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Abstract: In order to quantitatively evaluate the shear-bearing capacity of shear connectors of square
concrete filled steel tube (CFST), push-out tests on 14 square CFSTs with shear connectors have been
carried out. Among the 14 CFSTs, there are 13 specimens with steel plate connectors and one specimen
with steel bar connectors. The following factors are investigated to figure out their influences on the
performance of CFSTs, which are the width to thickness ratio of steel tube, thickness of steel plate,
length of steel plate, strength of concrete, welding condition of steel plate, number of steel plate
layer and interlayer spacing. The test results show that the ultimate bearing capacity and the elastic
stiffness increase with decreasing width to thickness ratio of the steel tube, and increasing thickness
and length of the steel plate. With increasing concrete strength, the ultimate bearing capacity also
increases. However, the welding condition has no effect on the ultimate bearing capacity. The ultimate
bearing capacity of the CFST with double-layer steel plate is greater than that with single-layer steel
plate. The ultimate bearing capacity of steel bar type shear connector is 87% greater than that of
the steel plate type shear connector, and the steel bar specimen shows good ductility. A formula for
calculating the shear-bearing capacity of shear connectors has been developed, and the calculated
shear-bearing capacities are in good agreement with the test data.

Keywords: square CFSTs; shear connector; push-out test; shear-bearing capacity

1. Introduction

In common structural designs, concrete filled steel tube (CFST) members have been widely used
as piles, building columns and bridge piers. This is due to the advantages of the composite members,
such as high strength, good ductility, high energy absorption capacity, and ease of construction.
The CFST members’ behavior has been investigated extensively since the 1960s. Song and Kwon [1]
performed an experimental study on the behavior of square CFST stub columns with different diameter
to thickness ratios (D/t). The test results showed that the composite columns had high ductility as
well as high strength due to the mutual confinement between the steel plates. Han [2] studied the
effect of the constraining factor and width to thickness ratio of a steel tube on the compressive load
capacity of concrete filled rectangular hollow section (CFRHS) and the ductility of the steel tube.
Georgios et al. [3] studied the behavior of the composite CFST columns with various concrete strengths
and wall thicknesses. The results showed that for high-strength CFST columns, the peak load was
achieved for small shortening (3.0 mm), whereas for normal concrete the ultimate load was gained
with large displacement. By performing tests on the circular CFSTs, Han [4] investigated the effect of
compaction method of concrete on the strength of the circular CFST. The results showed that using
denser compacted concrete, the ultimate strength of the CFST was higher.
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In the design of a CFST structure, the steel beam-CFST column is a common joint type. The vertical
load of steel beams is transmitted through the beam-column joints to CFST columns. Usually, steel
beams are connected directly with the outer steel tube of the CFST columns, and vertical loads are
transmitted from the steel tube to the core concrete through the bonding between the steel tube and
concrete. In the past few decades, numerous studies have been conducted to investigate the bond
strength between the steel tube and concrete in CFST columns. Roeder et al. [5] conducted push-out
tests on circular CFST columns, where the in-filled concrete was of moderate shrinkage or little
shrinkage. The test results showed that the concrete shrinkage had a negative effect on the bonding in
the CFST columns. Chang et al. [6] tested the bond behavior in CFST columns with expansive concrete.
The results showed that expansive concrete was effective in improving the short term bond strength
of the CFST columns. Aly et al. [7] investigated the effect of concrete age on the push-out resistance
of CFST columns. The results showed that the age of the normal strength concrete caused a small
reduction in the push-out resistance. A statistical analysis conducted by Tao et al. [8] indicated that the
bond strength decreases with increasing height to diameter ratio (L/D) up to about three times. On the
other hand, for circular columns with L/D > 3 and for rectangular columns, the effect of L/D ratio on
the bond strength was not clear.

Further, in a CFST structure with braces or an ultra high-rise CFST structure, as shown in Figure 1,
it is not reliable to transmit the vertical load of the beam-column joints by the bonding between the
steel tube and core concrete. The steel tube and core concrete cannot work together. When the bonding
between the steel tube and concrete is not reliable, the column deformations shown in Figure 2 may
occur, which is not acceptable in the design of a CFST structure.

Figure 1. Tianjin 117 super high rise building. (a) Tianjin 117 under construction; (b) Brace in Tianjin
117 building.

@ (b) ©

Figure 2. Deformation and slippage of concrete filled steel tube (CFST) column when bonding is not
reliable. (a) Axial deformation; (b) Bending deformation; (c) Shear deformation.
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In order to guarantee the reliable transmission of the vertical load of the beam-column joints,
the shear connectors are usually applied to the inner wall of the steel tube to ensure the co-working
performance of the steel tube and concrete. Among the various forms of shear connectors, the shear
studs are widely used as the shear connectors, as shown in Figure 3a. There are many tests to investigate
the bonding performance in CFST columns with studs in the inner steel tube wall. Shakir-Khalil [9]
carried out a series of push-out tests with different types of shear connector, and the results indicated
that the ultimate push-out load was a function of the interface type, shape and size of the cross-section,
led to a better understanding of the load transfer mechanism in beam-column connections in the
composite construction. Li An et al. [10] presented push-out tests of studs in normal and high strength
concretes. The results showed that the concrete compressive strength significantly affected the strength
of the stud connections. Pil-Goo Lee and Chang-Su Shim [11,12] investigated the static and fatigue
behaviors of large shear studs up to 30 mm diameter, which were beyond the limits of the current
design codes. Weichen Xue [13] conducted push-out tests on the shear studs in order to investigate
the factors that affect stud behavior. The shear stud mechanism was studied, a new expression of
stud load-slip relationship was proposed, and a model for calculating the shear stud bearing capacity
was developed.

steel tube steel tube
R corner
. q steel tube
shear stu steel ring steel plate
(b)

(a) (©)

Figure 3. Types of shear connectors. (a) Shear studs; (b) Steel rings; (c) Steel plate.

‘Specification for design and construction of concrete filled steel tubular structures’ [14]
recommends the use of steel rings, as shown in Figure 3b, or steel diaphragms as shear connectors.
To ensure the quality of the core concrete, the width is limited to less than Dj/15 and 50 mm,
whichever is smaller. ‘Recommendations for Design and Construction of Concrete Filled Steel Tubular
Structures’ [15] recommends the steel rings to be used as shear connectors. Steel rings have been
proved to be effective in enhancing the bond behavior according to the earlier studies. Tao et al. [16]
conducted push-out tests on the circular and square CFST specimens. The experimental results showed
that welding internal ring(s) onto the inner surface was more effective than welding shear studs in
enhancing the bond behavior. Lai [17] tested the CFST columns of various dimensions, which were
installed with rings. The results showed that the rings caused the axial load-carrying capacity and
stiffness to increase, and the strength degradation rate to decrease.

Up to present, the studies on the steel rings have been mainly focused on the circular CFST
columns. However, for the square CFST column, it is difficult to weld the whole steel ring to the square
tube because of the R corner, which is caused by the production process (for instance, cold-formed
or hot-rolling), as shown in Figure 3b. In order to simplify the construction work, instead of the
steel ring, the steel plates can be used as the shear connectors, as shown in Figure 3c. Therefore, in
this study, the push-out tests on the square CFST with steel plates have been carried out. The test
variables are the width to thickness (B/t) ratio of steel tube, thickness of steel plate, length of steel
plate, strength of concrete, welding condition of steel plates and number of shear plates layer and their
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spacing. The effects of these test variables on the shear strength have been quantitatively analyzed,
and a formula for calculating the shear-bearing capacity has been developed.

2. Specimen Design and Test Scheme

2.1. Specimen Design

A total of 14 square concrete-filled steel tubes (CFSTs) with identical outer diameter of 200 mm
have been designed and tested, as shown in Figure 4. The section size is a 1/3 scale model for CFST
columns in high-rise buildings. In low-rise buildings, such as two or three stories buildings, the
specimens can be considered as a full-scale model. At the bottom 30 mm of the specimens, it was
not filled with concrete. This is to ensure that during the test, the push-out is smooth. The design
parameters of the tests include the wall thickness of steel tube: ¢ = 4, 6, 8, 14 mm (width to thickness
ratio: B/t = 50.0, 33.3, 25.0, 14.3); thickness of steel plate: ¢ = 4, 8, 12 mm; length of steel plate:
=280, 120, 150 mm; number of steel plate layer: single-layer (Figure 4a), double-layer (Figure 4b);
welding condition of steel plate: double-sided welding (Figure 4c), single-sided welding (Figure 4d),
and the interlayer spacing: s = 100, 150, 200 mm; types of shear connectors: steel plate, steel bar
(Figure 4e); and strength of concrete: C30, C40. The details of all the specimens are shown in Table 1.
Taking ‘P8-14-150-120" to explain the name of the specimens. ‘P8’ refers to the thickness of the steel
plate ¢ = 8 mm, ‘14’ refers to the thickness of the steel tube ¢ = 14 mm, “150” refers to the interlayer
spacing of the steel plate s = 150 mm, and ‘120" refers to the length of the steel plate / = 120 mm.

t
—
— ———s -
= o Ll
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v i b : - s
| »| ~steel plate LC : - || ~steel bar
:}'— F "\7 e l ; — ‘
S —concrete of 3
(= - Ul
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: ‘ (c)
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Figure 4. Details and dimensions of specimens. (a) Single-layer; (b) Double-layer; (c¢) Double-sided
welding; (d) Single-sided welding; (e) Steel bar.
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Table 1. Parameters of square CFST specimens.

Specimen t mm B/t cmm s mm Imm  Concrete Grade Shear Connector Type

P8-8-0-120 8 25 8 single layer 120 C30 steel plate
P8-4-150-120 4 50 8 150 120 C30 steel plate
P8-6-150-120 6 33.3 8 150 120 C30 steel plate
P8-8-150-120 8 25 8 150 120 C30 steel plate
P8-14-150-120 14 14.3 8 150 120 C30 steel plate
P4-8-150-120 8 25 4 150 120 C30 steel plate
P12-8-150-120 8 25 12 150 120 C30 steel plate
P8-8-100-120 8 25 8 100 120 C30 steel plate
P8-8-200-120 8 25 8 200 120 C30 steel plate
P8-8-150-120% 8 25 8 150 120 C30 steel plate

P8-8-150-80 8 25 8 150 80 C30 steel plate
P8-8-150-150 8 25 8 150 150 C30 steel plate
P8-8-150-120* 8 25 8 150 120 C40 steel plate
B10-8-150-174 8 25 10 150 174 C30 steel bar

Note: symbol # indicates single-sided welding, others were double-sided welding; symbol * indicates the infill
concrete grade was C40, others were C30.

2.2. Materials Properties

2.2.1. Concrete

The strength grades of the concrete are C30 and C40 in the Chinese code [18] (i.e., the nominal
cubic compressive strengths are 30 MPa and 40 MPa, respectively). In the Chinese code, instead of the
cylinder tests, the cubic tests with the cube size 150 mm x 150 mm x 150 mm are used for grading
concrete. The mix proportions of the concrete are shown in Table 2. The cylinder compressive strength
of concrete f." can be calculated based on Equation (1) [18]. The mechanical properties of the concrete
are summarized in Table 3.

fé= (066 +0.002f52) fe° > 076 )

In the evaluation of the concrete strength, for the square CFST column, the confining effect
provided by the square steel tube has not been taken into consideration, as recommended by
the reference [15].

Table 2. Mix proportion of concrete.

Concrete Grade Water (kg/m3) Cement (kg/m®) Fine Aggregates (kg/m3) Coarse Aggregates (kg/m>)

C30 185 325 660 1220
C40 185 420 570 1270

Table 3. Mechanical properties of concrete.

Concrete Grade Cubic Compression Cylinder Compression Young’s Modulus
Strength f,,'>° (MPa) Strength £, (MPa) (N/mm?)
C30 33.0 25.0 3.00 x 10*
C40 40.1 30.5 3.25 x 10*

2.2.2. Steel

The grades of the steel tube and the steel plate used in the test are both Q345. The width-to-thickness
(B/t) ratio of the steel tubes are 50.0, 33.3, 25 and 14.3. The limit of the B/t in the JB 138 [19] can be
calculated as follows:

<60,/ == (2)

E 235
t fy
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According to Equation (2), the design limit of B/t for Q345 steel tube is 50. All the test specimens
are within the limit of the deign code. In different codes, there are different requirements for the limit
of the width to thickness ratio. And the range for the limits of the B/t is smaller in other codes, such as
Eurocode 4 [20], the limit of B/t ratio in Eurocode 4 is stricter.

The grade of the reinforcing bars used in the test is HRB335. A series of tests have been conducted
on coupons taken from the steel tube and steel plate (steel bar) to measure the material properties,
where the tensile coupons were extracted from flat surfaces. The measured mechanical properties are
shown in Table 4, where fy is the yield strength, f, is the ultimate strength, and ¢ is the elongation.

Table 4. Mechanical properties of steel.

Steel Type fy (N/mm?) fu N/mm?) 6 (%)
Q345, 4 mm 390 521 27.6
Q345, 6 mm 362 495 26.8
Q345, 8 mm 381 516 27.1

Q345,12 mm 355 530 27.5
Q345,14 mm 368 509 27.2
HRB335, steel bar 389 502 234

2.3. Test Scheme

2.3.1. Loading Scheme

A press machine of 3000 kN capacity has been used to apply the axial compression to the test
specimens. The test set-up used to conduct the push-out tests is shown in Figure 5. A square loading
plate with a cross-sectional area slightly smaller than that of the inner diameter of steel tube has been
used to apply the axial compression to the concrete. A 50 mm thick square loading plate has been
used. This is to ensure that the square steel plate has enough stiffness. During the push-out tests,
the compression force has been applied to the inner concrete only through the square loading plate,
while an end plate has been placed at the bottom to support the test specimen. The mechanism of
the loading tests is uniaxial loading, and all the specimens have been tested under a loading rate of
2 kN/s. The load classification control has been used before the slippage reaches 2 mm, and each load
increment is 10 kN. When the slippage reaches 2 mm, the displacement control has been used, and
each displacement increment is 0.5 mm. When the slippage reaches about 20 mm, the loading stops.

Loding plate

Displacement meter

Specimen

Figure 5. Schematic diagram of test set-up.

2.3.2. Arrangement of Measurements

A total of three displacement meters have been installed to measure the slippage between the
steel tube and the core concrete, as shown in Figure 5. A hole has been opened at the 20 mm thick
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baseplate on the bottom of steel tube, to enable the displacement meter to measure the bottom surface
displacement of the concrete through the hole. Two displacement meters have been installed on
the left and right sides of the loading plate to measure the displacements between the end plates.
The longitudinal strain gauges have been installed in the lateral height direction of the steel tube to
measure the strain at the corresponding points.

3. Test Results and Theoretical Analysis

3.1. Failure Mode

For the relatively small width to thickness ratio of the steel tube specimens (i.e., B/t = 14.3, 25, 33.3),
the failure mode is shear damage of the core concrete, and there is no significant deformation of the steel
tube. This is “Failure Mode A” shown in Figure 6a. There is also shear failure in the core concrete
of the steel tube specimens with a relatively large width to thickness ratio (i.e., B/t = 50). On the
other hand, Specimen P8-4-150-120 with the width to thickness ratio of 50 has a slight local buckling
(2-3 mm) on the surface of the steel tube. This is “Failure Mode B” shown in Figure 6b, and the photo
of Specimen P8-4-150-120 is shown in Figure 6c¢. In Figure 6¢, two local buckling are observed, which
are highlighted in the red circle. One local buckling is at the upper steel tube, and another one is at the
lower steel tube. According to the observation during the test, the local buckling at the lower steel
tube occurred earlier than the one at the upper steel tube. This is because the axial stress of the lower
steel tube is higher than the upper steel tube. However, since the local buckling is slight, hence, from
the photos, it is not obvious. In Figure 6d, the black area inside the red circle is the scratch area of
the steel tube after the test, which is caused by the friction between the steel tube and the concrete
during the test. As shown in Figure 6d, the scratch is mainly concentrated in the corner of the steel
tube. This is because the restraint effect in the angular region of the steel tube is stronger in the square
CFST. This is consistent with the conclusion of the study on the confined effect in concrete-filled steel
tube [15]. After the completion of the test, the steel tube has been cut open so as to observe the side
of the core concrete. From the observation, there is significant shear failure in the concrete at the top
of steel plate, while there are no significant damages to the rest of the concrete or the steel plates, as
shown in Figure 6e,f. Usually, for the shear connectors inside a CFST tube, there is shear failure of the
concrete or the shear failure of the shear connector. Based on the observation of the failure, it can be
seen that for the steel plate shear connectors type used in this experiment, the failure mode is the shear
failure of the concrete.

P <
a
I la,
l' 4 | a PR
4 a
I | . | v
| 4 44 a
| 4 ‘s l 4
| « \ ’
a
<
| l‘ ‘4 |
|’ | | 4 <
|
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Figure 6. Cont.
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Location of steel plate

(e)

8 of 15

steel plate

()

Figure 6. Failure models of specimens. (a) Failure Mode A; (b) Failure Mode B; (c) Slight local buckling
(d) The scratch of inner wall; (e) Shear failure of core concrete; (f) Steel plate.

3.2. Load-Displacement Relationships and Parametrical Study

The test results of the ultimate bearing capacity of the specimens are shown in Table 4.
The load-displacement curves of the specimens are shown in Figure 7. The parametrical studies

are as follows.
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Figure 7. The load-displacement curves. (a) Effect of width to thickness ratio of steel tube; (b) Effect of
thickness of steel plate; (c) Effect of length of steel plate; (d) Effect of concrete strength; (e) Effect of
welding condition; (f) Effect of interlayer spacing; (g) Effect of type of shear connectors.

3.2.1. Width to Thickness Ratio of Steel Tube

The load-displacement curves of different width to thickness ratios of the specimens are shown
in Figure 7a. The width to thickness ratios of Specimens P8-4-150-120, P8-6-150-120, P8-8-150-120,
P8-14-150-120 are 50, 33.3, 25 and 14.3, respectively. The ultimate bearing capacities of these four
specimens are 527.9 kN, 709.3 kN, 921.0 kN, 2284.0 kN, respectively. Comparing them with that of
specimen P8-4-150-120, the ultimate bearing capacities have increased by 34.4%, 74.5% and 332.7%,
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respectively. Hence, both the ultimate bearing capacity and the initial stiffness increase with decreasing
width to thickness ratio of the steel tube. This is due to the increasing restraint ability of the steel tube
to the core concrete as the width to thickness ratio of the steel tube decreases.

3.2.2. Thickness of Steel Plate

The load-displacement curves of different thicknesses of the steel plate of the specimens are shown
in Figure 7b. The thicknesses of the steel plate of Specimens P4-8-150-120, P8-8-150-120, P12-8-150-120
are 4 mm, 8 mm and 12 mm, respectively. The ultimate bearing capacities are 694.5 kN, 921.0 kN and
1401.6 kN, respectively. The ultimate bearing capacities of Specimens P8-8-150-120, P12-8-150-120 are
32.6%, 101.8% greater than that of Specimen P4-8-150-120, respectively. It can be seen that both the
ultimate bearing capacity and the initial stiffness increase with the increasing thickness of the steel
plate. This is due to the increase in the contact area of the steel plate and concrete (projection area)
as the thickness of the steel plate increases. Therefore, the ultimate bearing capacity and the initial
stiffness can be increased effectively.

3.2.3. Length of Steel Plate

The load-displacement curves of different lengths of steel plate are shown in Figure 7c.
The ultimate bearing capacities of Specimen P8-8-150-80, P8-8-150-120, P8-8-150-150 are 833.0 kN,
921.0 kN, 1379.5 kN, respectively. Comparing with that of Specimen P8-8-150-80, the ultimate bearing
capacities of Specimens P8-8-150-120, P8-8-150-150 increase by 13% and 66%, respectively. The ultimate
bearing capacity and the initial stiffness increases with increasing length of the steel plate. This is due
to the increase in the contact area of steel plate and concrete. And as mentioned in Section 3.1, the
scratch is mainly concentrated in the corner of the steel tube, which indicates the restraint ability of the
steel tube to the core concrete at the corner is much stronger. Further, the restraint ability is stronger as
the length of the steel plate increases. Therefore, the ultimate bearing capacity and the initial stiffness
can be increased effectively.

3.2.4. Concrete Strength

The load-displacement curves of the specimens filled with Grade C30 and C40 concretes are
shown in Figure 7d. As shown in Figure 7d, the ultimate bearing capacities of Specimens P8-8-150-120,
P8-8-150-120* are 921.0 kN, 1131.8 kN, respectively. Comparing with that of Specimen P8-8-150-120,
the ultimate bearing capacity of Specimen P8-8-150-120* increases by 1.21 times. Further, it can be seen
that the ultimate bearing capacity increases with increasing concrete strength.

3.2.5. Welding Condition of Steel Plate

The load-displacement curves of different welding conditions of the steel plate are shown in
Figure 7e. Specimen P8-8-150-120" is single-sided welding, and Specimen P8-8-150-120 is double-sided
welding. As shown in Table 4, the ultimate bearing capacities of the two specimens are 914.4 kN and
921.0 kN, respectively. There is practically no difference between the ultimate bearing capacities of
the two specimens. Limited in this study, the welding condition has no effect on the ultimate bearing
capacity. Hence, if the specimens are designed to have no shear failure on the steel plate or no local
bucking on the steel tube, single-sided welding can be used in real-life engineering projects, which
reduces the construction tasks.

3.2.6. Number of Steel Plate Layer and Interlayer Spacing

The load-displacement curves of different number of layers and their interlayer spacing are
shown in Figure 7f. In the figure, Specimen P8-8-0-120 is a single-layer steel plate, other specimens
are double-layer steel plates. The interlayer spacings between the steel plates, s, are 100, 150, and
200 mm. The heights of the steel plates, /i, are 35 mm for all the specimens. Hence, the s/h ratios for
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these three specimens are 2.86, 4.29 and 5.71. As shown in the Figure 7f, the bearing capacities of the
double-layer steel plate specimens are higher than that of the single-layer steel plate specimen. Further,
there is a correlation between the increase in the bearing capacity and the interlayer spacing (or s/h
ratio). The ultimate bearing capacities of Specimens P8-8-100-120, P8-8-150-120, P8-8-200-120 are 1.13,
1.36, 1.98 times higher than that of the single-layer steel plate specimen. It can be seen that the bigger
the interlayer spacing of steel plates, the higher the bearing capacity. When the interlayer spacing
is 100 mm, the bearing capacity of the double-layer steel plate specimen is only slightly higher than
that of the single-layer steel plate specimen. This result is similar to that of reference [21], which is for
circular concrete-filled steel tubular specimens. This is because the two steel plates affect each other.
Hence, the plates are unable to exert the maximum capacity of each layer. When the interlayer spacing
is 200 mm, the bearing capacity of the double-layer steel plate specimen is 1.98 times higher than that
of the single-layer steel plate specimen. This is an indication that the interaction between the two steel
plates is minimal under this interlayer spacing (or s/h ratio). This result is consistent with that of the
study [22], which is for a circular concrete filled steel tube. Therefore, in order to ensure each steel
plate can exert its maximum effect, the design spacing to the height ratio of the steel plate should be
smaller than 5.7.

Figure 8 shows the relationship between the enhancement coefficient f and the s/ ratio of the steel
plate. In the figure, the black dots are the test data; the solid line is the fitting curve. According to the
test, the equation for the fitting curve is g = 0.2969s/h + 0.2145, however, this equation is complicated.
The simplified equation 8 = 0.30s/h + 0.22 has been developed, which will be more applicable for the
design. Equation (3) can be used to calculate the enhancement coefficient § of double-layer steel plates.
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Figure 8. The relationship between  and s/h.

3.2.7. Types of Shear Connectors

The load-displacement curves of different types of shear connectors are shown in Figure 7g.
In the figure, Specimen P8-8-150-120 is a steel plate, and Specimen B10-8-150-174 is a steel bar.
The ultimate bearing capacities of Specimens P8-8-150-120 and B10-8-150-174 are 921.0 kN and
1725.5 kN, respectively. The ultimate bearing capacity of Specimen B10-8-150-174 is 1.87 times higher
than that of Specimen P8-8-150-120. It can be seen that with the same amount of steel, the bearing
capacity of the steel bars with the same number of layers increases significantly. In a construction site,
steel bars are easier to draw and process. Hence, they can be used in engineering design. However,
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after reaching the ultimate bearing capacity, the capacity of the steel bar specimen drops faster than
that of the steel plate specimen.

3.3. Strain Analysis

Figure 9a shows the strain characteristics of Specimen P8-8-0-120 and Figure 9b shows the strain
distribution along the height of Specimen P8-8-0-120. The longitudinal strain gauges have been
installed at 100 mm and 250 mm from the top of the specimen to measure the strains at the measuring
points. The vertical axis of the strain distributions in Figure 9b corresponds to the height of the steel
tube, and the dotted line markings correspond to the upper and lower strain gauges of Specimen
P8-8-0-120, respectively. The horizontal axis is the corresponding strain value. The eight solid lines in
Figure 9b have been selected for different stress states from the initial to the subsequent loadings.
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Figure 9. Strain characteristics of specimen P8-8-0-120. (a) Load-strain curves; (b) Strain distribution.

As shown in Figure 9, the strain at 250 mm from the top of Specimen P8-8-0-120 is approximately
2~5 times bigger than that at 100 mm from the top of Specimen P8-8-0-120. This is because at the upper
strain gauge, the vertical load acting on the core concrete has been transmitted to the steel tube only
through the bonding between steel tube and the core concrete, and the bonding is small. On the other
hand, at the lower strain gauge, the load of the specimen has been transmitted from the core concrete
to the steel tube through the steel plate. This is an indication that the steel plate can effectively transmit
the load between the steel tube and the core concrete, thereby improving the performance of the steel
tube and concrete.

4. Calculation of the Ultimate Bearing Capacity

The test results show that the specimens fail because of the shear failure of the conrete and the
stress state is shown in Figure 10. 'Recommendations for Design and Construction of Concrete Filled
Steel Tubular Structures’ [15] gives the Equation (4) to calculate the ultimate bearing capacity.

Pu:\/Ac'Ab‘fc, 4)

In Equation (4), the width-to-thickness ratio (B/t) is not taken into consideration because in
reference 15, rather than steel plates, the diaphragms are adopted as the shear connectors. When using
diaphragms, the confinement caused by the diaphragms is very strong, so that the B/t effect can
be omitted. However, when using steel plates as the shear connectors, the B/t effect should not be
omitted. Hence, considering the B/t effect, the coefficient « corresponding to the B/t ratio has been
proposed, and the following Equation (5) can be obtained.

PMZOC'Pcl:DC~Ah-\/AC/Ab~fC/:06-\/AC-Ab-fC/ (5)
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Equation (6) has been developed for calculating the ultimate bearing capacity of double-layer
shear connectors.

Pu:w'ﬁ~P61:lX~ﬁ'\/Ac~Ab'fC, (6)

where P, is the ultimate bearing capacity; A. is the cross-sectional area of the core concrete; A is
the projection area of the steel plate as shown in Figure 10; and £’ is the concrete strength. « is the
influential factor for the width to thickness ratio of the steel tube, as given by Figure 11; In Figure 11,
the black dots are the test data; the solid curve is the fitting curve; f is the influential factor for the s/h
raito of steel plates, as given in Equation (3) and Figure 8.

The comparison of the calculated ultimate bearing capacities and the test data is shown in Table 5.
It can be seen that the calculated capacities are in good agreement with the test datas. The average
test data to calculated values ratio is 1.068. For some specimens, the value of Pu,gxp /Py, ca is relative
higher, especially for specimens P12-8-150-120 and P8-8-150-150, the values are 15.3% and 22.3%. For
specimen P12-8-150-120, the steel plate is thicker, and for specimen P8-8-150-150, the steel plate is
longer. Hence, for both specimens, the confinement caused by the steel plate is stronger than other
specimens. According to reference [15], the confinement to the concrete is not considered in the
calculation, hence, the calculation will slightly underestimate the experimental results. In other words,
the values of Py.exp/ Py s becomes higher. However, these calculated capacities are in conservative
side, therefore, the developed formula for calculating the ultimate bearing capacity can be used in
engineering design.
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Figure 11. Influence factor « of width to thickness ratio.
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Table 5. Failure mode and comparison of calculated ultimate bearing capacities and test data.

Specimen Py exp (kKN) Pycat KN)  Pyexp/Pycq  Failure Mode
P8-8-0-120 680.2 674.9 1.008 A
P8-4-150-120 527.9 505.4 1.044 A,B
P8-6-150-120 709.3 679.1 1.044 A
P8-8-150-120 921.0 913.8 1.008 A

P8-14-150-120 2284.0 2186.8 1.044 A
P4-8-150-120 694.5 615.5 1.128 A
P12-8-150-120 1401.6 12154 1.153 A
P8-8-100-120 766.0 742.4 1.032 A
P8-8-200-120 13429 1349.8 0.995 A
P8-8-150-120* 1050.5 - - A
P8-8-150-80 833.0 746.1 1.116 A
P8-8-150-150 1250.0 1021.7 1.223 A
P8-8-150-120* 1137.3 1114.9 1.020 A
B10-8-150-174 1725.5 - - A

the mean value: 1.068

Note: symbol # indicates single-sided welding, others were double-sided welding; symbol * indicates the infill
concrete grade was C40, others were C30.

5. Conclusions

Through the push-out tests of 14 square CFSTs with shear connectors, limited in this study, the

main conclusions are:

)

@)

®)

@)

©)

(6)

7)

The steel plate can effectively transmit the load between the steel tube and core concrete, and
improve the co-working performance of the steel tube and concrete.

Comparing with single-layer steel plate specimens, the ultimate bearing capacities of the
double-layer steel plate specimens are greater, and the increase has a good correlation with
the spacing to height ratio s/h ratio. Further, the bigger the s/h ratio of steel plates, the
greater the bearing capacity. Therefore, the s/h ratio of the steel plate must be less than 5.9
in engineering design.

The width to thickness ratio of the steel tube, the thickness the length of the steel plate all have
significant effects on the ultimate bearing capacity and initial stiffness. The ultimate bearing
capacity and the elastic stiffness increase with decreasing width to thickness ratio of the steel
tube, and increasing thickness and length of the steel plate.

The concrete strength has a significant effect on the ultimate bearing capacity. Further, with
concrete of greater strength, the ultimate bearing capacity is also greater.

The welding condition of the steel plate has no effect on the ultimate bearing capacity. Hence, if
the shear connectors are designed to have no shear failure on the steel plate or no local bucking on
the steel tube, single-sided welding can be used in real-life engineering projects, which reduces
the construction tasks.

In the case of the same amount of steel, the bearing capacity of the steel bar specimen with
the same number of layers is 87% greater than that of the steel plate specimen. However, the
descending part of the steel bar specimen is steeper than that of the steel plate specimen after
reaching the ultimate bearing capacity.

The calculation method is proposed for the ultimate bearing capacity, and the calculated capacities
are in good agreement with the test data.
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