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Abstract: To investigate the bearing behavior of symmetrical full-scale different strength concrete
filled double skin steel tube (CFDST) stub columns, 19 full-scale specimens were designed, consid-
ering the slenderness ratio (A); the compression strength of core concrete and sandwich concrete
(fekis fcko), the thickness of the inner and outer steel tubes (1, t,); the diameter of inner and outer
steel tubes (Dj, Do); and the tensile strength of the inner and outer steel tubes (fyyi, fyko) as the
main parameters. Nonlinear constitutive models for concrete considering constraint effect were
adopted, and a finite element (FE) model was established using ABAQUS software. By comparing the
results between simulations and experiments, the rationality of the modeling method was verified.
Based on the FE model, the parameter analysis for CFDST columns were conducted, and the force
mechanism, stress distribution, and deformation process were analyzed. The results showed that the
axial compression bearing capacity (Nj') increased significantly with an increase in f i, to, Do, and
fckor while Ng' decreased gradually with an increase in A. Finally, according to the calculated results
of the specimens, the calculation formula for N{' of full-scale composite columns was statistically
regressed using 1stOpt software and showed a good agreement with the FE.

Keywords: different strength concrete; double skin steel tube; composite columns; constraint effect;
finite element simulation; full-scale; axial compression bearing capacity

1. Introduction

With the rapid revitalization of old industrial bases in northeastern China, the recon-
struction of adding stories around the existing buildings has become a hot topic in the
field of civil engineering [1,2]. The main existing buildings are low masonry buildings
which were constructed over decades, and they cannot be destroyed or rebuilt to meet
their special requirements [3]. The bearing capacity of these buildings is lower, and it is
impossible to add stories directly around the existing structures. Therefore, it has become a
key problem to realize the reconstruction of adding stories around the existing buildings
without interrupting their function [4]. A novel assembled composite frame, consisting of
different strength concrete filled double skin steel tube (CFDST) columns and H-shaped
honeycombed composite beams with rectangular concrete filled steel tube (RCFST) flanges,
is proposed in this paper [5-9]. Both the columns and beams are connected together through
integral joints. The sketch of the composite frame is shown in Figure 1. In order to increase
the span of frame, external prestressing tendons can be arranged under the low flange of
the composite beams. Firstly, the beams and columns of the frame can be prefabricated
in the factory and then connected reliably through integral joints in the construction site,
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and, additionally, concrete is poured into the integral joints. The main structure can be
continuously constructed from the lower floor to the top floor, which can greatly reduce
the construction period.
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Existing building
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Existing building

1 CFDST column, 2 H-shaped honeycombed composite beams with rectangular concrete filled steel tube (RCFST)
flanges, 3 Prestressing tendon, 4 High-strength bolt, 5 Stiffening rib, 6 Rectangular CFST flange, 7 Integral joint,
8 Honeycomb hole, 9 Splitter plate, 10 Inner CFST column, 11 Connection plate, 12 Anchor.

@)

(b) (©)

Figure 1. The sketch: (a) the novel assembled composite frame; (b) integral joint; and (c) H-shaped
honeycombed composite beams with RCFST.

CFDST columns consist of inner and outer steel tubes, the core concrete that is poured
into the inner steel tube, and the sandwich concrete that is poured between the inner
and outer steel tubes. Same strength or different strength concrete can be adopted as
the core and sandwich concrete. The outer steel tube has the role of constraining the
entire column, and the inner steel tube does not only constrain the core concrete directly,
but also provides support to the sandwich concrete. The interaction between the inner
steel tube and outer steel tube can result in the stress of the core and sandwich concrete
from three directions. Due to the existence of concrete, the local buckling of steel tubes
can be delayed or avoided, so their circumferential tensile behavior can be displayed
adequately. The axial compression bearing capacity of CFDST columns will greatly be
improved, and the ductility and seismic performance will be significantly better than those
of ordinary concrete filled single steel tube (CFST) columns [10]. Studies on the bearing
behavior of confined concrete members have been widely investigated. In the 1980s, the
stress mechanism of reinforcement concrete members was investigated by J. B. Mander
et al. [11], and the stress—strain models of reinforcement concrete with various cross-section
patterns proposed by C. N. Srinivasan et al. [12] experimentally investigated the axial
compression behavior of 14 CFST stub columns. The results showed that the ductility
and stiffness of these members were improved because of the existence of steel tubes.
Compared with the ductility and stiffness of square and rectangle CFST columns, those
of circular CFST columns were improved more significantly. A series of studies on the
eccentric compression [13], stability [14], and fire resistance [15] behavior of CFST columns
were carried out, and the specimens showed excellent strength, stiffness, and stability when
subjected to various complicated loading. Compared with ordinary reinforced concrete
frame structures, the frame structure composed by CFST members had superior seismic
behavior and impact resistance. A series of studies on the axial compression behavior of
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CFST columns and CFDST columns were carried out by Hussein Ghanim Hasan et al.,
and the results showed that the inner tube played a significant role in the performance of
CFDST columns. With the increase in the thickness of the inner tube, the influence of the
constraint effect increased; therefore, it was necessary to consider the constraint effect of the
inner tube during the process of calculation and analysis [16]. In addition, the destructive
form of the CFDST columns depended mainly on the D/t of the outer tube, and when
compared with the inner tube with the thick wall, the inner tube of the specimens suffered
greater damage in the early bending stage [17]. The axial compression behavior of the
hollow CFDST composite columns was experimentally investigated by Z. Tao [18]. By the
introduction of the constraint effect coefficient (), the stress—strain model [19], which could
be suitable for hollow CFDST composite columns, was established. Based on the theory
of confined concrete, the stress mechanism of fiber reinforced polymer (FRP) confined
concrete members was investigated by L. Lam [20] and J. G. Teng [21], and the stress—strain
model for concrete confined by FRPs was provided. Numerical simulation analysis of
hollow CFDST columns using the finite element (FE) software ABAQUS was conducted by
M. Pagoulatou [22], and the FE analysis results were in agreement with the experiments.
An analytical expression for calculating the axial compression bearing capacity of the
members was proposed according to the parameter analysis. J. G. Nie [23] investigated the
behavior of hollow CFDST columns by utilizing the equilibrium limit method, and a simple
expression to predict the axial compression bearing capacity for hollow CFDST members
was developed. X. D. Fang [24] and T. Ekmekyapar [25] experimentally studied the axial
compression behavior of 34 CFDST columns, and the results showed that the failure model
of the CFDST members was, essentially, similar to that of the CFST members. Moreover,
the axial compression bearing capacity, ductility, and stiffness were significantly improved
due to the existence of the double skin steel tubes.

Although the axial compression analysis for the CFDST specimens have been inves-
tigated widely, the reduced-scale models were mainly considered and researched [24,26].
Therefore, it is insufficient to conduct the research on the mechanism behavior of CFDST
members considering the size effect, and the applicability of the calculation formula for
the bearing capacity based on the reduced-scale models to the full-scale specimens has not
been verified. According to the mechanism behavior of CFST members, the constraint effect
coefficients (¢;, ¢o) were introduced to describe the constraint effect for core concrete and
sandwich concrete, respectively. A total of 19 full-scale specimens were designed, taking
the slenderness ratio (A); the compression strength of the core concrete and sandwich
concrete (f.yi, fcko); the thickness of the inner and outer steel tubes (¢, t,); the diameter of
the inner and outer steel tubes (Dj, D,); and the tensile strength of the inner and outer steel
tubes (fyxi, fyko) as the main parameters. Numerical simulation analysis of the mechanical
behavior of full-scale CFDST stub columns subjected to an axial load was carried out using
ABAQUS [27], and the rationality of modeling method was verified. The stress distribution
and failure mode of the specimens could be obtained. The bearing capacity formula for
the full-scale CFDST composite stub columns could be statistically regressed using 1stOpt
software, which could be used in engineering practices.

2. Specimen Design

To study the axial compression behavior of symmetrical full-scale CFDST stub columns,
19 specimens were designed by considering the slenderness ratio (1), the axial compression
strength of the core and sandwich concrete (f .y, f ko), the thickness (¢, t,), and the yield
strength (f i, fcko) and diameter (Dj, D,) of the inner and outer steel tubes as the main
controlled parameters. These specific parameters are shown in Table 1 and the sketch of the
CFDST columns is shown in Figure 2. The constraint effect coefficients (¢;, o) [28], which
stood for the constraint effect of the core concrete and sandwich concrete, respectively, were
listed in Table 1. According to the failure mode of the CFST columns [29], the sandwich
concrete was constrained by the outer steel tube, and the only interaction between the inner
steel tube and sandwich concrete was the interfacial bonding. During the loading process,
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it was almost impossible to achieve a synchronous deformation between the inner steel
tube and sandwich concrete [30]; therefore, the interfacial bonding effect would disappear
when the circumferential expansion was very small. To conclude, the interfacial bonding
effect between the inner steel tube and sandwich concrete may be ignored during the
calculation process of &, as shown in Equation (1). The strength of the inner steel tube and
core concrete is simplified with f,:

Co = Asofyko/Acfcko (1)

where A. and Ag, are the cross-sectional areas surrounded by the outer steel tube and the

area of the outer steel tube, respectively.

Table 1. The specific parameters of the 19 CFDST specimens.

. D; x t; X to X Do h fai fyi feko fyko 1 )

Specimens /mm?* /mm /MPa /MPa /MPa /MPa A i So
CF1 500 x 10 x 10 x 800 1500 30 345 40 345 7.32 1.61 0.44
CE2 500 x 10 x 10 x 800 1500 40 345 40 345 7.32 1.39 0.44
CF3 500 x 10 x 10 x 800 1500 50 345 40 345 7.32 1.26 0.44
CF4 500 x 8 x 10 x 800 1500 40 345 40 345 7.32 1.25 0.44
CF5 500 x 12 x 10 x 800 1500 40 345 40 345 7.32 1.53 0.44
CFé6 480 x 10 x 10 x 800 1500 40 345 40 345 7.32 1.38 0.44
CF7 520 x 10 x 10 x 800 1500 40 345 40 345 7.32 1.41 0.44
CEF8 500 x 10 x 10 x 800 1500 40 235 40 345 7.32 1.18 0.44
CF9 500 x 10 x 10 x 800 1500 40 490 40 345 7.32 1.67 0.44
CF10 500 x 10 x 10 x 800 1500 40 345 30 345 7.32 1.63 0.58
CF11 500 x 10 x 10 x 800 1500 40 345 50 345 7.32 1.25 0.35
CF12 500 x 10 x 8 x 800 1500 40 345 40 345 7.35 1.26 0.35
CF13 500 x 10 x 12 x 800 1500 40 345 40 345 7.28 1.52 0.53
CF14 500 x 10 x 10 x 900 1500 40 345 40 345 6.52 1.23 0.39
CF15 500 x 10 x 10 x 1000 1500 40 345 40 345 5.88 1.14 0.35
CF16 500 x 10 x 10 x 800 1500 40 345 40 235 7.32 1.16 0.30
CF17 500 x 10 x 10 x 800 1500 40 345 40 490 7.32 1.69 0.62
CF18 500 x 10 x 10 x 800 1200 40 345 40 345 5.85 1.39 0.44
CF19 500 x 10 x 10 x 800 1600 40 345 40 345 7.80 1.39 0.44

! 1 was the length of the specimens. A =4 /1/D,,.
Core concrete
7L
Inner steel tube
Sandwich concrete Core concrete
<A
=~ Q
S
Inner steel tube
Outer steel tube
)L
Lfo to[,
L Do L Do

Figure 2. Sketch of the CFDST column.
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The core concrete was directly constrained by the inner steel tube and constrained
indirectly by the sandwich concrete and the outer steel tube; therefore, the constraint effect
of the core concrete was more complex than the sandwich concrete. Here, ¢; was adopted to
describe the equivalent constraint effect of the core concrete, and the calculation expression
is shown in Equation (2) as the following;:

& = ﬁ (Asifyki + ASOfka)
' A Acif cki Acof cko

where A is the total cross-sectional area of the CFDST specimens. Agj, Aq, and A, are the
cross-sectional areas of the inner steel tube, core concrete, and sandwich concrete, respectively.

@

3. Finite Element Model
3.1. Constitutive Models of Materials
3.1.1. Steel Tube
The constitutive model of the inner and outer steel tubes is separated into two segments

in this paper: the elastic segment and the stress hardening segment. The expression of the
above segments can be presented as the following Equation (3):

Eg X ¢ (e < eyk)

%= fyk + Eq X (e—syk) (s > syk) ®

where Eg is the elastic modulus of the inner and outer steel tubes and Ej, taken as 0.01E;, is
the strengthening coefficient of the inner and outer steel tubes entering the stress hardening
segment. £y and fyy are the yield strain and yield strength of the inner and outer steel
tubes, respectively.

3.1.2. Concrete

Multiple constitutive models (CMs) for confined concrete have been proposed by
many scholars, such as J. B. Mander [11], J. G. Teng [21], M. Pagoulatou [22], and L. H.
Han [28], as shown in Figure 3. Additionally, the CM curve of unconfined concrete provided
by GB50010-2010 [31] is shown in Figure 3. By comparing the different CMs for confined
concrete, L. H. Han's CM was selected in the present paper to simulate the damage state
of concrete.

G _ -

0y

—— CM(J.B. Mander)

—-—- CMM. pagoulatou)
--v--CM(L.H.Han)
- - -CM(GB50010-2010)

i | -+ -CM{.G Teng)

Figure 3. Nonlinear CMs for concrete.



Symmetry 2022, 14, 223

6 of 20

3.2. Element Type and Contact Mode

The finite element model of the CFDST specimens was established using ABAQUS
software. The eight-node three-dimensional solid element (C3D8R) was adopted to simulate
the steel tubes and concrete. The interfacial contact between the steel tubes and concrete
consisted of hard contact in a normal direction and friction contact in a tangent direction. It
would be possible for the interface between the steel tube and concrete to transfer the shear
stress (T) [32], if T was not greater than the critical value of the interface bond stress (Tpong)-
On the contrary, the relative slip would occur between the steel tube and concrete if T was
greater than T,,n4, as shown in Equation (4). The relative slip between the steel tube and
concrete is considered in the present paper. The interfacial contact of the CFDST specimens
is shown in Figure 4:

. W’{ § :bond (coordination defOJimati(')n) )
bond (relative slip)

where p represented the pressure of interfacial contact, and yu is the friction coefficient,
which takes the value of 0.5 [33].

Hard contact

Friction contact

Inner steel tube

Core concrete

N\

Sandwich concrete

SR

Outer steel tube

Friction contact

Figure 4. Interfacial contact of the CFDST stub columns.

3.3. Boundary Condition and Mesh

The two reference points (RP1 and RP2) were established with the distance of 10 mm
outward from two ends, respectively. In order to ensure that specimens could be subjected
to a uniform axial compression load, RP1 and RP2 were coupled with the top and bottom
surfaces of the specimens, respectively. Both displacements and rotations of RP2 were
constrained to realize the consolidation for the bottom surface of the CFDST stub columns,
which could restrict the displacements of the X, Y, and Z directions (Uj, Uy, and U3), as well
as the rotations of the X, Y, and Z directions (UR1, URy, and UR3). The vertical displacement
was applied to the RP1 point of the specimens. During the process of assembly, the models
were divided into four equal parts along the circular section. In order to guarantee the
mesh quality and calculation accuracy, each component should be divided into 3 layers
in the lateral direction, at least. As for the mesh size (MS) of the concrete, the difference
should not be too great in the three directions. It can be suggested that the shape of the
element mesh should be a hexahedron, and the mesh and boundary conditions are shown
in Figure 5:
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Core concrete

Inner steel tube

Sandwich concrete

Outer steel tube

(U=Ur= Us=0,
UR\=UR>=UR5=0rad/s)

Figure 5. Mesh and boundary condition of the CFDST stub columns.

4. Experimental Verification
4.1. Existing Test Review

To verify the rationality of the modeling method developed in this paper, 26 similar
experimental specimens [24,25] were selected, and 26 corresponding FE specimens were
carried out based on the above modeling method. The dimensions and material properties
of the experimental specimens are summarized in Table 2. The meshing had a significant
impact on the results of the finite element calculation, so it was necessary to adopt a suitable
mesh size. Firstly, perform a calculation using a large mesh size, and subsequently conduct
the calculation again using half of the original mesh size. By comparing the results of the
two calculations, if the calculation error is within 2%, the mesh size can be regarded as
meeting the requirements. Otherwise, the mesh should continue to be subdivided until the
requirements are met. Taking the CC1-SC1-OT1 specimen as an example, the comparisons
of modeling using different mesh sizes is shown in Figure 6. From the comparisons between
the simulations and experiments, it was found in Figure 6 that it was better simulate 20 mm
as the mesh size. In this paper, the average mesh size for the concrete and steel tubes of the
reduced-scale specimens was 20 mm, while that of the full-scale specimens was 50 mm.

1600

1400 - CbD;Dv'_é':-D-' """"" == g---v
1200 | - TISTIIRNY
1000 -
Zz A
=% 800} f
Z [ —o— Experiment(T.Ekmekyapar)
600 i -+ -FE analysis(MS 10mm)
400 H --v-- FE analysis(MS 20mm)
+ - <~ FE analysis(MS 40mm)
200 F -+ FE analysis(MS 80mm)
0 | ] : ] N 1 N ] X ] .
0 5 10 15 20 25 30

A/mm

Figure 6. Comparison of different mesh sizes for the CC1-5C1-OT1 specimen.
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Table 2. The specific parameters of the existing specimens.

Ny

. D; X t; X to X Do X h i i co o N AT
Specimens /mm° /I\J:IPa /l{/lyPa /I(/[Pa /I{/{Pa /KN /kll\ll WS“TIN”/%
T. Ekmekyapar’s tests [25]
CC1-5C1-0T1 88.9 x 4.25 x 3.3 x 139.7 x 270 30.55 375 30.55 290 1435.05 1372.34 4.37
CC1-5C1-0T2 88.9 x 4.25 x 5.87 x 139.7 x 270 30.55 375 30.55 355 197794  1948.44 1.49
CC1-5C2-0T1 88.9 x 4.25 x 3.3 x 139.7 x 270 30.55 375 68.09 290 1606.98  1657.31 3.13
CC2-5C1-0T12 88.9 x 4.25 x 5.87 x 139.7 x 270 68.09 375 30.55 355 2153.11  2153.44 0.02
CC1-5C2-0T2 88.9 x 4.25 x 5.87 x 139.7 x 270 30.55 375 68.09 355 2044.44  1999.27 2.21
CC2-SC2-0T1 88.9 x 4.25 x 3.3 x 139.7 x 270 68.09 375 68.09 290 1561.73  1574.47 0.82
CC2-SC2-0OT2 889 x 4.25 x 5.87 x 139.7 x 270 68.09 375 68.09 355 2567.9  2695.21 4.96
CC2-5C1-0T1 88.9 x 4.25 x 3.3 x 139.7 x 270 68.09 375 30.55 290 1570.15  1656.44 5.49
X.D. Fang's tests [24]

S1 102 x 8 x 8 x 219 x 880 30.4 331.3 30.4 325 5052.63  4877.82 3.46

S2 102 x 6 x 6 x 219 x 880 304 321.7 304 312.5 4139.34  3929.36 5.07

S3 102 x 4.5 x 6 x 219 x 880 30.4 372.5 30.4 312.5 3606.56  3566.10 1.12

S4 102 x 8 x 8 x 168 x 680 30.4 331.3 30.4 355 4139.34  4085.18 1.31

S5 102 x 6 x 6 x 168 x 680 304 321.7 304 365 3688.52 347491 5.79

S6 102 x 4.5 x 6 x 168 x 680 30.4 372.5 30.4 365 3278.69  3086.84 5.85

S7 102 x 8 x 8 x 219 x 880 55.77 331.3 55.77 325 5080.65  5292.76 417

S9 102 x 4.5 x 6 x 219 x 880 55.77 372.5 55.77 312.5 4306.45  4152.02 3.59

S10 102 x 8 x 8 x 168 x 680 55.77 331.3 55.77 355 427419  4425.74 3.55

S12 102 x 4.5 x 6 x 168 x 680 55.77 372.5 55.77 365 3467.74  3403.40 1.86

S13 102x 8 x 8 x 219 x 880 69.21 331.3 69.21 325 5641.03  5522.64 2.10

S15 102 x 6 x 6 x 219 x 880 69.21 321.7 69.21 312.5 497436  4676.37 5.99

S16 102 x 8 x 8 x 168 x 680 69.21 331.3 69.21 355 414530  4328.35 451

S18 102 x 6 x 6 x 168 x 680 69.21 321.7 69.21 365 3931.62  3605.05 8.31

S21 102 x 8 x 8 x 219 x 880 84.19 331.3 84.19 325 5959.24  5998.78 0.66

S22 102 x 6 x 6 x 219 x 880 84.19 321.7 84.19 312.5 573593  5179.37 9.70

S25 102 x 8 x 8 x 168 x 680 84.19 331.3 84.19 355 4338.84  4736.20 9.16

526 102 x 6 x 6 x 168 x 680 84.19 321.7 84.19 365 4297.52  4108.29 4.40

4.2. Verification Result

The FE analysis of 26 specimens was carried out by adopting the above modeling
method. The N-A curves can be obtained, as shown in Figure 7. It can be seen that all of the
results are in agreement for the majority of the specimens; however, when the specimens
are in the plastic stage, the agreement of the results between the FE analysis and the
experiment is poor. The reason for this is that the concrete was regarded as an isotropic
continuous element during the simulation analysis process, while the concrete belonged to
the discrete element in the experiment. The axial compression bearing capacity (N} and Ng)
obtained by experimental means and the FE analysis are shown in Table 2 and Figure 8. The
maximum error (Erroryiay) between them was 9.70%, and it can be seen that the simulation
accuracy is so great that it can meet the requirements of practical engineering. The failure
modes of all specimens were essentially similar to the experiment, and 2 representative
specimens (CC2-SC1-OT1 and S7) were given, as shown in Figure 9.
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6000

5000

Z 4000

3000

Ny

2000

T

T

Errory,,=9.70%

rd
@
rd
’
rd s
7 -
Iy
W
rd
P4

P
e
7’
e
” ”
s ”’
s /’
/. o
// ,.
s ] //
/‘ n -
/. //
,/. -
, [ B4
4 n -
] Fa
.7 n’
7 ”
Vs /’
z/ /./
,/
B

e T.Ekmekyapar
m  X.D.Fang

00
1000

2000

4000
NI/KN

3000

5000 6000

Figure 8. The maximum error between the experimental results and FE results.



Symmetry 2022, 14, 223

11 of 20

(@)

(b) S7.

5. Parameter Analysis

(b)

Figure 9. Comparisons of the failure modes for 2 representative specimens: (a) CC2-SC1-OT1 and

In order to analyze the effect of different parameters on the axial compression behavior
of the test specimens, the N-A curves of specimens with different controlled parameters
are listed from Figures 10-14. It can be seen that the trend of the curves of the full-scale
specimens is essentially similar, with 21 reduced-scale specimens conducted in the existing

literature [34].
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Figure 10. Comparisons of the N-A curves of specimens with different f; and fy,: (a) full-scale

specimens with different f; and (b) full-scale specimens with different f .
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Figure 11. Comparisons of the N-A curves of specimens with different f; and t,: (a) specimens with

different t; and (b) specimens with different ¢,.
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5.1. Concrete Strength (fuyi, foxo)

The N-A curves of full-scale specimens with different strengths of core concrete (f ;)
and sandwich concrete (f ) are listed in Figure 10. In Figure 10a, it can be seen that
when fy; is assigned the different values of 30 MPa, 40 MPa, and 50 MPa, the N¢' of
full-scale specimens can be improved from 34,671.90 kN to 36,578.70 kN and 38,478.20 kN,
respectively, which increases by 5.49% and 10.98%. In Figure 10b, it can be seen that
when fy, is assigned the different values of 30 MPa, 40 MPa, and 50 MPa, the Ng' of
full-scale specimens can be improved from 33,811.60 kN to 36,578.70 kN and 39,392.80 kN,
respectively, which increases by 7.56% and 15.26%. Therefore, Ni' can be improved with
the increase in f; and fq,, but it is noted that f,, significantly, has a more important
impact on improving N;' than f 4.
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5.2. Thickness of the Steel Tubes (t;, to)

The N-A curves of specimens with different thicknesses of inner (¢;) and outer (¢,)
steel tubes are listed in Figure 11. In Figure 11a, it can be seen that when ¢; is assigned the
different values of 8 mm to 10 mm and 12 mm, the N§' of specimens can be improved from
35,410.30 kN to 36,482.40 kN and 37,625.30 kN, respectively, which increases by 3.03% and
6.26%. In Figure 11b, it can be seen that when ¢, is assigned the different values of 8 mm,
10 mm, and 12 mm, the N¢' of specimens can be improved from 34,478.00 kN to 36,578.70 kN
and 38,930.40 kN, respectively, which increases by 6.09% and 12.91%. Therefore, N§' can
be improved by increasing t; and t,. It is noted that N{' can be improved by t, more
significantly than t;.

5.3. Diameters of the Core and Sandwich Concrete (D;, Do)

The N-A curves of the specimens with different diameters of core concrete (D;) and
sandwich concrete (D,) are listed in Figure 12. In Figure 12a, it can be seen that the increase
in D; has little influence on improving Ng'; on the contrary, the load-holding behavior of
the CFDST can be significantly improved. In Figure 12b, it can be seen that when D, is
assigned the different values of 800 mm, 900 mm, and 1000 mm, the N{' of the specimens
can be improved from 36,578.70 kN to 43,521.30 kN and 51,334.50 kN, respectively, which
increases by 18.98% and 40.34%. Therefore, Ng' can be improved more significantly by
increasing D,, while the ductility gradually decreases with the increase in D,, and the
performance is similar to the CFST columns.

5.4. Strength of the Steel Tubes (fyii, fyko)

The N-A curves of specimens with different strengths of the inner steel tubes (fy;) and
outer steel tubes (fyy,) are listed in Figure 13. In Figure 13a, it can be seen that when f yy;
is assigned the different values of 235 MPa, 345 MPa, and 490 MPa, the N}' of specimens
can be improved from 34,596.20 kN to 36,578.70 kN and 39,105.00 kN, respectively, which
increases by 5.73% and 13.03%. In Figure 13b, it can be seen that when fy, is assigned the
different values of 235 MPa, 345 MPa, and 490 MPa, the N¢' of specimens can be improved
from 33,148.20 kN to 36,578.70 kN and 41,168.10 kN, respectively, which increases by 10.35%
and 24.19%. Therefore, Ng' can be improved by increasing fyi; and fyy,. It is noted that fyy,
can improve Ng' more significantly than f ;.

5.5. Slenderness Ratio (A)

The N-A curves of specimens with different slenderness ratios (1) are listed in
Figure 14. It can be seen from Figure 14 that when A is assigned the different values
of 5.85,7.32, and 7.80, the N;' of specimens decreases from 36,978.60 kN to 36,578.70 kN
and to 36,465.80 kNN, respectively, which decreases by 1.08% and 1.39%. On the contrary,
the ultimate displacement increases from 56.12 mm to 77.75 mm and to 85.28 mm, and the
growth rate is 38.54% and 51.96%, respectively. Therefore, N¢' decreases gradually with the
increase in A, but the ultimate displacement significantly improves.

6. Stress Mechanism of the CFDST Stub Columns
6.1. Stress Distribution and Deformation Process

When the specimens are subjected to longitudinal pressure (N), the longitudinal strain
(e3) of symmetrical CFDST stub columns increases gradually with the increase in N, and
the relationship between the radial strains and longitudinal strains can be expressed in the

form of Equation (5):
!/ __
G ®

€. = “I/tcfig

where s and y. are the Poisson’s ratios of the steel tubes and concrete, respectively. e, and
¢, are the radial strain of the steel tubes and concrete, respectively.
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The Poisson’s ratios of the steel tubes and concrete will continuously change during
the loading process. Initially, y < jis, S0 € is greater than ¢/, and it is impossible for the steel
tubes to provide a constraint effect for the concrete. When the longitudinal compression
stress of the steel tubes reaches its proportional limit (i.e., 63 ~ f}), jic approximately equals
Jis, SO €, approximately equals ¢.. When N gradually increases, jic > ps, that is, €, is smaller
than ¢... The lateral expansion of the concrete is constrained by the steel tubes, and it means
that the constraint effects are functioned. The stress distribution of the symmetrical CFDST
stub columns is shown in Figure 15a, where f}; and f}, are the radial pressures provided by
the core and sandwich concrete, respectively. Both f,§ and f.{ are the circumferential forces
provided by the inner and outer steel tubes, as shown in Equation (6). Both steel tubes
and concrete are under the state of tri-axial compression stress. The longitudinal, radial,
and circumferential stresses (d3, 0, 61, 0%, 85, and 67) of the inner and outer steel tubes and
concrete are presented in Figure 15b as the following:

{ i = Egesiti 6)

S1
fstc) = Egoego to
where ¢, and Ef; are the circumferential strain and the elastic modulus of the inner steel

tubes, respectively. Both €5, and ES; are the circumferential strain and elastic modulus of
the outer steel tubes, respectively.

% o

QOuter steel tube

J, Concrete
0
. Inner steel tube
' ' ' o

L]
s ; fi s
J s0 s1 J st S0

(a) (b)

Figure 15. Stress distribution of the CFDST specimens: (a) profile section and (b) the state of tri-axial
stress of the tiny element.
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6.2. Deformation Process

Taking the S1 specimen and CF2 specimen as examples, the typical deformation
process of the reduced-scale specimens and full-scale specimens under axial compression
is presented in Figure 16. In the elastic stage, the displacement under loading (Ar) is minor,
and it is shown that the composite columns bulged at two ends. In the pop-plastic stage,
the composite columns bulged gradually from two ends to the mid-section. When the
specimens reached the peak load and entered into a stable load-holding stage, the specimens
bulged gradually from the mid-section to the whole, the circumferential displacement (Ac)
for each section of the specimens also increased gradually, and the specimens failed when
A was superior to the limit deformation. The axial compression behavior of the concrete
significantly improved the steel tube by constraints.

1 1 4,=100mm
1200 . 4,~7mm \ —

— . 14004 <’[cr2 a0 14001 "~ CF2 | 14001~
ulge at two ends] ST = T " \ Bulge at the whole S /4 =50 Bulge at the whole *. |CF2
1200 J 4, =2mm Bugle at the mul-\ulmlll S CF2 _'200 ] N4 2 L=>0mm Cwith great 4, 12004
(@ T J

2 1000 4
i 1000 1 A

1
1
I~
1
!
I
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.
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/| 4,=60mm;

- '

600 ;s
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-0.4 -0.2 0.0 0.2 0.4 t . ; t . t L <20 -16 -12 -8 -4 0 4 8 12 16 20

S 4 2 32 10 1 2 2 . 50 40 30 20 10 0 10 20 30 40 50
A4/mm 4 /mm 4/mm 4/mm
(@) (b) () (d)

Figure 16. Deformation process of S1 and CF2: (a) bulge at two ends for specimens; (b) bulge at the
mid-section for specimens; (c) bulge at the whole for specimens; and (d) bulge at the whole with
great A, for specimens.

7. The Expression of the Axial Compression Bearing Capacity

Research on the reduced-scale CFST stub columns had been widely conducted by
domestic and foreign experts, and the calculation formula of the bearing capacity of the
CFST stub columns was proposed. In order to verify the applicability of the bearing capacity
calculation formula, based on the reduced-scale models, to full-scale specimens, different
formulas are used to calculate the bearing capacity of 19 full-scale specimens designed in
this paper.

The study on the bearing behavior of hollow CFDST specimens is carried out by
adopting the ultimate equilibrium method [23], and the calculation expression of the
axial compression bearing capacity (NS!) is obtained by introducing the constraint effect
coefficient (¢), as shown in Equation (7):

NE = Acfe (148 +0) + T (Agfiyo + Asfay) 7

where A., Aso, and Ag; are the areas of the sandwich concrete, outer steel tube, and inner
steel tube, respectively; fc, fsyo, are fsyi are the strengths of the sandwich concrete, outer
steel tube, and inner steel tube, respectively; ¢ is the index of confinement; and T is the
hollow ratio of section.

The expression of the axial compression bearing capacity (N$?) for the CFDST medium-
long columns is established by introducing the constraint effect coefficients (81 and 6,) [24],
as shown in Equation (8):

NZ = Aafa (1 + 1.650;) + Agp {fo [1 + 1.65 (8, + 62)] — fq(1 + 1.6561)} (8)

where A, and A are the areas of the sandwich concrete and core concrete, respectively.
fa1 and fe are the strengths of the sandwich concrete and core concrete, respectively. 6;
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100000

and 6, are the indexes for the confinement of the outer steel tube on the sandwich concrete
and the outer steel tube as well as the inner steel tube on the core concrete, respectively.

The numerical simulation analysis of reduced-scale CFDST stub columns was con-
ducted using ABAQUS software [34]. By introducing the constraint effect coefficient (Cj, ¢o)
of the inner and outer steel tubes, the expression of the axial compression bearing capacity
(NS3) of the CFDST stub columns was established, as shown in Equation (9):

NG = Acofero (1 + 1.658) + Agfai (—4378 +4125°%) + (A fyui + Asofyko)  (9)

where Ao, A, Agi, and Agg are the areas of sandwich concrete, core concrete, inner steel
tube, and outer steel tube, respectively. feo, fokis fykis and fyko are the strengths of the
sandwich concrete, core concrete, inner steel tube, and outer steel tube, respectively. ¢, and
¢; are the indexes for the confinement of the outer steel tube on the sandwich concrete and
outer steel tube, as well as the inner steel tube on the core concrete, respectively.

The axial compression bearing capacity values (N.&!, N2, N, ) of 19 specimens were
calculated using Equations (7)—(9), respectively, and the results (N3) were compared with
those obtained using the finite element calculation, as shown in Figure 17.
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Figure 17. Comparisons between N,¢ and N,® of specimens: (a) N,¢! calculated using Equation (7);
(b) N,&2 calculated using Equation (8); and (c) N3 calculated using Equation (9).

It can be seen from Figure 17 that the calculation formula for the axial compression
bearing capacity of the CFDST stub columns, based on the reduced-scale models, has a
great risk for error when applyied to the calculation of symmetrical full-scale specimens.
Compared with the finite element calculation results (N,°), the maximum errors among
Nud, Nucz, and NuC3 are 38.99%, 24.27%, and 73.13%, respectively. The results show that
although the full-scale specimens and the reduced-scale specimens have the same stress
mechanism and deformation characteristics, considering the influence of size effect, the
calculation formula of the axial compression bearing capacity, based on the reduced-scale
model, cannot be directly used for the calculation of full-scale specimens, which needs to
be adjusted.

In order to obtain more full-scale specimens to regress the calculation formula for the
ultimate bearing capacity of symmetrical full-scale CFDST composite stub columns, based
on the above 19 full-scale specimens, 33 similar full-scale specimens are supplemented by
the above modeling method in this paper. The specific parameters of 42 specimens are
shown in Table 3.
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Table 3. The specific parameters of N$* and N3 of 42 specimens.

4 IN; =N |
Specimens A &i ¢o /11\5“\1 III:IIEI /1:)1/?:)
CF1 7.32 1.61 0.44 34,671.90 34,503.33 0.49
CEF2 7.32 1.39 0.44 36,578.70 36,522.32 0.15
CF3 7.32 1.26 0.44 38,478.20 38,541.32 0.16
CF4 7.32 1.25 0.44 35,564.60 35,511.05 0.15
CF5 7.32 1.53 0.44 37,625.30 37,541.47 0.22
CF6 7.32 1.38 0.44 36,348.90 36,422.58 0.20
CF7 7.32 1.41 0.44 36,801.10 36,621.72 0.49
CF8 7.32 1.18 0.44 34,596.20 34,693.72 0.28
CF9 7.32 1.67 0.44 39,105.00 38,932.76 0.44
CF10 7.32 1.63 0.58 33,811.60 33,696.29 0.34
CF11 7.32 1.25 0.35 39,392.80 39,378.49 0.04
CF12 7.35 1.26 0.35 34,478.00 34,237.44 0.70
CF13 7.28 1.52 0.53 38,930.40 38,817.57 0.29
CF14 6.52 1.23 0.39 43,521.30 43,583.51 0.14
CF15 5.88 1.14 0.35 51334.50 51,254.24 0.16
CF16 7.32 1.16 0.30 33,148.20 32,909.31 0.72
CF17 7.32 1.69 0.62 41,168.10 41284.93 0.28
CF18 5.85 1.39 0.44 36,978.60 36,522.32 1.23
Table 3. Cont.
4 INS =N |
Specimens A & ¢o /11\’(:“\1 IZI:IIEI /1:”/?;
CF19 7.8 1.39 0.44 36,465.80 36,522.32 0.16
CF20 7.32 1.17 0.44 40,319.60 40,560.31 0.60
CF21 7.32 1.10 0.44 42,130.80 42,579.30 1.06
CF22 7.32 1.05 0.44 43,913.40 44,598.29 1.56
CF23 7.32 0.96 0.44 33,471.20 33,512.08 0.12
CF24 7.32 1.10 0.44 34,501.40 34,507.63 0.02
CF25 7.32 1.68 0.44 38,662.80 38,568.48 0.24
CF26 7.32 1.83 0.44 39,739.20 39,603.36 0.34
CF27 7.32 1.38 0.44 35,951.90 36,270.49 0.89
CF28 7.32 1.45 0.44 37,296.50 36,772.82 1.40
CF29 7.32 1.94 0.44 41,503.70 41,260.08 0.59
CF30 7.32 1.15 0.29 42,273.00 42,249.72 0.06
CF31 7.32 1.08 0.25 44,960.50 45,129.56 0.38
CF32 7.32 1.03 0.22 45,747.00 48,014.78 4.96
CF33 7.43 0.98 0.17 30,327.20 29,698.70 2.07
CF34 7.39 1.12 0.26 32,323.90 31962.90 1.12
CF35 7.25 1.65 0.61 41,039.90 41,123.19 0.20
CF36 7.21 1.78 0.70 43,581.30 43,439.20 0.33
CF37 6.19 1.18 0.37 47,236.70 47,342.79 0.22
CF38 5.61 1.10 0.33 55,701.50 55,318.11 0.69
CF39 5.36 1.07 0.32 60,229.70 59,534.75 1.15
CF40 7.32 1.98 0.80 45,454.70 45,883.30 0.94
CF41 6.34 1.39 0.44 36,815.70 36,522.32 0.80
CF42 6.83 1.39 0.44 36,691.30 36,522.32 0.46

According to the force mechanism of symmetrical CFDST composite stub columns,
in addition to the axial load produced by the concrete and steel tube alone, the constraint
effect of the steel tube on concrete should also be considered, and the constraint effect
can enhance the bearing capacity of the concrete. The calculation expression of the axial
compression bearing capacity (N,0) for the CFDST full-scale specimens can be obtained by
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introducing the constraint effect coefficient (j, {o) of the inner and outer steel tubes, as is
shown in Equation (10):

Nlcl = Acofcko (1 + Ago) + Acifcki (1 + bgi) + Asifyki + Asofsko (10)

where a and b are the adjustment coefficients, respectively.

The Levenberg-Marquardt optimization algorithm is used to regress the values of
a and b in the 1stOpt software. The convergence criteria is achieved after 16 iterations,
and the specific values of 2 and b are taken as 0.46 and 0.04, respectively, as is shown in
Equation (11).

N = Acofeko (1 + 04680) + Acifa (1 + 0.045) + Agifyki + Asofsko  (11)

The axial compression bearing capacity (NS*) of 42 full-scale specimens, calculated
using Equation (11), is shown in Figure 18. It can be seen from Figure 18 that the maximum
error (Erroryax) between N and Nﬁ4 is 4.96%, and both figures are in good agreement.
It can be seen that Equation (11) has a high calculation precision, which can meet the
requirements of practical engineering.

60000 |
Errory,,=4.96% L 2
Z 50000 A
= b 3
40000 | P
p /,’/ ‘ = Equation (11) |
30000 - . L L
30000 40000 50000 60000
NS/KN

Figure 18. Comparisons between NS* and N3 of 42 specimens.

8. Conclusions

In the present paper, a novel assembled composite frame consisting of CFDST columns
and H-shaped honeycombed composite beams with RCFST flanges was proposed, and the
study of the axial compression bearing behavior of symmetrical CFDST stub columns was
conducted. The following conclusions can be drawn:

1. Using ABAQUS software, a systematic study on the bearing behavior of symmetrical
CFDST stub columns was conducted. Based on the simplified bilinear constitutive model
(CM) of steel tubes and the nonlinear CMs of core concrete and sandwich concrete, the
numerical simulations of 26 test specimens were carried out. A comparison between the
experimental curves and the FE analysis results showed that both were in good agreement.
Therefore, the rationality of the CMs and FE modeling method was verified.

2. A further parameter study was carried out using the above modeling method. The
results showed that the N,§ of the symmetrical CFDST stub columns increased significantly
with the increase in f.,, fo, and D,. However, with the increase in A, the N° of the
symmetrical CFDST stub columns gradually decreased. All the specimens exhibited a
superior load-holding capacity.

3. the deformation process of the symmetrical CFDST composite stub columns is
mainly divided into 4 stages: firstly, bulging at the two ends, subsequently bulging from
the two ends and gradually moving to the mid-section, continuously bulging from the
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mid-section and gradually moving to the whole, and finally failing when A. reaches above
the limit deformation.

4. The calculation formula for the axial compression bearing capacity of stub columns
based on the reduced-scale model would present a great error if it was applied to full-scale
specimens. By referring to the formula for the axial compression capacity of the reduced-
scale model, the formula for calculating the axial compression bearing capacity of the
symmetrical full-scale CFDST composite stub columns was obtained. The maximum error
between the formula calculation and the finite element results was 4.96%, which could
meet the engineering requirements.
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