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Abstract The ratio of frame strength and stiffness to masonry infill are major parameters
that influence the seismic capacity of masonry infill. The influence of such parameters to
seismic capacity in terms of strength, stiffness and deformation has significant variations
between different design codes and past literature on the topic. This study focused on the
in-plane behaviour of unreinforced masonry infill walls installed in reinforced concrete
(RC) frames with different strengths. In the first part of this study, two 'z scale specimens
with different RC frames and identical masonry infill walls were tested using a static cyclic
loading protocol. The main objective was investigating the influence of changing frame
strength to seismic capacity in terms of: strength, stiffness and deformation. Results of the
presented experiment showed that as the ratio of frame shear strength to masonry shear
strength increased, there was great improvement of the masonry infill walls in terms of
strength and avoidance of sudden brittle behaviour of the masonry infill. However, varying
frame strength did not significantly influence the initial stiffness and story drift at maxi-
mum strength. In the second part of this study, an investigation was conducted on the
deformation limits of masonry infilled RC frames and the influence of various parameters,
based on data collected from many recent experimental tests. Based on these experimental
results, the deformation limits of masonry infill were found to be directly proportional to
both the compressive prism strength of the masonry infill and the ratio of shear strength of
frame to that of the masonry infill. The influence of aspect ratio showed large variation and
it is difficult to conclude its level of influence on deformation. A simplified procedure
based on experimental data was proposed that can estimate the backbone curve and gave
good estimation of the post-peak lateral strength degradation slope based on the ratio of
frame strength with simple hand calculation. Such a method is useful in the preliminary
design process to help practicing engineers understand the general behaviour expected by
infilled RC frames.
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List of symbols

B Ratio of the boundary frame lateral strength to masonry infill shear strength

Vy Boundary frame lateral strength

Ving Masonry infill lateral strength

fe Compressive strength of concrete

fn Prism compressive strength of masonry infill

Linf Infill panel thickness

Ling Infill panel length

M, Flexural yield moment of the column or beam

Vnax Maximum lateral load of the overall structure (masonry infill and frame)

h, Clear height of column

W Equivalent strut width

E,, E. Young’s modulus of the infill wall and the concrete

H;,, H Height of infill wall and the story height

0 Arctan (Hj,¢/Li,¢) (the inclination of the diagonal strut)

1., I, Moment of inertia of the column and of the beam

fimo0 Prism compressive strength of masonry in horizontal direction

u Coefficient of sliding friction

d, Diagonal length of infill panel

h, 1 Height and length of frame

Rerack Story drift angle at the cracking point

R, x Story drift angle at maximum strength

R, Story drift angle at the strength degradation point is set to be 80% of the
maximum strength

K, Initial stiffness of frame

K, Initial stiffness of masonry infill

K, Initial stiffness of whole system (masonry infill and RC frame)

Epeak Masonry prims compression strain at maximum compression stress

Omax Lateral displacement at maximum lateral load

Viyes The residual strength of RC frame and masonry infill

R,.s The story drift at point of V.

1 Introduction

Many RC buildings in the world use masonry infills as partition walls. The masonry infill is
considered as a non-structural element but its influence on structural behaviour has been
repeatedly been observed in recent earthquakes such as the 2009 L’Aquila earthquake in
Italy, 2008 Sichuan earthquake in China, 1999 Izmit earthquake in Turkey, 2015 Nepal
earthquake and the 2016 Ecuador earthquake.

The seismic performance of masonry infill depends on several parameters such as the
confinement effect, masonry type, aspect ratio, mortar strength. Among these factors, the
relative strength of the boundary RC frame to the masonry infill is a crucial parameter that
not only governs the behaviour and failure modes of the RC frame but also the strength and
failure mode of the masonry infill. This was demonstrated in an experimental study
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conducted by Mehrabi et al. (1996). A study by Wood (1978) emphasized the impact of
frame to masonry infill strength ratio on failure mechanism and proposed empirical
equations to calculate shear strength based on this ratio. However, in another proposed
empirical equation by Mainstone (1971) which was also adopted by FEMA 306 (1998),
greater emphasis was placed on the frame to infill stiffness ratio rather than strength in
controlling the equivalent strut width which is used to calculate frame strength and initial
stiffness. On the other hand, Liauw and Kwan (1985) proposed different diagonal com-
pression failure modes of the infill based on plastic collapse theory. The proposed equa-
tions were directly related to the ratio of frame to masonry infill strength and the stiffness
ratio was not taken into account. Saneinejad and Hobbs (1995) proposed analysis methods
based on the contact length between the frame and masonry infill which was controlled by
the ratio of frame strength to masonry infill strength. However, based on extensive
experimental data, Flanagan and Bennett (1999) concluded that the strength of compres-
sion failure mechanism of the masonry infill was not significantly influenced by the frame
to masonry infill strength or stiffness ratios and instead proposed simplified empirical
equations which did not use either ratio. ASCE/SEI 41 (2007) proposed equations to
calculate the masonry infill strength based on shear tests of masonry infill ignoring the
frame to masonry infill strength ratio. However, the strength ratio was used to determine
deformation limits for the masonry infill. Turgay et al. (2014) conducted a comparative
study between different codes to estimate strength, deformation and stiffness of masonry
infill. The comparative study showed large variation in the commonly used analytical
models to calculate strength and stiffness. Turgay et al.’s study also showed that defor-
mation limits suggested by ASCE 41 based on the frame to infill strength ratio was overly
conservative. In summary, the experimental results and equations proposed by various
researchers tend to contradict each other. Some studies placed emphasis on the importance
of the frame to infill strength ratio while others emphasized the importance of the frame to
infill stiffness ratio and others ignored the influence of these ratios altogether.

In addition, the large variation in analytical models proposed by codes or researchers to
estimate the seismic capacity of masonry infills can create complications and confusion for
practicing engineers during design. Many engineers still assume that the walls are non-
structural elements due to variations in estimating seismic capacity concerning RC frames
with masonry infill behaviour and the complexity in evaluating their failure modes.

Therefore, this study aims to clarifying the impact of frame strength on the seismic
capacity of masonry infill. The influence of frame to infill strength and stiffness ratios on
the strength, stiffness and deformation limits is investigated. In the first part of this study,
two 2 scale specimens with different RC frames and identical masonry infill walls were
tested using a static cyclic loading protocol. In the second part of this study, an investi-
gation was conducted on the deformation limits of masonry infilled RC walls and the
influence of various parameters, based on data collected from many recent experimental
tests. Finally, a simplified procedure was proposed based on experimental data that can
estimate the backbone curve and provided a good estimate of the post-peak lateral strength
degradation slope based on the frame to infill strength ratio using simple hand calculation.
This simplified method can aid practicing engineers to better understand the expected
behaviour of masonry infilled RC frames during preliminary design.
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2 Experimental program
2.1 Test specimens

Two half-scaled specimens with different RC frames, having same unreinforced masonry
infills, were designed. The main variance parameter for test specimens was the ratio of the
boundary frame to masonry infill lateral strength defined as 5 index, as shown in Eq. (1).
Specimens named WF (weak frame) and SF (strong frame) with f of 0.4 and 1.5,
respectively.

where V; is the boundary frame lateral strength which is calculated to be the ultimate
flexural capacity of a bare frame with plastic hinges at top and bottom of columns. The V;,
is the masonry infill lateral strength calculated based on Eq. (2) which is a simplified
empirical equation showing good agreement with experimental database studied by the
author (Al-Washali et al. 2017)

Vint = 0.05f, + ting * Lin (2)

where f,, is the compressive strength of masonry prism, f;,is the infill thickness, /s is the
infill length.

The specimen dimensions and details are shown in Fig. 1. Both specimens were
identical except for the column size and reinforcement, as shown in Fig. 1. The beams
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Fig. 1 Dimensions and reinforcement of specimens; units in mm. a Specimen WF (weak frame),
b specimen SF (strong frame)
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were designed to be stronger and stiff enough to simulate a typical case of a weak column
and strong beam system observed in existing buildings of old designs.

2.2 Material properties

The infill panels were constructed using 60 x 100 x 210 mm solid clay bricks conven-
tionally used in Japan. It should be noted that masonry infills are not commonly used in
Japan, but the purpose of the study is to investigate the influence of changing the strength
of boundary frame on the masonry infill that are used around the world as general case. A
professional mason built the infill, after the frame construction, where its thickness is
100 mm and mortar head and bed joint thickness is about 10 mm. Tables 1 and 2 show the
properties based on material tests conducted on the reinforcing steel, concrete and masonry
respectively, where those values represent the mean values of three samples in each test.
These include steel tensile strength by JIS Z 2201 (2010), the compression strength of
concrete and mortar cylinders by JIS A 1108 (2010), the splitting tensile strength of
concrete and mortar cylinders by JIS A 1113 (2010), the masonry prism compressive
strength tested according to ASTM C1314 (2011). The concrete used for both specimens
was identical and from the same batch. The proportion of cement and sand for the mortar is
1:2.5 (mass proportion), and masonry prism samples were made simultaneously with the
infill panel by the same professional mason. The material tests were conducted at the same
time with the experimental loading for each specimen individually. There is an increase of
compressive strength of concrete, mortar and masonry prism strength in both specimens
and this is considered to be caused by the time gap between material tests (3 weeks
difference in both specimens).

2.3 Test setup and instrumentation

The loading system is shown schematically in Figs. 2 and 3. The vertical load was applied
on RC columns by two vertical hydraulic jacks and was maintained to be 200 kN on each
column. Two pantograph, attached with the vertical jacks, restricted any torsional and out-
of-plane displacement. Two horizontal jacks, applying together an incremental cyclic
loading, were attached at the beam level and were controlled by a drift angle of R%,
defined as the ratio of lateral story deformation to the story height measured at the middle
depth of the beam (h = 1600 mm). The lateral loading program consisted of 2 cycles for
each peak drift angle of 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5 and 2%.

2.4 Experimental results

The lateral load versus story drift angle graphs of both specimens are shown in Figs. 4 and
5. Hinge locations during positive loading are schematically shown Fig. 6. Cracks and
failure patterns at story drift of 0.8% and final drift cycle of 2.0% are shown in Fig. 7.

2.4.1 For specimen WF

Very small cracks on mortar bed joint and diagonal cracks on bricks near loading corner of
infill panel, less than 0.3 mm width, started at early stages of loading just when the drift
angle was 0.05%. At drift angles of 0.2 and 0.4%, the longitudinal reinforcement in the
tensile column (windward column) yielded at the upper critical section and above its mid-
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Table 2 Reinforcement mechanical properties

Bar Nominal strength Yield strength (MPa) Ultimate tensile strength (MPa)
D6 SD345 476 595
D10 SD345 384 547
D13 SD345 356 555
D16 SD345 370 556
D22 SD390 447 619
1 1

\

HJIH‘IM_IV_I [T

(' ] € b
Vertical = || Pantograph
Jacks N
200kN
each

—_

Positive loading
direction -» . B B &

| o _ . _ Hiex ;{7_15:1'7%

/ 4 o Ul t
/" ] Horizontal Jack Horizontal Jack —

e e Ta T et P

Reaction Wall

£
s
g
I
1

: |
INIRININININIES

Reaction Floor

e

Ré;-zction Truss
Fig. 2 Test setup (units: mm)

height, respectively, forming failure mechanism similar to a short column, as illustrated in
Fig. 6a. The yielding of columns was detected using strain gauges attached on the main
reinforcing bars of columns at critical sections and distributed uniformly every 200 mm
over the height of the columns. Just after reaching the maximum lateral strength, there was
a sudden drop of lateral load bearing capacity with extensive cracking and spalling of
bricks. After the drift of 1%, the main failure mechanism changed from diagonal cracks to
sliding cracks with clear sliding movement at the mid-height of the infill. At drift story of
2% in the negative cycle, the concrete around the reinforcement of top compression
column spalled-off and main bars buckled.

2.4.2 For specimen SF

Cracking of infill panel also started at the peak of the first loading cycle, which was
relatively similar to the crack width observed in specimen WF at this stage. At drift angle
between 0.6 and 0.7%, both columns yielded at the locations shown in Fig. 6b. As it
reached its maximum strength, the lateral load gradually degraded (contrarily to the sudden
degradation of strength in previous specimen WF) with the drift angle increase until the
drift angle of 1.5%, where there was a slight drop of the lateral load, after the horizontal
sliding between bricks clearly increased. At the drift angle of 2%, the loading stopped as
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Fig. 3 Photo of test setup
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Fig. 4 Lateral strength and story drift angle for specimen WF
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Fig. 5 Lateral strength and story drift angle for specimen SF
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Fig. 6 Hinge locations formed in RC frame. a Specimen WF, b specimen SF

planned, and the masonry infill damage at this point was much greater than observed in the
previous specimen WF (see Fig. 6b). In spite that columns had many cracks, there was no
extensive damage or spalling of concrete cover.

3 Discussion of experimental results
3.1 Lateral strength

The maximum lateral load contributed by the masonry infill (V;,) is calculated by
deducting the bare frame lateral strength (Vy) from the maximum lateral load of the overall
structure (V,,,..), as shown in Eq. (4). It should be noted that obtaining the actual maximum
lateral strength of the infill can be more complicated due to the complicated frame-panel
interaction, variation of hinge locations and internal varying axial load on columns, which
are very challenging to pre-identify. Therefore, in order to make more general seismic
evaluation possible and as comparison benchmark, Eq. (4) was employed in this study.

V; = 4M, /h, (3)
Vinf = Vmax - V_f (4)

where M, is the minimum plastic moment of the column or beam calculated by AlJ
provision (2016) and 4, is the clear height of column (taken here as infill height). The
moment capacity of column ends was calculated using axial load (200 kN) applied by
vertical jacks.

Table 3 shows the experimental shear strength of masonry infills in both specimens,
which is the shear force (V;,) divided by the infill cross-sectional area. Even though both
infill panels were made by exactly same material and have similar prism compression
strength, specimen SF has the shear capacity of 1.48 N/mm? which is about 1.5 times the
shear strength in specimen WF (0.93 N/mm?).

The large increase in shear strength is thought to be mainly due to confinement effect of
the strong boundary frame in specimen SF. It is thought that the stronger and stiffer
boundary RC frame will result in increase of the contact length between frame and
masonry infill. Thus, the increase of the infill‘'s compression strut width increased the
lateral strength capacity. The mortar strength of specimen SF was higher than that of
specimen WF, as mentioned earlier in Table 1, so it might affect the failure pattern and
lateral strength of infill. However, the prism strength of the infill is the most crucial factor
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to determine the main failure mechanism and lateral strength from many researches. Thus,
the difference in lateral strength between specimens SF and WF are considered mainly due
to different boundary RC frames.

The in-plane capacity of the masonry infill depends mainly on the type of failure
mechanism. The failure mechanism types and identification are different between building
standards or researchers. The most recognized failure modes are diagonal compression
failure and sliding shear failure modes. The failure mechanism observed in experimental
results as mentioned earlier, is a mixture of both: compression and sliding failure.

Several common strength calculation methods for both diagonal compression and
sliding failure modes, which were cited by many researchers, will be introduced and
compared to the experimental results.

3.1.1 For diagonal compression failure mode

FEMA 306 (1998) adopted a modified version of the method suggested by Stafford-Smith
to calculate the compression failure by the equivalent diagonal strut. The shear force
(horizontal component of the diagonal strut capacity) is calculated from Egs. (5) through
(7

Vint = Wes * tinf - finoo - cos 0 (5)

W = 0.175. (Z4H) " - d, (6)

P Ewtwsin(Z())i
"7 | 4E. 1 Hiy

where W,,is the equivalent strut width calculated using Eq. (6), #;,is the infill thickness,
E,, and E. are the elasticity moduli of the infill wall and the concrete. H;,rand H are the net
height of infill wall and the story height. 0 is the arctan (H,,/L;,) (the inclination of the
diagonal). /.. is the moment of inertia of the column, d,, is diagonal length of masonry infill,
Jfmoo 18 the expected prism compressive strength of masonry in horizontal direction, which
may be set at 50% of the expected prism compressive strength in absence of experimental
results.

Liauw and Kwan (1985) used plastic collapse theory and proposed different diagonal
compression failure modes of the infill, and the minimum value stated in Egs. (8) through
(10) is the expected in-plane strength. This method not only estimates the masonry infill
strength but also calculate the in-plane strength of the whole system consisted of RC frame
and masonry infill.

Vl :fm * Tinf - hinf\/z(ij + Mpc)/(fm * Binf * hZ) (8)
Vo = (fin - tint - hing) / tan 0 - \/(2(ij + Mpp) [ (fon~ o~ Hie) )
V3 :fm * tinf - hinf/6 + 4ij/hinf (10)

where M, is the plastic moment capacity of the column, M, is the plastic moment of the
beam and M,; is the minimum of M,,, and M,,.
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Flanagan and Bennett (1999) proposed the corner crushing infill strength as a simple
form, as shown in Eq. (11), based on their experimental tests that stated a different con-
clusion from previous researchers, where the corner crushing capacity does not change
because of frame properties and geometry.

V= Kult . tinf fm (1 ])

where K, is an empirical value based on their experiments, and it is suggested to be
246 mm.

3.1.2 For sliding shear failure

FEMA 306 (1998) suggests that Mohr—Coulomb failure criteria can be used to assess the
initial sliding shear capacity of the infill as shown in Eq. (12):

V=1, tinf - Lt + 14+ N (12)

where p is the coefficient of sliding friction along the bed joint, FEMA 306 (1998) does not
suggest any values for 4. However, the New Zealand Society for Earthquake Engineering,
NZSEE (2006) which uses the same procedure as FEMA 306 suggests u = 0.8, in the
absence of such site specific data. N is vertical load on the infill wall and 1, is the cohesive
capacity of the mortar bed joint which can be taken as Eq. (13). In this study, the panels
were inserted after construction of the frame and the vertical load by jacks were then
applied on the columns. In addition, there was no additional axial loading applied on the
beam. Therefore, vertical gravity load N was considered very small and taken as zero in
Eq. (12).

To :fm90/20 (13)

where f,,,00 is the expected strength of masonry in horizontal direction, which may be set at
50% of the expected prism compressive strength.

Paulay and Priestley (1992) also employed the Mohr—Coulomb failure concept to assess
the sliding shear capacity. They assumed that the vertical component of the strut com-
pression force acts as vertical load on the infill. It is suggested that maximum sliding shear
force of masonry infill as Eq. (14).

Table 4 Ratio of experimental peak strength to analytical results

Test FEMA 306 Liauw Flanagan FEMA 306 Paulay and Al-
specimen  (1998) and and Bennett  (1998) Priestley (1992) ‘Washali
(compression Kwan (1999) (Sliding (Sliding failure) et al.
failure) (1985) failure) (2017)
Specimen  1.21 0.69 0.50 3.14 1.58 1.18
WF
Specimen  1.41 0.81 0.66 6.26 2.13 1.62
SF
Average 1.31 0.75 0.58 4.70 1.85 1.40

Ratio = experimental/analytical
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V = (%o - tinf - ling) /(1 — - (B/1))) (14)

where Paulay and Priestley (1992) recommended values of 7, = 0.03f,, and u = 0.3.
Table 4 shows the comparison of the infill strength with previously mentioned methods.
Liauw and Kwan (1985) method and simplified method of Flanagan and Bennett (1999)
greatly overestimate the strength. The methods proposed to calculate sliding capacity by
FEMA 306 (1998), and Paulay and Priestley (1992) greatly underestimated the infill
strength. Diagonal compression strength by FEMA 306 (1998) and the simplified equation
by Al-Washali et al. (2017) showed relatively good estimation for specimen WF, but they
highly underestimated that of Specimen SF. This underestimation is considered due to the
ignorance of the confinement effect by the strong boundary frame in their equations.

3.2 Stiffness

The initial stiffness K, of infilled frame is taken as the slope between the origin point of the
load—displacement curve and the point at which there is a major visible crack in the
masonry infill and the RC frame, which was determined to occur at story drift of 0.1%.
Table 5 shows the comparison between the initial stiffness of overall frames and that of
bare frames. Herein, the initial stiffness of bare frame is calculated based on its elastic
gross concrete section. The masonry infill greatly increased the initial stiffness up to about
7.1 times that of bare frame in specimen WF. Therefore, in seismic design, ignoring the
contribution of masonry infill to stiffness and natural period of building may cause non-
conservative design practice, since buildings with lower natural period have greater seis-
mic forces.

The most well recognized method for calculating the infill stiffness is using the
equivalent diagonal compression strut, which has the same elasticity and thickness as the
infill panel. Paulay and Priestley (1992) recommended using the effective width of strut
(W,p as 0.25 times the diagonal length of infill panel (d,,), as shown in Eq. (15).

W, = 0.25d,, (15)

Table 5 shows the comparison between experimental and numerical initial stiffness
based on the strut width recommended by FEMA 306 (1998) and Paulay and Priestley
(1992), where the vales include the initial stiffness of bare frames. The strut width cal-
culated by FEMA 306 (1998) underestimates the initial stiffness by about 1.9 and 1.08 for
specimens WF and SF, respectively. On the other hand, Eq. (15) recommended by Paulay
and Priestley (1992) agrees pretty well with specimen WF with the ratio of 0.94, but highly
overestimates specimen SF with the ratio of 0.73. Based on test results, it was found that
making a simple assumption of the strut width W, to be 0.2 d,,, (d,: diagonal length),
which is a slightly modified assumption from Paulay and Priestley (1992), gives relatively
better and conservative estimate for the initial stiffness. The strut width using FEMA 306
(1998) commonly gives the strut width of 0.08-0.15 d,, based on relative stiffness between
RC frame and masonry infill, with the average of about 0.1 d,, for many experimental
studies presented later in this paper. The assumed strut width in this study of 0.2 d,, is
somewhere in between FEMA 306 and Paulay and Priestley (1992) equations. This esti-
mation also showed reasonable agreement not only for the two tests in this study but also
good agreement with other test data which will discussed later in this study.
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Fig. 8 Backbone curve and deformation limits. a Specimen WF, b specimen SF
3.3 Deformation

In this study, idealized backbone curves for specimen WF and SF are shown in Fig. 8.
Herein, R.,4cr Rnax and R, are the representative drift angles at the cracking, the maximum
strength and the strength degradation point, respectively. Strength degradation point R, is
set to be 80% of the maximum strength. It should be noted that R,, does not indicate the
safety deformation limit, but used herein for comparison benchmark, since it is used for
many other literature such as Mehrabi et al. (1996) and Turgay et al. (2014).

R rack and R, are estimated to be 0.1 and 0.8% for both specimens. R, was found to be
0.9 and 1.6% for specimens WF and SF, respectively. Therefore, it was concluded that the
influence of surrounding frame strength on R, and R,,,, was slight, but it greatly alters
the strength degradation slope. The smooth decrease of strength and improvement of
ductility for specimen SF are considered to be due to the confinement by the stronger
surrounding frame, which reduces the inelastic deformation of masonry infill.

4 Investigation of deformation of masonry infilled RC frames from past
literature

Due to the many parameters and variability of masonry infill materials around the world,
the deformation drift of R..uct, Ruax and R, are in large ranges and past experimental
studies are of considerable differences from each other. As for standards, the FEMA 306
(1998) states that cracking begins at inter-story drifts of 0.25% and is completed by about
0.5%. ASCEA41/SEI (2007) defines the inter-story drift limit, where the strength signifi-
cantly drops, as a function using the ratio of the frame shear strength over that of the infill,
P, and the aspect ratio, L;,/h;,, and the drift ranges between 0.3 and 1.5%. Recently,
Turgay et al. (2014) checked the ASCE41/SEI (2007) method using /5 index and aspect
ratio with approximately 50 frame test results. The results of the study showed that
ASCE41 might be over conservative in most cases.

Masonry infills are made of many different materials and characteristics which greatly
influence its deformation limits. However, the material characteristics in the aforemen-
tioned studies are not addressed in estimating the deformation limits. In this paper, in
addition to the f§ index and aspect ratio, the deformation limits are studied based on several
recent experimental studies with two additional important parameters: compressive
strength and Young‘s modulus of elasticity of masonry prism. The objective of this part is
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to find a general simplified way to estimate the drift limits of the backbone curve of RC
frames with masonry infill based on the results and analysis of many different experiments
conducted around the world and identify the several parameters influencing deformation
capacity. The scope of this study concerned with masonry infill without opening and that
masonry infill is attached to the surrounding RC frame.

4.1 Outline of the experiments database

The database consisted of 24 of 1 span, 1 story RC frames with masonry infill tested under
static loading from 9 researchers: Mehrabi et al. (1996), Jin et al. (2016), Suzuki et al.
(2017), Kakaletsis and Karayannis (2009), Blackard et al. (2009), Al-Nimry (2014), Imran
and Aryanto (2009), Bose and Rai (2016) and Maidiawati and Sanada (2017) are shown in
Table 6. The data chosen consist of different types of masonry infill to represent a general
case for different masonry types used in the world. The data chosen are of a single span
with unreinforced masonry infill without opening or retrofit.

4.2 Parameters influencing deformation R,,,, and R,

Based on the studied experiments, the R, drift has an average of 0.73% and most of
values in the range of 0.4-0.9%. The R, drift angle has an average of 1.72%, but a standard
deviation of 0.72, which means values are of a wide range.

The deformation drift R,,,, and R, of masonry infilled RC frames are investigated based
on the influence of the following parameters: compressive strength f,,, and young modulus
elasticity of masonry infill E,,, aspect ratio L/H and ratio of expected frame strength to
expected infill strength (f), in Figs. 9, 10, 11 and 12 respectively. It should be noted that in
the absence of masonry infill young modulus elasticity in experimental data, it was esti-
mated from the recommendation by Paulay and Priestley (1992), where E,, = 700 f;,..

The lower the masonry infill compressive strength and its elasticity, the greater the
tendency of having larger R, and R,, as shown in Figs. 9 and 10. On the other hand, the
aspect ratio relation with deformation drift R, and R, are not clear in the studied
experimental data as shown in Fig. 11. It should be noted that the aspect ratio investigated
are of a narrow range of 1-2 because of a limited experimental data outside these ranges.
The ratio of frame strength to masonry frame shear strength, 5, has directly proportional
relation with deformation limits R, as shown in Fig. 12b. Comparison with the standard
ASCEA41/SEI (2007) in Fig. 12b shows that the ASCE41/SEI (2007) limits are in the safe
side but overly conservative.

4.3 A simplified procedure to estimate the backbone curve of infilled RC
frames

Sophisticated methods using FEM or similar micro models that are simulated based on the
experimental data need a huge computational effort with many detailed experimental
material characteristics that are unknown in design by practicing engineers. Thus, sim-
plified procedure is proposed that can apply to general types of masonry infill with limited
amount of material data, based on the investigation on stiffness, strength and deformation
limits of the experimental study presented earlier. The procedure is meant to be as easy as
possible so that it can be used in preliminary design process even with simple hand
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Table 6 Investigated past experimental data and deformation limit R,,,, and R,

Name of Specimen  Type of Infill L/H ratio fy, Experimental R,.. R.(%) p
researcher name (MPa) max lateral (%)
load (kN)
Mehrabi etal. 3 Solid bricks 1.50 15.1 278 0.4 1.16 0.64
(1996) 4 Hollow bricks ~ 1.50 106 162 063 145 082
5 Solid bricks 1.50 13.8 267 0.79 142 0.62
6 Hollow bricks 1.50 10.1 207 0.6 1.8 1.40
7 Solid bricks 1.50 13.6 490 0.7 1.0 1.05
8 Hollow bricks 1.50 9.5 190 0.9 1.8 0.92
9 Solid bricks 1.50 14.2 293 0.5 2.0 0.62
10 Hollow bricks ~ 2.07 10.6 190 0.4 1.9 0.60
11 Solid bricks 2.07 114 293 0.7 1.5 0.55
12 Solid bricks 2.07 13.6 363 0.6 1.0 0.47
Jin et al. IFRB Concrete block  1.46 6.7 61 0.4 1.5 2.24
(2010) IFFB Concrete block  1.46 67 50 04 20 196
Suzuki et al. 1S-1B Concrete block  1.65 8.4 59 1.0 2.0 0.96
(2017) 1S-1B-V  Concrete block  1.65 36 50 15 28 225
Kakaletsis S Hollow bricks 1.50 5.1 82 0.9 2.3 2.02
and
Karayannis
(2009)
Blackard S Brick * double  1.81 19.1 681 0.3 0.6 0.16
et al. (2009) wythe
Al-Nimry IF4 Stone and 1.17 16.6 169 0.4 1.1 0.27
(2014) concrete
1F5 Stone and 1.17 16.6 165 0.4 0.9 0.23
concrete
Imran and Model 1 AAC blocks 1.00 3.0 111 0.9 2.9 2.13
Aryanto Model 2 Brick 1.00 3.7 106 1.2 3.0 1.70
(2009)
Bose and Rai IF-AAC AAC blocks 1.65 2.4 146 1.9 3.7 2.57
(2016)
Maidiawati IF-SBw/ Brick 16.3 16.3 175 0.5 1.0 0.77
and Sanada M
(2017)
This study WF Brick 1.50 17.3 285 0.8 0.9 0.39
This study SF Brick 1.43 18.6 582 0.8 1.5 1.51
Average 073  1.72
Standard deviation 039 0.78

calculation. The scope of this simplified procedure is unreinforced masonry infill with no
openings and almost no construction gaps between frame and infill panel.
The simplified procedure is based on the following assumptions:

a) The backbone curve for RC frame is modeled by bi-linear as shown in Fig. 13a. The
initial stiffness of frame K is calculated by theoretical equations proposed by Chopra
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(2007) for elastic stiffness of bare frame as shown in Eq. (16). For RC frames, the
stiffness degrades after the cracking development. However, RC columns with URM
infills are likely to behave as short columns in many cases, and the RC frame tends to
act much stiffer than a bare frame. In this study, therefore, the skeleton curve for RC
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Fig. 13 Assumption of force versus drift curve. a Boundary frame, b infill wall

frame with URM infill was modeled as bi-linear for the simplicity for practical
calculation as well as to reflect such behavior.

24EI, 12p+ 1
Kr = . 16
4 < hc 12p+4> (16)
o= > El/l (17)
S El/h,

b) The backbone curve for masonry infill is shown in Fig. 13b. Herein, the lateral initial

stiffness K, is converted from the axial stiffness of equivalent diagonal strut, as in
Eq. (18):

Ey - Wep - ting - cos? 0
K = e (18)
m

The effective width of strut, W, is taken as 0.2 d,, which is a slightly modified
assumption from Paulay and Priestley (1992) that showed good agreement with the
experimental results mentioned previously. 0 is the arctan (H,,/L;,,) (the inclination
of the diagonal).

¢) The combination of backbone curve of frame and masonry infill shown in Fig. 13 will
compose the backbone curve of the total system of infilled RC frames with 3 main

Fig. 14 Simplified backbone
curve of masonry infilled RC v B
frames max T
A o
-g chck
= C
= [/res
3
S i
Ko
R crack Rmax R, res
Story drift
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Table 7 Calculation summary of the simplified procedure

Points A, B and C (shown Lateral strength Story drift
in Fig. 12)
CraCking pOil’lt A O-7Vma.>r Rerack = O.7Vmax/K(, (K() = Kf + Km)

— (L2EL 12+ — En W tog 05?0
Ky = ( 3 12p+4)’ m =

Wer = 0.2 d,, for initial stiffness K,,

dy

Maximum point B Vinar = Ve+ Vig Ruax = (&peak - dm)/ c0s 0
Residual pOint C Vres = Vf + 0.3 Vinf Rres = Rmax + (Vmax - Vres)/Kd

Ki=1"Ky, n=0.08/"7

d)

e)

)

h)

points: Crack point, Max point and residual point named A, B, C, respectively as
shown in Fig. 14.

Initial stiffness of masonry infilled RC frame, K, is calculated as summation of initial
frame stiffness (K, and initial stiffness of masonry infill (K,,).

The cracking lateral strength V., is taken as 0.7V, which is based on
observations and showed good agreement of 24 specimen experimental data
mentioned previously on Table 6. It should be noted that in actual behavior, the
strength contribution of masonry infill and frame might not be divided equally as 70%
at this cracking point, but assuming 70% contribution in average for both members
gives a simplified reasonable agreement.

The maximum lateral load of the overall structure V,,,., for the case of 1 single span
frame, is the summation of frame max lateral strength V;and masonry infill V;,. Vi,
will be calculated by aforementioned Eq. (5) assuming diagonal compression failure
proposed by FEMA 306 (1998), which showed relatively good estimation with some
conservativeness.

The residual strength V., shown in Fig. 14 is calculated as the summation of frame
max lateral strength V; and masonry infill lateral strength. Herein, the final
contribution by masonry infill is set to be 0.3V,

The lateral displacement at maximum lateral load J,,, for a masonry infill is
converted from diagonal strut as it reaches its maximum axial strain capacity of
masonry prism compressive test as in Eq. (19).

5max = (Speak . dm)/COS 0 (19)

where &4 is the masonry compression strain at maximum compression stress, which
was taken from the prism compression test shown in Table 1. The &, of masonry
prism commonly ranges between 0.002 and 0.004. In the absence of data of ¢,.q, it
can be calculated from some empirical equations based on experimental study of
Kaushik et al. (2007). Also, in the case of 1 single span frame, the story drift at
maximum lateral for infilled frames, R,,,,, is taken as the same point of J,,,,-

The degradation slope of masonry infilled RC frame (K,) is proposed based on
regression analysis of data obtained in the experimental studies mentioned previously
in Table 6 and relations shown in Figs. 9b, 10b and 12b, as per the following
Eq. (20):
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Fig. 16 Fitness of simplified backbone curve to experimental data not used in the calibration (a, b)

n = 0.08/p"7 (21)

where 7 is an empirical index to account for the confinement by surrounding frame
based on f.

It should be noted that aspect ratio influence is not included in the previous equations
since it was difficult to find a clear reliable pattern as was shown in Fig. 11. The summary
of the procedure is shown in Table 7.

5 Fitness of the simplified procedure

The proposed simplified analytical model for compressive stress—strain curves is examined
for its fitness by comparing it with: experimental curves obtained in the present study and
several past experimental data shown in Fig. 15. Figure 16 shows fitness of simplified
backbone curve to experimental results by Syed Basha et al. (2016) that were not used for
the calibration. The simplified procedure could well reproduce the major characteristic
points on the backbone curve resulted from different sorts of masonry materials, and it
showed good estimate of the general behavior of the curve with some conservativeness.

6 Conclusions

This paper presents the results of an experimental study as well as an investigation of
experimental data presented in existing literature. The following major findings were
obtained:

1. The experimental results showed that the shear strength of the masonry infill increased
by up to 1.5 times when surrounded by a strong frame in comparison to a weaker
frame (excluding frame shear strength). This result indicates that the strength of the
masonry infill should not be calculated based solely on the results of masonry material
testing due to the significant influence of the surrounding frame strength and stiffness.

2. The post peak degradation slope is much improved in the experimental results with
increasing the ratio of frame shear strength to masonry infill. This parameter should be
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taken into account in the design code of new RC buildings with masonry infill as it can
change the brittle behaviour to be relatively more ductile.

3. The deformation limits of masonry infill are directly proportional to compressive
prism strength of masonry and also to the RC frame to masonry infill shear strength
ratio. However, the experimental data showed large variation about the influence of
aspect ratio to deformation limits, which makes it difficult to conclude its influence
based on the investigated experimental data. This point lacks experimental data and
should be further investigated in future studies.

4. The authors’ experimental results and the test results from existing literature are
compared with predictions from available design guidelines. Although some recent
design guidelines provide a safe value, they are overly conservative. Conversely, other
recent researchers proposed methods may overestimate the masonry infill strength.

5. A simple procedure for the estimation of backbone curves of masonry infilled RC
frames was proposed based on comparison of experimental results with existing
literature. Such method is useful in preliminary design process by practical engineers
to understand the general behaviour expected by infilled RC frames. In addition, the
novelty of the proposed method is that it gives good estimation of the post-peak lateral
strength degradation slope based on the ratio of frame to masonry infill strength which
is not addressed in previous models. It should be noted that the simplified bi-linear
frame model cannot represent the damage induced by rebar buckling and shear
cracking. This is a limitation of the proposed backbone curve and needs further
improvements in future studies.
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