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Abstract

This study analytically investigated the behavior of reinforced concrete frames with masonry infills. For the analysis,
VecTor2, a nonlinear finite element analysis program that implements the Modified Compression Field Theory and
Disturbed Stress Field Model, was used. To account for the slip behavior at the mortar joints in the masonry element,
the hyperbolic Mohr-Coulomb yield criterion, defined as a function of cohesion and friction angle, was used. The
analysis results showed that the lateral resistance and failure mode of the infilled frames were significantly affected

by the thickness of the masonry infill, cohesion on the mortar joint—brick interface, and poor mortar filling (or gap)

on the masonry boundary under the beam. Diagonal strut actions developed along two or three load paths on the
mortar infill, including the backstay actions near the tension column and push-down actions near the compression
columns. Such backstay and push-down actions increased the axial and shear forces of columns, and ultimately affect
the strength, ductility, and failure mode of the infilled frames.
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1 Introduction
Reinforced concrete moment frames with unreinforced
masonry infills (or infilled frames) have been used in
many existing buildings such as school and government
facilities in Korea (see Fig. 1). Such masonry infill walls
are considered as nonstructural elements because they
do not carry gravity loads; however, under earthquake
loads, the masonry infill walls significantly affect the seis-
mic performance of the infilled frames; during the initial
behavior before cracking, the masonry infill with large
shear rigidity significantly increases the lateral stiffness;
after shear cracking, diagonal cracks and consequent
compression struts that occur on the masonry infill
change load paths and ultimately affect the strength and
ductility.

The behavior of the infilled frames becomes more com-
plicated due to deformation compatibility between the
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flexure-dominated frame members and shear-dominated
masonry infill wall. Such interaction may be evaluated
either by tests or by sophisticated analysis methods. From
a practical view point, it is also possible to use simplified
approaches, such as equivalent strut models (ATC 1998;
ASCE/SEI 41-17). Many researchers have proposed vari-
ous equivalent strut models to account for interaction (or
force transfer) between the masonry infill and adjacent
frame members, and investigated the validity of such
strut models on the basis of tests and analyses (Stafford-
Smith 1966; Paulay and Priestley 1992; Crisafulli 1997;
Al-Chaar 2002; Dolsek and Fajfar 2002; El-Dakhakhni
et al. 2003; Park et al. 2012; Yu et al. 2016). However,
such strut models may not be accurate in representing
the behavior and failure mode of infilled frames; further-
more, the estimation of the effective strut width often
relies on empirical formula or case-specific experimen-
tal data. Considering that the behavior of infilled frames
varies with design variables, such as material proper-
ties, aspect ratio, and the size and location of openings,
finite element analysis is more suitable to account for the
effects of such design variables than the strut models.
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Fig. 1 Reinforced concrete frames with masonry infills.

Two approaches can be used for finite element analy-
sis of masonry walls and masonry-infilled frames. The
first approach is to separately model brick units, mor-
tar joints, and interfaces, considering failure mecha-
nisms (Lourenco and Rots 1997; Mehrabi and Shing
1997; Stavridis and Shing 2010; Zhai et al. 2017).
Stavridis and Shing (2010) and Zhai et al. (2017) inves-
tigated finite element analysis methods for masonry
structures, based on the plasticity theory and discrete
constitutive models for materials and their interface.
Diagonal, horizontal, and vertical interface elements
were used to account for various failure modes occur-
ring along the concrete cracks and mortar joints. The
second approach is to consider the masonry element
as a homogeneous continuum where material proper-
ties such as brick units and mortar joints are smeared
over a finite region (Lourenco et al. 1998; Facconi et al.
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2014, 2018). Facconi et al. (2014, 2018) developed the
disturbed stress field model (DSFM) for masonry that
accounts for the slip behavior occurring along the mor-
tar joints. The DSFM and analytical procedure for con-
crete and masonry elements have been implemented
in a nonlinear finite element program, VecTor2 (Wong
et al. 2013).

This study investigated the behavior of infilled frames
through nonlinear analysis by VecTor2. For this pur-
pose, the DSFM for masonry (Facconi et al. 2014) that
accounts for the orthotropic behavior of brick units and
the slip behavior on the mortar joint-brick interface
was reviewed. Then, by performing nonlinear analysis,
the force transfer mechanism and failure mode of the
infilled frames varying with the thickness of the masonry
infill and poor mortar filling on the masonry boundary
under the beam, were investigated. In particular, by com-
paring the distributions of cracks and diagonal struts on
the masonry infill at various loading stages, the effects of
such diagonal strut actions on the masonry infill-frame
interaction and column shear failure were studied.

2 Finite Element Modeling for Masonry

2.1 Disturbed Stress Field Model for Masonry Element
Figure 2 shows the concept of the DSFM for unreinforced
masonry element (Facconi et al. 2014; Wong et al. 2013).
Basically, the DSFM is formulated based on average stresses
and strains over a finite region. The stresses of a masonry
element, denoted as 0,,; and 0, (or 0,,, 0,,, and 7,,,),
are related to the net strains of the masonry continuum,
€, and &g, (or €, €,,, and y,,,,), which do not include
slip deformation at the mortar joint. Figure 2b shows the

y/2

Fig. 2 Disturbed stress field model for unreinforced masonry element.
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Mohr’s stress and strain circles for the masonry element.
The direction of principal stresses of the masonry element,
0,, is defined as follows (see Fig. 2b):

1 — VYmaxy
0y = —tan~ ! [ — 2 ),
=35 an <8mx — Emy> (1)

In Fig. 2b, the principal stresses o,,, and o, corre-
sponding to the principal strains ¢,,; and ¢,,,,, respectively,
are determined from the uniaxial stress—strain relation-
ship of the masonry material. Unlike the concrete panel
where slip deformation occurs along the crack plane, slip
in the masonry element occurs along the interface of the
bed and head mortar joints as the shear stress reaches the
yield state. Thus, the DSFM for the masonry element does
not consider the shear stress and deformation occurring
along the crack plane that is associated with the principal
stresses. Instead, as shown in Fig. 2c, the shear stress 7,,,,,
and corresponding slip deformations §,; and ¢, that occur
along the head and bed joints of brick units, respectively,
are taken into account. Consequently, the total strains of
the masonry element, ¢,, £, and y,,, are determined by add-
ing the additional strains due to the bed and head joint slips
9 and ¢, to the masonry continuum strains ¢,,,, €,,,, and
Ymay- Such additional slip strains are denoted as ¢,,", €,
Yayhj» Exnj» €y » and y,y,° in Fig. 2a and c. The direction 6, of
the principal strains ¢; and ¢,, which is different from 6, in
Eq. (1), is then determined using ¢,, €, and y,, as follows:

1
Lian—t (Vy) @
2 Ex — &y

The orthotropic behavior of the masonry element after
cracking is considered by the uniaxial compression and
tension relationships, o,,-¢,, and o,,,—¢,, relationships,
respectively (Facconi et al. 2014). Such uniaxial behavior
of the masonry element is similar to that of concrete. The
compressive strength of the masonry element varies with
the angle of the principal compressive stress (=f,,,) relative
to the bed joint, 8,; according to the compression failure
criteria originally formulated by Ganz (1986) and reformu-
lated by Facconi et al. (2014), such masonry strength (i.e.,
the maximum value of ¢,,, in Fig. 2b) can be defined as
functions of ¢,,,/0,,;. In addition, the compressive strength
of the cracked masonry element decreases with the ten-
sile strain ¢,,; transverse to the cracking (i.e., compression
softening behavior, Lofti and Shing 1991). To account for
variations of such masonry strength, the DSFM defines the
effective compressive strength f,,, as follows:

fme = ﬂdﬁmfy/n’ (3)

0, =
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where 5, (<1.0) is the reduction factor that accounts
for compressive softening due to ¢,,; ,, (<1.0) is the
factor that accounts for the effects of the direction of
the principal stress f,,, relative to the bed joint (i.e., 6,);
and f,,’ is the compressive strength of the masonry ele-
ment in the transverse direction to the bed joint. Note
that 8, is defined as functions of the masonry compres-
sive strengths f,,. and f,,, in the transverse directions to
the head and bed joints, respectively, masonry tensile
strengths f,, and f,, in the transverse directions to the
head and bed joints, respectively, and the cohesion and
friction angle on the interface of the mortar joint (¢ and
¢, respectively). 5, and f3,, are presented in Facconi et al.
(2014) and Wong et al. (2013) as follows:

1
- <10,
Pa 1+0.55C; — (4)
0forr < 0.28
47 035(r — 0.28)%8 for r > 0.28’ ®
0
B = M < 1.0, (6)

fm)/

where r=eg,,le,; and f,, (f,,0) is the maximum
masonry strength obtained from the Ganz’s failure
criteria.

The orthotropic behavior of the uncracked masonry
element is considered, using the elastic moduli E,,, and
E,,, and the Poisson’s ratio v,,. After cracking, the elastic
modulus E,, that accounts for the orthotropic behavior
of the cracked masonry element is defined to have tran-
sition from E,, at 6,=0° to E,,, at 6,=90° (Wong et al.
2013).

3 Slip Model for Mortar Joint

According to Atkinson et al. (1989) and Rots (1997), slip
behavior on the mortar joint-brick interface is affected
by the normal stress on the interface and the fracture
energy that releases when slip occurs. In the DSFM for
the masonry element, as shown in Fig. 3a, the shear
behavior of the mortar joints is idealized as an elastic—
perfectly plastic relationship, defined by the shear modu-
lus G, (=0.5E,,/[1+v,,]) and maximum shear strength
v,,- The maximum shear strength v,, on the mortar joint—
brick interface is determined using the following hyper-
bolic Mohr—Coulomb yield criterion (see Fig. 3b):

F(ow) = v, + 1 (0w — fy)” + 20 (0w — fy) =0,
(7)
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Fig. 3 Shear slip model for mortar joints.

where y (=tan ¢) and ¢ are the friction coefficient
and angle on the mortar joint mterface, j is the nor-
mal stress acting on the interface (i.e., and 0,y for the
head and bed joints, respectively, see Flg 2a); ft]—ten—
sile strength of the mortar joint-brick interface; p is the
radius of curvature of the yield curve at the vertex of the
hyperbola, defined as [¢* — (ﬂtt)Z]/[Zt ]; and ¢ is the cohe-
sion on the mortar joint—brick mterface Note that even
after slip occurs on the interface, the maximum shear
strength v,, may increase or decrease, depending on g,,,.

The slip behavior of the mortar joint-brick interface is
affected by the cohesion ¢ and friction coefficient 4 (or
friction angle ¢) (see Fig. 3b). In general, the cohesion and
friction coefficient have ranges of c=0.1 MPa—1.5 MPa
and y=0.3-1.2 (or ¢ =16.7°-50°) (Paulay and Priestley
1992). Figure 3b compares the actual and idealized shear
stress—slip responses on the mortar joint—brick interface
under monotonic loading (Angelillo et al. 2014; Rahman
and Ueda 2014). In VecTor2, the pre-peak slip response
is considered as linear elastic with the shear modulus
G,, whereas the post-peak response is approximated
as perfectly plastic with the maximum shear stress v,,.
If the mortar joint—brick interface is subjected to cyclic
loading and the shear stress on the interface is reversed
repeatedly, damage such as cracking accumulates near
the interface and consequently the cohesion and fric-
tion coefficient on the mortar joint-brick interface may
decrease under cyclic loading. This indicates that, when
assessing or designing infilled frames, care needs to be
taken not to overestimate the shear stress—slip behavior
on the interface. In Eurocode 6 (ECS 2005), the cohesion
and friction coefficient are taken as ¢c=0.1 MPa ~ 0.4 MPa
and 4 =0.75 (or ¢ ~ 37°), respectively; such design values
are closer to the residual strength on the mortar joint—
brick interface, than the peak strength.

4 Model Validation for Masonry-Infilled Frames

4.1 Details of Masonry-Infilled Frame Specimens

To investigate the validity of the DSFM and hyperbolic
Mohr—Coulomb vyield criterion for masonry elements,
nonlinear analysis was performed for three reinforced
concrete frames with or without masonry infill, BE,
IF0.5, and IFS0.5 (Kim et al. 2016). IF0.5 and IFS0.5 are
the infilled frames, whereas BF is the bare reinforced
concrete frame. In the specimen names, ‘0.5" indicates
the thickness of masonry infill was 90 mm (i.e., half of
the width of the brick unit, 0.5B), and ‘S’ indicates that
there was a clearance of 35 mm on the masonry bound-
ary under the beam (i.e., poor mortar filling). Thus, for
IFS0.5, the boundaries on both sides of the masonry infill
were in contact with the columns, whereas the boundary
on the top was not in contact with the beam.

Figure 4 shows the configuration and section details
of the infilled frame specimens. The story height meas-
uring from the top of the base to the center of the beam
was #=1750 mm and the bay length between the col-
umns (i.e., center-to-center distance) was /=2500 mm.
The aspect ratio was //h=1.43. The cross-sections of
the column and beam were 300 mm x 300 mm and
300 mm x 350 mm in size, respectively. For the column,
eight D16 bars (diameter 15.9 mm) were used for lon-
gitudinal reinforcement and square hoops of D10 bars
(diameter 9.5 mm) were used at a spacing of 150 mm for
transverse reinforcement. For the beam, four D16 bars
were used at the top and bottom as flexural reinforce-
ment, and rectangular hoops of D10 bars were used at a
spacing of 150 mm as shear reinforcement. The columns
and beams were lightly reinforced members, not satisfy-
ing the requirements of intermediate and special moment
frame members specified in KBC 2016 (AIK 2016). For
IF0.5 and IFSO0.5, the masonry infills (thickness 90 mm)
were placed inside the frame. The size of solid cement
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Fig. 4 Reinforced concrete moment frames with and without

masonry infill tested by Kim et al. (2016).

bricks was 190 mm x 90 mm x 57 mm and the thickness
of the bed and head mortar joints was 10 mm.

The material properties of the concrete, reinforcing
steel bars, and masonry infill were as follows. For the
concrete, the compressive strength was f,’=35.9 MPa.
For the reinforcing steel bars, the yield strength (ulti-
mate strength) of the D16 and D10 bars was f, =368 MPa
and 440 MPa (f,=554 MPa and 597 MPa), respec-
tively. For the masonry infill, the compressive strength
and elastic modulus, obtained from the compres-
sion tests of 190 mmx 190 mm masonry prisms,
were f,’=10.3 MPa and E,,=2064 MPa, respectively.
Such elastic modulus was significantly less than the
design value E,, =750 fim’=7725 MPa specified in Uni-
form Building Code (IBC 1997), and consequently the
strain at f,’=10.3 MPa was significantly increased to
€,,,=0.0066 mm/mm. The cohesion and frictional coef-
ficient on the mortar joint—cement brick interface were
¢=0.602 MPa and y=1.18, respectively. Such ¢ and u
were determined under monotonic loading and thus
were greater than the design values of Eurocode 6 (ECS
2005), c=0.1 MPa ~ 0.4 MPa and y=0.75.
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4.2 Modeling Implementation for Analysis

The finite element modeling of the infilled frame speci-
mens was implemented by VecTor2 (Wong et al. 2013).
For the reinforced concrete frame members including
the base, the concrete continuum was mostly modeled
as BDR (bilinear displacement rectangle) elements using
auto-mesh function in VecTor2; for IF0.5, CST (con-
stant strain triangle) elements were partially included
in the beam. The reinforcing steel bars were separately
modeled as truss elements. Such reinforcement ele-
ments were placed at the actual locations. The masonry
infills used in IFS0.5 and IF0.5 were modeled as BDR
elements, and the mesh size was less than the brick size
(i.e., 190 mm x 57 mm). For IFS0.5, the gap 35 mm was
modeled as the long and narrow opening on top of the
masonry infill under the beam.

Material models of the concrete and steel reinforce-
ment used for analysis in VecTor2 were as follows. For
the concrete under compression (f,’=35.9 MPa at strain
&,,=0.002 mm/mm), a parabolic-linear model was used;
strength increase due to confinement was not consid-
ered. The compression softening in cracked concrete
due to transverse tensile strains was considered using
the Vecchio and Collins 1986a model. For the tensile
behavior of the concrete, the tensile strength was taken
as f,=0.21V/f’=1.26 MPa; before cracking, the linear
elastic behavior with E,=4500vf,’=27,000 MPa was
used; the tension-softening behavior after cracking was
also assumed as linear. Details of the concrete model are
presented in Wong et al. (2013). For the longitudinal and
horizontal reinforcements, the tri-linear model based on
the actual yield and ultimate strengths was used to repre-
sent the yield plateau and subsequent hardening behav-
ior; bond slip and buckling were not considered.

To represent the orthotropic behavior of the masonry
infill, the compressive strengths (f,,, and f,,), tensile
strengths (f,,,, and f,,), and elastic moduli (E,,, and
E,,) in the x and y directions were defined as follows.
For the y direction that is perpendicular to the bed joint,
Jmy and E,, were taken as the compressive strength
f,/=10.3 MPa and elastic modulus E,,=2064 MPa,
respectively, obtained from the compression testing of
masonry prisms. For the x direction, f,,, and E,, were
taken as 0.5 fin’ and 0.5E,,, respectively, which are default
input values in VecTor2 (Wong et al. 2013). In general,
masonry walls are weak to horizontal cracking because
the bed joints are continuous and straight. Such hori-
zontal cracking may cause compression softening along
the x direction; thus, f,,, and E,,, were reduced by 50%
(ASCE 2000). For the compressive stress—strain rela-
tionships, the Hoshikuma et al. (1997) model embedded
in VecTor2 (Wong et al. 2013) was used; in this model,
the strain at the peak compressive stress was taken as
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the value obtained from the test, ¢,,=0.0066 mm/mm.
For the tensile strength of the masonry infill, the diago-
nal tension strength f;, (=0.125V/f, ) specified in FEMA
356 (ASCE 2000) was used: f,,,, =/, =0.125v/10.3=0.4
01 MPa. Note that masonry walls generally exhibit ortho-
tropic behavior and thus the tensile strengths in the x
and y directions may be different, as with the compres-
sive strengths; however, actual masonry tensile strength
was not reported in Kim et al. (2016), and thus in this
study, the tensile strength of the masonry infill in the x
and y directions were considered as same, due to lack of
information.

The cohesion ¢ and friction coefficient y# on the mor-
tar joint—cement brick interface were determined based
on the design values specified in Eurocode 6 (ECS 2005),
as follows: the cohesion was taken as c¢=0.1 MPa (lower
bound) and 0.4 MPa (upper bound); and the friction
coefficient and angle on the interface were assumed as
#=0.75 and ¢=37°". Note that, when masonry infill
is subjected to cyclic loading, the shear resistance on
the mortar joint-brick interface may be deteriorated as
damage such as cracking and slip is accumulated dur-
ing repeated load reversals. Thus, the ¢ and p values
used for the analysis were adjusted to be less than the
values obtained from the monotonic loading test (ie.,
¢=0.602 MPa and 4 =1.18).

4.3 Comparison of Analysis and Test Results

Figure 5 shows the lateral load—drift ratio (P—6) relation-
ships of BE, IF0.5, and IFS0.5. The tests were conducted
under cyclic loading, while the analysis was performed
under monotonic loading. Thus the P-§ curves by the
test and analysis were compared only for positive loading.
The analysis was performed for two cohesion strengths,
¢=0.1 and 0.4 MPa, and both results are plotted in Fig. 5.
Note that the P—§ behavior of the infilled frames was dif-
ferent depending on loading directions; since the damage
at the interface (such as cracking and interface sliding)
that occurred in positive loading had impacts on the
behavior under subsequent negative loading, the infilled
frames displayed slightly smaller stiffness and strength
under negative loading, than those under positive load-
ing. Figure 5 also compares the failure modes of IF0.5 and
IFS0.5 by the analysis and test. The photos of IF0.5 and
IFS0.5 were taken after and during the test, respectively.
The deformation mode and crack distribution obtained
from the analysis were the results at the failure points
(i.e., 6=4.7% for IF0.5 and 4.2% for IFS0.5).

Overall, the P-§ curves by the analysis agreed well
with the test results not only in the bare frame BF, but
in the infilled frames, IF0.5 and IFS0.5. In particular for
¢=0.4 MPa (see Fig. 5b and c), the predicted pre-peak
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behavior was in good agreement with the test curves.
On the other hand, the post-peak behavior, such as
strength degradation and ductility, slightly differed
from the tests; the analysis estimated steeper strength
degradation and less ductile behavior, compared to the
test results. Note that when compared to IF0.5 where
the masonry infill was compactly installed within the
frame, the initial stiffness and peak strength of IFS0.5
with gap (i.e., poor mortar filling) along the horizontal
boundary of the masonry infill under the beam were
significantly degraded. The VecTor2 analysis accu-
rately estimated the difference in the pre-peak behavior
between IF0.5 and IFS0.5.

Figure 5b and c shows the deformation mode and
crack distributions of the masonry infills, predicted by
the analysis. Although the deformation modes under
lateral loading were almost same, the crack distribu-
tion of IFS0.5 completely differed from that of IF0.5 due
to poor mortar filling along the boundary under the
beam. For IF0.5, the cracks were distributed over the
entire area of the masonry infill. However, for IFS0.5,
the cracks mainly occurred in a triangle area enclosed
by the tension column (vertical) and bottom base
(horizontal); the inclination of diagonal cracks in the
masonry infill (or diagonal struts) was relatively small;
and vertical cracks were obvious along the boundary
between the compression column and masonry infill.
Such crack distributions agreed well with the failure
aspects observed from the tests.

4.3.1 Diagonal Strut Actions of Masonry Infill

In this study, through nonlinear analysis using VecTor2,
the behavior of masonry-infilled frames, such as the early
cracking on the masonry infill and consequent force
transfer to the adjacent columns, was investigated. In
particular, this study focused on failure mode and force
transfer mechanism depending on: (1) relative stiffness
and strength between the masonry infill and adjacent col-
umns and (2) poor mortar filling on the masonry bound-
ary under the beam (i.e., substandard masonry-infilled
frame). For this purpose, nonlinear analysis was per-
formed for four infilled frame specimens, IF0.5, IFS0.5,
IF1.0, and IFS1.0 tested by Kim et al. (2016). IF1.0 and
IFS1.0 were the specimens in which the thickness of
masonry infill was increased to 1.0B or 190 mm.

Noe that the cohesion on the mortar joint—brick inter-
face significantly affects analysis result. For IF0.5 and
IFS0.5 in Fig. 5b and c, as the cohesion ¢ increased from
0.1 MPa to 0.4 MPa, the initial stiffness, peak strength,
and post-peak strength increase. However, it is impos-
sible to accurately determine the cohesion and frictional
coefficient because they continuously vary with damage
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Fig. 5 Lateral load—drift ratio relationship and failure mode: test vs. analysis.

on the interface even while conducting test. Thus, in
the following subsections, the cohesion strengths that
yielded best agreements with the test results were used
for nonlinear analysis: ¢c=0.4 MPa for IF0.5 and IFS0.5
and ¢=0.602 MPa for IF1.0 and IFS1.0.

4.4 Standard Masonry-Infilled Frames: IF0.5 and IF1.0
Figure 6 shows the distributions of minimum principal
compressive stresses (i.e., f,, for masonry element and f;,

for concrete element) at the elastic limit, peak, and resid-
ual points for IF0.5. The elastic limit point (E) indicates
the pre-peak point at which the strength reached 70%
of the peak strength and thus the masonry infill began
to separate from the frame members (ASCE/SEI 2017);
the peak point (P) is defined as the point at which the
strength was greatest; and the residual point (R1 and R2)
indicates the post-peak points that were reached after
the significant strength degradation. The distributions of
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tour; green color indicates tensile stresses, whereas red  Fig. 6f. The analysis results of IF1.0 where the thickness
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of the masonry infill was increased to 1.0B or 190 mm
are shown in Fig. 7. For easier distinction between IF0.5
and IF1.0 with different masonry thickness, Figs. 6 and
7 are referred as the analysis results for ‘weak masonry
infill' and ‘strong masonry infill; respectively. Since lat-
eral loading is applied from the left to the right, the left
and right columns are denoted as tension and compres-
sion columns, respectively. For these columns, shear
forces acting on the section located at a distance 300 mm
(=column depth) from the bottom base and top beam
(=V,) are presented in Figs. 6 and 7.

The behavioral characteristics of the standard infilled
frames IF0.5 and IF1.0 can be summarized as follows:

(1) Elastic limit point (E)

The elastic limit points corresponding to 70% of the
peak strength, were reached at §=0.35% and 0.32%
for IF0.5 and IF1.0, respectively (see Figs. 6b and
7b)). In both specimens, diagonal cracks already
occurred on the masonry infill, and the diagonal

compressive stresses (f,,) were almost uniformly

distributed. The compression columns were sub-
jected to greater shear force at these elastic limit
points.

(2) Peak point (P)

The peak points were reached at §=0.7% and 0.82%
for IF0.5 and IF1.0, respectively (see Figs. 6¢ and
7¢). At the peak points, the distribution of diago-
nal compressive stresses was non-uniform in both
specimens. The strut actions on the masonry infill
mainly occurred along three load paths, two of
which were the strut actions forming around the
corners of the tension and compression columns;
the remaining one was the direct strut action
between the top beam and bottom base across the
masonry infill. In this study, the strut action form-
ing at the bottom corner of the tension column was
defined as the ‘backstay action, whereas the strut
action forming at the top corner of the compression
column was defined as the ‘push-down action! The
effects of such backstay and push-down actions on
the frame behavior were discussed in detail in the
next section “Effects of backstay and push-down
actions on column shear failure”

(3) Residual points (R1 and R2)

The first residual points R1 indicate the points where
the strength was significantly decreased imme-
diately after the peak strength (i.e., §=0.82% and
1.26% for IF0.5 and IF1.0, respectively, see Figs. 6a
and 7a). In this strength degradation stage, IF0.5
and IF1.0, classified as ‘weak masonry infill' and
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‘strong masonry infill; respectively, displayed com-
pletely different failure aspects, as follows.

For IF0.5 (see Fig. 6a and d), the lateral strength
decreased as crushing failure occurred in the thin
masonry infill near the tension column. As the defor-
mation gradually increased to the second residual point
R2 (§=2.0%), such masonry crushing prevailed over the
whole area of the masonry infill. Consequently, the strut
actions around the corners, associated with the backstay
and push-down actions, almost vanished, as shown in
Fig. 6e. The tension and compression columns underwent
flexural yielding during the post-peak behavior between
points R1 and R2, except at the bottom of the tension col-
umn. Figure 6f shows that the failure mode of IF0.5 with
‘weak masonry infill' was crushing of the thin masonry
infill and subsequent flexural yielding of columns.

For IF1.0 (see Fig. 7a and d), at the first residual point
R1, the lateral strength significantly decreased from 606
to 201 kN as brittle shear failure occurred at the bottom
of the compression column where the strut actions were
concentrated. Due to such column shear failure, the strut
actions on the masonry infill almost vanished, except
near the tension column (i.e., backstay action); instead,
the thick masonry infill did not undergo crushing failure.
As the deformation gradually increased to the second
residual point R2 (§=2.0%), the strength was maintained
as nearly constant. Figure 7e shows that the tension col-
umn and backstay strut action contributed to the residual
strength. In this stage, the tension column underwent
flexural yielding at the top. Figure 7f shows that the fail-
ure mode of IF1.0 with ‘strong masonry infill' was shear
failure of the compression column (bottom) and subse-
quent flexural yielding of the tension column.

5 Substandard Masonry-Infilled Frames: IFS0.5
and IFS1.0

Figures 8 and 9 show the analysis results of substand-
ard infilled frames, IFS0.5 and IFS1.0 with poor mortar
grouting on the boundary between the masonry infill and
top beam (i.e., gap 35 mm). IFS0.5 and IFS1.0 with dif-
ferent masonry thickness, 0.5B and 1.0B, respectively, can
be regarded as ‘weak masonry infill’ and ‘strong masonry
infill. The behavioral characteristics of the substandard
infilled frames can be summarized as follows:

(1) Elastic limit point (E)

The elastic limit points corresponding to 70% of the
peak strength, were reached at §=0.32% and 0.28%
for IFS0.5 and IFS1.0, respectively (see Figs. 8b and
9b). During such early loading stage, both speci-
mens underwent large vertical cracks along the
boundary of the compression column. This indi-
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cates that the compression column behaved as an
independent column. Overall, diagonal compressive

stresses of the masonry infill were mainly distrib-
uted near the tension column.
(2) Peak point (P)
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The peak points were reached at §=1.2% and 0.69%
for IF0.5 and IF1.0, respectively (see Figs. 8c and
9¢). At the peak points, the strut actions on the
masonry infill mainly occurred along two load
paths; one was the ‘strong’” backstay action form-
ing near the tension column and the other was the
‘weak’ strut action forming along the diagonal line
between the top of the tension column and the bot-
tom of the compression column.

(3) Residual points (R1 and R2)

The behavior at the residual points R1 and R2 were dif-
ferent in IFS0.5 and IFS1.0, as follows.

For IFS0.5 with 0.5B masonry thickness (see Fig. 8a and
d), the lateral strength decreased at point R1 as crushing
failure occurred in the thin masonry infill near the ten-
sion column. After that, strut actions on the masonry
infill almost vanished; instead, the tension and compres-
sion columns underwent flexural yielding, except at the
bottom of the tension column. Consequently, IFS0.5 dis-
played post-peak ductile behavior during points R1 and
R2. Figure 8f shows that the failure mode of IFS0.5 with
‘weak masonry infill’ was flexural yielding of the columns
and subsequent crushing of the thin masonry wall.

For IFS1.0 with 1.0B masonry thickness (see Fig. 9a and
d), the lateral strength was gradually degraded from 430
to 360 kN during points P and R1, as masonry crushing
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failure occurred locally near the tension column. At point
R2, the tension column underwent brittle shear failure
at the top, and thus strut actions on the masonry infill
almost vanished. Consequently, the lateral strength sig-
nificantly decreased from 366 kN at point R1 to 160 kN at
point R2. The residual strength after point R2 was mainly
contributed by the flexural strength of the compression
column that underwent flexural yielding (see Fig. 9e). Fig-
ure 9f shows that the failure mode of IFS1.0 with ‘strong
masonry infill' was flexural yielding of the compression
column and subsequent shear failure of the tension col-
umn (top).

6 Effects of Backstay and Push-Down Actions

on Column Shear Failure
As shown in Figs. 6, 7, 8 and 9, the interaction between
the masonry infill and columns in infilled frames can be
defined as the backstay action near the tension column
and the push-down action near the compression column.
The backstay and push-down actions increase column
forces such as axial and shear forces, and ultimately affect
the strength, ductility, and failure mode of the infilled
frames, as follows.

Figure 10 shows the column shear forces at the peak
points P of IF0.5, IF1.0, IFS0.5, and IFS1.0. The column
shear forces were obtained at the five points along the
column length, and their variations were represented as
piecewise linear profiles connecting the values at the five
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points. For the tension columns on the left side, shear
forces decreased almost linearly from the maximum
value at the top to zero at the bottom, as a portion of the
shear force went out by means of the masonry struts at
the bottom (i.e., backstay effects). The decreasing rate of
shear forces was greater in IF1.0 and IFS1.0 with thicker
masonry infill (i.e., 1.0B). However, the shear force distri-
butions in the compression columns on the right side dif-
fered depending on the presence of poor mortar grouting
on the masonry boundary under the beam. For stand-
ard infilled frames IF0.5 and IF1.0 without poor mor-
tar grouting (see Fig. 10a and b), shear forces increased
almost linearly from zero at the top to the maximum
value at the bottom, as the masonry diagonal struts
located near the top corner of the frame transferred lat-
eral forces to the column (i.e., push-down effects). For the
substandard infilled frames IFS0.5 and IFS1.0 with poor
mortar grouting (see Fig. 10c and d), diagonal strut action
did not form near the top corner of the frame on the right
side, and thus the compression columns independently
behaved without push-down effects. Consequently, the
compression columns were subjected to almost uniform
shear along the height.

As shown in Figs. 7 and 9, IF1.0 and IFS1.0 exhibited
column shear failure during the post-peak behavior. For
IF1.0, column shear failure occurred at the bottom of the
compression column and the shear force near the critical
section (i.e., 300 mm high from the base) was V=248
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kN (see Figs. 7c or 10b). In contrast, for IFS1.0, column
shear failure occurred at the top of the tension column,
and the shear force near the critical section (i.e., 300 mm
below the beam) was V,, =164 kN (see Figs. 9c or 10d).
The difference in column shear forces at the point of
shear failure might be explained by the variation in col-
umn axial forces depending on the backstay and push-
down effects, as follows:

+ For the compression column in IF1.0, the axial com-
pression force was increased to N, =279 kN at the
bottom, due to the push-down action (see Fig. 10b).
Thus, column shear failure occurred at V,, =248 kN,
which was greater than the nominal shear strength
V,=191 kN (=V,+ V,=V/bd/6+f,Adls) (ACI
318-14).

+ For the tension column in IFS1.0, the axial tension
force was Nyp;,,=101 kN at the top (see Fig. 10d).
Since the tension force decreased the shear strength
contributed by concrete (ie., V,), column shear fail-
ure occurred at V, =164 kN that was less than the
nominal shear strength V, =191 kN.

The axial forces in the columns continuously vary along
their height. The variation of axial forces in the columns
can be explained by the shear transfer at the interface
between the masonry infill and columns, as follows. Fig-
ure 11 shows the distributions of shear stresses v,, that

C IFS0.5 (6= 1.20 %)
Fig. 11 Distributions of interface shear stresses on the boundary of masonry infill and concrete column.
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occurred along the boundary between the masonry infill
and concrete column. The direction of v,, was upward
on the boundary of the tension column and downward
at the boundary of the compression column. The distri-
butions of v,, were obtained at the peak points (P) from
the analysis. The shear strength v,, of the mortar joint—
column interface, determined from Eq. (7), was large at
the boundary where the backstay and push-down strut
actions of the masonry infill were concentrated. In all
specimens, the maximum values of v,, were greater than
the cohesion strength (i.e., ¢c=0.4 MPa for IF0.5 and
IFS0.5 and ¢=0.602 MPa for IF1.0 and IFS1.0), due to the
presence of normal compressive stresses on the masonry
wall-concrete column interface (see o,; in Fig. 3b). Here,
the differential axial forces between the top and bottom
of the tension and compression columns, (N7, — Nyy,,)
and (Ngpy, — Ney,p), Tespectively, can be the determined
by integrating v,, along the vertical interface:

(NTbot - NTtop) or (NCbot - NCtop) = /h thmdy)

(8)
where 7, and t,, are the height and thickness of the
masonry infill. Equation (8) clearly shows that the back-
stay and push-down actions increase the axial tension
and compression forces at the bottom of the columns,
respectively.

Note that, shear failure of the tension column occurred
not at the bottom where the axial tension force was the
greatest, but at the top where the axial tension force was
significantly reduced (i.e., Equation (8)). This indicates
that although the backstay action significantly increases
the axial tension force at the bottom of the right column,
such increased tension force may not significantly affect
the column shear resistance.

7 Conclusions

This study investigated the behavior of masonry-infilled
reinforced concrete frames through nonlinear finite ele-
ment analysis. By comparing the distributions of cracks
and diagonal struts on the masonry infill at various load-
ing stages, the effects of such diagonal strut actions on
the masonry infill-frame interaction and column shear
failure were studied. The major findings are as follows:

(1) Nonlinear finite element analysis by VecTor2 esti-
mated with reasonable precision the lateral load—
deformation response and failure mode of the
infilled frames affected by design variables, such as
the thickness of the masonry infill and poor mor-
tar filling on the masonry boundary under the
beam. This indicates that the DSFM and hyper-
bolic Mohr—Coulomb vyield criterion for masonry,
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adopted in VecTor2, were appropriate to accurately
simulate the complex behavior on the mortar joint—
brick interface.

(2) For infilled frames where the masonry wall is com-
pactly filled without gap, the strut actions on the
masonry infill mainly occurred along three load
paths: (a) backstay strut action near the bottom of
the tension column, (b) push-down strut action
near the top of the compression column, and (c)
direct strut action between the top beam and bot-
tom base across the masonry infill. On the other
hand, for infilled frames where there was a gap on
the masonry boundary under the beam, only two
strut actions (i.e, the backstay strut action and
direct strut action) occurred, as the compression
column behaved independently.

(3) Brittle shear failure occurred in the columns of
the infilled frame specimens with thick masonry
thickness 1.0B, as the backstay or push-down strut
actions increased column shear force. Such column
shear failure differed depending on the presence of
poor mortar filling: the infilled frame without poor
mortar filling exhibited shear failure at the bottom
of the compression column, whereas the infilled
frame with poor mortar filling exhibited shear fail-
ure at the top of the tension column. For the infilled
frame specimens with thin masonry thickness 0.5B,
masonry crushing failure occurred before shear
failure of columns, and thus the behavior was more
ductile.

Although the finite element analysis was performed for
monotonic loading, the results of the analysis were com-
pared with those of cyclic loading tests. The comparison
showed that the predicted behavior of the masonry-
infilled frames, such as lateral load—deformation relation-
ships and failure modes, agreed well with the behavior
observed from the tests. Thus, the findings on the behav-
ior of masonry-infilled frames may be applicable not only
for monotonic loading, but also for cyclic loading.

The analysis results showed that the diagonal strut
actions on the cracked masonry infill and consequent
failure mode may be various depending on design vari-
ables, such as the masonry thickness, cohesion on the
mortar joint-brick interface, and the presence of poor
mortar filling. Thus, further study to improve the existing
strut models for masonry-infilled frames is required.
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