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A numerical procedure for the nonlinear analysis of infilled frames
based on the finite element method is presented. The infill panel

material nonlinearities due to cracking and crushing are considered
using ANSYS® Program. An extensive survey of published work on
general concepts of infilled frames under cyclic loading is presented.
Numerical parametric studies have been conducted to investigate
different factors affecting the behavior of reinforced concrete infilled
frames under cyclic loading.

A rational approach for equivalent diagonal strut is developed which
can help in the design of reinforced concrete infilled frames.
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Introduction

In the past, numerous studies were conducted on
the performance of masonry walls as well as RC
infilled frames. The masonry infill itself may
fail in various modes, most often involving
some combination of bed joint sliding, diagonal
cracking, and corner crushing. The exact mode
of failure depends on material properties, such
as compressive strength, shear strength, and
coefficient of friction. Sivarama, et. al., (2003),
tested ten different prototypes of confined
masonry panels for ductility under in-plane
loads. It was found that the ultimate lateral load
has been governed by shear failure when
compared with flexural capacity, even in the
case of fully reinforced brick wall panel
systems. Haide, (2007), used finite element
model (employing ABAQUS) for the analysis
of masonry shear walls with and without
reinforcement. He found that the average

experimental value of load for the reinforced
walls at the peak and at the ultimate load stages
was 34% higher than that for the walls without
reinforcement. Hemant, et. al. (2007), studied
the uniaxial monotonic compressive stress-
strain behavior and estimated the modulus of
elasticity of bricks, mortar, and masonry as 300,
200, and 550 times their compressive strengths,
respectively.

The infilled frames experiments were performed
by Tarek (on full- scale frames with masonry
infill. He concluded that the presence of the
infill material in the frame either with or
without shear connector led to an increase in the
lateral stiffness of the frame. Frames with strong
and weak masonry infill have been
experimentally investigated by Mehrabi (1996).
Specimens
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Several researchers studied the effects of
opening in the infill panel, Abdel-Mooty, et. al.
(1999) and EL Nesr, et. al. (2001), studied the
effect of opening size and location and framing
around openings on the lateral load resistance,
stiffness, ductility and energy dissipation
capacity. It was found that, increasing the
opening size significantly reduces the lateral
load resistance and the stiffness of the infilled
frames.

The behavior of infilled frames under cyclic
loading has been investigated through many
researches, Bertero, et. al. (1983) performed
experimental investigation on a series of quasi-
static cyclic and monotonic load tests on 1/3-
scale models. Harry, et. al. (1993), examined the
problem of retrofitting existing lightly
reinforced concrete frames (LRCF) with
compatible strength block masonry infill to
resist moderate earthquake loading.

Madan, et. al. (1997), proposed an numerical
macromodel based on an equivalent strut
approach integrated with a smooth hysteretic
model for representing masonry infill panels in
nonlinear analysis of the frame structure. Multi-
story infilled frames were studied by Gostic, et.
al. (1999) and Mehmet, et. al. (2006). It was
found that the redistribution of strength and

stiffness induced additional loading to the frame
columns in the lower story. In addition, the
strength and ductility inadequacies of the frame
members influenced the lateral performance of
the frame strengthened by partial infills.

Finite Element Modeling and Material
Modeling

All elements used in the numerical analysis are
idealized according to the elements available in
ANSYS® program. The used elements are:
Solid 65 -3-D to represent Reinforced Concrete
and Masonry, Link 8 for Steel Reinforcement,
and Contact 52 to model Concrete-Masonry
interface.

The concrete and masonry material model
assigned for Solid65 element is characterized by
its capability to predict the failure of brittle
materials. Both cracking and crushing failure
modes are accounted for. The CONTACS2
element assigned for the infill/frame interface
material model. The element is capable of
supporting compression only in the direction
normal to the surfaces and shear (Coulomb
friction) in the tangential direction. Figure (1)
shows the force-deflection relationship of
CONTACS2 element.
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Fig. 1. CONTACS52 Force-Deflection Relationship (ANSYS®)
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Implementation and Numerical Evaluation

The correlation between experimental and
numerical results is based on comparisons of
failure modes, cracking patterns and plastic
hinge locations as well as load-displacement
curves.

The bare frame tested by Mehrabi et. al. (1996)
is considered as the first illustrative example.
The load-displacement curves obtained from
analysis and experiment are shown in Figure
(2). The ultimate load predicted by the current
analysis is slightly higher than that from the
experimental results, where, the numerical and
experimental loads are 115.0 KN and 112.0 KN
respectively with difference about 2.6 %. The
current numerical load-displacement curve
gives high stiffness than the experimental at
initial loading stages until reach to yield of steel
reinforcement
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Fig. 2. Load — Displacement curves for the
experimental (Mehrabi (1996)) and current
study results of the bare frame.

Also, to examine the capability of the proposed
models for simulating the behavior of infilled
structures, one of the twelve single-bay-single-
story masonry-infilled reinforced concrete
frames that were tested by Mehrabi et. al.
(1996) has been analyzed. Figure (3) shows the
experimental and numerical load - lateral
displacement curves for the studied specimen.
The numerical model curve tallies the
experimental up to 180 KN.
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Fig. 3. Load — Displacement curves for the
experimental (Mehrabi (1996)) and current
study results of the infill frame.

The capability of the current study model for
simulating the behavior of infilled structures
under cyclic loading is examined. Using another
specimen that was tested by Mehrabi et. al.
(1996). Figure (4) shows experimental envelope
and current study hysterises loops of the infilled
frame for the studied specimen.
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Fig. 4. Envelope of experimental (Mehrabi
(1996)) and current study Hysterises loops of
the infilled frame.

Two-story infilled frame investigated by
Mehmet et. al. (2006) is the fourth verification
model. Figure (5) shows the base shear versus
first-story drift curves for the experimental and
numerical results.
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Fig. 5. Base shear/first-story drift-ratio.
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Table (1) shows a comparison of experimental
and numerical maximum loads for the studied
verification examples. The current numerical
results give good agreement with the previous

published works in terms of load-deflection
curve and ultimate load capacity.

The thesis gives more discussion of cracking
patterns, failure modes, and deformed shapes
for the verification models.

Table (1) Comparison of experimental and numerical results for the verification examples

Ultimate load
. . (KN)
verification -
Numerical . Comments Reference
example . Numerical
Experimental (current . o
Experimental %
study)
Mehrabi et.
1 112 115 1.027 Bare frame al. (1996)
Infilled frame Mehrabi et.
2 190 203 1.07 (monotonic load) | al. (1996)
Infilled frame Mehrabi et.
3 168 156 0.92 (cyclic load) al. (1996)
Two story infilled Mehmet et.
4 150 157 1.05 frame (Base shear) al. (2006)

Parametric Study

The nonlinear structural behavior of single
bay-single storey reinforced concrete infilled
frame subjected to constant vertical load and
variable lateral cyclic load is investigated. An
extensive parametric study on the behavior of
this structure has been performed using the
proposed general-purpose computer package
“ANSYS™”. The examined parameters are:
the effect of presence of infill panel, infill
panel thickness, and infill panel compressive
strength. In addition, presence of shear
connectors at the infill/frame interface, the

effect of presence of window or door opening,
their size, and infill panel rectangularity ratio.
The results are compared to the corresponding
cases of bare frame and reference infilled
frame. Figure (6) shows the details of studied
portal frames. Although the method of
analysis is applicable to any type of end
conditions, fixed supports have been chosen
for the studied portal frames.

All the frames in all studied cases are
considered subjected to a cyclic displacement
applied horizontally at the top right corner of
the frame. The applied cyclic loads pattern is
shown in Figure (7).
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Table (2) summarized the studied parameters
variables.

4116 mqﬂ
— 0.50 f T 3.7

4T ]|

B
3
¥

—~0.251—

4716
18-0.20

0.50 ==

3716

>

3716 3716

—0.50—

4116

Infill Panel Thick. = 250 mm
T

SECTION B-B

025 -
4716
18-0.20

—0.60—

4716
SECTION C-C

=

[ A A I
AN NN
-

T T T ]

s
L

<dl
7

4116 ‘

2 |l
1

Fig. 6. Reference infilled frame

Displacement (mm
'

No. of Loading step

Fig. 7. Cyclic loading pattern (displacement
control)

Table (2) Studied parameters variables

Studied Variable | Remarks
parameters
6 MPa Weak infill
8 MPa | panel
iﬁg;resswpeanel 10 MPa | Medium infill
strengths (fim) 12 MPa g?nel il
15 MPa rong infi
panel
100 mm | Simulate the
Infill panel | 125 mm | actual
thicknesses 150 mm | thicknesses used
in traditional
200 mm | o ings

35

Reference
250 mm thickness
0.0 % Solid infill
1.0 x 1.0 m
o
7.3 % window opening
14 x 14 m
o
14.3% window opening
The  opening 25 x 1.0 m
18.3 % : .
percentage window opening
14.7 % 1.0 x 2.0 m door
" " | opening
14 x 14 m
0 window and 1.0
329% x 2.0 m door
openings

In addition, the Ilocation of the above
mentioned openings was studied. For the infill
brick masonry assemblage, the tensile
strength is considered as 10 % of compressive
strength (fm). While the modulus of elasticity
taken as 550 times compressive strength (fm).
Both cases of the interface conditions with
and without shear connectors have been
considered. The interface normal stiffness
(Kn) was investigated with the following
values: 50, 125, 650, 1950, and 10000
N/mm3, and shear stiffness (Ks) with values
of 0.002, 0.02, 0.5, 5.0, and 50 N/mm3. The
proposed values of the interface normal and
shear stiffness were taken as recommended by
King and Pandey (1978).

RESULTS AND DISCUSSION
Effect of Infill Panel

Presence of infill panel, as expected, reduces
significantly the frame lateral displacement
compared to that of the corresponding bare
frame. This reduction reached to 80 % of the
displacement obtained by bare frame as
shown by Figures (8 and 9). It can be stated
that the presence of the infill panel gives a
considerable increase in the frame ultimate
lateral load capacity. The infilled frame
ultimate lateral load reached to 405 KN at
failure compared with 140 KN of the bare
frame. Therefore, frame with infill panel can
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resist lateral load as high as 2.89 times that of
the bare frame.

Lateral Load (KN)
S
|

28 24 -20-16 -12 -8 -4 0 4 8 12 16 20 24 28

Lateral Displacement (mm)

a)Bare frame

200
150
100

50

as shown in Figure (10). At a load percentage
of 25 % of ultimate load (which equal 400
KN for control infilled frame); increasing
infill panel thickness from 100 mm to 250
mm gives a reduction of about 30% in the
lateral displacement. But at ultimate loads,
changing thickness from 100 to 250 mm gives
reduction in lateral displacement of about
50%. As expected, the infilled frame becomes
able to sustain more loads with the increase of
the infill panel thickness. Figure (10) shows
that the use of infill panel of 250 mm
thickness results in an increase in the ultimate
load capacity of about 72 % compared to that
with 100 mm infill panel thickness.

Lateral Load (KN)

-150

-50
-100

Lateral Displacement (mm)

(b) Infilled frame
Fig. 8. Effect of the infill panel (hysterises
loops)
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Fig. 9. Effect of the infill panel (envelops)

Effect of Infill Panel Thickness

At the same load level, increase of the infill
thickness has a dominant effect in reducing
the lateral displacement of the infilled frames
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Fig. 10. Effect of infill panel thickness
(envelopes)

Infill panel compressive strength

The infill panel is considered to be of
compressive strength (fm) mentioned in Table
(2). The control infilled frame with fm equal
10 MPa, the ultimate load is 400 KN.

As shown in Figure (11), increasing of infill
panel compressive strength, as expected,
reduces significantly the frame lateral
displacements. At 80 % of ultimate lateral
load, the lateral displacement of 15 MPa
compressive strength infill panel is reduced
by 70 % compared to 6 MPa compressive
strength infill panel. The load capacity of the
infilled frame with strong infill panel is about
1.13 times that of medium panel and about
1.63 times that of the weak infill panel. As
shown in Figure (12), for the strong infill
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panel, prior failure, most of the frame beam
and column near the compression diagonal
are crushed and a plastic hinge has been
formed in the frame beam. This behavior
indicates that strong infill panel changes the

failure mechanism of infilled frames.
500

T e e

300

Lateral Load (KN)

-100 - === - — g - ==
—e+— fm=10 Mpa

200 1 - = = — = A em K

| | | | |
400 4 I 4 4 I

——fm=12Mpa |

|
|

300+ - ----d- L] :,,,, —*— fm=15Mpa |_
|

Lateral Displacement (mm)

Fig. 11. Effect of infill panel compressive
strength (envelopes)
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Fig. 12. Cracking patterns of infilled frame
with strong infill panel

Effect of interface normal stiffness (Kn)

The effect of changing interface normal
stiffness (Kn) on the frame lateral
displacement can be neglected, especially at
early stages of loading history until about
75% of peak load. However there is a
significant  reduction in  the lateral
displacement between the fully bonded
(10000 N/mm3) and lower values as shown in
Figure (13). The fully bonded case fails at
early loading cycles due to infill panel corner
crushing results from full transfere of force

from frame member to infill panel. Reduction
of 70 % of lateral displacement could be
achieved when change the interface normal
stiffness from 650 to 10000 N/mm3. The
ultimate load capacity of the infilled frame is
highly reduced due to the change from fully
bonded (10000 N/mm3) to 50 N/mm3. At 4
mm displacement the ultimate capacity
reduction reached 30 % when normal stiffness
changed from fully bonded (10000 N/mm3)
to 50 N/mm3.

Effect of Interface shear stiffness (Ks)

With reference to Figure (14), the increasing
of interface shear stiffness (Ks) reduces
significantly the frame lateral displacements.
At load 87.5 % of the ultimate load, the
reduction in the lateral displacement reached
to 45% when the interface shear stiffness
increased from 0.002 N/mm3 (smooth
interface) to 50 N/mm3 (rough interface). The
ultimate load capacity of the infilled frame is
slightly reduced due to the weakness of shear
interface. This reduction is about 12.5 % for
smooth interface (0.002 N/mm3) compared to
that of rough interface (50 N/mm3).
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Fig. 13. Effect of interface normal stiffness
(Kn) (envelopes)
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Presence of Window Opening in the Infill
Panel

The details of the different opening cases are
shown in Figure (15). Figures (16) through
(19) show the envelopes of the cyclic load
analysis for the studied opening parameters.

Generally, it may stated that the presence of
widow opening has a dominant effect in
increasing lateral displacement compared with
the case of solid infill panel. The increase of
lateral displacement depends on the opening
location, presence of shear connectors upon
infill/frame interface, and opening size.
Infilled frames with opening located within
the infill diagonal give lateral displacement
greater than frames with openings outside the
infill diagonal. Compared to the bare frame,
presence of infill panels with openings leads
to a significant increase in the load capacity of
the frame. This increase becomes more
pronounced when the window opening
location is away from the two compression
diagonal. The infill panel with opening and
shear connectors upon infill/frame interface
(caseW3) gives ultimate capacity comparable
with that of frame with solid infill. Window
openings cases (WI1), (W2), (W3), (W4),
(W5),and (W6) gives ultimate load of about
1.97, 1.89, 2.89, 2.76, 1.86, and 1.90 times
that of the bare frame respectively.
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Fig. 16. Effect of window opening case W1
and W2 (envelopes)
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Diagonal Strut Model

The diagonal strut model is simple and
capable of representing the influence of the
masonry panel in a global sense. This model
cannot describe the local effects resulting
from the interaction between the infill panel
and the surrounding frame such as bending
moments, shear forces, and location of plastic
hinges. The diagonal strut model has been
modified by different researchers, Crisafulli
(1997), Buonopane, (1999), and Asteris,
(2003) & (2008), they discussed different
methods to evaluate the diagonal strut width
using the following equations:

A 0.4
w=0.175d (—}

2a, )
Where % is the vertical contact length
between frame column member and infill
panel,

z | 4E.l.h
o, =—4| ————
2\ E,tsin268

Where:

t is the thickness of the masonry panel;

h is the height of the masonry panel;

Em is the Young’s modulus of masonry
panel;

Ec is the Young’s modulus of the frame
members;

2

& s the inclination of the diagonal of the
panel related to horizontal;
Ic is moment of inertia of the frame column.

Starting from the previous equations, and
based on the numerical results obtained from
the parametric study and considering the
experimental results of various researchers; an
empirical equation to calculate the diagonal
strut force due to push over forces can be
introduced. This equation evaluate the
compression force in the strut as function of
masonry panel compressive strength fm
panel thickness t, and the strut width w
derived from equation (1). The developed
equation is:

F=wf_t 3)
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Figure (20) illustrates the equivalent strut
parameters mentioned in equations (1)
through (3).

In order to conduct nonlinear cyclic analysis,
the compression force F relation is modified
using an empirical reduction factor Rd to
account for the degradation of the masonry
panel during the loading and reloading cycles.
The reduction factor Rd expressed as function
of panel compressive strength fm and panel
thickness t as follow:

Ry =(2.68).(t) 2" .(f,) ™ @

Applying the reduction factor Rd into
equation (3), a new equation developed to
evaluate the equivalent strut compression
force due to cyclic loading as follow:

F=wf_ Rt 5)

A simple numerical model wusing finite
element  nonlinear  analysis  program
(SAP2000 release 14.0) is conducted to verify
the introduced equation. The SAP program is

capable of limiting the strut member to certain
value entered by user, this value derived from
equation (5). The material modulus of
elasticity of RC frame is modified by trail and
error to give the same displacement as
obtained from numerical model of studied
parameter, then get the equivalent applied
ultimate load.

The verification and comparison of the
various parameters between the current
numerical results and equivalent strut model
is shown in table (3).

Based on the previous results driven using the
proposed equation (5), it can be found that:
For panel compressive strength from 10 MPa
up to 20 MPa, the equation gives acceptable
ultimate loads, while the ultimate load tends
to be under estimate in case of higher
compressive strength panel.

Fig. 20. Effective width of equivalent strut
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Table (3) Comparison between numerical results and equivalent strut results

Ultimate load
(KN)
Equivalent
Parameter Numerica strut % Reference
values Equivalent land/or | Numerical
strut approach | Experime and/or
ntal Experimen
tal
t=250 mm 3924 400 0.98
2 &3
t=200 mm 3413 326 1.05 )
t=150 mm 285.9 300 0.95 = 5L
5 2 g
t=125 mm 256.3 270 0.95 g § i
A = a
o
t=100 mm 224.6 225 1.00
f, =6 MPa 298.8 280 1.07
[ —
> N
f, =8 MPa 348.0 340 1.02 k)
f,=10 MPa 3924 400 0.98 E = E
o an
— = §
f, =12 MPa 4333 410 1.06 R
[~V
f,=15MPa 489.8 450 1.09
Specimen 217.6 210 1.04 =
n0.6 B o~
: e— >
Spflf;‘;en 2122 190 1.12 £3
- =
: ()
Specimen 249.9 250 1.00 p=
no.9
M.A .N.Abdel-mooty
Frame 1 146.88 140 1.05 (1999)
t=150 mm 598.00 725 0.82 Panel thickness
t=100 mm 486.80 500 0.97 | Pparameter (Tarek 1997)
fn=7.7 MPa 459.60 400 1.15 .
Panel compressive
f. =10 MPa 510.00 500 1.02 strength ( Tarek 1997)

Conclusions

The following conclusions are drawn from
this study:

1. Numerical parametric studies have been
conducted to investigate different factors
affecting the behavior of reinforced concrete

infilled frames under cyclic loading. A
rational approach for equivalent diagonal
strut was developed and can help in the
design of reinforced concrete infilled
frames.

2. A smeared-crack finite element model is used
to model the behavior of reinforced concrete
infilled frames with masonry infill. A
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constitutive model for interface element has
been used for modeling the interface behavior of
reinforced concrete frames and infill. It is
proved that the finite element models are able to
simulate the failure mechanisms exhibited by
infilled frames including crushing, cracking of
concrete frames and masonry panels. Presence
of infill panel reduces significantly the frame
lateral displacement at least five times less
compared to that of the corresponding bare
frame.

3. The presence of infill panel leads to a
significant increase in the frame capacity
compared to that of the bare frame by about
three times depending on many factors. This
clearly indicates the significance of the infill
walls in attracting most of the lateral loads in
frame structures and shows why infill walls with
or without opening should be accounted for in
design.

4. Based on the current study, the optimum
value of the interface normal stiffness (Kn) can
be taken equal to 650 N/mm3. Also, the
optimum value of the interface shear stiffness
(Ks) can be taken equal to 0.20 N/mm3 in
which this values give some agreement with the
values given by other researchers.

5. The presence of shear connectors at the
infill/frame interfaces leads to a 60 % reduction
in the frame lateral displacement compared with
the corresponding values of infilled frames
without shear connectors.

6. The ultimate load capacity of the infilled
frames with shear connectors experienced
increase of 51 % compared to infilled frames
without shear connectors.

7. The presence of openings in the infill panel
leads to a considerable increase in the frame
lateral displacement, this increase reached 5.5
times solid infill. The ultimate load capacity of
the frame reduced by about 32 % compared
with the solid infilled frame.
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