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SUMMARY

Eight half-scale brick masonry walls were tested to study two important aspects of confined masonry (CM)
walls related to its seismic behavior under in-plane and out-of-plane loads. Four solid wall specimens tested
to investigate the role of type of interface between the masonry and tie-columns, such as toothing varying
from none to every course. The other four specimens with openings were tested to study the effectiveness
of various strengthening options around opening to mitigate their negative influence. In the set of four walls,
one wall was infilled frame while the other three were CM walls of different configurations. The experimen-
tal results were further used to determine the accuracy of various existing models in predicting the in-plane
response quantities of CM walls.

Confined masonry walls maintained structural integrity even when severely damaged and performed
much better than infill frames. No significant effect of toothing details was noticed although toothing at ev-
ery brick course was preferred for better post-peak response. For perforated walls, provision of vertical el-
ements along with continuous horizontal bands around openings was more effective in improving the overall
response. Several empirical and semi-empirical equations are available to estimate the lateral strength and
stiffness of CM walls, but those including the contribution of longitudinal reinforcement in tie-columns pro-
vided better predictions. The available equations along with reduction factors proposed for infills could not
provide good estimates of strength and stiffness for perforated CM walls. However, recently proposed rela-
tions correlating strength/stiffness with the degree of confinement provided reasonable predictions for all
wall specimens. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The confined masonry (CM) structure consists of load bearing walls strengthened with nominally
reinforced concrete elements at the perimeter and other key locations, namely tie-beams and tie-
columns. The CM is considerably different from infilled masonry RC frames with respect to (i)
construction methodology, as a masonry wall is laid before the columns, and (ii) load transfer
mechanism under gravity and lateral load. CM construction has evolved based on its satisfactory
performance in past earthquakes [1]. It was observed that CM panels provide fair amount of in-
plane shear capacity and ductility under seismic loads, and its behavior can be significantly affected
by wall-to-tie-column interface, detailing of confining members and presence of openings. Recent
experimental studies have observed that the wall-to-frame connection details play a crucial role in

*Correspondence to: Durgesh C Rai, Department of Civil Engineering, Indian Institute of Technology Kanpur,
Kalyanpur, Kanpur, Uttar Pradesh 208016, India.
†E-mail: dcrai@iitk.ac.in
‡Department of Civil and Environmental Engineering, Indian Institute of Technology Patna, Bihta, India

Copyright © 2016 John Wiley & Sons, Ltd.

EARTHQUAKE ENGINEERING & STRUCTURAL DYNAMICS
Earthquake Engng Struct. Dyn. 2016
Published online in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/eqe.2783



the in-plane and out-of-plane behavior of masonry panels [2]. Moreover, according to the
reconnaissance reports of several past earthquake and research evidences, openings have negative
influence upon seismic resistance of CM walls [3, 4]. To compensate for deficiencies due to
presence of openings, confinement should be provided on all sides of opening. Guidelines for the
suitable confinement around the door and window openings are provided by several national
standards and technical manuals [5–8]; however, the efficacy of these confining schemes is still not
well known.

In addition, the out-of-plane load-carrying capacity of the masonry panels may be substantially
weakened after being damaged, endangering their overall safety and stability. Earlier experimental
studies on masonry infill frames concluded that the prior in-plane damage could significantly reduce
the out-of-plane capacity of infill panels [9–11]. However, similar studies on the bidirectional
response of CM walls have not been conducted, and it is not known which factors play dominant
role in the overall behavior of CM walls during earthquakes. The present study is an extension of
research on CM walls, and it will evaluate the effect of wall-to-tie-column connection and presence
of openings on the bidirectional behavior of CM walls.

An analytical study was also performed with an objective to evaluate the existing predictive
relations for strength and stiffness of CM walls with and without openings. Many in-plane strength
and stiffness predictive equations are available in the literature for solid CM walls, but similar
equations for estimating their strength and stiffness with openings are scarce. These analytical
equations are either highly influenced by the formulas originally developed for unreinforced and
reinforced masonry walls or are based on the limited number of laboratory tests [12, 13]. This paper
will provide a repository of various proposed analytical relations to evaluate the in-plane strength
and stiffness of CM walls, and their accuracy will be judged by comparing the predicted values with
experimental results of the present study. In lieu of scarcity of analytical methods to quantify the
negative influence of openings on the in-plane response of CM walls, the suitability of various
available reduction factors originally proposed for masonry infilled RC frames is also reviewed.

2. EXPERIMENTAL PROGRAM

2.1. Specimen details

The test matrix involved eight half-scaled wall specimens, having dimensions of 2.5-m long by 1.5-m
high and 60-mm thick as shown in Figures 1 and 2. The cross-section and reinforcement details were
obtained by following the requirements for CM walls from Mexican code (NTC-M, 2004). These
figures also summarize key observation and hysteresis behavior of all wall specimens. Two
specimens were regular masonry infilled RC frame in which the masonry wall was built after the
RC frame. In other six specimens, the confining (frame) elements were constructed after the
masonry wall. In this experimental study, the only difference between the infill wall and CM wall is
the method of construction whereas the dimensions of confining frames were kept same. Four solid
wall specimens were prepared to study the influence of type of the interface present at the wall edge
and column, such as toothing (Figure 1). To evaluate the effect of density of the toothing, three
different variations were examined in CM wall specimens. Another four specimens had openings for
door and windows to evaluate the efficiency of different arrangements of horizontal and vertical
members around openings (Figure 2).

Walls are designated by alphanumeric symbol as SI, SCCT, SCFT, SCNT, SI-O2WA, SC-O2WB,
SC-O2WC, and SC-ODWB, where letters I and C denote infilled and CM wall, respectively, and O
signifies the wall with openings. The subscripts CT, FT, and NT represent coarser, finer, and no
toothing present in solid walls, respectively. Subscripts W and D represent type of opening, that is,
window and door opening, respectively, and numeric symbol corresponds to number of window
openings. The subscripts A, B, and C signify the type of confinement scheme used to enclose the
opening as shown in Figure 2.

Specially made half-scaled burnt clay bricks and a lime-cement mortar mix of 1:1:6 proportion
(cement : lime : sand) was used for masonry panels. The physical and mechanical properties of these
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chosen half-scale brick masonry correlated well with that of full-scale bricks [14]. Micro-concrete was
used in RC members of all specimens. To monitor whether the green concrete is completely filled in
toothed edges, transparent perspex sheet was used as a formwork for tie-column. With the designed
concrete mix, it was observed that the toothed edges were completely filled with concrete, and good
consolidated hardened concrete was observed after removing the formwork. The average reference

Figure 1. Details of solid walls along with summary of failure pattern and hysteresis behavior. OOP, out-of-
plane, CM, confined masonry.
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properties of material, masonry compressive strength f cm′, modulus of masonry Em, and compressive
strength of concrete f cc′ are listed in Table I. The steel wires of 6 and 3mm diameter were used as
longitudinal and transverse reinforcement in RC members, respectively. The yield strength of 6 and
3mm diameter bars was 426 and 623MPa, respectively.

Figure 2. Details of perforated walls along with summary of failure pattern and hysteresis behavior. CM,
confined masonry.
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2.2. Test procedure and loading history

The testing method involved successive applications of out-of-plane and in-plane loading [11]. The test
setup for the out-of-plane and in-plane loading are shown in Figure 3. An overburden pressure of
0.10MPa was applied on wall specimens to simulate the loads from upper story walls (ignoring
floor load) of a typical three story masonry building. A low overburden was applied to the specimen
because of limitation of the test setup and payload capacity of the shake table. The vertical pressure
was applied by means of post-tensioned cables (flexible wire) using turn buckle arrangement at four
predefined positions along the length of the specimen. For simulation of out-of-plane forces, the
artificial mass in form of lead blocks as required by dynamic similitude relations were attached to
the walls in a regular grid pattern on both faces as shown in Figure 3 [11].

Taft earthquake was chosen for the out-of-plane target ground motion. The acceleration response
spectrum of this motion when scaled to 0.4 g compared well with the design response spectrum
specified in the Indian seismic code IS 1893 for PGA=0.36g as shown in Figure 4a [15]. The Taft
motion with 0.4 g peak acceleration is referred as Level V motion and when scaled to 0.05, 0.11,
0.18, and 0.27g are denoted as Levels I, II, III, and IV motions, respectively. The in-plane loading
consists of displacement-controlled slow cycle of gradually increased story drifts from 0.10% to
2.20% as per ACI 374.1 [16].

The developed test procedure and loading sequence are summarized in Figure 4b. The test started
with the out-of-plane shake table motions consisting of a series of Taft motions from Levels I to V.
After the completion of this out-of-plane loading schedule, the wall was subjected to quasi-static in-
plane cyclic loading and continued until cracks were visible (till 0.50% drift cycle). Subsequently,

Figure 3. Schematic showing various components of the test setup: (a) out-of-plane loading and (b) in-plane
loading.

Table I. Average properties of materials and summary of various response parameters.

Wall
f cm′

(MPa)
Em

(MPa)
f cc′

(MPa)
Ultimate load,
Rmax (kN)

Displacement at
peak load (mm)*

Cumul. energy
dissipated (kNm)

Strength
degradation

SI 10.3 2960 30.1 84.2 7.2 (0.48) 8.1 0.24
SCCT 8.2 3165 43.6 90.1 7.1 (0.47) 11.8 0.58
SCFT 9.4 3353 40.7 97.5 7.2 (0.48) 12.8 0.80
SCNT 8.8 3845 33.1 95.2 5.8 (0.39) 18.2 0.41
SI-O2WA 7.5 2628 30.6 52.4 20.2 (1.35) 7.9 0.88
SC-O2WB 7.8 2854 30.3 75.3 6.9 (0.46) 11.5 0.44
SC-ODWB 8.5 3927 34.1 63.8 14.7 (0.98) 10.2 0.53
SC-O2WC 7.9 3026 30.3 94.1 25.4 (1.69) 12.0 0.93

*Figures in parentheses, (), indicate the drift in percent (%).

BEHAVIOR OF CONFINED MASONRY WALLS AND PREDICTIONS OF THEIR RESPONSE

Copyright © 2016 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2016)
DOI: 10.1002/eqe



the out-of-plane loading was applied, which consists of only Level V Taft motion, and an alternate
process of in-plane and out-of-plane loading was continued until the specimen failed [2]. This
loading program addresses the issue of reduction in the out-of-plane resistance of a wall because of
prior in-plane damage under a realistic out-of-plane shake table motions corresponding to a given
hazard level. The cyclic in-plane drift cycles (damage levels) can be thought to correspond various
target drifts assumed in a displacement based design method.

2.3. Results and discussion

The failure patterns of all specimens at the end of the test along with key observations and hysteresis
behavior are illustrated in Figures 1 and 2. The infill masonry walls showed separation of masonry
panel with confining frame even at low in-plane drift level of 0.2%. However, CM walls did not
experience any such separation till the drift cycle of 1.75%. The CM construction strengthened the
wall to tie-column interaction and helped reduce the likelihood of out-of-plane instability. These CM
walls behaved more like a shear wall with RC tie-columns as boundary elements. No appreciable
difference in overall behavior was noted in walls SCCT and SCFT, suggesting that both types of
toothing were nearly equally effective. However, specimen SCFT with higher density of toothing,
demonstrated a more uniform distribution of cracks.

The wall with only lintel beam (SI-O2WA) developed large cracks at the edges of opening,
experienced considerable distortion across the openings, and the masonry around openings became
highly vulnerable to out-of-plane dislodgement. Walls SC-O2WB and SC-ODWB with no continuous
horizontal band suffered severe damage to masonry piers at higher drift levels (>1.4% drift), which
imply inadequate confinement to piers in these walls. However, the wall with continuous horizontal
band (SC-O2WC) below and above the opening demonstrated uniform distribution of cracks over the
entire wall panel, and no major cracks were observed in piers, spandrels, and confining elements
even after 2.2% in-plane drift cycle.

The observed in-plane response in terms of ultimate load, hysteretic energy dissipated, and strength
degradation (ratio of residual strength and peak load) are listed in Table I. Residual strength is taken as
load carried by the wall at the end of test or at last in-plane drift/displacement cycle before failure. The
envelope curves for all walls are compared in Figure 5. The wall SCFT with high density of toothing
and wall SC-O2WC with continuous horizontal bands maintained the in-plane resistance with less
than 20% strength degradation even after the 1.75% drift cycle. As observed from Table I and
Figure 5, both CM walls SCFT and SC-O2WC performed better than other walls because of higher in-
plane capacity and reduced rate of strength and stiffness degradation in the post-peak range.
Confining an opening on all four sides clearly improved both in-plane and out-of-plane response,
and wall panels were able to compensate for deficiencies in strength/stiffness/energy dissipation
capacity because of openings. The in-plane capacities of walls SC-O2WB and SC-O2WC were found
to be about 44% and 80% higher than the perforated infill wall SI-O2WA, respectively. The scheme

Figure 4. (a) Comparison of scaled response spectra of DBE (design basis earthquake) and original Taft mo-
tion upscaled to 0.4 g. (b) Summary of test procedure and loading sequence.
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C with continuous sill and lintel bands was also able to ‘recover’ loss in strength because of the
presence of openings.

The peak out-of-plane displacements of masonry panels in solid walls and masonry piers A, B, and
C in perforated walls after each in-plane drift (damage) level are compared in Figure 6. The solid wall
SI with infilled masonry showed continuous increase in out-of-plane deflection with the in-plane
damage and was likely to collapse after 1.75% drift cycle (Figure 6a). In contrast, the maximum
out-of-plane displacements in solid CM walls (SCCT, SCFT, and SCNT) remain fairly invariable with
the in-plane damage as shown in Figure 6a. For perforated walls SI-O2WA and SC-O2WC, the mean
of peak out-of-plane displacement recorded in piers B1 and B2 were compared with pier B of other
walls as shown in Figure 6b–6d. Due to the severe damage to masonry piers in walls SI-O2WA,
SC-O2WB, and SC-ODWB, significant out-of-plane displacements were observed in these walls when
compared with the wall SC-O2WC (Figure 6b–6d). As depicted from Figure 6d, the central pier B in
the wall SC-ODWB experienced large out-of-plane deformation and was on the verge of collapse. In
contrast, the peak out-of-plane displacement in the wall SC-O2WC with continuous lintel and sill
band remains fairly invariable with the in-plane damage (Figure 6b-6d). The bidirectional response
of CM walls demonstrated that their out-of-plane response was not significantly affected by the prior
in-plane damage; this is primarily attributed to the composite action developed between the wall and
tie-columns.

Figure 6. Variation in out-of-plane displacement with in-plane drift/damage: (a) solid masonry walls, (b)–(d)
walls with opening in pier A, C, and B. OOP, out-of-plane.

Figure 5. Comparison of observed envelope value of load versus story drift: (a) solid walls and (b) walls
with openings.
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3. IN-PLANE STRENGTH AND STIFFNESS PREDICTION OF CONFINED MASONRYWALLS

3.1. In-plane shear strength

Under seismic loads, shear failure is the most common type of failure of a CM wall because of its
typical material behavior and the geometry of structural walls [17]. For estimating the shear
resistance of CM walls, two different theories have been developed to physically model the shear
failure mechanism of masonry. In the first hypothesis, the shear strength of CM wall is derived
based on the friction theory as given by Equation (1).

Rw;s ¼ Xvmo þ Yσoð ÞAw (1)

where vmo is the shear strength under zero compression stress, σo is the design compressive stress, and
Aw is the cross-sectional area of the wall. The X and Y are constants defining the contribution of vmo and
σo, respectively. The value of constants X and Y in Equation (1) has been proposed by many
researchers based on the regression analysis of experimental results. For CM walls, the proposed
values of constants X and Y typically varies from 0.21–0.60 and 0.23–0.37, respectively (Table II).
A significantly larger range of constant X can be attributed to great disparity in materials used and
construction techniques in past experimental studies. To provide a practical and straightforward
method for the design of CM walls according to the friction theory, many international standards
and earlier research studies neglect the contribution of longitudinal reinforcement in tie-columns.
The aim of various in-plane shear models provided by international codes and researchers was to
capture the strength at first cracking [18, 19, 21, 22]. However, it is not explicitly stated that the
estimated strength will be at first cracking or at failure of the CM wall.

The second approach to evaluate the shear resistance of masonry is based on the assumption of
elementary theory of elasticity [32]. According to this hypothesis, when the wall is subjected to both
vertical and lateral loads, the shear failure due to the formation of diagonal cracks are caused by
principal tensile stresses, which develop in plane of the wall. Thus, by considering masonry as an
elastic, homogenous, and isotropic structural element, the lateral resistance, Rw,s, of plain masonry
wall failing in shear can be derived as given by the following equation [12]:

Rw;s ¼ Am
f tm′
βs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σo
f tm′

þ 1
r

with βs ¼ min
Hw

Lw
; 1:5

� �
≥1:0 (2)

where f tm′ is the tensile strength of the masonry, and βs is the shear stress distribution factor, which
primarily depends on the height Hw and length Lw of the wall. In case of CM walls, the part of shear
capacity of the wall can also be attributed to the tie-column reinforcement. The vertical
reinforcement in tie-columns contributes to shear capacity because of the dowel action [29].
Therefore, the maximum lateral resistance, Rmax of the CM wall can be obtained by adding the shear
resistance provided by the brick panel Rw,s and vertical rebars, Rrv,d (Equation (3)). Different
approaches have been adopted in earlier research studies to evaluate the shear resistance provided by
the longitudinal reinforcement.

Rmax ¼ Rw;s þ Rrv;d (3)

The existing relations for predicting the lateral resistance of CM walls are presented in Table II; the
in-plane strength is designated as Rmax-AB where alphabets AB signify the initials of authors involved
in developing a particular relation/model. The first 10 models presented in Table II (Equations 4 to 13)
were established assuming a friction theory, that is, first hypothesis (will be further denoted as HT1).
The models proposed in the Argentinean code [18], Colombian code [21], and by Moroni et al. [20] are
almost identical and consist of two variables, vmo and σo. The strength prediction equations given by
D’Amore and Decanini [19] and San Bartolomé et al. [22] were also based on first hypothesis and
introduced a correction factor to account for aspect ratio of the wall.

Among first 10 models in Table II, four equations (Equations 10 to 13) include the contribution of
longitudinal reinforcement in the shear capacity of confined walls. Marinilli and Castilla [13] based on
their experimental results and regression analysis simply accounted for longitudinal reinforcement

V. SINGHAL AND D. C. RAI

Copyright © 2016 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2016)
DOI: 10.1002/eqe



T
ab
le

II
.
E
xi
st
in
g
m
od
el
s
fo
r
m
ax
im

um
sh
ea
r
st
re
ng
th

of
co
nfi

ne
d
m
as
on
ry

w
al
ls
.

ID
E
qu
at
io
n

R
em

ar
k

R
ef
er
en
ce

1sthypothesis:FrictiontheoryðHT1Þ

R
m
ax
-A

C
0:
6v

m
o
þ
0:
3σ

o
ð

Þ A
w

(4
)

―
In
pr
es

C
ir
so
c
[1
8]

R
m
ax
-D

D
0:
6v

m
o
þ
0:
3σ

o
ð

Þ k
tA

w
(5
)

k t
¼

m
in

1:
2
�

0:
2H

w
L w

;1
�

�
D
’A

m
or
e
an
d

D
ec
an
in
i
[1
9]

R
m
ax
-M

O
m
in

0:
45

v m
o
þ
0:
3σ

o;
1:
5v

m
o

ð
Þ A

w
(6
)

―
M
or
on
i
et

al
.[
20
]

R
m
ax
-C
O

m
in

ffiffiffiffiffiffiffi fc m
′

p 12
þ
σ o 3

 
! A

w
;

ffiffiffiffiffiffiffi fc m
′

p 6
A
w

"
#

(7
)

―
C
ol
om

bi
a
co
de

[2
1]

R
m
ax
-B
A

0:
5v

m
o
α
þ
0:
23

σ o
ð

ÞA
w

(8
)

1/
3
≤
α
(=

V e
L w

/
M

e)
≤
1

S
an

B
ar
to
lo
m
e

et
al
.
[2
2]

R
m
ax
-M

L
1:
00
72

þ
0:
48
97
v m

o
þ
0:
53
41

σ o
½ �0

:1
37

H
w

L w�
� �

0:
99
66

A
m

A
w�
�� A

w
(9
)

A
m
/A

w
is
th
e
m
as
on
ry

pa
ne
l
cr
os
s-
se
ct
io
n

ar
ea

gi
ve
n
by

th
e
re
la
tio

n
be
tw
ee
n
m
as
on
ry

pa
ne
l
ar
ea

an
d
to
ta
l
w
al
l
ar
ea

M
ar
qu
es

an
d

L
ou
re
nç
o
[2
3]

R
m
ax
-M

A

k u
k p

0:
76

H
w d
þ
0:
7
þ
0:
01
2

 
!

ffiffiffiffiffiffiffi fc m
′

p
þ
0:
2σ

o

"
# t w

j
(1
0)

k u
¼

1:
0
fo
r
so
lid

m
as
on
ry

w
al
ls

j¼
7=

8d
;d

¼
L w

�
w
tc
=
2

k p
¼

1:
16

ρ0
:3 lc
m
;
ρ l
cm

¼
A
sN

tc
=
t w
L w

M
at
su
m
ur
a
[2
4]

R
m
ax
-F
A

0:
5v

m
o
þ
0:
3σ

o
ð

ÞA
w
þ
η F

1:
26

nd
2 l

ffiffiffiffiffiffiffiffi
ffiffi

fc c′
f y

q
�

�
(1
1)

η F
¼

0:
3

F
lo
re
s
an
d

A
lc
oc
er

[2
5]

R
m
ax
-M

C
0:
47

v m
o
þ
0:
29
σ o

ð
ÞA

w
�
N

tc
A
tc

ð
Þþ

42
00
N

tc
(1
2)

U
ni
ts
ar
e
in

kg
·c
m

M
ar
in
ill
i
an
d

C
as
til
la

[1
3]

R
m
ax
-R
I

0:
21

v m
o
þ
0:
36
3σ

o
þ
0:
01
41

ffiffiffiffiffiffiffiffi
ffiffiffiffiffiffiffi

ρ l
cf

yf
c c′

q
�

� A
w

(1
3)

―
R
ia
hi

et
al
.
[2
6]

(C
on

tin
ue
s)

BEHAVIOR OF CONFINED MASONRY WALLS AND PREDICTIONS OF THEIR RESPONSE

Copyright © 2016 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2016)
DOI: 10.1002/eqe



T
ab
le

II
.
C
on
tin

ue
d

ID
E
qu
at
io
n

R
em

ar
k

R
ef
er
en
ce

2ndhypothesis:TheoryofelasticityðHT2Þ

R
m
ax
-T
K

ft m
′A

w

C
iβ

s
1
þ

ffiffiffiffiffiffiffiffi
ffiffiffiffiffiffiffiffi

ffiffiffiffiffiffiffiffi
ffiffiffiffiffiffiffiffi

ffiffiffiffi
C

2 i
1
þ

σ o ft m
′

�
� þ

1

s
"

# þ
∑n 1

0:
80
6d

2 l

ffiffiffiffiffiffiffiffi
ffiffi

fc c′
f y

q
(1
4)

C
i
¼

2α
iβ

s
l w h w

α i
¼

5=
4

¼
pa
ra
m
et
er

fo
r
di
st
ri
bu
tio

n
of

in
te
ra
ct
io
n
fo
rc
e

T
om

až
ev
ič

an
d

K
le
m
en
c
[1
2,

27
]

R
m
ax
-L
A

ft m
′a

w L w

H
w

L w
þ

ffiffiffiffiffiffiffiffi
ffiffiffiffiffiffiffiffi

ffiffiffiffiffiffiffiffi
ffiffiffiffi

H
w

L w
þ
4
þ
4σ

o

ft m
′

s
 

! A
w

(1
5)

aw
/L

w
=
0.
56
,0

.6
5
an
d
0.
85

fo
r
H
w
/L

w
=
1.
21
,1

.0
1
an
d
0.
76

L
af
ue
nt
e
et

al
.[
28
]

R
m
ax
-B
O

F
ai
lu
re

by
cr
iti
ca
l
te
ns
ile

st
re
ss
:

A
w
ft m

′

β s

ffiffiffiffiffiffiffiffi
ffiffiffiffiffiffiffi

σ o ft m
′þ

1
r

þ
∑n i¼
1
R
rv
;d

iðÞ
(1
6a
)

R
rv
;d

¼
m
ax
:
va
lu
e
of

sh
ea
r
re
si
st
an
ce

du
e
to

do
w
el

ac
tio

n
of

si
ng
le
ba
r

¼
m
ax

2 3R
cb
;1 3R

cb
þ
R
st

�
�

R
cb
¼

re
ac
tio

n
of

th
e
co
nc
re
te

on
th
e
m
ai
n
ba
r
an
d
is

es
tim

at
ed

by
so
lv
in
g
fo
llo

w
in
g
qu
ar
da
tic

eq
ua
tio

n
0:
25
6

fc c′
d l
R
2 cb
þ
2f

yt
A
st

fc c′
d l

R
cb
�
16

f y
tA

st
s t
þ
πd

3 lf
y

32
¼

0

R
st
¼

f y
tA

st
¼

re
ac
tio

n
of

st
ir
ru
p
on

th
e
m
ai
n
ba
r

B
ou
rz
am

et
al
.[
29
]

F
ai
lu
re

by
bi
ax
ia
l
co
m
bi
na
tio

n
of

pr
in
ci
pa
l
st
re
ss
es
:

A
w
=
β s

1
þ

ft m
′

fc m
′

�
�

ffiffiffiffiffiffiffiffi
ffiffiffiffiffiffiffiffi

ffiffiffiffiffiffiffiffi
ffiffiffiffiffiffiffiffi

ffiffiffiffiffiffiffiffi
ffiffiffiffiffiffiffiffi

ffiffiffiffiffiffiffiffi
ffiffiffiffiffiffiffiffi

ft m
′2
þ
σ o
ft m

′
1
�
ft m

′

fc m
′

�
� �

σ2 o
ft m

′

fc m
′

s
þ

∑n i¼
1
R
rv
;d

iðÞ
(1
6b
)

OthermethodsðHT3Þ

R
m
ax
-C
H

η c
v e

m
A
w
�
A
tc
n

ð
Þþ

ζ n
ft c′

A
tc
n
þ
0:
08

f y
A
sn

h
i

(1
7)

η c
¼

co
nf
in
em

en
t
fa
ct
or

fo
r
w
al
l

¼
1:
0
fo
r
tie
-c
ol
um

n
sp
ac
in
g

>
2:
8
m

¼
1:
1
fo
r
tie
-c
ol
um

n
sp
ac
in
g

<
2:
8
m

ζ n
¼

pa
rt
ic
ip
at
in
g
fa
ct
or

of
in
te
rm

ed
ia
te

tie
-c
ol
um

ns
¼

0:
5
fo
r
on
ly

on
e
tie
-c
ol
um

n
an
d
0:
4
fo
r
ot
he
r
ca
se
s

v e
m
¼

v m
o

1:
2

ffiffiffiffiffiffiffiffi
ffiffiffiffiffiffiffi

1
þ

σ o v m
o

r
C
hi
ne
se

co
de

[3
0]

R
m
ax
-R
A

R
nc

2:
15

þ
0:
7

l i;
t p�
�

�
�

(1
8)

R
nc
¼

st
re
ng
th

of
m
as
on
ry

w
al
l
w
ith

no
co
nf
in
em

en
t

l i;
t
¼

to
ta
l
ce
nt
er
lin

e
le
ng
th

of
in
te
rn
al

co
nf
in
in
g
el
em

en
ts

p
¼

ce
nt
er
lin

e
le
ng
th

of
co
nf
in
in
g
el
em

en
ts
at
th
e
pe
ri
m
et
er

R
ai

et
al
.[
31
]

A
ll
di
m
en
si
on
s
ar
e
in

N
an
d
m
ill
im

et
er
s
(m

m
)
ex
ce
pt

w
er
e
m
en
tio

ne
d.

V. SINGHAL AND D. C. RAI

Copyright © 2016 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2016)
DOI: 10.1002/eqe



through number of tie-columns Ntc present in a CM wall (Equation (12)). The model developed by
Matsumura [24] and Riahi et al. [26] do consider the contribution of tie-columns through total
longitudinal reinforcement ratio ρlc (Equations (10) and (13)) but did not account for the number of
tie-columns present in the CM wall. This approach will be more appropriate when the reinforcement
is uniformly distributed over the entire length of the wall such as in case of reinforced masonry
construction. Marques and Lourenço [23] used advanced statistical and nonlinear regression
analyses on a database of 105 tested walls to derive the predictive model for the shear capacity of
CM walls. Based on the sensitivity analysis, Marques and Lourenço [23] concluded that longitudinal
reinforcement of tie-columns has an insignificant influence on the shear strength of CM walls.
However, this observation is in contrast to other strength relations that recognize the contribution of
tie-column reinforcement on its shear capacity.

The model proposed by Tomaževič and Klemenc [12, 27] is based on the stress condition at the
center of wall (second hypothesis, HT2) and also considers the shear resistance because of the
interaction forces Ci, which develops at the interface between confining elements and masonry panel
when subjected to lateral loading. Bourzam et al. [29] further extended the methodology of
Tomaževič and Klemenc [12, 27] and also proposed a model to evaluate maximum shear resistance
of wall when the failure is governed by the biaxial combination of principal stresses (Equation
(16b)). The shear capacity of the CM wall as per Bourzam et al. will be the minimum value
obtained from two failure criteria (Equations (16a) and (16b)). Both models considered the lateral
strength contribution from the dowel action of the longitudinal rebars in tie-columns. Lafuente et al.
[28] also proposed an expression based on the theory of elasticity and calibrated it to approximate
the experimental results but neglected the contribution of longitudinal reinforcement.

The predictive relationships proposed by the Chinese code [30] and Rai et al. [31] are categorized as
third hypothesis (HT3). The Equation (17) proposed in the Chinese code [30] defines a new variable,
vem, which represents the shear strength along the stair-stepped damage of the masonry. This
relationship only takes into account the contribution of tie-columns installed in the middle of the
wall. Rai et al. [31] proposed a simple method to estimate the performance parameters of walls sub-
paneled with RC elements. These sub-paneled walls consist of load bearing infill masonry confined
by a framework of connected RC elements. Based on the experimental and numerical analyses,
strength and stiffness of the sub-paneled walls were directly correlated with the degree of
confinement (Equation (18)) [31]. The degree of confinement provided in a wall was specified by a
confinement factor defined as the ratio of the total centerline length of internal confining elements
(tie-beams and tie-columns), li,t to the centerline length of confining elements at perimeter of the
wall, p. In the proposed Equation (18), the in-plane shear strength Rnc of unconfined masonry walls
was estimated using the Equation (19) [33].

Rnc ¼ min
Aw 0:2þ 0:4σoð Þ

0:25
ffiffiffiffiffiffiffi
f cm′

p�
(19)

The role of intermediate confining elements is not recognized by the majority of available
relationships. Experimental study conducted by Marinilli and Castilla [13] and Rai et al. [31] showed
that the inclusion of the interior tie-columns can significantly enhance the ductility, peak capacity,
and damage distribution of masonry walls. However, the relationship proposed by Chinese code [30]
and Rai et al. [31] only explicitly considered the contribution of intermediate tie-column in CM walls.
On the contrary, most of the models did not differentiate between interior and boundary confining
elements and simply considered total amount of reinforcing steel provided in CMwalls [13, 24–27, 29].

3.2. In-plane stiffness

The elastic stiffness Kel of a masonry wall can be defined by taking into consideration for the shear and
flexural deformation of the wall under lateral loads. Using similar approach, Flores and Alcocer [25],
Tomaževič and Klemenc [12], and Bourzam et al. [29] derived the elastic stiffness of the CM wall.
Various existing models to predict the in-plane stiffness of CM walls are listed in Table III.
Tomaževič and Klemenc [12] defined cracked or secant stiffness of the wall as a function of elastic
stiffness and extent of damage in walls (damage index Id). As shown in Equation (21), two stiffness
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degradation parameters a and b were proposed. Based on the boundary conditions and experimental
results, Tomaževič and Klemenc [12] obtained the value of these parameters a and b as 1.281 K2

el

and 0.320 K2
el, respectively.

Using the Equation (21) in Table III and damage indices Id, the stiffness of CM wall can be
estimated at various damage levels. In the present study, the measured stiffness Kcr and KRmax at the
cracking load Rcr and peak load Rmax, respectively, were compared with the values predicted using
the existing models. The stiffness Kcr is same as effective stiffness Ke mentioned earlier. Bourzam
et al. [29] used the identical approach to derive the secant stiffness of CM walls but proposed the
different values of degradation parameters a and b as 1.805 K2

el and 0.451 K2
el , respectively. Rai

et al. [31] correlated the stiffness at initial cracking with the confinement factor li,t / p as given by
Equation (23), which also considered the role of interior tie-columns. The stiffness of CM walls at
the cracking and peak load was also estimated through the backbone model proposed by Riahi et al.
[26], and these derived equations are listed in Table III.

3.3. Comparison of predicted strength and stiffness with test results of solid confined masonry walls

The lateral load capacity of CM walls SCCT, SCFT, and SCNT obtained from tests are compared with
values predicted using the existing relations. The shear strength under zero compression vmo and the
tensile strength of masonry f tm′ was calculated using the following equations [34, 35].

vmo ¼ 0:184
ffiffiffiffiffiffiffi
f cm′

p
(25)

f tm′ ¼ 0:125
ffiffiffiffiffiffi
f cj ′

q
where; f cj ′ is the compressive strength of joint mortar (26)

The shear strength vmo and tensile strength f tm′ of masonry estimated from Equations (25) and (26)
are in range of 0.50 to 0.59MPa and 0.29 to 0.34MPa, respectively. These values correlate well with

Table III. Existing models for the in-plane stiffness of confined masonry walls.

ID Equation Remark Reference

Kel GeqvAw

kHw 1þ α′ Geqv

Eeqv

Hw
Lw

� �2	 � (20) Eeqv ¼ EmAmþ∑EcAci
Amþ∑Aci

Geqv ¼ GmAmþ∑GcAci
Amþ∑Aci

α′= 0.33 for cantilever
wall and 0.83 in case
for the fixed-ended wall
k= 1.2 = the shear coefficient
for rectangular cross-section

Tomaževič and
Klemenc [12] and
Bourzam et al. [29]

Kcr-TK/
KRmax-TK

Kel �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aId � b

p
(21)

Id= damage index
a and b are the stiffness
degradation parameters

Tomaževič and
Klemenc [12]

Kcr-RI

Aw

ffiffiffiffiffiffiffi
f cm′

p
γcHw

(22)
γc ¼ 1:13; for clay brick

0:72; for concrete block

� �
Riahi et al. [26]

Kcr-RA
Knc 0:29þ 0:26

li;t
p

� �� �
(23)

Knc ¼ H3
w

3EmIm

� �
þ Hw

AwGm

� �h i�1
Rai et al. [31]

KRmax-RI

Aw

ffiffiffiffiffiffiffi
f cm′

p
0:65μγcHw

(24)
μ ¼ 0:5 Aw

Rmax

� �2
þ 1:3

	 �
≤6

Rmax = same as Rmax-RI

Riahi et al. [26]
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the initial shear and tensile strength values obtained from the series of tests performed by Singhal and
Rai [14] on masonry with similar lime-cement mortar mix.

The ratio Rexp/Rcal obtained from all 15 existing models is plotted in Figure 7, and for a reasonable
prediction of strength, this ratio should be nearly equal to 1.0. Existing models based on the first
hypothesis that neglect the contribution of the longitudinal reinforcement (Equations 4 to 9), highly
underestimated the shear capacity of CM walls. This is indicated by significantly higher values of
ratio Rexp/Rcal (>1.75) in Figure 7. Also, many models aim to capture the strength at first cracking,
thereby providing conservative estimates of the shear strength of CM walls (Equations (4), (5), (7),
and (8)). However, by considering the contribution of longitudinal reinforcement in tie-columns
(Equations 10 to 13), the first hypothesis provided relatively better estimate of shear capacity of CM
walls except for the Equation (10) proposed by Matsumura [24]. This equation predicted significantly
higher value of in-plane strength as the ratio Rexp/Rcal was obtained nearly equal to 0.55.

The existing relations based on second hypothesis from Equations (14) to (16) slightly overestimate
the observed values and provided prediction within an error of approximately 25% (Figure 7). The
most accurate prediction of shear capacity (with a maximum error of 7%) was made by the strength
relation proposed in the Chinese code [30]. The accurate prediction by this relation indicates that the
contribution of longitudinal reinforcement in interior tie-columns is important; however, the role of
reinforcement in tie-columns located at the perimeter of wall can be ignored. The simple method

Figure 7. Comparing accuracy of existing model to predict the shear resistance of solid confined masonry
walls: (a) SCCT, (b) SCFT, and (c) SCNT. Note that the alphabetical notations (IDs) refer to equations pro-
posed by particular researchers or in a national standards: AC, Argentinean Code [18]; DD, D’Amore and
Decanini [19]; MO, Moroni et al. [20]; CO, Colombia Code [21]; BA, San Bartolome et al. [22]; ML,
Marques and Lourenço [23]; MA, Matsumura [24]; FA, Flores and Alcocer [25]; MC, Marinilli and Castilla
[13]; RI, Riahi et al. [26]; TK, Tomaževič and Klemenc [12]; LA, Lafuente et al. [28]; BO, Bourzam et al.

[29]; CH, Chinese Code [30]; and and RA=Rai et al. [31].
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proposed by Rai et al. [31], which is based on the simple measure of degree of confinement, provides
reasonable estimate for the lateral strength of CM walls.

The predicted values of stiffness Kcal for each wall at the cracking load Rcr and peak load Rmax are
compared with experimental values in Figure 8. This comparison clearly indicates that only the
method proposed by Rai et al. [31] closely predicts the cracking stiffness of all solid wall specimens.
The equations given by Tomaževič and Klemenc [12] and Bourzam et al. [29] significantly
overestimated both stiffness values Kcr and KRmax, and therefore, the proposed stiffness degradation
parameters a and b need to be adjusted and revised. Riahi et al. [26] provided a reasonable prediction
of stiffness values within 25% for wall specimens SCCT and SCFT; however, for wall SCNT, the
predicted values were noticeably lower than the measured stiffness. It should be noted that the
available formulas should also be validated for walls with different aspect ratio (H/L ratio). In this
study, the specimens had aspect ratio (H/L) of 0.6 when considering the full length of the wall (2.5m)
whereas H/L ratio is 1.23 when the distance between two tie-columns (1.22m) is considered.

4. REDUCTION FACTOR FOR CONFINED MASONRY WALLS WITH OPENINGS

The effects of openings on the strength and stiffness of masonry walls were usually taken into
consideration in many previous research studies through reduction factors DF. The reduction factor is
generally defined as the ratio of strength or stiffness of a perforated masonry to that of an identical
solid masonry. Due to the lack of research on CM walls with openings [3, 36], these reduction factors
were primarily proposed for masonry infilled frames. For CM walls with openings, Riahi et al. [26]
was first to propose a reduction factor for the cracking shear strength Rcr. Moreover, these proposed
relations for the reduction factor were based on regression analysis of limited number of test results
and thus may be applicable to specific type of wall panels.

In lieu of scarcity of detailed analytical study on CM walls with openings, the suitability of various
reduction factors originally developed for masonry infilled frame will be reviewed in this section.
Mohammadi and Nikfar [37] provided a summary of various empirical relations of reduction factors
available in the literature and also proposed a new reduction factor for strength and stiffness of
masonry infilled frames having central openings. The existing equations of reduction factors for
strength, DRF, and stiffness, DKF of perforated masonry walls are summarized in Table IV. As can be
seen in Table IV, Al-Chaar et al. [38] and New Zealand Society of Earthquake Engineering (NZSEE)
[39] proposed a common equation for both strength and stiffness reduction, whereas Mohammadi and
Nikfar [37] developed separate empirical equations for DRF and DKF. Moreover, equations proposed
by Riahi et al. [26] and Tasnimi and Mohebkhah [41] were only derived for the reduction in strength
of the wall, while Mondal and Jain [40] and Asteris et al. [42] formulated the reduction factors for
initial stiffness of the infill wall.

Figure 8. Comparing accuracy of existing model to predict the stiffness of solid confined masonry walls.
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As shown in Table IV, the proposed reduction factors are generally the function of the area ratio of
opening and wall panel (Ar=Ao/Ap) except for the factor given by NZSEE [39]. The reduction factor
prescribed by NZSEE is given by Equation (28), where lo and lw are maximum width of the opening
and masonry wall, measured across a horizontal plane, respectively. In contrast to other models, this
equation determines the reduction factor based on the opening width and does not account for the
effect of height of the opening. This implies that door and window openings of similar width will
experience same reduction in the strength and stiffness. However, many research studies had
concluded that the wall with door opening exhibited larger reduction in strength and stiffness
properties as compared with the window opening of similar width; thus, the equation given by
NZSEE should be used with caution.

4.1. Comparison of predicted strength and stiffness with test results of perforated confined masonry walls

The accuracy and reliability of the existing relations of reduction factors was judged by first comparing
the predicted values with the ratio of strength and stiffness of a perforated infill wall SI-O2WA to that of
the similar solid wall SI. The peak load carrying capacity of walls SI and SI-O2WA was found to be 84.2
and 52.4 kN while, the observed initial stiffness values were 32.4 and 17.1kN/mm, respectively. The
ratio Ar (=Ao/Ap) for the wall SI-O2WA with two window openings is 0.191. The experimental and
predicted values of strength and stiffness reduction factors are compared for infilled wall SI-O2WA in
Table V. The equation given by Tasnimi and Mohebkhah [41] and Mondal and Jain [40] accurately
predicts the observed reduction in strength and stiffness of the infilled frame, respectively. Equations
(28), (33) and (34) given by NZSEE [39] and Mohammadi and Nikfar [37] showed maximum error in
predicting both strength and stiffness reduction for the infill wall. The reduction factor proposed by

Table IV. Strength and stiffness reduction factor to account for the presence of opening.

ID Equation Remark Reference

DRF-AL 0:6 Arð Þ2 � 1:6 Arð Þ þ 1 (27) Ar ¼ ratio of area of the opening
and wall panel ¼ Ao=Ap

Al-Chaar et al. [38]

DKF-AL same as previously

DRF-NZ 1� 1:5
lo
lw

(28)
― NZSEE [39]

DKF-NZ same as previously

DRF-MJ ― Valid only for window openings
located at the center of
masonry panel

Mondal and
Jain [40]

DKF-MJ 1� 2:6 Arð Þ (29)

DRF-RI �2:2 Arð Þ þ 1 (30) ― Riahi et al. [26]
DKF-RI ―

DRF-TM 1:49 Arð Þ2 � 2:238 Arð Þ þ 1 (31)
For Ao

Aw
> 0:4, DRF-TM = 0 Tasnimi and

Mohebkhah [41]DKF-TM ―

DRF-AS ―
Asteris et al. [42]

DKF-AS 1� 2 Arð Þ0:54 þ Arð Þ1:14 (32)

DRF-MF �1:085 Arð Þ þ 1 (33)
Valid for Ao

Aw
≤0:4 Mohammadi

and Nikfar [37]DKF-MF 1:186 Arð Þ2 � 1:678 Arð Þ þ 1 (34)
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Al-Chaar et al. provides reasonable predictions and will be further used to estimate the in-plane strength
and stiffness of CM walls with openings because of its simple and common relationship for both
strength and stiffness. Mohammadi and Nikfar [37] also reported that the equation proposed by
Al-Chaar et al. [38] estimates both initial stiffness and ultimate strength of the masonry walls with
window and door openings more accurately than the other existing empirical formulas.

The shear capacity and cracked stiffness of perforated CM walls obtained from the test are compared
with predicted values by calculating the ratio Rexp/Rcal, Kexp/Kcal as presented in Figure 9. The in-plane
strength and stiffness was calculated by first considering the perforated wall as a solid wall and then
estimating the strength and stiffness by applying the reduction factors DRF and DKF proposed by
Al-Chaar et al. as discussed previously. For strength estimation, only those equations were chosen,
which include the contribution of the confining columns in the wall. However, all the available
methods were used for estimating the stiffness Kcr at the cracking load (Equations 21 to 23).

As illustrated in Figure 9, the simplified method developed by Rai et al. [31] predicted both strength
and stiffness of all perforated CM walls within an error of 25%. The remaining strength equations only
provided good estimate of shear resistance for walls with confining scheme B (CM walls SC-O2WB and
SC-ODWB with all vertical confining members extending to full-height of the wall). Moreover except
Rai et al. [31], the other equations failed to provide reasonable prediction of stiffness at cracking
load for CM walls with openings. These existing equations either highly overestimated or
underestimated the stiffness Kcr of perforated CM walls.

Table VI compares the mean values of ratios Rmax(exp) /Rmax(cal) and Kcr(exp) /Kcr(cal) obtained from
the existing and proposed models. Table VI clearly indicates that the simple method developed for
sub-paneled walls provide most accurate and reliable predictions for both strength and stiffness of
CM walls. However, majority of existing models either greatly overestimate the stiffness [12, 29] or
underestimate the shear strength [13, 25] of CM walls and thus may be inappropriate for design
purposes (Table VI).

Table V. Comparison between the experimental and predicted values of reduction factor for masonry infilled
frame with window openings.

Factor Exp. AL NZ MJ RI TM AS MN

DRF 0.62 0.72 0.37 — 0.58 0.63 — 0.79
Error (%) 16 40 — 06 02 27
DKF 0.53 0.72 0.37 0.50 — — 0.33 0.72
Error (%) 36 30 06 — — 38 36

The alphabetical notations AL, NZ, MJ, RI, TM, AS, and MN signify the initials of authors who proposed a partic-
ular reduction factor: AL, Al-Chaar et al. [38]; NZ, New Zealand Code [39]; MJ, Mondal and Jain [40]; RI, Riahi
et al. [26]; TM, Tasnimi and Mohebkhah [41]; AS, Asteris et al. [42]; and MN=Mohammadi and Nikfar [37].

Figure 9. Accuracy of existing model to predict the strength of confined masonry walls with openings.

V. SINGHAL AND D. C. RAI

Copyright © 2016 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2016)
DOI: 10.1002/eqe



5. CONCLUSIONS

An experimental study on CMwalls was performed to investigate the role of toothing details at the wall-
to-tie-column interface and effect of the presence of openings under bidirectional loading of simulated
out-of-plane ground motions and prior damage due to in-plane loading. CM walls maintained
structural integrity up to large in-plane drifts of 1.75% and performed much better than masonry infill
RC frames. Due to composite action developed between masonry and tie-columns, CM walls acted as
structural shear wall for in-plane loads, and their out-of-plane response was not significantly affected
by the prior in-plane damage. Toothing at the wall-to-tie-column interface significantly improved the
post-peak behavior of CM walls under in-plane loads, and superior performance was observed when
toothing was at alternate brick courses. For perforated walls, provision of vertical RC elements along
with continuous horizontal bands (sill/lintel bands) around openings proved to be highly beneficial as
the wall was able to achieve the in-plane strength close to that of the solid CM wall.

The experimental results were further used for the analytical verification of various existing models
to predict the in-plane strength/stiffness of CM walls. The analytical relations for estimating the shear
capacity of CM walls are primarily semi-empirical equations, which are based on either friction theory
or elementary theory of elasticity. Better shear strength predictions were obtained for those models that
included the amount of longitudinal reinforcement in tie-columns. Neglecting the contribution of tie-
columns details can highly underestimate the shear capacity of CM walls with low aspect ratio (H/L
about 1.0). The existing equations, which considered the shear and flexural deformation of CM
walls, failed to reasonably predict their in-plane stiffness.

Strength and stiffness reduction factors originally proposed to incorporate the negative influence of
openings in the masonry infill RC frames were used to predict the in-plane strength and stiffness of
perforated CM walls. For CM walls with openings, the reduction factor given by Al-Chaar et al. [38] was
used because of its reasonable predictions and simplicity. The available relations for estimating the
strength and stiffness of CM walls could not provide good predictions for such walls with openings.
Based on the simple measure of the degree of confinement provided by interior and exterior confining
element, the proposed method by Rai et al. [31] for sub-paneled masonry walls reliably predicted the in-
plane strength and stiffness of CM walls with and without openings. The simplified equations of this
method can be very handy for engineers to correctly estimate the design parameters for CM walls.
Further, the suitability of available relationships should also be validated for walls with different aspect ratio.
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