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*is paper presents a test and numerical investigation into the monotonic behavior of three different complex steel trusses to
concrete-filled tubular (CFT) column joints. Based on an engineering structure, 1 : 4 reduced-scale specimens are manu-
factured and the three-dimensional subassembly testing system is designed to apply the monotonic load. Test phenomena and
load-stress curves show that all three types of joints have a considerable load-carrying capacity and joint rigidity. Finite element
(FE) analysis is adopted, and the stress distribution shows good agreement with test data. Both test and FE results show that
local buckling and yielding in the root region of steel truss are the main failure modes of test joints and the core area of the CFT
column remains intact which are in accordance with the design conception of “strong column and weak beam.” Design
conception of proposed overlap joint form is then investigated based on the FE model, and results show that the optimized
overlap joint can effectively reduce the stress concentration in the adjacent steel tube and beammember when compared to the
traditional N-type overlap joint. Finally, the influence of the outer diaphragm on the stiffness of joint is analyzed. By comparing
the end-displacement of the beammember, conclusion can be obtained that the beam flange thickness is suggested to be chosen
as the outer diaphragm thickness. *e forms of three different proposed joints and their design conceptions can provide good
guidance for designers and engineers.

1. Introduction

In recent years, composite structures composed of con-
crete-filled tubular (CFT) columns and steel members are
increasingly used in high-rise buildings, large-span
buildings, and bridge structures. Experimental researches
[1, 2] on the mechanical behaviors of CFT columns under
different load conditions have been made and proved that
the CFT columns have a better bearing capacity, stiffness,
and ductility compared to steel columns. Meanwhile, due
to the importance of CFT column joints to the whole
structures, a series of studies on different CFTcolumn joint
forms including through-beam connection to CFT column
[3, 4], connections using outer diaphragms [5–7], double-
split tee connections [8], and other types of connections

[9, 10] have also been investigated, and results show that
these different forms of CFT column joints can be applied
in the structural design.

*e above research studies mainly focus on the design
of two-dimensional in-plane CFT column joints, whether
the conclusions obtained can be applied to complex three-
dimensional CFT column joints is not clear. Also, the
current codes [11–13] and the design guide [14] do not
present a detailed design method for complex CFTcolumn
joints, and the scientific research on the mechanical be-
havior of complex CFT column joints is much less de-
veloped despite the increasing use of composite
structures.

Lou et al. [15] presented experimental research on a
complex joint composed of steel truss and CFT columns in
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structures of Shanghai Hongqiao station based on a 1 : 4
scale model, and the results show that the joint has a
considerable bearing capacity, and all the members are
elastic during the whole loading process. Fan et al. [16] tested
six three-dimensional joints between CFT columns and
composite steel-concrete beams under cyclic load, and the
specimens exhibited good strength and stiffness retention
capacities. Li et al. [17] tested the steel truss-to-circular CFT
column subassembly and concluded that relative strength
between steel truss and column zone is the main factor
influencing the seismic performance and failure patterns.
Besides, researchers also investigated the behavior of other
different complex truss joints, i.e., the KK-joint between two
welded square hollow section trusses in China National
Stadium [18] and various truss joints applied in large-span
and heavily-load bridges [19].

However, these complex joint forms were usually dif-
ferent, and the experimental studies mainly focused on the
verification of particular engineering structures, so the
conclusions were lack of generalization. In addition, few
researchers analyzed the design optimization process of
complex joints and the influence of detailed strengthen
measures, i.e., inner and outer diaphragms. *ree different
CFT column joints designed in this paper were not in-
vestigated before and there is no corresponding design code
to follow. *erefore, it is meaningful to investigate the
mechanical behaviors of three joints and provide the
guidance for the design and application of other similar
joints.

*e outline of this paper is as follows: Section 1 presents
the literature of CFT column joints; Section 2 shows the test
program for three complex CFTcolumn joints, including the
test specimen, design load case, loading and monitoring
scheme, as well as the innovative three-dimensional sub-
assembly test systems; Section 3 presents the test results of
three joints under two different load cases, namely the failure
mode and stress-strain curves of the joints; Section 4 gives a
detailed description of FE modeling and comparison be-
tween FE and test results, which further prove the adapt-
ability of the joint design; Section 5 first investigates the
support selection to ensure the design load simulation and
test operation, and then presents design conceptions of
optimized joint form and parameter study on outer di-
aphragm; and finally, some meaningful conclusions are
proposed in Section 6.

2. Test Program

2.1. Test Specimens. *e test joints are selected from the
trans-truss and cantilever-truss regions (Figure 1) which
were crucial to the practical structure. Under the similarity
conditions of geometry, material, and loading, three dif-
ferent types of specimens (A1, A2, and B1) of reduced-scale
1 : 4 are designed for the test. *e 3Dmodels of the joints are
shown in Figure 2, and for the convenience of the following
description, the steel member and CFTcolumn of each joint
are numbered. For joint A1, steel truss and beam member
intersect on the CFT column, and inner diaphragms with
vertical stiffeners are also used as the strengtheningmeasures

of column joint region. Truss members of joint A2 penetrate
through the CFT column to improve the tensile bearing
capacity. B1 is an in-plane joint, and its bracing members
penetrate through the CFT column to strengthen the joint
region. Besides, the outer diaphragms are used in all three
joints to transfer the external force and reduce stress con-
centration.*e detailed type and dimension of the test joints
are listed in Table 1.

2.2. Material Test. *e concrete filled in the column of the
specimen is C50 concrete, and the average test compressive
strength is 44.06Mpa. All the steel members in the spec-
imen are made of Q345B. Tensile tests are performed to
investigate the actual mechanical properties of specimens
according to the Chinese mechanical testing standard, and
a group of three standard tensile coupons is manufactured
for each thickness of steel plate, as shown in Figure 3. *e
average test results of each group are summarized in Ta-
ble 2, including yield strength, ultimate strength, and
elongation, which could be adopted in finite element
model.

2.3. Design Loads. Based on the design loads of practical
structure, two load combinations LS1 and LS2 are chosen for
the test under the most unfavorable condition.*is test aims
to verify the monotonic behaviors of joints under 2.0-times
design loads, and the test loads listed in Tables 3 and 4 are
already 2.0-times design loads following the principle of
stress equivalent to real joints.

Due to factors such as test environment and loading
conditions, the boundary conditions of test joints are
different from the actual joints. To facilitate the test op-
eration and test the ultimate bearing capacity of the joint,
some of the members are fixed to the reaction frame to
provide the reaction force. Figure 4 shows the internal force
state and boundary condition of joints A1, A2, and B1,
respectively. In the meantime, the secondary internal force
is neglected, and the major force that affects the mechanical
properties of the joint is considered as the test load.
*erefore, the finite element method is adopted to select the
reasonable supports, and the detailed analyses will be
described in Section 5.1.

2.4. Loading and Monitoring Scheme. To satisfy the loading
requirements of the joint specimens and facilitate test op-
eration, the innovative three-dimensional subassembly
testing system is designed which includes a special self-
balanced reaction frame in the main plane and a horizontal
reaction frame in the secondary plane, as shown in Figure 5.
*e flange connection is adopted as the fixed end between
joint members and reaction frames, and three ranges of
1000 kN, 2000 kN, and 5000 kN hydraulic jacks are used in
the test. For A1 and B1 joints, the design loads are mainly
compression, so the hydraulic jacks can be directly applied to
the members and the moment loads can be applied by
eccentric compression. For the A2 joint, a special connector
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is designed to apply the tensile forces as shown in
Figure 5(b).

In order to understand the von Mises stress distribu-
tion of the joints, the resistance strain gauges with a gauge
factor of 2.0 are used. *e strain rosette which composed of
three strain gauges is placed on the core area of the CFT
column and the potential failure part of the joint. By
calculating the strain in 0°, 45°, and 90° direction, the von
Mises stress of the joint can be obtained. *e detailed
layout of the strain rosette is shown in Figure 6, and each
number represents a strain monitoring point. As can be
seen, there are a total of 62, 45, and 40 strain rosettes placed
in A1, A2, and B1 joints separately. *e parameters of
resistance strain gauges and hydraulic jacks are measured
by multichannel modules called IsolatedMeasurement Pod
(IMP) system and linked together to the host computer
which controls the IMP system and stores the measured
data.

*e test loading scheme adopts a monotonous loading
method. In order to make the specimen and loading
system cooperate well and test the reliability of the in-
struments, the test starts with a trial loading. In this
period, 30% of the design load is taken for preloading
and is equally divided into three steps, maintaining

10minutes in each load step. *e first trial loading step
takes into account the gravity and the self-weight of the
loading equipment. After loading system and test in-
struments are examined, the formal loading is started.
*e formal load step is 0.1-times design load, and the
specimens are loaded until 2.0-times design load or until
the failure of joints occurs. *e loading process is
maintained for 10minutes in each load step, and the
strain data are recorded 3minutes after each load step.
During the loading process, when the member of joints
appears local buckling or yielding, it can be considered as
the failure of joints.

3. Analysis of Test Results

3.1. Test Phenomena. During the entire loading process to
2.0-times design load, all joints A1, A2, and B1 appear with
no destruction, and all members of the joints remain elastic.
In the core area of A1 and B1 CFT column where the
pressure loads are transferred from truss member, the steel
pipe wall exhibits no local buckling or deformation. Al-
though the truss members of the A2 joint are mainly sub-
jected to bending moment and tensile force, no separation is
found between the pipe wall and the concrete. When

A2

A1

B1

Figure 1: Location of selected test joints.
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Figure 2: 3D models of three different joints. (a) A1. (b) A2. (c) B1.
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external forces reach 2.3-times design load, local buckling
occurs in the root region of member 2 of the A1 joint, as
shown in Figure 7(a). For the A2 joint, there is no obvious
buckling or deformation when external forces reach 2.5-
times design load. For the B1 joint, local buckling occurs in
the root region of member 2 when external forces exceed 2.1-
times design load as shown in Figure 7(b). However, other
truss members of three joints still remain elastic.

During the entire loading process to 2.0-times design
load under load case LS2, all joints A1, A2, and B1 also have
no destruction, and all members of the joints remain elastic.
When external forces reach 2.1-times design load, local
buckling occurs in the root region of member 2 of the B1
joint as shown in Figure 7(c). Other truss members of three
joints have no buckling or large deformation, and the steel
column also remains intact. In the core area of the A1 and B1
joint where the pressure loads are applied to the truss, no
local buckling or obvious deformation appears in the steel
pipe wall. *e CFTcolumn is cut from the middle of the core
area to observe the concrete damage after the test is finished.
Results show that the concrete filled in the column appears
with no cracking or crushing, and no separation is found
between the pipe wall and the concrete.

3.2. Load-Stress Curves. *e von Mises stress is usually
used as a judgment of plasticity for multidirectional stress

state [15]; thus, the load-stress curves are essential for
analyzing the mechanical behavior of the joint. Con-
sidering the amount of strain rosettes placed on joint
area, only one representative monitoring point is selected
for each member of the A1 joint, and the load-stress
curves are shown in Figures 8(a) and 8(b). Under 2.3-
times design load case LS1, monitoring point 3 on
member 2 shows the highest von Mises stress of
490.06MPa which already exceeded the yield strength.
Moreover, the load-stress curve shows that member 2
entered the plastic stage when load ratio exceeds 2.0, and
it is in accordance with test phenomena. However, stress
of other monitoring points is all smaller than 350MPa,
and the curves are linearly increasing which indicates that
all the other steel members of the A1 joint are elastic. *e
stress of monitoring point 58 in the core area of the
column is only 133.33MPa which proved the extra
bearing capacity of CFTcolumns. Under 2.2-times design
load case LS2, von Mises stress of monitoring point 3 also
exceeded the yield strength, while other members are still
at elastic stage. Results show that the root region of
member 2 is the potential failure part of the A1 joint
under both load cases.

Similarly, the load-stress curves of the A2 joint are
shown in Figures 8(c) and 8(d). Under 2.5-times design load
case LS1, the maximum von Mises stress occurs at moni-
toring point 44 and reaches 383.54MPa which is smaller
than the yielding strength; thus, all the members of A2 joints
remain elastic. Under 2.2-times design load case LS2, the von
Mises stress at monitoring point 44 and 7 are 413.05MPa
and 386.44MPa, respectively, and they are also smaller than
the yielding strength. For both design load cases, the whole
A2 joint is at elastic stage which proved the applicability of
this joint form.

*e B1 joint is a two-dimensional joint mainly bearing
in-plane loads. One representative monitor point is selected
from each truss member of the B1 joint, and three moni-
toring points are selected from the CFT column. *e load-
stress curves of these monitoring points are shown in
Figures 8(e) and 8(f ). It can be found that under both load
cases LS1 and LS2, the maximum stress of monitoring points
1 is higher than the yield strength of 443.83MPa which
means the root region of member 2 reaches the plastic stage.
*e monitoring point 9 in the connection area between
member 4 and CFT column also have a high stress of
420.50MPa under load case LS1 due to the stress concen-
tration of sharp corner.

3.3. Analysis of Joint Performance. Under 1.0-times design
load in two different load cases, steel members and concrete
of three joints are elastic and have a low stress level, which
indicates the adaptability of joints in structural design.
When the load is increased to 2.0-times design load, most
of the members are still at elastic stage, only some local
parts of the member root region enter the plastic stage, i.e.,
the root region of member 2 of A1 joints under load case
LS1. During the loading process, no obvious buckling or
large deformation is observed in these plastic zones which

Table 1: Type and dimension of specimens.

Specimen Member
number Section and type Dimension (mm)

A1

1,4 Circular CFT
column Φ377×10

2 Steel box-shape
brace □150×150× 8× 8

3,6 Steel box-shape
beam □200×150× 8×10

5 Circular CFT
brace Φ219× 6

7 Steel box-shape
brace □150×150× 5× 6

8 Steel box-shape
beam □200×150×12×12

9 Steel box-shape
beam □200×150×10×10

A2

1,3 Circular CFT
column Φ377×10

2 Steel box-shape
beam □200×150×10×12

4 Steel box-shape
brace □175×150×10×12

5 Steel box-shape
beam □200×150×12×12

6,7 Steel box-shape
beam □200×150× 8× 8

B1

1,3 Circular CFT
column Φ377×10

2,4 Steel box-shape
brace □200×150×12×12

5 Steel box-shape
brace □150×150× 8× 8
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means the joints remain intact, and this proved that these
joints have good mechanical performance and bearing
capacity. When the applied load exceeds 2.0-times design

load, some members of the joints show different levels of
buckling. However, these buckling members are all truss
members; all the CFTcolumns of three joints remain intact

(a) (b)

(c) (d)

(e)

Figure 3: Tensile coupons of steel material: (a) 5mm. (b) 6mm. (c) 8mm. (d) 10mm. (e) 12mm.

Table 2: Material test results.

*ickness (mm) Yield strength (MPa) Ultimate strength (MPa) Elongation (%)
5 486.31 624.11 22.83
6 449.07 605.47 25.90
8 456.89 568.82 22.82
10 447.66 580.37 22.08
12 443.83 582.20 22.13

Table 3: Design load case LS1 of testing joints.

Joints Member N
(kN)

V1
(kN)

V2
(kN)

M1
(kN·m)

M2
(kN·m)

A1

1 3064 462 — 220 252
2 1324 — — — —
3 772 — — 70 —
7 620 — — — —
8 1232 — — 106 —

A2

1 1585 177 325 38 570
4 1825 — — — —
5 865 130 — 160 —
6 120 — — 42 —

B1
1 3375 — — — —
2 3062 — — — —
5 504 — — — —

Table 4: Design load case LS2 of testing joints.

Joints Member N
(kN)

V1
(kN)

V2
(kN)

M1
(kN·m)

M2
(kN·m)

A1

1 3722 678 — 264 400
2 1356 — — — —
3 1224 — — 72 —
7 916 — — — —
8 1644 — — 120 —

A2

1 1545 239 420 55 695
4 1853 — — — —
5 1150 138 — 172 —
6 196 — — 65 —

B1
1 2937 — — — —
2 3043 — — — —
5 685 — — — —
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and have no large deformations. �e test phenomena are
well consistent with the design conception of “strong
column and weak beam” and “strong node and weak
member,” which further veri�es the applicability of these
joints in structural design.

4. Finite Element Analysis

4.1. Finite Element Model. In addition to the test results,
�nite element models are also established by using software
ABAQUS to further analyze the mechanical performance of
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Figure 4: Internal force state and boundary condition of testing joints. (a) Principal plane of the A1 joint. (b) Secondary plane of the A1
joint. (c) Principal plane of the A2 joint. (d) Secondary plane of the A2 joint. (e) B1 joint.

6 Advances in Civil Engineering



(a) (b) (c)

Figure 5: Loading system of CFT column joints. (a) A1 joint. (b) A2 joint. (c) B1 joint.
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three joints under two different load cases, as shown in
Figure 9. Steel tube and members are simulated by the
elastic-plastic mechanical material model following the von
Mises yield criterion and isotropic strengthen theory.
Specifically, steel tube and members are supposed to have a
Young’s modulus of 2.06×105Mpa and a Poisson’s ratio of
0.3. *e yield and ultimate strength are determined by the
material test shown in Table 2. Concrete material is sup-
posed to have a Young’s modulus of 3.64×105Mpa and a
Poisson’s ratio of 0.2. *e concrete model is simulated by
damaged plasticity theory which is adopted by other re-
search [1]. Considering the requirements of convergence,
accuracy, and computational cost, all steel components are
modeled using 4-node shell element S4R, and concrete is
modeled using 8-node brick elements C3D8R with three

translation degrees of freedom at each node. *e general
“hard contact” with Coulomb friction is adopted to sim-
ulate the contact between the concrete and steel tube, and
previous research shows that the friction coefficient be-
tween concrete and steel surfaces is almost between 0.2 and
0.6 [20], so a friction coefficient 0.3 is adopted in the FE
models.

4.2. Comparisons between Finite Element and Test Results.
Finite element results of stress nephogram under load
cases LS1 and LS2 are shown in Figure 10. As can be
observed, the failure pattern of A1 and B1 joints are in
accordance with the test phenomena, namely the root
region of member 2 occurs local buckling, and member 4
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Figure 6: Layout of strain rosettes. (a) A1 joint. (b) A2 joint. (c) B1 joint. (*e number in parentheses represents the strain rosette placed on
the backside of the member).
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Figure 7: Failure modes of test joints. (a) Local buckling of the A1 joint under load case LS1. (b) Local buckling of the B1 joint under load
case LS1. (c) Local buckling of the B1 joint under load case LS2.
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Figure 10: FE results of three joints under load case LS1 and LS2. (a) A1 joint under LS1. (b) A2 joint under LS1. (c) B1 joint under LS1.
(d) A1 joint under LS2. (e) A2 joint under LS2. (f ) B1 joint under LS2.

(a) (b) (c)

Figure 9: Finite element models of three joints. (a) A1 joint. (b) A2 joint. (c) B1 joint.
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of the A2 joint has stress concentration at the corner part.
Comparison of test results and FE results for typical
monitoring points of three joints are shown in Figure 11.

�e stress-load ratio curves of FE results are basically
linear and also consistent with the test stress-load ratio
curve.
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Figure 11: Comparison between test results and FE results. (a) A1 joint under LS1. (b) A1 joint under LS2. (c) A2 joint under LS1. (d) A2
joint under LS2. (e) B1 joint under LS1. (f ) B1 joint under LS2.
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Considering the complexity of joints and the limitation
of paper length, only the detailed results of the A1 joint
under load case LS1 are presented. As can be observed,
buckling occurs in the root region of member 2 of the A1
joint, which is consistent with the aforementioned test
phenomena. After calculation and analysis from Table 5, the
average deviation of von Mises stress between FE results and
test results is 9.85%. Similarly, the failure modes of other
joints can be accurately predicted, and the calculated average
deviations of other joints’ monitoring points are also in a
small range, which indicates good simulation precision of
three joints under two different load cases.

*roughout the whole test process, the concrete filled in
the column appears with no cracking and crushing. *e
damage distribution of concrete can also be obtained by
finite element analysis. Still taking the A1 joint as an ex-
ample, the concrete damage distribution under load case LS1
is shown in Figure 12. Stress concentration occurs in the core
area where the truss member is connected to the column,
and the filled concrete still remains intact, which is con-
sistent with the test phenomena. FE results of other joints
can also prove the good performance of the CFT column.

5. Discussions

5.1. Support Selection of the A1 Joint. As mentioned before, a
special self-balanced reaction frame in the main plane and a
horizontal reaction frame-combined system are used in this
test. For the A1 joint, a total of seven different steel members
are connected to the CFT column (Figure 2(a)), and each
member is subjected to different design loads. However,
under existing test conditions, it is hard to apply synchro-
nous loads to all members of the joint, and somemembers of
the joint should be fixed on the reaction frame. Although it is
more conducive to test operations and controls with more
fixed ends, this may cause less accuracy when simulating the
real design load case.

To figure out the most suitable number of the fixed
ends, FE models with different boundary conditions are
investigated under load case LS1. Considering the influ-
ence of dead weight and horizontal reaction frame,
member 4 and member 9 are set as fixed ends. Four dif-
ferent types of boundary conditions listed in Tables 6–8
show FE results of joint A1 with different boundary type
under load case LS1.

It can be seen from Table 7 that under boundary con-
dition of type 1, the reaction force of member 9 has the

Table 5: Stress comparison of the A1 joint.

Monitoring point Test results (MPa) Finite element results (MPa) Deviation (%)
3 490.06 439.44 10.33
9 339.49 296.24 12.74
13 68.78 60.75 11.67
19 132.60 135.59 2.25
25 209.86 230.79 9.97
31 151.18 138.82 8.18
35 227.82 194.16 14.77
58 133.33 121.56 8.83
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Figure 12: Concrete damage distribution of A1 joint under load
case LS1.

Table 6: Boundary conditions.

Type number Member with fixed end Member with load end
1 4, 5, 6, 9 1, 2, 3, 7, 8
2 3, 4, 5, 9 1, 2, 6, 7, 8
3 4, 5, 6, 7, 9 1, 2, 3, 8
4 3, 4, 5, 6, 9 1, 2, 7, 8
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largest deviation of 19.6%, and other support reaction forces
are almost the same as design values. For other types of
boundary condition, the largest deviation is more than 50%
and the support reaction forces cannot represent the design
values. Table 8 shows that reaction moments of joint A1
under boundary condition of type 1 are close to the design
load values, while those under other boundary conditions
have large deviations. �us, considering the feasibility of test
operation and the accuracy of test results, the boundary
condition of type 1 is selected in this test.

5.2. Discussion of Joint Failure. As can be observed from test
results and �nite element results, the main failure pattern of
A1 and B1 joints is local buckling in the root region of truss
member 2 when exceeding 2.0-times design load. For both
A1 and B1 joints, the top of truss member 2 is subjected to
axial loads and the boundary conditions are free. So, re-
gardless of di�erent joint structure, the force state of truss
member 2 will not change under axial loading. In addition,
the truss member 2 of the A1 joint is connected to the CFT
column and outer diaphragms, and the webs of truss
member 2 of the B1 joint penetrate through the CFTcolumn.
Both connections between truss member 2 and CFTcolumn
can be considered as �xed connections. So the mechanical
analysis model of truss member 2 can be simpli�ed as an
axial compression member.

To verify the correctness of simpli�ed mechanical
analysis model, all other forces are removed and only axial
force of member 2 is applied on the FE model of the A1 joint
under 2.3-times design load of LS1. FE results are shown in
Figure 13, and the stress nephogram of member 2 are almost
the same as that shown in Figure 10(a).

Researchers have investigated the local buckling of rect-
angular hollow section members [18, 21, 22], and member 2
can be divided into three parts: upper part, transition region,
and root region. For the upper part of truss member 2 with
box section, the axial bearing capacity can be calculated by the

Code for Design of Steel Structures [23], and equations
(1)–(5) should be considered in the designing stage:

(1) Section strength:

σ1 �
N

A
≤fy. (1)

(2) Overall stability:

σ2 �
N

φA
≤fy, (2)

φ �
1
2λ2n
[ 0.965 + 0.300λn + λ2n( )

−
������������������������
0.965 + 0.300λn + λ2n( )

2 − 4λ2n

√
],

(3)

Table 7: Support reaction force calculated under di�erent boundary types.

Member number Design load value (kN) Type 1 (kN) Type 2 (kN) Type 3 (kN) Type 4 (kN)
3 772 — 321 — 162
4 3774 3684 3620 3280 3458
5 654 636 568 780 520
6 976 831 — 656 125
7 620 — — 12 —
9 554 445 720 582 580

Table 8: Support reaction moment calculated under di�erent boundary types.

Member number Design load value (kN·m) Type 1 (kN·m) Type 2 (kN·m) Type 3 (kN·m) Type 4 (kN·m)
3 70 — − 74 — 63
4 226/298 156/243 35/152 124/201 87/137
5 17 13 12 15 13
6 48 32 — 26 27
7 0 — — 0 —
9 60 55 75 66 72
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(Avg: 75%)
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Figure 13: FE results of the A1 joint.
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(3) Local buckling:

b

t
≤ 40

���
235
fy

√
. (5)

As is veri�ed by test results and �nite element results,
theoretical calculation can ensure both upper parts of truss
member 2 of joints A1 and B1 are in elastic stage, and the
overall instability and local buckling will not occur during
the whole loading process.

For the transition region of truss member 2, because the
¥ange has a sharp corner in the transition region, local

depression occurs in the corner of the ¥ange. �e stress in
the ¥ange also redistributes and thus causes the stress
concentration on the web. According to FE results, the
highest stress in the web is 448MPa, which almost reaches
the yielding stress.

For the root region of truss member 2, there are no
theoretical methods to calculate the bearing capacity or the
local buckling load. However, the width-thickness ratio (b/t)
is the main factor determining the local buckling, and thus,
local buckling failure can be explained by mechanical theory.
Considering the web plate of the truss member, when the
axial force is transferred from the transition region to the
root region, the stress will be transferred to the e�ective
width [14], that is, perpendicular to axial force, which is
larger than the web width of the truss member. �erefore,
the width-to-thickness ratio of the steel plate will increase
obviously in the root region, and the local buckling is more
likely to occur.
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Figure 14: FE model and results of overlap joint A1. (a) Design of the overlap joint. (b) FE results. (c) Stress distribution of the overlap part.
(d) Concrete damage distribution.
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For engineer structure under 2.0-times design load, the
proposed joint type is already suitable. However, when
encountering a larger design load case, further design op-
timizations are required to increase the bearing capacity. For
example, because the sharp corner in transition region can
cause stress concentration in the web, inner stiffeners can be
added to ensure the force transfer of the flange. *e
thickness of the steel plate in the root region of member 2
should be increased to avoid the occurrence of local
buckling.

5.3. Design Conception

5.3.1. Overlap Joint Form of the Truss and Beam Member.
For the A1 joint, seven different steel members are con-
nected to the CFT column, and the forces of each joint
member are transferred to the CFT column, so the selection
of overlap form of adjacent members is of great importance
for joint design. In this paper, the design and optimization
procedure of the overlap joint form can be divided into the
following three parts:

(1) Some research studies [24, 25] have analyzed the
mechanical properties of different truss joint types,
and the overlapping form is first designed according
to Eurocode 3 Design of Steel Structures [11] and
CIDECT Design Guide [13], which provide a design
method for N-type overlap joint of hollow section
truss joints. Figure 14(a) shows the FE model of
preliminary joint design form, and the overlap rate is
more than 25% to ensure the force transfer of the
weld. *en the FE model is analyzed under 2.0-times
design load case LS1, and the whole FE results are
shown in Figure 14(b), and the detailed stress dis-
tribution of the overlap part is shown in Figure 14(c).
It can be noted that the overlap part of truss member
2 produces a high stress value of 443.3MPa due to
stress concentration. *e stress concentration also
occurs in the steel tube wall near truss member 2.
Although filled by concrete, FE results show that the
steel tube wall has large local depression around the
truss member. Moreover, the overlap part of
member 3 has significant local buckling, as shown in
Figure 14(c), and the stress at the corner part almost
reaches the yielding strength. *e concrete damage
distribution is shown in Figure 14(d), as can be seen,
the concrete damage occurs in the connection region
of truss member 2 which may cause local depression
of the column.

(2) Obviously, the preliminary joint form is not suitable
for this engineering design. Tong et al. [18] presented
the experimental study on KK-joint between two
welded square hollow section trusses in China Na-
tional Stadium. In their research, the truss member
was divided into three parts as described in Section
5.2 and concluded that local enlargement at the ends
of the truss member can improve force transfer path
and decrease the stress concentration. Based on the
above analysis, the optimized overlap joint is carried

out and presented in Figure 15(a). First, the root
region of member 2 is changed to the rectangle
shape, which can effectively reduce the stress con-
centration in the overlap part of the previous design
connection. *e contact area between member 2 and
CFT column is also increased to avoid stress con-
centration and local compression, and the symmetry
design of joint shape ensures the force effectively
transferred to the core area. At last, the stiffeners are
added below the horizontal members 3 and 6, which
can optimize the force transferring path and reduce
the local stress of column around the outer di-
aphragm. However, as can be seen from Figure 15(b),
stress concentration occurs in the sharp corner of
transition region. *e highest von Mises stress is
470Mpa and it already exceeds the yield strength. To
reduce the stress concentration in the transition
region, the sharp corner is then optimized to the
round corner and the influence of different fillet radii
is investigated.

(3) *ree different fillet radiuses of 75mm, 100mm, and
125mm are further analyzed. *e optimized joint
form is simplified according to the description in
Section 5.2, and the shell edges connected to the CFT
column and the beam member are set as the fixed
end, and the upper part of the truss member is
neglected, only transition and root part are modeled
as shown in Figure 16(a). *e FE result of stress
nephogram under 2.0-times design load case LS1 is
shown in Figures 16(b)–16(d). As can be seen, the
stress concentration decreases with the increase of
fillet radius, and the stress distribution in the tran-
sition region is more uniform for the fillet radius
125mm.

*e final optimized joint form is shown in Figure 17(a)
which is the same as test specimen, and Figure 17(b) shows
the corresponding stress nephogram under 2.0-times design
load. It can be found that no local compression or stress
concentration occurs in the column and the overlap part of
the truss member, which proves the adaptability of the
optimized joint form. *e A2 joint looks the same as the A1
joint except for the upper two bracing members, but the
members of the A2 joint are subjected to tensile axial forces
(Figure 4) which is totally opposite from the A1 joint.
Members 4 and 5 of the A2 joint also have the overlap part,
and FE models are established to find out the suitable
connection form. Figure 17(c) shows the FE results of the A2
joint with member 4 directly connected to member 5 and
column. As can be observed from the figure, stress con-
centration also occurs in the sharp corner of the overlap part.
Furthermore, the tube wall has obvious deformation and
tends to separate from the concrete. Figure 17(d) shows the
FE results of the A2 joint with optimized member con-
nection form, and it can be found that the optimized
connection form of a rectangle plate with a round corner can
reduce the stress concentration and improve the tensile
bearing capacity. *is kind of connection form between
truss members is also suitable for combination cases of both
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Figure 15: FE model of optimized joint form. (a) First optimized joint form (b) Stress concentration in joint region.
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Figure 16: Stress nephogram of di�erent �llet radii. (a) Simpli�ed joint form (b) Fillet radius� 75mm. (c) Fillet radius� 100mm. (d) Fillet
radius� 125mm.
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Figure 18: FE results of joint without outer diaphragm. (a) A1 joint. (b) A2 joint.

(a)

(Avg: 75%)
SNEG, (fraction = –1.0)
S, Mises

+1.120e + 00
+3.779e + 01
+7.446e + 01
+1.111e + 02
+1.478e + 02
+1.845e + 02
+2.212e + 02
+2.578e + 02
+2.945e + 02
+3.312e + 02
+3.678e + 02
+4.045e + 02
+4.412e + 02

(b)

(Avg: 75%)
SNEG, (fraction = –1.0)
S, Mises

+4.031e + 00
+3.895e + 01
+7.388e + 01
+1.088e + 02
+1.437e + 02
+1.786e + 02
+2.136e + 02
+2.485e + 02
+2.834e + 02
+3.183e + 02
+3.533e + 02
+3.882e + 02
+4.231e + 02

(c)

(Avg: 75%)
SNEG, (fraction = –1.0)
S, Mises

+9.111e – 01
+3.610e + 01
+7.130e + 01
+1.065e + 02
+1.417e + 02
+1.769e + 02
+2.121e + 02
+2.473e + 02
+2.824e + 02
+3.176e + 02
+3.528e + 02
+3.880e + 02
+4.232e + 02

(d)

Figure 17: Stress nephogram of optimized A1 and A2 joint. (a) Final optimized joint form (b) Stress nephogram of optimized A1 joint.
(c) Stress nephogram of initial A2 joint (d) Stress nephogram of optimized A2 joint.
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tensile force and moment which can provide design guid-
ance for other similar structures.

5.3.2. Outer Diaphragm. �e outer diaphragm has been
widely used in beam to CFTcolumn joints, and internal force
including moment and shear force of the beam member can
be transferred to the CFTcolumn e�ectively. It can also work
well with the steel tube and increase the sti�ness of the CFT
column. In terms of seismic performance, the outer di-
aphragm can improve the ductility and strengthen the core
area of the column joint. Based on the above considerations,
FE models of three di�erent types of joint form are estab-
lished to investigate the in¥uence of outer diaphragm on the
mechanical performance of joints. Figure 18 shows the FE
results of A1 and A2 joints without outer diaphragms under
load case LS1 with 2.0-times design load. Figures 17(b) and
17(d) show the FE results of two joints within outer di-
aphragm. Comparing the stress nephogram of the joints, the
stress of the joints without outer diaphragm in the core area
of the steel tube wall increases slightly because strengthening
measures already exists inside the CFT column. For the A1
joint, inner diaphragmwith vertical sti�eners is used. For the
A2 joint, the members penetrate through the CFTcolumn to
improve the tensile bearing capacity.

In addition, the in¥uence of di�erent outer diaphragm
thickness on end-displacement of the beam member is also
studied, and the displacement of the CFT column that con-
sidered as beam support is neglected in this investigation.
According to Chinese code [14], the minimum thickness of
outer diaphragm should not be less than the thickness of
beam ¥ange (12mm), so outer diaphragms with four di�erent
thickness of 0mm (means without outer diaphragms),
12mm, 14mm, and 16mm are analyzed under 2.0-times
design load case LS1. Figure 19 shows FE results of the end-
displacement and thickness curve of A1 and A2 joints. It can
be noted that the end-displacement of all beam members of
A1 and A2 joint decreases after adding outer diaphragm.
Especially for the individual beam member 3 of the A1 joint

andmember 6 of the A2 joint in the secondary plane, the end-
displacement is signi�cantly reduced which means the outer
diaphragm can e�ectively improve the rigidity of beam joint,
and the results are consistent with the conclusion of other
research [7]. However, as the thickness of outer diaphragm
increases, the end-displacement of beam member decreases
slightly and almost remains constant, which indicates that the
in¥uence of thickness on beam sti�ness is limited when the
thickness of outer diaphragm exceeds 12mm. �us, the
thickness of outer diaphragms is set to 12mm which is the
same as the thickness of beam ¥ange.

6. Conclusions

In this paper, test and numerical studies on monotonic
behavior of steel truss-to-concrete-�lled tubular column
joints were conducted. �e following conclusions can be
drawn:

(1) For two di�erent load cases LS1 and LS2 under 1.0-
times design load, all the members of three joints are
at the elastic stage and have a low stress level. Under
2.0-times design load, although few truss members
enter the plastic stage, three joints all remain intact
and have no large deformation. Test results prove the
adaptability of three joints in structural design and
all the three joints have a good safety reserve.

(2) Failure mode and test phenomena of three joints are
illustrated in detail, and the main failure mode is the
local buckling in the root region of steel truss
member, and all CFT columns remain intact. �e
�nite element method is also adopted to analyze the
performance of joints, and the FE results of stress
distributions are in good agreement with test results,
which further prove the design conception of “strong
column and weak beam.”

(3) Considering the joints are the spatial specimen, the
innovative three-dimensional connection subassembly
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Figure 19: Beam member end-displacement and thickness curve. (a) A1 joint. (b) A2 joint.
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testing system was described, and different support
conditions of the A1 joint are analyzed by the FE
method to facilitate the test system. Results show that
when members 4, 5, 6, and 9 are set as fixed ends, the
specimen is beneficial for both design load simulation
and test operation.

(4) Design conception of proposed overlap joint form is
analyzed, and the influence of different fillet radius in
the transition region is described in detail. Com-
pared with traditional N-type overlap joint, FE re-
sults show that the enlargement fillet radius and end
area of the truss member can reduce the local
compression effect and stress concentration, thus
proving the adaptability of proposed overlap joint
form.

(5) *e influence of the outer diaphragm on the me-
chanical performance of the joint is further in-
vestigated. Different outer diaphragm thickness of
the A1 joint is modeled and analyzed by the FE
method, and results show that the outer diaphragm
can increase the stiffness of the beam member. It is
suggested to select the thickness of beam flange as
that of outer diaphragm.

In general, the joint form and their design conceptions
can provide good guidance for designers and engineers.
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