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Abstract: The bundled lipped channel–concrete (BLC-C) composite wall structure is a new structure
with several advantages such as a high bearing capacity and good seismic performance. However,
interface cracks between a BLC-C composite wall and the infill wall (non-structural wall) are a severe
problem and need to be urgently resolved. Interface cracks affect not only the esthetics, but also the
normal use of a building. The presence of interface cracks changes the perceptions of the owners
of a structure, forcing them to question its safety and even take legal action against its developer.
Therefore, in this study we aimed to investigate the initial cracking of the interface between a BLC-
C composite wall and an infill wall. Unidirectional horizontal loading tests were conducted on
two infill wall specimens constrained by BLC-C composite walls on both sides. The finite element
analysis software ANSYS was used to simulate the loading process of the tests. The test results were
compared to verify the accuracy of the finite element model. A finite element analysis was conducted
to determine the effect of the horizontal displacement of the specimens when the interface initially
cracked under different parameters such as the widths of the BLC-C composite wall, infill wall, and
opening as well as the strength grade of the bricks and maximum normal contact stress. The results
showed that a decrease in the width of the BLC-C composite wall or a rise in the width of the infill
wall delayed the appearance of interface cracks. A large opening also delayed the occurrence of
interface cracks. An enhancement in the strength grade of the bricks led to an earlier appearance of
interface cracks. Interface cracks occurred later with an increase in the maximum normal contact
stress between the BLC-C composite wall and the infill wall.

Keywords: bundled lipped channel–concrete composite wall; infill wall; finite element analysis; interface;
initial cracking

1. Introduction

In recent years, with the rapid advancement of construction industrialization and the
development of prefabricated buildings, a new type of bundled lipped channel–concrete
(BLC-C) composite wall structure has been proposed [1]. A BLC-C composite wall is formed
by welding several U-shaped or rectangular steel tubes and pouring self-compacting
concrete into the steel tube cavity. A BLC-C composite wall structure can fully utilize the
material advantages of steel and concrete, reduce the cross-section of components, and
increase space utilization. A BLC-C composite wall structure also has the advantages of
a fast construction speed, high degree of assembly, low economic cost [2], high bearing
capacity, and superior seismic performance; it is expected to be widely used in high-rise
and super-high-rise buildings [3].

There have been a few studies conducted by researchers worldwide on BLC-C com-
posite wall structures. Zhang et al. [4] conducted a hysteretic test on a T-shaped BLC-C
composite wall and studied the influence of the cross-section, thickness of the steel plate,
axial load ratio, and presence of shear studs on the seismic performance of a BLC-C com-
posite wall. Li et al. [5] tested two types of wall–beam joints on a BLC-C composite wall
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structure, revealing that the two wall–beam joints exhibited a good bearing capacity and
ductility. Chen et al. [6] analyzed the parameters of a BLC-C composite wall based on an
accurate finite element modeling method verified by experiments and studied the influence
of each parameter on the mechanical properties of a BLC-C composite wall. Guo et al. [7]
further studied the failure process, failure mechanism, and seismic performance of a BLC-C
composite wall by considering the restraint capacity from the steel to the core concrete. Sun
et al. [8] conducted an axial compression test on a T-shaped BLC-C composite wall and
performed finite element calculations and analyses. Based on the finite element calculation
results, a formula for calculating the axial bearing capacity of a BLC-C composite wall
was proposed.

The problem of cracks at the junction of the main structure and the infill wall often
occurs in reinforced concrete frame structures, reinforced concrete frame–shear wall struc-
tures, reinforced concrete shear wall structures, and steel structures. In a BLC-C composite
wall structure, interface cracks between the BLC-C composite wall and the infill wall are
also a problem and have been troubling owners and developers. Due to the significant
difference in stiffness between a BLC-C composite wall and an infill wall, they cannot
synergistically deform. In addition, the cohesive force of a BLC-C composite wall to an
infill wall is weak, so interface cracks are likely to occur. An interface crack directly affects
the esthetics of a building. The adverse effects on the senses of the owner cannot be ignored
either. Moreover, a house is the private asset of an owner and the existence of interface
cracks can easily cause economic disputes. Interface cracks cause owners to question the
safety of the structure and even sue the developer, even though they do not have much of
an effect on the bearing capacity of the structure. Therefore, it is necessary to further study
the initial cracking of an interface. However, no related research is available on the interface
cracks between a BLC-C composite wall and an infill wall although a large number of stud-
ies have been conducted on frames with infill walls. A method for calculating the lateral
stiffness of masonry-infilled reinforced concrete frames with a central opening has been
proposed [9]. The influence of an infill wall on the strength, stiffness, ductility, and dynamic
characteristics of a reinforced concrete frame was experimentally investigated [10]. The
interaction between an infill wall and a boundary frame was studied [11]. Asteris et al. [12]
studied an infilled reinforced concrete frame under a lateral load and also investigated a
numerical model of the out-of-plane response of a frame with infill walls [13]. Buonopane
and White [14] conducted a pseudo-dynamic test on a two-story infilled reinforced con-
crete frame and explored the relationship between the crack type and hysteresis energy.
The test results showed that an upper story with openings mainly produced diagonal
cracks whereas a lower story without openings primarily produced bed joint shear cracks.
Koutromanos et al. [15] applied the smeared crack continuum model and the cohesive
crack interface model to establish a finite element model of reinforced concrete frames
with masonry walls. The established model accurately simulated the load–displacement
response, crack mode, and failure mechanism in a cyclic lateral loading test.

As a new type of structure, the connection mode between a BLC-C composite wall and
an infill wall is worthy of further study. At present, there are two main types of structural
connections between a BLC-C composite wall and an infill wall that have been applied in
practical engineering. As depicted in Figure 1, two HPB300 steel bars with a diameter of
6 mm are arranged every 500 mm along the wall height and the ends of the steel bars are
welded to the BLC-C composite wall. The joint between the BLC-C composite wall and
the infill wall is filled with 20 mm-thick cement mortar and sealed with a sealant. On both
sides of the wall, welded wire fabrics coated with zinc are arranged and they are leveled
and plastered with gypsum plaster. Figure 2 is different from Figure 1 in that the cement
mortar is replaced with anti-crack mortar. The dry mix of anti-crack mortar comprises
cement, fly ash, sand, rubber powder, fibers, cellulose ether, and an admixture.

In this study, we aimed to investigate cracks in the interface between a BLC-C com-
posite wall and an infill wall. An experiment was conducted on two infill wall specimens
constrained by BLC-C composite walls on both sides under unidirectional horizontal loads.



Appl. Sci. 2022, 12, 7110 3 of 19

Based on the experimental phenomena and load–displacement curves, a finite element
modeling analysis was conducted to simulate the horizontal loading process. To investigate
the initial cracking of the interface, a finite element analysis was performed to study the
influence of each factor on the horizontal displacement when the interface initially cracked.
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Figure 2. Connection structure of the interface (using anti-crack mortar; units in mm).

2. Experiments
2.1. Experimental Design

According to Chinese standard GB 50011 “Code for seismic design of buildings” [16],
the main structure of the building was not damaged and non-structural components
(including the infill wall) were not excessively damaged within the elastic story drift limit.
Furthermore, the interface between the BLC-C composite wall and the infill wall initially
cracked within the elastic story drift limit. Therefore, the experiment conducted in this
study focused on the mechanical behavior within the elastic story drift limit.

According to actual engineering design drawings, the specimens were designed to
simulate the walls of a high-rise BLC-C composite wall structure. Two specimens, W1 and



Appl. Sci. 2022, 12, 7110 4 of 19

W2, were produced and comprised an infill wall and a BLC-C composite wall on both
sides. The materials of all BLC-C composite walls were Q355 (nominal yield strength is
355 MPa) steel and C45 concrete (nominal cubic compressive strength is 40 MPa). The
infill wall was composed of MU10 burned shale perforated bricks (nominal compressive
strength is 10 MPa) and M5 cement mortar (nominal cubic compressive strength is 5 MPa).
The specific dimensions of the two specimens are shown in Figure 3. The height of the
specimens was 3350 mm. The widths of the BLC-C composite walls of the two specimens
were 1730 and 2390 mm, respectively, and the thickness was 130 mm. The BLC-C composite
walls were composed of steel tubes of different sizes such as 200 mm × 130 mm × 4 mm,
130 mm × 130 mm × 8 mm, 130 mm × 130 mm × 4 mm, and 140 mm × 130 mm × 5 mm.
To distinguish them more clearly, the one near the loading end was referred to as the rear
BLC-C composite wall and the other was referred to as the front BLC-C composite wall.
The widths of the infill walls of the two specimens were 2440 and 3680 mm, respectively,
and the thickness was 200 mm. The structural connection between the BLC-C composite
wall and the infill wall shown in Figure 2 was adopted for the test. The thicknesses of the
gypsum plaster on both sides of the BLC-C composite wall and the infill wall were 50 mm
and 15 mm, respectively.
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The loading beam and foundation beam were set at the top and bottom of the speci-
men, respectively. The beams had sufficient strength and rigidity to ensure that no large
deformation occurred during the loading process. The steel plates were welded at the ends
of the BLC-C composite wall, which was connected to the loading beam and the foundation
beam by high-strength bolts. A lateral support was arranged on the loading beam to
prevent any out-of-plane behavior of the specimen. The foundation beam was clamped
to the ground by ground anchors. In the test, a 500 t jack on the reaction wall was used to
apply a unidirectional horizontal load to the loading beam in increments of 100 kN [17].
The elastic story drift angle of a BLC-C composite wall structure should not be greater than
1/400 under wind loads, in accordance with the Chinese standard T/CECS 546 “Technical
standard for structures with concrete-filled multicellular steel tube walls” [18]. Hence, the
experiment was loaded until the drift angle reached 1/400. According to Chen et al. [19], in
the elastic stage and elastoplastic stage, the axial load ratio of a BLC-C composite wall had
little effect on the strength and stiffness. Moreover, infill walls are non-structural elements
and are not subjected to the axial force transmitted from the superstructure. Therefore, the
test did not consider the application of an axial load to the specimen. Figure 4 illustrates
the field test diagram of specimen W2.

2.2. Material Properties

A tensile test was carried out to determine the steel properties. The yield strength
and the ultimate strength of the Q355 steel were 429 MPa and 642 MPa, respectively. The
elastic modulus and Poisson’s ratio were 192,000 MPa and 0.3, respectively. Concrete
with a strength grade of C45 was used in the specimens and the tested 28 day prismatic
compressive strength was 41.5 MPa. The elastic modulus was 25,500 MPa and the Poisson’s
ratio was 0.2. The burned shale perforated brick had a strength grade of MU10 and the
actual compressive strength was 17.0 MPa. The elastic modulus was 19,500 MPa and the
Poisson’s ratio was 0.17. The strength grade of the cement mortar was M5 and the tested
compressive strength was 4.1 MPa. The elastic modulus and Poisson’s ratio were 3520 MPa
and 0.24, respectively. The tensile bond strength of the anti-crack mortar and steel plate
was 0.3 MPa through the test according to Chinese standard GB/T 29,756 “Test methods of
physical property for dry-mix mortar” [20].
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2.3. Experimental Phenomena

During the whole process of the test, the cracks of the interface and the infill wall were
observed by a magnifying glass and a crack width card. At the start of loading, the lateral
displacement of specimen W1 was small under a horizontal load and the load–displacement
curve showed a linear change. When the load increased to 404 kN and the corresponding
drift angle was 1/2537, the interface between the BLC-C composite wall and the infill wall
initially cracked, resulting in microcracks. Oblique cracks appeared in a diagonal direction
(from the bottom left to the top right) in the center of the infill wall when the load increased
to 800 kN and the corresponding drift angle was 1/1015. As the load rose to 1200 kN and
the corresponding drift angle was 1/557, the plaster layer between the top of the infill wall
and the loaded beam exhibited slight spalling. In the center of the infill wall, penetrating
diagonal cracks formed when the load grew to 1300 kN and the corresponding drift angle
was 1/511. Specimen W1 was loaded until the drift angle reached 1/400.

The overall structure of specimen W2 was elastic in the early stage of loading. When the
load climbed to 700 kN and the corresponding drift angle was 1/2537, interface cracks began to
appear between the BLC-C composite wall and the infill wall. Diagonal cracks appeared below
the center of the infill wall when the load grew to 800 kN and the corresponding drift angle
was 1/1982. With an increase in the load, oblique cracks rapidly developed above and below
the syncline. As the load increased to 1500 kN and the corresponding drift angle was 1/813,
penetrating oblique cracks formed below the center of the infill wall. The lower right corner of
the infill wall slightly separated from the foundation beam and cracks appeared when the load
rose to 1600 kN and the corresponding drift angle was 1/736. Specimen W2 was also loaded
until the drift angle reached 1/400. Figure 5 shows the crack distribution when the drift angle
reached 1/400.

The process of specimens resisting the horizontal load could be divided into two stages.
In the first stage, the elastic stage, the interface initially cracked. With an increase in the
load, the number of interface cracks increased, but there was no penetrating interface crack.
The BLC-C composite wall and the infill wall together constituted the lateral force-resistant
components. The second stage was the elastoplastic stage. At this stage, oblique cracks
appeared in the middle of the infill wall and continued to expand. The connection between
the BLC-C composite walls, the steel beams, and the corner of the infill wall gradually
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disengaged. Furthermore, the infill wall gradually withdrew from work and the BLC-C
composite wall became the main lateral force-resistant member.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 20 
 

responding drift angle was 1/1982. With an increase in the load, oblique cracks rapidly 
developed above and below the syncline. As the load increased to 1500 kN and the cor-
responding drift angle was 1/813, penetrating oblique cracks formed below the center of 
the infill wall. The lower right corner of the infill wall slightly separated from the foun-
dation beam and cracks appeared when the load rose to 1600 kN and the corresponding 
drift angle was 1/736. Specimen W2 was also loaded until the drift angle reached 1/400. 
Figure 5 shows the crack distribution when the drift angle reached 1/400. 

(a) 

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 20 
 

(b) 

Figure 5. Crack distribution diagram obtained when the drift angle reached 1/400: (a) specimen W1 
and (b) specimen W2. 

The process of specimens resisting the horizontal load could be divided into two 
stages. In the first stage, the elastic stage, the interface initially cracked. With an increase 
in the load, the number of interface cracks increased, but there was no penetrating inter-
face crack. The BLC-C composite wall and the infill wall together constituted the lateral 
force-resistant components. The second stage was the elastoplastic stage. At this stage, 
oblique cracks appeared in the middle of the infill wall and continued to expand. The 
connection between the BLC-C composite walls, the steel beams, and the corner of the 
infill wall gradually disengaged. Furthermore, the infill wall gradually withdrew from 
work and the BLC-C composite wall became the main lateral force-resistant member. 

3. Finite Element Simulation 
The finite element analysis software ANSYS was used to simulate the loading pro-

cess of the tests. 

3.1. Material Constitutive Relationship 
All parameter values in this section refer to Section 2.2 and the related standards. 

Figure 5. Crack distribution diagram obtained when the drift angle reached 1/400: (a) specimen W1
and (b) specimen W2.



Appl. Sci. 2022, 12, 7110 8 of 19

3. Finite Element Simulation

The finite element analysis software ANSYS was used to simulate the loading process
of the tests.

3.1. Material Constitutive Relationship

All parameter values in this section refer to Section 2.2 and the related standards.
The constitutive relationship of the steel adopted the trilinear isotropic hardening

model [6], including the elastic stage, strengthening section, and plastic segment.

σ =


Eε, ε < εy;
E′
(
ε− εy

)
+ Eεy, εy ≤ ε < ε1;

E′
(
ε1 − εy

)
+ Eεy, ε ≥ ε1

(1)

where σ and ε are the stress and strain of the steel, respectively; εy is the yield strain of the
steel, taken as 0.0022; ε1 is the strain at which the steel reached the ultimate tensile stress,
taken as 0.0065; E is the elastic modulus of the steel, taken as 192,000 MPa; and E′ is the
tangent modulus of the steel, taken as 50,000 MPa.

The stress–strain relationship of the concrete conformed with the Chinese Standard
GB 50010 “Code for design of concrete structures” [21].

σc =

{
fc

[
1−

(
1− εc

ε0

)n]
, εc ≤ ε0;

fc, ε0 ≤ εc ≤ εcu
(2)

where σc and εc are the stress and strain of the concrete, respectively; fc is the axial
compressive strength of the concrete, taken as 41.5 MPa; ε0 is the compressive strain when
the concrete compressive stress reaches fc, taken as 0.002; εcu is the ultimate compressive
strain of the concrete, taken as 0.0033; and n is the calculation coefficient, taken as 2.

The infill wall was brick masonry and the constitutive relation proposed by Turnsek
and Cacovic was adopted [22].

σb
fm

= 6.4(
εb
ε0
)− 5.4(

εb
ε0
)

1.17
(3)

where σb and εb are the stress and strain of the brick masonry and ε0 is the strain corre-
sponding with fm, taken as 0.003. fm is the average compressive strength of the brick
masonry; the calculation formula referred to Chinese standard GB 50003 “Code for design
of masonry structures” [23].

fm = k1 f α
1 (1 + 0.07 f2)k2 (4)

where k1, α, and k2 are coefficients, taken as 0.78, 0.5, and 1, respectively; f1 is the strength
grade of the bricks, taken as 10 MPa; and f2 is the average compressive strength of the
mortar, taken as 4.1 MPa. Therefore, fm was calculated as 3.17 MPa.

3.2. Contact Property

The contact of the finite element model included a normal contact and tangential bond
slip, which mainly existed between the steel tube and the concrete as well as between
the infill wall and the BLC-C composite wall. The normal contact adopted the hard
contact model and the contact stiffness coefficient was set to 10 to minimize intrusion. The
tangential bond slip used the Coulomb friction model and the friction coefficients between
the steel tube and the concrete and between the infill wall and the BLC-C composite wall
were set to 0.3 [24] and 0.45 [23], respectively.
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An augmented Lagrangian method was selected for the contact algorithms. The
bonded contact and the cohesive zone material models were used to simulate the connection
structure of the interface between the BLC-C composite wall and the infill wall. The
cohesive zone material model assumed that the stress transfer between the separate faces
did not completely disappear at the debonding initiation, but rather was a gradual stiffness
reduction at the interface between them [25]. The bilinear material behavior contact model
CBDD was selected as the cohesive zone material model to simulate the traction separation
behavior of the interface. The maximum normal contact stress was set to 0.3 MPa in
accordance with the tensile bond strength of the anti-crack mortar and steel plate.

3.3. Element Type, Boundary Condition, and Solution Method

The loading and foundation beams were simulated using the shell element SHELL181.
The steel tube of the BLC-C composite wall used the three-dimensional solid element
SOLID45. The contact of the finite element model was simulated using the contact element
CONTAC173 and the target element TARGE170. The infill wall and the concrete of the
BLC-C composite wall adopted the three-dimensional solid element SOLID65, which was
defined by eight nodes and could simulate cracking, crushing, plastic deformation, and
creep. The smeared crack model and the failure criterion of Willam–Warnke were utilized in
the simulation cracking [26]. When cracking occurred at an integration point, the cracking
was modeled through an adjustment to the material properties [27]. This method is widely
used and was conductive to the realization of the finite element program.

The finite element model was divided by mapping the mesh with a mesh size of 50 mm.
The nodes on the contact surface of the BLC-C composite wall and the steel beam were
coupled through the translational degrees of freedom in the x, y, and z directions to simulate
the bolt connection. All the degrees of freedom of the nodes on the bottom of the foundation
beam were restrained and the displacement load acted on the end of the loading beam.
A full Newton–Raphson analysis with unsymmetric matrices of elements was used to solve
the non-linear equations in the finite element analysis. For the convergence criteria, the
tolerance was 5% for the force and displacement. Figure 6 shows the finite element model of
specimen W2.
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3.4. Simulation Results

According to the finite element modeling method described above, finite element
models were established to simulate the two specimens. The load–displacement curves
obtained from the experiment and finite element analysis are illustrated in Figure 7. The
load errors when the displacement was 8.38 mm (i.e., at a drift angle of 1/400) of specimens
W1 and W2 were 5.5% and 5.0%, respectively. The load–displacement curves of the
simulation and experiment were similar and the finite element simulation was consistent
with the experiment.
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In the test, when the horizontal displacements of specimens W1 and W2 were both
1.32 mm (i.e., the drift angle was 1/2537), initial cracks occurred at the interface between the
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BLC-C composite wall and the infill wall. The crack distribution diagram of W2 when the
interface initially cracked in the experiment is presented in Figure 8. In the finite element
analysis, when the infill wall began to crack at the interface position, it was considered
that the interface initially cracked. Figure 9 shows the crack distribution diagram of W2
when the interface initially cracked in the finite element simulation. In the finite element
simulation, the horizontal displacements of specimens W1 and W2 at the initial interface
cracking were 1.23 and 1.25 mm, respectively. In comparison with the experiment, the
errors were 6.8% and 5.3%, respectively, demonstrating good consistency.
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Diagonal cracks appeared in the infill walls of W1 and W2 in the experiment; the
maximum principal stress cloud diagram of the finite element simulation at this time is
depicted in Figure 10. The maximum principal stress was larger in the center of the infill
wall in the direction of the reverse diagonal (from the top left to the bottom right), resulting
in diagonal cracks. This finding was consistent with the test phenomena. Figure 11 is the
crack distribution diagram of when the displacement was 8.38 mm (i.e., at a drift angle of
1/400) in the simulation, which was relatively similar to that in the experiment (Figure 5).
To sum up, the finite element model could precisely simulate the mechanical characteristics
of the infill wall constrained by the BLC-C composite walls on both sides.
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4. Analysis of the Initial Interface Cracking

A parametric analysis was conducted to determine the effects of various factors on
the horizontal displacement when the interface between the BLC-C composite wall and
the infill wall initially cracked. The factors included the widths of the BLC-C composite
wall, infill wall, and opening of the infill wall as well as the strength grade of the bricks and
maximum normal contact stress. The finite element model of specimen W2 was used as the
standard model and the finite element analysis was conducted by varying the factors.
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4.1. Width of the BLC-C Composite Wall

The width of the BLC-C composite wall was altered to determine its effect on the horizontal
displacement at the initial interface cracking; the other factors were maintained as constants. As
depicted in Figure 12, when the width of the BLC-C composite wall decreased from 2390 mm to
1930, 1730, 1530, 1130, and 730 mm, the horizontal displacement at the initial interface cracking
grew from 1.25 mm to 1.35, 1.43, 1.58, 1.74, and 1.84 mm, respectively. With an increase in the
width of the BLC-C composite wall, the horizontal displacement at the initial cracking of the
interface dropped and the appearance of interface cracks occurred earlier.
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the width of BLC-C composite wall.

4.2. Width of the Infill Wall

Whilst maintaining the other parameters as constants, the width of the infill wall was
varied to study its effect on the horizontal displacement when the interface initially cracked.
Figure 13 shows that the horizontal displacement at the initial interface cracking changed
from 1.25 mm to 2.71, 0.78, 0.32, and 0.26 mm when the width of the infill wall altered from
3680 mm to 4000, 3000, 2500, and 2000 mm, respectively. This finding suggested that as the
width of the infill wall widened, the horizontal displacement at the initial cracking of the
interface rose and the appearance of interface cracks occurred later.
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4.3. Width of the Opening

The location of the opening is shown in Figure 14. The width of the opening was changed
whilst maintaining the other parameters as constants to determine its influence on the horizontal
displacement at the initial cracking of the interface. The horizontal center of the opening was
always the same as the horizontal center of the infill wall. Figure 15 shows that when the
infill wall was altered from no opening to openings of 1200 × 1900, 2050 × 1900, 2450 × 1900,
and 2850 × 1900 mm, the horizontal displacement at the initial interface cracking varied from
1.25 mm to 1.43, 1.58, 1.88, and 2.53 mm, respectively. This finding implied that an increase in
the width of the opening led to an increase in the horizontal displacement at the initial cracking
of the interface and the delayed appearance of interface cracks.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 16 of 20 
 

4.3. Width of the Opening 
The location of the opening is shown in Figure 14. The width of the opening was 

changed whilst maintaining the other parameters as constants to determine its influence 
on the horizontal displacement at the initial cracking of the interface. The horizontal 
center of the opening was always the same as the horizontal center of the infill wall. 
Figure 15 shows that when the infill wall was altered from no opening to openings of 
1200 × 1900, 2050 × 1900, 2450 × 1900, and 2850 × 1900 mm, the horizontal displacement at 
the initial interface cracking varied from 1.25 mm to 1.43, 1.58, 1.88, and 2.53 mm, re-
spectively. This finding implied that an increase in the width of the opening led to an 
increase in the horizontal displacement at the initial cracking of the interface and the de-
layed appearance of interface cracks. 

 
Figure 14. Location of the opening (units in mm). 

 
Figure 15. Variation curve of the horizontal displacement at the initial cracking of the interface with 
the width of opening. 

4.4. Strength Grade of the Bricks 
The strength grade of the bricks was altered to examine its effect on the horizontal 

displacement when the interface initially cracked. As shown in Figure 16, when the 
strength grade of the bricks varied from MU10 to MU15, MU20, MU25, and MU30, the 

Figure 14. Location of the opening (units in mm).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 16 of 20 
 

4.3. Width of the Opening 
The location of the opening is shown in Figure 14. The width of the opening was 

changed whilst maintaining the other parameters as constants to determine its influence 
on the horizontal displacement at the initial cracking of the interface. The horizontal 
center of the opening was always the same as the horizontal center of the infill wall. 
Figure 15 shows that when the infill wall was altered from no opening to openings of 
1200 × 1900, 2050 × 1900, 2450 × 1900, and 2850 × 1900 mm, the horizontal displacement at 
the initial interface cracking varied from 1.25 mm to 1.43, 1.58, 1.88, and 2.53 mm, re-
spectively. This finding implied that an increase in the width of the opening led to an 
increase in the horizontal displacement at the initial cracking of the interface and the de-
layed appearance of interface cracks. 

 
Figure 14. Location of the opening (units in mm). 

 
Figure 15. Variation curve of the horizontal displacement at the initial cracking of the interface with 
the width of opening. 

4.4. Strength Grade of the Bricks 
The strength grade of the bricks was altered to examine its effect on the horizontal 

displacement when the interface initially cracked. As shown in Figure 16, when the 
strength grade of the bricks varied from MU10 to MU15, MU20, MU25, and MU30, the 

Figure 15. Variation curve of the horizontal displacement at the initial cracking of the interface with
the width of opening.

4.4. Strength Grade of the Bricks

The strength grade of the bricks was altered to examine its effect on the horizontal
displacement when the interface initially cracked. As shown in Figure 16, when the strength
grade of the bricks varied from MU10 to MU15, MU20, MU25, and MU30, the horizontal
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displacement at the initial interface cracking changed from 1.25 mm to 1.00, 0.79, 0.67, and
0.65 mm, respectively. Due to the rise in the strength grade of the bricks, the horizontal
displacement at the initial cracking of the interface decreased and the interface crack
appeared earlier.
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4.5. Maximum Normal Contact Stress

The maximum normal contact stress between the BLC-C composite wall and the infill
wall was changed to investigate its influence on the horizontal displacement when the
interface initially cracked. Figure 17 shows that the horizontal displacement at the initial
interface cracking varied from 1.25 mm to 0.52, 0.89, 1.53, and 1.76 mm when the maximum
normal contact stress changed from 0.3 MPa to 0.1, 0.2, 0.4, and 0.5 MPa, respectively. The
horizontal displacement at the initial cracking of the interface grew and the interface crack
appeared later due to the rise in the maximum normal contact stress.
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4.6. Discussion

In previous research on masonry-infilled reinforced concrete frames, the stiffness of
the bare frame was less than the stiffness of the infill wall. The frame-to-infill stiffness ratio
played a key role in the infill–frame contact length. An increase in the stiffness of the frame
increased the contact length [28,29]. On the contrary, in our experiment the stiffness of
the BLC-C composite wall was greater than the infill wall due to the high steel content.
When the stiffness of the BLC-C composite wall fell or the stiffness of the infill wall rose,
the contact length grew. Therefore, a decrease in the width of the BLC-C composite wall or
an increase in the width of the infill wall improved the collaborative deformation ability
and delayed the appearance of interface cracks.

On the other hand, previous literature [12,30,31] has shown that the greater the opening
size, the greater the infill–frame contact length. Similarly, in our finite element analysis, a
large opening increased the contact length, caused the curvature of the infill wall to follow
the curvature of the BLC-C composite wall, and delayed the appearance of interface cracks.

According to the finite element calculation results, the horizontal displacement at the
initial cracking of the interface increased with an increase in the maximum normal contact
stress between the BLC-C composite wall and the infill wall. Therefore, strengthening
the tensile bond strength of the mortar and steel plate could help delay the appearance
of interface cracks. For example, in the connection structure of an interface, an interface
mortar could be developed and employed on the surface of the steel to enhance the tensile
bond strength. As for the strength grade of the bricks, there is a lack of relevant research
and it should be further investigated in future studies.

5. Conclusions

The finite element software ANSYS was used to simulate a unidirectional horizontal
loading test of an infill wall constrained by BLC-C composite walls on both sides. The
finite element model was validated through experimentation and the main conclusions are
as follows.

(1) Within the elastic story drift limit, the experiment process was divided into an elastic
stage and an elastoplastic stage. In the elastic stage, the BLC-C composite wall and
the infill wall acted as the lateral force-resistant members. In the elastoplastic stage,
the BLC-C composite wall became the main lateral force-resistant member.

(2) The load–displacement curves and crack distribution images obtained from the finite
element simulation were similar to the test results. Therefore, the finite element model
proposed in this study could be used to accurately simulate an actual deformation pro-
cess.

(3) A decrease in the width of the BLC-C composite wall or an increase in the width of
the infill wall delayed the appearance of interface cracks.

(4) A large opening delayed the appearance of interface cracks.
(5) An enhancement in the strength grade of the bricks led to the earlier appearance of

interface cracks.
(6) When the maximum normal contact stress rose, the interface cracks occurred later.

Therefore, in order to delay the appearance of interface cracks, it is recommended that
the tensile bond strength of the mortar and the steel plate in the connection structure
of the interface are reinforced.

The out-of-plane behavior of the specimens was also of importance. However, a lateral
support was used in this test to prevent the out-of-plane behavior of the specimen. Hence,
this paper did not address the out-of-plane behavior of the specimen. Our research group
aims to research this further in the future.
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