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In this paper, the behavior of steel frames with gypsum board infill walls is studied through finite element simulation. For this
purpose, a typical steel frame with infill wall which had been previously tested is considered as a benchmark model. +e accuracy
of a numerical model is verified by calibrating the results of the finite element simulation against those of a corresponding
experimental specimen. In the next step, a parametric study is performed on four models in order to study the effects of gypsum
board thickness, inclusion of fibers as reinforcement in the infill wall, and local strengthening of the peripheral regions of the infill
wall. Each of these factors is related to considerable performance improvement such as strength and ductility of the models. It is
observed that adding fibers to the infill wall leads to increase in the strength and ductility of the models up to 3.2 and 6.3 times,
respectively. Doubling the thickness of the infill wall results in an increase of 6.7 and 3.3 times in strength and stiffness, re-
spectively; however, this modification causes a significant decrease in the ductility of the infilled frames. Negligible improvement
in strength and ductility is achieved through local strengthening of the peripheral regions of the infill walls, whereas it leads to a
30% increase in the stiffness of the models.

1. Introduction

Observations from past earthquakes indicate that, in many
cases, infill walls, which have been designed and constructed
according to the existing design code requirements, have
poor seismic performance during earthquakes even those are
of moderate intensity. +is unacceptable performance is
mainly originated from the fact that the majority of these
infill walls is made of masonry material and hence has in-
herent low ductility. Apart from the low strength and being
very heavy which induce considerable seismic demands,
infill walls also tend to lose their integrity upon experiencing
few cycles from earthquakes. +eir stiffness and strength
degradation also adds to their weakness. Because there are
many buildings with masonry infill walls throughout the
world, studying the vulnerability of these structural com-
ponents is very important. Also, proposing a feasible method
to improve the seismic performance of infill walls by in-
troducing new structural systems as a replacement to these

walls is considered as a priority. Using new industrialized
materials instead of old-fashioned masonry can be regarded
as a solution to overcome the weaknesses of traditional infill
walls. In this regard, it is necessary to study the physical and
mechanical properties of these materials which are superior
to masonry.

Gypsum, in the form of panels, roof diaphragms, and
board partitions, is finding more and more applications in
the building industry. Because of low tensile strength and
also brittleness of gypsum, its combination with different
types of fibers has been gained attention in several re-
searches. One of the possible uses of these panels is infill
walls in frame buildings. Bahreini and et al. [1] evaluated
brick infill walls under in-plane and out-of-plane loading.
+ey concluded that the studied infilled frames show sig-
nificant vulnerability when excited under simultaneous in-
plane and out-of-plane loads compared to when theses load
components are applied to the models independently. One
of the most important response characteristics of the infilled
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frames is the fundamental period of these structural systems.
+is parameter has a direct effect on the seismic demand and
hence the severity of the design-level earthquake on the
studied structure. Asteris et al. [2, 3] and Asteris et al. [4, 5]
investigated the fundamental period of infilled frames under
various possible cases. Zak et al. [6] studied the compressive
behavior of bricks having fibrous gypsum. A total of 21
different test series were carried out with different com-
position of earth, cement, gypsum, hemp, and flax fibers.
+ey observed that the compressive strength of bricks was
highly dependent on the density of the mixture. +e fibers
hemp and flax had rather low influence on the compressive
strength of bricks, but they have significant effects on the
tensile behavior of the bricks. Cement and gypsum as ad-
ditives, as they seem to reduce the binding force of the clay
minerals, lead to a highly decreased strength. Ali and Grimer
[7], studied the inclusion of commercially available E glass
fibers to reinforce a gypsum plaster matrix and produce a
strong composite material. +ey studied the effect of glass
content on the flexural, tensile, compressive, and impact
strengths of glass fiber plaster composite. +ey reported an
increase of up to three times and four times in the flexural
and tensile strengths of specimens having 10% of glass fibers
compared to those in unfibred specimens. Also, adding of
glass fibers led to modification of the fracture mode of
gypsum plaster from brittle type to quasi-plastic type.

Wu andDare [8] studied the flexural and shear behaviors
of composite lintels above the door and window openings of
glass fiber-reinforced gypsum (GFRG) constructions. +ese
lintels are constructed by filling reinforced concrete into the
hollow cores of the GFRG walls which are composed of
gypsum plaster and reinforcing glass fibers. +ey carried out
experimental beam testing. +e typical failure modes and
corresponding ultimate strengths were evaluated, and the-
oretical design models and guidelines were proposed for
these panels.

In recent years, the use of fiber-reinforced gypsum
boards as structural members due to their significant
strength and ductility over corresponding gypsum boards
has been given special attention among researchers.
Janardhana et al. [9] performed static cyclic tests on a series
of gypsum boards reinforced with glass fibers.+ey observed
that, in all specimens, pinching governed the hysteretic
behavior. +ey also performed a parametric study using
calibrated finite element simulation. A series of shaking table
tests on a full-scale two-story building were carried out by
Macillo et al. [10]. During the higher levels of excitations, it
was observed that some of the gypsum boards were crushed
at the corners and detached from their interface with a
surrounding steel frame. Selvaraj and Madhavan [11] tested
a total of 24 full-scale single stud panels on unsheathed and
both side sheathed panels. +e parameters studied were C
channel dimensions, sheathing thickness, and fastener
spacing. +e experimental results were compared with the
design specifications of AISI and found to be conservative.
Amer et al. [12] studied ways of providing a better behavior
of nonstructural gypsum partition walls and to provide
damping methods in order to improve such behavior. Nine
full-scale wall specimens were tested under static cyclic

loading which include light gauge steel studs and sheathed
on both sides with a gypsum board. +ree specimens were
constructed with single rubber grommet dampers, three
specimens with double dampers, and three wall specimens
were constructed without a damping system. Macillo et al.
[13] tested four shear walls under monotonic and cyclic
loads including one wall with all finishing materials. +e
studied system was a sheathing-braced cold-formed steel
(CFS) solution, in which the seismic resistant elements were
made of CFS stud shear walls laterally braced with gypsum-
based panels. +e sheathing panels were attached to a CFS
frame by means of ballistic nails, whereas clinching points
were used for steel-to-steel connections. +e results showed
the behavior factor of specimens range between 3.43 and
4.31.

Fiber-reinforced gypsum panels have also been used as
structural panels in rapid construction projects. By carrying
out extensive experimental and theoretical investigations
into the structural behavior of glass fiber-reinforced gypsum
(GFRG) walls, Wu [14] also offered a structural design
methodology for GFRG walls and an associated building
system. +e tests included the evaluation of the axial
compressive and in-plane flexural strengths on gypsum
panels. Mujeeb and Udhayasakthi [15] proposed a possible
use of these panels as infill walls but did not investigate the
performance of GFRG for this utilization. A similar possible
use of these panels was also made by Paul et al. [16]. Cherian
et al. [17] made an overview of research and development
carried out at IIT Madras, using glass GFRG panels, to
provide an innovative solution for rapid and affordable mass
housing. 124mm thick GFRG panels made from recycled
industrial waste gypsum from the fertilizer industry were
prefabricated with cellular cavities inside, which can be filled
with reinforced concrete if required and can be used as walls
as well as floor slabs. Extensive experimental investigations
were carried out on the proposed panels as a load-bearing
system without beams and columns in multistory buildings
up to 8–10 stories. Also, they constructed a two-story four-
apartment demonstration building as a pilot project.

In this paper, the behavior of steel frames with gypsum
infill walls as a replacement to the traditional masonry infill
walls is studied numerically. First, the accuracy of a mod-
eling method is verified against benchmark experimental
results. In the next step, a parametric study is performed on
four models in order to study the effects of gypsum board
thickness, inclusion of fibers as reinforcement in the infill
walls, and local strengthening of the peripheral regions of the
infill walls.

2. Materials and Methods

In this part, the assumptions of the modeling including the
element characteristics, mechanical and physical properties
of the materials, boundary conditions, and loading and
analysis methods are elaborated. It is noteworthy that some
of the assumptions of material behavior and modeling
procedure in this study follow those employed in the study of
Bahreini et al. [1]. +ey studied the in-plane and out-of-
plane interactions of masonry infill walls which were
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different from the main target of this study, i.e., performance
of gypsum board panels as infill walls.

In this paper, general-purpose finite element software
Abaqus is used for modeling and analysis. +e employed
method is simplified-micro in which bricks are modeled
individually and the properties of mortar are taken into
account by zero-length cohesive elements. Besides, to
consider the mortar’s thickness, half of the mortar thickness
is included in the brick’s thickness. Because of the highly
brittle and nonlinear response of infilled frames and the
associated numerical convergence problems, the utilized
numerical solving method is the central difference. +ere-
fore, loadings are applied to the models during a quasi-static
procedure by controlling the ratio of the kinetic energy to the
input energy of themodel to be less than 10% throughout the
analysis [1].

First-order, reduced integration hexahedral continuum
elements (C3D8R) are used for modeling bricks. Cohesive
elements (COH3D8) are considered for modeling mortar.
For modeling frame members and gypsum infill walls as
well, first-order, reduced integration quadrilateral shell el-
ements (S4R) are utilized. Sensitivity analyses are performed
on the models, and the convergedmesh size of 2 cmwith two
elements alongside the brick thickness is selected [1].

2.1. Materials Behavior

2.1.1. Gypsum. In this study, gypsum panels, shown in
Figure 1(a), are used as a replacement to traditional masonry
infill walls. In order to determine the mechanical properties
of the material, several standard tests have previously been
performed by Tabeshpoor and Movahednia [18]. An ex-
ample of a specimen in a standard test for determination of
the compressive strength of a panel is shown in Figure 1(b).
+e average mechanical properties of the gypsum are pre-
sented in Table 1.

“Concrete damage plasticity” model is used for modeling
gypsummaterial with the stress-strain behavior proposed by
Tabeshpour andMovahednia [18].+ey studied the effects of
various parameters including the addition of plastic mesh
and powder fibers on the behavior of gypsum boards by
performing several tensile, compressive, shear, and bending
standard tests. +e results of their study indicate the sig-
nificant improvement in the strength and ductility of gyp-
sum, thanks to the addition of the plastic mesh and powder
fibers. +e assumed stress-strain curve of gypsum is pre-
sented in Figure 2.

2.1.2. Mortar. A quadratic stress criterion is used for
damage initiation in mortar under shear and tensile be-
haviors as equation (1) [20, 21]. Additionally, damage
evolution of mortar is considered as an inverse exponential
function with the power of 10 and ultimate relative dis-
placement of 1mm as equation (2), which is schematically
illustrated in Figure 3 [22]. Where t� stress, t,s (index)�

tangential directions along surface, n (index)� perpendic-
ular to the surface direction, δ0m � effective relative dis-
placement during first failure, δfm � effective relative

displacement in complete failure, δmax
m �maximum effective

relative displacement within loading history, and
α� damage evolution rate (nondimensional parameter)
which is considered 10 in this study. Mortar’s damage
(tensile and shear) evolution mechanism is schematically
shown in Figure 3 [1]:
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2.1.3. Masonry. +e masonry in the infill wall of the
benchmark model follows “concrete damage plasticity”
material with the stress-strain behavior proposed by Kent
and Park [23] based on the following equation:

(a)

(b)

Figure 1: Gypsum panels used as infill walls [18]. (a) A view of two
panels. (b) A specimen under compression test.

Table 1: Average mechanical properties of the gypsum [19].

Tensile
strength
(MPa)

Compressive
strength
(MPa)

Flexural
strength
(MPa)

Shear
strength
(MPa)

Young’s
modulus
(MPa)

0.34 1.80 0.58 0.54 125
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f

fm′
�
2ε
εm
+

ε
εm
{ }

2

� 1, (3)

where fm′ is the compressive strength of masonry, f is the
compressive stress, ε is the compressive strain, and εm is the
strain corresponding to the ultimate strength of the material
which is based on equation (4). In this equation, Em is the
modulus of elasticity of masonry.�e schematic stress-strain
behavior of masonry is shown in Figure 4. In this �gure, σ
and ε represent the stress and strain, respectively; E0 denotes
the initial modulus of elasticity; and dt and dc are tensile and
compressive damages, respectively, which control the
unloading slope of the stress-strain response. �ese pa-
rameters are assumed to be linearly increasing from zero
(undamaged state) to unity (fully damaged state) with re-
spect to plastic strains. wt and wc are sti ness recoveries in
tensile and compressive states, respectively, which govern
the sti ness of stress-strain response during the transition
between tensile and compressive zones. It is assumed thatwt
and wc are 0.0 and 1.0, respectively, which indicates the

material is not a ected by tensile damages when goes from
the tensile to the compressive regime, while the compressive
damages fully in­uence the tensile behavior upon transition
from the compressive to the tensile states [1]:

εm �
fm′

Em
. (4)

2.1.4. Steel. �e stress-strain of steel used in the beam and
columns of the frame in the models is assumed to be elastic-
perfectly plastic with the strain hardening phase. �e
yielding criterion is von Mises with the yield and the ulti-
mate strength of 260MPa and 380MPa, respectively.

2.1.5. Veri�cation. In order to ensure the ability of the
modeling method and the validity of the assumptions in
accurately predicting the response of the in�lled frames,
Specimen MM after Ghazimahalleh [24] is selected as the
benchmark model. �e specimen is a steel frame with a
masonry in�ll wall. Mechanical properties of mortar and
bricks of the considered specimen are presented in Table 2.

E3 = 168 MPa

σ2 = 0.68 MPa

E2 = 25 MPa

σ1 = 1.48 MPa

E1 = 125 MPa

Idealized
Average

0.01 0.02 0.03 0.04 0.05 0.060

Strain

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
St

re
ss

 (M
Pa

)

(a)

Stress (compression)

0.4 MPa

2 MPa

Strain

Tensile

Reinforced composite panel
Unreinforced panel

(b)

Figure 2: Stress-strain curve of gypsum. (a) Idealized experimental curve in the compressive regime. (b) Proposed stress-strain model in the
compressive regime [19].

Su
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Relative displacement
δm

fδm
0

ts0, tt0, or tn0

Figure 3: Mortar’s damage (tensile and shear) evolution mecha-
nism [1].

σt

σt0

E0

E0

(1 – dc)E0

(1 – dt)E0

(1 – dt)(1 – dc)E0

wt = 1 wt = 0

wc = 1 ε
wc = 0

Figure 4: Schematic stress-strain behavior of masonry [1].

4 Advances in Civil Engineering

 7074, 2019, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2019/6846139 by T

est, W
iley O

nline L
ibrary on [01/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Note that, for numerical stability, the modulus of elasticity of
the cohesive layer is assumed infinite for numerical sim-
plicity and therefore the modulus of elasticity of a masonry
prism is assigned to the bricks. Where Em and fm′ are the
modulus of elasticity and compressive strength of the ma-
sonry prism, respectively.

v is Poisson’s ratio of the masonry prism; ft is the tensile
strength of bricks and mortar, and c is the shear strength of
mortar; tanϕ is the friction coefficient between bricks; andGI

f
and GII

f are the tensile and shear softening energy, re-
spectively. +e geometrical characteristics of the benchmark
model are shown in Figure 5.

Comparison of the failure modes and damages of the
numerical model and the experimental specimen is made in
Figure 6, and the force-displacement curves of the bench-
mark model and the corresponding experimental specimen
are presented in Figure 7. As can be seen, good correlation
between the two sets of results indicate the ability of the
numerical modeling in capturing the response parameters of
the studied infilled frame models with an acceptable
accuracy.

3. Results and Discussion

In order to study the effects of gypsum board thickness, the
inclusion of fibers as reinforcement in the infill wall, and
local strengthening of the peripheral regions of the infill wall,
four models are considered for performing a parametric
study and their characteristics are presented in Table 3. +e
selection of each parameter as a variable in these models was
made with the aim of evaluation of a distinct effect of each of
these parameters on the behavioral characteristics of the
studied infilled frames.

+e results of the models in terms of the damages in the
infill walls are shown in Figure 8. In this figure, the cracks in
the peripheral regions of the infill walls from stress con-
centration between the frame and the infill wall are visible in
Model 1 and Model 3. +e same pattern of the damages in
this region is also observable in the model with the masonry
infill wall; albeit with lower intensity due to a larger com-
pressive strength of masonry compared to gypsum and also
thicker infill wall. In the masonry infill wall, the damages are
more concentrated on the corners of the infill wall in the
form of crushing of masonry. A more distinct compressive
strut is formed in the model with the masonry infill wall, and
as a result, there are some compressive damages at the vi-
cinity of the diagonal of the infill wall. Also, several shear
skip cracks are propagated in the masonry infill wall which is
originated from weak mortar and strong bricks. None of
these damages are observed in the models with gypsum infill

walls. It is noted that, in the model with the thick gypsum
infill wall (Model 3), a more visible diagonal strut is formed
due to higher contribution of the infill in load-bearing
mechanical of the infilled frame. Another observation
from Figure 8(c) is the reduction of the severity of damages
in the peripheral regions of the infill walls, thanks to the
strengthening of this region in Model 4.

Another intersecting observation is related to the
comparison of the force-displacement curves of the models
which are shown in Figure 9. As can be seen, the model with
the fibrous gypsum infill wall has the largest strength and
ductility. +e corresponding model with unreinforced
gypsum has similar behavior on lower force levels; however,
this models experience significant strength degradation and
hence shows much less ductility compared to the corre-
sponding model with fibrous gypsum infill wall. It is
noteworthy that the strength and stiffness of the model with
the fibrous gypsum infill wall are lower than those of the
corresponding model with masonry infill wall. It is because
the thickness of the masonry infill is approximately four
times of that in the gypsum infill wall; also, the compressive
strength of masonry is significantly larger than that of the
gypsum material.

3.1. Proposed Strut Model. +ere are numerous attempts in
capturing the general behavior of infilled frames; most of
them replacing the infill wall with an equivalent diagonal
strut. +is approach was first introduced by Holmes which
has been improved by many other researchers, e.g., Stafford-
Smith and Mainstone and Madan et al. According to ASCE
41, the elastic in-plane stiffness of a solid unreinforced
masonry infill panel prior to cracking shall be represented
with an equivalent diagonal compression strut of width, a,
given by equation (5). +e equivalent strut shall have the
same thickness and modulus of elasticity as the infill panel it
represents [25–29]:

α � 0.254 λ1hcol( 􏼁
−0.4

rinf , (5)

where

λ1 �
10Emetinf sin 2θ

EfeIcolhinf
􏼢 􏼣

0.25

, (6)

hcol � column height between centerlines of beams;
hinf � height of the infill panel; Efe � expected modulus of
elasticity of the frame material; Eme � expected modulus of
elasticity of the infill material; Icol �moment of inertia of the
column; Linf � length of the infill panel; rinf � diagonal
length of the infill panel; tinf � thickness of the infill panel

Table 2: Mechanical properties of mortar and bricks in the benchmark specimen.

Brick Mortar
Linear Nonlinear Tension Shear

Compressive Tensile
Em(N/mm2) υ fm′ (N/mm2) ft(N/mm2) GI

f(N·mm/mm2) ft(N/mm2) GI
f(N·mm/mm2) c(N/mm2) tan ϕ GII

f (N·mm/mm2)

2.7 0.15 5.95 0.40 0.23 0.25 0.01 0.39 0.65 0.08

Advances in Civil Engineering 5
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2860

Bearing plate
300 × 100 × 10 mm

100 × 100 × 10 mm
2-side plate

300 × 100 × 10 mm

300 × 100 × 10 mm

Section 1-1(a)

Section 1-1(b)

Stiffener

Stiffener

Stiffener

Detail 1

Detail 1

1

1

Bearing plate

Bearing plate

100

100 100

30
0

30
0

300

30
0

30
0

300

20
00

IPE140
IPE140

IPE140

Figure 5: Geometrical characteristics of the benchmark model [24].

(a)

+1.356e – 02
+1.219e – 02
+1.082e – 02
+9.454e – 03
+8.086e – 03
+6.718e – 03
+5.350e – 03
+3.982e – 03
+2.614e – 03
+1.246e – 03
–1.216e – 04
–1.490e – 03
–2.857e – 03

Y
XZ

(b)

(c)

+2.965e – 01
+5.000e – 04
+4.583e – 04
+4.167e – 04
+3.750e – 04
+3.333e – 04
+2.917e – 04
+2.500e – 04
+2.083e – 04
+1.667e – 04
+1.250e – 04
+8.333e – 05
+4.167e – 05
+0.000e + 00

Y

XZ

(d)

Figure 6: Comparison of the results between the experimental specimen and the numerical model. (a) Failure mode of the experimental
specimen [24]. (b) Failure mode of the numerical model. (c) Crushing of bricks in the experimental specimen [24]. (d) Crushing of bricks in
the numerical model.
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and equivalent strut; θ � angle whose tangent is the in�ll
height-to-length aspect ratio; and λ1 � coe�cient used to
determine equivalent width of the in�ll strut.

In order to determine the equivalent strut width of the
studied models with reinforced gypsum in�ll walls with the
thickness of 6 cm, a set of nine models are considered with
various geometrical and mechanical properties of the frame
and in�ll walls. �ree pro�le sizes in the frame members and
three lengths of the in�ll wall are considered in these models
which are presented in Table 4. In order to determine the
modi�ed coe�cients of the equation (5) for steel frames of
reinforced gypsum in�ll walls, regression analysis is per-
formed on results of the models in Table 3, which leads to the
following equation:

α � 0.086 λ1hcol( )−0.4rinf . (7)

Formation of the compressive struts is shown in the
maximum principal stress contours in the abovementioned
models in Figure 10. Force-displacement diagrams of the
�nite element models are shown in Figure 11. Based on this
�gure, the sti ness and strength of the models greatly de-
pend on the length of the in�ll wall and the relative sti ness
of the frame to the in�ll wall.

As expected, the larger frame members lead to higher
sti ness and strength of the models. Also, based on Fig-
ure 10, the longer the in�ll walls are related to the wider the
equivalent struts which lead to higher sti ness and strength
of the in�lled frames.

In order to ensure the accuracy of the modi�ed relation
for determination of the equivalent strut width of the steel
frames with reinforced gypsum in�ll walls, the frame

models in Table 4, with equivalent strut, are analysed.
Examples of the deformed shape of the frame models with
equivalent strut are shown in Figure 12. �e results of the
IPE220-series frame models with equivalent strut with
those of the �nite element models are compared in Fig-
ure 13. As can be seen in this �gure, the frame models with
proposed equivalent strut can acceptably predict the re-
sponse behavior of the studied in�lled frames and hence
can be used as a replacement to the �nite element mod-
eling. However, these models are usually utilized to sim-
ulate the overall response of such in�lled frames and hence
are unable to capture the more sophisticated response
parameters including the internal forces and moments in
the frame member and the in�ll wall as well.

Figure 12 shows the deformed shape of three equivalent
strut models with IPE200 at the target displacement. As can
be seen, the beams and columns experienced ­exural de-
formations, while the diagonal strut only experiences axial
defamations. Also, the in­ection points from the lateral
loading are observable at the mod length of the beams and
columns. Comparison of the force-displacement diagrams of
the IPE220-series �nite element models with those of the
equivalent strut models is presented in Figure 13. As can be
seen from this �gure, the equivalent strut models acceptably
predicted the force-displacement behavior of the models in
terms of initial sti ness, ultimate strength, and ductility;
however, the di erence between the FE model and the
equivalent strut model in Model-4m is signi�cant. �is can
be because of the more shear-dominated behavior of the
in�ll wall in this case as it deviates from the in�ll wall be-
havior to the wall because of the considerable length to
height ratio.

4. Conclusions

In this study, performance of an innovated in�ll wall made of
gypsum panels is investigated using calibrated �nite element
modeling. Using gypsum as the prefabricated gypsum panels
has long been considered in building industry; however, area
of applicability of these panels is limited to partition walls,
and hence, they are classi�ed as nonstructural components
which should tolerate the inertial forces acting on them. As
such, these panels are designed with the aim of minimizing
the forces acting on them, and hence, they are isolated from
the surrounding frames. In this study, these panels are
considered as one of the main load-bearing structural
components, i.e., in�ll walls. Because of signi�cant induced
forces in in�ll walls and low strength and ductility of
gypsum, �bers were added during construction of these
panels to increase their contribution in load-bearing
mechanism which is contrary to the present approach
which aims at isolating these panels from other structural
components.

By performing calibrated numerical simulation on four
in�lled frame models, taking into account the e ects of
gypsum board thickness, the inclusion of �bers as re-
inforcement in the in�ll wall, and local strengthening of the
peripheral regions of the in�ll wall, the observations are
made which are as follows:
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Figure 7: Comparison of the force-displacement curves of the
benchmark model and the corresponding experimental specimen.

Table 3: Characteristics of the models.

Model
name

In�ll wall
thickness
(cm)

Fiber Local
strengthening

M-1 3
M-2 3
M-3 9
M-4 9
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Figure 8: Results of the models in terms of damages in the in�ll walls. (a) M-1. (b) M-3. (c) M-4.
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Figure 9: Comparison of the force-displacement curves of the models.
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(1) +e inclusion of fiber to the infill wall leads to an
increase in the strength and ductility of the models
up to 3.2 and 6.3 times, respectively.

(2) Doubling the thickness of the infill leads to an in-
crease of 6.7 and 3.3 times in strength and stiffness,
respectively; however, this modification causes a
significant decrease in the ductility of the infilled
frame. +is reduction in ductility can be attributed
to the fact that, by increasing the thickness of the
infill walls, its contribution in the load-bearing

mechanism increases. Because the stress-strain be-
havior of gypsum has a significantly lower ductility
than that of the steel materials, the models with
stronger infill walls show lower ductility in response.

(3) Negligible improvement in strength and ductility is
achieved through local strengthening of the peripheral
regions of the infill wall, whereas it leads to a 30%
increase in the stiffness of the models. +e strength-
ening of the infill wall was based on the observed
damages of the previous models in which the

Table 4: Characteristics of the models with reinforced gypsum for determination of the equivalent strut width.

Model name Length (cm) Frame profile Equivalent strut width (cm)
based on ASCE 41 [27]

Proposed equivalent
strut width (cm)

M-1.8m-IPE140 1.8 IPE140 36 12
M-2.9m-IPE140 2.9 IPE140 48 16
M-4.0m-IPE140 4.0 IPE140 62 21
M-1.8m-IPE180 1.8 IPE180 40 13
M-2.9m-IPE180 2.9 IPE180 52 17
M-4.0m-IPE180 4.0 IPE180 68 23
M-1.8m-IPE220 1.8 IPE220 43 14
M-2.9m-IPE220 2.9 IPE220 56 19
M-4.0m-IPE220 4.0 IPE220 73 25

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

Figure 10: Formation of the compressive struts. (a) M-1.8m-IPE140. (b) M-2.9m-IPE140. (c) M-4.0m-IPE140. (d) M-1.8m-IPE180. (e) M-
2.9m-IPE180. (f ) M-4.0m-IPE180. (g) M-1.8m-IPE220. (h) M-2.9m-IPE220. (i) M-4.0m-IPE220.
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peripheral regions of the in�ll walls experience severe
cracking because of stress concentration. By the way,
this modi�cation had negligible e ects on the per-
formance improvement of the studied in�ll frames.

It is noteworthy that, in many cases, in�ll walls have
opening in the form of door and/or window. Presence of
openings has considerable in­uence on the response char-
acteristics of the in�lled frames including reduction in sti -
ness and strength and also changes in ductility and energy
dissipation capacity [30–32]. �e corners of the openings are
among the most vulnerable locations in the in�ll walls, and

caremust be taken in providing the local added reinforcement
in this area. E orts should be made in order to investigate the
performance of perforated gypsum in�ll walls which falls
within the subject of several papers. Also, performance of the
proposed reinforced gypsum in�ll walls under out-of-plane
forces should be studied as in some cases; these panels show
vulnerability against design-level earthquake forces in this
direction. �ough unlike the in-plane response, there are still
challenges in simpli�cation of the out-of-plane response of
the in�lled frames using equivalent strut models. Hence,
the utilized modeling method in this study, i.e., simpli�ed

Model-1.8m-IPE140
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Model-4.0m-IPE140
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Figure 11: Force-displacement diagrams of the �nite element models with (a) IPE140, (b) IPE180, and (c) IPE220.

(a) (b) (c)

Figure 12: Deformed shape of the equivalent strut models with IPE220. (a) M-1.8m-IPE220. (b) M-2.9m-IPE220. (c) M-4.0m-IPE220.
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micromodeling, can also be used in studying the behavior of
gypsum in�ll walls under out-of-plane seismic demands [33].

Data Availability

�eexperimental data used to support the �ndings of this study
have been included in the following paper by the �rst author of
the current paper which has been cited: M. Tabeshpoor and
M. Movahednia, “Using Reinforced Composite Panel as
Barrier Wall,” in �e �ird National Conference of Con-
struction Innovative Technologies, 2017, pp. 1–9. �e nu-
merical model data (including the input �les of Abaqus) used
in this study are available from the corresponding author upon
request.
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