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+is paper presents the behavior of square concrete-filled tubular (CFT) columns with different penetrating gusset plates under
axial load. Load transfer mechanism in the CFT columns including load distribution between gusset plate and core concrete and
composite action of the gusset plate and steel tube was investigated. Experimental results showed that the axial load can be
transferred from the bottom edge, ribs, and the hole of the gusset plate to core concrete through the bearing mechanism. Adding
ribs or a hole on the gusset plate can efficiently facilitate load transmission and improve the composite action. Numerical models
were established to determine the distribution of axial forces amongmembers in the square CFTcolumn.+en, revised coefficients
of elastic modulus for the square CFT column with the gusset plate were proposed.

1. Introduction

CFTcolumns have been widely used in high-rise buildings in
China due to their superior strength, high stiffness, and good
structural stability [1–3]. In addition, the steel tubes act as
formwork for casting core concrete, which decreases labor
cost during construction. Since remarkable benefits above
can be expected in circular CFT columns, square or rect-
angular CFT columns only show a small increase in axial
bearing capacity due to the triaxial stress effect, even for
those which have large steel wall thickness. Furthermore,
local buckling and bending behavior of steel plates in square
or rectangular CFTcolumns is different from that in circular
CFT columns [4, 5].

+e composite action is particularly essential in seismic
design of CFT columns [6, 7]. Current design codes such as
Eurocode 4 [8], AISC Specification [9], and CIDECT [10]
provide different approaches to calculate load distribution
among column members. However, some connections
cannot effectively transmit the applied loads into column
members as design. +ere still lacks a clear understanding of
the load transfer mechanism in CFT columns such as the

composite action and load distribution between steel and
core concrete.

A traditional CFT column connection using internal
diaphragms [11, 12] requires full penetration welding
around the edge of tubes at each beam-column in-
tersection and beam flanges. It is difficult, expensive, and
time-consuming to construct this type of connection. A
more convenient and economical beam-brace-column
connection was proposed by Macrae et al. [13] and Has-
san et al. [14]. In this connection, braces and beams were
connected to a vertical gusset plate that penetrates to the
circular CFT column and forces transfer solely through
friction between concrete and steel and bearing at the
bottom of the plate.

Hu et al. [15] and Ramadan et al. [16] analyzed the
behavior of CFT-to-bracing connections with gusset plates,
considering a wide range of parameters including load ratio
of the circular CFTcolumn, thickness of the gusset plate, and
effect of cutouts. It was found that increasing the thickness of
the gusset plate or introducing cutouts slightly improved
ultimate strength of the CFT column, while caused more
local bulge on the steel tube below the connection area.
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As mentioned above, there were very limited research
about the factors a
ecting braced connection to transfer
forces into the concrete and steel in concentrically braced
frames (CBF) [13, 14], especially BBC connections with
square CFT columns in the CBF system.  e current design
formulas may not produce connections with expecting ca-
pacities. ANSI/AISC-360-16 speci�cations [9] provide load
transfer mechanisms including direct bearing, shear con-
nection, and direct bond interaction.  ese mechanisms,
however, can only be considered separately due to lack of
study on their combined e
ects [17].

Braced-frame connections with square or rectangular
CFT columns have showed better adaptability to architec-
ture, but the limitation of study in this area restricts their
popularization. In this paper, experiments were conducted
on the basis of the simpli�ed model of this kind of con-
nection. Four commonly used penetrating gusset plates were
chose in experiments.  e connections behavior was dis-
cussed, the composite action of each specimen was evalu-
ated, the mechanical performance of the braced frame
connections with square CFT columns was studied. A �nite
elementmodel on CFTcolumn specimens was established by
using �nite element analysis software ABAQUS. Based on
the experimental results and the �nite element analysis,
revised coe�cients of elastic modulus for the square CFT
column with the gusset plate were proposed.

2. Experimental Program

2.1. Specimens. A common braced frame connection con-
sists of CFT columns, beams, braces, and gusset plates
(Figure 1). However, it is di�cult to exert load on such
complicated connection in the laboratory. A simpli�ed
connection is, therefore, proposed in this study. As shown in
Figure 1, the loads transferred from both upper and lower
braces can be composed to a vertical one applied on the CFT
column through the gusset plate.  is simpli�cation was
demonstrated to be e
ective by Macrae et al. [13].

Eight square CFT column specimens were prepared
according to ANSI/AISC 360-16 [18].  e specimens were
divided into four groups according to types of gusset plates
as follows: 1, the gusset plate with a thickness of 12mm; 2,
the gusset plate with a thickness of 18mm; 3, the gusset plate
with a circular hole at the center; and 4, the gusset plate with
three pairs of solid square ribs. In each group, there are two
specimens subject to axial load applied by a �at loading head
(SJ1) and a sti
ened one (SJ2), respectively (Table 1). Di-
mension of gusset plates is shown in Figure 3.  e column
specimens adopted were 1000mm in height and 400mm in
width. ere was a pair of slots with a depth of 400mm and a
width of 2mm cut in the steel tube.  e gusset plate was
embedded in the slots by 400mm and welded on the external
surface of the steel tube using 8mm �llet welds (Figure 4).
Mechanical properties of the steel tube and gusset plate are
given in Table 2.

2.2. Experimental Setup. In experimental, an axial load was
imposed on the loading head by a 1500 t hydraulic jack as

shown in Figure 2.  e objective of the experiment is to
determine the e
ectiveness of each kind of the gusset plate in
transferring forces to the concrete in�ll and to the tube and
�nd out the level of composite action for each connection
type. Two groups of experiment with four specimens in each
were designed and built as illustrated in Table 1, the dif-
ference between two groups of specimens was the con-
structions of the loading head plate, and a �at plate that was
set as the loading head was placed on the gusset plate to
transfer the axial pressure from the hydraulic jack in group
SJ1 as shown in Figure 2(b). And a sti
ened chuck was
adopted to prevent the premature instability in the gusset
plate in group SJ2 as shown in Figure 2(c).  erefore, the
results of these two groups of experiments can be validated
by each other.

Axial load was applied on the top of the gusset plate of
column specimens by a 1500 t hydraulic jack (Figure 2(a)).
Two di
erent loading heads, �at plate, and sti
ened chuck
were adopted (Figures 2(b) and 2(c)). E
ect of premature
instability of the gusset plate on load transfer was studied.
Relative slippage between steel tube and core concrete was
measured by displacement instruments installed on the top
of the steel tube and concrete. Strain gauges were attached on
the center line of the gusset plate and tube wall (Figures 3
and 4).

Monotonic axial load was applied by 100 kN each step
until the gusset plate yielded.  en, the load was added by
50 kN each step and terminated when out-of-plane buckling
occurred at the gusset plate. In each step, the load stayed for
two minutes.

3. Analysis of Test Phenomena and Results

3.1. Failure Patterns.  e applied load from the top of the
gusset plate was transferred to the steel tube through welds
and to the concrete by means of bearing and friction. Failure
patterns of specimens are shown in Figure 5. Slippage be-
tween core concrete and steel tube (Figure 5(a)), plastic
deformation, and out-of-plane buckling of the top gusset
plate (Figure 5(b)) and lateral expansion of the steel tube
(Figure 5(b)) were observed.

Specimens SJ1-1 and SJ1-4 were vertically split up after
the test. Core concrete of both specimens shows little
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Figure 1: Simple CFT connection in CBF.
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damage, except some cracks near the bottom of the gusset
plate and below the first rib (Figure 6). Crack width of core
concrete was less than 0.1mm, which is attributed to con-
finement provided by the steel tube.

3.2. Loading Capacity. Axial load-displacement relation-
ships of specimens are shown in Figure 7. Pattern of the
gusset plate exert a significant influence on performance of
column specimens under axial load. +e gusset plates with a
thickness of 18mm carried the highest load, followed by those
with ribs and a thickness of 12mm, and those with the single
hole performed the worst. Both thick plate and ribs on the plate
contributed to load transfer, while the circular hole weakened
the gusset plate. Loading head did not affect the performance of
gusset plates before their instability +erefore, it can be con-
sidered that the stress distribution of SJ1 and SJ2 specimens is
basically the same before local buckling of gusset plates.

Yield load and ultimate load of specimens are given in
Table 3. +e yield load and the ultimate load are defined as
the load when the top 50mm of the gusset plate yields and
the maximum load is applied on the gusset plate.

3.3. Stress Distribution of the Gusset Plate. Compressive
strain of SJ1 gusset plates was measured by strain gauges
placed along the midline of the plates. +e strains at load of
1000 kN, 2000 kN, yield load, and ultimate load are showed
in Figure 8. +e difference between the gauge readings along
the plate provided indications for the transmission of load
from the plate to core concrete.

For the specimens with a plain gusset plate, SJ1-1 and
SJ1-2, axial load mainly transferred from the plate to con-
crete through a chemical bond and friction before the plate
reached its yielding load. +e strain curves were relatively
smooth with small difference along the height of the gusset
plate, which meant only a little amount of load transmitted
into the concrete during this stage. When the plates yielded,
the strain firstly decreased at the height of 400mm to
100mm of the plate and then increased at the bottom
100mm. It turned out that some forces transferred into the
concrete infill through direct bearing between the bottom of
the plate and the core concrete.

+e stain distribution along the gusset plate of specimen
SJ1-3, as shown in Figure 8(c), firstly increased to the
maximum value at the height of 300mm of the plate (i.e., the

Table 1: Details of the steel tube and gusset plate.

Specimens Dimension of the steel tube (mm) +ickness of the gusset plate (mm) Details of the gusset plate
SJ1-1/SJ2-1 400 × 10 × 400 12 Flat
SJ1-2/SJ2-2 400 × 10 × 400 18 Flat
SJ1-3/SJ2-3 400 × 10 × 400 12 Single hole:
SJ1-4/SJ2-4 400 × 10 × 400 12 +ree pairs of solid square ribs

Table 2: Mechanical properties of the steel tube and gusset plate.

Steel parts +ickness, t (mm) Yield stress, fy (MPa) Ultimate stress, fu (MPa) Elasticity modulus, Es (105MPa)
Plate 18mm 17.92 400 550 2.07
Plate 12mm 11.59 440 580 1.88
Tube 9.49 440 580 1.89

Steel tube

Gusset plate

Loading head

Concrete

Axial load

(a) (b) (c)

Figure 2: Experimental setup: (a) schematic diagram of the experiment, (b) flat loading head, and (c) stiffened loading head.
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Figure 3: Dimension of the gusset plate and location of the strain gauge: (a) �at: 12mm; (b) �at: 18mm; (c) single hole; (d) three pairs of
solid square ribs.
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Figure 4: Dimensions of the specimen and location of strain gauge.
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top of the hole). Afterwards, the strain began to decrease
sharply from the height of 900mm to 700mm (i.e., from the

top to the bottom of the hole).  e distribution pattern
represented that a large amount of load transferred to the
concrete through the hole. Furthermore, the strain at the
bottom 100mm of the gusset plate did not increase as that in
SJ1-1 and SJ1-2, which meant the force at the bottom of the
gusset plate was signi�cantly reduced.

For specimen SJ1-4 with three pairs of ribs welded on the
plate, the strain above the ribs slightly di
ered from that
below the ribs at the load of 1000 kN. It was caused by the
initial slippage between the steel tube and concrete.  is
di
erence between the strain values above and below the ribs
shapely enlarged with the increasing load. And the higher
demands activated the top rib and allowed the forces to be
transferred from the plate into the concrete.

3.4. Strain of the Steel Tube.  e strain distributions along
the tubes, as seen in Figure 9, di
ered from each other from
the height of 900mm to 620mm due to di
erent details of
the gusset plate. At the height of 900mm, the strains of the
steel tube in SJ1-2, SJ1-3, and SJ1-4 reached a peak and then
decreased along the height of 900mm to 620mm, indicating
that the partial load was transferred from the tube to the

(a) (b)

SJ1-1
(12mm)

(c)

Figure 5: Failure patterns: (a) slippage; (b) buckling in the gusset plate; (c) expansion deformation in the tube.

(a) (b)

Figure 6: Damage in core concrete: (a) SJ1-1; (b) SJ1-4.
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concrete during this height range.  e strain at the height of
580mm of all specimens, just under the gusset plate, reached
another peak because of the direct bearing between the plate
and the steel tube.  en, the strain showed a continuous
decrease to the base of the tube.  is was caused by a
chemical bond and friction between the steel tube and core
concrete.

At the load of 1000 kN and 2000 kN, the strain distri-
butions along the tubes were similar for all specimens. While
at the yield load and the ultimate load, a sharp increase in
strain along the tube of specimen SJ1-2 was observed
(Figure 9(b)).  is can be explained by the local yielding of
the steel tube along the welds.  e stains of the tube of
specimen SJ1-3 signi�cantly reduced at the ultimate loading

Table 3:  e main results of the tests.

Specimens Description Yield load, Fy (kN) Δy (mm) Ultimate load, Fu (kN) Δu (mm)
SJ1-1 Gusset plate (12mm) 2500 3.78 2950 7.10
SJ2-1 2500 3.81 3900 11.52
SJ1-2 Gusset plate (18mm) 3500 3.72 4550 12.55
SJ2-2 3500 3.78 5250 13.90
SJ1-3 Single hole 2100 6.73 2850 9.7
SJ2-3 2100 6.78 3950 13.25
SJ1-4 Ribs 2600 3.53 3200 10.50
SJ2-4 2600 3.55 4300 14.07
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Figure 8: Strain distribution along the gusset plate: (a) SJ1-1; (b) SJ1-2; (c) SJ1-3; (d) SJ1-4.
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degree at the height from 900mm to 700mm where there
was an opening on the gusset plate. +e strain of the tube of
SJ1-4 was much lower than that of SJ1-1, which was
benefited by more transfer bearing area on the plate resulted
from the ribs in the former. Moreover, the strain of the steel
tube in SJ1-4 below the gusset plate was lower than that of
SJ1-1. All patterns above reflected a better composite action
of specimen SJ1-4.

3.5. Relative Slippage of the Steel Tube and Concrete. +e
relative slippage between core concrete and the square steel
tube can be used to indicate the composite performance for
each specimen. An effective gusset plate can minimize the
slippage and increase the composite action level. +e slip-
page between steel tube and core concrete is shown in
Figure 10.

+e slippage of all specimens was negligible below
500 kN. When the load exceeded 500 kN, a chemical bond
between the concrete and steel tube broke down, and friction
began to control the slippage. +e slippage raised with the
increasing load. +en, the mechanical transfer mechanisms
such as bearing began to take over after approximately
1000 kN. +e tendency of slippage with load was approxi-
mately linear in all stages.

+e specimen SJ1-4 with ribs on the gusset plate
exhibited the lowest slippages of 0.185mm, which was 46%
lower than that of SJ1-1. +is is because the ribs provide an
increase in area 6 times of a plain plate and can interlock
concrete and steel together. +e slippage of specimen SJ1-3
was reduced by 14% as compared with that of SJ1-1, which
indicated that the hole in the center of the gusset plate was
also helpful for increasing the bearing area.

4. Finite Element Analysis

4.1. Establishment of the Finite Element Model. To simulate
the performance of the CFT column in bracing connection

with the gusset plate, a finite element analysis model was
developed using the ABAQUS/Standard. +e model of
the simplified connection specimens SJ1-1 was shown in
Figure 11, and other models were similar. +e boundary
condition was set according to the experiment setup, and the
bottom of the column was fixed. A coupling constraint was
built at the top surface of the gusset plate to apply the
displacement control mode in the simulation.

+e entire model (steel tube, concrete, gusset plate, and
ribs) was modeled using C3D8R elements. +e whole model
was divided with a structural mesh, and the grid size of the
plane was 20mm, but at least three layers are arranged along
the thickness direction of the plate thickness.

A surface-to-surface contact which considers the tan-
gential behavior and normal behavior was established be-
tween steel and concrete, and the friction coefficient of the
interface between the steel and concrete was 0.6. +e gusset
plate and steel tube were merged together based on the fact
that there is no damage found in the fillet welds between the
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Figure 9: Strain distribution along the steel tube: (a) SJ1-1; (b) SJ1-2; (c) SJ1-3; (d) SJ1-4.
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gusset plate and the steel tube during the test. +e solution
technique of the simulation was Newton–Raphson (full-
Newton as designated in ABAQUS). +e convergence cri-
terion for residual force for this nonlinear problem is as-
sumed to be 5 × 10−3 lb.

4.2. Constitutive Relations. +e yield strength (fy) and the
ultimate strength (fu) of the steel measured in the tensile test
were adopted, as summarized in Table 1. Poisson’s ratio was
0.3. An elastic-plastic model consisting of three stages is used
to describe the mechanical behavior of the steel material. A
concrete damage plasticity model in software is adopted to
simulate the concrete material. +e confined effect for
concrete is considered in the damage plasticity model but
insufficient for experimental CFT columns, and therefore, it
is modified by increasing peak strain and transforming
descending branch of the input stress-strain curve according
to Han et al. [19].

4.3. Results and Analysis

4.3.1. Comparison of Stress Nephograms. Mises stress
nephograms of the gusset plates under ultimate load are
shown in Figure 12.+e stress distribution of specimens had
similar patterns. +e stress was high near the loading place,
while low away from the loading end.

+e yielding area at two corners of SJ1-1 and SJ1-2
extends much more than those of SJ1-3 and SJ1-4. Seri-
ous stress concentration appeared at the connection part
between SJ1-2 and the steel tube. Except the upper corner,
there was the yielding part located above and at both side of
the opening of the gusset plate of SJ1-3. +e stress value
below the opening decreased inward and downward.
Yielding area of SJ1-4 largely distributed above the first rib
because its ultimate load was large. +e stress value below
ribs was in stepped variation and declined fast.

4.3.2. Cross-Sectional Axial Force Comparison. +e internal
force transmission and distribution patterns were analyzed
in this section. In the finite element analyses, the force
transfer patterns could be more directly shown through the
analysis in the axial force distribution patterns among dif-
ferent members of the CFT column. Along the height of the
steel tube wall, the position of each cross section was cor-
responded with the arrangement of the strain gauge and the
values of the external load were selected as 1000 kN,
2000 kN, yield load, andmaximum load.+e sum of the axial
forces of the gusset plate, the steel tube, and the concrete in
each section would be same as the external load.

Variation of axial force with the height of the steel tube is
shown in Figure 13. In the height range of the gusset plate,
the axial load was transferred through welding connection,
and the axial force continuously increased. At the height of
the 600 ± 20mm region, the axial force in the steel tube had a
more significant increase due to direct compression between
bottom of the gusset plate and the steel tube. Underneath the
gusset plate, the axial force varied slightly. Under the same
external load, the steel tube of SJ1-1 and SJ1-4 carried the
maximum and the minimum axial force, respectively. +is
phenomenon was also reflected in the slope of height-axial
force curves in the height region of the gusset plate, which
illustrates core concrete in SJ1-4 carried more external load.

Different from that in the steel tube, axial force was
transferred to core concrete mainly through bond and
friction between concrete and steel, as well as the contact
between concrete and the bottom of the gusset plate. Dif-
ferent details of the gusset plate would lead to different
patterns of force variation. Variation of axial force with the
height of core concrete is shown in Figure 14. SJ1-1 and SJ1-
2 had similar patterns that the axial force of the concrete
section slightly increased in the height range of the gusset
plate. +is is because axial force was transmitted to the
concrete mainly through the friction between steel tube and
concrete and between gusset plate and concrete in that
range. In the area of 600 ± 20mm in height, the axial force of
concrete increased significantly, and this part of the axial
force was mainly transferred through the bearing pressure
from the gusset plate. +e curve of SJ1-3 showed that axial
force in the concrete had an obvious increase within the
height of the opening of the gusset plate. In the area of 600 ±
20mm in height, the axial force of concrete of SJ1-3 also
increased, but less than that of SJ1-1, which indicated that
the opening would improve the force transmission effi-
ciency. Axial force in concrete of SJ1-4 also increased sig-
nificantly in the height range of the gusset plate, which is
attributed to the ribs in force transmission, especially the ribs
in the first row. In the area of 600 ± 20mm in height, the
axial force of concrete also increased, but smaller than that in
the other specimens. It could be because the ribs on the
gusset plate of SJ1-4 have transferred most of load.

+e distributions of the internal forces at selected cross
section of the gusset plate, concrete, and steel tube and the
location of the selected sections are shown in Figures 15
and 16.

For SJ1-1, the axial force of concrete in the section P4
accounted for 27.5% of the total axial force, an increase of

Stiffener plate UR1 = UR2 = UR3 = 0
U1 = U2 = U3 = 0

x

y
zx y

z
Gusset plate C3D8R

Outer:steel tube
Inner:concrete
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C3D8R
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Figure 11: Finite element model.
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23% compared with that of 4.6% in section P5. If ignoring
the bonding effect between sections P4 and P5, this means
23% of the total load could be transferred to concrete
through the bottom of the gusset plate because the bonding
effect between sections P4 and P5 is negligible. SJ1-2
exhibited similar variation in axial force at a different sec-
tion with SJ1-1.+e axial force at the section P4 increased by
21% compared with that at the section P5.+e above analysis
showed that increasing the thickness of the gusset plate
would increase the pressure between gusset plate and
concrete to some extent. For SJ1-3, the axial force of concrete
in section P4 was 33.3% of the total axial force, which was
12% higher than that of section P5. +e axial force of the
section P6 was 21.3%, which showed an increase of 14% over
that of the section P7. +is showed that 12% and 14% of the
total load transferred to the concrete through the opening
and the bottom of the gusset plate, respectively. +e axial
compression at the bottom section of the concrete in SJ1-3
was 36%, which was 20% higher than that in SJ1-1. Com-
pared to that in SJ1-1, axial force in the height of the gusset
plate in SJ1-3 was significantly higher, which demonstrates
that the gusset plate with opening in center can effectively
utilize the concrete in the height of the plate. For SJ1-4, the
axial force at the section P4 accounted for 50.5% of the total
cross section axial force, which was 14% higher than that at

the section P5. According to the analyses results, it could be
seen that the internal forces transmitted by the bonding
mechanism was about 20% to 30% of the total load, and
about 50% of concrete’s axial force was from the pressure
between the ribs and concrete. +e axial compression at the
bottom section of concrete in SJ1-4 was 50.7%, which is 68%
higher than that in SJ1-1. +is indicated that ribs were the
most effective way to transfer external load to core concrete.

5. Calculation of Connection Combination

5.1. Combination Level. +e amount of the composite action
of a specimen is described by the percentage of the com-
posite action, Gpc, which is computed according to equation
(1), where εgauge is the strain of the square steel tube mea-
sured in experiment, εs is the strain of the steel tube carried
load independently, and εs is calculated as P/(Atube Esteel),
where Atube is the cross section area of the tube, Esteel is the
elastic modulus of the steel, 189GPa, and P is the axial load
on the test specimen. When steel tube and concrete are fully
composite, εcomp is computed according to equation (2),
whereAconc is the area of concrete in the tube and Econc is the
elastic modulus of concrete. Moreover, when εgauge is equal
to εsteel, the steel carries all of load and Gpc is equal to 0. On
the contrary, when εgauge is equal to εcomp, Gpc is equal to
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Figure 12: Stress analysis of the plate: (a) SJ-1, (b) SJ-2, (c) SJ-3, (d) SJ-4.
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100%. +e composite percentage was initially greater than
100% in some cases because of the initial bond between the
steel and concrete:

Gpc �
εs − εgauge
εs − εcomp

× 100%, (1)

εcomp �
P

AtubeEsteel + AconcEconc
. (2)

+e percentage of composite actionGpc was calculated in
four modes as shown in Figure 3: (a) mode 1: using the strain
of the steel tube at 200mm height from the bottom; (b)
mode 2: using the strain of the steel tube at 300mm height;
(c) mode 3: using the strain of concrete at 300mm height;
(d) mode 4: using all strains of the steel tube below the

gusset plate along the height. +e calculating methods for
the four different Gpc were referred to Gunderson’s study
[20]. Since the square steel tubes have never yielded in the
parts from bottom to 400mm in height, the maximum
change in strain could be used to establish an average
stress. Gpc at 200mm and 300mm of the steel were close,
which indicated little bond between concrete and steel in
that part. Gpc gained from the concrete stress gauges and
from the bottom of the test specimen also indicated
similar trends to those results obtained from the steel
strain gauges.

+e final composite action values for each specimen were
obtained by a weighted average of the four methods de-
scribed above (Table 4). In order to exclude the influence of
initial bond between the steel and concrete and focus on the
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Figure 13: Height-axial force variation curves of steel tube section: (a) SJ-1; (b) SJ-2; (c) SJ-3; (d) SJ-4.
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elastic stage considered in engineering design, the average
percent of composite action was only calculated from t
1000 kN to the yield load.

Composite action of all specimens is shown in Fig-
ure 17. +e composite degree decreased with increasing
load. +e initial combined level of specimens was high due
to the initial constraint of the interface between the steel
tube and the concrete. With the increase of load, there was
relative slippage between steel tube and concrete, and the
combination level began to decrease. At the end of the
loading, the bottom edge, the ribs, and the opening of the
gusset plate began to take effect, and more internal force
was transferred to the concrete. So the combined effect level
remained stable. Specimens with ribs on the gusset plate
maintained a high level of combined action throughout.
Based on the data of the combination level in Table 4, it can
be seen that the combined action level of connections can
be improved by increasing the thickness of the gusset plate,
using opening or ribs on the gusset plate. +e gusset plate

with ribs has the highest efficiency for transferring load.
+e next is the gusset plate with an opening, which in-
creased by 34% as compared with SJ1-1. +e combination
of the gusset plate was improved slightly by using a thicker
gusset plate, which was 12% higher than that of SJ1-1.

5.2. Revised Coefficient of ElasticModulus. AISC-360-16 [18]
chapter E and I2.2 have discussed a composite column under
compression, the coefficient “ce” of elasticity modulus was
suggested as 0.4 in prior research [13, 21] representing the
concrete’s contribution to the stiffness of the entire section,
and the coefficient is based on the combination level of steel
and concrete. It can be seen from the analyses in this paper
that the combined effect level is affected by the types of
gusset plates. +erefore, for different gusset plate connec-
tions, the elastic modulus coefficient “ce” is suggested to be
corrected by using equation (3). +e Gpc for calculating the
combined level is expressed in the form of equation (4),
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Figure 14: Concrete height-axial force variation curve: (a) SJ-1; (b) SJ-2; (c) SJ-3; (d) SJ-4.
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where the ratio α of steel tube sti
ness and concrete sti
ness
is calculated from equation (5), so the formula ce can be
calculated as equation (6):

Em � Es + ceEc
Ac

As
( ), (3)

Gpc � α + 1− α
α + 1
α + ce
( )[ ] × 100%, (4)

α �
EsAs

EcAc
, (5)

ce �
α

(α + 1)/Gpc( )− 1
. (6)

Using the formulas above, the composite elastic
modulus coe�cient of the calculated model is showed in
Table 5.

 e results showed that the specimen value for the �at
gusset plate was closer to 0.4 advised in [21], which
veri�ed the accuracy and e
ectiveness of the calculation
equation. For the specimens that had the gusset plate with
opening and the gusset plate with ribs, the combined
elastic modulus in [21] is conservative.  erefore, it is
suggested the combination of the elastic modulus co-
e�cient is 0.4 for the �at gusset plate, 0.5 for the gusset
plates with openings, and 0.7 for gusset plates with ribs.
Using the modi�cation of the combined elastic modulus
coe�cient, the capacity of concrete in the CFTcolumn can
be fully considered.
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Figure 15: Axial force at di
erent sections: (a) SJ1-1; (b) SJ1-2; (c) SJ1-3; (d) SJ1-4.
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6. Conclusion

In this paper, axial compressive tests were conducted on
square CFT columns with different types of gusset plates to
study the load transfer mechanism between CFT columns
and gusset plates. Finite element analysis was carried out to

evaluate the stress distribution in column specimens with
the different forms of gusset plates such as the flat gusset
plate, gusset plate with opening, and gusset plate with ribs.
An amended model to calculate composite action and the
elastic modulus coefficient of the CFTcolumn was proposed.
Main conclusions of this study are drawn as follows:

(1) A penetrating gusset plate in BBC connection has a
good transmission effect. +e gusset plate passes the
load to the concrete through bond, friction, and the
pressure. +e load is transferred to the steel tube
through the connection of the weld and the vertical
pressure between gusset plate and concrete. +e

Table 4: +e results of composite action.

Specimens Mode 1 Mode 2 Mode 3 Mode 4 Average Average value of the group
SJ1-1 55.40 63.07 36.04 35.52 47.51 49.09SJ2-1 68.34 65.75 34.36 34.21 50.66
SJ1-2 60.17 77.19 29.91 51.39 54.66 55.03SJ2-2 61.40 76.35 36.51 47.36 55.41
SJ1-3 79.57 85.89 44.78 67.26 69.37 66.92SJ2-3 76.88 77.33 40.47 63.19 64.47
SJ1-4 97.16 93.09 52.52 89.00 85.38 86.18SJ2-4 92.12 97.76 53.51 96.57 86.98
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Figure 17: +e percentage of composite action.

Table 5: +e revised elastic modulus coefficient ce.

Specimens Mode 1 ce Mode 2 ce Average
SJ1-1 0.32 0.4 0.36
SJ2-1 0.45 0.43 0.44
SJ1-2 0.37 0.57 0.47
SJ2-2 0.38 0.55 0.47
SJ1-3 0.6 0.7 0.65
SJ2-3 0.56 0.57 0.57
SJ1-4 0.93 0.84 0.88
SJ2-4 0.82 0.94 0.88
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Figure 16: Different cross section along the height of the specimen: (a) SJ1-1/SJ1-2, (b) SJ1-3, (c) SJ1-4.
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variation curve of the axial force along the height of
the gusset plate and the steel tube obtained by the
finite element simulation analysis is in good accor-
dance with the height-strain curve of the test.

(2) Increasing the thickness of the gusset plate cannot
markedly improve transmission of load to core
concrete in the height range of the gusset plate.
However, it can improve the transmission in the
lower part of the specimen by increasing the bearing
area below the gusset plate.

(3) +e construction of an opening on the gusset plate
can increase the pressure from the plate to concrete
core and improve the utilization of the concrete.

(4) +e ribs on gusset plates can significantly improve
the bearing area and reduce the relative slippage
between the concrete and the gusset plate. +e plates
with ribs perform best in force transmission.

(5) Gusset plate with ribs has the highest composite
action, followed by the one with an opening. +e
combination effect level of using the thicker gusset
increase is not obvious.

(6) When the gusset plate is flat, the calculated elasticity
combination modulus ce of the specimen is close to
prior research [21], which verifies the accuracy of the
combined calculation method proposed in this pa-
per. For the gusset plates with ribs and opening, the
elastic modulus coefficient ce recommended by
Galambos [21] is too conservative. It is suggested that
the corresponding connection’s elastic modulus
coefficient could be 0.7 and 0.5, respectively.
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