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Abstract. The in-situ pushover test differs from the shake-table test because it is performed outdoors and thus its size is not
restricted by space, which allows us to test a full-size building. However, to build a new full-size building for the test is not
economical, consequently scholars around the world usually make scale structures or full-scale component units to be tested in
the laboratory. However, if in-situ pushover tests can be performed on full-size structures, then the seismic behaviors of
buildings during earthquakes can be grasped. In view of this, this study conducts two in-situ pushover tests of reinforced
concrete (RC) buildings. One is a masonry-infilled RC building with openings (the openings ratio of masonry infill wall is
between 24% and 51%) and the other is an RC building without masonry infill. These two in-situ pushover tests adopt
obsolescent RC buildings, which will be demolished, to conduct experiment and successfully obtain seismic capacity curves of
the buildings. The test results are available for the development or verification of a seismic evaluation model.

This paper uses ASCE 41-17 as the main evaluation model and is accompanied by a simplified pushover analysis, which can
predict the seismic capacity curves of low-rise buildings in Taiwan. The predicted maximum base shear values for masonry-
infilled RC buildings with openings and for RC buildings without masonry infill are, respectively, 69.69% and 87.33% of the
test values. The predicted initial stiffness values are 41.04% and 100.49% of the test values, respectively. It can be seen that the
ASCE 41-17 evaluation model is reasonable for the RC building without masonry infill walls. In contrast, the analysis result for
the masonry infilled RC building with openings is more conservative than the test value because the ASCE 41-17 evaluation
model is limited to masonry infill walls with an openings ratio not exceeding 40%. This study suggests using ASCE 41-17’s
unreinforced masonry wall evaluation model to simulate a masonry infill wall with an openings ratio greater than 40%. After
correction, the predicted maximum base shear values of the masonry infilled RC building with openings is 82.60% of the test
values and the predicted initial stiffhess value is 67.13% of the test value. Therefore, the proposed method in this study can

predict the seismic behavior of a masonry infilled RC frame with large openings.
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1. Introduction

Given that in-situ pushover tests are performed
outdoors, the size of the test is not limited by the location.
Consequently, a full-size building can be used, which is the
most direct way to capture the behavior of a structure.
However, to build a new full-size building for testing is not
economical, consequently scholars around the world usually
make scale structures or full-scale structural components for
testing in the laboratory. Currently, reinforced concrete
(RC) buildings are the most common structures. However,
owing to the need for lighting, ventilation, and accessibility
for this type of building, it is necessary to construct a brick
wall on the column side to assist the door and window
configuration. Consequently, RC buildings with masonry
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infill and openings are formed.

During earthquakes, masonry infill walls with openings
can provide lateral force and initial in-plane stiffness for the
frames. However, the columns are easily damaged by brick
walls and the columns cannot achieve their full potential
seismic capacity. A photo of an example of this sort of
damage is shown in Fig. 1.

If engineers conducting analysis ignore the existence of
masonry infill walls with openings, then it is easy to
underestimate the lateral force and overestimate the
toughness of RC buildings. To understand the seismic
behavior of RC buildings with masonry infill and openings,
many studies have conducted tests on scaled-down in size
RC frames with masonry infill and openings in the
laboratory. These tests relate to single-span single-story
buildings (Kakaletsis and Karayannis 2007, Kakaletsis and
Karayannis 2008, Asteris ef al. 2011, Sigmund and Penava
2012, Mansouri et al. 2013, Bergami and Nuti 2015, Okail
et al. 2016, Tekeli and Aydin 2017, Wang et al. 2019,
Maidiawati et al. 2019, Ahani et al. 2019, Penava et al.
2019), or multi-span multi-story buildings (Mosalam et al.
1997, Al-Chaar et al. 2003, Voon and Ingham 2008,
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Fig. 1 Photographs of columns that are damaged by infill
wall segments

Stavridis et al. 2012, Balik et al. 2013, Fenerci et al. 2016,
Lourengo et al. 2016, Ozturkoglu et al. 2017, Shah et al.
2019, Aknouche et al. 2019). Because of the spacing
limitation of the laboratory, specimen size is limited to
partial components or scaled-down structures. Therefore, a
full-size masonry infilled RC frame with openings in-situ
pushover test is essential.

In view of the lack of data from in-situ pushover tests of
full-size RC buildings with masonry infill and openings, the
National Center for Research on Earthquake Engineering in
Taiwan (hereinafter abbreviated as NCREE) used an
obsolete low-rise school building for an in-situ monotonic
pushover test to understand the seismic behavior of a
masonry infilled RC frame with openings during
earthquakes. The in-situ pushover tests of RC building
conducted in this study were carried out by NCREE (Jiang
et al. 2008). These RC school buildings were located in
Yunlin, Taiwan. It was built in 1956 and were due to be
demolished. However, before the RC school building were
demolished, NCREE divided the RC school building into
three test units: a pure RC frame without masonry infill, a
masonry infilled RC frame with openings, and an RC frame
retrofitted with wing-wall. This study focuses on the
seismic behavior of the first two buildings and it compares
the results with the behavior of RC buildings with or
without masonry infill. Therefore, we will only cover the
test plan, size of tests, force system, material parameters,
and experimental observations of the RC school building
for the first two in-situ pushover tests.

This study uses ASCE/SEI 41-17 (ASCE 2017) as the
main evaluation model, which was revised in 2017 and
verified shake-table tests of a 2-span, three-story planar RC
frame (Stavridis et al. 2012). There are two spans of planar
RC frames per floor, one of which contains a masonry-
infilled wall and the other span contains a masonry-infilled
wall with an opening. The masonry-infilled wall with one
opening with an area equal to the total masonry-infilled
wall area has an openings ratio of less than 40%, which is
just applicable for the ASCE/SEI 41-17 (ASCE 2017)
evaluation model. However, the test is only of a planar RC
frame and it cannot fully represent a real RC building. In
addition, the openings ratio of the masonry-infilled wall
with one opening is often greater than 40%, which cannot
be applied to the ASCE/SEI 41-17 (ASCE 2017) evaluation
model. The RC buildings with masonry infill and openings
used in the in-situ pushover tests in this study have
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Fig. 3 Plan of the second floor of specimen MI

openings ratios for the masonry infill walls of between 24%
and 51%, which can be used to verify the scope of
application of the ASCE/SEI 41-17 (ASCE 2017)
evaluation model. This paper will cover the in-situ pushover
test of the RC school buildings and the evaluation model of
ASCE/SEI 41-17 (ASCE 2017). It will also analyze and
discuss the prediction results.

2 School building field experiments
2.1 Experimental plan

A large number of school buildings were damaged in the
1999 Chi-Chi Earthquake in Taiwan. However, the damage
was concentrated on vertical members such as columns and
masonry infill walls with openings along corridors. The
floor slabs and beams were connected together, so the
stiffness of the beams was stronger than the design
demands, and consequently the beams were damaged
slightly or were undamaged. The collapsed RC school
buildings were damaged in a weak-column strong-beam
mode. The vertical members along the corridors of RC
school buildings played the main role in resisting the
earthquake. Therefore, to understand the seismic behaviors

of school buildings subjected to lateral force, the lateral
force loading system for this in-situ monotonic pushover
test was set along the corridor direction for the experiment.
This study conducts two test units in-situ pushover tests
of RC school buildings. This test units are two-story. The
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Fig. 5 Plan of the second floor of specimen BF

RC school building have eight classrooms on each floor.
Two classrooms on each level are chosen as a test unit.
Therefore, the RC school buildings can be divided into
three test units, which are a masonry infilled RC building
with openings (hereinafter referred to as an “specimen
MI”), an RC building without masonry infill (hereinafter
referred to as an “specimen BF”), and an RC building
retrofitted by RC wing walls. To explore the differences
between specimen MI and specimen BF, the first two tests
will be described in the following subsection.

2.2 Test units

Specimen MI and specimen BF are both two-story test
units. There are two classrooms on each floor and there are
three spans in each classroom. Each span is 3,000 mm. The
length of the test unit along the corridor is 18,000 mm, the
length perpendicular to the corridor is 9,300 mm. Plan
views of the second floor and roof floor of specimen MI
and specimen BF are shown in Fig. 2 to Fig. 5, respectively.

In Fig. 2, 1C1 and 1C2 are the column cross-sections of
the first floor of specimen MI. In Fig. 3, 2C1 to 2C3 are the
column cross-sections of the second floor of specimen MI.
In Fig. 4, 1C3 to 1C8 are the column cross-sections of the
first floor of specimen BF. In Fig. 5, 2C1 to 2C3 are the
column cross-sections of the second floor of specimen BF.

Frame A in specimen MI and specimen BF is the
corridor column frame. The front elevation views of Frame
A of specimen MI and specimen BF are shown in Fig. 6.

Frame B and Frame C in specimen MI and in specimen
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Fig. 6 Elevation view of Frame A of specimen MI and
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Fig. 10 Elevation view of Frame C of specimen BF(mm)

BF are the classroom column frames. The front elevation
views of Frame B and Frame C of specimen MI and
specimen BF are shown in Fig. 7 to Fig. 10.
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Table 1 Details of test column cross-sections for school building field testing (dimensions in mm)

Column number 1C1 1C2 1C3 1C4 1C5 1C6
Sectional view
Longitudinal ® 4-R18 ® 4-R18 ® 4-D19 ® 4-D19 4-D19 ® 4-D19
reinforcement e 2-R15 e 2-R15 e 2-D16 e 2-D16 e 4-D16
Transverse
reinforcement R6@200 R6@200 D10@250 R6.4@250 R6.4@250 D10@200
Size D300 240 x 400 D300 D300 D300 240 x 400

Table 2 Details of test column cross-sections for school building field testing (dimensions in mm)

Column number 1C7 1C8

Sectional view

Longitudinal ® 4-D19 ® 4-D19
reinforcement e 2-D16 e 4-D16
Transverse
reinforcement R6.4@250 Dio@250
Size 240 x 400 240 x 400

2C1 202 2C3
® 4-D19 ® 6-D19
6-D16 e 4-D16 e 2-D16
D10@250 D10@250 D10@250
D300 240 x 400 240 x 400

In Fig. 6 to Fig. 10, the first story height is 3,220 mm
and the second story height is 3,400 mm. The windowsill
height is 750 mm. Therefore, the effective length of the
columns restrained by the windowsill is the height from
windowsill to beam bottom.

To make the sizes of the brick walls of the first and
second floors of specimen MI consistent in dimensions, the
brick walls of Frames B and C are rebuilt so that the widths
of the brick walls in the two levels are the same.

In Figs. 7 and 8, the openings ratio of masonry infill is

R

op = Ai‘;’;, where A, is the opening area of masonry
infill and A, is the total area of masonry infill wall
including openings.

In Fig. 7, the openings ratios of the masonry infill in
each span of Frame B on the first and second floor are
between 24% and 51%. In Fig. 8, the openings ratios of
masonry infill in each span of Frame C on the first and
second floor are between 48% and 51%. Frame D is a
partition column frame, where only the first floor has
partition columns.

The column cross-section of Frame A of specimen MI
and specimen BF are both circular sections, both with
diameters of 300 mm. The columns in the first and second
floors of Frames B, C, and D are all rectangular sections,
with dimensions of 240 mm x 400 mm. The column cross-
sections configuration direction of specimen MI and
specimen BF are shown in Fig. 2 to Fig. 5. It should be
noted that the cross-sectional dimensions of the columns of

each frame in the test unit have the same sizes but the
details of the rebars are different.

For the IC1 to 1C8 column cross-section, the rebar
details are shown in Tables 1 and 2. It should be noted that
R18, R15, R6.4 and R6 are plain bars of 18 mm, 15 mm,
6.4 mm and 6 mm in diameter in Table 1. D19, D16 and
D10 are deformed bars of 19 mm, 16 mm and 10 mm in
diameter, as shown in Tables 1 and 2. The brick walls are
laid by solid brick, the dimension of brick unit is 240mm
long, 120 mm wide, and 60 mm thick. The thickness of the
brick wall is double the width of the solid brick (i.e., 240
mm).

2.3 Test setup

After the Chi-Chi earthquake, many school buildings
had damage concentrated in the vertical members, such as
columns and masonry infill walls with openings. Therefore,
the lateral force loading system for the in-situ monotonic
pushover tests in this study was set along the corridor
direction and the force was applied in only a single
direction. A plan view for the in-situ monotonic pushover
tests is given in Fig. 11.

A front elevation view for the in-situ monotonic
pushover tests using specimen MI’s Frame B is shown in
Figure 12 for demonstration. In Figs. 11 and 12, the left-
hand classrooms are the test unit, while the right-hand
classrooms are the reaction unit. The black arrow is the
direction of force. To install the force loading system in this
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experiment, the floor slab and beam were cut between the
test unit and the reaction unit, and hydraulic jacks to apply
force were installed on the ends of the beams on the second-
floor and roof-floor of frames A, B and C, thus there were
six hydraulic jacks.

The locations of the hydraulic jacks are shown in Figs.
11 and 12 at the horizontal line between the test unit and the
reaction unit. The hydraulic jacks on the roof-floor and the
second-floor have a piston cross-sectional area ratio of 2:1.
When the same oil pressure is applied, it can provide a
lateral force of 2:1, to simulate the distribution of inverted-
triangular lateral force on the test unit. The value of the base
shear strength obtained in the field test is the sum of the six
hydraulic-jack load readings on the second-floor and the
roof-floor.

In addition to acting as a supportive counterforce in the
adjacent test unit classrooms, the first floor and second floor
of reaction unit classrooms had steel bracing installed. The
location of the steel bracing is indicated by the horizontal
line spanning between frames A, B, and C of the reaction
unit classrooms, as shown in Fig. 11.

The in-situ pushover tests use displacement control,
which uses the reserved classroom in the test unit’s free-end
space as a reference frame for the displacement meter to
measure the absolute displacement values of the second-
floor and roof-floor in frames A, B and C. The displacement
of the roof-floor is the average of the roof-floor
displacement readings in frames A, B and C. The
displacement meter uses the elevation of specimen MI’s
Frame B for demonstration, as shown in Fig. 13.

In relation to the axial load system, to simulate the
weight of a four-story building, both of these tests have
water tanks installed on the second floor and added
unwanted soil on the roof floor. The weight of the filled
water is 785kN and the weighs of the unwanted soil is
1177kN. The total additional axial loads are 1962kN. The
axial load system’s loading diagram is shown in Fig. 14.

. Direction of force
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meter installed
on the roof-floor Free-end

Force-end Hydraulic jack

=3~ "Iz installed on the

mo— — roof-floor
2 J‘ | Hydraulic jack
{ h installed on the

1 second-floor

___________

Displacement
meter installed on =11
the second-floor |

Fig. 13 Diagram of layout of displacement meters for field
experiment (NCREE)

Table 3 Material parameters of the columns on the school
buildings’ first floors

fyl fyl fyt fyt f’ f
¢ (RI8) (R15) (D10) (R6.4) ' m Jme
27.6 304 277 - 347 7 2197
fyl fyl fyt fyt f’ f
¢ (D19) (D16) (D10) (R6.4) ~ m Jme
29.7 290 314 371 347 7 2197

Specimen MI  f'
(MPa)

Specimen BF  f '
(MPa)

Table 4 Material parameters of the columns on the school
buildings’ second floors

! fyl fyl fyt ’
fe (D19) (D16) (D10) fim e
27.6 280 314 371 7 30.02

Specimen MI
(MPa)

fyl fyl fyt f! f
(D19) (D16) (D10) m me
29.7 280 314 371 7 30.02

Specimen BF  f',
(MPa)

After the test, sampling of the concrete, reinforcement,
and brick is performed for subsequent material tests.

2.4 Field test of material strength

The first and second floor of brick infilled and specimen
BF’s material parameters are shown in Tables 3 and 4. In
these tables, f .1s the compressive strength of the concrete;
fyiis the yield strengths of longitudinal reinforcements;
fytis the yield strength of transverse reinforcement; f 'mis
the compressive strength of brick blocks; f,. is the
compressive strength of the mortar.

2.5 Test results

Pictures of specimen MI and specimen BF after in-situ
pushover tests are shown in Fig. 15. It can be seen from Fig.
15 that after the test unit collapsed, the damage to the
school building is concentrated in the vertical members of
the first floor along the corridor direction.

The columns in the second floor have no obvious
cracking, and elastic deformation is maintained. Therefore,
the collapsed RC school buildings are damaged in a weak-
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Fig. 15 Pictures of specimen MI (left-hand panel) and specimen BF (right-hand panel) after the field tests
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Fig. 17 Crack development of specimen MI’s Frame C

column strong-beam mode. These results are the same as
the damage that was observed after the Chi-Chi earthquake.
Moreover, observations of the failure modes and crack
development of vertical members are key tasks during the
RC school building pushover test

Because there are no obvious cracks in the columns of
the second floor and elastic deformation is maintained, this
study focuses on the importance of the masonry infill and
openings for an RC school building. Consequently, only
Frame B’s and Frame C’s failure modes of columns in the

first floor and the crack development of vertical members of
specimen MI are examined, as shown in Figs. 16 and 17.

In Figs. 16 and 17, the columns B2 to B6 of Frame B
and C2 to C6 of Frame C, which both sides of the columns
were adjacent to brick wall piers, displayed diagonal shear
cracking patterns. The others, such as column B1, B7, CI,
and C7, were flexural failures.

For the span with an opening ratio lower than 40% (Fig.
16), diagonal shear cracks were significantly observed in
the brick wall piers adjacent to the columns.
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These diagonal cracks included sliding cracks of
horizontal bed-joints and splitting cracks of vertical mortar
joints, as well as split of bricks. Even for the span with
opening ratio more than 40% (Fig. 17), the diagonal shear
cracking patterns could also be found in the brick wall
piers. This means that the lateral strength of the brick wall
piers of the span with opening ratio more than 40% is still
essential.

The final purpose of the field test is to obtain the base
shear versus roof displacement (hereinafter referred to as
the capacity curve) for specimen MI and specimen BF, as
shown in Fig. 18. In Fig. 18, the solid lines are the capacity
curves of the in-situ monotonic pushover tests of specimen
MI (left-hand) and specimen BF (right-hand). In addition,
because seismic force is repeatedly applied to the structure,
to truly grasp the response of school buildings during
earthquakes, in-situ monotonic pushover tests and in-situ
cyclic pushover tests were applied on other school buildings
by NCREE (Weng et al. 2008). A formula, in accordance
with the results of in-situ cyclic pushover tests was derived
to convert the capacity curves of the in-situ monotonic
pushover tests into that of the in-situ cyclic pushover tests.
The modification principle is as follows:

MON
* When Agp SARF’O‘WV%’%A(IM, then

and AYYC = ANON Here, ANON is the roof displacement
corresponding to the base shear of the in-situ monotonic

pushover tests, ARF.O.97V,§‘;’_‘,’H"§X is the roof displacement

corresponding to 0.97 times the maximum base shear of
the in-situ monotonic pushover tests, A is the roof
displacement of the in-situ cyclic pushover tests,
Vismon is the base shear of the in-situ monotonic
pushover tests, 0.97VMON. is the base shear
corresponding to 0.97 times the maximum base shear of
the in-situ monotonic pushover tests, and V,5'¢ is the
base shear of the in-situ cyclic pushover tests.

CYC _ yyMON
Vbs — Vbs

MON cYe _
«  When ARF’0.97V%,?HI\(2X <Agg® , then V"=
min(VOV,0.97V 9% ) and A§C needs to be
corrected using formula (1)
cYC _ MON _
Agp = Aggogrymon  + (Agp Aggo.07vMON
bs,;max bs,max (1)

2

According to this principle, the capacity curve of an in-
situ  monotonic pushover tests can be converted into
capacity curve of an in-situ cyclic pushover test, shown as
dashed lines in Fig. 18. The value of the maximum base
shear of each test’s capacity curve is marked in the graphs.
This study also defines the secant stiffness of the rising part
of the capacity curve corresponding to 0.7 times the
maximum base shear to be the initial stiffness of the
specimen MI and specimen BF. It can be seen from Fig. 18
that when specimen BF is filled with a brick wall, then the
overall lateral force of the school building will increase by
1.36 times and the initial stiffness will increase by 3 times.
It can be seen that a brick wall can increase the lateral force
and initial stiffness of a school building, and this
observation is the same as that made by Fiorato er al.
(1970). The lateral force and initial stiffness of the
specimen MI and specimen BF in the in-situ cyclic
pushover tests will be compared with the analysis results
later in this article.

3. Simplified analysis of pushover tests

The model for evaluating a masonry infilled RC frame
with openings in ASCE/SEI 41-17 (ASCE 2017) was
proposed by Andreas Stavridis (2009). In the 2017 version,
Stavridis et al. (2017) not only substantially updated the
calculations of a masonry infilled RC frame with openings
but also proposed a capacity curve. The proposed model
was validated by the test of three-story, two-span planar RC
frame (Stavridis et al. 2012). Each story of the planar RC
frame contains two masonry infill walls, one without
openings, one with openings. The evaluation model could
calculate the capacity curves of a masonry infilled RC
frame with and without openings on each level.
Superimposing the capacity curves of each level can
produce the capacity curve of the whole frame. The analysis
results can be compared with test results. This superposition
method resembles the simplified pushover analysis
conducted in Taiwan (Tu et al. 2009).

Simplified pushover analysis (Tu et al. 2009) is a
pushover analysis that allows manual solution of the failure
mode of members and complete capacity curve of a
structure without requiring commercial software.
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Fig. 19 Capacity curve for a column from the ASCE/SEI
41-17 evaluation model

This method is suitable for low-rise buildings in Taiwan
and its consistency has been verified through in-situ
pushover tests of school buildings in Taiwan (Chung et al.
2012). The following subsections will introduce the basic
hypothesis and analysis procedure of the simplified
pushover analysis.

3.1 Basic hypothesis of simplified pushover analysis

Early buildings in Taiwan, regardless of whether they
are houses or schools, were mostly low-rise (i.e., below five
floors) RC buildings with masonry infill and openings.
From field observations after the Chi-Chi earthquake, the
horizontal members (e.g., beams and slabs) along the long
direction of these low-rise RC buildings were only damaged
slightly, while the vertical members (e.g., columns and
masonry infill walls with openings) always caused the main
damage and collapse of building. The collapsed buildings
were damaged in a weak-column strong-beam mode.

We can assume that the existing low-rise building will
resemble a shear type frame when it subjected to a lateral
earthquake loading. The shear type frame is a building
frame with rigid diaphragm on each floor. None of the
joints on the rigid diaphragm will have relative
displacements. Therefore, the relative displacements of two
top and down floors can represent the lateral deformation of
vertical members between the two floors. In this study,
displacement of central mass of the floors was adopted to
represent the lateral deformation of vertical members in the
evaluated story.

Because lateral stiffness of the vertical members is not
the same, the ultimate lateral strength of the vertical
members would not simultaneously achieve under the same
displacement of the story.

Story shear strength of the evaluated story could be
calculated by superposing the lateral strength of all the
vertical members in the story, in which the lateral strength
of each member could be determined in accordance with the
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Fig. 20 Capacity curve for a composite column from the
ASCE/SEI 41-17 evaluation model

backbone curve of the lateral strength vs deformation.

If the low-rise RC building conforms to the basic
features (e.g., a weak-column strong-beam failure mode
during an earthquake), then the capacity curve of the
structure can be obtained through simplified pushover
analysis.

3.2 Capacity curve of vertical members of each floor

This paper uses ASCE/SEI 41-17 (ASCE 2017) as the
main evaluation model. From the above, it is known that the
main damage to school buildings after in-situ pushover tests
is concentrated in columns and masonry infill walls with
openings along the corridor direction of the building, so the
vertical members determine the seismic capacity of a
structure. Therefore, the first step of simplified pushover
analysis is to find the capacity curves of the vertical
members of each floor. Taking specimen MI as an example,
there are two types of vertical members along the corridor
direction of the school buildings. The evaluation model of
ASCE/SEI 41-17 (ASCE 2017) gives a capacity curve for a
column, as shown in Fig. 19.

In Fig. 19, a; is the origin point, a, is the yield
bending moment point, a; is the ultimate point of the
bending moment, a, is the residual strength point,as is
the ultimate displacement point, and a4 is the failure point.
To reduce the length of the article, only the maximum base
shear and initial stiffness are compared. Therefore, only the
ASCE/SEI 41-17 (ASCE 2017) column evaluation model’s
formula for the maximum base shear and initial stiffness is
listed below. Because this study’s hypothesis is that a
school building is a shear type frame, the column is
subjected to double curvature bending under an earthquake,
so the yield strength V, and ultimate strength V;,, of the
column are both the result of the summation of the moments
at the top and bottom of the column divided by the clear
height of the column. Furthermore, because the cross-
section details of the top and the bottom of the column are
the same, the same bending moment strength can be
expected for the top and bottom of the column.
Consequently, the moment capacity of the column is double
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curvature bending moment for the analysis.

2M 2M,
Therefore, V,, = =% and V,, === , where M, and
H n H n

M, are the yield and ultimate bending moments of the
column, which can be found from the analysis of the cross-
section of the column. Furthermore, for the sake of being
conservative and to simplify the calculation, strain
hardening of longitudinal reinforcement is not considered
when calculating M,,.

The initial stiffness of the column evaluation model is

_ 12(YED¢o1
kcol -

, where (YVEI).,; 1is the flexural rigidity of
the column sections and y,,; is the reduction factor of the
column sections. According to ASCE/SEI 41-17 (ASCE
2017), if the design axial load of a column is greater than
0.544f' ., then y = 0.7; if it is smaller than 0.1A4,f"_, then
y = 0.3; and if the axial load is in between, then y is
obtained according to interpolation. Here, A, is the total
cross-section area of the column. For both specimen MI and
specimen BF in this study, the design axial load of a column
N is less than 0.14,f" , so y = 0.3. In addition, E., =

4700,/f", and I is the moment of inertia of gross

concrete or a masonry section about the centroidal axis,
neglecting reinforcement. The coordinates of a; (0,0), a,

(4, =kv—y, V,), and a3 (4,,, V;,) in Figure 19 can be
col

established from the previous formula and parameters.
Moreover, 4,,, a,, as, ag, and other coordinate values
can be obtained from Table 10-8 of ASCE/SEI 41-17
(ASCE 2017).

Another vertical member of specimen MI is the masonry
infill walls with openings. ASCE/SEI 41-17 (ASCE 2017)
states that masonry infill walls with openings can not only
be simulated with a diagonal compression strut but can also
be combined with the columns on both sides into a masonry
infilled RC frame, and can then be analyzed as a composite
cantilever column. The ASCE/SEI 41-17 (ASCE 2017)
evaluation model’s capacity curve of a composite cantilever
column is shown in Figure 20.

In Figure 20, b; is the origin point, b, is the yield
bending moment point, b; is the ultimate bending moment
point, b, is the residual strength point, bg is the ultimate
displacement point, and bg is the failure point. It should be
noted that ASCE/SEI 41-17 (ASCE 2017) uses the ratio of

v
shear strength to flexural strength of a column, V—”, to
m

classify the frame as ductile or nonductile.
The shear strength of the column ¥}, can be calculated
with the following formula:

_ &t fyldcol 05\/f—c' N ’
Vn - knI |:acol [ 5 ]+l[ Mn/\/yd 1+ OSAg\/f_(:' fc ]08%:| (2)

If the displacement ductility requirement u,; < 2, then
k,; = 1. If the displacement ductility requirement p; = 6,
then k,; = 0.7. If the displacement ductility requirement
2 < pug <6, then k,; is obtained by interpolation. Here,
Qo 1s the reduction factor of column strength; if 2 <

col
0.75, then a.,; = 1. If > 1, then a.,; = 0, and when
075 <2
d

N

dcol

<1, a., can be found by interpolation. Next,
col

s is the spacing of hoops; d.,; is the effective depth of a
column cross-section; Ag; is the transverse reinforcement’s
cross-section area within the spacing of a hoop (s); f, is
the yield strength of a hoop, and when the concrete is

normal-weight concrete, then A =1 and 2 < y—’; < 4.
y

An infill with openings is classified by ASCE/SEI 41-17
(ASCE 2017) as strong or weak according to the Rin

Here, Ki,; is the lateral stiffness of the infill with
openings, calculated by the following equation:

ratio.

1
Kiny = W ®
King s~ Kinss
Where Ki,rr = M is the flexural stiffness of an
rr hing

infill with openings; E,, = 550f m is the brick wall’s
elastic modulus; f'm is the compressive strength of
masonry prisms; l;,r is the moment of inertia of a gross
masonry section about its centroidal axis; h,f is the
effective height of the infill with openings; K55 =
AwGme

inf
is the horizontal cross-sectional area of an infill with
openings, which is AW=hinf(Linf—L0p); Ling s
length of brick wall; L,, is horizontal length of the
opening of brick wall. It should be noted that the opening’s
area of masonry infill does not exceed 40%. Next, G, =

3Ecotlcol -
Cg co is

hinf

is the shear stiffness of the infill with openings; Ay,

0.4E,, is the shear modulus of masonry; K, =

the column’s flexural stiffness.

RC frames with masonry infill and openings can be
divided into four types. Because different frame types have
different lateral forces and lateral displacements, then,
before conducting composite cantilever column analysis,
the type of masonry infilled RC frame with openings needs
to be identified.

According to ASCE/SEI 41-17 (ASCE 2017) Table 11-8,
the composite cantilever columns in this paper are all
ductile and relatively flexible panels.

Only the maximum lateral force and initial stiffness for
the ductile relatively flexible panels for these composite
cantilever columns are listed below. ASCE/SEI 41-17
(ASCE 2017) recommends to pick whichever is larger of
V; and V, when finding the maximum lateral force of the
ductile relatively flexible panel, Vyu, = M ax(V;, V).
These can be found using

v, = Pifl;av Xpu+ Ay X Ceom (4)
V, = P x -+ Ve ®

where P*" is the gravity load sustained by the infill

wall; andu is initial friction coefficient of the infill wall,
which can be between 0.3 to 1.6, and can be obtained from
the test in accordance with ASTM C1531 (2016). In the
study, there were technical problems for sampling of
existing masonry infill to conduct the test in accordance
with ASTM C1531. Therefore, u was assumed to 0.3 for
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Fig. 22 Lateral strength superposition with synchronous displacement

conservative consideration in the study.

Next, A, is the width of the brick wall times the
thickness of the horizontal shear stress area. Next, C.o,, 1S
the test values of cohesion of the brick—mortar interface,
which is equal to the shear strength when no axial stress is
applied. Because the in-situ pushover test of specimen MI
does not have test values for C.,,, it will be obtained by an
empirical formula. As seen in the relevant literature (Alil et
al. 2012), the empirical formula of C.py 1S Ceom =
0.0337(fnc) . It can be seen that C,,, is the power of
the compressive strength of mortar multiplied by a
coefficient. Because the in-situ pushover test is conducted
in Taiwan, for the value of C.,,,, this paper uses the
empirical formula of Taiwan’s Design and Construction
Specifications of Brick Structures for Buildings
0.0258(f;nc) . In Eq. (5), Pif™
supported by the infill at a distance equal to half of the
column depth from the bottom of the infill when the
maximum strength is reached, which can be obtained from
ASCE/SEI 41-17 (ASCE 2017) Table 11-9. Next, V;***
is the shear strength of the leeward column governed by the
minimum shear or the flexural capacity of the column, with
Vi =1, for ductile frames and VJ'** =1V, for
nonductile frames. The initial stiffness of the composite

Ccom
is the total axial load

. . 24
cantilever column is ko, = (1 — A—O”)ksoild, where 4,,
inf

is the opening area and A;,f is the total area of a frame

with masonry infill, including openings in the infill wall,
1 _ 3Ecoilce

ksoia = <7 Wy is the flexural stiffness of

;+;)’ AR
Ke1 Ksh

the equivalent composite cantilever column; [, is the
equivalent moment of inertia of the transformed section;
hins is the clear height of the infill wall for an individual

AWGmE

bay in one story, K, = is the shear stiffness of the

inf
equivalent composite cantilever column, so Fig. 20’s
Vimax

ZVm_ax)
3kcom 3
and b3z (Apmax> Vinax) can be established. Coordinates such
as Apax> bs, bs, and bg can be obtained from ASCE/SEI
41-17 (ASCE 2017) Table 11-9 and Table 11-11.
Furthermore, if two RC frames with masonry infill and
openings share one column, then the axial load of the
column needs to be distributed to two RC frames with
masonry infill and openings to avoid overestimating the
axial load that the two are bearing.

coordinate values by (0,0), by (4yjeiq =2

3.3 Simplified pushover analysis steps

Because this study considers specimen MI and
specimen BF as shear type frame, the slab of the floor and
beam connected together can be regarded as rigid, so the
building will only move horizontally during movement. The
vertical members that are connected to the slab of the floor
and beam, such as the column and masonry infill and
openings, would also move horizontally. Therefore, the
displacement of a story can be regarded as equal to the
displacement of the vertical members in that floor.
Therefore, if the lateral force of the vertical members in
each floor are superimposed corresponding to the same
lateral displacement of the floor, then the lateral force of the
story can be obtained. This superposition may also be called
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Fig. 23 Composite column frame diagram of Frame B of specimen Ml
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Fig. 24 Capacity curves of the first and second floors of specimen Ml

lateral force superposition via consistent displacement.
Taking a school building in specimen MI as an example, the
second floor and roof floor of Frame A and the second floor
of Frame D are bare frames. In addition, Frame C is a
masonry infilled RC frame with openings, but it is
considered an ineffective member according to ASCE/SEI
41-17 (ASCE 2017) because the opening area of the
masonry infill is greater than 40% (Fig. 17). Therefore, the
second floor and roof floor of Frame C were simulated by
bare frames with six spans, as shown in Fig. 21.

As can be seen in Fig. 22, when the lateral displacement
of the first floor of Frame A is A4, all vertical members in
the first floor of Frame A also deform with 4,j. Therefore,
the lateral strength of the first floor can be the summation of
lateral strength of all vertical members of the first floor of
Frame A. —i.e., Vip = Y"Z7V,. According to this, each
bare frame’s capacity curve can be worked out.

Therefore, they are ineffective members according to
ASCE/SEI 41-17 (ASCE 2017). The masonry infilled RC
frame with openings consists of vertical members, such as

columns and masonry infill and openings.

ASCE/SEI 41-17 (ASCE 2017) states that the column
and brick wall can be combined into a composite cantilever
column for analysis. Therefore, Frame B’s first floor and
second floor would have four composite cantilever
columns, respectively. The composite cantilever column
frame diagram is shown in Fig. 23.

The second step of the simplified pushover analysis is to
calculate the capacity curve of each story. The first floors of
Frame A and Frame C each have seven columns. Frame D
has three columns. Frame B has four composite cantilever
columns.

Therefore, the first floor of specimen MI has 21 vertical
members. For each vertical member, there are six
displacement points determined in accordance with Figs. 19
and 20. Consequently, 126 (6 x 21) displacement points will
be indicated for the synchronous displacement of the first
story.

Then, lateral strength of each vertical member
correspondence with the 126 synchronous displacement can
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Fig. 25 Capacity curves of test and analysis for specimen MI and specimen BF

be determined in accordance with the capacity curve as
shown in Figs. 19 or 20. Eventually,-the lateral strength of
the vertical members correspondence with the 126
synchronous displacement are superimposed to obtain the
capacity curve of the first floor of specimen MI, which is
shown in Fig. 24 by the thin line. The same procedure can
be used to obtain the capacity curve of the second floor, as
shown in Fig. 24 by the thick line.

The third step of the simplified pushover analysis is to
find the capacity curve of the RC building.

The lateral force of the first story is the base shear of the
RC school building Vs (Vi = V). When the lateral
displacement of the first story of the building is 4;p, the
lateral force is V;p. The second floor’s corresponding
lateral force, V,p, can be determined according to the
earthquake’s inverted-triangle distribution equation in the
Seismic Design Specifications and Commentary of
Buildings in Taiwan (Construction and Planning Agency
Ministry of the Interior 2011)

Whiih
— _RFTRF X Vip (6)

VZF
where W, and Wyp are the weight of lump mass in the
second-floor and in the roof-floor, respectively; 4, and
hgr are the height of the second-floor and roof-floor from
the base level, which are 3220 mm and 6620 mm,
respectively. Once V,p is determined, the corresponding
displacement of the second floor 4,, can be calculated in
accordance with the capacity curve of the second floor.
Eventually, by superimposing A;r and A4,z, the roof
displacement Agp of specimen MI can be calculated:

Agr = Ay + 4, (7

For example, W, of Specimen MI and Specimen BF are
2,528.05kN and 2,591.75kN, respectively. Wgp of
Specimen MI and Specimen BF are 2,687.69kN and
2,354.14kN, respectively. h, of Specimen MI and
Specimen BF are both 3,220 mm, /g of Specimen MI and
Specimen BF are both 6,620 mm. Therefore, V,p =

0.69V, rin accordance with equation (6). For example, it can
be seen in Fig. 24 that, when Vi is 1,955.37kN, V;z’s
corresponding 4; is 27.20 mm. At this time, V,r is
1,341.61kN, and by checking the capacity curve of the
second floor in Fig. 24, V,z’s corresponding 4, is found
to be 10.76 mm. By adding 4, and 4,, the roof
displacement RF can be found to be 37.96 mm. According
to this, specimen MI’s capacity curve can be found, as
shown on the left-hand side in Fig. 25.

To reduce the length of this article, only the maximum
base shear of the capacity curve and the initial stiffness are
compared. As shown in Fig. 25, the calculated maximum
base shear of specimen MI and specimen BF are 69.69%
and 87.33% of the test value, respectively. The analysis
results are more conservative than the test values.

In addition, the ascending section of the capacity curve
corresponds to 0.7 times the maximum base shears, which
are 1368.76kN and 1256.24kN, respectively. The
corresponding lateral displacements are 11.96 mm and
13.35 mm. Therefore, the calculated structure stiffnesses are
41.04% and 100.49% of the test value. The initial stiffness
test result of specimen MI is more conservative compared
to the test value. The initial stiffness of specimen BF is
closer to the test value.

The reason why the analysis values for the maximum
base shear and initial stiffness of specimen MI are more
conservative than the test values is that the source of the
error may be the column evaluation model or the masonry
infilled RC frame with openings evaluation model or a
calculation error.

According to the results of the maximum base shear
analysis of specimen BF, this error may arise because the
strain hardening of the longitudinal reinforcement is not
considered when calculating M,,. The source of error of
initial stiffness comes from the reduction factor of the
column cross-section (EI) (this study considers EI to be 0.3).
Because the analysis results for specimen BF are not bad,
the possibility of calculation error due to being unfamiliar
with the ASCE/SEI 41-17 (ASCE 2017) column evaluation
model can be ruled out.

Next, the composite cantilever column evaluation model
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Fig. 26 Simulated masonry infill with an opening ratio more than 40%
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Fig. 27 Evaluation model for brick walls

is reviewed for calculation error. For maximum lateral force,
Eq. (4) shows the column lateral resistance can be ignored
and Eq. (5) shows the column can provid lateral resistance,
respectively.

However, as can be seen in Fig. 16, the columns displayed
diagonal shear cracking patterns, it means the column can
provide shear resistance. And in this study, the calculation
of lateral force of the composite cantilever column is
controlled by Eq. (5). Therefore, we can confirm that
calculation error due to being unfamiliar with the
ASCE/SEI 41-17 (ASCE 2017) composite cantilever
column evaluation model can be ruled out.

Therefore, the reason why the maximum base shear
analysis value of specimen MI is more conservative than
the test value is possibly because ASCE/SEI 41-17 (ASCE
2017) ignores masonry infill walls with an openings ratio of
more than 40%.

This study suggests that the behavior of masonry infill
walls with openings ratios greater than 40% should be
simulated moderately.

4. Proposed evaluation model of masonry infill with
opening ratio over 40%

ASCE/SEI 41-17 (ASCE 2017) states that the
contribution of the masonry infill can be ignored when the
openings ratio of a masonry-infilled wall is greater than
40%. However, the results of the analysis of specimen MI
show that, if we only consider the masonry infill wall with
openings ratio less than 40%, then the analysis value of
maximum base shears and initial stiffness are 69.69% and
41.04, respectively, of the test.

Therefore, it is necessary to simulate the behavior of a
masonry infill wall when the openings ratio is more than
40%.

In Fig. 17, when the openings ratio of a masonry infill
wall is greater than 40%, the cracks develop in an almost
diagonal direction and are concentrated above the
windowsill. This means the range of windowsill are
damaged slightly.

Therefore, in analysis of the frame C of specimen MI,
we propose that the columns and the brick infills above the
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Table 5 Material parameters of specimens A, AC, C, B, and BC
specimen f. (MPa) f,i (Pa) f« (MPa) f! (MPa) f .. (MPa) Con (MP2)
A 30.4 439.2 318.9 174 155 154
AC 33.6 490.5 400.3 194 139 1.35
C 30.9 490.5 400.3 194 139 1.35
B 30.4 439.2 318.9 174 155 154
BC 324 490.5 400.3 194 13.9 1.35

windowsill are simulated separately instead of using
composite cantilever columns. Consequently, the simulated
brick infill of frame C is shown in Fig. 26.

In Fig. 26, to simulate the captive effect of windowsill,
the effective height of columns is determined from
windowsill to beam bottom. Moreover, the considered infill
wall piers as shown in Fig. 26 can be evaluated by an
unreinforced masonry (URM) wall. The study proposed to
evaluate the URM in accordance with ASCE/SEI 41-17

(ASCE 2017).
ASCE/SEI 41-17 (ASCE 2017) states that URM’s
lateral stiffness is Kj,, = —% —, where Kp,; = 3Ehrglbw

+
Kbwf Kbws
is the flexural stiffness provided for a brick wall and

_ AwGme
was -

is the shear stiffness provided for brick wall.
bw

Here, I, is the cross-section moment of inertia of the
brick wall and 4y, is the effective height of the brick wall.
In addition, the maximum lateral force of a brick wall is

Pp
Vpw = AW[MS(MSCCMUW)], where Pp is the axial load of a
brick wall.

ASCE/SEI 41-17 (ASCE 2017) proposed a capacity
curve for URM as shown in Figure 27.

This study first verifies the consistency of the above
brick wall evaluation model with the pushover tests (Tu et
al. 2020, Tu et al. 2011, Lo, T.Y. 2010, and Lin, B.C. 2011)
of the existing five columns with brick walls on one side or
both sides.

Specimens A, AC, and C of the five tests are typical
columns with an infill wall pier on one side, while
specimens B and BC are typical columns with infill wall

1.5

piers on both sides. The testing variables mainly examine
the seismic behavior of a column with infill wall piers on
one or both sides, and it considers infill wall piers of
different widths, as well as a monotonic or cyclic applied
lateral load.

The plans and elevations of specimens A, AC, C, B, and
BC are shown in Fig. 28.

The vertical loadings of specimens A, AC, C, B, and BC
are 322.6kN, 316.6kN, 325.3kN, 333.7kN and 325.4kN,
respectively. In these five tests, the columns have a
consistent cross section of 300 mm x 400 mm. The
dimension of the infill wall piers is 900mm wide, 2700mm
high, and 200 thick. The infill was laid by solid clay bricks
that are 200mm long, 95mm wide, and 53mm thick.

The material parameters of column and brick wall are
shown in Table 5.

The capacity curves for the analysis and test results are
plotted in Fig. 29. The analytical capacity curves are
superimposed by the capacity curves of the column and the
infill wall piers in accordance with the column model and
URM model of ASCE/SEI 41-17 (ASCE 2017).

The evaluation results show that the analysis will
underestimate the maximum base shear and the initial
stiffness compared to the test values when only considering
the contribution of the columns; as shown in Fig. 29 by
black dash lines.

When the infill wall piers are considered by URM, the
maximum base shear of analysis for specimens A, AC, C, B,
and BC are 71.67%, 84.65%, 70.91%, 66.62%, and 62.54%
of the test values, respectively; as shown in Fig. 29 by blue-
dashed lines. Therefore, if the infill wall piers are taken into
consideration, then the analysis result will exhibit a
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Fig. 30 The capacity curve of the masonry infilled wall with openings ratio greater than 40%

significant improvement that is more consistent with
thebehavior of the tests and is still conservative compared
to the test values.

The initial stiffnesses, which in the ascending section of
the capacity curve corresponds to 0.7 times the maximum
base shear, for specimens A, AC, C, B, and BC are 41.84%,
177.11%, 183.76%, 47.58%, and 54.62% of the test values,
respectively. Therefore, if the infill wall piers are taken into
consideration, then the predicted initial stiffness will be

significantly improved. Consequently, the proposed
evaluation model of the column with infill wall piers can
feasibly be performed.

Next, we will move on to predict the capacity curve for
specimen MI by simplified pushover analysis. The column

evaluation model from ASCE/SEI 41-17 (ASCE 2017) is
adopted for frames A and D of specimen MI. The composite
cantilever column evaluation model from ASCE/SEI 41-17
(ASCE 2017) is applied for frame B. The column model
combined with the URM evaluation model are used for the
masonry infilled RC frame with an opening ratio over 40%
frame C. Moreover, to simulate the contribution of a
windowsill, the effective height of columns and infill wall
piers will be shortened (i.e., from windowsill to beam
bottom).

The predicted capacity curves for specimen MI are
plotted in Fig. 30. In the right-hand of Fig. 30, modify 1
analysis represents consideration of masonry infill with an
opening ratio of over 40% in frame C. Moreover, modify 2



172

Table 6 Comparison of strength values from field tests and analysis
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Corresponding

Corresponding

. Maximum displacement of Maximum strength from  displacement of maximum S_trength Strength
Test unit  strength from - - . difference -
maximum strength from analysis (kN) strength from analysis ratio (%)
tests (kN) (KN)
tests (mm) (mm)
Ba]{;f,]aeme 2054.99 408 1794.62 53.75 260.37  87.33%
1955.37 (ignoring infills with

openings ratio greater than 37.96 850.33 69.69%

Specimen 40%)

MI 28057 2344 2317.66(considering infills
with openings ratio greater 23.69 488.04 82.60%
than 40%)

Table 7 Comparison of stiffness values from field tests and analysis

Initial stiffness

Initial stiffness from Stiffness difference

Test unit f(rlgl\rlw} ;:e;t)s analysis (kN/mm) (kN/mm) Stiffness ratio (%)
Bare-frame frame 93.65 94.11 —0.46 100.49%
114.48 (ignoring infills

with openings ratio greater 164.50 41.04%

. than 40%

Specimen M1 278.98 187.27(considerir)19 infills

with openings ratio greater 91.71 67.13%

than 40%)

analysis represents consideration of masonry infill with an
opening ratio of over 40%, as well as the shortened
effective height of the columns in frame C.

The modify 1 analysis finds that the maximum base
shear of specimen MI is 2144.08kN, which is 76.42% of the
test value. Therefore, the contribution of the maximum base
shear of the masonry infill wall with an opening ratio
greater than 40% is 188.71kN (2144.08-1955.37).

The modify 2 analysis finds that the maximum base
shear of specimen MI is 2317.66kN, which is 82.60% of the
test value. Therefore, the contribution of the maximum base
shear of the short column is 173.58kN.

These results for the maximum base shear are more
conservative than the test value. The test results are
summarized in Table 6.

It is worth noting that when we considered a masonry
infill wall with an opening ratio greater than 40% and the
short column in frame C, the predicted maximum base shear
increased from 69.69% to 82.60% of the test value.

When compared with the masonry infill wall with an
opening ratio greater than 40% and not considering the
short column of frame C, the initial stiffness increases from
41.04% to 53.58% of the test value. When we consider the
short column effect, the initial stiffness increased from
41.04% to 67.13% of the test value. Therefore, the proposed
method for masonry infill with a large opening ratio can be
used to predict the seismic behavior of a masonry infilled
RC frame with openings. The result for the initial stiffness
is summarized in Table 7.

5. Conclusions

* This study reports two in-situ pushover tests of a full-

size school building with a two-story, six-span RC
frame. The two tests can be used to compare the seismic
behavior of a RC frame with and without masonry infill.
The test results are a significant contribution to our
understanding of the seismic behavior of full-size
structures by an in-situ test.

+ It can be seen from the in-situ pushover test in the
study that when RC frames are filled with brick walls
(e.g., specimen MI), the overall maximum base shear of
the RC school building will increase by 1.36 times and
the initial stiffness will increase 3 times. Therefore,
masonry infill walls with openings cannot be ignored
when conducting analysis because it is obvious that the
masonry infill contributes to the overall maximum base
shear and initial stiffness.

* The column evaluation model of ASCE/SEI 41-17 is
verified by the in-situ pushover test of specimen BF.
Consequently, the maximum base shear of the school
building is 87.33% and the initial stiffness is 115.49% of
the test value. Therefore, the analysis result is very close
to the test result.

* The composite cantilever column evaluation model for
masonry infill by ASCE/SEI 41-17 is verified by the in-
situ pushover test of specimen MI. Consequently, the
maximum base shear of the RC school building is
69.69% of the test value. The initial stiffness is 58.47%
of the test value. The reason for this conservative result
is that ASCE/SEI 41-17 ignores masonry infill when the
opening ratio is greater than 40%. Therefore, masonry
infill walls with an opening ratio greater than 40%
should be included in the analysis.

* This study proposed a procedure to simulate masonry
infill with a large opening ratio. The infill walls can be
evaluated by URM in accordance with ASCE/SEI 41-



Verifying ASCE 41 the evaluation model via field tests of masonry infilled RC frames with openings 173

17. Meanwhile, the effective height of captive columns
with a windowsill also needs to be shortened.
Consequently, the maximum base shear of the predicted
capacity curve (e.g., specimen MI) increases from
69.69% to 82.60%, and the initial stiffness also
increases from 58.47% to 92.89%. Therefore, the
proposed method for masonry infill with a large opening
ratio can predict the seismic behavior of a masonry
infilled RC frame with openings.
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