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Abstract.  This study evaluates the effectiveness of a newly developed retrofitting scheme for masonry-infilled non-ductile RC
frames experimentally and by numerical simulation. The technique focuses on modifying the load path and yield mechanism of
the infilled frame to enhance the ductility. A vertical gap between the column and the infill panel was strategically introduced so
that no shear force is directly transferred to the column. Steel brackets and small vertical steel members were then provided to
transfer the interactive forces between the RC frame and the masonry panel. Wire meshes and high-strength mortar were
provided in areas with high stress concentration and in the panel to further reduce damage. Cyclic load tests on a large-scale
specimen of a single-bay, single-story, masonry-infilled RC frame were carried out. Based on those tests, the retrofitting scheme
provided significant improvement, especially in terms of ductility enhancement. All retrofitted specimens clearly exhibited
much better performances than those stipulated in building standards for masonry-infilled structures. A macro-scale computer
model based on a diagonal-strut concept was also developed for predicting the global behavior of the retrofitted masonry-infilled
frames. This proposed model was effectively used to evaluate the global responses of the test specimens with acceptable
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accuracy, especially in terms of strength, stiffness and damage condition.
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1. Introduction

Reinforced concrete (RC) frames with un-reinforced
masonry (URM) infill panels are commonly used in many
areas around the world, especially in low-rise buildings.
Earthquake reconnaissance in past earthquakes has
observed the poor performance of this structural system,
especially when the RC frames are non-ductile (Sezen et al.
2003, Kyriakides and Billington 2008). Several failure
modes can occur in both the masonry infill panel and
surrounding RC frame, depending on the properties of the
URM infill panel and the surrounding RC frame (Paulay
and Priestly 1992, FEMA 1998, Shing and Mehrabi 2002,
Asteris et al. 2011). One of the common failure modes
included undesirable abrupt shear failure of the bounding
columns or beam-column joints due to the transfer of the
large strut force from the infill to columns following corner
crushing of the panel. This could occur not only in a strong
earthquake but also during a moderate shaking, such as the
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one occurred in Chiangrai, Thailand in 2014 (Lukkunaprasit
et al. 2016). Model tests as well as full-scale tests have also
yielded similar results (Bertero and Brokken 1983, Mehrabi
et al. 1996, Al-Chaar et al. 2002, Lee and Woo 2002, Corte
et al. 2008, Shing et al. 2009). The failure could occur at a
relatively small story drift as low as 0.3%. However, if the
failure of the bounding elements is prevented, test results as
well as actual cases have indicated the beneficial effect of
masonry infills in significantly increasing the lateral
strength of the frame (Fardis and Panagiotakos 1997,
Hassan and Sozen 1997, Mostafaei and Kabeyasawa 2004,
Pinto and Taucer 2006, Pujol and Fick 2010, Gémez-
Martinez et al. 2012). For this reason, several past studies
have tried to utilize the infill panels by strengthening them
with various materials. Notable strengthening methods
include wire-fabric reinforcement, wire-mesh reinforcement,
and carbon-fiber-reinforced polymer (CFRP) strip
reinforcement. As early as the 1980s, Bertero and Brokken
(1983) investigated the effects of masonry and lightweight
concrete infill panels on the behavior of RC buildings.
Several sub-assemblage models were tested under cyclic or
monotonic loads. Both reinforced and un-reinforced
masonry infill panels were employed. Experimental results
revealed that the effective lateral stiffness increased from 2
to 12 times and the maximum lateral resistance of infilled
frames increased from 3 to 8 times compared with those of
the bare frames depending upon infill-panel type. It was
found that solid brick infills reinforced externally with
welded wire and fabric plastered with cement mortar
exhibited superior performance to other types of infills.
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Buildings with such infills were estimated to be capable of
resisting an earthquake with an effective peak ground
motion as high as 0.4 g. Other studies (Calvi and Bolognini
2001, Acun and Sucuoglu 2006, Billington et al. 2009,
Shing et al. 2009) have also indicated that wire-mesh
reinforcement in various forms, even in small amounts, can
significantly enhance the performance of the infilled frames
as far as the damage limit state is concerned.

Carbon fiber-reinforced polymer (CFRP) strips in
various arrangements have also been used to strengthen the
infill panels (Erdem et al. 2006, Altin et al. 2008, Yuksel et
al. 2010, Erol et al. 2012). Experimental results have
indicated that CFRP strips are a viable strengthening
method to increase the lateral strength and stiffness of the
frames, even though, in some cases, the lateral load capacity
might suddenly drop due to rupture or debonding of the
CFRP, resulting in relatively low drift capacity.

Although many studies have demonstrated the
possibility of increasing the strength and stiffness of an
infilled RC frame, the development of brittle shear failure in
the boundary columns has still not been fully addressed.
Recently, a novel method of transforming the brittle
behavior of the infilled RC frame to a more ductile one
suitable for resisting seismic loads was proposed
(Lukkunaprasit and  Srechai 2012, Srechai and
Lukkunaprasit 2013). The method is based on strategically
modifying the load-resistance pattern and the yield
mechanism of the infilled RC frame. The masonry panel is
separated from the vertical columns by creating a vertical
gap between the column and the infill panel so that no shear
force is directly transferred to the column, eliminating the

shear failure caused by the strut forces induced by the panel.

Steel brackets and small vertical steel members are
provided to transfer the interactive horizontal forces
between the RC frame and the masonry panel and to
prevent the sliding bed-joint failure of the masonry panel.
The corners of the infill panel are reinforced with wire
meshes and high-strength mortar to increase the
compressive strength at the corners. This retrofitting
scheme results in much-enhanced performance of the
retrofitted structure over the un-retrofitted one, increasing
the drift capacity fivefold while retaining most of the
strength and stiffness.
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This study focuses on further improvement of the
retrofitting scheme by modifying the aspect ratio of the
masonry wall and enhancing the ductility of the masonry
panels with steel-wire-mesh reinforcement over the entire
panel. An experiment with a large-scale specimen was
carried out to verify the effectiveness of the enhanced
retrofitting scheme. In addition, an analytical study was
carried out to develop a computer model that provides
accurate prediction of strength, stiffness, and damage
pattern of the retrofitted infilled RC frame. This model can
be effectively used in the global analysis of a building
structure retrofitted with the proposed scheme.

2. Experimental program

In this study, a 3/4-scale model of a single-bay, single-
story, non-ductile RC frame with masonry infill panel was
tested under a horizontal cyclic load and a constant vertical
load. The test specimen was designed based on the
retrofitting concept presented by Lukkunaprasit and Srechai
(2012) (Fig. 1). Strips of masonry wall adjacent to the
columns were removed to create full-height openings. Steel
brackets (depicted in Fig. 2) were provided to transfer the
forces. Small vertical steel members (or other equivalent
components) were anchored to the vertical boundaries of
the masonry infill to prevent the sliding bed-joint failure of
the masonry panel. The resistance capacity of the steel
brackets was designed to correspond with the expected
ultimate lateral capacity of the infill panel. The RC frame
included typical non-ductile details used in Thailand, with
minimum transverse reinforcement. Low-strength non-
structural solid clay bricks were utilized to construct the 70
mm-thick infill panel (including 10 mm-thick cement
plaster on each face). In this study, original brick units (130
mmx65 mmx35 mm in size) were cut to 130 mmx50
mmx35 mm corresponding to a thickness of a 3/4-scale
infill panel. Four corners of the infill panel sized 500
mmx500 mm were reinforced with chicken-cage wire
meshes with a reinforcement ratio of 0.29%, and high-
strength mortar was applied.

Two tests were conducted using the specimen described
above. In the first test, the specimen was subjected to cyclic
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Fig. 1 Overview of the test specimen showing the retrofitting scheme (unit: mm)
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Fig. 2 Steel bracket and connection detailing (unit: mm)

loading until failure. After the first test was completed, the
specimen was repaired and subjected to a second test. The
upper portion of the RC frame (including the beam) was
removed and recast. The cracks elsewhere in the RC frame
were repaired with high-pressure epoxy injection. The
reinforcement with significant damage was replaced by a
new one. The infill panel was replaced with a new one with
a different aspect ratio and strength to investigate the
behavior of the frame with respect to the change in infill
properties. In the first test, approximately 50% of the infill
panel was removed. In this paper, this original specimen
with 50% removal of infill wall is designated SP50. In the
second test, approximately 20% of the infill panel was
removed. This repaired specimen is designated SP80. Fig. 3
shows the overview of the specimens in the first and second

tests.

It is important to note that SP80 was the repaired
specimen. This specimen used the reinforced infill panel
covering 80% of the area, resulting in a panel aspect ratio of
0.63. In addition, steel wire mesh, 3 mm in diameter with
200200 mm mesh, was used to reinforce the entire
masonry infill panel on each face (Fig. 4). The
corresponding reinforcement ratio (with respect to the
horizontal area of the infill panel) was 0.11%. Small steel
angles were provided to clamp the steel wire mesh to the
surrounding RC frame to prevent the out-of-plane collapse
of the infill panel.

Material testing was conducted prior to the
commencement of the experimental program. Three types
of reinforcement steel were used in each specimen: (1) 12
mm-diameter deformed bar (DB12) for longitudinal
reinforcement of the RC beam and RC columns; (2) 6 mm-
diameter round bar (RB6) for the transverse reinforcement
of the RC beam; and (3) heat-treated 4 mm-diameter cold-
drawn steel wire (RB4) for the transverse reinforcement of
the RC columns. The compressive strengths of the concrete
cylinder and masonry prism were also evaluated. Masonry
prisms constructed from five scaled clay brick units with
cement plaster on each face (130 mmx70 mmx215 mm in
overall size) were tested following the ASTM-C1314-07
standard. The details of SP50 and SP80 are summarized in
Table 1. It should be noted that the average modulus of
elasticity of the masonry prism, obtained by compression
test, was approximately 3.6 GPa.

(b) Second Test (SP80)
Fig. 3 Test specimens
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Table 1 Test specimens
Panel Masonry ~ Compressive Compressive strength  Yield strength of steel
Specimen Definition As;ttiecc)t Str;}lngth strr?]r;ggzrof of concrete (MPa) reinforcement (MPa)
m
Ho/Ly, (MPa) (MPa) Beam  Columns DB12 RB6 RB4
URM Panel with corner
SP50 reinforcement 1.00 7.2 18.0 195 21.9 3394 3117 2446
Panel with corner and full-

SP80 panel wire-mesh 0.63 6.9 17.4 21.6 216 339.4 3117 2446

reinforcement

Story Drift (%)

12 16
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Fig. 5 Horizontal cyclic load protocol
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2.1 Test setup

The tests were conducted under a horizontal cyclic load
and a constant vertical load. Post-tensioned rods were used
to anchor the test specimen to the strong floor. The
horizontal cyclic load was applied at the centerline of the
RC beam by means of a 1000 kN hydraulic actuator. The
displacement-controlled loading sequence, shown in Fig. 5,
was applied to the specimen. Two cycles were repeated at
each drift level to ensure that stable hysteretic behavior was
attained. The vertical loads of approximately 200 kN were
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applied to the tops of the columns by hydraulic jacks
connected to the same hydraulic pump. During the test,
those hydraulic jacks were manually controlled to maintain
a constant vertical load within 5% tolerance. Strains in the
longitudinal and transverse steel reinforcements of the
beams and columns were monitored by strain gauges at key
locations. Displacement transducers were used to measure
the lateral displacement as well as the uplift of the test
specimen. The test setup is illustrated in Fig. 6.

2.2 Experimental results and discussions

Fig. 7 shows the hysteretic loops of specimen SP50.
This specimen, with 50% removal of the URM panel
adjacent to the columns (resulting in a wall aspect ratio of
1.0), exhibited relatively ductile behavior. At 0.125% drift,
a horizontal crack between the URM panel and the footing
was observed. This crack opened rapidly when the test
specimen was loaded to the 0.25% drift. Minor flexural

100 7.
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(=]

-100 7
-200
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Fig. 7 Hysteretic loops of the retrofitted specimen SP50
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Fig. 8 Damage condition of specimen SP50 at 1.00% drift

cracks in the columns and beam-column joints were
observed in the first cycle of the 0.5% drift. A crack width
of approximately 1.0 mm was measured in the beam-
column joint when the test specimen was subjected to 0.75%
story drift. As depicted in Fig. 8, visible shear and flexural-
shear cracks were observed in the RC beam near the load-
transfer brackets at 1.0% story drift. Moreover, minor shear
cracks occurred in the beam-column joints at the same state.
A rocking behavior of the wall panel was clearly observed.
The maximum gap between the URM panel and the footing
was measured as 13 mm during the second cycle of 1.0%
drift. The test specimen attained an average peak load of
173 kN at 1.50% drift.

The drift capacity achieved at a sustainable lateral load
of 80% of the peak was 1.75%. Crushing of concrete in the
column near the beam-column joint initiated at 1.75% drift.
At a drift of 2.0%, a large diagonal crack occurred in the
URM panel, resulting in a moderate drop in the lateral
resistance of the test specimen. At this state, the maximum
width of the diagonal crack in the infill panel was
approximately 6.0 mm. The gap at the base of the wall was
measured as 26 mm. The damage condition of specimen
SP50 at 2.0% story drift is shown in Fig. 9. At a drift of
2.5%, severe crushing and splitting of concrete in the
column near the beam-column joint occurred. After that, the
longitudinal steel bars in the column buckled. The gap at
the base of the wall due to rocking widened to as large as 30
mm at this state.

Fig. 10 shows the hysteretic loops of specimen SP80. At
0.125% drift, small diagonal cracks started to develop in the
panel. The crack width of approximately 0.5 mm was

(b) Region 1
Fig. 9 Damage condition of specimen SP50 at 2.00% drift

(c) Region 2
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Fig. 10 Hysteretic loops of the retrofitted specimen SP80
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Fig. 11 Damage condition of specimen SP80 at 2.5% drift

measured. When the test specimen was loaded to 0.25%
drift, hairline flexural cracks occurred in the RC columns. A
slight corner crushing of the infill panel developed at 0.50%
drift. Moreover, at this state, the steel wires attached to the
surrounding RC frame were pulled out due to sliding of the
infill panel. A small diagonal crack was observed at the
corner of the infill panel during the first cycle to 0.75% drift.
Visible flexural-shear cracks developed in the RC columns.
During the second cycle of 0.75% drift, the largest crack in
the RC columns widened to approximately 0.5 mm. The test
specimen approximately maintained an average peak load
of 230 kN at 1.25% drift up to 2.00% drift. The specimen
could sustain a drift capacity of 2.0% at a lateral load of
over 80% of the peak load (see Fig. 10). At 1.75% drift, the
largest crack in the RC columns was approximately 1.0 mm
wide. Additionally, the gap between the wall and footing
due to rocking was 4 mm. It was observed that with a slight
steel wire-mesh reinforcement in the infill panel, the
damage to the infill panel was reduced considerably. At 2.0%
drift, crushing of concrete in the RC column near the
footing and spalling of cement plaster at the corner of the
infill panel were observed. At this state, the test specimen
was able to sustain a lateral load of approximately 90% of
the peak capacity. Finally, the flexural-shear failure
occurred abruptly at the lower part of the RC column during
the second cycle of 2.5% drift, as depicted in Fig. 11.

The envelope curves of lateral load versus drift ratio
from the two tests are shown in Fig. 12. The figure also
shows the envelope curve of the specimen with full infill
panel (100% infilled) tested by Srechai and Lukkunaprasit
(2013), which represents the condition of the frame before
retrofitting without removal of the infill-panel edges. The
test results of the un-retrofitted infilled frame (fully infilled
frame) are described in detail in Srechai and Lukkunaprasit
(2013). Owverall, specimens SP50 and SP80 exhibited
remarkable improvements in performance over the
specimen tested by Srechai and Lukkunaprasit (2013). The
average peak lateral load of SP80 was 0.79 times that of the
fully infilled specimen. However, the drift capacity of SP80
at a sustainable lateral load of 80% of the peak load was 8
times larger. Furthermore, specimen SP80 exhibited less
strength degradation. Similarly, the average peak strength of
specimen SP50 was only 0.59 times that of the fully infilled
specimen, while the drift capacity was 7 times larger. This
clearly illustrates the effectiveness of the retrofitting
method in increasing the ductility of the frame. It is also
interesting to note that the reduction in the URM panel area
results in an approximately proportional decrease in the
peak lateral load. This can be used as a preliminary design
guide to select the infill-wall area reduction given the
required overall strength of the frame.

Fig. 13 compares the secant stiffness versus drift ratios
of the tested specimens. At 0.125% drift, the secant stiffness
of specimen SP80 was approximately 82% of that of the
fully infilled specimen tested by Srechai and Lukkunaprasit
(2013). However, it reduced to 64% at 0.25% drift. With the
removal of 50% of the URM infill panel (specimen SP50),
the secant stiffness at 0.125% drift was only 30% of that of
the un-retrofitted specimen. This significant reduction in the
stiffness of specimen SP50 was caused by the rocking
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motion of the URM panel. As the area reduction becomes
larger, the aspect ratio of the remaining panel increases.
This increases the rocking motion of the panel, resulting in
larger lateral drift and smaller stiffness.

One of the key characteristics of seismic-resistant
structures is the ability to dissipate energy. The energy-
dissipation capacities, as calculated from the areas under the
hysteretic loops, are presented in Fig. 14. The retrofitted
specimens provided higher total energy-dissipation
capacities than the un-retrofitted specimen, even though the
strength and stiffness were lower. The energy-dissipation
capacity of specimen SP50 was lower than that of SP80
because its lateral strength was significantly lower (0.75
times) than that of specimen SP80.

The performance of the specimens can be characterized
based on force-deformation curves, as recommended by
ASCEA41-06 (ASCE, 2007). For reinforced concrete frames

300
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Fig. 15 Performance levels of specimens

with masonry infills, Collapse Prevention (CP) Performance
Level is defined as the state at which strength degradation
begins, Life Safety (LS) Performance Level is taken as 3/4
of the deformation at CP, and Immediate Occupancy (10)
Performance Level is taken as 2/3 of the deformation at LS.
The performance levels are shown in Fig. 15.

At the LS level, specimen SP50 could sustain an
average lateral drift of approximately 1.24%, close to the
drift at peak capacity, with stable hysteretic behavior. The
drift capacity at CP level was 1.65%. At LS level, flexural
cracks, with the largest one being approximately 1 mm wide,
and visible shear cracks developed in the surrounding RC
frame. The URM infill suffered no diagonal cracks at this
level. However, significant rocking occurred, resulting in
some crushing at one corner. For specimen SP80, the
performance level was determined to be LS at an average
lateral drift of approximately 1.31% and CP at the drift
capacity of 1.75%. At the LS level, the test specimen had
already reached its peak lateral capacity with only a slight
strength degradation. Furthermore, only minor flexural and
flexural-shear cracks (approximately 0.5 mm in width)
developed in the surrounding RC frame with no sign of
distress. Only minor diagonal cracks formed in the URM
infill and minor corner crushing developed.

In comparison, both retrofitted specimens clearly
performed significantly better than the URM infill-wall
deformation limit of 0.5% at the LS level as specified in
ASCE41-06. Similarly, Eurocode 8 (Eurocode, 2004)
specifies a story drift limit of 0.5% corresponding to the no-
collapse state for structures with brittle non-structural
elements attached to the frame.
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3. Analytical study

A macro-scale computer model capable of representing
the strength, stiffness, and damage pattern of the retrofitted
infilled RC frame was developed. This model could be used
effectively in the global analysis of a building structure
retrofitted with the proposed scheme. In the literature, a
number of analytical approaches for RC frames with
masonry infill panels have been proposed. However, only
an effective and practical approach based on the equivalent
diagonal strut concept is adopted in this study. The details
of the analytical model and some analytical results are
described in the following sections and compared to those
from the tests.

3.1 Model description and calibration

A non-linear analytical model of the RC frame with
masonry-infilled wall was constructed as depicted in Fig. 16.
The columns and beam were modeled using lump-plasticity
frame elements with an effective stiffness. The axial load-
moment interaction flexural plastic hinge was introduced at
each end of the columns. To represent the shear capacity of the
columns, shear plastic hinges were introduced at one end of the
column members. In the case of the beam, only the flexural
plastic hinges were used. The beam-column joints were treated
as rigid. The center and exterior struts were assigned 60% and
20% of the total width and capacity, respectively. The exterior
struts were connected to the steel bracket at one end and to the
base at the other end. The end points located at the points
indicated by the diagonal dashed lines shown in the figure.
Each dashed line initiated from a point at a distance of Z/2
from the end of the column or the bottom face of the beam and
inclined with the same slope as the central-strut. The distance Z
is the contact length between the RC columns and URM panel
(for fully infilled frame) according to Smith and Carter (1969).

For flexural nonlinearity, an effective plastic-hinge
moment-rotation relation proposed by Haselton and
Deierlein (2007) was used. Overall effects of concrete
crushing, steel-reinforcement buckling, and bond failure of
rebar were included in this model. The flexural plastic-
hinge load-deformation curve was tri-linear (Fig. 17(a)).
The response was linearly elastic up to the yield moment
(My). In this range, the lateral stiffness of the element was
defined as the effective stiffness. Afterwards, the load
gradually increased until reaching the maximum moment
(M) at the corresponding chord rotation (8csp). At Ocqp, the
strength degraded with softening stiffness (K.) until the
moment capacity became zero.

For the shear plastic hinge, a model proposed by
Patwardhan (2005) was modified and used in this study.
The load-displacement relation of the shear plastic hinge by
Patwardhan (2005) is depicted in Fig. 17(b). The shear-
plastic-hinge load-deformation curve is quad-linear. The
response is linearly elastic up to the cracking strength (V)
at the cracking displacement (4,.,). Beyond this level, the
shear strength increases until reaching the maximum
capacity (V,) at the corresponding displacement (4,,). The
shear strength remains constant until the onset of shear-
strength degradation. After this level, the shear strength

@—e Compression only bar element @ Axial Plastic Hinge
w— Elastic beam-column element O PM Interaction Plastic Hinge

Rigid End Zone @ Moment Plastic Hinge
4 Shear Plastic Hinge

Vertical Load Vertical Load

Lateral —pm  KD»
Load

z2

N

L

Fig. 16 Analytical model of retrofitted specimen

rapidly reduces to zero when axial load failure occurs.
However, to simplify the analysis, a tri-linear load-
displacement curve excluding the cracking point was used
instead of the quad-linear model.

For the masonry infill panel, a simplified lateral load-
deformation relation of the panel, specified by ASCE41-06
(ASCE, 2007), was modified and utilized in the analytical
model. Fig. 17(c) shows the skeleton of the masonry-infill-
panel load-deformation relation. The load-deformation
curve consists of four linear segments. The response is
elastic up to the yield strength. After this point, the load
gradually increases until it reaches the maximum strength
(Vmax) at the corresponding lateral displacement (Amax). At
Amax, the strength degrades with softening stiffness (Kgf)
until reaching the residual strength (V). After this point,
the strength is assumed to be constant. The necessary
parameters to construct the curve include the following:

« Initial stiffness (Kiy;)

The initial stiffness of the masonry infill panel
represents the elastic stiffness of the panel and can be
determined by the method introduced by Fiorato et al.
(1970) based on the conventional principle of mechanics.
The initial lateral stiffness of the masonry infill panel can be
expressed as

1
K,=——"—"F 1
ni 1 1 ()
7+7
Kﬂ Ksh

where Ky and Kg, are the flexural and shear stiffnesses of a
cantilever masonry panel, respectively, given by

3E_1I

Ky =Eale @
G

K, :% 3)

w

where E, Iy, hy, Ay, and G,, are the modulus of elasticity,
moment of inertia, height, cross-sectional area, and shear
modulus of the masonry panel. The shear modulus of the
masonry infill panel can be assumed as 0.4E,, (Stavridis and
Shing 2012). The computed stiffness value can be used in
assigning the area of the equivalent strut.
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« Yield strength (V)

According to an extensive literature review by Uva et al.
(2012), the yield capacity of the masonry infill panel ranges
from 0.6 to 0.8 times the maximum capacity. In this
research, the yield strength of the masonry infill panel is
assumed to be 0.8 times the maximum capacity.

*Maximum strength (Vax)

According to Asteris et al. (2011), sliding along the bed
joint and corner crushing of the masonry infill panels are
the predominant failure modes. Therefore, the lateral
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Fig. 17 Load-deformation relations of plastic
hinges and masonry infill panel

capacity of the masonry infill panel can be approximately
taken as the smaller of the capacities associated with these
two failure modes. The approach developed by Mostafaei
and Kabeyasawa (2004) was used to estimate the lateral
capacity of sliding along the bed-joint failure mode (Vsjige)-
For the corner-crushing failure mode (V.), the total
effective width of the diagonal struts (w) was calculated
following the method proposed by Mainstone (1971).

« Lateral drift at maximum strength (Amax)

In this research, the lateral deformation at maximum
capacity of the masonry infill panel is estimated following
the recommendation of the ASCE41-06 standard (ASCE,
2007). Since the test results revealed much improved
displacement ductility, a trial and error approach was used
to estimate the drift at maximum capacity of the masonry
infill panel. The drift A, of approximately 2 times the
ASCE41-06 recommended value yields reasonable
agreement with the experimental results.

+ Residual strength (V) and the associated lateral drift

(AFES)

As mentioned earlier, the strength and deformation of
the masonry infill panel depend on its failure mode.
Therefore, the actual residual strength and deformation at
residual strength cannot be estimated using a simple
methodology. A number of researchers assume the residual
capacity of the masonry infill panel as a fraction of the
maximum capacity, ranging from 0 to 0.35 times the
maximum capacity (Uva et al. 2012). The associated lateral
drift can be calculated by assuming the softening stiffness
(Ksop) Of the masonry infill panel as a fraction of the initial
stiffness. Uva et al. (2012), based on the suggestion of
Panagiotakos and Fardis (1996), proposed a range of
softening stiffness from 0.005 to 0.1 times the initial
stiffness. In this research, the residual capacity of the
masonry infill panel was assumed to be 0.2 times the
maximum capacity. For the softening stiffness, it was found
that the aspect ratio of the infill panel had a strong influence.
The value of the softening stiffness should, therefore, be
assigned according the aspect ratio of the infill panel. This
issue is explored further in the next section.

3.2 Results and discussion

Based on the approach described above, analytical
models of SP50 and SP80 were constructed. Table 2
summarizes the values of different parameters assigned to
the models. Softening stiffness (Ksy) values from 1% to 5%
of the initial stiffness were assigned to investigate the
sensitivity of the analysis results. It should be noted that all
values shown in the table except w were defined for the
horizontal direction. Therefore, all parameters must be

Table 2 Masonry-infill-panel model properties of retrofitted specimens

Properties
Specimen w Vslide Vcc Kini Vmax Vy Vres Ay Amax Ares
(mm)  (kN) (kN)  (KN/mm)  (kN) (kN) kN)  (mm)  (mm)  (mm)
SP50 309 334 106 39 106 85 21 2.18 33.28 106.77
SP80 426 264 183 108 183 146 37 1.35 13.93 149.76
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transformed into those for the direction of the diagonal strut
before using them in the strut model.

Fig. 18 shows the comparison of the lateral force versus
story drift relations of specimen SP50 between the test and
analysis results. Damage patterns corresponding to
important states are also shown in the figure. It can be seen
that the analytical initial stiffness matched well with the
experimental result when the story drift was smaller than
0.125%. After this state, the analytical lateral stiffness was
measurably larger than the experimentally obtained value.
However, after an interior diagonal strut yielded (point 1),
the lateral stiffness of the specimen decreased considerably.
Moreover, when the yielding initiated in an exterior
diagonal strut (point 2), the analytical lateral stiffness of the
specimen was consistent with the experimental result. The
analytical results indicated that the specimen reached its
peak lateral load at 0.9% drift. This story drift was
considerably smaller than the experimentally observed
value. However, the analytical model could capture the
average peak lateral load of the specimen. For an infill
panel with high aspect ratio such as this one, the softening
of the infill struts had a minor influence on the overall load
resistance of the frame for the range of story drifts relevant
for practical purposes. The softening stiffnesses between 1-
5% all yielded similar results, except for drift values larger
than 2.5%, i.e., beyond the drift limit obtained from the test.
The softening of lateral stiffness obtained by the analytical
procedure reasonably matched the experimental envelope
curves. According to the experimental results, only flexural
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Fig. 18 Analytical results of specimen SP50
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yielding was observed in the RC columns, which is
consistent with the analytical result.

The lateral force versus story drift relations of specimen
SP80 from the analysis and the test are illustrated in Fig. 19.
It can be seen that the analytical initial stiffness matched
well with the experimental result, especially when
compared with the experimental positive-envelope curve.
However, the analytical initial stiffness was considerably
larger when compared with the experimental negative-
envelope curve. The experimental results revealed that the
lateral strength of the tested specimen slightly dropped due
to diagonal cracking of the infill panel. At a similar story
drift, yielding of the bottom exterior and interior diagonal
struts (point 2) was observed in the analytical investigation.
Consequently, the lateral stiffness of specimen SP80
considerably decreased without lateral-strength
deterioration. The proposed analytical model accurately
captured the lateral-strength deterioration caused by a
diagonal crack in the infill panel. The analytical result
shows that the specimen reached its peak lateral load at
approximately 1.15% drift. This drift was slightly smaller
than the experimental result. Moreover, the peak lateral
strength obtained by the analytical procedure was slightly
higher than the experimentally obtained value. This is due
to the large variation inherent in the strength calculation of
the infill panel. The lateral-strength deterioration of the
analytical curve was observed at 1.5% drift, which agrees
reasonably well with the experimental curves. For the infill
panel with low aspect ratio, the softening stiffness had a
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Fig. 19 Analytical results of specimen SP80
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very large influence on the overall load resistance of the
frame. Softening between 1-5% produced significantly
different results. In addition, the steel wire-mesh
reinforcement employed in the infill panel significantly
improved the ductility, leading to a much more gradual drop
in the peak load. A low value of softening stiffness of 1%
appeared to match the experimental envelope curves for this
case.

As reported by Chiou and Hwang (2015), the aspect
ratio of an infill panel can significantly affect the response
of the frame. In this retrofitting scheme, for the panel with
low aspect ratio (SP80), the inclination angle of the
diagonal strut from the horizontal direction (6) was
relatively small. As a result, the horizontal component of
strut force was significantly large. Any softening in the
infill stiffness would considerably affect the lateral load
carrying mechanism and overall lateral load resistance of
the frame. On the other hand, the panel with high aspect
ratio (SP50) involved greater rocking response of the infill
panel and less contribution from the horizontal component
of the strut force. The softening in the infill stiffness thus
played a less important role in the overall lateral load
resistance of the frame.

4., Conclusions

Experimental and analytical evaluations of an effective
approach for the retrofitting of masonry-infilled non-ductile
RC frame were carried out in this study. The retrofitting
scheme was based on the concept proposed by
Lukkunaprasit and Srechai (2012) with additional
improvements. Quasi-static tests were performed to
evaluate the effectiveness of the proposed method. In
addition, a computer model using a diagonal-struts concept
for predicting the global behavior of the structures was
developed and calibrated experimentally. The main findings
are summarized as follows:

+ The retrofitted specimens exhibited remarkable
improvements in performance over the un-retrofitted
specimen (fully infilled), especially in terms of the
ductility. The retrofitted specimens achieved drift
capacities approximately 7 times larger than that of the
un-retrofitted one. In addition, a small amount of steel
wire-mesh reinforcement in the infill panel could reduce
the damage and further enhance the ductility of the
masonry infill panel.

* The peak lateral load resistance of the frame decreased

approximately in proportion to the width reduction of

the infill panel. In addition, increasing the aspect ratio of
the infill panel resulted in rocking motion of the panel,
which significantly affected the stiffness of the frame.

Therefore, in a real application, the retrofitting design

must be carefully checked with a suitable computer

model with regards to the balance between strength,
stiffness, and ductility.

» The analytical model presented in this study could

predict the global responses of the tested specimens

reasonably well, especially in terms of strength, stiffness
and damage pattern. For prediction of the peak

capacities of the test specimens, a slight error within 3%
to 8%, compared with the average peak capacities
obtained from the experiments, could be achieved. For
an infill panel with a low aspect ratio, the softening
stiffness of the masonry panel is an important parameter
that had a significant influence on the overall load
resistance of the frame. For the specimen investigated in
this study, a softening stiffness of 1% of the initial
stiffness could account for the gradual drop in the
descending branch of the load-deformation curve.

 In this study, a drift at maximum capacity of the
masonry infill panel of approximately 2 times the value
recommended in ASCE41-06 yielded reasonable
agreement with the experimental results.
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Appendix

The equations employed to calculate the key parameters
in the analytical model can be summarized as follows:

« Flexural plastic hinge properties

The yielding moment (My) can be determined by several
approaches. Once it is determined, the maximum moment
(M) can be computed from the ratio between M. and M,
according to Haselton and Deierlein (2007)

MC

= (1.25)(0.89)" (0.92)O%m: (A1)

y

where v is the axial load ratio (P/Aq f.), P is the axial load,
Aq is a gross-sectional area of column, Cyuis iS a unit
conversion variable equal to 1.0 when the unit is MPa, and
f'c is concrete compressive strength (MPa).

The post-yielding stiffness (K;) and the softening
stiffness (K) can be expressed as

_M,-M,

K (A2)

and

K,=— (A3)

where Hcapp' and 6, are determined by empirical equations
given in terms of longitudinal and transverse reinforcement
ratios, rebar yield strength, and the diameter and
arrangement of rebars (Haselton and Deierlein 2007).

« Shear plastic hinge properties

The maximum shear strength (V,) suggested by ACI 318
(2008) was used in this study. According to Patwardhan
(2005), the corresponding shear displacement (4,,) can be
computed by

A, =L (A4)

where L is the length of the column and j, is the average
shear strain at maximum shear strength which depends on
the failure mode of the columns. For flexural-shear failure
mode, this is given by

yom o e
” 227370(61} P
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For shear failure mode, the average shear strain at
maximum shear strength is calculated by

~0.0006 (A5)

a
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In Egs. (A5) and (A6), a is the shear span-length of the
column, d is the member cross-section effective depth, fy
are the yield strength of transverse reinforcements (MPa),

and p and py are the longitudinal and transverse
reinforcement ratio, respectively. It should be noted that p
and py, must be expressed in percentage.

Shear displacement (4,,) of the column at the onset of
shear strength degradation is determined by

A,, = (4 —12@}n L (A7)

Finally, for shear displacement at failure (4,s), the
equation proposed by Elwood and Moehle (2005) can be
used

4 1+tan?®
Ag=— ¢ L (A8)

tanp+P —
&h fytdc tan(ﬁ

where b is the member cross-section width, Ay, is a
transverse reinforcements area, ¢ is the expected shear
crack angle (¢=65° as recommended by Elwood and
Moehle 2005), d. is the core-concrete depth which measures
the center-to-center dimension of transverse reinforcement
and s is transverse reinforcement spacing.

» Masonry infill panel properties

The maximum strength (Vi) of the infill panel
associated with corner-crushing and sliding-shear failure
modes were considered as follow
For corner-crushing failure mode, the strength is calculated

by

V., =wt, f cosé (A9)

where 6 is the inclination angle of the diagonal strut from
the horizontal direction, t,, is thickness of infill panel, f ' is
the masonry compressive strength, and w is the total
effective width of the diagonal strut given by

w=0.175(h4)*"d,, (A10)

In the above equation, d,, is masonry panel diagonal length,
h is story height, and A is the relative stiffness between the
surrounding frame and masonry infill panel (Smith and

Carter 1969)
e E.t,sin 20
4Elh,,

where E and E,, are moduli of elasticity of the surrounding
frame and masonry infill panel, respectively, I is moment of
inertia of the column, and h,, is infill panel height.

For sliding-shear failure mode, the lateral load
resistance capacity, Vgige, iS given by

— TO Lwtw
slide (1_ ,utan 0)

(A1)

(A12)

where 7, is the cohesive capacity, u is the friction
coefficient, and L,, t,, and @ are related to the frame
geometry. In this study, the lower-bound values for 7, and u
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were obtained by calibrating the strength with the lateral
capacity of un-retrofitted (fully infilled) specimen tested by
Srechai and Lukkunaprasit (2013), resulting in the cohesive
capacity (=) of 0.6 MPa and the friction coefficient (x) of
0.74.

Finally, the contact length (Z) between the RC column
and the infill panel can be expressed as a function of the
relative stiffness () as follows

Z=—

57 (A13)

Symbol list

The following symbols are used in this paper
A, = gross-sectional area of column

Ay, = transverse reinforcement area

A, = cross-sectional area of masonry panel
a  =shear span length of the column

b = member cross-section width

d = member cross-section effective depth
d

= core-concrete depth which measures the center-t
¢ o-center dimension of transverse reinforcement

dy = masonry panel diagonal length
E = modulus of elasticity of surrounding frame
E = modulus of elasticity of masonry panel

f' = compressive strength of concrete

f'n = compressive strength of masonry

f, = yield strength of longitudinal reinforcement
fix = yield strength of transverse reinforcements

GW = shear modulus of masonry panel

h  =story height

h, =masonry panel height

I = moment of inertia of column

I, =moment of inertia of masonry panel

K. = softening stiffness of flexural plastic hinge

K, = flexural stiffness of a cantilever masonry panel
K. =initial stiffness of masonry panel

Ks = post-yielding stiffness of the column section

K, = shear stiffness of a cantilever masonry panel
Ksot = softening stiffness of masonry panel

= length of the column
w = width of masonry panel
M. = maximum moment
M, = yielding moment
P
S
t

L
L

= axial load

= transverse reinforcement spacing
w = thickness of masonry panel
Ve = lateral capacity of corner-crushing failure mode
V¢ = cracking shear strength

Viax = Mmaximum strength of masonry panel

V, = maximum shear strength of column

Vies = residual strength of masonry panel

Ve = lateral capacity of sliding along the bed-joint failure
slide mode

=yield strength of masonry panel

= total effective width of the diagonal struts

contact length between columns and URM panel
= lateral displacement of masonry panel at maxim
um strength
= lateral displacement of masonry panel at yieldin
y g strength
A lateral displacement of masonry panel at residua
res | strength
Ao = shear displacement at cracking strength
= shear displacement at axial load failure
= shear displacement at maximum strength
A shear displacement at the onset of shear strengt
V! h degradation
inclination angle of the diagonal strut from the
horizontal direction
g. = post-capping rotation capacity of the column sec
¢ tion
Hcapp': plastic rotation capacity of the column section
= relative stiffness of the surrounding frame and
masonry infill panel
= average shear strain at maximum shear strength of
% column

> >
non

v = axial load ratio

u = friction coefficient

o = total longitudinal reinforcement ratio
P = transverse reinforcement ratio

n = cohesive capacity

¢ = expected shear crack angle





