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Abstract

Tests on twenty-four concrete-filled CFRP-steel tubular beam-columns with square cross-section are conducted (S-CF-CFRP-
ST). The experimental consequences show that the axial compression-deflection curve on the cross-section at the mid-height
of the composite beam-column could be classified into three stages, i.e., the elastic stage, the elasto-plastic stage and the
softening stage, and the failure mode of the specimen is ductile. Analyses show that the CFRP and the steel tube can work
together in both longitudinal and transverse directions during the entire loading process, and the longitudinal strains in the
steel tube along the depth of the mid-height cross-section are satisfied with the plane section assumption. Furthermore, the
steel tube under longitudinal tension has little confinement effect on its nearby concrete. Finite element model is built to
predict the deformed mode and the curves of axial compression-deflection of the members. The predicted results agree well
with the tested ones. Simultaneously, the effects of several factors on the static performance of these composite members
are investigated. Equation for calculating the strength of S-CF-CFRP-ST beam-column is suggested, and the rationality of
the presented equation is estimated through comparison of the predicted results with the tested ones.

Keywords Square CF-CFRP-ST - Beam-column - Static behavior - Experiment - Finite element analysis - Load-carrying

capacity

1 Introduction

Due to the advantage of high strength of concrete mate-
rial in tri-axial compression, concrete-filled tubular (CFT)
structure, in which concrete is confined by the outer tube,

P< Kuan Peng
pklut7@163.com

Qing-li Wang
wql@ustl.edu.cn

Chang-zhi Duan
Doris98@126.com

Yong-bo Shao
252833213@qq.com

School of Civil Engineering, University of Science

and Technology LiaoNing, No.189 Qianshan Middle
Road, Lishan District, Anshan 114051, Liaoning Province,
People’s Republic of China

School of Mechatronic Engineering, Southwest
Petroleum University, No.8 Xindu Avenue, Xindu
District, Chengdu 610500, Sichuan Province,
People’s Republic of China

has wide applications in civil engineering. Traditional CFT
structures include concrete-filled steel tubular (CFST)
structure and the concrete-filled fiber reinforced plastic
tubular (CF-FRP-T) structure (Nie et al. 2014). However,
the durability and bearing capacity of concrete-filled steel
tube are easily affected by the corrosion of the outer wall in
the process of use. CFRP (carbon fiber-reinforced plastic) is
widely used in civil engineering because of its lightweight,
high strength and good corrosion resistance (Yuan 2016).
Concrete-filled carbon fiber-reinforced plastic-steel tubular
(CF-CFRP-ST) is a new type of composite structure which
combines the merits of CFST and CF-CFRP-T, and it can
be considered as a good choice to increase the durability of
CFST. Both CF-CFRP-ST and CFST are used to improve the
bearing capacity of the specimen by the restraint effect of the
outer tube. The existence of CFRP can delay the buckling
deformation of the steel tube and improve the ductility of the
specimen (Che et al. 2012).

Park et al. (2011) tested the axial compression perfor-
mance of S-CF-CFRP-ST, and the main parameters of the
test were the number of CFRP layers. The test results show
that the local buckling of the steel tube is delayed by CFRP,
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and the bearing capacity of the specimen increases with the
increase in CFRP layers. Al Zand et al. (2015) studied the
performance change of square CFRP concrete-filled steel
tubular (CFST) flexural members through finite element sim-
ulation. It was found that CFRP has little effect on the flex-
ural capacity of CFST in the elastic stage, but has a greater
impact on the plastic stage. There were also some studies
on CF-CFRP-ST, such as cyclic performance by Tao et al.
(2007a, b) and Cai et al. (2016), enhancement performance
by Al Zand et al. (2016), dynamic behavior, delamination
failure and rectangular specimens by Alam et al. (Wang and
Shao 2015; Wang et al. 2016, 2018; Li et al. 2016; Park et al.
2010) and slenderness effects by Li et al. (2018). However,
most of these were mainly focused on the compressive and
flexural performances of the composite members. In prac-
tice, CF-CFRP-ST may be subjected to bending moment
besides axial compression such as the engineering example
shown in Fig. 1, which indicates that it is necessary to carry
out research on CF-CFRP-ST beam-column.

Based on the above introduction, tests on twenty-four
S-CF-CFRP-ST beam-columns were carried out in this
study. The curves of axial compression (V)-deflection (u,,)
on cross-section at the mid-height of the specimens were
obtained, and the cooperation between the CFRP and the
steel tube, applicability of plane section assumption and so
on for the S-CF-CFRP-ST beam-columns are discussed. The
failure process and the failure modes of the S-CF-CFRP-ST
beam-columns were also simulated by using finite element
(FE) software ABAQUS. In addition, the behavior of the
S-CF-CFRP-ST beam-column was investigated in details
through the analyses of the influence of the eccentricity
ratio, the slenderness ratio, the number of layers of the lon-
gitudinal CFRP and the transverse CFRP, the yield strength
of steel, the strength of concrete and the steel ratio on the
static response. Finally, a set of parametric equations for
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Fig.1 C-CF-CFRP-ST used in engineering practice
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calculating the load-carrying capacity of the S-CF-CFRP-ST
beam-columns were proposed and verified.

2 Experimental Investigation
2.1 General

Twenty-four S-CF-CFRP-ST beam-column specimens were
tested, and the key parameters include slenderness ratio (1)
and eccentricity ratio (e). 4 and e herein are defined by the
following equation

4 =2v3L/B M

e= 2¢,/B 2)

where L is the height of the specimen; B is the side-length
of the steel tube (B of each specimen is 140 mm); ¢, is the
eccentricity, it refers to the distance from the application
point of force to the centroid of section; eccentricity ratio
(e) reflects the relationship between eccentricity and com-
ponent size; A has a direct relationship with the calculated
length and side length of specimens, which is an important
factor reflecting the stability of the component (Wang and
Niu 2017; Wang and Sw 2019);
Table 1 contains the rest parameters of the specimens.

2.2 Material Properties and Specimen Preparations

Cold-formed steel tube was adopted, radius of the inner
rounding chamfer is 5 mm, and the properties of the steel
tube obtained from tensile tests are listed in Table 1. Test
standards of steel performance can be referenced by Che
et al. (2012).

Cement, sand, water and coarse aggregate are used as
raw materials of concrete. The ratio of cement, sand, water
and coarse aggregate is 485:703:150:1062. f_, is obtained
from compressive tests of concrete cubes with the dimen-
sion 150 mm X 150 mm X 150 mm. The elastic modulus (E_)
and Poisson’s ratio (v,) of the concrete are assumed to be
35.9GPa and 0.22. Test standards of concrete performance
can be reference from code for design of concrete in China
(Wang et al. 2016).

The properties of the CFRP were listed as follows:
the tensile strength f'.;=4.83 GPa, the elastic modulus
E=230 GPa, the elongation percentage 5.,=21%, the
density w.;=200 gem™2, and the thickness 7;=0.111 mm.

Specimen preparations can be referenced to S-CF-CFRP-
ST columns adopted by Wang et al. (Sundarraja and Ganesh
2012).
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Table 1 Details of specimens

No. Specimens label L (mm) 2 ey, (mm) ¢, (mm) f, (MPa) fy (MPa) v, E,(GPa) f,(MPa) f, (MPa) N, '(kN)
1 SBC A-0 420 104 0 35 425 300 0.28 203 49 32.83 1475
2 SBC A-14 420 104 14 35 425 300 0.28 203 49 32.83 1195
3 SBC A-28 420 104 28 3.5 425 300 0.28 203 49 32.83 1045
4 SBC A-42 420 104 42 35 425 300 0.28 203 49 32.83 905
5 SBC B-0 630 156 0 35 425 300 0.28 203 49 32.83 1470
6 SBC B-14 630 15.6 14 3.5 425 300 0.28 203 49 32.83 1170
7 SBC B-28 630 15.6 28 3.5 425 300 0.28 203 49 32.83 1040
8 SBC B-42 630 15.6 42 3.5 425 300 0.28 203 49 32.83 825
9 SBC C-0 840 20.8 0 3.5 425 300 0.28 203 49 32.83 1390
10 SBCC-14 840 20.8 14 35 425 300 0.28 203 49 32.83 1175
11 SBC C-28 840 20.8 28 3.5 425 300 0.28 203 49 32.83 935
12 SBCC-42 840 20.8 42 3.5 425 300 0.28 203 49 32.83 830
13 SBCD-0 1260 312 0 3.5 425 300 0.28 203 49 32.83 1335
14  SBCD-14 1260 312 14 3.5 425 300 0.28 203 49 32.83 985
15  SBCD-28 1260 312 28 3.5 425 300 0.28 203 49 32.83 850
16  SBC D-42 1260 312 42 3.5 425 300 0.28 203 49 32.83 745
17 SBCE-0 1680 416 0 3.5 425 300 0.28 203 49 32.83 1270
18 SBCE-14 1680 41.6 14 35 425 300 0.28 203 49 32.83 915
19  SBCE-28 1680 41.6 28 3.5 425 300 0.28 203 49 32.83 805
20 SBCE-42 1680 41.6 42 3.5 425 300 0.28 203 49 32.83 695
21 SBC F-0 2520 624 0 3.5 425 300 0.28 203 49 32.83 1162
22 SBCF-14 2520 624 14 3.5 425 300 0.28 203 49 32.83 851
23 SBCF-28 2520 624 28 3.5 425 300 0.28 203 49 32.83 712
24 SBCF-42 2520 624 42 35 425 300 028 203 49 32.83 639

where 7 is the wall thickness of the steel tube; L is the height of the specimen; f,, f,, v and E are the ultimate strength, the yield strength, the
Poisson’s ratio and the elastic modulus of the steel, respectively; f., and f, are the compressive strength and the characteristic compressive
strength of the concrete cube respectively, and £, =0.67 f,,; Ny ' is the test value of the axial compressive load-carrying capacity (N,) of the
S-CF-CFRP-ST beam-column. For all the tested C-CF-CFRP-ST specimens, two layers of CFRP are bonded on outer surface of steel tube. The
fiber direction of the first layer CFRP is along the axial direction of specimen, and the second layer is along the circumferential direction of

specimen

2.3 Test Setup and Instrumentation

The experimental test is carried out at the Structural Engi-
neering Laboratory of Shenyang Jianzhu University. The
test setup is shown in Fig. 2.

The specimen was pinned at both ends. A hydraulic
machine with a loading capacity of 5000 kN was used to
apply axial compression N with different e, (Wang and
Chen 2014). The load was applied in several steps. In the
elastic stage, each loading step was 1/10 of the estimated
ultimate load. The estimated ultimate load was obtained
by the following method: all the CFRPs were transferred
into the steel tube based on equivalent strength, and the
transverse CFRP has restraint effect, so it is calculated as
confinement factor (¢;). The longitudinal CFRP has no
restraint effect, but has a certain longitudinal reinforce-
ment effect, so it is calculated as strengthening factor 5

In the research work on CF-CFRP-ST, the confinement
of the steel tube to the concrete is represented by a confine-
ment factor &,

& =Ady/ (Adu) 3)

where A is the cross-sectional area of the steel tube and A
is the cross-sectional area of the concrete.

Similarly, the confinement of the transverse CFRP can
also be represented by a confinement factor & ; proposed by
Wang and Shao (2014). Because the longitudinal CFRP has
no restraint effect on the members, the equivalent steel tube
transferred from the longitudinal CFRP was not considered
in calculating the confinement factor of the steel tube &
presented. However, longitudinal CFRP increases cross-
sectional area of specimen_The strengthening efficiency of
the longitudinal CFRP can be represented by a strengthening

@ Springer



3050 Iranian Journal of Science and Technology, Transactions of Civil Engineering (2022) 46:3047-3061

Fig.2 Test setup

factor 7 in the process of calculating the estimated ultimate
load (Wang et al. 2015). The definitions of all the above con-
finement or strengthening factors are provided as follows:

Eor = Acen/ (Aofc) 4)
n=Afen/ (Ady) )
fot = Eugéoy = 690 MPa 6)
fin = Eoteqy = 2300 MPa %)

where A and f are the cross-sectional area and the ulti-
mate tensile strength of the transverse CFRP, respectively;
A_q and f,q are the cross-sectional area and the ultimate ten-
sile strength of the longitudinal CFRP, respectively.

When the applied load reaches about 60% of the esti-
mated load-carrying capacity, the loading increment is
reduced to 1/15-1/20 of the estimated ultimate load. After
the load-carrying capacity, displacement control is used till
the deflection on the cross-section at the mid-height reaches
about L/25. The time interval between two loading steps is
maintained for about 2-3 min.

According to different heights of the specimens, three
to five displacement transducers were used to monitor the
deflections. Steel tube and CFRP laminates at five points
(point 1 ~5) of middle height of the specimens pasted twenty
strain gauges, as shown in Fig. 3. 10 strain gauges were

&
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Fig.3 Location of strain gauges

glued on the surfaces of each steel tube and the CFRP on
the cross-section at the mid-height of the specimens, respec-
tively. 5 longitudinal strain gauges were used to measure
longitudinal strain, and 5 transverse strain gauges were used
to measure transverse strain in steel tube and CFRP, respec-
tively. The data were captured and saved by Data Acquisition
System U-CAM-70A, and the N-u,, curve was recorded at
the same time.

2.4 Test Observations

In the initial loading stage, elastic deformation is observed
in the S-CF-CFRP-ST beam-column, and the increase in
the deflection is proportional to the loading increase. At this
moment, the global deformation is not very visible. With
continuous loading process, the sound of CFRPs’ splitting
can be heard. The global deformation becomes clearly vis-
ible, and a convex deformation occurs in the compressive
region at the mid-height, as shown in Fig. 4a. Then N, ' is
reached. Since then, the eccentricity ratio and the slender-
ness ratio will influence the failure process.

For the members with smaller slenderness ratio and
eccentricity ratio, the transverse CFRP at the corner of the
compressive region is fractured firstly as shown in Fig. 4b,
while the longitudinal CFRP in the tensile region is gener-
ally not fractured. For the specimens with relatively smaller
slenderness ratio and larger eccentricity ratio, either the
transverse CFRP in the compressive region or the longi-
tudinal CFRP in the tensile region is fractured firstly. For
the specimens with relatively larger slenderness ratio and
smaller eccentricity ratio, the longitudinal CFRP in the ten-
sile region is fractured at a large deflection following the
fracture of the transverse CFRP in the compressive region.
For the specimens with a larger value of both the slender-
ness ratio and the eccentricity ratio (Fig. 4c), the longitudi-
nal CFRP in the tensile region is firstly fractured at a large
deflection, while the transverse CFRP in the compressive
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Outward buckling

Specimen SBC B-28

Specimen SBC D-42

Specimen SBC E-42

Specimen SBC C-42

(¢) Longitudinal CFRP in tensile region

Fig.4 Outward buckling of steel tube and rupture of CFRPs

Fig.5 Specimens after loading

region is generally not fractured. Specimens after loading
are shown in Fig. 5.

The specimens are cut into two halves after the test. As
shown in Fig. 6, it is found that the concrete can be divided
into tensile and compressive regions. For the specimens
with the same eccentricity ratio, the damage of the concrete
becomes more severe when the slenderness ratio reduces.
The failure mode is crush of the concrete in the compressive

region (as shown in Fig. 6a). The crack of the concrete in
the tensile region is wide as shown in Fig. 6b. The failure
of the concrete becomes slighter when the slenderness ratio
becomes larger (as shown in Fig. 6¢). The crack width of the
concrete in the tensile region is narrow as shown in Fig. 6d.
For the specimens with the same slenderness ratio, the dam-
age of the concrete becomes slighter and the crack of the
concrete in the tensile region is narrower when the eccentric-
ity ratio becomes larger.

All the experimental phenomena observed during test are
summarized in Table 2.

2.5 Test Results and Analyses

2.5.1 Curves of Axial Compression-Deflection
on Cross-Section at Mid-Height

The tested N-u,,, curves of all specimens are shown in Fig. 7.
The characteristics of the curves are listed as follows: In the

2e :
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Fig.6 Failure modes of con-
crete

(a) Concrete in compressive region of specimen (b) Concrete in tensile region of specimen SBC

SBC D-42

C-42

(¢) Concrete in compressive region of specimen (d) Concrete in tensile region of specimen SBC

SBC F-42

Table2 Summary of test observations

E-42

Evaluating Indicator

Small eccentricity ratio

Large eccentricity ratio

Small slenderness ratio (The failure modes
tend to be yield failure)

Large slenderness ratio (The failure modes
tend to be instability state, and there are no
obvious characteristics of strength failure)

compressive region

The transverse CFRP at the corner of the
compressive region is fractured firstly while
the longitudinal CFRP in the tensile region is
generally not fractured

The longitudinal CFRP in the tensile region
is fractured at a large deflection following
the fracture of the transverse CFRP in the

Either the transverse CFRP in the compres-
sive region or the longitudinal CFRP in the
tensile region is fractured firstly

The longitudinal CFRP in the tensile region is
firstly fractured at a large deflection while the
transverse CFRP in the compressive region is
generally not fractured

early loading stage, both the applied load and the deflection
are small, and the curves are approximately linear and elastic
in this stage. Elasto-plastic stage follows sequentially. After
N, there is a loading drop in the curve, and the deflection
increases rapidly with a gradual loading drop, and the failure
at this stage is ductile.

2.5.2 Cooperation Between Steel Tube and CFRP

Figure 8 shows the comparison of the strains between the
steel tube and the CFRP, in which ¢ and ¢ are the lon-
gitudinal strain and the transverse strain of the steel tube,
respectively, and .4 and &, are the strain of the longitudinal
CFRP and the transverse CFRP, respectively. As shown in
Fig. 8, the values of e, and ¢4 are almost the same, as well
as &, and e, Additionally, it is found that the adherence
between the CFRP and the steel tube is still intact except

“ @ Springer

in the region where the CFRP is ruptured, which indicates
that the steel tube and the CFRP can cooperate well in both
longitudinal and transverse directions.

2.5.3 Comparison Between Longitudinal and Transverse
Strains

Figure 9 shows comparisons between ¢ and ¢ of Points
1 and 5 for specimen SBC F-14, where ¢, is the strain of
the steel tube. It is found that the signs of ¢, and € at a
same point are different: the transverse strain has a negative
value, and the longitudinal strain has a positive value, and
vice versa. It is also found from Fig. 9 that Point 5 is under
tension, which indicates that the steel tube has no transverse
confinement to the inner concrete at this point. Such phe-
nomenon is explained as follows: The concrete around Point
5 is also subjected to tension when the steel tube is under
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Fig.7 Tested N-u,, curves

Fig. 8 Comparison between &
and &
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Fig.9 Comparison between ¢, and ¢ of Points 1 and 5 for specimen
SBC F-14

longitudinal tension, and hence the steel tube has no need to
provide transverse confinement to the concrete. The trans-
verse strain is compressive when the steel tube is subjected
to longitudinal tension.

2.5.4 Plane Section Assumption

Figure 10 shows the distribution of ¢y over the depth on
the cross-section at the mid-height of the specimen with
A=41.6. The distribution of & is basically satisfied with the
plane section assumption.

3 Finite Element Simulation
3.1 Constitutive Relationship of Materials

The elasto-plastic model is used, and von Mises criterion is
used to evaluate the yielding state. A 4-stage stress—strain
relationship of steel suggested by Abdel-Rahman and Siva-
kumaran (1997) is adopted here, and the cold hardening
effect at the corner of the steel tube is modeled by referring
to the presented model by Karren (1967). The constitutive
relationship of the square CFRP-steel tube confined concrete
proposed by Wang and Shao (2014) is used. Through the
study of physical properties of CFRP, it is found that the
CFREP is subjected tension only. When the CFRP is under
compression, the stress it bears is very small, and it can be
ignored (Dai and Zhao 2018). The stress of CFRP is defined
to be 0.001 MPa in FE model. The constitutive relationship
obeys Hooke’s Law before fracture as follows:

®)

where o; and ¢ are the stress and the strain of the CFRP,

Oct = chgcf

respectively.

When the longitudinal CFRP reaches its rupture strain
(e.4,=10,000 pe) given by Wang et al. (Sundarraja and
Ganesh 2011), it loses longitudinal strengthening effect to
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the members. However, the transverse CFRP loses trans-
verse confinement to the steel tube when it reaches the rup-
ture strain (&4, = 3000 pe) given by Wang and Shao (2014).

3.2 FE Model

Element selection, mesh discretization, interface model
between the steel tube and the concrete, between the end
plate and the concrete can be referenced to S-CF-CFRP-ST
columns adopted by Wang et al. (2015).

There are three different loading paths for a beam-col-
umn, as shown in Fig. 11.

Loading path 1: Apply the axial compression N and
keep it constantly, then apply the bending moment M;
Loading path 2: Apply the axial force N and the bending

Loading path 1 s
= = Loading path 2 s
-+ + » Loading path 3,

7

Fig. 11 Loading path of beam-column

Fig. 12 Boundary conditions Centroid axis

Pinned
support

moment M simultaneously with a proportional incre-
ment; Loading path 3: Apply the bending moment firstly
and keep it constantly, and then apply the axial force N.
Boundary conditions (as shown in Fig. 12) in the finite
element analysis are in accordance with the experimental
placement (Loading path 2). According to the symmetry of
both geometry and boundary conditions, 1/4 of the entire
model is analyzed. Symmetrical constraints are applied on
the symmetrical plane of the model. Displacements of x-,
y- and z-direction at one end are fixed, and the loading line
is placed at the other end. Incremental iteration method by
controlling the displacement is used.

3.3 FE Results
3.3.1 Deformed Modes

To examine the reliability of the above FE method,
twenty-four S-CF-CFRP-ST beam-columns are analyzed.
Figure 13 shows the deformed modes of the member in
the experiment and the FE simulation. Figures 14 and 15
show the comparison of Fracture failure mode of CFRP of
Specimens SBC C-42 and SBC-B-28, respectively.

Mid-height cross-section

Symmetrical x-z plane

(a) Longitudinal direction

Centroid axis

Symmetrical x-y plane

(b) End plate

bni7 .
I i @ Springer
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3.3.2 N-u,, Curves

The FE N-u,, curves together with the measured results of
several specimens are plotted in Fig. 16. Similarly, the FE
results also in good agreement with the tested records.

i 3.4 Parametric Analyses

Possible parameters that will affect the N-u, curves of the
S-CF-CFRP-ST beam-columns contain eccentricity ratio,
slenderness ratio, number of layer of CFRP, yield strengths
of materials and steel ratio. The influences of the above

3 parameters on the N-u, curves of the S-CF-CFRP-ST
beam-columns are analyzed by typical examples. Param-
eters of the typical models are listed as follows: B=140 mm,
t;=3.5 mm, f, =300 MPa, f,, =50 MPa, 1=31.2, {;=0.072,
n=0.249, e=0.4, E,=206 GPa, v,=0.3, E,=4700 f
'00‘5 MPa, where f'_ is the compressive strength of the cylin-
der concrete.

(a) Tested result (b) Simulated result

Fig. 13 Modes of deformation

Fig. 14 Comparison of fracture
failure mode of CFRP of Speci-
men SBC B-28
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Fig. 16 Comparison of N-u,, 1200 1200
curves between FE results and
tested results
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Fig. 17 Influence of e on N-u,, curves of S-CF-CFRP-ST beam-col-
umns

(f) Specimen SBC F-28

Figure 17 shows the influence of the eccentricity ratio on
the N-u,, curves of the S-CF-CFRP-ST beam-columns. It
can be seen that as e increases, the shape of the curve does
not change significantly, and the stiffness of the elastic stage
and the load-carrying capacity of the member both reduce
significantly. The reason is that the moment increases with
the increase of eccentricity ratio, which makes the member
more prone to deformation and reduces the bearing capacity.

Figure 18 shows the influence of the slenderness ratio on
the N-u,, curves of the S-CF-CFRP-ST beam-columns. It
can be seen that as 4 increases, the loading-carrying capac-
ity and the stiffness of the elastic stage of the member both
reduce significantly, and the shape of the curve changes
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Fig. 18 Influence of 4 on N-u,, curves of S-CF-CFRP-ST beam-col-
umns

significantly too. The 4 has a direct relationship with the
length of the specimen. When the slenderness ratio is small,
the failure mode is strength failure, and the member with
large slenderness ratio easily occurs instability failure under
eccentric compression.

Figure 19 shows the influence of the number of layers
of the CFRPs on the N-u,, curves of the S-CF-CFRP-ST
beam-columns. It can be seen that as m, or m, increases,
the shape of the curve and the stiffness of the elastic
stage change a little. At the same time, the load-carrying

capacity of the member improves slightly and the effect
of transverse CFRP is more obvious than that of the lon-
gitudinal CFRP. The main reason of such phenomenon is
that the longitudinal CFRP has no restraint effect on the
bearing capacity of the specimen, but the transverse CFRP
has restraint capacity on the specimen, so the change of
the number of layers has effect on the bearing capacity.

Figure 20 shows the influence of the strengths of the
materials on the N-u,, curves of the S-CF-CFRP-ST beam-
columns. It can be seen that as f; or f,, increases, the shape
of the curve and the stiffness of the elastic stage do not
change significantly and the load-carrying capacity of
the member improves apparently. Because steel tube and
concrete are the main components of CF-CFRP-ST, the
change of their strength plays a decisive role in the bear-
ing capacity of specimens. Macroscopically, the bearing
capacity of members is proportional to f; and f.

Figure 21 shows the influence of the steel ratio on the
N-u,, curves of the S-CF-CFRP-ST beam-columns. The
steel ratio has a direct relationship with the cross-sec-
tional area of steel tube. With the increase in steel area,
the steel ratio increases. It can be seen that as steel ratio
(@) increases, the load-carrying capacity of the member
improves apparently; however, the shape of the curve does
not change.

Fig. 19 Influence of number of 900 1050
layers of CFRPs on N-u,, curves
of S-CF-CFRP-ST beam-
columns 600 } 700 |
4 Z
o o f
~ ~ “9
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Fig. 20 Influence of strengths 1050 1200
of materials on N-u,, curves of J,=30MPa
S-CF-CFRP-ST beam-columns —f,=40MPa
700 800 t J,,=50MPa
Z e —— / ~60MPa
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f=420MPa
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Fig. 21 Influence of a on N-u,, curves of S-CF-CFRP-ST beam-col-
umns

Fig. 22 Typical N, /N,-M, /M, curves

4 Load-Carrying Capacity
4.1 Expression

Figure 22 shows the typical N, /N,-M, /M, curve for an S-CF-
CFRP-ST beam-column, where N, is the load-carrying capac-
ity of the S-CF-CFRP-ST stub column under axial compres-
sion, and it is calculated from the presented equations by Wang
and Shao (2014); M, is the flexural load-carrying capacity of
the S-CF-CFRP-ST proposed by Wang et al. (2015).

Many calculated results (f,=200-400 MPa,
feu=30-120 MPa, £,=0.2-4, {;=0-0.6, =0-0.9,
E,=206GPa, v,=0.3, v,=0.2, E.=4700f" "> MPa) show that
the abscissa &, and the ordinate 7, at Point A in Fig. 20 can be
described as a function of global confinement factor E=¢&,+& ¢
suggested by Wang and Shao (2014) as follows:

0.5-0.318¢
0.1 4 0.13&7081

(<04
(&> 04)
©

g =140.14&7" py = {

The N, /N,-M, /M, curve can be approximately divided
into two stages, and they can be described mathematically
as follows:

Stage C-D (N /N, > 2n,)

Nbc/Nu+aMbc/Mu= 1 (]O)
Stage C-A-B (N /N, <2#)
~b(Nye /Ny = cNpe /Ny + My /M, = 1 (11)

where a =121y, b=(1-£,)/n,* and ¢ =2(E,~1)/1,.

Considering the influence of the slenderness ratio of
the specimen (¢, stability coefficient of the S-CF-CFRP-
ST proposed by Wang et al. (2015)), the coupled equa-
tion N, /N,-M /M, of the S-CF-CFRP-ST beam-column
is obtained as follows:

1 Ny aM,, 3

1 @ =1 N../N. > 2¢°

N, dM, (Noe/Ny 2 270
N \> N 1M,

b =) —c==L4+-=—2=1 (N,/N, <2¢?
<Nu> CNu d M, (Noc/Ny < 2¢"m)

12)

where a=1-2¢%,, b=(1-£)/(¢°ny%), and ¢ = 2(£~1)/7,.
1/d in Eq. (12) is an enlarged coefficient of the moment
considering second order effect, and d is calculated from

the following equation:
d=1-025(Ny./Ng) (13)

where Ny is the critical Euler load calculated from the fol-
lowing equations:

NE = ﬂzchscAcfsc//iz (14)

chsc =fcfscp/6cfscp

as)

fersep = [0:263(f,/235) +0.365(30/f,,,) + 0.104|fz.,

(16)
fcfscy = (1.18 + 0.85&)f (17)
Eeicp = 3-01 X 107, (18)

is the elastic modulus of the S-CF-CFRP-ST
member, A g is the cross-sectional area of the member, f ¢,
and ¢g,, are the nominal compressive proportional limit
stress and its corresponding strain of the S-CF-CFRP-ST,
Jetsey 18 the axial compressive strength of the S-CF-CFRP-ST
stub column (Wang and Shao 2014).

where E

3

i
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Fig. 23 Comparison between N,  and N, '

4.2 Validation of Expression

The comparison between the calculated (N,,°) and tested
values (N, for N, is shown in Fig. 23. The average value
of N, /Ny is 0.946, and the mean square error is 0.046,
which indicates that the two results agree well.

5 Conclusions

The following conclusions can be drawn based on the pre-
sented study: (1) The axial compression-deflection curves
on the cross-section at the mid-height of the S-CF-CFRP-ST
beam-columns can be classified into elastic stage, elasto-
plastic stage and failure stage. (2) The steel tube and the
CFRPs can cooperate longitudinally and transversely during
the loading process, and the distribution of the longitudinal
strains in the steel tube over the depth of the mid-height
cross-section is satisfied with the plane section assumption.
Moreover, the steel tube under longitudinal tension has little
transverse confinement effect on the concrete. (3) The results
of parametric analyses show that the yield strength of steel,
the strength of concrete and the steel ratio increase can both
improve the load-carrying capacity of the S-CF-CFRP-ST
beam-columns significantly. The increase in the steel ratio
can enhance the stiffness of the elastic stage to some degree.
The load-carrying capacity and the stiffness of the elastic
stage will reduce significantly, while the slenderness ratio
or eccentricity ratio increases. In addition, the variation
of the slenderness ratio influences the shape of the N-u,,
curves of the S-CF-CFRP-ST beam-columns. (4) Coupled
equations for calculating the load-carrying capacity of the
S-CF-CFRP-ST beam-columns are proposed, and they are
verified to be accurate.
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