS

The infilled frame specimens exhibited distinct patterns of damage, as a function of the type and position of the open-
ings. Through the examination of the test results, specific damage mechanisms were identified for each specimen. These
mechanisms are further discussed below to provide a more detailed understanding of the variations in strength, stiffness,
and energy dissipation capacity that were previously observed.

4.1 Fully infilled frame specimen (FIF)

The test results inspection revealed that the initial light cracking of the infill and its separation from the surrounding
frame occurred relatively early, at a drift level of 0.62%. The peak resistance was reached at 1.48% drift (Figure 17A).
The damage pattern showed diagonal-stepped cracks due to the mortar joints sliding, without any significant damage
to the bricks. This sliding mechanism persisted through large drift levels, resulting in the formation of alternative slid-
ing crack patterns. This behavior is consistent with the ability of the specimen to maintain good energy dissipation
capacity, as it does not exhibit significant post-peak resistance losses. The collapse displacement was reached at approx-
imately 3.5%, where the largest strength reduction was recognized. The damage pattern at collapse showed extensive
sliding of mortar joints, as well as localized crushing of the bricks at the upper-right corners and the middle of the infill
(Figure 17B). Additionally, moderate shear and flexural cracks were identified at the mid-height and at the top of the
columns. These observations allow singling out fourmain compression stress field characterizing the damagemechanism
(Figure 17B).
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F IGURE 17 Damage patterns for the FIF specimen (positive and negative pushing): (A) at peak displacement; (B) at collapse.

4.2 Central window specimens (CW)

The initial light damage of the infill was delayed with respect to the FIF, occurring at approximately 0.95% drift. The
damage pattern up the peak resistance (2.33% drift) (Figure 18A) showed combined flexural and shear cracks, alterna-
tively affecting the portions of masonry at the left and at the right of the openings when the specimen was pushed in
the positive and the negative direction. Beyond the peak displacement, a progressive reduction of resistance was recog-
nized. The latter was associated with the increase of the shear damage, accompanied by wider cracks. The collapse drift
(3.62%) was similar to that of the FIF. However, the damage at collapse (Figure 18B) was mainly localized on the por-
tions of masonry at the left and the right of the opening. The initiation of shear cracks at the mid-height of the columns
highlights that the main compression stress fields pass around the central opening (Figure 18B), producing a shifting
of the shear demand along the columns. The presence of the central opening showed to affect more the stiffness than
the resistance and the energy dissipation capacity, highlighting the effectiveness of the damage mechanism alternatively
developed.

4.3 Side window specimens (SW)

The initial damage of the infill occurred at about 0.48% drift. The damage mechanism was quite different with respect to
the case with the central openings. The portion of the wall at the right of the opening resulted quite squat and stiff, polariz-
ing a large amount of the lateral force. This resulted also in an earlier achievement of the peak displacement at 1.33% drift,
which is significantly less that the CW (2.33%), and similar to the FIF (1.48%). The damage pattern up at the peak displace-
ment (Figure 19A) already showed significant shear cracks concentrated in the masonry pier at the right of the opening,
while no significant damage affected the remaining parts of the infill and of the frame. After the peak displacement, a rapid
loss of strengthwas observed. The latterwas associatedwith progressive damage of the rightmasonry pier, characterized by
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F IGURE 18 Damage pattern for the CW specimen (positive and negative pushing): (A) at peak displacement; (B) at collapse.

F IGURE 19 Damage pattern for the CW specimen (positive and negative pushing): (A) at peak resistance; (B) at collapse.
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diffuse crushing of the bricks up to the collapse, whichwas achieved at 2.43% drift (Figure 19B). The examination of the test
results revealed the presence of moderate cracks on the frame at the top and bottom of the columns. Additionally, flexural
crackswere observed at approximately one-third of the height of both the left and right columns. Some initial signs of shear
damagewere also identified at themid-height of the left column, which suggests the potential activation of a short column
mechanism. The damage observed on the frame and infill is consistent with themain compression stress fields depicted in
Figure 19B.

4.4 Central door (CD)

The initial damage on the infill was significantly delayed with respect to the other specimens, occurring at about 1.33%
drift. The observed damage mechanism was essentially flexural because of the pronounced slenderness of the masonry
piers at the left and at the right of the door opening. The peak resistance was achieved at 1.90% drift. The peak damage
pattern (Figure 20A) was characterized by flexural cracks crossing the mortar joints at the top and at the bottom of the
masonry piers, evidencing a rocking behavior. The post-peak response was characterized by an amplification of the rock-
ing mechanism, with a moderate increase of damage and a slight reduction of resistance denoting a pronounced ductile
behavior. The collapse occurred at a very high drift (4.52%). The damage pattern showed localized crushing of the bricks
at the base of the masonry piers and at the bottom of the beam (Figure 20B). Moderate shear cracks were recognized on
the frame at the top of the columns and also in their central portion. The latter, as well as the damage on the infill, are
consistent with the compression stress fields illustrated in Figure 20B.

F IGURE 20 Damage pattern for the CD specimen (positive and negative pushing): (A) at peak resistance; (B) at collapse.

4.5 Individuation of the limit states thresholds

The definition of damage-based reference limit states for reinforced concrete infilled frames has been provided by different
authors (e.g., Morandi et al.,43 Cardone and Perrone,58 Chiozzi andMiranda,59 Di Trapani et al.60), although the proposed
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drift limits are conflicting in some cases, as it is common with observational metrics. Three reference limit states have
been identified to classify the observed damage states: damage limitation (DL), SD, and collapse prevention (CP).
The DL limit state was determined when the masonry infill detached from the frame, resulting in the formation of light

cracks along the infill-frame interface. Additionally, diagonal light cracking of the mortar joints was observed, while no
significant damage was identified on the bricks or the frame. At this damage level, the infill could typically be repaired
through localized plastering and painting without significant structural implications.
The SD limit state was characterized by the formation of additional larger cracks along the mortar joints and bricks.

Localized crushing of the bricks was also observed (such as at the corners or in the middle of the infills), and moderate
cracks were also identified crossing the frame members. At this damage level, the out-of-plane stability of the infill was
partially compromised. The infill could be repaired through reinforcement interventions, such as the application of a
reinforced plaster, after the replacement of the crushed bricks.
The CP limit state was reached when the infill experienced an advanced damage state. This was characterized by the

presence of large cracks crossing the infill, extensive crushing of the bricks, and in some cases, partial or total collapse
of portions of the masonry. Cracks were also clear in the frame members, and the out-of-plane stability of the infill was
significantly compromised. At this damage level, replacement of the infill would be more appropriate than attempting to
repair it.
Reference pictures of the damage patterns associated with the achievement of each limit states for the infilled frame

specimens are illustrated in Figure 21.
The interstorey drifts associated with the achievement of the different limit states for the specimens are reported in

Table 7. In Figure 22, the recognized limit state thresholds are reported on the average envelope curves. The presence,
type, and position of the openings have a significant impact on the drift at which the limit states occur. In general, it
can be observed that the specimens with an eccentric opening achieved the limit state thresholds at significantly earlier
drifts compared to the fully infilled frame. Conversely, the CD specimen showed a noticeable delay of all the damage
thresholds. An intermediate trend was observed for the CW specimen, showing a delay of the DL and anticipation of SD
and CP limit states. It is not possible to generalize about the interstorey drifts associated with the different limit states.
However, the general trend outlined in this study indicates that masonry infills with openings realized in such a way
to form slender masonry piers at the sides undergo a delay of damage because of the activation of a flexural, or mixed
flexural-shear, mechanism. Conversely, if the openings form squat masonry piers at their sides, the achievement of the
limit state thresholds will occur earlier due to a greater susceptibility to shear damage. The geometrical arrangement of
the openings plays a critical role in this context.

5 EMPIRICAL ANALYSIS OF THE PEAK RESPONSE OF INFILLED FRAMESWITH
OPENINGS

The experimental results from this and previous studies have consistently shown that the response of infilled frames
is greatly influenced by the type and position of the openings. As previously discussed, masonry infills with openings
may develop alternative mechanisms for resisting lateral loads. In general, an increase in the opening ratio was found to
be associated with a decrease in initial stiffness, peak resistance, and a forward shift of the peak displacement. Table 8
collects data from 34 experimental tests on infilled frames with window and door openings by 8 experimental studies
(including the current one), and that of the respective fully infilled frames. Response parameters collected refer to the
experimental averages of peak force and displacement values from the positive and negative envelopes. The latter are the
average peak resistances (Rpeak) and the average peak interstorey drifts (dr,peak). Additionally, the ratios Rpeak/RFI,peak and
dr,peak/drFI,peak were evaluated. They represent the previously defined parameters normalized by the same evaluated for
the respective fully infilled frame. Finally, the peak strength reduction factor with respect to that of the fully infilled frame
(r) was evaluated as:

𝑟 =
Δ𝑅𝑝𝑒𝑎𝑘

Δ𝑅𝐹𝐼,𝑝𝑒𝑎𝑘
=

𝑅𝑝𝑒𝑎𝑘 − 𝑅𝐵𝐹,𝑝𝑒𝑎𝑘

𝑅𝐹𝐼,𝑝𝑒𝑎𝑘 − 𝑅𝐵𝐹,𝑝𝑒𝑎𝑘
(2)

where RBF,peak is the peak resistance of the bare frame. Table 8 also reports the geometric ratios Ao/Ai, l0/li and ho/hi
characterizing the openings for the different specimens. The dataset presented in Table 8 has been used to study the
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F IGURE 2 1 Damage patterns associated with the limit states for the infilled frame specimens.

TABLE 7 Percentage drift associated with the limit states for the specimens.

Specimen dr,DL (%) dr,SD (%) dr,CP (%)
FIF 0.62% 2.62% 3.76%
CW-F1/2 0.95% 2.14% 2.86%
SW-F1/2 0.48% 1.19% 2.14%
DW-F1/2 1.33% 2.86% 4.29%
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correlations between the geometry arrangement of the openings and the expected modification of the peak response
parameters.
Data from specimens with window and door openings have been analyzed separately. Correlations were aimed at the

estimation of both the peak strength reduction factor (r) and the peak drift increment factor (dpeak/dIF,peak). Two different
estimators (A and B) were defined to correlate the geometric parameters Ao/Ai, l0/li and ho/hi to the peak strength reduc-
tion factor of the infilled frames with the door and the window openings. The functionals of the estimators were defined
by setting a nonlinear combination of the geometric parameters characterizing the openings in such a way to obtain the
maximum possible determination coefficient of the regression model. The finally obtained estimators have the following
form:

𝐴 = 1.5

(
𝐴𝑜

𝐴𝑖

)1.7

+ 1.6

(
𝑙𝑜
𝑙𝑖

)1.7

(3)

𝐵 =

(
𝐴𝑜

𝐴𝑖

)2

+ 0.5

(
ℎ𝑜
ℎ𝑖

)2

(4)

It was found that in both cases the overall opening ratio (Ao/Ai) played a major influence on the reduction of the peak
resistance. However, because of the different lateral resisting mechanisms activated in the cases of the window or door
openings, the strongest correlations were found combining Ao/Ai with the horizontal opening ratio (lo/li) and the vertical
opening ratio (ho/hi), for infills with window and door openings respectively (Figure 23A,B). Infills with windows mainly
involved damage to the masonry piers at the sides of the opening. In this framework, the horizontal opening ratio (lo/li)
provided an effective measure of the available transverse resisting area of the infill. With regards to infills with doors, the
resisting mechanism still relied on the masonry piers at the sides of the opening, however, the lateral resisting capacity
provided by the infill was substantially affected by the degree of coupling of the piers, which was ensured by the lintel
above the door. Therefore, considering the vertical opening ratio (ho/hi), significantly improved correlation with the r
factor. (Figure 23B). The regression models provided in Figure 23 are limited by the values r = 1.
The peak drift modification due to the presence of the openings was also analyzed. In this case the peak strength reduc-

tion factor rwas assumed as estimator, as this parameter can effectively summarize the effect of the opening size, typology,
and position (Figure 24A,B). It could be generally recognized that the infilled frames with openings were subjected to a
major increase in peak drift when the net resistance ratio decreased because of the openings. The analytical expression
used to fit data in Figures 23 and 24 are here used to provide a rough estimation of the overall trend. Amore robust analysis
of data would be desirable to provide more accurate predictive equations.
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F IGURE 2 3 Peak resistance modification as a function of the opening ratio: (A) window openings; (B) door openings.
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F IGURE 24 Peak drift modification as a function of the net resistance ratio: (A) window openings; (B) door openings.

6 CONCLUSIONS

This paper presented the results of an experimental investigation involving seven 2/3 scale infilled frames constructed
with hollow clay brick masonry and subjected to quasi-static cyclic lateral loading. The specimens included solid infills as
well as infills with door and window openings, with central and eccentric configurations. The influence of the type and
position of the openings on strength, stiffness, and energy dissipation capacity was analyzed. The damage mechanisms
associated with each configuration were also studied, as well as the achievement of relevant limit states. Literature data
regarding previous experimental tests on infilled frames with openings were collected and combined with the results of
the current experimental campaign, to evaluate the dependence of the peak response on the opening arrangement of an
infilled frame. Based on the obtained results, the following conclusions can be drawn:

1. Openings in masonry infills significantly modify the overall response with respect to the case of fully infilled frames.
A strong infill-frame interaction is still recognized because of the development of alternative resisting mechanisms.

2. The tested infilled frames with openings had lower initial stiffness (−70%) with respect to that of the fully infilled
frame. However, the initial stiffness of the infilled frames with openings was still 6 times higher than that of the bare
frames. Infilled frames with openings had however a lower stiffness decay so their secant stiffness became similar to
that of the fully infilled frames after 0.5% drift.

3. The opening typology and position conditioned the initial stiffness and the secant stiffness during the tests. Infills
with eccentric openings were stiffer, but at the same time they suffered a significant post-peak stiffness decay. Infills
with central door openings had lower initial stiffness but also showed reduced secant stiffness decay, even with high
interstorey drifts. An intermediate behavior was observed in case of central window openings.
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4. The peak resistances of the infilled frames with the opening ratios considered in this experimental campaign did not
show significant reductions with respect to the fully infilled frame case. Their peak resistance ranged between 80%
and 92% of the FIF peak resistance, meaning that alternative resisting mechanisms could develop despite the different
geometrical arrangements.

5. Peak and ultimate drifts are substantially affected by the presence of openings. Specimens with central openings, CW
and DW, showed a shifting of the peak drifts by +58% and +29% respectively, while the ultimate drifts were similar to
that of the FIF. Conversely, a reduction of the peak drift by −10% and of the ultimate drift by −30% was recognized
for the specimens with eccentric openings (SW), denoting that opening eccentricity may result in an anticipation of
damage initiation and evolution.

6. Regardless of the location of the openings, all infilled frame specimens demonstrated a significantly higher energy dis-
sipation capacity compared to the bare frame. Specifically, those with eccentric openings exhibited a higher dissipation
rate during the initial cycles, while those with central openings displayed a more consistent dissipation capacity, even
in the presence of significant drift.

7. The observed damage patterns have shown substantially different damage mechanism development as a function of
the typology and position of the openings. It was recognized that masonry infills with openings realized in such a
way to form slender masonry piers at the sides delayed the achievement of the damage thresholds because of the
activation of a flexural, or mixed flexural-shear mechanism. On the contrary, openings forming squat masonry piers
at their sides advanced the achievement of the limit state thresholds, because of larger propension to shear damage.
In general, limit state drifts conventionally adopted for fully infilled frames are not valid in the case of infills with
openings.

8. Some empirical expressions were used to fit data regarding the modification of the peak response as a function of
the opening arrangement. The geometrical opening ratios showed to play a major role in the estimation of the peak
response. However, a more robust regression analysis, including also mechanical variables would be desirable to arrive
at more accurate predictive equations.
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