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Abstract: Two new types of connection between concrete-filled U-shaped steel (CFUS) beams and
concrete-filled square steel tube (CFSST) columns were presented in this study, including rebar-sleeve
with internal diaphragm connection and rebar-through with internal diaphragm connection. Based
on the experiments of the rebar-plate with internal diaphragm connections between CFUS beams and
CFSST columns under cyclic loading, the nonlinear finite element models of the tested specimens were
developed and validated by comparing them with the experimental results. The numerical results
were in agreement with the experimental results in terms of failure modes, stress distribution, and
load-displacement skeleton curves. Based on the FEA results, the mechanical behavior of the two new
types of connection were comprehensively discussed and compared. Furthermore, this parametric
study was conducted for the rebar-sleeve with internal diaphragm connection to investigate the effect
of specific parameters on the capacity of the connection. The parameters included: The thickness of
U-shaped steel, the ratio of longitudinal reinforcement in the concrete slab, the strength of concrete
in the beam, the strength of the U-shaped steel, and the thickness of the internal diaphragm. The
results indicate that the thickness of the U-shaped steel (t,), the ratio of the longitudinal reinforcement
in concrete slab (p), and the strength of the U-shaped steel have significant effects on the loading
capacity of the connection—the loading capacity increases by about 20% when #;, increases from
6 mm to 8 mm, increases by about 45% when p increases from 1.5% to 4.8% under negative P, and
increases by about 20% when the steel yield strength (fy) increases from 235 Mpa to 420 Mpa.

Keywords: behavior; concrete-filled U-shaped steel (CFUS) beam; concrete-filled square steel tubular
(CFSST) column; finite element model

1. Introduction

Concrete-filled square steel tubular (CFSST) columns have been widely used in bridges
and buildings due to their higher bearing capacity, higher stiffness, and better seismic
performance. Furthermore, the square tube not only serves as formwork for casting
concrete, but also offers convenience for beam—column connections [1].

Over the past few years, some types of profiled composite beams have been proposed
and explored for better structural properties and constructability. Oehlers [2,3] and Uy and
Bradford [4,5] developed composite profiled beams consisting of profiled steel sheets and
in-filled concrete. They performed tests to investigate the flexural capacity and deflection of
the beam. Chen et al. [6] proposed the checked steel-encased concrete beam and conducted
tests to study the bending and slipping performance of the beam. Recently, the concrete-
filled U-shaped steel (CFUS) beam (as shown in Figure 1) was gaining popularity in
engineering practices. This beam consists of U-shaped steel, T-shaped concrete, and shear
connectors, where the U-shaped steel is fabricated using cold forming or the welding of
steel plates. The CFUS beam has the merits of higher strength, stiffness, and ductility
compared to the steel or reinforced concrete beam. Indeed, the in-filled concrete in the
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U-shaped steel beam not only prevents the local buckling of the web and flange of the
U-shaped steel, but also decreases the thermal effect and enhances fire resistance [7]. In
addition, the U-shaped steel serves as the formwork for casting concrete, shortening the
construction cost as well as the construction period.

Shear connector
T-shaped concrete

U-shaped steel

Figure 1. Concrete-filled U-shaped steel (CFUS) beam.

Over the past several years, the majority of connections between CFSST columns and
steel beams or CFSST columns and conventional composite beams composed of H-shaped
steel and concrete slab have been developed and applied in practice engineering. Some
research has been carried out to investigate the structural behavior of these connections,
such as that of Parvaria et al., Liu et al., Xue et al., Fan et al., and Zhang et al. [8-12].

Recently, research on the connections for CFUS beams and columns has been con-
ducted. Kim et al. [13] investigated the behavior of CFUS beam to CES (concrete-encased
steel) column connections. The results indicate that the in-filled concrete was effective in
preventing premature local buckling of the web and flange plates. Moreover, the speci-
mens showed good earthquake resistance which was in accordance with the AISC 341-05
specification. Park et al. [14] tested two connections consisting of CFUS beams and RC
columns under cyclic loading. All specimens exhibited higher strength, better ductility, and
energy dissipation capacity. Lee et al. [15] conducted an experimental study on the seismic
performance of CFUS beams to H-shaped steel column connections with band plates. This
study indicated that the specimens had higher loading bearing and deformation capacity.
Hwang et al. [16] investigated the seismic behavior of connections between CFUS beams
and PSRC (prefabricated steel-reinforced concrete) columns. Based on the test results, the
shear strength of connections was evaluated. Ding et al. [17] investigated an optimized
connection consisting of U-shaped steel beams and CFSST columns. The results showed
that the bearing capacity and seismic performance of the specimens were improved. Chen
et al. [18] conducted an experimental test on H-shaped steel beam and square steel tubular
column connections with the column thickened near the connection zone. This study
indicated that the thickness of the column near the connection zone had a notable effect on
the plastic deformation ability.

It appears that most of the past research has focused on the connections of CFUS beams
to RC, H-shaped steel, or CES columns. The CFUS beam to CFFST column connection
details are not well established and their behaviors are not understood. The lack of this
research will prevent the use of the structural system composed of CFUS beams and CFFST
columns in practice. Therefore, it is necessary to develop new types of CFUS beam to
CFFST column connections and study their behaviors.

In this study, two new types of connections composed of CFUS beams and CFFST
columns were proposed, including rebar-through with internal diaphragm connection
(i.e., the RT connection) and rebar-sleeve with internal diaphragm connection (i.e., the RS
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connection). Based on the experimental results of three specimens of the rebar-plate with
internal diaphragm connection (i.e., the RP connection) between the CFUS beam and the
CFSST column under cyclic loading, the nonlinear finite element analyses of the test speci-
mens were conducted and compared to validate the feasibility of this model in simulating
the behavior of the composite connections. Furthermore, on the basis of the validated FEA
model, the stress distributions of two new types of connections were comprehensively
analyzed and compared to study their load-transfer mechanisms. Subsequently, a paramet-
ric study was conducted. The parameters included: the thickness of the U-shaped steel,
the ratio of the longitudinal reinforcement in concrete slab, the strength of the concrete in
beams, the strength of the U-shaped steel, and the thickness of the internal diaphragm.

2. Connection Details

Figure 2 depicts the details of the RS connection composed of the CFUS beam and the
CFSST column. In this type of connection, there are two internal diaphragms welded to the
inside of the steel tube—one of them corresponding to the bottom plate of the U-shaped
steel beam location, and the other one corresponding to the position of the longitudinal
rebars in the beam. The bottom plate of the U-shaped beam is welded directly to the steel
tube wall by a full penetration weld. The webs and the extending flanges of the U-shaped
beam are attached to the wall of the steel tube by double fillet welds. The longitudinal
rebars in the beam are cut off and connected to the column by sleeves that are welded to
the tube wall. In order to ensure the quality of concrete pouring in the connection, the
pouring holes and the vent holes should be provided in the upper and lower diaphragms.
Moreover, the cope holes should be provided in the bottom plate of the U-shaped steel
beam to ensure the quality of welding.

Longitudinal Rebar

Inner Diaphragm

Square Steel ‘l‘ube\.

Sleeve

-~

Stud
" U-shaped Steel

Vent Hole

Cope Hole tur.f’uuring Hole Inner Diaphragm

Figure 2. RS connection.

Figure 3 depicts the details of the RT connection composed of the CFUS beam and the
CFSST column. In this connection, the longitudinal rebars in the beam are passed through
the column through the holes drilled on the face of the tube wall, and there is no upper
internal diaphragm in the tube. The connection details between the U-shaped steel beam
and the steel tube wall are the same as those of the RS connection described above.
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~ Vent Hole

Inner Diaphragm

Pouring Hole

Figure 3. RT connection.

3. Experimental Program
3.1. Design and Production of the Specimens

A total of three specimens of the RP connections between the CFUS beams and the
CFSST columns were designed and produced, consisting of C-1, C-2, and C-3. Figure 4
depicts the details of the RP connection. In this type of connection, the longitudinal rebars
in each beam were cut off and welded to the upper exterior diaphragm plate set around
the steel tube column, and the connection details between the U-shaped steel beam and the
steel tube wall were the same as those of an RS or RT connection. For the specimens, the
main design variables were the thickness of the square steel tube and the concrete strength
in the beam. All the specimens were cruciform-shaped specimens and were approximately
1/2 scale relative to the element sizes needed for the prototype frame. Table 1 shows the
dimensions and parameters of the specimens. The b. X b. X t. of the steel tube in Table 1
represents the section size of the tube, where b, is the width of the column and f. is the
thickness of the tube. The hy,, X b x by X t;, in Table 1 represents the section size of the
U-shaped steel beam, where h,, is the height of the U-shaped steel beam, b is the width of
the bottom plate, b; is the width of extending flanges, and t, is the thickness of the U-shaped
steel beam. Figure 5 shows the connection details and the dimensions of the specimens.

Table 1. Size of specimens.

Column Beam Internal Diaphragm Axial
Specimen  giee]l Tube  U-Shaped Steel ~ Negative . : Load The Vertical
be X be X t¢  hw X b xby Xty Rebar Width Length Thickness Ratio Load Values
c1 2302 850> 160> 1207550 4D14 230 230 10 0.2 800 KN
c2 220 250> 16012050 ypyy 234 234 10 0.2 800 KN
c3 230 850> 160> 1207550 x 4D14 230 230 10 0.2 800 KN

Note: Unit in this table is mm.
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Figure 4. RP connection.
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Figure 5. Details and dimensions of specimens: (a) the whole specimen; (b) section 1-1 of specimen
C-1; (c) section 2-2 of specimen C-1; (d) inner diaphragm.
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The cold-formed square steel tube was used for the column. The U-shaped steel beam
was fabricated using the cold-forming steel plate. Q235B steel with the nominal strength of
235 Mpa was used for all of the steel elements in the three specimens. Concrete with the
nominal compressive cubic strength of 40 Mpa was used in the column, and concrete with
the nominal compressive cubic strength of 30 Mpa (C-1, C-2) and 20 Mpa (C-3) were used
in the beam and slab. Hot-rolled ribbed rebar (HRB) with a nominal yield strength of 335
Mpa was used as the longitudinal rebars in the concrete slab, and hot-rolled plain rebar
(HPB) with a nominal yield strength of 235 Mpa was used as the transverse distribution
rebar in the slab. In order to achieve full strength and stiffness of the CFUS beam, the
shear studs with a diameter of 13 mm were welded onto the bottom plate and the top
extending flanges of the U-shaped steel beam. A full penetration weld was used to connect
the bottom plate of the U-shaped steel and the steel tube wall, where the welding pad
was used during welding and removed after welding to improve the quality of welds. All
of the steel members were fabricated in the steel factory, and the subsequent works were
carried out at the structural laboratory of Shandong Jianzhu University, such as binding
and welding the rebars, and casting and curing the concrete.

Material properties of steel and concrete used for the specimens are given in Tables 2 and 3.

Table 2. Material properties of steel.

Tvoe Thickness (mm) Yield Strength Ultimate Strength ~ Elastic Modulus Elongation
P fy (MPa) fu (MPa) (10° MPa) 5 (%)
8 312 455 1.99 35
Steel tube
10 330 435 2.03 34.5
U-shaped steel 6 285 423 1.97 31
beam
Diaphragm 10 370 445 2.09 31.5
Table 3. Material properties of concrete.
Grad Mix Proportion (kg/m®) Cube Compressive
rade
Cement Sand Gravel Strength (MPa)
C20 336 640 1172 219
C30 360 609 1220 29.3
C40 420 523 1280 42.6

3.2. Test Setup and Loading Procedure

Figure 6a shows a schematic of the test setup. Axial loads were applied to the top
of the column to simulate gravity loading. The two ends of the beam were subjected to
equal and opposite vertical cyclic loads to simulate the seismic loading. The method of
loading cycle was determined in accordance with the requirements of JGJ 101-96 [19]. The
column’s bottom end was fastened to the spherical pin support connected with the ground,
which was allowed to rotate in the plane of loading but was constrained from movement.
The crossing braces were provided at the top of the column to prevent lateral moving of
the column. Meanwhile, the pin joints were used at the connection between the braces and
the column wall to allow the top end of the column to rotate. The vertical axial load was
applied using a hydraulic jack with 2000 kN capacity. The hydraulic jack was attached to a
short column which was connected to the reaction frame. The vertical reversed cyclic loads
at the beam ends were applied by the MTS actuators attached to the reaction frame with a
500 kN capacity. Figure 6b shows the loading site.
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Figure 6. Test setup: (a) the schematic of the test setup; (b) test loading site.
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The displacement-control method was used in the loading procedure. The axial load
was first imposed on the top of the column until it reached the value of the axial load
ratio—as shown in Table 1—and then remained constant throughout the whole test. The
vertical cyclic loads were then applied at the ends of the beams until failure. The loading
cycle was repeated only once at each control point of 0.25Ay, 0.5Ay, and 0.75Ay, and then
repeated three times at each control point of Ay, 2Ay, 3Ay, 4Ay, etc., where Ay represents
the displacement of the beam end corresponding to the yield load estimated from the
finite element analysis. The test was terminated in any of the following cases: (1) The load
capacity dropped to less than 85% of the peak load. (2) The concrete of the slab adjacent to
the column was crushed. (3) The bottom plate of the U-shaped steel beam in the heat affect
zone fractured completely.

3.3. Experimental Results

All of the specimens exhibited the same behavior in terms of failure mode. When the
maximum load was reached, the fracture occurred in the bottom plate and the webs of
the U-shaped steel adjacent to the weld connecting between the steel tube and the bottom
plate of the beam, and the was concrete crushed in the compression slab near the tube (as
shown in following Figures). For all of the specimens, the deformation of the column in the
connection zone was small, and no slip between the T-shaped concrete and the U-shaped
steel was found up to the point of failure in all the specimens.

The P-A hysteretic curves of three specimens are given in Figure 7, where P is the load
imposed onto the end of the beam and A is the corresponding displacement. The positive
load in Figure 7 means that the bottom plate of the composite beam is in tension and the
concrete slab is in compression.

125 5

z
<3
A

T 1
100 125
A(mm)

-
g
~

T |
75 100
A(mm)

Figure 7. P-A hysteretic curves of specimens: (a) specimen C-1; (b) specimen C-2; (c) specimen C-3.

It is indicated that the hysteretic curves of all the specimens were plump and had
a shuttle shape without significant pinching, which exhibited better energy dissipation,
higher deformation, and better ductility. In addition, the hysteretic curves of all the



Buildings 2023, 13, 517

9 of 22

specimens were obviously asymmetrical due to the effect of the composition of the concrete
slab of the beam, where the areas of hysteretic loops under positive moment were larger
than those under negative moment.

4. Finite Element Model
4.1. Material Modeling

The concrete damage plasticity model provided by ABAQUS is applied to simulate
the concrete where the stress—strain relationship can be selected according to whether the
concrete is confined. The stress—strain constitutive model of confined concrete proposed by
Han et al. [20] is used for in-filled concrete in the square steel tube, and the stress—strain
relationship presented by GB50010-2010 [21] is adapted to simulate the normal concrete for
the composite beam, as shown in Figure 8 (o = stress of concrete and &, = strain of concrete).
In the concrete constitution, the damage variables of concrete are defined according to the
theory proposed by Du et al. [22]. Five parameters are used to describe the concrete yield
function and plastic flow procedure, i.e., the dilation angle (1) is 30°, the eccentricity (¢)
is 0.1, the ratio of initial equiaxial compressive yield stress to initial uniaxial compressive
yield stress (f1,0/f0) is 1.16, the ratio of the second stress invariant on the tensile meridian
(K) is 0.6667, and the viscosity parameter (3) is 0.005.

40 4

35 4

T T T T T 1
0.000 0.004 0.008 0.012 0.016 0.020 0.024

(a)

25~
20

15 4

C

o. / MPa

— GB50010-2010
104

0 T T T T T 1
0.000 0.002 0.004 0.006 0.008 0.010 0.012
&

(b)

Figure 8. Stress—strain curves: (a) stress—strain relation model used for in-filled concrete in the square
steel tube; (b) stress—strain relation model used for the normal concrete of the composite beam.
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The bilinear stress—strain curve is used to model the steel and reinforcement. This
curve is composed of two segments. The first segment is the elastic segment with the yield
strength (fy) and the modulus of elasticity (Es) as shown in Table 2. The second part is the
elastoplastic part, where the hardening modulus is usually taken to be 0.01 of the elastic
modulus (Egy = 0.01 Eg). The Poisson’s ratio is set to 0.3.

4.2. Finite Element Type and Mesh

The results of the FEA with various element types show that the three-dimensional
eight nodes solid element with reduced integration (C3D8R) exhibits the most effective
results when modeling for the concrete, steel tube, U-shaped steel beam, diaphragm, and
reinforcement. Therefore, the C3D8R element is used for all components in the connection.
In order to obtain a more regular element shape, the structured meshing technique is
applied, and different mesh densities are adopted for different parts—the grid nodes are
relatively dense near the panel zone, while the grid can be relatively sparse away from
the panel zone. The three-layer mesh along the thickness of the steel plate is suggested
by Ozkilic [23]. However, the results of the FEA with different layers of mesh show that
these have a light effect on the numerical results for connections composed of CFUS beams
and CFSST columns in our studies. In addition, multilayers of mesh result in the non-
convergence of calculation. Therefore, one layer is meshed along the thickness of the steel
plate in the analysis.

Due to the fact that there is no relative movement between the steel tube and the
concrete inside it during the whole loading cycle, the interaction between them is simulated
by adopting the “TIE” command. Due to the same reason, the “TIE’ is also selected to
model the interaction between the U-shaped steel and the concrete inside the beam, as well
as the rebars and the steel members (external plates of RP connection and sleeves of RS
connection). The contact between the steel tube wall and the concrete at the end of the
beam is set up with the ‘hard” contact in the normal direction and the ‘Coulomb friction
model’ contact (the friction coefficient of 0.25) in the tangential direction. In addition, for
the three types of connections, the rebar elements and concrete elements are all connected
by adopting the embedded element technique.

4.3. Boundary and Loading Conditions

A rigid block is set on the bottom of the column to model a rigid base. All the degrees
of freedom at the middle line of the bottom block except the rotation about the x axis are
constrained to simulate hinge support. The displacements in the x and y directions and the
rotations about the y and z axes of the middle line at the top of the column are restrained.
In order to prevent the lateral flexural-torsional buckling of a beam, the displacements out
of the plane at the beam ends are constrained.

In the FE analysis, the loading procedure is divided into two stages. In the first stage,
the degrees of freedom in the z direction for all of the nodes on the top of the column are
coupled, and then an axial concentrated load is imposed on the principal node and kept
constant during the whole procedure. In the second stage, the vertical degrees of freedom
for the nodes at the beam ends are coupled, and then the cyclic loads are applied to the
principal node in the form of displacement. For all the connections, the displacements
applied at the beam ends are the same. Figure 9 shows the boundary conditions scheme
and the finite element models of three types of connections.
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(a)

(d) (e)

Figure 9. Boundary conditions scheme and finite element models: (a) boundary conditions scheme;
(b) the whole model; (c) RP connection; (d) RS connection; (e) RT connection.

5. Numerical Results
5.1. Verification of FEA Model
5.1.1. Failure Mode

In order to verify the feasibility and accuracy of the developed finite element model in
Section 4, the finite element analyses under cyclic load of the three tested specimens are
conducted and the numerical results are compared to those from the experiments.

Due to the fact that the failure mode of each specimen is similar, only the failure mode
of specimen C-1 is used to compare with the experimental results. The stress contour is
used to simulate the fracture between the U-shaped steel beam and the tube wall in the
FE model. The PEEQ contour is used to simulate the crushing of concrete in the FE model.
Figure 10 shows the comparison of tested and simulated failure modes of specimen C-1.
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S, Mises

(Avg: 75%)
445.000
407.920
370.841
333.761
296.681
259.602

(b)

PEEQ
(Avg: 75%)

(d)

Figure 10. Comparison of tested and simulated failure modes of specimen C-1: (a) fracture of the

bottom plate of U-shaped beam; (b) von Mises stress contour in the connection; (c) concrete crushing
in the slab; (d) PEEQ contour in the concrete slab.

From Figure 10, it can be seen that the stress in the region adjacent to the connection
between the bottom plate of the U-shaped steel beam and the tube wall has reached the
ultimate strength of steel, which indicates that the fracture occurred here. The red part in
Figure 10d is the most severe concrete damage area, which means that the concrete slab
near the column in this area is crushed. Meanwhile, the stress in the region far away from
the connection zone is much smaller than the corresponding yield strength of the material.
Therefore, the numerical results are consistent with the experimental results.

5.1.2. Load Versus Displacement Curves

The comparison between the skeleton curves obtained from the finite element analysis
and the experimental results for the specimens are shown in Figure 11.

It can be found that the load-displacement curves obtained by the numerical simu-
lations are in reasonable agreement with those obtained by the experiments. However,
the loading capacity and the stiffness of the connection from the finite element analysis
are higher than the experimental results. There are some reasons for this: (1) The initial
geometrical imperfection and the initial residual stress are neglected in the finite element
model. (2) The boundary and loading conditions applied in the FEA model are more ideal
than when compared with the test setup. (3) The material constitutive relationship used
in the FE analysis is a little different from the actual one used. (4) The damage degree of
concrete based on the damage variables in the finite element model is less than that in
the test. (5) For the test, the fracture in the bottom plate and the webs of the U-shaped
steel adjacent to the welding line led to unloading—it is difficult to simulate this fracture
in the numerical models; therefore, there is no unloading branch of the skeleton curves
in the numerical analysis. Although the factors described above cause the differences
between the numerical results and the experimental results, these differences are in the
allowable range. In conclusion, the numerical results are in reasonable agreement with the
experimental results in terms of the failure modes and the skeleton curves. Therefore, FE
analysis is dependable to conduct further study. In addition, on the basis of the simulation
method of the validated FEA model of RP connection, the finite element models of the RS
and RT connections are dependable to conduct the stress analysis and parametric analysis
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because the material modeling, the element type and mesh, the interaction, as well as the
boundary and loading condition of the RS and RT connections are identical to those of RP
connections—in spite of the different connection details of the longitudinal rebars in beams.
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Figure 11. Comparison of skeleton curves of three specimens: (a) specimen C-1; (b) specimen C-2;
(c) specimen C-3.

5.2. Stress Analysis

The stress distributions of the various components of the RS connection and the RT
connection are comprehensively investigated and compared to identify the mechanical
characteristics. The geometry and material properties of both specimens are similar to
those of the experimental specimen C-1.

5.2.1. Stress Analysis of the End of Bottom Plate for U-Shaped Steel Beam and the
Internal Diaphragm

The von Mises stress contours of the end of the bottom plate of the U-shaped steel
beam and the internal diaphragm at the yield state for the RS connection and the RT
connection are shown in Figure 12.
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(b)

Figure 12. Von Mises stress contours of the end of bottom plate of U-shaped steel beam and the
internal diaphragm at the yield state: (a) RS connection; (b) RT connection.

It can be seen that the stress in the compressive portion (the left side) is much less than
that in the tensile portion (the right side) due to the effect of in-filled concrete in the beam
and column for each connection. Furthermore, the stress in most regions of the internal
diaphragm is much smaller except that the stress in the tensile region adjacent to the line
connecting the center of the pouring hole to the center of the vent hole approaches or
exceeds the yield strength of steel.

5.2.2. Stress Analysis of Steel Tube in the Connection Zone

Figure 13 shows the von Mises stress contours in the webs of the steel tube in the
connection zone at the yield state for the RS connection and the RT connection.

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
379.563 390.713
348.923 358.683
318.283 326.652
287.644 294.622
257.004 262.592
226.364 230.561
195.724 198.531
165.084 %ggzgé
134.444 )
103.805 102.440 W
73.165 70.410
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(a) (b)

Figure 13. Von Mises stress contours in the webs of steel tube in connection zone at the yield state:
(a) RS connection; (b) RT connection.

It can be seen that the stress is the largest in the center part of the panel zone and
decreases gradually from the center to the outside for each connection. Compared with the
RT connection, the stress distribution in the webs of the steel tube adjacent to the upper
internal diaphragm of the RS connection is relatively uniform and the stress level in this
region is lower. This is mainly due to the fact that the upper internal diaphragm in the RS
connection provides support for the column, which limits the out-of-plane deformation of
the column webs, resulting in the relatively uniform stress distribution and the decrement
of stress in this region.

Figures 14 and 15 depict the von Mises stress contours of the left and right flange of
the steel tube in the connection zone at the yield state. The upper part of the left flange
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given in Figure 14 is in tension and the lower part is in compression. This is because the left
flange is connected with the composite beam under a negative moment. The right flange
given in Figure 15 is connected with the beam under a positive moment. Consequently, the
upper part of the flange is in compression and the lower part is in tension.

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
411.727 435.000
380.242 401.698
348.747 368.396
317.142 335.094
285.627 301.792
254,102 %gg-?gg
222.617 .
191.032 201.886
159.547 168.584
128.042 135.282
96.443 101.980
64.922 68.678
33.395 35.376

(a) (b)

Figure 14. Von Mises stress contours of the left flange of steel tube in the connection zone: (a) RS
connection; (b) RT connection.

S, Mises S, Mises
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314.623 327.585
285.234 295.457
255.804 263.329
226.311 231.202
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201413 el
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Figure 15. Von Mises stress contours of the right flange of steel tube in the connection zone: (a) RS
connection; (b) RT connection.

From Figures 14 and 15, it can be found that:

1. For each specimen, the stress in the compressive region of the steel tube flange of the
connection zone is smaller than that in the tensile region, due to the fact that the con-
crete in the beam participates in transferring the compressive force and thus increases
the loading area of the flange and reduces the stress level in the compressive region.
In addition, the concrete in the steel tube is closely compacted under compression,
preventing the deformation of the tube wall, which contributes to reduced stress in
this region. For the tensile region, however, the tensile forces are mainly transferred
to the flange of the steel tube through the steel plate or rebar in the composite beam,
resulting in higher stress.
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2. For the RS connection, the stress in the left and right flanges of the tube adjacent to
the concrete slab is smaller than that of the RT connection due to the fact that there
are some holes on the surface of the tube to let the longitudinal rebars pass through,
resulting in stress concentration in this region. Furthermore, the upper interior di-
aphragm of the RS connection can not only transfer the force in the longitudinal rebars
but also provide extra support for the steel tube, which constrains the deformation of
the column flange and hence reduces the stress in this region.

5.2.3. Stress Analysis of Concrete in Connection Zone

Figure 16 depicts the principal compressive stress o3 contours of the concrete in the
connection zone for the RS connection and the RT connection at the yield state.

S, Min. Principal S, Min. Principal
(Avg: 75%) (Avg: 75%)

0.611 0.551
-2.577 -2.443
-5.764 -5.438
-8.952 -8.432
-12.140 -11.426
-15.327 -14.421
-18.515 -17.415
-21.703 -20.410
-24.891 -23.404
-28.078 -26.398
-31.266 -29.393
-34.454 ~372.387
-37.642 _

v 35.382 /
. . Vd
Inclined concrete Inclined concrete
compression struts compression struts

(a) (b)

Figure 16. Principal compressive stress o3 contours of the concrete in connection zone at the yield
state: (a) RS connection; (b) RT connection.

It can be seen that the inclined concrete compression strut has been formed along the
diagonal line of the connection zone for each connection, and the principal compressive
stress in the inclined concrete strut increases gradually from the center to the ends. Com-
pared to the RT connection, the inclined concrete compression strut of the RS connection
exhibits better behavior with a regular shape and higher stress level. This is mainly due
to the fact that the upper and bottom internal diaphragm of the RS connection formed a
confined space within the steel tube which gives a strong restraining effect on its internal
concrete, and thus increases the main compressive stress of the concrete and develops the
concrete material properties.

5.2.4. Stress Analysis of Rebars

Figure 17 shows the longitudinal stress distribution of rebars in the concrete slab for
the RS connection and the RT connection at the yield state.

It can be seen that the maximum stress in both the continuous rebars and cutting
rebars of the composite beam occurred near the tube wall, and the stress decreased as it
moved away from the tube wall. For both specimens, the stress in the compressive region
of the longitudinal rebars is significantly less than that in the tensile region. This indicates
that the horizontal forces in the tensile slab are mainly resisted by the longitudinal rebars
due to the lower concrete tensile strength, whereas the horizontal forces in the compressive
slab are resisted by the longitudinal rebars and concrete together.
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Figure 17. Longitudinal stress distribution of rebars in concrete slab at the yield state: (a) RS

connection; (b) RT connection.

5.2.5. Stress Development of Steel Components

The stress development of the steel components in each connection is similar. There-
fore, the RS connection is taken as an example to discuss the stress development of the steel
components during the whole loading procedure. Figure 18 shows the von Mises stress
contours of the RS connection under different states, including axial load on the column
state, the yield state, and the ultimate state.

S, Mises

(Avg: 75%)
73.604
67.943

(@)

S, Mises
(Avg: 75%)
445.000

S, Mises
(Avg: 75%)

(b)

(©

Figure 18. Development of von Mises stress of steel components: (a) von Mises stress contours

of steel components subjected to axial load on the column; (b) von Mises stress contours of steel

components at the yield state; (c) von Mises stress contours of steel components at the ultimate state.
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When there is only the axial load imposed on the ends of the column, the stress is
small and uniform in most regions of the steel tube, and the initial stress appears in the
steel beam adjacent to the steel tube. The maximum stress is located in the region near
the junction between the tensile bottom plate of the steel beam and the column after the
vertical loads are applied at the beam ends. Consequently, the stress in this region reaches
the yield strength of steel with the increase of the vertical loads. As the specimen is at the
ultimate state, the stress in the bottom plate of the U-shaped steel beam near the connection
zone has significantly exceeded the yield strength, especially for the tensile plate. However,
the stress in the components that are far away from the connection zone is much smaller
than the yield strength of the corresponding material.

6. Parametric Analysis

On the basis of the RS connection, parametric studies are conducted to investigate the
influences of some parameters on the behavior of the connection between CFUS beams
and CFSST columns. These parameters include: The thickness of the U-shaped steel, the
ratio of the longitudinal rebar in the concrete slab, the strength of the concrete in the beam,
the strength of the U-shaped steel, and the thickness of the internal diaphragm. All the
specimens are designed to satisfy the seismic principle of ‘strong column-weak beam and
strong connection-weak members’. This is accomplished by limiting the beam-to-column
linear stiffness ratio to less than 0.6, and the beam-to-column flexural capacity ratio to no
more than 0.8 [24,25], resulting in failing at the beam ends for the connections.

6.1. Effects of Thickness of U-Shaped Steel

The comparison of load-displacement curves with different thicknesses of the U-
shaped steel are shown in Figure 19. It can be seen that the loading capacity of the
connection increases obviously with the increases in the thickness of the U-shaped steel
under both positive and negative P, and that the increase of the loading capacity under
positive P is bigger than that under negative P. In addition, the increased amplitude of
loading capacity for the connection decreases with the increases of t,. The loading capacity
increases by about 20% when t;, increases from 6 mm to 8 mm, while it increases only about
10% with t, from 10 mm to 12 mm. It can be concluded that the loading capacity of the
connection is substantially improved when ¢, is increased within a certain range.
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Figure 19. Thickness of U-shaped steel.
6.2. Effects of Ratio of Longitudinal Rebar in Concrete Slab

The comparisons of load-displacement curves with different ratios of the longitudinal
rebars (p) are shown in Figure 20. It can be seen that the ratio of the longitudinal rebars has
a notable effect on the loading capacity of the connection—especially under negative P. The
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loading capacity is increased by about 45% when p is increased from 1.5% to 4.8% under
negative P. However, the loading capacity only increased by about 15% when p increased
from 1.5% to 4.8% under positive P.

150

100

50

G o
&
-50 |
- —m— p=1.5%
N —— p=2.5%
1007 —o— p=3.0%
—o— p=4.8%
-150 T T T T T 1
-150 -100 =50 0 50 100 150

A(mm)
Figure 20. Ratio of longitudinal rebar in concrete slab.

6.3. Effects of Strength of Concrete in Beam

The comparisons of load-displacement curves with different strengths of concrete in
the beam are shown in Figure 21. The strength of concrete in the beam has little effect on
the loading capacity of the connection. The loading capacity under positive P is increased
by about 10% when the concrete strength (f,) increased from 30 MPa to 60 MPa. However,
the loading capacity under negative P faintly increases.

150
100

50

g o
&
_50 -
—8— 30Mpa
—100 —e— 40Mpa
—o— 50Mpa
—o— 60Mpa
-150 T T T T T 1
—150 —100 —50 0 50 100 150

A(mm)
Figure 21. Strength of concrete in beam.

6.4. Effects of Strength of U-Shaped Steel

The comparisons of load-displacement curves with different strengths of the U-shaped
steel are shown in Figure 22. The strength of the U-shaped steel has a definite effect on
the loading capacity of the connection under both positive and negative P. The loading
capacity is increased by about 20% when the steel yield strength (fy) increased from 235
Mpa to 420 Mpa.
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Figure 22. Strength of U-shaped steel.

6.5. Effects of Thickness of Internal Diaphragm

The comparisons of load-displacement curves with different thicknesses of the internal
diaphragm (h) are shown in Figure 23. It can be seen that the thickness of the internal
diaphragm has a slight influence on the loading capacity of the connection under both
positive and negative P. The loading capacity hardly increases with an increase in /. This
is due to all of the specimens meeting the seismic design principle of strong columns and
weak beams, strong junctions and weak components. Therefore, the loading capacity of the
connection is mainly dependent on that of the beam ends for the specimens that failed at
the beam end.
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Figure 23. Thickness of internal diaphragm.

7. Conclusions

This paper presents two new types of connection details between CFUS beams and
CFFST columns. The nonlinear FEA of connections is conducted using the validated model
by the experimental results. The stress distribution of two new types of connections is
discussed. Furthermore, the parametric studies are conducted to investigate the effects of
some parameters, including the thickness of the U-shaped steel, the ratio of the longitudinal
rebar in the concrete slab, the strength of concrete in the beam, the strength of the U-shaped
steel, and the thickness of the internal diaphragm on the performances of the connections.
The conclusions can be summarized as follows:
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1.  The numerical results are in agreement with the experimental results, which indicate
that the developed finite element model could be used to analyze the behavior of the
composite connection with proper precision.

2. The stress analysis shows that the stress in the tensile bottom plate of the U-shaped
steel beam near the connection zone has reached the ultimate strength of the steel,
while the stress in the components that are far away from the panel zone is much
smaller when the RS and RT connection fail. Furthermore, for the RS connection,
the stress comparison shows that not only the stress distribution in the flanges and
webs of the steel tube near the junction is more uniform, but also the inclined concrete
compression struts in the panel zone exhibit better behavior due to the upper internal
diaphragm.

3. The parametric analysis indicates that the thickness of the U-shaped steel, the ratio of
the longitudinal reinforcement in the concrete slab, and the strength of the U-shaped
steel have a notable effect on the loading capacity of the connection, while the strength
of concrete in the beam and the thickness of the internal diaphragm has a lighter effect
on that.

4.  Based on the parameter analysis results of the connections and construction practica-
bility, the bearing capacity of connections can be improved by increasing the ratio of
the longitudinal reinforcement in the concrete slab and the thickness of the U-shaped
steel in practical engineering when the structural requirements of reinforcement and
the design conditions of strong column and weak beam are met.
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