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ABSTRACT The mechanical properties of CFRP-confined rectangular concrete-filled stainless steel tube (CFSST)
stub columns under axial compression were experimentally studied. A total of 28 specimens (7 groups) were fabricated
for the axial compression test to study the influences of length-to-width ratio, CFRP constraint coefficient, and the
thickness of stainless steel tube on the axial compression behavior. The specimen failure modes, the stress development
of stainless steel tube and CFRP wrap, and the load—strain ratio curves in the loading process were obtained. Meanwhile,
the relationship between axial and transverse deformations of each specimen was analyzed through the typical relative
load—strain ratio curves. A bearing capacity prediction method was proposed based on the twin-shear strength theory,
combining the limit equilibrium state of the CFRP-confined CFSST stub column under axial compression. The
prediction method was calibrated by the test data in this study and other literature. The results show that the prediction
method is of high accuracy.

KEYWORDS CFRP, rectangular CFSST stub column, bearing capacity, limit equilibrium state, twin-shear strength

theory

1 Introduction

Carbon fiber reinforced polymer (CFRP) has been
extensively applied to the engineering construction and
reinforcement of damaged structures due to its high
specific strength (ratio of tensile strength to density). The
present studies on CFRP-confined concrete-filled
columns and steel tube columns mainly were
concentrated on the columns with circular sections.
Compared with a circular cross-section column, a
rectangular cross-section (square one included) column
can easily simplify the joint in the design, which can
effectively expedite the construction progress. Some
scholars had conducted experimental studies on CFRP-
confined rectangular concrete-filled steel tube (CFST)
stub columns. The results revealed that the strength and
ductility of the CFRP-confined rectangular CFST stub
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column were improved to a certain extent [1]. Marques
etal. [2], Jiang and Teng [3], Masia et al. [4], Guo et al. [5],
Wang and Wu [6], Ozbakkaloglu [7], and Yang et al. [8]
conducted numerous experiments. They systematically
studied the failure mechanism of CFRP-confined
rectangular CFST, CFRP constraint mechanism, and the
influences of chamfer radius, sectional length-to-width
ratio, CFRP and concrete material type, and the constraint
coefficient on the bearing capacity of stub columns. The
prediction models for wultimate bearing capacity
considering slenderness ratio and size effect were
proposed as well. Meanwhile, Tao et al. [9,10], Wang
et al. [11], Dong et al. [12], Sundarraja and Prabhu [13]
conducted axial compression tests on CFRP-confined
rectangular CFST tube columns. However, the corrosion
resistance of conventional carbon steel tubes is poor.
Rusting, strength reduction and even member failure may
be easily generated under long-term corrosion. Replacing
conventional carbon steel with stainless steel of strong


https://doi.org/10.1007/s11709-021-0762-4

corrosion resistance to constitute stainless steel tube and
concrete composite structures has become a focus of
research worldwide. Zhou et al. [14] studied the behavior
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of stainless steel stub columns under cyclic loading. The
global and local buckling behaviors of stainless steel
members were analyzed. Fang et al. [15] provided a new
method for evaluating the ductility of stainless steel RHSs /
SHSs under different loads. Young and Ellobody [16],
and Uy et al. [17] conducted axial compression tests on
CFSST stub columns. The result indicated that CFSST
stub columns had a higher bearing capacity and ductility
than CFST stub columns and had favorable mechanical
properties and application prospects. Considering the
shape of cross-section and concrete type as the variables,
Ibafiez et al. [18] studied the influence of concrete
strength on the ultimate bearing capacity of columns and
found that the prediction effect of the existing standards
on the bearing capacity was inaccurate.

The CFSST has broad application prospects in the
marine environment. However, the current research
shows that in the marine environment with high chloride
ion content, the stainless steel would also undergo pitting
corrosion, which would cause local corrosion and
influence the performance of the structure. The CFRP
provides a new choice for its anti-corrosion. The use of
CFRP can significantly increase the bearing capacity
without changing the thickness of stainless steel, which
reduces the amount of stainless steel. Tang et al. [19]
conducted an experimental study of axial compression
behaviors of CFRP-confined circular CFSST stub
columns. However, the axial compression behavior of
CFRP-confined rectangular CFSST stub column has not
been investigated.

To study the axial compression behavior of the CFRP-
confined rectangular CFSST stub column, a total of seven
rectangular CFSST stub columns and 21 CFRP-confined
rectangular CFSST stub columns were tested under axial
loading. The influences of the length-to-width ratio, wall
thickness of stainless steel tube, and CFRP constraint
effect on the bearing capacity were discussed. A
prediction model was proposed for the bearing capacity
of the CFRP-confined rectangular CFSST stub column.

2 Test profile
2.1 Specimen design

Figure 1 shows the specimens tested in this study, where
H and B are long and short sides of the cross-section of
stainless steel tube, respectively. The main parameters
included length-to-width ratio (H/B), constraint
coefficient (&) of stainless steel tube, and constraint
coefficient (&) of CFRP. The thickness (#;) of a single-
layer CFRP is 0.17 mm. For all specimens, the height-to-
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Fig.1 Cross section of specimen.

width ratio was taken as 3, namely, L =3H =360 mm.
The specimen numbers and main parameters are shown in
Table 1. According to the cross-sectional form and the
constraint effect of stainless steel tube, the specimens
were divided into groups RA, RB, RC, RD, SA, SB, and
SC, where the initials ‘R’ and ‘S’ represent rectangular
and square, respectively, the letters ‘A’—‘D’ are used to
distinguish the specimens with different stainless steel
tube constraint effects, and the Arabic numeral at the end
represents the number of CFRP layers.

The stainless steel tube constraint effect coefficient (&)
and CFRP constraint effect coefficient (&;) are
respectively calculated through the following equations:

& =A002/(0.67A.fuu) s o)

é:fr = Afrﬁr/ (067Ac.fcu) ’ (2)

where A, and o, denote the cross-sectional area and
nominal yield strength of stainless steel tube,
respectively; A, is the cross-sectional areas of the core
concrete; f., denotes the cubic compressive strength of
the concrete; A, and fi, present the cross-sectional area
and ultimate tensile strength of CFRP, respectively.

2.2 Material properties

Rectangular seamless Austenitic 304 stainless steel tubes
were used in the test, the internal chamfer radius was the
same as the wall thickness, and the tensile test of the
stainless steel was conducted in accordance with Chinese
Standard GB/T228.1-2010 [20]. The material properties
of stainless steel were listed in Table 2. The hardening
index 7 can be calculated as follows:

In20
n=—
In(oo2/0001)
where 0, and o, denote the nominal yield strength and
0.01% proof stress.
Ordinary Portland cement with a design strength grade

of 52.5 and coarse aggregate with a maximum particle
size of 18 mm were used to prepare the concrete. After 28 d

3)
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Table 1 Parameters of specimens
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specimen section size (mm) H/B L (mm) ts (mm) ne t (mm) & Sir Ny (kN)
RAO 120 x 60 2.0 360 4 0 0.00 431 0.000 1261
RA1 120 x 60 2.0 360 4 1 0.17 4.31 0.667 1391
RA2 120 x 60 2.0 360 4 2 0.34 4.31 1.334 1412
RA3 120 x 60 2.0 360 4 3 0.51 4.31 2.001 1478
RBO 120 x 60 2.0 360 5 0 0.00 6.09 0.000 1632
RBI 120 x 60 2.0 360 5 1 0.17 6.09 0.706 1728
RB2 120 x 60 2.0 360 5 2 0.34 6.09 1.412 1816
RB3 120 x 60 2.0 360 5 3 0.51 6.09 2.118 1899
RCO 120 x 80 1.5 360 4 0 0.00 3.33 0.000 1362
RCI 120 x 80 1.5 360 4 1 0.17 3.33 0.482 1453
RC2 120 x 80 1.5 360 4 2 0.34 3.33 0.964 1612
RC3 120 x 80 1.5 360 4 3 0.51 3.33 1.446 1786
RDO 120 = 80 1.5 360 5 0 0.00 4.67 0.000 1732
RD1 120 x 80 1.5 360 5 1 0.17 4.67 0.505 1821
RD2 120 = 80 1.5 360 5 2 0.34 4.67 1.010 1921
RD3 120 x 80 1.5 360 5 3 0.51 4.67 1.515 2008
SA0 120 x 120 1.0 360 4 0 0.00 2.76 0.000 1815
SA1 120 x 120 1.0 360 4 1 0.17 2.76 0.740 1946
SA2 120 x 120 1.0 360 4 2 0.34 2.76 1.480 2054
SA3 120 x 120 1.0 360 4 3 0.51 2.76 2.220 2127
SBO 120 x 120 1.0 360 5 0 0.00 3.73 0.000 2275
SB1 120 x 120 1.0 360 5 1 0.17 3.73 0.770 2388
SB2 120 x 120 1.0 360 5 2 0.34 3.73 1.540 2488
SB3 120 x 120 1.0 360 5 3 0.51 3.73 2.300 2615
SCo 120 x 120 1.0 360 6 0 0.00 4.71 0.000 2854
SC1 120 x 120 1.0 360 6 1 0.17 4.71 0.800 2952
SC2 120 x 120 1.0 360 6 2 0.34 4.71 1.590 3032
SC3 120 x 120 1.0 360 6 3 0.51 4.71 2.390 3279

Note: ¢ is the wall thickness of stainless steel tube, and n; denote the number of CFRP layers.

Table 2 Material properties of stainless steel

section size (mm) 0.2 (MPa) Eo (GPa) n
120 x 60 x 4 538 195 5
120 x 60 x 5 581 200 4
120 x 80 x 4 516 196 5
120 x 80 x 5 558 200 5
120 x 120 x 4 549 203 5
120 x 120 x 5 578 203 5
120 x 120 x 6 598 203 5
of curing under standard curing conditions, the

compressive strength of concrete was measured according
to Chinses standard GB/T50080—2016 [21], and the cubic

compressive strength was 43.96 MPa. The two ends of
the CFSST stub column were ground with a grinder to
ensure smooth enough that the stainless steel tube and the
core concrete can work together under the axial loading.

The carbon fiber sheet CFS-I-300 and the adhesive
used in the test were consistent with Ref. [22]. The
elasticity modulus of the adhesive is 2.49 GPa, and the
tensile strength is 53.1 MPa. The detailed CFRP
parameters are presented in Table 3.

Table 3 Material properties of CFRP

E;. (GPa) v
243 0.2

fir (MPa)
3418

material
CFRP

Note: Ey. is the elastic modulus of CFRP sheet; v presents the Poisson’s
ratio; and ff; is the tensile strength of CFRP sheet.
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2.3 Loading and measurement

A 5000 kN servo-hydraulic was used in the experiment.
The loading rate was 0.6 mm/min. The experiments were
terminated when the axial displacement reached 25 mm.
Transverse strain gauges were arranged on the CFRP
surface to measure the CFRP strain, and the relative
arrangement position was consistent with the transverse
strain gauge of the steel tube, as shown in Fig. 2(a). A
total of 12 transverse and longitudinal strain gauges were
arranged on two adjacent planes (Fig. 2(b)) to measure
the stainless steel tube deformation. Meanwhile, three
LVDTs were placed around each specimen (Fig. 2(c)) to
measure the longitudinal displacement. The test data were
recorded with a static data acquisition system.

3 Test results and discussions
3.1 Test phenomena

No deformation was present on the control specimens
without CFRP in the initial loading stage. The bulging of
stainless steel tubes was generated at 1/4 and 3/4 of the
height of the H-plane of most specimens (Fig. 3(a)) when
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the load was increased to approximately 0.95N,. The
bulging degree on plane H was elevated as the load
continued to rise. Moreover, the buckling phenomenon
emerged on plane B; the ‘elephant foot’-shaped buckling
phenomenon was generated due to buckling at the upper
or lower ends of the specimen (Fig. 3(b)).

The test phenomenon of CFRP-confined specimens
was similar to that of the control specimens in the initial
loading stage. None of the specimens occurred
deformation in the initial loading stage. The bulging
phenomenon appeared at 1/4 and 3/4 of the height of the
H-plane of most specimens (Fig. 3(c)) when the load
increased to approximately 0.9N,. The CFRP at the
chamfer, which was at the same height as the specimen
bulging part, was suddenly broken (Fig. 3(d)) when the
load reached N,. The continuous explosive sound was
generated, and the bearing capacity of the specimen also
dropped.

The CFRP was peeled off the CFSST after the end of
the experiment. Taking the specimens with sectional size
120 mm x 60 mm as an example (Fig. 3(e)), the buckling
phenomenon appeared at the same position at the lower
end of the CFRP-confined CFSST stub column. The
wrinkle at the upper end of the member was gradually
shifted downward and reduced as the number of CFRP
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Fig.2 Strain gauges and measurement layout: (a) arrangement of strain gauges on CFRP; (b) arrangement of strain gauges on stainless

steel tube; (c) arrangement of LVDTs.

(a) (b)
Fig.3 Failure modes: (a) RAO; (b) RCO; (c) RA1; (d) RA1; (e) final failure modes after peeling off CFRP.
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layers increased, indicating that CFRP could effectively
postpone the local buckling of the CFSST columns.

3.2 Load-strain curves

The development trends of transverse strains on the
stainless steel tube agree well with those of CFRP, as
illustrated in Fig. 4. Thus, CFRP constrained the stainless
steel tube well before the rupture of CFRP, and their
deformations were synchronous.

The values measured by strain gauges and displacement
meters were used as the strain data of the specimens
before and after the CFRP failure, respectively. The load—
axial shortening curve is similar to the load—axial strain
curve. The load-strain curves of CFRP-confined
rectangular CFSST stub columns were reported in
Figs. 5(a)-5(g). The typical load—strain curve is shown in
Fig. 5(h), divided into four stages: elastic stage OA,
elastic-plastic stage 4B, CFRP failure stage BC, and
residual stage CD (CE or CF). The residual stage of the
specimen with different cross-sections and constraint
effects presents different characteristics. The detailed
analysis was as follows.

1) Elastic stage O4

The elastic deformation of specimens occurred during
the initial loading stage, and an approximately linear
relationship between the load and the strain was obtained.
Because CFRP has no effective restraint effect on CFSST
in this stage, the curves of different specimens were
almost coincident.

2) Elastic—plastic stage 4B

The slight deformation of the specimen appeared with
the increase of the load, which came into the elastic—
plastic phase. The load—strain curve is smooth and
nonlinear, and the absolute value of the curve slope of the
CFRP-confined specimens was gradually larger than that
of the control specimens. The effective constraint
generated by CFRP on the stainless steel tube was
gradually enlarged, and the stiffness and bearing capacity

2500
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_ 1500 -
£
= 1000 F
500 —m— stainless steel tube
—O— CFRP

0 1 1 1 1 1
—12000 —10000 —8000 —6000 —4000 —2000 0
4 (pe)

Fig. 4 Load-strain relationship of CFRP and tube.
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of the specimen increased. When the load reached 0.9N,,
the apparent bulging deformation of the specimen was
present, and the curve tended to be flat. The continuous
cracking sound was generated when the load was
increased to NV,.

3) CFRP failure stage BC

When the load reached N,, the CFRP at the chamfer,
which was at the same height as the specimen bulging
part, was suddenly broken, and the load—strain curve
suddenly dropped. Within a small segment of the follow-
up strain zone, the curve further declined as the CFRP
burst within a small scope, but the decreased amplitude
was reduced.

4) Descent stage CD

The bending phenomenon of the specimens in RA and
RB groups was present, and the load—strain curve
decreased the specimens in the SA group with small steel
tube constraint effects. However, the load declined
slowly, and the specimens presented ductile failure.

5) Ideal plastic stage CE

A sufficient restraining force was provided to the core
concrete for the RC2 and the specimens in SB and SC
groups. Therefore, the specimens entered the ideal plastic
stage due to the considerable stainless steel tube
constraint effect after the CFRP failure.

6) Hardening stage CF

For RC1, RC3, and the specimens in groups RD, the
tightening force was mainly due to the substantial
stainless steel tube constraint effect and the entrance of
stainless steel tube into the plastic hardening stage. Thus,
the hardening stage would appear after the CFRP failure
stage.

The curve development trends of the control group and
the corresponding CFRP-confined specimens were
identical after the CFRP broke. This phenomenon
indicates that the stress state of the CFRP-confined
rectangular CFSST stub columns was consistent with that
of the control group.

3.3 Relative load (N/N,) —strain ratio (v) relation curves

The constraint effect of stainless steel tube on core
concrete can be further investigated using the strain ratio
v [17], namely:

y= e )

Eas

where &, is the transverse strain at the position of
rectangular  stainless steel tube with maximum
deformation, and &, is the longitudinal strain of stainless
steel tube.

To study the change laws of strain ratios of the CFRP-
confined rectangular CFSST stub columns, the relative
load (V/N,)—strain ratio (v) curves of the specimens are
given in Figs. 6(a)-6(c) (the change laws of square-
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Fig. 5 Load versus strain curves for tested specimens: (a) 120 mm x 60 mm x 4 mm; (b) 120 mm x 60 mm x 5 mm; (c) 120 mm x 80 mm
x4 mm; (d) 120 mm x 80 mm x 5 mm; (e) 120 mm x 120 mm x 4 mm; (f) 120 mm x 120 mm x 5 mm; (g) 120 mm x 120 mm X 6 mm; (h)

typical load—longitudinal strain curve.
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Fig. 6 Relative load (N/N,)—strain ratio (v) curve: (a) ny = 1; (b) ny = 2; (c) n¢ = 3; (d) typical N/N,—v curves.

sectional specimens are identical to those of RD
specimens). The typical N/N—v curve is displayed in
Fig. 6(d), which can be divided into three stages: initial
stage (4B), contact stage (BC), and hardening stage (CD).

1) Initial stage (4B segment in Fig. 6(d)). In this stage,
the initial strain ratio of the specimen is approximately
0.3, which is consistent with the initial Poisson’s ratio of
stainless steel tube. However, this value is larger than the
initial Poisson’s ratio (0.2) of core concrete, indicating
that the stainless steel tube could not provide constraints
for the core concrete and the two bore stresses
independently. The transverse deformation of the
stainless steel tube was enlarged as the load increased.
Meanwhile, the transverse constraint effect of the CFRP
on the stainless steel surface increased, while the strain
ratio of the stainless steel tube decreased. Stainless steel
tubes and concrete independently bore stresses in the
initial stage.

2) Contact stage (BC stage in Fig. 6(d)). The strain ratio
of the stainless steel tube presented a growth trend in this
stage. The growth rate of the transverse strain of the steel
tube was accelerated with the increase of the load.
Meanwhile, the annular tensile stress of CFRP, which
was a linear elastic material, was directly proportional to
transverse strain, and the constraint effect was not evident
under the low-strain condition. Therefore, the strain ratio
of the stainless steel tube presented a growth trend.
However, the strain ratio of the steel tube slowly

increased as the CFRP constraint capability was
improved compared with that in the initial stage.

After the initial stage, micro-gaps existed between steel
tubes and concrete due to their different transverse
deformations. Both independently bore stresses in the
contact stage, the core concrete was under the uniaxial
compression state. With the increase in load, the stress of
the core concrete grew as high as 0.4f,, the plastic
deformation and microcracks of concrete were further
developed, and the Poisson’s ratio of the tangent line was
enlarged until the transverse deformation of core concrete
was completely identical with stainless steel deformation.

3) Hardening stage (CD stage in Fig. 6(d)). The
stainless steel tube and the concrete were in contact in the
contact stage, and the synchronous deformation of the
two was present in the hardening stage, and the core
concrete was transformed from uniaxial into triaxial
compression state. Therefore, the bearing capacity was
strengthened significantly. The transverse deformation of
the stainless steel tube was further enlarged with the
increase in load during this stage. Meanwhile, the
transverse deformation and the strain ratio of the steel
tube increased due to the extruding effect of internal
concrete. However, the growth rate was inhibited to a
certain extent by the annular constraint effect of CFRP.
The stainless steel tube entered the plastic hardening
stage when the load reached 0.96N,, and the growth rate
of the transverse strain was further accelerated.
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The relative load-strain ratio relation curves of the
specimens in the RD group, are shown in Fig. 7. The
results revealed that the transverse constraint effect of the
CFRP on stainless steel tube was enlarged with the
increase in the number of CFRP layers. In the initial
stage, the larger the steel tube is constrained, the closer
the strain ratio of steel tubes to the Poisson’s ratio of
concrete 0.2, thus the stainless steel tube and concrete can
rapidly enter the coordinated deformation stage.
Therefore, for the specimens with more CFRP
constraints, the load growth rate is faster, and the peak
strain is relatively small.

For the specimens without CFRP, the variation trends
of the relative load-strain ratio were identical. Therefore,
only SCO specimen was taken, for example (Fig. 8). The
strain ratio of the specimen without CFRP was
maintained at 0.3 in the initial stage, which was close to
Poisson’s ratio of stainless steel tube. When the load
reached 0.3N,, the deformation of the steel tube and the
concrete was synchronous due to the steel tube
deformation and concrete expansion. Afterward, the
strain ratio of the specimen grew rapidly. The growth rate
of the strain ratio was further elevated as the load
approached 0.9N,, and the growth rate was approximately
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Fig. 8 Relative load (NV/N,)-strain ratio (v) curve of specimen SCO.
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0.6 under the peak load.
3.4 Influential factors for bearing capacity

The relation curves of stainless steel tube constraint effect
coefficients & and N, (namely &—N, curves) are
displayed in Fig. 9. When the length-width ratio and the
number of CFRP layers remain unchanged, the greater
the steel tube restraint effect, the greater the bearing
capacity of the specimen. The bearing capacity of
rectangular cross-sectional specimen was related to the
length—width ratio (H/B).

The length—width ratio (H/B)—N, curves are shown in
Fig. 10. When the thickness of the steel tube and the
number of CFRP layers remain unchanged, namely, when
they share the same constraint effect coefficient, the
greater the length—width ratio, the weaker the bearing
capacity would be. Meanwhile, the bearing capacity of
the specimen increased with the increase in the wall
thickness of the stainless steel tube when the
length—width ratio and n; remain unchanged.

The influence of the layer of the CFRP on the bearing
capacity of rectangular CFSST stub columns was evident,
as shown in Fig. 11. The more layers of CFRP, the
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Fig. 11 Effect of CFRP confinement on N,: (a) effect of & on N; (b) effect of ny on N,

greater the constraint effect of CFRP and the greater the
bearing capacity of specimens. Figure 11(b) shows that
the bearing capacity of the specimens in the same group
is positively correlated with the number of CFRP layers,
and the increase ranges at 1-3 layers are approximately
6%, 11%, and 16% of the control specimens.

3.5 Influence of CFRP on specimen ductility

Figure 5 shows that when the CFRP-confined specimens
reach the peak load, the load suddenly decreases due to
the crack of the CFRP, and then specimens enter the
residual stage; the load—strain curves decreased slowly or
increased slightly. This phenomenon effectively reflects
the specimen ductility and safety, and the load of most
specimens does not decline to 0.85N,. Therefore, the
existing ductility judgment methods for CFRP-confined
CFST stub columns, which take DI (DI = &gs54,/&,) as the
judgment basis, are inapplicable to CFRP-confined
CFSST stub columns.

Referring to the ductility research method proposed by
Erfan et al. [23], for rectangular CFSST stub columns, the
slope change point on the descent stage of the curve is
taken as the reference point for specimen ductility (the
point where the load decline to 0.8/,), and the ratio of the
deformation at this point to the peak load—deformation is
used as the ductility criterion. The larger the calculation
result is, the better the ductility is. According to the
failure characteristics of the CFRP-confined CFSST stub
columns, for RA and RB specimens whose curves are in
descending stage after CFRP failure, the change point of
slope in descending section of the curve is taken as the
characteristic point. Meanwhile, for the RC and RD
specimens and the SA, SB, and SC specimens with a
length-width ratio of 1, the point where the curve starts
entering the ascent segment from the steady segment is
taken as the feature point (point C), as shown in Fig. 5(h)
and Table 4.

For the RA and RB specimens with length—width ratio
of 2, their load—strain curves entered the descent segment
after the characteristic point; therefore, the greater A,/A,
ratio, the better is the ductility. For the other specimens,
the load—strain curves of which enter the gentle ascent

Table 4 List of characteristic points of ductility

specimen A, (mm) A, (mm) A/A,
RAl 8.93 7.27 1.23
RA2 9.84 7.68 1.28
RA3 10.87 7.95 1.37
RBI 10.43 7.18 1.45
RB2 11.03 7.51 1.46
RB3 11.56 7.81 1.48
RCl1 15.28 7.35 2.08
RC2 14.14 7.15 1.98
RC3 14.91 7.66 1.95
RD1 13.61 7.14 1.91
RD2 13.42 7.27 1.85
RD3 12.44 7.32 1.70
SAl 13.28 8.17 1.63
SA2 12.43 8.08 1.54
SA3 10.85 8.16 1.33
SB1 16.42 7.82 2.10
SB2 14.27 7.49 1.91
SB3 13.98 7.34 1.90
SC1 17.30 8.02 2.16
SC2 15.72 5.90 2.66
SC3 16.97 7.15 2.37

Note: A; represents characteristic point displacement, and A is peak
displacement.

stage after the characteristic point, the lower the A /A
ratio means the earlier the specimen curve enters the
ascent stage and represents the better ductility. Table 4
shows that the specimen ductility is improved with the
growing number of CFRP layers, but the increase in
amplitude is small. Meanwhile, the bending failure of the
rectangular column occurred easily when the sectional
length-to-width ratio is high, while the specimen ductility
was reduced. Therefore, it is suggested that the sectional
length-to-width ratio should be controlled within 2 in the
rectangular stub column design.



4 Bearing capacity prediction
4.1 Formula of axial compression bearing capacity

According to the calculation method of CECS159:2004
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[24] and ACI [25] in calculating the axial compression
bearing capacity of rectangular CFST short columns, the
bearing capacity of CFSST short columns can be
expressed as follows:

Ncr = Asl al +A52 a2 +As3f;/ +Acfcc9 (5)

where A, Ay, and A are the cross-sectional area of the
short side plate area, the long side plate area, and the
chamfer area, respectively; f,;, f, and f; are the vertical
strength of the short side plate area, the long side plate
area, and the wvertical strength of the chamfer,
respectively; A. and f,. are the cross-sectional area and
the axial compressive strength of the core concrete,
respectively. f.. can be determined by the mechanical
analysis of the specimen in the ultimate equilibrium state
based on the unified theory of double shear strength
(TUST) [26], which is as follows:

o +aos

«
0‘1—1—_'_b(b0'2+0'3)=0'>0'2< l+a (6)
1 o, taoc
—1+b(0'1+b0'2)—a0'3=0', o, > —I1+a 2, @)

where o, 0, and o3 are principal stresses in three
directions respectively; b is a weighted parameter, and
is the ratio of tensile strength to the compressive strength
of the material.

4.2 Effective confining pressure of core concrete

The effective confining pressures of the long and short
sides of stainless steel tube on the core concrete are
calculated by Egs. (8) and (9), respectively, which are
based on the method of confining pressures of the
confined concrete proposed by Mander et al. [27]:

Ju =k fi ®)

Jro = kefis )

where k. is the effective constraint coefficient of the core
concrete; and f;; are f;, the effective confining pressure of
the short side plate and the long side plate on the core
concrete, respectively; and f, are f;, the lateral confining
stress along the short side plate and the long side plate
caused by the stainless steel tube.

The force analysis of the stainless steel tube is shown in
Fig. 12, and it is assumed that the long and short sides of
the stainless steel tube are under uniform confining

(@ (b)

Fig. 12 Sketch map of lateral forces on rectangular stainless
steel tube: (a) long side; (b) short side.

pressure in the limiting equilibrium state. The ideal
confining pressure is calculated by Eqgs. (10) and (11):

2yt
/: Sl’" 10
fi= 525 (10)
2,
/: SIS 11
T ()

where f, and f’, are the lateral tensile stresses of the
long and short sides of the stainless steel tube,
respectively.

4.2.1
tube

Lateral tensile stress of rectangular stainless steel

The rectangular stainless steel tube is assumed to be in-
plane stress state [28,29] and yields to von Mises
criterion. According to the yield criterion, the following
Egs. (12) and (13) can be obtained.

Lo fafuw+fa =1, (12)

fa—felutfa=F. (13)

According to Ref. [30] about the influence of the
width-to-thickness ratio (R) on the failure mode of
concrete-filled square steel tube, the width-to-thickness
ratio R, and R, of the short and long sides of rectangular
stainless steel tube are defined as follows:

o _B [2a-v) |f,
b 1 4 EO,
H [120-») [f
R2 = - - 4, )
t 47? E,

where v and E, are the Poisson’s ratio and initial elastic
modulus of stainless steel tube, respectively, and f, is the
vertical strength of the stainless steel tube. Since the
stainless steel strain is greater than 0.2% of the theoretical

(14)

(15)
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residual strain when the strength of the specimen reaches
the peak, it has entered the plastic hardening stage. The
strength strengthening effect is considered at this stage,
namely, f; = k0.

The local buckling failure occurs at the short side of the
rectangular stainless steel tube when R, is greater than
0.85[30,31], and f,; = f;. f, is the local buckling strength
of the stainless steel tube, which is determined by
Eq. (16). When f; is greater than 0.89 f,, 0.89 f, is
adopted, and f;, is equal to —0.19f,.

12 03
2
fa= 4231
.f;rl = 2 . (17)

Otherwise, when R, is less than 0.85, the effects of
local buckling can be ignored. In this case, f,; and f,, are
equal to 0.89f, and —0.19f,, respectively [30].

Similarly, when R,>0.85, the equation of f,, = f,
exists. In this case, it is considered that local buckling
failure occurs on the long side of rectangular stainless
steel tube, and f; is determined by the following Eq. (18).

1.2 03
fo= (R_Z_R_g)fy’ (18)
fo— 42 =31
S = —s (19)

If the value of f, from Eq. (18) is greater than 0.89f,,
fo =0.891,, and f,; = -0.19f,.

When R, <0.85, the value of f,, and f,, are equal to
0.89f, and —0.19f,, respectively [30].

4.2.2 Effective constraint coefficient of core concrete

The effective constraint coefficient k. of the core concrete
can be determined by Eq. (20) [27].

ke = kelkeb (20)
where k. and k., are the cross-sectional confinement
coefficient and the axial confinement -coefficient,

respectively. Since the constraint effect of the stainless
steel tube on the core concrete is continuous along the
axial direction, k., equals to 1. For the cross-sectional
confinement coefficient k., a relationship proposed by
Mander et al. [27] is applied herein.

@n
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where A, is the horizontal area of an effectively confined
core concrete. Referring to the analysis method in
Ref. [32] for axial compressive performance of special-
section multi-cavity CFST columns, it is assumed that the
boundary line of the effective constraint zone of core and
concrete is a quadratic parabola, and the tangent angles of
the constraint boundary are 6, and 6,, respectively
(Fig. 13), and the following can be obtained:

A. = (B=2t)(H—2t)—2A, - 2A,, 22)
B—-2t.)’tand
Al :( s) an ]’ (23)
6
H —2t,)*tand
Az:w, (24)
6
B—2t,)tand H —2t)tanf
ky =1 B2)@n6  (H-2t)t@n6, o

3(H-2t,) 3(B-12t)

where A, and A, are the area of the constraint regions (the
shaded part in Fig. 13). Long and Cai [31] suggested that
6, and 0, are 23°.

Referring to the calculation method of the equivalent
lateral constraint of stirrup confined concrete proposed by
Mander et al. [27] and based on the principle of equal
area, the rectangular cross-section of the stainless steel
tube concrete short column is transformed into a circular
cross-section. The simplified stress model of the stainless
steel tube is shown in Fig. 14.

insufficient
restrain area

~

effective
restrain area

Fig. 13  Effectively confined concrete core of cross-section.

Fig. 14 Stress diagram of equivalent round steel tube.
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The confining pressure on the long and short sides of
the rectangular steel pipe is evenly distributed on the
inner surface of the equivalent circular section steel pipe,
and the equivalent confining pressure o7, is calculated by
Eq. (26).

ag. =

TS

ke [fir (B =21,) + fin (H = 21)]

nr

(26)

r=+(B-2t)(H-2t) /.

The confining pressure of core concrete (o) is equal to
/
rs*

27)
o

4.2.3 Axial compression bearing capacity

According to the above equivalent method, the equivalent
stress analysis of the core concrete is shown in Fig. 15,
where o, = 0, = 0. Substitute it into TUST [32], and the
following can be obtained:

Joe =03 = fo+kyuos, (28)
Yo = 1.67x D" (29)

k = (1 +sing) /(1 —singy), (30)
D=2r, 31)

where vy, is the reduction coefficient of the concrete
strength [33], k is the coefficient of horizontal pressure,
where ¢ is the internal friction angle of the concrete, and
@ =30°[34].

Therefore, the ultimate bearing capacity of rectangular
CFSST short column can be expressed as follow:

N, =A, fu+Anfo+k Ao +Acf

ke[ fi (B=2t) + fi (H—2t,)]
Va(B-21)(H-2t)
The experimental data in this paper and the relevant
literature data were substituted into Eq. (32), and

ki, = 1.24 was determined by data fitting. The calculation
and test values of bearing capacity are presented in Table 5

+Aky, (32)

i

-~— 0,

,
o'y /

O3

Fig. 15 Stress state of the core concrete.
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and Fig. 16. Generally, the errors between the calculation
and test value in this paper are 10%, and some errors are
relatively large due to the big difference in the strength of
steel tube confined concrete.

4.3 Axial compressive capacity of FRP-confined CFSST

Figure 17 presents the influence of the CFRP constraint
effect on the bearing capacity of CFSST. The relationship
between &./&, and the strengthening degree n; of the
specimen bearing capacity 7; is obtained through the
numerical fitting method.

When H/B=1.0,

Ne = (0.24353 +23.11729&; /&) X 100%. (33)
When H/B > 1.5,
Ne = (0.23575 4+ 50.41778&;/£,) X 100%. (34)

Hence, the recommended calculation formula for the
axial compression bearing capacity of the CFRP-
constrained rectangular CFSST stub columns is as
follows:

chr = nercr' (35)

Equation (35) is used to calculate the bearing capacity
of test specimens in this paper, and N /N, statistical
graph is shown in Fig. 18. The calculated values are close
to the experimental values, and the errors are mostly
within 8% and are less than the experimental values,
indicating that the above equation can better predict the
axial compression bearing capacity of CFRP-constrained
CFSST short column and has certain safety margin.

The H/B—N/N; curves are presented in Fig. 19, where
N; is the bearing capacity of the CFRP-constrained
CFSST stub columns in the same batch with square
sections, and N, is the corresponding bearing capacity of
the CFRP-constrained CFSST stub columns with the
same wall thickness, the number of CFRP layers, and
concrete strength and different length-width ratios. The
specimen bearing capacity decreases with the growth of
H/B, a largely second-order nonlinear relation is
manifested, and the nonlinear relation between H/B and
Ni/]\/j is obtained through numerical fitting.

% = 1.91—1.22H/B+0.31(H/B).

J

(36)

As the section considerably influences the stainless
steel material strength, the rectangular steel tubes with the
same wall thickness but different length—width ratios will
be different in yield strength. Therefore, if the bearing
capacity of square CFSST is known and the yield strength
of rectangular steel tubes is unknown, Eq. (36) can be
used to calculate the predicted bearing capacity of
rectangular CFSST with length-to-width ratio of 1-2.
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Table 5 Calculation and test values of bearing capacity
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specimen B(mm) H(mm) ¢ (mm) Rc(mm) Eo(GPa) v o092(MPa) f, (MPa) N, (kN) N, (kN) N, /N, Ref. No
120 x 60 x 4-0 60 120 4 4 195 0.3 538 33.44 1261 1184 0.94  this paper
120 x 60 x 5-0 60 120 5 5 200 0.3 581 33.44 1632 1522 0.93

120 x 80 x 4-0 80 120 4 4 196 0.3 516 33.44 1362 1338 0.98

120 x 80 x 5-0 80 120 5 5 200 0.3 558 33.44 1732 1705 0.98

120 x 120 x 4-0 120 120 4 4 203 0.3 549 33.44 1815 1788 0.99

120 x 120 x 5-0 120 120 5 5 203 0.3 578 33.44 2275 2210 0.97

120 x 120 x 6-0 120 120 6 6 203 0.3 592 33.44 2854 2614 0.92

150 x 150 x 6C40 150 150 6 6 194 0.3 497 354 2768 3005 1.08 [16]
150 x 150 x 6C60 150 150 6 6 194 0.3 497 47.05 2972 3231 1.08

100 x 100 x 5C30 100 100 5 5 180 0.3 458 22.8 1410 1383 0.98 [35]
100 x 100 x 5C60 100 100 5 5 180 0.3 458 40.28 1488 1527 1.03

100 x 100 x 5C100 100 100 5 5 180 0.3 458 56.24 1559 1658 1.06

50 x 50 x 2C20 50 50 2 2 205.1 0.3 353 16.3 261 221 0.85 [17]
50 x 50 x 2C30 50 50 2 2 205.1 0.3 353 26.5 282 242 0.86

50 x 50 x 3C20 50 50 3 3 202.9 0.3 440 16.3 417 381 0.91

100 x 100 x 3C20 100 100 3 3 195.7 0.3 358 16.3 716 703 0.98

100 x 100 x 3C30 100 100 3 3 195.7 0.3 358 26.5 757 793 1.05

100 x 100 x 5C20 100 100 5 5 195.7 0.3 435 16.3 1449 1270 0.88

100 x 100 x 5C30 100 100 5 5 195.7 0.3 435 26.5 1490 1352 0.91

150 x 150 x 3C20 150 150 3 3 192.6 0.3 268 16.3 1062 962 0.91

150 x 150 x 3C30 150 150 3 3 192.6 0.3 268 26.5 1209 1173 0.97

150 x 150 x 5C20 150 150 5 5 192.6 0.3 340 16.3 1935 1641 0.85

150 x 150 x 5C30 150 150 5 5 192.6 0.3 340 26.5 2048 1840 0.90
304-t8¢50 295.52  295.52 7.75 7.75 196.6 0.3 293 36.6 6290 6277 1.00 [36]
304-t10c50 300 300 9.87 9.87 196.2 0.3 287 36.6 7113 7212 1.01
304-t12¢50 303.74  303.74 11.87 11.87 199.4 0.3 301 36.6 7924 8411 1.06

304-t8c70 295.52  295.52 7.75 7.75 196.6 0.3 293 54.5 6743 7692 1.14
304-t10c70 300 300 9.87 9.87 196.2 0.3 287 54.5 7947 8589 1.09
304-t12¢70 303.74  303.74 11.87 11.87 199.4 0.3 301 54.5 8575 9788 1.14
304-t8c80 295.52  295.52 7.75 7.75 196.6 0.3 293 624 7436 8309 1.12
304-t10c80 300 300 9.87 9.87 196.2 0.3 287 62.4 8430 9204 1.09
304-t12¢80 303.74  303.74 11.87 11.87 199.4 0.3 301 624 9257 10402 1.12

5 Conclusions

1) The failure mode of the CFRP-confined rectangular
concrete-filled stainless steel tube stub columns is
described as follows. First, the local rupture of CFRP
occurred, and the local buckling failure of the concrete-
filled stainless steel tube was present. The bearing
capacity of the CFRP-confined concrete-filled stainless
steel tube stub columns was stronger than that of
concrete-filled stainless steel tube specimens because of
the strong restraint capacity of CFRP. Following the
CFRP ruptured, the typical load—longitudinal strain

curves of the specimens presented three different
development trends due to the different constraint effects
of stainless steel.

2) The local buckling of stainless steel tubes decreased,
and the bearing capacity of concrete-filled stainless steel
tube stub columns increased due to the CFRP. The
bearing capacity of the CFRP-confined specimens was
slightly stronger than that of the specimens without the
CFRP.

3) The bearing capacity of the CFRP-confined
rectangular concrete-filled stainless steel tube stub
columns was substantially influenced by the CFRP
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Fig. 16 Comparison diagram of calculated and test values.

constraint effect coefficient, sectional length—width ratio,
and the thickness of the steel tube. Specifically, the
bearing capacity increased with the number of CFRP
layers, declined with the increase in sectional length-
width ratio, and decrcased as the steel tube thickness
increased.

4) The CFRP-confined rectangular concrete-filled
stainless steel tube stub columns had favorable ductility.

35
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Fig. 18 Statistics graph of Ncg:/N,.

CFRP-confined rectangular CFSST stub column
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By analyzing the characteristics of load—strain curves of
CFRP-CFSST, a ductility discrimination method is
proposed, which takes the change point of the slope of
residual stage curve as the characteristic point.

5) The recommended calculation formulas for the
bearing capacity of rectangular concrete-filled stainless
steel tube stub columns and the bearing capacity of
CFRP-confined rectangular concrete-filled stainless steel
tube stub columns were obtained through numerical
fitting. The prediction formula for the bearing capacity
considering the sectional effect was obtained as well.
This formula is of high accuracy with a certain safety
margin.
Acknowledgements This study was generously funded by the National
Natural Science Foundation of China (Grant No. 51268044). The first
author also appreciates the support from the University of Pittsburgh and

North Dakota State University when he worked as a visiting scholar.

Notations

A, cross-sectional area of core concrete

Ay total cross-sectional area of carbon steel tube and core
concrete

Ay cross-sectional area of CFRP wrap

\’?18

bvlb 7, =0.24353 +23.11729&,/¢, "

5 R2=0.91871

£ 14t
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17 Influence of & /& on the lifting degree of bearing capacity: (a) H/B = 1.5; (b) H/B =1.0.
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Fig. 19 The effect of H/B on the bearing capacity of CFRP
constrained specimens.



1158

A,: cross-sectional area of stainless steel tube

B: short side of rectangular steel tube

DI ductility index

E,: elastic modulus of stainless steel

Ey: elastic modulus of CFRP sheet

H: specimen height

Ju: veharacteristic strength of concrete

/., standard cubic compressive strength of concrete

Jegs: strength index of concrete in rectangular stainless steel tube
under axial compression

J;: tensile strength of CFRP sheet

L: long side of rectangular steel tube

n: hardening exponent of stainless steel

n;: number of CFRP layers

N: load

N predicted load-carrying capacity

N bearing capacity of concrete-filled stainless steel tubular
stub columns with rectangular section under axial compression
N, calculation value of ultimate bearing capacity of concrete-
filled rectangular stainless steel tubular short columns

N,: proportional limit load

N.: residual load capacity of the FRP-confined CFSST after full
fracture of CFRP wrap

N,: peak load at failure

t: CFRP thickness

t,: wall thickness of stainless steel tube

A: axial deformation

A,: axial deformation corresponding to the feature point

A,: axial deformation corresponding to ultimate strength

£gs0,: axial strain when the load falls to 85% of the ultimate load

&: strain of stainless steel

€, longitudinal strain

&y, transverse strain

&yl €754,/0.75, where &,54, is the axial strain when the load attains
75% the ultimate load in the pre-peak stage

€,: corresponding axial strain of proportional limit load

&, corresponding axial strain of the lowest point at failure

g,: corresponding axial strain of the peak load at failure

7. improvement of specimen bearing capacity

¢: sectional stability coefficient

v: lateral-to-axial strain ratio

02 0.2% proof stress of stainless steel

& confinement factor of CFRP wrap

¢, confinement factor of stainless steel tube

v: Poisson’s ratio
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