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1e reinforced concrete (RC) frame with masonry infill wall is one of the most common structural systems in many countries. It
has been widely recognized that the infill wall has significant effects on the seismic performance of RC frame structure. During the
Wenchuan earthquake (China 2008), a lot of infilled RC frame structures suffered serious damages due to the detrimental effects
brought about by the infill wall rigidly connected to the surrounding frame. In order to solve this problem, flexible connection,
introduced by Chinese designers, is recommended by the updated Chinese seismic design code, because of its effect to reduce the
unfavorable interaction between infill wall and frame. Although infilled RC frame structure with flexible connection has a lot of
advantages, but because of the lack of research, this structure type is seldom used in practical engineering. 1erefore, it is of great
significance to scientifically investigate and analyze the effects of flexible connection on structure behaviors of infilled RC frame. In
this study, a macrofinite element numerical simulation method for infilled RC frame with flexible connection was investigated.
Firstly, the effects of connection between infill wall and surrounding frame on in-plane behaviors of infilled RC frame were
discussed. Secondly, based on deeply studying the equivalent diagonal strut models for infilled RC frame with rigid connection, an
improved equivalent diagonal strut model for infilled RC frame with flexible connection was proposed. Employed with inversion
analysis theory, the parameter in the proposed model was estimated through artificial fish swarm algorithm. Finally, applied with
the existing experiment results, a case study was conducted to verify the effectiveness and feasibility of the proposed model.

1. Introduction and Literature Review

Infilled reinforced concrete (RC) frame structure is a
commonly used structural system around the world. Usu-
ally, the infill wall is considered as a nonstructural com-
ponent, and the interaction between infill wall and
surrounding frame is ignored. However, numerous studies
have shown that infill wall has significant effects on the
seismic performance of RC frame structure. With the
deepening of research and complexity, some scholars

believed that the connection between infill wall and sur-
rounding frame also has considerable influences on the
seismic performance of infilled RC frame. Generally
speaking, applied with some construction measures, such as
concrete structural column, core columns, binding steel bar,
and so on, the infill wall close connects with the surrounding
frame. 1is kind of connection is called rigid connection, as
shown in Figure 1(a). However, during the 2008 Wenchuan
earthquake, a lot of masonry-infilled RC frame structures
suffered severe damages (Figure 2), due to the detrimental
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effects brought about by the infill wall rigidly connected to
the surrounding frame. In order to solve this problem, a
preset crack is set between the infill wall and the surrounding
frame, and the width of preset crack is in the range of
20mm∼30mm. Moreover, the preset crack is filled with
vibration-absorptive material, such as polystyrene foam
board and flexible foaming agent. 1erefore, the infill wall is
separated from the surrounding frame, and this kind of
connection is called flexible connection (Figure 1(b)) by
Chinese designers. According to the updated Chinese
seismic design code [1], the flexible connection is recom-
mended, because of its ability to reduce the unfavorable
interaction between infill wall and surrounding frame as well
as to improve the seismic performance of infilled RC frame
structure [2]. 1erefore, it is of great significance to scien-
tifically investigate and analyze the effects of flexible con-
nection on behaviors of infilled RC frame.

To data, in general, many researchers have experi-
mentally and numerically investigated the structure be-
haviors of infilled RC frame. Following, an overview of
research findings were investigated. Since the first attempt
completed by 1omas [3], a large number of experiment
researches on infilled RC frame have been concluded.
Mehrabi et al. [4] completed an experiment research on
twelve RC frames infilled with brick masonry and con-
cluded that the maximum force capacity of infilled RC
frame is about 1.5∼2.3 times than that of bare frame.
Stylianidis [5] introduced three successive experiment
studies on RC frame which were infilled with perforated
clay brick block masonry. Tests results showed that the
effects of infill wall on the strength, stiffness, and energy
dissipation capacity of RC frame are significant. 1e data
from Kakaletsis and Karayannis [6] indicated that RC
frames with strong infills showed higher initial stiffness and
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Figure 1: Connection types between infill wall and surrounding frame.
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Figure 2: Damages of infilled RC frames after the 2008 Wenchuan earthquake.
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higher ductility than those with weak infills, but infill
strength did not substantially influence strength or energy
dissipation. Cavaleri and Trapani [7] reported that the
frames infilled with lightweight concrete masonry and
calcarenite masonry can improve the dissipative properties
compared to the RC frames infilled with clay masonry.
Regarding the effects of opening on the performance of
infilled RC frame, Kakaletsis and Karayannis [8] in-
vestigated single-story, single-bay scaled specimens under
cyclic horizontal loading. Research results showed that for
low lateral displacement, the energy dissipation of speci-
mens with openings was higher than that of bare frame; for
high lateral displacement, the energy dissipation of spec-
imens with openings was reduced and that of the bare
frame remained constant. Mallick and Garg [9] in-
vestigated the effect of opening positions on the behavior of
infilled RC frames with or without shear connectors. 1ey
found that an opening at either end of the loaded diagonal
of an infilled frame without connectors reduces its lateral
strength about 75%, and its lateral stiffness about 85–90%
as compared to that of a similar infilled frame with solid
infill wall (without opening). For infilled RC frames with
shear connectors, the presence of an opening on either end
of the loaded diagonal reduces its stiffness by 60%–70% as
compared to that of similar infilled RC frame with a solid
infill wall. For both types of frames, the loss of strength and
stiffness due to a centrally loaded square opening having
side dimensions one fifth those of the panel is about
25%–50% compared to similar frames without openings. In
recent years, some Chinese researchers considered the
effects of connection between infill wall and surrounding
frame. Jiang et al. [10] completed an experimental research
on five RC frame specimens with masonry infill wall and
flexible connection. 1e results showed that flexible con-
nections can retard the stiffness degradation and improve
the energy dissipation ability of frame structure. Zhou et al.
[11] and Peng et al. [12] investigated the failure mechanism
and seismic behaviors of the infilled RC frames with dif-
ferent connections. 1e experimental results showed that
the specimens with flexible connection have lower bearing
capacity than those with rigid connections, but the other
performance indexes are better.

In recent years, there have been achieved great suc-
cesses in nonlinear finite element modeling methods for
masonry-infilled RC frame structures [13–19]. From a
general point of view, there are two different approaches
[20–23]: microfinite element approach and macrofinite
element approach, as shown in Figure 3. According to
Lourenco [21], the micromodelling approach for masonry
infill wall can be summarized in two different ways: sim-
plified micromodelling method and detailed micro-
modelling method. For the first one (Figure 4(a)), the
expanded units are represented by continuum elements
and the properties of mortar and brick-mortar interface are
lumped into a common element. For the second one
(Figure 4(b)), brick units and mortar are represented by
continuum elements, and brick units-mortar interaction
are represented by different continuum elements, which
leads to accurate results and intensive computational

requirement. Zhou et al. [24] proposed a microfinite ele-
ment simulation method for infilled RC frame with flexible
connection. 1e plane stress element was utilized to sim-
ulate the infill wall, and the spring element was utilized to
simulate the connection between filled wall and sur-
rounding frame. 1e simulation results showed that the
proposed method can reflect the characteristics of wall-
frame interactions effectively. Applied with the quasistatic
test results, a finite element analysis research was con-
ducted by Peng et al. [12]. Research results showed that the
influence of connection type and constructional details of
infill wall are significant. Till now, the microfinite element
methods for infilled RC frame have achieved a lot of
achievements, and extensive and in-depth state-of-the-art
reports can be found in [23]. However, studies on the
microfinite element methods for infilled RC frame with
flexible connection are relatively few.

For macrofinite element method, it is on the basis of
replacing the infill wall by one (or more) equivalent strut.
1is method is usually frequently employed in order to
perform nonlinear static or dynamic analyses because of its
simplicity, and most technical codes also suggest the mac-
romodel method. Holmes [25] replaced the infill wall with
an equivalent diagonal strut, and the cross-section width (w)
equal to 1/3 of the diagonal length (d). Afterwards, based on
modifying the equivalent width, several researchers put
forward a series of detailed methods [26–28]. With the
deepening of research and complexity, some researchers
took into account the local shear stresses transferred by the
infill wall to the surrounding frame and proposed a series of
multiple-strut macrofinite element models. Crisafulli [29]
investigated the influence of different multiple-strut con-
figurations in structural response. Crisafulli and Carr [30]
developed a multiple-strut macrofinite element model in-
cluding classical truss elements and a special shear spring to
simulate the influence of the vertical load on the overall
strength of the infill wall (Figure 5(a)). Chrysostomou et al.
[31] proposed a six-strut model, which take into account
both stiffness and strength degradation of infill walls
(Figure 5(b)). El-Dakhakhni et al. [32] proposed a three-
strut model having one concentric and two eccentric struts
(Figure 5(c)). For infill walls with openings, some re-
searchers have proposed the use of conventional equivalent
diagonal struts with a reduction factor, the value of which is
derived from some geometrical properties of opening and
masonry infill wall [33, 34]. Another approach to model a
masonry infill wall with opening is to use a series of hori-
zontal springs, where each spring represents a subpanel of
infill wall [35]. Till now, the macrofinite simulation methods
for infilled RC frame have achieved considerable success;
extensive and in-depth state-of-the-art reports can be found
in [36, 37].

Judging from the existing research findings, studies on
experiments and numerical simulation methods for infilled
RC frame with flexible connection are few, and there is no
systematic study. In this study, a macrofinite element nu-
merical simulation method for infilled RC frame with flexible
connection was proposed. Firstly, the effects of connection
between infill wall and surrounding frame on in-plane
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behaviors of infilled RC frame were discussed. Secondly,
based on deeply studying the equivalent diagonal strut models
for infilled RC frame with rigid connection, an improved
equivalent diagonal strut model for infilled RC frame with
flexible connection was proposed, and the parameter in the
proposed model was estimated through artificial fish swarm
algorithm. Finally, based on the existing experiment results, a
case study was conducted to verify the effectiveness and
feasibility of proposed model. Simulation results showed that
the proposed model is effective.

2. Effects of Connection on In-Plane
Behaviors of Infilled RC Frame

In this section, combined with existing research achieve-
ments, the effects of connection between infill wall and
surrounding frame on in-plane behaviors of infilled RC
frame were deeply discussed, which lays a solid foundation
for the subsequent research.

Generally speaking, under the action of horizontal
lateral force, the in-plane failure process of infilled RC
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frame consists of four stages, and the characteristics in each
stage can be characterized as follows. In stage 1, infill wall
and surrounding frame are in elastic state and work to-
gether to bare the horizontal lateral force. In stage 2, with
the increase of lateral load, cracks occur at the contact area
of surrounding frame and infill wall, and the diagonal areas
of infill wall are crushed. In this stage, the frame structure is
still in elastic state, but because of the propagation of
concrete cracks and crushed zone, infill wall and sur-
rounding frame cannot work together to bare the hori-
zontal lateral force. In stage 3, with the continuous increase
of load, cracks occur at beams and columns, and due to the
oversize crushed zone, the infill wall loses its bearing ca-
pacity. In stage 4, the horizontal lateral force is mainly
borne by beams and columns. When the horizontal lateral
force reaches a threshold, the frame structure will be
destroyed. From the point of view of lateral deformation,
the above-mentioned failure process can be simplified as a
deformation process as shown in Figure 6(a). Figure 6(b)
shows the stiffness degradation of two specimens per-
formed by Huang [38], one specimen is a bare frame and
another one is an infilled RC frame with rigid connection.
Figure 6(c) shows the deformation failure processes of
above-mentioned two specimens under the action of
horizontal lateral forces, and the following conclusions can
be obtained. Firstly, the initial lateral stiffness of infilled RC
frame with rigid connection is about 2.69 times than that of
bare frame. During the experimental process, the stiffness
degradation of infilled RC frame with rigid connection is
faster than that of bare RC frame. At the end of experiment,
the lateral stiffness of infilled RC frame with rigid con-
nection is approximately equal to that of rare frame, which
indicates that the infill wall has basically been destroyed in
the later stage, and the lateral stiffness of frame structure
are mainly provided by frame. Secondly, for the specimen
with rigid connection, the yield displacement and yield
load are about 7.12mm∼8.03mm and 169KN∼272 KN,
respectively; and for the rare frame, the yield displacement
and yield load are about 9.13mm and 145 KN, respectively.
So, the infilled RC frame with rigid connection yielded
earlier than the rare frame in the experiment process.
1irdly, the horizontal bearing capacity of infilled RC
frame with rigid connection is 271 KN, about 1.6 times that
of the bare frame (191 KN). 1erefore, infill wall with rigid
connection can significantly enhance both the initial lateral
stiffness and strength of frame structure, but due to the
effects brought about by infill wall rigidly connected to
surrounding frame, the infill wall is easy to be damaged
under the action of horizontal lateral forces.

In order to investigate the effects of flexible connection
on in-plane behaviors of infilled RC frame, a quasistatic
experiment was performed by Zhou et al. [11]. Figure 7(a)
shows the stiffness degradation of three specimens, one
specimen is a rare frame, one is an infilled RC frame with
rigid connection, and another one is an infilled RC frame
with flexible connection; Figure 7(b) shows the de-
formation failure processes of above-mentioned speci-
mens; Figure 8 shows the failure modes of above-
mentioned specimens; and the following conclusions can

be obtained. Firstly, the initial lateral stiffness of infilled RC
frame with rigid connection is about 4.28 times that of bare
frame, and the initial lateral stiffness of specimen with
flexible connection is about 1.96 times that of bare frame.
During the experimental process, the stiffness degradation
processes of specimens with rigid connection and flexible
connection are all faster than that of bare frame, but flexible
connection can retard the stiffness degradation of frame
structure. Secondly, for the specimen with rigid connec-
tion, the yield displacement and yield load are about
6.84mm and 373.88 KN, respectively; for the specimen
with flexible connection, the yield displacement and yield
load are about 7.08mm and 251.0 KN, respectively; and for
the rare frame, the yield displacement and yield load are
about 9.59mm and 166.3 KN, respectively. 1irdly, the
horizontal bearing capacity of specimen with rigid con-
nection is 421.1 KN, about 1.48 times than that of bare
frame (284.5 KN), and the horizontal bearing capacity of
specimen with flexible connection is 331.2 KN, about 1.16
times that of the bare frame. According to the above
analysis, although the effects of flexible connection on
lateral stiffness and bearing capacity of frame structure are
inferior to that of rigid connection, it can reduce the
unfavorable interaction between infill wall and sur-
rounding frame, retard the stiffness degradation, and ef-
fectively improve the seismic performance of frame
structure.

3. Improved Equivalent Diagonal Strut Model

According to Section 2, there exist significant differences in
effects of connection on in-plane behaviors of infilled RC
frame. On this basis, based on discussing the action pattern
of flexible connection, an improved equivalent diagonal
strut model for simulating the in-plane behavior of infilled
RC frame with flexible connection was proposed in this
section.

3.1. Action Pattern of Flexible Connection. 1e infilled RC
frame with flexible connection is one kind of new structure
types, so there are great differences between the action
pattern of flexible connection and that of rigid connection.
Generally speaking, the action pattern of rigid connection
can be characterized by contact model, as shown in
Figure 9(a). Specifically, in normal direction, if contact
pressure is less than or equal to 0, two contact surfaces will
separate from each other, and if contact pressure is greater
than 0, load will transfer between infill wall and surrounding
frame. For flexible connection, the preset crack between infill
wall and surrounding frame is filled with vibration-
absorptive materials, so its action pattern is much more
complicated than that of rigid connection. Based on deeply
studying the properties of vibration-absorptive materials
[39, 40], the compression behavior of filling material can be
characterized by the Kelvin model [41, 42] and the tensile
behavior of filling material can be characterized by failure
element model [42], as shown in Figure 9(b). 1erefore, if
the microfinite element analysis approach is adopted, the
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behavior of flexible connection can be accurately simulated.
For macrofinite element analysis approach, some simplifi-
cations must be adopted.

1e effects of flexible connection on lateral stiffness of
infilled RC frame are similar to that of opening. So in this
study, combined with the macrofinite element simulation
methods for infilled RC frame with opening, a simplified
analysis method for simulating the effects of flexible
connection on infilled RC frame was proposed. 1e effects
of opening on the lateral stiffness of infilled RC frames
were deeply investigated by references [33, 34], and the
stiffness reduction factor λ, defined as the stiffness of the
infill wall with opening to that of the infill wall without
opening, was introduced to characterize the effects of
opening. According to the research findings provided by
references [33, 34], the parameter λ is related to the
opening percentage (opening area/infill wall area) and
opening position. Figure 10 shows three typical opening
positions, named Case A, Case B, and Case C. Figure 11
shows the relationship between stiffness reduction factor
and opening percentage (0%∼25%) of the above-
mentioned cases, and the following findings can be ob-
tained. Firstly, if the opening position is fixed, the increase
of opening percentage led to the stiffness degradation of
infilled RC frame. Secondly, if the opening percentage is
fixed, the opening positions have great influences on the
stiffness reduction factor. For above-mentioned cases, the
stiffness reduction factor of Case A is the maximum, the
second one is Case B, and the stiffness reduction factor of
Case C is the minimum. It has been proved that the
stiffness reduction factor λ of Case B can be expressed as
follows:

λ � 1− 2α0.54
w + α1.14

w . (1)

In equation (1), αw denotes the opening percentage of
infill wall. On this basis, the single-strut model for Case B
was proposed by reference [33], and the effectiveness of
proposed model was verified through a study case.

For the infilled RC frame with flexible connection, as
shown in Figure 1(b), it can be considered as the infilled RC
frame with opening, and its location is at the joint area
between infill wall and surrounding frame. So in this study,
the effects of flexible connection on infilled RC frame are
also characterized by stiffness reduction factor λ. According
to Section 1, the width of preset crack is in the range of
20mm∼30mm, so the opening area is much less than the
area of infill wall. 1erefore, the opening position and
opening percentage are approximately fixed, so the stiffness
reduction factor λ of flexible connection can be approxi-
mately considered as a constant value.

3.2. Model Constructing. Judging from the existing research
results, a lot of researchers have studied the macrofinite
element numerical simulation methods for infilled RC frame
with rigid connection, summarized as single-strut macro-
finite element models and multiple-strut macrofinite ele-
ment models. In this section, based on deeply studying the

existing single-strut models for infilled RC frame with rigid
connection, an improved single-strut model for infilled RC
frame with flexible connection was proposed.

According to references [25, 43, 44], the width (w) of
equivalent compressed diagonal strut can be expressed as
equations (2)–(4). 1e above equations were accepted by the
majority of researchers dealing with the analysis of infilled
RC frame with rigid connection and also recommended by
many existing seismic design codes [45–47].

w

d
� 0.175 · λ−0.4

h , (2)

λh �

�����������
Ewtwsin(2θ)

4EcIcHin

4



, (3)

θ � tan−1
hw

Lw
 . (4)

In above equations, d denotes the diagonal length of the
infill wall, Ew denotes the modulus of elasticity of the infill
wall, EcIc denotes the flexural rigidity of the columns, tw
denotes the thickness of the infill wall and equivalent strut, h
denotes the column height between centerlines of beams, Lw
denotes the length of infill wall, and hw denotes the height of
infill wall.1emeanings of the above-mentioned parameters
are shown in Figure 12.

According to section 3.1, the effect of flexible connection
on the lateral stiffness of infilled RC frame is similar to that of
opening. 1erefore, the stiffness reduction factor λ was
introduced to improve equation (2), which can be expressed
as follows:

w

d
� 0.175 · λ · λ−0.4

h . (5)

1erefore, the key problem is to determine the value of
stiffness reduction factor (λ). In this study, inversion analysis
theory [48, 49] was introduced to solve this problem.
Generally speaking, a lot of monitoring instruments are
installed in the specimens, such as LVDT, optical fiber, and
so on, and during the experimental process, the measured
values of effect quantities, such as displacement, force, stress,
and so on, will be acquired. 1e principle of inversion
analysis is to make measured values and calculated values as
near as possible and, on this basis, seek the optimal values of
undetermined parameters. So based on the principle of
minimum residual sum of squares, a constrained optimi-
zation problem, for estimating the value of stiffness re-
duction factor, can be constructed:

min Q(λ) � 
n

i�1


m

j�1
δij − δij
′ 

2
,

s.t. λ ≤ λ≤ λ.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(6)

In equation (6),m denotes the total number of measured
values, n denotes the number of monitoring instruments, δij

denotes the experimental values, δij
′ denotes the calculated

value, λ denotes the stiffness reduction factor, λ denotes the
upper limit of parameter λ, and λ denotes the lower limit of
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parameter λ. 1erefore, the estimation problems of pa-
rameters in proposed models are transformed into a con-
strained optimization problem. In this study, the global
optimum solution of objective function (6) was searched by
artificial fish swarm algorithm (AFSA).

3.3. Parameters Estimation. In nature, a fish moves to the
region with more food by vision or sense, and this behavior
is called preying. Also, in order to guarantee their existence
and avoid danger, nature fish assemble and move in groups,
and this behavior is called swarming. What’s more, if a fish
researches a region with more food, the other fish will trail
and reach this region, and this behavior is called chasing. On
the basis of above-mentioned behaviors, artificial fish swarm
algorithm (AFSA) [50–52] possesses a high search speed and
global search capability.

If a minimization problem having D-dimensional search
space, N denotes the population quantity of artificial fish
swarm. Xi � (xi1, xi2,. . ., xiD) denotes the position of artificial
fish i. 1e food concentration at position Xi is denoted by
Q(Xi). 1e distance between Xi and Xj is denoted by
dij � Xi −Xj. 1e parameter Step denotes the largest allowed
space step of an artificial fish. δ denotes the crowded degree
of artificial fish swarm. Visual denotes the visible range of an
artificial fish. t denotes the iteration number. Num denotes
the maximum number of iterations. If the number of it-
erations is greater thanNum, the iteration will be suspended;
otherwise, continue iterating.

1e preying behavior of artificial fish swarm has been
described below. Suppose the initial state of artificial fish i is
denoted by Xi, this artificial fish randomly chooses a new
state within its visual, and the new state Xi

′ can be expressed
as follows [50]:

Xi
′ � Xi + rand(0, 1) × visual. (7)

If f(Xj)<f(Xi
′), the artificial fish i moves toward to

X
(t+1)
i , based on the equations (8) and (9) [51, 52]:

X
(t+1)
i � X

(t)
i + rand(0.1) × step ×

X
(t)
j −X

(t)
i

X(t)
j −X

(t)
i

�����

�����
, (8)

X(t)
j −X

(t)
i

�����

����� �

�������������

X
(t)
j 

2
− X

(t)
i 

2



. (9)

If f(Xj)>f(Xi
′), the artificial fish i selects another state

randomly. If the artificial fish i fails to find a feasible solution
within the given time, under this circumstance, it moves one
step randomly, based on equation (10) [53, 54]:

X
(t+1)
i � X

(t)
i + rand(0, 1) × step. (10)

1e swarming behavior of artificial fish swarm has been
described below. Suppose the present position of an artificial
fish is denoted by Xi, nf denotes the number of artificial fish
within a particular visual, Xc denotes the center position of
artificial fish swarm, and Yc denotes the food concentration
of Xc. Xc and Yc can be expressed as follows:

Xc � 

nf

j

Xj

nf
,

Yc � Q Xc( .

(11)

If (Yc/nf)< δYi, then this is not a crowed area. Oth-
erwise, the artificial fish i moves toward X

(t+1)
i in the fol-

lowing direction [55]:

X
(t+1)
i � X

(t)
i + rand(0.1) × Step ×

X(t)
c −X

(t)
i

X(t)
j −X

(t)
i

�����

�����
. (12)

If swarming is not advantageous, AFSA executes the
preying behavior.

1e chasing behavior of artificial fish swarm was de-
scribed below. Suppose the present position of an artificial fish
is denoted by Xi, Xm denotes the best position with highest
food consistence within artificial fish i’s visual, and nf denotes
the number of artificial fish within a particular visual. If
(Ym/nf)> δYi, the artificial fish i moves one step toward
X

(t+1)
i , which can be expressed as follows [54, 56]:

X
(t+1)
i � X

(t)
i + rand(0.1) × step ×

X(t)
m −X

(t)
i

X(t)
j −X

(t)
i

�����

�����
, (13)

If this is not advantageous, AFSA also executes the
preying behavior.

4. Simulation and Analysis

1e Open System for Earthquake Engineering Simulation
(OpenSEES) is a software framework for simulating the
seismic response of structural and geotechnical systems. It
provides a wide range of element types and material models
for nonlinear finite element analysis [56–59]. According to
the quasistatic experiment performed by Zhou et al. [11, 24],
three specimens were tested under the action of horizontal
lateral cyclic force, one specimen is a bare frame (PF), one is
an infilled RC frame with rigid connection (GWF1), and

w
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θ

Detachment
frame-infill

Detachment
frame-infill

Lw

L

z

hwh

Figure 12: Equivalent diagonal strut model.
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another one is an infilled RC frame with flexible connection
(RWF1). In this section, based on the experiment results
provided by references [11, 24], OpenSEES was applied to
the numerical simulation analysis, and then a case study was
conducted to verify the effectiveness and feasibility of
proposed model.

4.1. Modeling Details. 1e dimensions and reinforcements
of beams and columns are shown in Figure 13. 1e lateral
loading protocol is shown in Figure 14. In the computational
model, beams and columns were represented by
displacement-based beam-column element, and cross sec-
tions were defined using fiber discretization with distinct
layers for longitudinal reinforcement [60]. Equivalent di-
agonal struts were represented by truss element.

For material model used in this paper, the longitudinal
steel bar was modeled by Steel01 (Figure 15(a)), masonry was
modeled by Concrete01 (Figure 15(b)), and concrete was
modeled by Concrete02 (Figure 15(c)). 1e material pa-
rameters of concrete, rebar, and masonry are shown in
Tables 1–3, respectively. Confining effect due to the pre-
scribed transverse reinforcement is accounted for using
confined concrete properties for core concrete material as
suggested by Mander et al. [61, 62].

1e model proposed by Zhao and Sritharan [63] was used
to characterize the stress and end slip response of steel rebar.
1is model imitates the strain penetration effects using the
zero-length section element [60]. A zero-length section ele-
ment includes one section corresponding to one integration
point, which determines the force-deformation response of
the element. 1e function embodied in Figure 16 depicts the
envelope of the bar stress versus the slip response at the end of
the flexural member. 1e slip at the point that the bar stress
reaches the yield (sy) and ultimate strengths (su) are obtained
from the equations (14) and (15), respectively:

sy � 0.1
db

4
fy
��

fc′
 (2α + 1)

⎡⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎦

1/α

+ 0.0134, (14)

su � 35sy. (15)

In equations (14) and (15), db (in) denotes the diameter
of rebar, fy (ksi) andfc′(ksi) denote the yield strength of rebar
and compressive strength of concrete, respectively, and the
parameter α is set to 0.4.

4.2. Simulation Results of PF and GWF1. In this section,
nonlinear pushover analysis and nonlinear hysteretic
analysis for PF and GWF1 were conducted, respectively.
Based on the equations (2)–(4), the parameters of equivalent
diagonal strut model for GWF1 can be determined, as listed
in Table 4. Figure 17 shows the comparison between non-
linear pushover analysis results and corresponding experi-
ment results of PF and GWF1. According to the calculation
results, in the stage of linear deformation, the simulation
results approach to the measured values. Due to measure-
ment errors, limitations of material models, and so on, there

exist some deviations between the simulation results and the
experiment results in the stage of nonlinear deformation.
However, these deviations are permissible in engineering
practice. 1e comparison between nonlinear hysteretic
analysis result and corresponding experiment result of for
GWF1 is shown in Figure 18(a), and the comparison be-
tween simulation result and experiment result of stiffness
degradation of GWF1 during the process of pushover is
shown in Figure 18(b). According to the calculation results,
the equivalent diagonal strut model for infilled RC frame
with rigid connection is effective and can reflect the char-
acteristics of wall-frame interaction.

4.3. Simulation Results of RWF1. According to the lateral
loading protocol as shown in Figure 14, the objective
function (6) can be written as follows:

min Q(λ) � 
m

j�1
Fj −Fj
′ 

2
,

s.t. λ ≤ λ≤ λ.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(16)

In equation (16), Fi denotes the measured value of lateral
force at the control displacement i, Fi

′ denotes the calculated
value of lateral force at the control displacement i, λ denotes
the stiffness reduction factor, λ denotes the upper limit of
parameter λ, and λ denotes the lower limit of parameter λ.
Figure 19 shows the comparison between pushover analysis
results and corresponding experiment results under dif-
ferent stiffness reduction conditions. According to the cal-
culation results, the decrease of stiffness reduction factor
leads to the decrease of initial lateral stiffness and bearing
capacity of FEM model for RWF1. Moreover, due to
measurement errors, limitations of material models, and so
on, there exist some deviations between the simulation
results and experiment results in the nonlinear stage.
1erefore, based on the principle of inversion analysis in-
troduced in Section 3.2, the experiment values of linear stage
were applied to determine the stiffness reduction factor of
flexible connection.

Generally speaking, the stiffness reduction factor λ is in
the range of [0, 1]. 1e parameters of AFSA were listed as
follows:Nwas set to 20,Visualwas set to 1, δwas set to 0.618,
Step was set to 0.5, Num was set to 200, and the convergence
threshold ε was set to 1× 10−4. 1e optimization process of
AFSA is shown in Figure 20. According to the optimization
results, AFSA converged with 70 iterations, and the con-
vergence value of stiffness reduction factor was equal to 0.52.
1erefore, the strut widthw of improved equivalent diagonal
strut for infilled RC frame with flexible connection can be
expressed as follows:

w � 0.091 · λ−0.4
h · d, (17)

λh �

�����������
Ewtwsin(2θ)

4EcIcHin
.

4



(18)

Employed with the equations (17) and (18), the param-
eters of the equivalent diagonal strut model for RWF1 are
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shown in Table 5. 1e comparison between nonlinear hys-
teretic analysis result and corresponding experiment result is
shown in Figure 21(a), and the comparison between simu-
lation result and experiment result of stiffness degradation of

GWF1 during the process of pushover is shown in
Figure 21(b). According to the calculation results, the model
proposed in this study can reflect the in-plane behavior of
infilled RC frame with flexible connection effectively.
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Figure 13: Dimensions and reinforcements of RC frame.
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5. Conclusion

During the 2008 Wenchuan earthquake, a lot of masonry-
infilled RC frame structures suffered serious damages due to
the detrimental effects brought about by infill wall rigidly
connected to surrounding frame. In order to solve this
problem, the flexible connection, introduced by Chinese
designers, is recommended by the updated Chinese seismic
design code. Although infilled RC frame structure with

flexible connection has a lot of advantages, but because of the
lack of research, this structure type is seldom used in practical
engineering. 1erefore, it is of great significance to scientif-
ically analyze and investigate the effects of flexible connection
on structure behaviors of infilled RC frame. So in this study,
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Figure 15: Material models [60].

Table 1: Parameters of concrete material [24].

Parameters Beams Columns
Concrete compressive strength (MPa) 23.6 25.6
Concrete strain at maximum strength 0.0035 0.00447
Concrete crushing strength (MPa) 20.06 21.76
Concrete strain at crushing strength 0.0129 0.018
Ratio between unloading slope (ultimate
compression strain) and initial slope 0.5 0.5

Tensile strength (MPa) 2.26 2.26
Tension softening stiffness (MPa) 2.26×103 2.26×103

Table 2: Parameters of steel material [24].

Parameters Beams Columns
Initial modulus of elasticity (MPa) 2×105 2×105

Yield strength (MPa) 483.8 483.8
Strain-hardening ratio 0.01 0.01

Table 3: Parameters of masonry material [24].

Parameters Columns
Concrete compressive strength (MPa) 1.02
Concrete strain at maximum strength 0.0023
Concrete crushing strength (MPa) 0.5377
Concrete strain at crushing strength 0.0046
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an improved equivalent diagonal strut model for masonry-
infilled RC frame with flexible connection was developed.
Accordingly, the following conclusions are drawn:

(1) Based on deeply studying and analyzing the existing
research achievements, the effects of connection on
in-plane behaviors of infilled RC frame were dis-
cussed. Although the effects of flexible connection on
initial lateral stiffness and bearing capacity of frame
structure are inferior to that of rigid connection, it

can reduce the unfavorable interaction between infill
wall and surrounding frame, retard the stiffness
degradation, and effectively improve the seismic
performance of frame structure. Especially for the
effect of flexible connection on the initial lateral
stiffness of infilled RC frame, its effects are similar to
that of opening.

(2) Based on discussing the action pattern of flexible
connection and applied with the macrofinite element
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Figure 17: Comparison between pushover analysis results and experiment results: (a) PF; (b) GWF1.
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Figure 16: Steel bar stress versus slip for completely anchored reinforcing bars into footings.

Table 4: Parameters of equivalent diagonal strut model for GWF1.

Ew (MPa) Ec (MPa) a (mm) b (mm) Ic (mm4) tw (mm) sin θ
443 5727.07 300 300 6.75×108 240 0.513
cos θ d (mm) h (mm) lb Hin (mm) λh w (mm)
0.859 2399.27 1380 2360 1230 0.00149 533.439
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Figure 19: Continued.
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Figure 18: Comparison between simulation results and experiment results of GWF1: (a) hysteresis loop; (b) stiffness degradation.
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simulation methods for infilled RC frame with
opening, the stiffness reduction factor λ was in-
troduced to characterize the effects of flexible con-
nection on lateral stiffness of infilled RC frame.
Moreover, on the basis of analyzing the structure
characteristics of infilled RC frame with flexible
connection, the conclusion that the stiffness re-
duction factor of flexible connection is approxi-
mately a constant value was drawn. 1en, combined
with the existing equivalent diagonal strut models for
infilled RC frames with rigid connection, an im-
proved equivalent diagonal strut model for infilled
RC frame with flexible connection was proposed.

(3) Inversion theory was introduced to determine the
value of stiffness reduction factor, and the principle
is to make measured values and calculated values as
near as possible. Based on minimum residual sum of

squares, a constrained optimization problem, for
estimating stiffness reduction factor, was con-
structed, and then artificial fish swarm algorithm
(AFSA) was applied to search the global optimum
solution of objective function through preying be-
havior, swarming behavior, and chasing behavior.

(4) Up to now, relevant experimental and numerical
researches about infilled RC frame with flexible
connection are very less and need to be further ur-
gently. In this study, only applied with the experiment
results provided by reference [11, 24], the stiffness
reduction factor λ was determined through AFSA,
and on this basis, an improved equivalent diagonal
strut model for infilled RC frame with flexible con-
nection was proposed.1erefore, the effectiveness and
feasibility of the proposed model need to be further
verified based on more experiment results. Moreover,
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Figure 19: Comparison between pushover analysis results and experiment results under different stiffness reduction conditions.
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Table 5: Parameters of improved equivalent diagonal strut model for RWF1.

Ew (MPa) Ec (MPa) a (mm) b (mm) Ic (mm4) tw (mm) sin θ
443 5727.07 300 300 6.75×108 240 0.513
cos θ d (mm) h (mm) lb Hin (mm) λh w (mm)
0.859 2399.27 1380 2360 1230 0.00149 277.388
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it is worthwhile pointing out that the analysis method
based on inversion theory can be extended to build
more accurate models for infilled RC frame with
flexible connection, such as multiple-struts models.
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