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Abstract: A composite beam is a structural member that behaves as a single unit by using shear
connectors between a concrete slab and an I-shaped steel girder. The composite ratio is crucial and
is determined by the shear connectors’ ability to withstand the horizontal shear forces between the
concrete and steel girder. In this study, a U-shaped composite beam was designed, which differs
from conventional composite beams as it allows the use of a steel girder as a formwork. Moreover,
angle-type shear connectors, instead of stud-type connectors, were employed. Based on this design,
large-scale U-shaped composite beams with angle-type shear connectors were fabricated, and load
tests were conducted to analyze the behavior after composite action and the influence of shear
connector spacing. Additionally, the strength of the angle-type shear connectors used in this paper
was evaluated through finite element analysis. Finally, a strength evaluation method for composite
beams of this configuration is proposed.

Keywords: infilled composite beam; horizontal shear; finite element analysis (FEM)

1. Introduction

In order to increase the land utilization ratio, modern buildings are undergoing a trend
towards high-rise construction and longer spans. Consequently, the selection of structural
systems that satisfy the economic use of materials and the efficiency of construction methods
has become a crucial issue. Each individual material possesses its own advantages and
drawbacks. Notably, concrete and steel are commonly used structural materials. Concrete
boasts excellent fire resistance and sound insulation; however, a significant drawback
is its inability to bear tensile loads effectively. Conversely, steel exhibits uniform high
strength properties, yet suffers from poor fire resistance and susceptibility to corrosion.
Consequently, to address these distinctive strengths and weaknesses, composite structures
have emerged as a solution.

Composite beams, among various composite members, utilize shear connectors to
leverage the advantages of concrete and steel, achieving efficiency in structural performance.
In order to resist the horizontal shear forces at the interface between the steel girder and
the concrete slab, stud anchors are commonly used. Currently, the majority of composite
beams in use are of the exposed type, where a concrete slab is placed on top of a steel girder,
and extensive research has been conducted on this configuration [1-3]. Efforts are currently
underway to expedite the construction timeline of composite beams. As a result, extensive
research is being conducted on U-shaped composite beams, where the steel frame acts as
formwork, contributing to an augmented horizontal shear force between the concrete and
the steel frame [4-8]. The U-shaped composite beam entails the fabrication of a U-shaped
steel frame, which is subsequently filled with concrete. While the act of infilling concrete
brings about disadvantages, including an escalation in applied loads and the potential
occurrence of internal corrosion, it concurrently amplifies the transmission of horizontal
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shear forces. In contrast to the traditional exposed composite beams, which exclusively
assess shear strength based on the web strength of the steel frame and consequently lead to
excessively cautious designs, infilled composite beams experience a rise in shear strength
due to the concrete infill that lends support to the steel frame’s web. Thus, there arises
a necessity to delve into the study of U-shaped infilled composite beams. Furthermore,
within this study, when employing shear connectors in infilled composite beams, the need
for supplementary spacing supports may arise to withstand the lateral pressure of the
concrete. However, by utilizing angled shear connectors, not only can they fulfill the role
of shear connectors but they can also concurrently serve as spacing supports. As a result,
in this study, angled shear connectors were utilized.

The existing design equations [9] are only used for channel-type and stud-type shear
connectors. There are no design equations available for angle-type shear connectors.
Therefore, the strength of angle-type shear connectors is currently designed based on
design equations for channel-type shear connectors, which have a similar form [10-12]. In
this paper, we evaluate the flexural capacity of composite beams using angle-type shear
connectors and present a corresponding finite element analysis model. Ultimately, through
the finite element analysis model, we aim to propose a design method for angle-type shear
connectors of a similar configuration to that of this paper.

2. Experiment
2.1. Experimental Plan

One of the crucial factors determining the maximum strength in composite beams is
the degree of composite action between the concrete and the steel girder. In this paper, the
spacing of shear connectors, which directly affects the degree of composite action, was set
as a variable. The design of the composite beams was planned in a manner by which the
experiment concludes upon concrete crushing, and the strength of the shear connectors
was designed based on the existing design equations. Table 1 summarizes the names of the
specimens and their corresponding variables. CB-21 and CB-13 were designed to exhibit
fully composite behavior, while the CB-9 specimen was intended to demonstrate partial
composite behavior. The height of the steel girder was set to 624 mm, and the height of
the slab was 200 mm, resulting in a total height of 824 mm for the specimens. The length
of the specimens was set to 8080 mm to match the site conditions. For the distribution of
moments, a two-point loading scheme was planned with a distance of 1150 mm, taking into
consideration the site conditions. The spacing of the shear connectors was set to 1000 mm,
600 mm, and 400 mm, respectively. The shear connectors were designed in the form of
angle-type shear connectors with a height of 80 mm, a width of 400 mm, and a thickness of
6 mm. The reinforcement for the slab included D13 bars for main reinforcement and D10
bars for tie reinforcement, installed at 200 mm intervals. The concrete was designed with a
strength of 24 MPa. The web of the steel girder was made of S5275 (equivalent to A36), and
the flange and shear connectors were made of SM355 (equivalent to A572) steel.

Table 1. Parameters of the composite beam specimens.

Steel Concrete
Spacin To Bottom
No. Specimen * bgtweeﬁ Number Beam Beam Web Web Flanlzge Flange Flange Width  Thickness
Angles of Angles Length Depth Height Thickness vz 48, Width Thickness
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

1 CB-21 400 21

2 CF-13 600 13 8080 824 600 4 200 340 12 1000 200

3 CF-9 1000 9

* CB-Stud numbers.

Figure 1a shows a cross-section of the composite beam. The size of the concrete slab
was set to 1000 x 200 (width x thickness), considering the experimental conditions and
loading range. The thickness of the steel girder web was set to 4 mm, and the width of
the bottom flange was 340 mm. Figure 1b represents a perspective view of the specimen,
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showing the appearance of the shear connectors and the reinforcement. The shear con-
nectors were installed at points that do not affect the reinforcement, and their shape was
installed in a configuration that connects the upper flange as indicated in Figure 1c. The
shear connectors were oriented in the same direction for ease of installation.

1000
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Shear connector— & \ \ 12
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200

N
K
(9
824

600

D13 rebar

Angle shear connector

Infilled concrete

U-type steel

(b)
.

Angle shear connector

(c)

Figure 1. Detailed view of the specimen. (a) Specimen cross-section. (b) Specimen perspective view.
(c) Detailed installation of shear connectors.

Figure 2 shows the experimental set up of the specimen. The specimen length was
set to 8080 mm to match the field conditions, with a span of 7560 mm. For the distribu-
tion of moments, a two-point loading configuration was employed, considering the field
conditions, with a spacing of 1150 mm planned for the experiments. The specimen was
subjected to a two-point loading using a Universal Testing Machine (UTM) with a capacity
of 10 MN. The loading speed was controlled at 0.05 mm/s. The test was terminated when
the strength decreased to 80% of the maximum load after reaching the maximum load.
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Figure 2. Test set-up.

Displacement gauges were installed at the center of the beam and at the loading points
to measure the deflection of the beam. Additional displacement gauges were also installed
at both ends to measure the slip between the concrete and the steel beam. Strain gauges
were placed near the loading points to locate the neutral axis during yielding. Crack gauges
were installed on the top surface of the slab to measure the deformation of the concrete.
Furthermore, strain gauges were attached at intervals of 1000 mm near the loading points
to assess the yield point of the flange.

2.2. Experiment Results

Table 2 presents the results of material tests conducted following ASTM standards [13].
For A36 4 t, the yield strength was measured as 361.25 MPa, and the tensile strength was
454.50 MPa. For A36 6 t, the yield strength was measured as 356.75 MPa, and the tensile
strength was 430.79 MPa. As for the material used for the flange (A572), the yield strength
was 383.21 MPa, and the tensile strength was 554.82 MPa. The average compressive strength
of the concrete was measured as 21.57 MPa.

Table 2. Material test results.

t Fy F, Elongation
Material
atera (mm) (MPa) (MPa) (%)
A36 4.0 361.25 454.50 33.01
6.0 356.75 430.79 38.11
A572 12.0 383.21 554.82 31.83
Concrete fer = 21.57 MPa

Concrete design compression strength = 24 MPa

Figure 3 depicts the experimental results of the composite beam. The initial slopes
were similar in all cases, and both yield strength and tensile strength exhibited minor
variations depending on the spacing of shear connectors. The specimen with the narrowest
spacing of the shear connectors showed the highest yield strength and ultimate strength.
However, there was little difference between the specimens with shear connector spacings
of 600 mm and 1000 mm. This can be attributed to the non-uniform strength distribution
within the concrete.

Table 3 summarizes the experimental results. The yield strength and ductility were
evaluated following the method suggested by AC495 [14]. This involves assessing the yield
strength as the strength value corresponding to the deflection at the intersection point of a
horizontal line drawn through the maximum strength and a line connecting the 2/3 point
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of the maximum strength. The yield strengths of the specimens were measured in the order
of shear connector spacing as 1165.72 kN, 1135.51 kN, and 1121.33 kN, respectively. The
maximum strengths were measured as 1382.09 kN, 1353.74 kN, and 1346.95 kN, respectively.
The ductility values were 3.67, 3.69, and 3.51, respectively. Ultimately, it was observed that
narrower shear connector spacing resulted in superior yield strength, maximum strength,
and ductility.
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Figure 3. Load—deflection curve of test results.
Table 3. Test results.
. P p y u
y max
No. Specimen (N) (KN) (mm) (mm) uly
1 CB-21 1165.72 1382.09 33.92 124.31 3.67
2 CB-13 1135.51 1353.74 36.00 132.7 3.69
3 CB-9 1121.33 1346.95 34.73 121.76 3.51

Figure 4 illustrates the failure modes of the specimens. All specimens experienced
collapse of the upper slab, resulting in a decrease in the strength of the specimens. No slip
of the lateral concrete was observed.

Figure 4. Failure modes of the specimens. (a) Concrete crushing of the loading point. (b) Side view
of specimen.

The theoretical calculation of the composite beam was determined based on the
stress—strain distribution as shown in Figure 5. Using this stress—strain distribution, the
compressive force C acting on the concrete slab of the test specimen was determined as
the minimum value among Equations (1)—(3). Equation (3) involves the shear strength of
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the shear connector, denoted as Qy,, and in this study, an angled shear connector was used.
Therefore, Equation (4) for the shear strength of a channel-shaped shear connector was
utilized to calculate Q, [9].

C = AsF, )
C = 0.85f4Ac @)
c=YQ ©)

Qu = 0.3(tf + 05ty ) Lav/forEe @)

Here, As; is the total cross-sectional area of steel section, F, is the yield strength of steel,
fek is the compressive strength of concrete, A, is the total cross-sectional area of concrete,
t ¥ is the flange thickness of the angle, t, is the web thickness of the angle, and E. is the
elasticity modulus of the concrete.

0.85f,
— %I:l-——dc

= i, & -0
d;

F,

3
7N

o E+0

Figure 5. Plastic stress distribution.

Equation (5) calculates the design flexural strength in the positive moment region, tak-
ing into account the composite effect with the slab. After the manifestation of the composite
action, it is assumed that no lateral-torsional buckling occurs due to the restraining effect.

M, = C(dy +dp) + Py(d3 — dp) 5)

Here, d; is the distance from the center of compression force C in the concrete to the
top of the steel member, d; is the distance from the center of compression force in the steel
member to the top of the steel member (if there is no compression force on the steel member,
d, is equal to 0), Py is the tensile strength of the steel member, and dj3 is the distance from
the center of action of P, on the steel member to the top of the steel member.

There is no available equation for the angle-shaped shear connector used in this study.
Therefore, assuming a channel-shaped shear connector and calculating based on the existing
equation for channel sections, the strength can be estimated to be approximately 802.84 kN,
as shown in Table 4. CB-21 and CB-13 exhibit fully composite behavior with strengths
calculated at 1182.14 kN. The CB-9 specimen displays partial composite behavior, with a
strength of 1153.86 kN. The theoretical analysis yields an average value of 1.16, indicating
uniformity. The lower theoretical value is attributed to the neglect of compression-side rein-
forcement and the absence of consideration for the effect of tensile-side concrete. However,
since a reduction in strength was observed in the experimental results, it is desired to infer
the strength of the angle-shaped shear connector through computational analysis.



Buildings 2023, 13, 2221 7 of 14
Table 4. Theoretical analysis results for specimens.
. Pyax P Theory
No. Specimen (KN) (kN) Pinax/Prheory
1 CB-21 1382.09 1.17
2 CB-13 1353.74 1182.14 115
3 CB-9 1346.95 1153.86 1.17

3. Finite Element Analysis
3.1. General Information on the Analysis Model

In the analysis, the widely used general-purpose nonlinear finite element analysis
software, ABAQUS (version 2023), was employed [15]. In this paper, a proposed analysis
model for the composite beam was developed by referring to various concrete models
currently available.

The concrete and steel elements were modeled using reduced integration solid ele-
ments (C3D8R) with eight nodal points. Due to the significantly increased analysis speed
of concrete, reduced integration elements were used to accelerate the analysis process.
The analysis model was created by modeling only half of the composite beam since its
shape is symmetric, as shown in Figure 6. The boundary conditions were set to match
the actual experiment, and the mesh size was set to 50 throughout the model, except in
areas with the shear connectors, where it was set to 10. General contact elements were
utilized for contact analysis, and all contact surfaces within the specimen were defined.
The contact behavior was defined such that normal direction contact used the hard contact
feature to prevent penetration under compression and allow separation under tension. The
tangential direction contact was defined using the penalty feature to provide resistance
against friction. The friction coefficient between steel and concrete was set to 0.65 for the
analysis [16].

Figure 6. Modeling of the analysis model.

For the reinforcement embedded in the concrete, truss elements were used for mod-
eling, and the embedded element feature was utilized to integrate them with the con-
crete’s behavior.

Finite element analysis can be broadly classified into implicit and explicit methods.
Generally, the implicit method involves iterative calculations at each step, resulting in
the higher accuracy of the solution. However, it is time-consuming, and less suitable for
analyzing the present study’s results due to its lower convergence rate. Therefore, in this
research, the explicit method, which has a higher convergence rate, was employed for
the analysis.

3.2. Concrete Analysis Model

The stress—strain behavior of concrete, encompassing both tension and compression,
was represented using the concrete damaged plasticity feature, which allows for the depic-
tion of stress reduction after reaching the maximum stress. The input values used for this
feature are presented in Table 5 [17,18].
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Table 5. Material properties of concrete.
Concrete Compressive Behavior Concrete Compression Damage
Yield Stress (MPa) Inelastic Strain Damage Parameter Inelastic Strain
9.59 0 0 0
10.50 497 x 107> 0 497 x 107>
13.86 2,50 x 107% 0 2.50 x 1074
16.74 450 x 1074 0 450 x 1074
19.14 6.50 x 1074 0 6.50 x 1074
21.06 8.50 x 1074 0 8.50 x 10~*
22.50 1.05 x 1073 0 1.05 x 1073
23.46 1.25 x 1073 0 1.25 x 1073
23.94 1.45 x 1073 0 1.45 x 1073
24.00 1.55 x 1073 0 1.55 x 1073
20.40 3.35 x 1073 0.2 3.35 x 1073
Concrete Tensile Behavior Concrete Tension Damage
Yield Stress (MPa) Cracking Strain Damage Parameter Cracking Strain
24 0 0 0
0.05 9.38 x 107* 0.97916667 9.38 x 1074

The damage parameter in concrete represents the coefficient that converts the elastic
modulus of concrete when there is a decrease in strength after the elastic range. The
calculation was carried out based on the abbreviated stress—strain behavior recommended
by ABAQUS. The elastic modulus of concrete (E;) was calculated using Equation (6)
provided by ACI 318, and a Poisson’s ratio of 0.2 was used for concrete [19].

E. = 4700/ fu (6)

The stress—strain relationship of concrete was modeled using the formulation proposed
by Hognestad, as shown in Figure 7. Although various concrete models accounting
for strength degradation have been presented, the Hognestad model was selected for
its computational speed and convergence characteristics [20,21]. The equations for the
Hognestad model are given as follows: (7) and (8) [21].

2
fc:fcklzsc—<sc> ] foreg <e. <0 (7)
€0 €0
fe = fek {1 — 0.15M] foreq, <e. <¢g 8)
Ecu — €0

Here, f. is the stress of concrete, ¢, is the strain of concrete, f. is the compressive
strength of concrete, ¢, is the ultimate compressive strain of concrete, and ¢ is the strain
at maximum stress f.. In this analysis, g9 was set at 0.002.

In the analysis of concrete beams, tension behavior of concrete has a minimal influence.
However, ABAQUS requires a tension softening curve for concrete. Therefore, a linear
tension behavior was assumed for concrete. The tensile strength of concrete (f;) was taken
as f; = 0.1f,, and the ultimate tensile strain (e, ) was selected as ¢4, = 10f;/E..

In addition, the characteristic and damage variables for concrete compression and
tension were generally set to the default values provided by ABAQUS. The dilation angle,
which defines the post-peak behavior, was input at 38. The eccentricity, which is a measure
of the ratio between compressive and tensile strengths of concrete, was set to 0.1.
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Figure 7. Proposed stress—strain relationship [21].

The ratio of biaxial compression strength to uniaxial compression strength (ratio) can
be calculated based on experimental results. However, in this study, the default value
of 1.16 provided by ABAQUS was used. The parameter controls the yield surface of the
concrete plasticity model and is known to have a value distribution based on previous
research. In this study, the default value of 2/3 provided by ABAQUS was used [15].

The viscosity parameter can be adjusted to improve the convergence of the analysis by
modifying the viscosity. However, in this analysis, the convergence was not significantly
affected, so a value of 0 was used.

3.3. Steel Part Analysis Model

For the steel component, the stress—strain curve determined from material testing
needs to be converted from nominal stress—strain to true stress—strain before being input
into ABAQUS. The following equation was used to perform the conversion, and the
resulting values were input into ABAQUS [15].

Otrue = Onom (1 + gnom) )

Otrue

1
sfn =In(1+ €pom) — 3 (10)
Here, 0t is the true stress, 0,05, is the nominal stress, €05, is the nominal strain, sfn is

the true plastic strain, and E is the elastic modulus.

3.4. Verification and Parameter Analysis of the Analysis Model

Table 6 summarizes the analysis model, where the variables are represented by the
number of shear connectors. The initial analysis and verification were conducted on the
existing specimens CB-21, 13, and 9. The validated analysis method was then used to
analyze the models with varying numbers of shear connectors. Additionally, in order to
evaluate the strength in the absence of shear connectors, the analysis was also performed
on models with zero shear connectors.

Figure 8 illustrates the results of the analysis for the existing test specimens. The
analysis was terminated at the point where overall concrete crushing occurred in the girder
section. In the actual experimental results, an increase in the spacing of the shear connectors
led to a decrease in the maximum strength. The analytical results also indicated a reduction
in the maximum strength with a widening spacing of shear connectors. In terms of ductility,
the experimental findings showed that CB-13 exhibited the highest ductility, while CB-9
demonstrated the lowest. However, the analytical results suggested that ductility also
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decreased proportionally as the spacing of shear connectors became narrower. This is likely
attributable to the non-uniform distribution of concrete strength and strain in the actual
specimens, and the finite element analysis assumes a uniform representation of concrete
strength and strain. Furthermore, there is minimal difference in ductility between CB-21
and CB-13 within the analytical findings. Figure 9 compares the deformation distribution
based on strength between experimental and analytical results. Notably, it highlights the
deformation comparison between CB-21 specimens at strengths of 400 kN and 1000 kN.
It is evident that the deformation distribution at the same location exhibits remarkable
similarity between the two cases. Ultimately, due to the similarity in initial stiffness and
maximum strength, as well as the consistent trend in ductility, the analytical model is
deemed to be reliable. Figure 10 compares the failure modes of the experiment and analysis,
where Figure 10b represents the degree of tensile damage in concrete. A value close to one
indicates the occurrence of tensile failure in concrete. In the actual test specimen, tensile
cracks occurred in the lower part, so the computational analysis is deemed to be similar to
the actual experiment.

Figure 11 shows the load—displacement curves obtained from the variable analysis. It
can be observed that, as the number of shear connectors decreases, the maximum strength
decreases. Up to 13 shear connectors, it was determined that the behavior exhibited
fully composite action. In the analysis results, no shear connector failure occurred, and the
analysis was terminated based on concrete crushing. From nine and fewer shear connectors,
high stresses were observed in the shear connector region. Assuming a tensile strength
of the weld material as 430 MPa, the analysis was terminated if the stress in the shear
connector region exceeded this value.

Table 6. Summary of variable analysis.

No Specimen Spacing between Studs Number of Studs
] (mm) (EA)
1 CB-21 400 21
2 CB-13 600 13
3 CB-9 1000 9
4 CB-7 1300 7
5 CB-5 1950 5
6 CB-3 3900 3
7 CB-0 - 0
1500

1000 p------ b oeeenneeeod ——CB2IExp) |-
_ —CB-21(FEA)
, ----- CB-13(Exp.)
-------------- — =CB-13(FEA) -
......... CB-9(Exp.)
===-CB-9(FEA)

i
}
T

0 50 100 150
Deflection (mm)

Load (kN)

500 ---f---------------

L . L L L L L L

Figure 8. Load—deflection curve of FEA results.
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(b)

Figure 10. Comparison of failure modes. (a) Representative failure mode of the test specimen.
(b) Tensile crack pattern in the computational analysis.

In the actual experiments, even if concrete crushing occurred, the behavior of partial
damage led to the ductile behavior of the composite beam. However, in the analysis, the
strength reduction due to concrete crushing was not considered, resulting in no decrease
in strength. Furthermore, in this study, the strength of the angle-type shear connectors
was analyzed, and an analysis method based on this was proposed. Therefore, it was
determined that the analysis method is reliable.

Table 7 compares the maximum strengths obtained from the experimental and analyt-
ical results. For the CB-21 specimen, the experimental strength was 1382.09 kN, and the
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analytical strength was 1359.28 kN. For the CB-13 specimen, the experimental strength was
1353.74 kN, and the analytical strength was 1335.49 kN. Lastly, for the CB-9 specimen, the
experimental strength was 1346.95 kN, and the analytical strength was 1287.89 kN. The
ratios between the experimental and analytical strengths were very close, with values of
1.02, 1.01, and 1.05, respectively.

1500

-

1000 +-------- T IRt

R

@ i ——CB-21(FEA)
2 I ' — - -CB-13(FEA)
S 500 o oo — —CB-9(FEA)
| ¥ | - - - CB-7(FEA)
i - - -CB-5(FEA)
N Y B CB-3(FEA)
0 s e CB-0(FEA)
Deflection (mm)
Figure 11. Load-deflection curve of variable analysis.
Table 7. Results of analysis for existing specimens.
. Piax Prea
No. Specimen (KN) (kN) P1ax/PrEA
1 CB-21 1382.09 1359.28 1.02
2 CB-13 1353.74 1335.49 1.01
3 CB-9 1346.95 1287.89 1.05

Based on the previous finite element analysis results, it was observed that the capacity
of the composite beam varies with the number of shear connectors. This allows us to
infer the strength of the angle-type shear connectors used in this study. In order for the
composite beam to achieve its maximum composite action, it should be able to transmit
all the compressive forces in the concrete, requiring a strength of approximately 4080 kIN.
Based on the experimental and analytical results, it can be concluded that up to 13 shear
connectors exhibited complete composite behavior. Therefore, the individual strength of
each shear connector can be calculated as 627.70 kN. Using this information, the resistance
of the composite beam can be calculated using the equation provided earlier.

Table 8 compares the finite element analysis results with the inferred values of the shear
connectors presented earlier. The ratios between the analysis results and the theoretical
calculations range from 1.13 to 1.20, showing a consistent distribution. The higher strength
observed in the analysis results can be attributed to a conservative evaluation of the
maximum strength during the analysis. When the number of shear connectors was zero,
the flexural strength of the steel and the bending strength of the concrete were calculated
separately and combined, resulting in a ratio of 1.37. The larger deviation compared to
other theoretical values can be attributed to the presence of minor composite behavior due
to the friction between the concrete and the steel even in the absence of shear connectors.



Buildings 2023, 13, 2221 13 of 14
Table 8. Results of variable analysis.
. Prep PThuery
No. Specimen (KN) (kN) PFEA/PTheory
1 CB-21 1359.28 1182.14 1.15
2 CB-13 1335.49 1176.82 113
3 CB-9 1287.89 1100.12 1.17
4 CB-7 1231.49 1021.73 1.20
5 CB-5 1133.44 947.36 1.19
6 CB-3 1005.17 831.57 1.20
7 CB-0 952.81 706.25 1.37

Based on the previous experimental results, numerical analysis, and finite element
analysis, the behavior of the composite beam using angle-shaped shear connectors was
evaluated. The comparison between the experimental results and numerical analysis
provided confidence in the reliability of the numerical analysis, allowing for the inference
of the strength of the angle-shaped shear connectors. This inference enabled theoretical
calculations, and it is deemed that the strength of the composite beam can be calculated
based on this, taking safety into consideration during the design process.

4. Conclusions

The aim of this paper was to evaluate the behavior of a filled composite beam us-
ing angle-shaped shear connectors and to propose a design method for such composite
beams through numerical analysis. The results obtained from this study are summarized
as follows:

(1) In this study, angled shear connectors were employed as shear connectors. Due to the
absence of an existing design equation, the design was based on a channel-shaped
design equation. However, the actual experimental results revealed that, as the
spacing of shear connectors increased, the maximum strength and ductility decreased.
This indicates that the design of angled shear connectors using the existing design
formula is deemed inappropriate.

(2) To infer the strength of the angled shear connectors, numerical simulations were
conducted. Comparing the experimental results with the computational analysis
results for model validation, the strength ratio was found to be 1.03, indicating a very
high level of reliability.

(8) Through this study, the strength of the angled shear connectors used in the experi-
ments was determined to be 627.70 kN. If designing a complete composite beam using
the existing channel-shaped design equation, the number of shear connectors would
decrease. This could lead to a design that lacks sufficient strength.

(4) Through the analysis of the composite beam without shear connectors, it was observed
that, even without shear connectors, the composite beam exhibits composite behavior
due to friction. Therefore, it can be concluded that when designing a composite
beam using shear connectors, consideration of this frictional composite behavior can
potentially lead to a reduction in the number of shear connectors.
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