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Static Behavior of Circular Section
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In order to study the compressive torsional behavior of concrete-filled CFRP steel tubes
(CF-CFRP-STs), the static test of eight circular section CF-CFRP-ST compression
torsional specimens was carried out. The characteristics of the torque-angle (7-6)
curve and shear stress shear-strain (r—y) curve, failure mode, cooperative work
between steel tubes and CFRP, and cross-section assumption were studied. The 7T-0
curve, Ty curve, and failure mode of the specimen are simulated by ABAQUS. Based on
the above research, the stress distribution of each component material is analyzed. The
effects of transverse CFRP layers, material strength, steel ratio, and axial compression ratio
on the static performance of members are discussed. Based on the performance analysis,
the bearing capacity equation of CF-CFRP-ST compression-torsional members is
proposed.

Keywords: circular concrete-filled CFRP steel tube, experimental study, finite element study, bearing capacity
equation, parameter analysis

INTRODUCTION

In recent years, with the reduction of cost, carbon fiber has also been widely used in the construction
engineering industry (Chen et al,, 2018). As a derivative of carbon fiber, carbon fiber polymer
reinforcement (CFRP) is often used in the reinforcement of building structures (Liang et al., 2021).
Concrete-filled steel tubes (CFSTs) have the advantages of high bearing capacity and convenient
construction. At present, it is widely used in the field of construction engineering (Hu and Han, 2016;
Ye et al, 2016), but its own defects cannot be ignored, especially local buckling under load and
corrosion in the marine environment (Hua et al., 2015). Based on this, a new composite structure of
CFRP concrete-filled steel tubes is proposed; it fully combines the advantages of concrete-filled steel
tubes and CFRP so that compared with the traditional CFST structure, it has the advantages of
delaying structural buckling and improving the synergy between concrete and steel tubes (Li et al.,
2018; Zhang et al., 2020).

Nie et al. (2013) conducted a study on the flexural-shear-torsion coupling bearing capacity of
concrete-filled steel tubular short columns and concluded that the failure mechanism of concrete-
filled steel tubular short columns was significantly affected by the bending moment-torque ratio.
Zhang et al. (2019) carried out axial compression test research on eight concrete-filled steel tubular
short columns strengthened with CFRP with spherical crown void defects. Chen et al. (2018)
carried out the axial compression test of square concrete-filled steel tubular short columns after
CFRP restraint heating. Based on the regression of test data, a simplified formula for the ultimate
strength of concrete-filled square steel tubular short columns after CFRP confined heating is
proposed. Tang et al. (2020) studied the axial compressive bearing capacity of CFRP concrete-filled
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TABLE 1 | Specific indexes of specimens.

No. Number n my my fo/kN N/KkN Ny/kN
1 CCTO11A 0 1 1 48.0 662 0

2 CCT211A 0.25 1 1 48.0 662 166
3 CCT511A 0.5 1 1 48.0 662 331
4 CCT711A  0.75 1 1 48.0 662 497
5 CCT811A  0.85 1 1 48.0 662 563
6 CCT521A 0.5 2 1 48.0 881 441
7 CCT511B 0.5 1 1 40.8 604 302
8 CCT512B 0.5 1 2 40.8 595 298

To/kN-m

8.25
11.98
12.25
11.98
11.85
12.31
10.43
11.59

Compressive-Torsional Static Behavior CFRP-CFST

steel tubes, with a total of 24 short columns. Sundarraja and
Ganesh Prabhu (2011) studied the strengthening effect of CFRP
on concrete-filled steel tubular flexural members. Romero et al.
(2020) carried out experimental research and finite element
theoretical analysis on the fire performance of concrete-filled
steel tubular members. The results show that the steel tube and
CFRP can work together, and the deformation of the component
approximately conforms to the plane section assumption. Han
and Zhong (2004) deduced the axial force-torque correlation
equation of concrete-filled steel tubular members, described the

Plate
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-
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L L 1

20

Sketch Figure of specimen

FIGURE 1 | Schematic diagram of the C-CF-CFRP-ST specimen.

1-1 section of specimen

TABLE 2 | Measured material properties of the steel tube.

Section f,/MPa f./MPa Es/GPa Vs &e’1%
Circular 292.5 335 206 0.3 27
TABLE 3 | Performance of concrete in test.

Type f.o/MPa Slump/cm Average velocity/mm-s™’ E./GPa
A 48.0 20 33 34.7
B 40.8 26 41 33.2
TABLE 4 | Mechanical property of CFRP.

Thickness (mm) E. (GPa) Ecftr Ecfir
0.111 230 3000 3000

FIGURE 2 | Test loading device.
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FIGURE 3 | All specimens before the test.

moment torque correlation equation, and analyzed the whole
process of such specimens. Nie et al. (2014a) conducted an
experimental study on the torsional hysteretic behavior of
concrete-filled steel tubes with circular sections and
rectangular sections. The results show that the hysteretic
curve is very full, the unloading stiffness and the initial
loading stiffness of the specimen are almost the same, and
the specimen shows good energy dissipation performance;
the torsion resistance of the specimen with too large axial

compression ratio is weakened due to too serious
deformation. Zhou et al. (2017) carried out the pure
torsional hysteretic behavior test of hollow sandwich

Compressive-Torsional Static Behavior CFRP-CFST

concrete-filled steel tubular specimens with section form and
void ratio as the main parameters. The experimental results
show that the initial elastic stiffness is close to the unloading
stiffness, the specimens show good energy dissipation capacity,
and the hysteretic behavior of circular section hollow sandwich
concrete-filled steel tubes is better than that of square section
(Nie, 2005; Nie et al.,, 2014b). Sundarraja and Ganesh (Park,
2010) found that the steel ratio and the number of CFRP layers
have great influence on the bearing capacity of square CFRP-
CFST specimens and proposed a finite element simulation
method to reproduce the mechanical behavior of square
CFRP-CFST effectively. Tao et al. (2007a; Sundarraja and
Ganesh, 2011) indicated that the bearing capacity of CFRP-
CFST specimens was significantly reduced after the fire, but the
fire resistance ability of concrete-filled CFRP-steel tubular
specimens was better than that of ordinary concrete-filled
steel tubular specimens. Wang and Shao (Tao et al., 2007b)
studied the influence of various materials on the bearing
capacity of square concrete-filled CFRP-steel tubes under
axial compression.

However, most of these were mainly focused on the compressive
and flexural performances of the composite members. In practice,
CF-CFRP-ST often also bears coupling loads, such as fans and other
building structures. In view of this, eight specimens were designed.
During the loading of the test, the effects of the axial compression
ratio and a number of longitudinal CFRP layers were studied under
compression torsion load. Based on experimental research, a finite
element method for establishing CF-CFRP-ST compression-torsion
member is proposed by finite element simulation. The influence of
main parameters on performance is studied by this method so as to
provide a bearing capacity correlation equation for engineering
practice.

CCT521A specimen

CCT711A specimen

FIGURE 4 | Partial circular compression torsion specimen after loading. (A-F) Different axial compression ratio for those specimen.

CCT811A specimen
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Specimen’s f=48.0MPa

CCT211Aspecimen CCT811Aspecimen
FIGURE 5 | Failure characteristics of concrete. (A,B) Crack location of concrete.
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FIGURE 6 | 7-6 curve of the C-CF-CFRP-ST specimen. (A,B) Different specimens.

Other specimens

EXPERIMENTAL STUDY OF CF-CFRP-ST
UNDER COMPRESSION-TORSION LOAD

Design of Specimens and Performance of

Material

Design of Specimens

A total of eight compression-torsional static performance tests of
circular concrete-filled CFRP steel tubes were designed, and the
main parameters include n, my, m, and f.,. L of all specimens is
342 mm, the wall thickness (t,) is 1.6 mm, and D; is 114 mm. N, is
the axial compression bearing capacity of the C-CF-CFRP-ST
specimen. Nj is the axial force under specimens in the test. T, is
the torque applied during the test. All parameters are shown in
Table 1. A schematic diagram of the C-CF-CFRP-ST specimen is
shown in Figure 1.

Performance of Material
The measured material properties of steel tubes are shown in
Table 2, and the performance of concrete in the test is shown in
Table 3.

Carbon fiber fabric is a unidirectional fabric woven by Toray
T700 12 K carbon fiber in Japan. The thickness of the single layer

and the weight of CFRP are 0.111 mm and 200 g/m”, respectively.
The elongation at break of CFRP is 2.1%, and the tensile strength
of monofilament is 4.9 GPA. &, and &g, are the fracture strains
of CFRP in the transverse and longitudinal directions,
respectively, Mechanical property of CERP is shown in Table 4.

Loading and Measurement

The loading equipment of CFRP concrete-filled steel tubes under
compression-torsion specimens is shown in Figure 2. The end
plate fixing device is connected at one end to avoid the relative
displacement between the end plate and the reaction wall or the
force arm, and the force arm is connected at the other end to
apply torque. In addition, a jack is added to apply axial force. The
graded loading system is adopted in the test. Within the elastic
range, the loading amount of each level is 1/10 of the estimated
bearing capacity, and the next level of loading is carried out after
holding the load for 2 min. When the torque reaches about 60% of
the estimated bearing capacity, the continuous slow loading mode
shall be adopted until the jack range is reached, and the test shall
be stopped. The estimation method of bearing capacity is as
follows: according to the principle of equal strength, all CFRPs are
quantified as steel tubes, and then the bearing capacity is

Frontiers in Materials | www.frontiersin.org

July 2022 | Volume 9 | Article 869786


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Wang et al.

Compressive-Torsional Static Behavior CFRP-CFST

Aso S
J4or =
o
= =
< o
20F .
Point 1 Point 1
Point 2 Point 2
0 Point 3, . 0 Point 3, ,
-6000 -4000 -2000 -18000 -12000 -6000 0
¥/ e 7./ ne
CCTO11A specimen CCT211A specimen
C
60 60
40 40 F
S <
&
S S
® W
20 20
Point 1 Point 1
Point 2 Point 2
Point 3 ) 0 Point 3, .
-45000 -30000 -15000 -36000 -24000 -12000 0
7/ ne ¥/ ne
CCT511A specimen CCT511B specimen
E F
60 60
< <
Ay
S S
k= ©
Point 1 Point 1
Point 2 Point 2
” Point 3, . 0 Point 3 .
-90000 -60000 -30000 -36000 -24000 -12000 0
7./ ue 7,/ ne
CCT512B specimen CCT521A specimen
G H
60 60
40t 40F
< S
w -
20 204
Point 1 Point 1
Point 2 Point 2
0 Point 3 0 Point 3, )
-60000 -40000 -20000 -24000 -16000 -8000 0
7./ ne 7,/ ne
CCT711A specimen CCT811A specimen

FIGURE 7 | 7y curve of the C-CF-CFRP-ST specimen. (A-H) Strain gauges at different locations.

Experimental Phenomenon

Partial circular compression torsion specimen after loading is
shown in Figure 4. At the beginning of loading, the torque and
rotation angle are linear, and the appearance of the specimen

calculated according to the relevant calculation formula (Hou
et al., 2016) of torsional bearing capacity of concrete-filled steel
tubes. Figure 3 shows all compression torsion test pieces before

loading.

Frontiers in Materials | www.frontiersin.org July 2022 | Volume 9 | Article 869786


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Compressive-Torsional Static Behavior CFRP-CFST

Wang et al.

Point 3 of CCT512B

FIGURE 9 | T—¢ curve of the partial C-CF-CFRP-ST specimen. (A) Longitudinal strain of steel tube and (B) CFRP.
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FIGURE 8 | T—¢ curve of the partial C-CF-CFRP-ST specimen. (A) Transverse strain of steel tube and (B) CFRP.
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FIGURE 10 | T—¢,5 curve of the partial C-CF-CFRP-ST specimen. (A) 45° strain of steel tube and (B) CFRP.
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has no obvious change. As the torque increases, a slight
adhesive cracking sound can be heard, and the axial
compression ratio has a significant impact on the test
phenomenon. For the specimen with n = 0, CFRP breaks

continuously with the continuous increase of torque. For
specimens with n > 0, CFRP begins to fracture when the
torque reaches about 70% of the peak torque. When the
torque reaches about 80-90% of the peak torque, local
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FIGURE 11 | Boundary conditions for finite element simulation of
specimens.

convex bending appears in the middle section and its nearby
position of the specimen. With the continuous increase of
torque, a large number of CFRPs in the middle section fracture.
After reaching the peak torque, the specimens continue to
deform and the bearing capacity decreases. During the loading
process, the longitudinal CFRP does not break.

When the steel tube loaded with the test piece is cut open, it
can be seen that when the axial compression ratio is small, a large
number of inclined cracks in the direction of 30°-45° appear on
the surface of the concrete [Figure 5A]. When the axial
compression ratio is large, the cracks are more obvious and
the concrete is crushed. Since CFRP steel tubes provide good
constraints on concrete, the convex of concrete is consistent with
that of steel tubes [Figure 5B], and the concrete shows good
plastic filling performance.

Experimental Results

T-6 Curves

Figure 6 shows the T-0 curve of the circular compression
torsion specimen. It can be seen that at the initial stage of

Compressive-Torsional Static Behavior CFRP-CFST

loading, the curve is in the elastic stage, and the torque has a
linear relationship with the rotation angle. When the angle is
about 8, the growth rate of the angle exceeds the torque, and
the curve enters the strengthening stage. As loading continues,
the axial compression ratio has a significant impact on the
curve. When n = 0, there is no steep drop section in the curve.
When 0.25 < n < 0.75, the peak torque increases with the
increase of the axial compression ratio, and in the falling
section, the speed of torque increases with the increase of
the axial compression ratio; when n = 0.85, the peak torque
decreases compared with n = 0.75, and the torque decreases
faster in the descending section. Since concrete is the main
component of the specimen, improving the strength of
concrete can significantly improve the bearing capacity of
the specimen.

-y Curves
Figure 7 shows the 17—y curve of circular compression torsion
specimens, where y = 2&ys—(est€g)-

It can be seen that at the initial stage of loading, the curve
develops linearly, belonging to the elastic stage. With the increase
of torque, the shear stress increases, and the shear strain increases
slowly. It is indicated that the shear capacity of the specimen is
good. When the torque reaches about 70-80% of the peak torque,
the shear strain continues to increase and the torque remains
basically unchanged. In the later stage of loading, the curve has no
descending section and gradually tends to be gentle. The shear
stress increases slightly, and the shear strain increases
significantly.

Cooperation Between Steel Tube and CFRP

Figures 8-10,, are the T-¢,, T-¢}, and T-g45 curves of compression
torsion specimens, respectively. It can be seen that ¢, and e 4 are
basically the same, and steel pipe and CFRP can work together.
Also, &4 is always negative and ¢ is always positive. For &g, when
n < 0.25, gy is positive. When n > 0.75, ¢ is negative. When n =
0.5, &g is either positive or negative.

Grid generation of concrete and steel tube

FIGURE 12 | Grid generation of all materials. (A) Grid generation of concrete and steel tube(B) Grid generation of CFRP.

Steel tube B

Grnid generation of CFRP
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FIGURE 13 | Comparison between T-6 curve simulation results and test
results of compression torsion specimens. (A-H)Different curves between
Test and FE result. relationships of the steel are used according to the constitutive

FINITE ELEMENT STUDY OF CF-CFRP-ST
UNDER COMPRESSION-TORSION LOAD

Stress-Strain Relationship of Materials

In the process of using ABAQUS finite element modeling, the steel
tube adopts the mixed hardening model provided by ABAQUS
software and concrete adopts the plastic damage model provided by
ABAQUS finite element software. To further analyze the mechanical
behavior of C-CF-CFRP-ST specimens under eccentric load
comprehensively, finite element models are established and
analyzed in this study. The details of the stress—strain

model suggested by Wang et al. (Wang and Shao, 2014).

The confinement of transverse CFRP is quantified by the
confinement factor of transverse CFRP ({7 (Wang et al,
2015). The reinforcement efficiency of longitudinal CFRP is
defined as a strengthening coefficient (1) (Tao et al., 2008;
Wang et al., 2017). All influence factors are given from Eqs 1-3.

Ac 1) cfl
p= At m
sfy
fcft = chscftrx (2)
fcﬂ = chscﬂra (3)

where A and f are the cross-sectional area and the ultimate
tensile strength of the transverse CFRP, respectively. A.q and f.q
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FIGURE 15 | Failure mode of CFRP of the compression torsion specimen. (A) Test results of CFRP, (B) FE results of CFRP.
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FIGURE 16 | Failure mode of the steel tube of the compression torsion specimen.

FE result of CFRP

are the cross-sectional area and the ultimate tensile strength of the
longitudinal CFRP, respectively (.

When the strain of transverse CFRP reaches its fracture strain
&qr (5500 pe) or the strain of longitudinal CFRP reaches its
fracture strain ., (7000 pe), the transverse restraint effect or
longitudinal reinforcement effect on the steel pipe will be lost.

Element Selection and Boundary
Conditions

In the finite element simulation, the three-dimensional solid element
C3D8R is used to simulate steel pipe, concrete, and end plate, and the
M3DA4R element is used to simulate CFRP. The full model calculation
is adopted, one end adopts completely fixed boundary conditions,

and the other end applies rotation angle on the reference point. One
side is used as the fixed end to restrict the displacement and rotation
angle in x, y, and z directions; as the loading end, first apply the same
axial force N on the end plate as in the test, and N is always constant
during the whole loading process. Then set a reference point in the
center of the end plate and connect it with the loading end plate, and
then apply a rotation angle 0 on the reference point. Figure 11 is
Boundary conditions for finite element simulation of specimens.
Figure 12 is Grid generation of all materials.

Comparison Between Simulation Results
and Test Results

Figure 13 shows the comparison between the simulation results
of the T-8 curve of the circular compression-torsion specimen
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Test result of concrete

FIGURE 17 | Failure mode of concrete of the compression torsion specimen. (A) Test results of concrete, (B) FE results of concrete.
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FIGURE 18 | Typical 7-6 curve of C-CF-CFRP-ST compression torsion
members.

and the test results. It can be seen that the simulation results are
basically consistent with the experimental results.

Figure 14 shows the comparison between the simulation
results of the 7-y curve of the circular compression-torsion
specimen and the test results. It can be seen that the
simulation results are basically consistent with the
experimental results.

Figure 15 shows the failure mode of CFRP. It can be seen that
the fracture of transverse CFRP in the test results and simulation
results are basically the same.

Figure 16 shows the failure mode of the steel tube. It can be
seen that the specimen is twisted, and the stress is mainly
concentrated in the middle.

Figure 17 shows the failure mode of concrete. The results of
finite element simulation show that the crack mainly extends
from the middle of the specimen, which is basically consistent
with the test results. In conclusion, the failure modes of CFRP,

steel tube, and concrete are compared, respectively, and the finite
element is basically consistent with the test results.

Analysis of the Whole Process of Stress
Typical Torque Angle Curve

Figure 18 shows the typical T-0 curve of CFRP concrete-filled
steel tubular compression torsion members. The curve is
divided into three stages and five feature points are selected.
In the elastic stage (point O ~ point 2), the torque is basically
linear with the rotation angle. Due to the action of axial force,
point 1 corresponds to the steel entering the yield state, and
point 2 corresponds to the cracks in the concrete; in the
elastic—plastic stage (2-3 points), with the gradual increase of
torque, the steel pipe and concrete are in a two-way shear state
and produce an interaction force, and the three points
correspond to the transverse CFRP fracture; in the plastic
strengthening stage (3-5 points), the cracks in the concrete
continue to develop, and some of the concrete quit work.
However, due to the constraint of the outer pipe on the
concrete, the bearing capacity continues to increase, and the
torsional bearing capacity is reached at four points. After four
points, the curve enters the descending section first, and the
bearing capacity gradually decreases. In the later stage of
loading, the bearing capacity increases slightly, and the
corresponding rotation angle at five points reaches 15"
During the loading process, the longitudinal CFRP was not
fractured.

Through three stages are Elastic stage, elastoplastic stage and
plastic stage and five characteristic points to analyze its working
mechanism in the whole stress process. Calculation parameters
include L =342 mm, D, = 114 mm, ¢, = 1.6 mm, f., =48 mpa, E. =
4700 f***(f’ = 42 MPa), f, = 290.8 MPa, & = 0.530, £ = 0.162,
and n = 0.75.

Interaction Between Steel Tube and Concrete
Figure 19 shows the distribution of interaction force between the
steel tube and concrete in compression torsion member. It can be
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seen that at point O, the member deformation is small. With the
gradual increase of member deformation, the interaction force of
members increases. During the loading process, the interaction
force of members is evenly distributed on the concrete surface.
Due to the action of axial force, the interaction force between the
end plate and concrete end is greater than that between the steel
tube and concrete.

Shear Stress Distribution of Concrete

Figure 20 shows the shear stress distribution of the section
concrete in the compression torsion member. It can be seen
that the shear stress of the member first increases and then
decreases. At point four, the shear stress reaches its peak,
about 26 MPa. During the loading process, the shear stress is
roughly antisymmetric distribution on the section, and the stress
contour always follows “U”-shaped distribution.

Mises Stress of Steel Tube

Figure 21 shows the Mises stress distribution of the
compression torsion member steel tube. In the loading
process, the steel tube quickly reaches the yield strength; that

is, at pointone, the Mises stress of the steel pipe is about
291 MPa, and the steel enters the yield state. Under the
action of torque, the Mises stress of the section in the steel
changes little.

Stress of CFRP

Figure 22 shows the stress distribution of transverse CFRP of
compression torsion members. It can be seen that at the initial
stage of loading, the stress growth rate of transverse CFRP is slow.
In the process of loading to point two, the stress of transverse
CFRP increases gradually; at point three, the transverse CFRP
stress of the member is about 1265 MPa and the corresponding
strain is about 5500 pe, at this time, the transverse CFRP is
broken. After loading to point four, the fracture area of
transverse CFRP gradually increases from the middle section
to the end.

Parameter Analysis

The possible parameters affecting the T curve of compression
torsion members include the number of transverse CFRP layers,
material strength, steel ratio, and axial compression ratio.
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FIGURE 20 | Shear stress distribution of the section concrete. (A-F) crack of Shear stress distribution of the section concrete at different 0-5 points.

Therefore, this is a typical example to analyze the influence of the
above parameters on the T-6 curve of CFRP concrete-filled steel
tubular compression torsion members.

Influence of Transverse CFRP

Figure 23 shows the effect of the number of transverse CFRP
layers on the torque angle (T-6) curve of compression torsion
members. It can be seen that with the increase of m;, the bearing
capacity of members increases gradually, and the stiffness in the
curve elastic stage has no obvious change. The main reason for
this phenomenon is that the carbon fiber cloth has the restraint
ability on the specimen, so the change in the number of layers will
affect the bearing capacity.

Effect of Material Strength

Figures 24, 25 show the effects of steel yield strength and concrete
strength on the torque angle (T-6) curve of compression torsion
members, respectively. It can be seen that with the improvement of

material strength, the bearing capacity of members increases, and
the curve shape and initial stiffness do not change significantly, but
the bearing capacity is improved, and the role of steel is more
obvious. Because steel tubes and concrete are the main components
of CF-CFRP-ST, the change in their strength plays a decisive role in
the bearing capacity of specimens. Macroscopically, the bearing
capacity of members is proportional to f, and f.

Effect of Steel Ratio

Figure 26 shows the effect of steel content on the torque angle
(T-0) curve of compression torsion members. It can be seen that
with the improvement of &, the bearing capacity of the member is
significantly improved, and the stiffness in the curve elastic stage
is also significantly increased.

Influence of Axial Compression Ratio
Figure 27 shows the effect of the axial compression ratio on the
torque angle (T-6) curve of compression torsion members. It can
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FIGURE 21 | Mises distribution of the steel tube. (A-F) Mises distribution of the steel tube at different 0-5 points.
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be seen that the axial compression ratio has a significant impact on
the shape and bearing capacity of the curve, but has no significant
impact on the stiffness of the initial stage of the curve. The reason is
that the torque moment increases with the increase of # so that the
load borne by the specimen increases significantly, the energy loss
of the member increases, and the macroscopic performance is that
the bearing capacity decreases.

CALCULATION EQUATION OF BEARING
CAPACITY OF CF-CFRP-ST UNDER
COMPRESSION-TORSION LOAD

Strength Definition

According to the whole process analysis results of the CF-CFRP-
ST compression torsion specimen, through a large number of
calculations and the analysis of T-y relationship curve, it is
defined that when the shear strain reaches Eq. 4, the specimen
reaches its torsional bearing capacity:

y = 9498n — 15000. (4)

Calculation Equation of Bearing Capacity
Figure 28 shows the typical N./N,-T./T, relationship curve
of CF-CFRP-ST compression torsion members. A large
number of parameters are calculated for the T-6 curve, and
the calculation parameters (scope of application) are as
follows: f, = 235-390MPa, f., = 30-90MPa, a = 0.05-0.2, &
= 0.238-0.951, and & = 0.162-0.649.

The results of parameter calculation show that {, and 7, of
equilibrium point A can be approximately expressed as a function
of the total constraint coefficient £&. Through the regression
analysis of the calculation results, the expressions of {, and 7,
can be deduced as follows:

¢ = 1.29§ —0.47, (5)
_ [ 0.65-0104¢  (§<0.9)
o = { 0.49 + 0043877 (£>0.9)° ©

The typical No/N,-To/ T, curve of components can be roughly
divided into two parts, and the expressions are as follows:
Part A-C (Nct/Nu>n0)
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FIGURE 22 | Stress distribution of transverse CFRP. (A-F) Stress distribution of transverse CFRP at different 0-5 points.
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where a = (1-10)/{y, and b=(1-{,)/1° and ¢ = 2({o-1)/1g0 -

Correlation Equation Verification
Figure 29 shows the comparison between calculated

00 5 10 15 torsional bearing capacity T.° and test value T.' of
specimens. The average value of T, /T of the member is
6/ deg. 0.94 and the mean square deviation is 0.18. It can be seen that
the calculated results are in good agreement with the test
FIGURE 27 | n effect on the T-6 curve of the compression torsion member. results.
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CONCLUSION

(1) The T-8 curves of the CF-CFRP-ST specimen can be
divided into the elastic stage, the elastic-plastic stage,
and the plastic strengthening stage. After reaching the
bearing capacity, the specimen can still maintain a
considerable bearing capacity after experiencing a large
corner, which belongs to ductile failure. The deformation
of the specimen basically conforms to the assumption of
the plane section.

The T-6 curves and deformation mode of the CF-CFRP-ST
specimen can be well simulated by ABAQUS. The stress
distribution of each component material of the CF-CFRP-ST
specimen under compressive torsional load is analyzed, and
the simulation results are in good agreement with the
experimental results.

The results of parameter analysis show that the increase of
transverse CFRP layers, material strength, and steel ratio can
improve the bearing capacity of members. With the increase
of axial compression ratio, the bearing capacity of members
first increases and then decreases slightly.

The bearing capacity equation of the CF-CFRP-ST specimen
under compressive torsional load is proposed. The

2

(©)

(4)
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