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Fiber-reinforced polymer (FRP) wrapping has become an attractive strengthening technique for concrete columns. However, the
ingress of corrosion into the concrete through the gap of CFRP fiber greatly reduces the durability of concrete and the bearing
capacity of specimens. Concrete canvas, a kind of corrosion-resistant and refractory material, is a promising method to enhance
durability and carrying capacity. In this study, the concrete canvas (CC) and carbon fiber-reinforced polymer (CFRP) were used to
jointly reinforce columns with square cross section, octagonal cross section, circular cross section, and elliptical cross section. )e
influence of section shape on the strengthening effect of the axial compression column was investigated by the axial compression
test. )e results showed that the section shape had a significant influence on the reinforcement effect of the axial compression
column. )e carrying load capacity and ductility coefficient of different columns follow this order: square column< oval-shaped
columns< octagonal columns< circle columns. )e increased amplitude of bearing capacity for the different columns with the
increase of CC layers follows this order: square columns< oval-shaped columns< circle column< octagonal columns. Compared
with the unconstraint columns, the bearing capacity of adopting two-layer CC columns increased by 129%, 155%, 150%, and 139%
for the square, octagonal, circular, and elliptical columns, respectively. )e octagonal column has the largest increase range.
Compared with the unconstraint columns, the bearing capacity of adopting two-layer CC columns increased by 348%, 318%,
310%, and 296% for the square, octagonal, elliptical, and circular columns, respectively.)e square column has the largest increase
range. )e stress concentration phenomenon of all section shapes was weakened after the CC was used. )e application of the CC
on CFRP-reinforced columns improves column ductility significantly, with some degree of increase in bearing capacity.

1. Introduction

More recently, CFRP has been used frequently in the re-
inforcement of various components, mainly because they
have better mechanical properties and corrosion resistance
than traditional building materials [1–8]. However, adverse
conditions (e.g., sulfate, chloride, temperature, humidity, or
acidic environments) are capable of undermining the in-
tegral property of CFRP-enhanced concrete structure, as
well as noticeably impacting the FRP-to-concrete bonded
interface’s behavior and failing mechanisms [9]. Besides, the
corrosive substances can erode into the interior of the
column through the gap in harsh environments because the
CFRP sheet is made up of crisscrossed fibers [10]. Moreover,

degradation of the column wrapped with CFRP mechanical
characteristics is likely to appear for being exposed to a harsh
environment. Soudki [11] demonstrated that CFRP can be
wrapped to reduce the corrosion degree of the member and
improve its durability, but there are different degrees of
damage through electrochemical corrosion of CFRP-rein-
forced concrete members. Kim and Ji [12] showed that CFRP
entanglements disrupted the penetration of acids into the
core concrete and impeded chemical reactions based on
concrete-acid reactions. However, the CFRP wrapping be-
comes less effective as the acid exposure period is extended,
and the compressive strength and ultimate axial strain of the
restraint column are significantly reduced. Although there
have been some studies on the influence of severe
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environmental conditions on CFRP-reinforced concrete
structures in recent years [13–15], the research has been rare
on the way to resist corrosive substances with new material.
Concrete canvas refers to the most hopeful product of en-
gineering utilization of 3D spacer fabric reinforced ce-
mentations composites [16, 17]. Concrete canvas [18–20]
has extensive application in ditch lining and slope protection
projects due to its high impermeability, durability, envi-
ronmental benefits, fire resistance, and chemical corrosive
resistance. At present, most scholars focus on the research of
concrete canvas itself. Zhang [21] researched the enhance-
ment of CC panels’ tensile and flexural strengths by outer
reinforcement using a fiber-reinforced polymer (FRP) sheet.
As revealed from the mentioned outcomes, the mechanical
characteristic of FRP-reinforced CC is noticeably enhanced.
Nevertheless, there are few pieces of research studies that
focused on the reinforced members with CC.

Studies on CFRP confined columns’ characteristics pri-
marily discussed circular columns, whereas rare studies focused
on octagonal, square, and elliptical columns [22, 23].)e partial
reason for such result is that CFRP-reinforced octagonal,
square, and elliptical sections have no uniform confinement
with not evenly distributing compressive pressure [24, 25].
Nevertheless, rectangular columns have a wide range of ap-
plications in building structure construction. Moreover, oc-
tagonal and elliptical shapes are constructed due to various
needs, such as beautiful appearance, reasonable layout, and
performance requirements [26, 27]. Accordingly, for preserving
the integral property of infrastructures, their strength and re-
habilitation should be highlighted [28, 29]. Besides, a large
number of scholars have carried out extensive research on the
influence of column section shape change on the reinforcement
effect [23–28]. Yan [30] has demonstrated that the elliptical
shape and the circular shape cross section can better exert the
tensile strength of the fiber material by the axial compression
test of the rectangular section, the rectangular chamfered sec-
tion, the rectangular modified ellipse section, and the circular
section column. Wang [31] showed that the angular radius rate
is proportional to the rise of the strength of the limited concrete
by testing the CFRP-wrapped concrete short column with
different corner radii. Al-Salloum [32] has demonstrated that
the process to smooth square cross-sectional edges is critical to
delaying FRP composite’s rupture at the mentioned edges
through the axial compression test of the 20 specimens that
varied from square to circular. Farghal [33] delved into the
section length-to-width ratio’s impact on the structural ductility
and strength of the constrained column. As revealed by the
outcome, the aspect rate noticeably impacts the strength in-
crease, whereas it slightly impacts the ductility. Jameel [34]
found that the cyclization technology reduced the stress con-
centration at the corner and improved the ultimate ductility and
bearing capacity by circularizing the hollow column and the
solid column. According to the above studies, the cross-sec-
tional shape of the column has a close association with the
bearing capacity and ductility of the CFRP-reinforced column.

Based on the above analysis, this study provides new
reinforcement insights (CC and CFRP joint reinforcement)
to improve the mechanical properties and durability of
reinforced columns. )e study in this article

comprehensively investigates the improvement of the me-
chanical behavior of CC and CFRP reinforcement for dif-
ferent cross-sectional shapes. It can provide a basis for the
application of this reinforcement technology in practical
engineering.

2. Experimental Procedure

2.1. Specimen Design. For the investigation of the influence
exerted by variation cross-sectional shape on columns rein-
forced by CC and CFRP, forty-four test columns with the same
cross area were developed. Table 1 gives the experiment-based
matrix. We used 3 variables, including four cross-sectional
shapes (circle, square, octagon, and ellipse), two kinds of
reinforced method (CFRP, CC and CFRP), and two CC layers
(1-layer, 2-layer). All specimens had a height of 450mm. Each
specimen has three nominally identical samples. Without
special description, all the results are the best values of the three
sets of nominal samples. Figure 1 presents the schematic of the
reinforced column dimensions. To facilitate analysis, the test
pieces are divided into three series. Among the three series,
series I were reinforced by CFRP and series II were reinforced
by CC and CFRP.

2.2. Fabrication of Specimens. Before jacketing, the speci-
mens’ surface underwent a light sanding process for the
removal of surface pollutants, water cleaning process, and
drying process. Subsequently, the 2-part epoxy impreg-
nation resin underwent thorough mixing following the
producer’s rules. For columns only reinforced by CFRP,
we employed a thin resin layer on the sample’s surface
firstly; next, the CFRP laminate received careful wrapping
process over the sample with the fibers following the hoop
orientation for forming 1 or 2 CFRP layers. No void
existed between the CFRP and the concrete surface,
which was ensured. When the wrapping process was
achieved, the gap between the top/bottom of the concrete
specimen and the FRP was downregulated to nearly
10 mm. For ensuring the FRP jacket’s overall tensile
strength, a 100 mm long overlapping zone between the
starting part and the achieving part of the respective sheet
was enabled. For columns reinforced by CC and CFRP,
we added anhydrite and CSA to a mixer and blended
them for 10 min at 94 r/min firstly. Subsequently, the
powder mixture was progressively arranged and under-
went vibration in the mold with 3D spacer fabric till the
3D spacer fabric reached complete impregnation by
powder. Next, a membrane is covered with the CC surface
to avoid the cement powder falling out during the
wrapping process. )e CC is slowly wrapped on the
column and fixed with nylon tape, and then, water is
sprayed while uncovering the membrane. )e water
quantity is calculated by the amount of cement to ensure
the complete hydration of cement. )e second layer of CC
is wrapped in the same way as the first layer of CC after
the first layer of CC is hardened. Finally, we employed
CFRP laminates to the sample’s surface, and the jacketing
procedure is the same with columns only reinforced by
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CFRP. Figure 2 shows the columns after coating with
CFRP or CFRP and CC.

We kept samples at ambient temperature for no less than 7
days before testing for ensuring sufficient curing time of the
epoxy. Before the samples were loaded to the test machines, the
ends of the jacket underwent the grinding process smoothly for
the removal of any uneven edge.

2.3. Material Properties. Table 2 lists the quantities of in-
gredients in the concrete mix. )e FRP tensile test is tested
following what is specified by the ASTM D3039 standard

[35]. )e carbon fiber reinforcement polymer (CFRP)
employed in the present article for strengthening the con-
crete specimens displayed a tensile strength of 3547MPa and
a modulus of elasticity of 2.33×105MPa. )e thickness per
layer reached 0.167mm. Table 3 presents the mechanical
properties of CFRP. A two-part epoxy impregnation resin
acted as the adhesive. Table 4 presents typical mechanical
characteristics of epoxy resin. )e CC strength is tested
following what is specified by the JCJ/T 70–2009 [36]
standard. Considering the limitation of CC thickness, the
CC is cut into 20mm× 20mm × 20mm cubes for the test.
Table 5 presents the mechanical properties of CC. )e

Table 1: Experimental matrix of specimen parameters.

Series Specimen Cross-sectional shape Height (mm) CC layers CFRP layers CC thickness (mm)

/

S-0-0-1 Square 450 0 0 0S-0-0-2
O-0-0-1 Octagon 450 0 0 0O-0-0-2
C-0-0-1 Circle 450 0 0 0C-0-0-2
E-0-0-1 Ellipse 450 0 0 0E-0-0-2

I

aS-0-1-1
Square 450 0 1 0S-0-1-2

S-0-1-3
O-0-1-1

Octagon 450 0 1 0O-0-1-2
O-0-1-3
C-0-1-1

Circle 450 0 1 0C-0-1-2
C-0-1-3
E-0-1-1

Ellipse 450 0 1 0E-0-1-2
E-0-1-3

II

S-1-1-1
Square 450 1 1 20S-1-1-2

S-1-1-3
O-1-1-1

Octagon 450 1 1 20O-1-1-2
O-1-1-3
C-1-1-1

Circle 450 1 1 20C-1-1-2
C-1-1-3
E-1-1-1

Ellipse 450 1 1 20E-1-1-2
E-1-1-3

III

S-2-1-1
Square 450 2 1 40S-2-1-2

S-2-1-3
O-2-1-1

Octagon 450 2 1 40O-2-1-2
O-2-1-3
C-2-1-1b

Circle 450 2 1 40C-2-1-2
C-2-1-3
E-2-1-1

Ellipse 450 2 1 40E-2-1-2
E-2-1-3

Notes:a1. “S” represents the square section shape concrete. “O” represents the octagon section shape concrete. “C” represents the circle section shape concrete.
“E” represents the ellipse section shape concrete.b2. Taking “C-2-1-1” as an example, the letter “C” denotes the circle section shape concrete. the number “2” is
the layer of CC, the number “1” is the layer of CFRP, and the last number “1” represents the nominal same sample.
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Figure 1: Schematic diagram of the reinforced column dimensions and strain gauge arrangement. (a) Circle. (b) Square. (c) Octagon.
(d) Ellipse.

Figure 2: Molded test piece.

Table 2: Proportions of ingredients used for concrete mix.

Ingredients w/c Free water (kg/m3) Aggregate (kg/m3) River sand (kg/m3) Cement (kg/m3)
Quantity 0.45 162 1 134 854 360

Table 3: Mechanical properties of CFRP.

Tensile strength,
(MPa)

Modulus of elasticity
(MPa)

Breaking
elongation

)ickness per layer
(mm)

Fiber weight
(g·m−2)

Bending strength
(MPa)

3547 2.33×105 1.61 0.167 294 734

Table 4: Mechanical Properties of epoxy resin.

Compressive strength (MPa) Tensile strength (MPa) Shear strength (MPa) Elastic modulus (MPa) Elongation (%)
82.7 57.8 22.39 2584.8 3
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schematic diagram of the concrete canvas is shown in
Figure 3.

2.4. Instrumentation and Test Setup. By a testing machine
with a maximal load capacity of 2500 kN, we experimented
the samples overall in the case of concentric compression.
Using an automatic data acquisition system, the strains of
core concrete and CFRP, axial load, and vertical displace-
ment were recorded for monitoring the samples’ charac-
teristics. For measuring the vertical displacement of the
column in the mid-height region, as is shown in Figure 4,
four linear variable displacement transducers (LVDTs) in-
stalled with a gauge length of 200mm in each of the columns
were employed. )e full-height axial shortening was mea-
sured using two LVDTmounted at two opposite locations in
the testing machine.

All of the samples underwent instrumenting process
with strain gauges, glued either onto the concrete surface or
onto the CFRP outer layer. )e strain gauges were sym-
metrically mounted at multiple points at the mid-height of
the specimens for measuring the strain in a range of loca-
tions. )e gauge length of these strain gauges reached 5mm.
Figure 1 presents the transverse and axial strain gauges’
locations, where SG 1 and SG 2 refer to middle positions on
the side face and corner center, respectively. Before the
formal loading of the specimen, the loading device is geo-
metrically aligned with the specimen. )e test procedure
followed what is specified by the GB 50152–2012 standard
[37]. )e specimen is preloaded according to 15% of the
estimated bearing capacity. At the initial stage, the load
control mode is adopted. Before reaching the axial com-
pressive strength of concrete, the load increment is 30 kN/
min, and then, the displacement control mode is adopted.
)e speed is about 0.4mm/min.

3. Results and Discussion

3.1. Failure Modes. )e failure modes of overall enhanced
concrete columns are presented in Figure 5. Noticeably,
Figure 5 merely presents failure modes of taken samples as
examples as the failing models have similarities to those in
the respective group. Under expectation, only CFRP-
wrapped columns failed by rupture of CFRP jacket as is
shown in Figures 5(a)–5(d). For these column specimens,
first, hear the click of epoxy cracking and then the sudden
explosion of FRP cracking. )e rupture of CFRP occurred at
or near the middle height of the concrete, occurred outside
the overlap zone, and occurred simultaneously with the
crushing of the concrete and the sudden loss of load capacity.
)is is consistent with the experimental observations of
some other researchers 23, 27, 28, 31, 32, 38]. Meanwhile,
CFRP rupture of square and octagonal columns occurs at the
corner first, which is in accordance with the experimental

observations from some other researchers [27, 28, 32, 39].
CFRP rupture of the elliptic-like column occurs at the arc
position. )is phenomenon was also found in Teng ’s re-
search on fiber-reinforced concrete [38].

For columns wrapped with one-layer CC and CFRP, as is
shown in Figures 5(e)–5(h), the failure position is similar to
that only wrapped with CFRP, while it was worth finding
that the fracture of CFRP is less serious than that of the
former. )e CFRP of the square column and octagonal
column is broken in a thin strip-shaped failure mode. )e
CFRP of the elliptic column is broken in a villous failure
mode.)is was because the failure of CFRPwas delayed after
CC was adopted, which led to a substantial increase in the
ductility of columns. In addition, the failure cross section of
the column is close to the circular column after the appli-
cation of CC, especially the octagon.)is is probably because
the cushion layer of CC makes the side closer to the circle,
which makes the confinement more uniform. )e CC can
reduce the stress concentration of square and octagonal
columns. )e specimens confined with two layers CC and
CFRP generally failed by CFRP failure, the failure mode of
which is similar to that of specimens confined with one-layer
CC as is shown in Figures 5(i)–5(l). However, the defor-
mation of the specimen is larger before the failure of the
specimen.

3.2. Load-Deformation Curve. )e load-axial deformation
curve can reflect the yield, strengthening, and deformation
capacity of specimens under load. )e load-axial defor-
mation curve of the column only wrapped with CFRP for
different cross-sectional shapes is plotted in Figure 6(a).
From this figure, it is evident that the slope of the rising
section of the curve increases in the order of square section,
octagonal section, elliptical section, and circular section,
indicating that the constraint stiffness is also increasing from
square section to circular section. In addition, it can also be
seen from the figure that the constraint strengthened phase
of the elliptical column is the longest. )e results are ba-
sically consistent with the literature [25, 27].

Comparing Figures 6(a) and 6(b), for the same cross-
sectional shape, the stiffness of the specimen after adopted
CC is significantly increased, and the bearing capacity and
axial deformation are improved to a certain extent, especially
for the circular and octagon shapes. After adding CC, CC
can be regarded as an elastic-plastic cushion block, which
improves the stress concentration at the corner of the
specimen and makes the constraint of CFRP on the core
concrete more uniform. )e section shape of the octagonal
column with CC is more close to the circle, and the im-
provement range is the largest. )e above results show that
CC can improve the stiffness and deformation ability of the
specimen, especially for the specimen close to the circle, and
improve the performance of the structure.

Table 5: Mechanical properties of concrete canvas.

Compressive strength (MPa) Flexural strength (MPa) Volumetric weight (N·m−3)
30.01 2.71 1249
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In addition, for specimens with different cross-sectional
shapes, the bearing capacity and axial deformation change
law of the specimens are similar to those in Figure 6(a).
However, the change of the section shape from square
column to circular column increases the stiffness and de-
formation ability of the specimen relative to the square
column after CC is adopted. Among them, the octagonal
column has the largest increase in the relative square col-
umn.)e result indicates that CC can improve the increased
amplitude of stiffness and deformation capacity of other
cross-sectional shapes compared with the square column,
and the increased amplitude of the specimen close to the
circle is the largest.

Figure 6(c) shows the load-axial deformation curve of the
reinforcement column wrapped with 2-layer CC. Compared
with 1-layer CC, the increase of the slope of the curve is small,
but the length of the strengthening stage is significantly in-
creased. At the beginning of the test, the effect of external
restraint on the core concrete is not obvious, and the slope of the
curve does not change much. However, after entering the
strengthening section, the elastic-plastic cushion block effect of
the middle CC layer further increases due to the increase of the
number of CC layers, the stress concentration of the specimen is
further improved, and the load holding platform of the test
piece increases. )e above results show that increasing the
number of CC layers can significantly improve the

strengthening section of the specimen, can increase the load
holding capacity and ultimate axial deformation of the speci-
men, but has little effect on the stiffness of the specimen.

3.3. BearingCapacityAnalysis. Table 6 gives the peak load of
each group of specimens.Nu is the peak load of each group of
specimens; ρrepresents the bearing capacity ratio of other
section-shaped columns to square columns in the same CC
layers. )e peak load rises in the order of square, ellipse,
octagon, and circle for the same CC layers (see Figure 7(a)).
)e peak load of the octagonal column, circular column, and
elliptical column is 6%, 19%, and 5% higher than that of the
square column for specimens only wrapped with CFRP.)is
order is due to the different constraint effects of CFRP on
columns with different cross sections, among which the
circular column has the best constraint effect, and the square
column has the worst constraint effect. It is worth noting
that as the number of CC layers increases, the ratio of the
bearing capacity to the square column for the same cross
section increases, indicating that after the use of CC, the side
surface is closer to the arc shape so that the stress is more
uniform when CFRP restrains it. Meanwhile, the bearing
capacity of columns with the same cross-sectional shape
shows an increasing trend as CC layers increase (see
Figure 7(a)). )e increase of peak load is 10.25%, 15.47%,

(a) (b)

Figure 3: Schematic diagram of the concrete canvas. (a) Concrete canvas filled with cement powder. (b) )e size of 3D cc.

Load plate

Radial displacement
meter

Vertical displacement
meter

Specimen

Load plate

Full-height radial
displacement meter

Strain gauge
200 m

m

Figure 4: Test setup.
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10.37%, and 6.88% for square, octagon, circle, and ellipse,
respectively, as CC layers increase from zero to two layers.
)is is mainly because CC can absorb energy as an elastic
cushion through its distortion to improve the peak load of
columns when they are damaged. In addition, note that the
octagon has the biggest increasing amplitude, reaching
15.47%. )is is mainly because the use of CC makes the
octagonal cross-sectional column closer to the circular cross-
sectional column, and the constraint effect is significantly
improved. Compared with the specimens strengthened with
one-layer CC, the bearing capacity of the specimens
strengthened with two layers of CC increased to a certain
extent, but the increased amplitude was not significant.

3.4. Ductility of the Test Piece. Ductility refers to a critical
variable in terms of structural members because it elucidates
the energy absorption and deformability of structural
members in the course of failure. Ductility can be assessed by
the ductility ratio μ, which is defined as the ultimate dis-
placement ∆u divided by the yield displacement ∆y, that is,
μ�∆u/∆y [34]. For the ductility in the present paper,
μrepresents the ductility coefficient of the columns for
different cross-sectional shapes. ξ represents the ductility
coefficient ratio of the combined reinforced columns with
different CC layers to the unconstrained columns. ξ° rep-
resents the ductility coefficient ratio of other section-shaped
columns to square columns under the same CC layers. It can

(a) (b) (c) (d)

(e) (f ) (g) (h)

(i) (j) (k) (l)

Figure 5: Failure mode of column. (a) S-0-1. (b) O-0-1. (c) C-0-1. (d) E-0-1. (e) S-1-1. (f ) O-1-1. (g) C-1-1. (h) E-1-1. (i) S-2-1. (j) O-2-1.
(k) C-2-1. (l) E-2-1.
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be seen from Table 6 that the ductility coefficient of spec-
imens for the same CC layers changes with the change of the
cross section. Among them, the ductility coefficient of the
square column is the smallest, and that of the circular
column is the largest, followed by the octagon column and
ellipse column (see Figure 8(a)). As the number of CC layers
increases, the ductility coefficient ratio of other section-
shaped columns to square columns shows a decreasing
trend. Among them, the circular shape decreases the most,
and the octagonal shape decreases the least, indicating that
changing the cross-sectional shape can improve the ductility,
and adopting CC can improve the ductility of the octagon
best. Meanwhile, it can be observed that the displacement
ductility coefficient for the same section shows an increasing
trend as CC layers increase. )e increase of ductility is 56%,
40.0%, 22.5%, and 33.3% for square, octagon, circle, and
ellipse, respectively, as CC layers increase from zero to two

layers. It is worth noting that the ductility of the square
column increased the most, but the ductility of the circular
column increased very little. )is is mainly because CC can
absorb energy as an elastic cushion through its distortion to
improve the ductility of columns when they are damaged.
)e above result further indicated that CC can obviously
improve the defect of stress concentration at the corner of
the column especially the square.

3.5. Stress versus Strain Relationship. Table 6 gives the stress
and strain value of each group of specimens. fcc

′ is the peak
stress corresponding to the peak load of constraining
concrete column; fco

′ is the peak stress corresponding to the
peak load of the unconstraining concrete column; εccis the
longitudinal strain of the concrete surface corresponding to
the peak load of constraining concrete column; εco is the
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Figure 6: Load versus deformation relationship of specimens. (a) CFRP reinforcement. (b) One-layer CC and CFRP reinforcement.
(c) Two-layer CC and CFRP reinforcement.
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longitudinal strain corresponding to the peak load of the
unconstraining concrete column; fcc

′/fco
′ is the constraint

strength ratio. )e constraint strength and peak strain of
circular section specimens are the largest for the same
number of CC layers. )e peak strain increases with the
increase of the number of CC layers for the columns with the
same section shape, which indicates that the constraint
strength of CFRP to the core concrete becomes stronger after
the addition of CC. With the increase of the number of CC
layers, the constraint strength of octagonal columns in-
creases the most.)e reason may be that with the increase of
the number of CC layers, the improvement effect of stress
concentration of octagonal columns is better than that of
other sections.

Figure 9 plots the strains for a range of cross-sectional
shapes reinforced by CFRP and CC on a range of measuring

point surfaces. In the present article, noticeably, the stress-
strain curves are axial stress-hoops strain and axial stress-
axial strain curves unless otherwise specified. In general, the
stress-strain curve of each measuring point is identical to
that of the rising section of the load-deformation curve,
showing an approximately bilinear trend. )e transverse
strains for the intermediate position of the concrete surface
strengthened by CFRP and by one-layer CC and CFRP are
plotted in Figures 9(a) and 9(b), separately. From these
figures, the transverse strain at the peak load of concrete
surface increases in the order of circle, octagon, ellipse, and
square, which indicates that the reinforcement effect will be
significantly improved by changing the section shape. )e
sides of circular cross-sectional columns are relatively
uniform, and CC and CFRP can exert their restraining
ability to a greater extent. Noticeably, the concrete surface

Table 6: Peak load and stress of each group of specimens.

Specimen CC layer Nu (kN) ρ fcc
′ (MPa) fcc

′

fco
′ εcc

εcc

εco
μ ξ ξ°

S-0-0

0

800.36 1.00 34.69 1.00 2 130 1.00 1.12 1.00 1.00
O-0-0 728.57 0.93 32.38 1.00 2 200 1.00 1.41 1.00 1.17
C-0-0 802.32 1.03 35.66 1.00 2 280 1.00 1.65 1.00 1.31
E-0-0 740.36 0.95 32.90 1.00 2 170 1.00 1.30 1.00 1.13
S-0-1

0

920.00 1.00 40.89 1.18 4 250 2.00 2.5 2.23 1.00
O-0-1 976.86 1.06 43.42 1.34 5 325 2.42 3.2 2.26 1.28
C-0-1 1 091.16 1.19 48.50 1.36 5 945 2.61 4.0 2.42 1.60
E-0-1 962.00 1.05 42.76 1.30 4 638 2.14 3.0 2.30 1.20
S-1-1

1

984.40 1.00 43.75 1.26 5 830 2.74 3.7 3.30 1.00
O-1-1 1 094.08 1.11 48.63 1.50 7 055 3.21 4.3 3.04 1.16
C-1-1 1 178.45 1.20 52.38 1.47 7 745 3.40 4.7 2.85 1.27
E-1-1 1 010.00 1.03 44.89 1.36 6 258 2.88 3.8 2.92 1.03
S-2-1

2

1 004.09 1.00 44.62 1.29 6 436 3.02 3.9 3.48 1.00
O-2-1 1 128.00 1.12 50.13 1.55 7 481 3.40 4.5 3.18 1.15
C-2-1 1 204.38 1.20 53.53 1.50 7 961 3.50 4.9 2.96 1.26
E-2-1 1 028.18 1.02 45.70 1.39 6 782 3.13 4.0 3.08 1.05
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Figure 7: )e peak load of the columns with different cc layers and cross-sectional shape. (a) CC layers. (b) Cross-sectional shape.
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transverse strains at peak load for the same cross-sectional
shape increased remarkably from CC wrap to CC and CFRP
wrap as is shown in Figures 9(a) and 9(b) which show that
CC can improve the CFRP constraint effect and reduce the
transverse strain of concrete. )erefore, the reason for the
bearing capacity of the CC and CFRP confined members
tested under axial compressive loading tests being noticeably
enhanced is interpreted (Figure 7 and Table 6).

In order to study the influence of different section shapes
and CC layer numbers on the strain of CFRP, the strains for
the intermediate position of CFRP surface strengthened by
CFRP and by one-layer CC and CFRP are plotted in
Figures 9(c) and 9(d), respectively. In terms of stress-strain
curves in the present article, the following sign convention is
adopted: transverse strains are positive, and longitudinal
strains are negative. )e stress-strain curves in Figures 9(c)
and 9(d) are overall shown in line with the axial stress-axial
strain curve presented on the right while the axial stress-
hoop strain curve presented on the left. Notably, strains at
peak load of elliptical, square, and octagonal shapes are
similar after adopting CC, except for the maximum strain of
circular section. )is follows the data presented in Figure 8,
where higher ductility gain was also recorded after adopting
CC. For the specimens only wrapped with CFRP and one-
layer CC and CFRP, the stress and strain of circular column
are maximum value compared with the square column,
followed by octagonal column and elliptical column, mainly
because the constraint of external reinforcement on the
circular column is more uniform than that of the square
column, octagonal column, and elliptical column. Never-
theless, with the increase of the number of CC layers, the
stress increased degree of circular columns decreases
compared with that of square columns, while the increased
degree of octagonal columns increases. )is phenomenon is
consistent with the data in Figure 7 and Table 6. )e main
reason is that when two layers of CC are strengthened, the
side of octagonal columns is closer to that of circular col-
umns, so that the external reinforcement can restrain them
more evenly. Furthermore, the CFRP strains at peak load for
the same cross-sectional shape increased by comparison
remarkably as is also shown in Figures 9(c) and 9(d).

In order to study the role of CC in strengthening
specimens, the strain on the CFRP surface was compared
with that on the concrete surface corresponding to the
same position. )e transverse strain difference between
the fiber surface and the concrete surface at the middle of
the CC and CFRP column (when the fiber strain is greater
than the concrete strain) was plotted in Figure 9(e). For
stress-strain curves in the present paper, the abscissa is
the transverse strain difference between fiber and con-
crete. From this figure, it can be seen that the strain
difference between the fiber and the concrete for all cross-
sectional shape columns is very close When the stress is in
the range of 20–38MPa, this indicates that the influence
of CC on columns with different cross sections is not
different. However, it is worth noting that the strain
difference between the fiber and the concrete increases in
the order of square, ellipse, octagon, and circle when the
stress increases.

In order to study the improvement of CC on corner
restraint of specimens, the transverse strains of the square
and octagonal columns for different positions of CFRP
surface strengthened by CFRP and by CC and CFRP are
plotted in Figures 9(f) and 9(g), respectively. For stress-
strain curves in the present article, No.1 (CFRP) represents
the strain at the CFRP surface in the middle of the CFRP-
wrapped column; No.2 (CFRP) represents the strain at the
CFRP surface at the corner of the CFRP-wrapped column;
No.1 (CC and CFRP) represents the strain at the CFRP
surface in the middle of the CC and CFRP-wrapped column;
No.2 (CC and CFRP) represents the strain at the CFRP
surface at the corner of the CC and CFRP-wrapped column
as is shown in Figure 2. From these figures, the strain at the
corner is significantly higher than the strain at the middle
position. Noticeably, the difference between the strain at the
corner and the intermediate position for the same cross-
sectional shape is significantly reduced after the CC is
adopted, which indicates that CC can reduce the stress
concentration at the corners. )is also follows the data
presented in Figure 6 where, under the same cross-sectional
shape, the members wrapped with CC and CFRP exhibited
better ductility gain than those only wrapped with CFRP.
Besides, Whether CFRP reinforcement or CC and CFRP
reinforcement, the strain difference at the two positions of
the octagonal column is smaller than that of the square
column, which can improve the corner stress concentration
better than other cross-sectional columns.

)e transverse strains of the elliptical and circular col-
umns for different positions of CFRP surface strengthened
by CC and CFRP are plotted in Figure 9(h), respectively. For
stress-strain curves in the present paper, No.1 (sto) repre-
sents the strain at the CFRP surface in the middle of the
CFRP and CC wrapped elliptical column; No.2 (sto) rep-
resents the strain at the CFRP surface at the corner of the CC
and CFRP-wrapped elliptical column; No.3 (sto) represents
the strain at the CFRP surface at the arc of the CC and CFRP-
wrapped elliptical column (Figure 2). From this figure, the
strain of the elliptical column increases in order according to
the intermediate, the corner, and the arc of the column. )is
can be explained by the fact that the arc of the column
subjected better restraining effects than other positions.
Notably, the strain of the CFRP surface at the arc of the
elliptical column is higher than that of the circular column.
)is is due to the nonuniform constraint of the elliptical
section column, and the constraint effect is better in the arc
position.

Generally speaking, the stress concentration of columns
with different cross-sectional shapes is greatly improved by
using CC compared with only wrapped CFRP columns. In
particular, for the square column, because of its irregularity,
the corner restraint is stronger than the middle part, and
there are strong and weak restraint areas, as shown in
Figure 10(a). After using CC, due to the cushion effect of CC,
the constraint is more uniform, as shown in Figure 10(b).
)rough comparing constraint effect drawings of two dif-
ferent constraint forms, the effective confinement zone in-
creases and the invalid restraint zone decreases after CC is
used, such as 10(c).
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Figure 8: )e ductility of the columns with different cross-sectional shapes and CC layers. (a) Cross-sectional shape. (b) CC layers.
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4. Conclusion

)is study presents an experimental investigation of the
behavior of axially loaded short columns with different

cross-sectional shape strengthened with CC and CFRP wrap.
)e main purpose was to investigate the effect of the cross-
sectional shapes and CC layers on the columns reinforced by
CC and CFRP jackets. Two parameters were considered:
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Figure 9:)e stress-strain curves. (a) CFRP-reinforced column concrete surface. (b) CC and CFRP-reinforced column concrete surface.
(c) CFRP-reinforced column fiber surface. (d) CC and CFRP-reinforced column fiber surface. (e) Strain difference between fiber and the
concrete surface. (f ) Strain at different positions on a square column. (g) Strain at different positions of the octagonal column. (h) Strain
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Figure 10: Schematic diagram of the confined area with different methods. (a) CFRP-reinforced column. (b) CFRP and concrete canvas-
reinforced column. (c) )e different confined areas with the two reinforced methods.
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cross-sectional shapes (circle, octagon, ellipse, and square)
and the number of CC layers (zero, one, and two). Com-
paring and discussing processes in the present article lead to
the following conclusions:

(1) For columnswrappedwith one-layerCC andCFRP, the
failure position is similar to that only wrapped with
CFRP. However, the fracture of CFRP is less serious
than that of the former. Moreover, the deformation of
the specimen increases obviously, and the brittleness of
the specimen is improved obviously. In addition, the
column’s failure cross section is close to the circular one
after the application of CC, especially the octagon.
Using CC can obviously reduce the brittle failure of the
specimens.

(2) )e bearing capacity of specimens wrapped with CC
and CFRP is greater than that of specimens only
wrapped with CFRP. However, the bearing capacity of
the octagonal section column wrapped with CC and
CFRP is increased by 15.47%, which is themaximum of
four cross-sectional shapes. Adopting CC can improve
the bearing capacity of the columnonly strengthened by
CFRP, and the bearing capacity of the specimen whose
cross-sectional shape is close to the circular one is the
largest.

(3) Compared with the only CFRP-wrapped columns, the
ductility coefficients of adopting two-layer CC columns
increased by 56%, 40%, 22.5%, and 32.6% for the
square, octagonal, elliptical, and circular columns, re-
spectively. )e square column has the largest increase
range, while the circular column has the smallest in-
crease range. CC can effectively improve the ductility of
irregular sections, but it has little effect on the round
specimen.

(4) With the increase of the CC layer, the constraint
strength (fcc

′/fco
′) of the octagonal column increases

by 155% at most. With the increase of the number of
CC layers, the stress increased degree of circular
columns decreases compared with that of square
columns, while the increased degree of octagonal
columns increases. )e stress concentration of col-
umns with different cross-sectional shapes is greatly
improved by using CC compared with only wrapped
CFRP columns, especially for the square column. At
the same time, due to the existence of CC, the stress
concentration phenomenon of CFRP is greatly im-
proved, and the utilization rate of the ultimate strain
of CFRP is increased.

Future work is required to develop a more sophisticated
stress-strain model for CC and CFRP-confined columns with
different cross-sectional shapes. Meanwhile, further experi-
mental investigations could use intermittent hoopwraps instead
of full wrapping of specimens.
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