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Abstract

This paper presents experimental and analytical investigations on the behavior and mechanical properties of carbon fiber
reinforced polymer (CFRP) confined circularized and corner-rounded rectangular reinforced concrete (RC) columns under
eccentric loading. Twelve RC columns with cross sections of 150200 mm were tested. Two columns were used as control
specimens. Five columns were circularized and then wrapped with five CFRP configurations. The other five columns were
corner-rounded and then wrapped with the above configurations. These twelve columns were eccentrically loaded until
they failed. The results indicated that CFRP-confined circularized RC columns failed by CFRP rupture at the eccentric
side, while CFRP-confined corner-rounded RC columns failed by CFRP rupture localized at corners. The outstanding
effectiveness of the circularization method was its increase in the ultimate load of CFRP-confined circularized RC columns
by 3.0-4.3 times that of the control columns. In contrast, the corner-rounding method moderately increased the ultimate
load of CFRP-confined corner-rounded RC columns by 1.3-1.7 times that of the control columns. The circularization
method outstandingly improved the elastic stiffness by 273.9%-419.3% compared with that of control columns, whereas
the corner-rounding method exhibited no effect on the elastic stiffness. The rotation ductility of CFRP-confined
circularized and corner-rounded RC columns significantly improved to high ductility when confined with more than 1.33
CFRP layers. Theoretical analyses were performed, and simple models were proposed for reasonably estimating the
ultimate loads of the CFRP-confined circularized and corner-rounded RC columns under eccentric loading.
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1. Introduction

With the development of society, civil engineering structures are facing a higher load demand. For example, heavier
trucks acting on bridges or higher loads on building structures due to changes in use. In such circumstances, the load-
carrying capacity of columns and beams has to be upgraded. One of the upgrading methods is to use fiber-reinforced
polymer (FRP) because of its advanced mechanical properties. Its flexible applications offer advantages in upgrading
structures by improving the flexural strength [1-3], shear strength [4-7], compressive strength [8-10], or combined
strengths [11, 12]. The flexible applications of FRP also offer several repairing methods for concrete [13-15], RC
beams/columns [16-20], beam-column joints [21], and RC frames [22-24].

One of the most common applications of FRP is to wrap concrete or RC columns to provide the confinement effect.
The effectiveness of FRP confinement has been widely proven in the literature. The strength and ductility of concrete
confined by FRP improved substantially [25-29]. FRP wrapping has been confirmed as an appropriate solution for
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externally confining RC structures that are poorly confined by the deficient internal stirrups [8, 30] due to its
uniform/distributed confinement. External FRP wrapping can confine the whole sections of members, whereas internal
stirrups confine only the concrete core surrounded by the stirrups. Furthermore, the internal confinement by steel stirrups
is significantly weaker than that by the external FRP wrapping. Thus, FRP confinement surpasses steel stirrup
confinement in absorbed energy capacity [31, 32] and strength and ductility [32, 33].

Stress concentration is an issue of FRP confinement applied to square or rectangular columns. Stress concentration
at corners leads to earlier rupture of FRP, while column sections still exist unconfined areas, namely ineffective regions.
One of the simple methods to mitigate these issues is that corners of rectangular/square columns are rounded.
Consequently, the effectiveness of FRP confinement is improved [34-36]. However, the corner-rounding method
encounters the limited radius. The existing internal transverse and longitudinal steel does not allow for a large rounding
radius. The issues of stress concentration, ineffective area, and early rupture of FRP are still pending in the corner-
rounding method. Another method to mitigate the above-mentioned issues is the curvilinearization method, which has
been conducted by researchers such as Zhu et al. [37] and Zeng et al. [38]. The performance of FRP-confined shape-
modified columns was reviewed by He & Zeng [39]. A method that combines the shape modification, expansive
concrete, and FRP confinement has been used by researchers, such as Chris & Zihan [40, 41] and Yan and Pantelides
[42]. They confirmed several advantages of this combined method.

Circularization is considered to be the strongest solution for eliminating the issues of stress concentration, ineffective
area, and early rupture of FRP. This is attributed to the more uniform confining stress in circular columns than that in
rectangular or square columns. The circularization technique has been investigated by researchers. Pham et al. [43]
circularized RC columns wrapped these circularized columns with FRP and loaded until failure. The results indicated
that circularized concrete and original concrete formed a composite material. The ductility of FRP-confined circularized
columns substantially improved. Hadi et al. [44] found that stress concentration in CFRP-confined circularized columns
was significantly reduced. The confinement effectiveness, load-carrying capacity, and ductility improved, confirming
the effectiveness of the circularization method. Zeng et al. [45] also confirmed the effectiveness of the circularization
method before FRP wrapping. The combination of circularization and partly FRP wrapping demonstrated a promising
solution due to its economical and technical aspects. Hadi et al. [46] experimentally found that the circularization
enhanced the load-carrying capacity and ductility of circularized square hollow RC columns. Jameel et al. [47]
experimentally concluded that circularization reduced the stress concentration at corners and improved the strength and
ductility of FRP-confined circularized hollow RC columns under axial compression. Mai et al. [48] experimentally
found that the combination of circularization and partly CFRP wrapping enhanced the ductility and strength of square
RC columns. Al-Tameemi & Akin [49] circularized square concrete columns by attaching precast concrete pieces to
four sides of the columns and then wrapped these circularized columns with one GFRP layer. They confirmed that the
retrofitting technique significantly improved the axial strength and deformation capacity of the columns.

Sectional circularization is widely known as the most effective method of shape modifications. This is attributed to
the obvious uniform stress in FRP due to the circular/smooth surface. Therefore, the load-carrying capacity of concrete
columns is substantially increased, being suitable for upgrading structures. The drawback of this method is that it adds
load, which is the self-weight of circularized concrete, to structures. This drawback discourages structural engineers
from selecting the circularization for their design solution. Additionally, the number of studies on FRP-confined
circularized concrete columns seems to be limitedly found in the literature. Lastly, studies on the behavior of CFRP-
confined circularized concrete columns under eccentric loading are seldom found in the literature. Therefore, it is
necessary to clarify several technical aspects of FRP-confined circularized RC columns under eccentric loading, which
is aimed at by this study.

Toward the above-mentioned aim, twelve RC columns were fabricated for testing (Section 2). Two columns were
used as control columns. Five columns were circularized, while five columns were rounded at the corners. After
circularizing or corner-rounding, five CFRP wrapping configurations were applied to these columns. These twelve
columns were eccentrically loaded until they failed. The behavior and mechanical properties of the tested columns were
analyzed and compared in Section 3. Theoretical analyses were performed, and simple models were proposed for
estimating the ultimate loads of the CFRP-confined circularized and corner-rounded RC columns under eccentric
loading, as presented in Section 4. Conclusions are drawn and presented in Section 5. Although the circularization
method is accompanied by the additional self-weight, its effectiveness surpasses this issue and is superior to the corner-
rounding method. The experimental and analytical results of this study provide technical information, improving
confidence for structural engineers in selecting the circularization method for upgrading RC columns.

2. Experimental Program
2.1. Materials and Columns

Table 1 shows compositions of concrete used for casting specimens. Figure 1 shows the grading curves of stone and
sand aggregates with the upper and lower bounds based on TCVN 7570:2006 [50]. The average compressive strength
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of six standard cylinder samples at the age of 28 days was 28.083 MPa. Steel CB3 ¢14 and ¢6 were used for the
longitudinal and transverse reinforcement, respectively. The average yield and ultimate strengths of five CB3 $14 steel
samples were 341.2 MPa and 419.1 MPa, respectively. The average yield and ultimate strengths of five steel $6 samples
were 332.7 MPa and 461.4 MPa, respectively. CFRP had a thickness of 0.167 mm/layer and an elastic modulus of 230
GPa, as provided by the manufacturer. The average tensile strength of five CFRP specimens was 3774.75 MPa.

Table 1. Concrete mix

No. Material Mass (kg)
1 Cement PC40 390
3 Stone 1 x 2cm 1162
4 Sand 722
5 Water 147
W = 100 —
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Figure 1. Grading curves of aggregates

Twelve RC columns divided into six groups, namely FO-F5, are presented in Table 2. Column labels are presented
the third column of Table 2. The first two letters of column labels are “Co”, “Ci”, and “Ro”, which are abbreviations of
“Control”, “Circularized”, and “corner-Rounded”, respectively. Group FO includes two similar columns, Co-01 and Co-
02, which were not retrofitted. These two columns, instead of one, were used as a control group to improve the accuracy.
The last two letters of circularized and corner-rounded columns are F1-F5, in which F denotes CFRP and 1-5 represent
five CFRP retrofitting configurations. In each of groups F1-F5, one column was circularized while the other column
was rounded at corners. A similar CFRP retrofitting configuration was applied to the two columns of each group.

Table 2. Tested columns

No Group  Column  Shape modification CFRP layer
1 Co-01 Control 0
2 Fo Co-02 Control 0
3 Ci-F1 Circularized 0.33
4 A Ro-F1 Corner-rounded 0.33
5 Ci-F2 Circularized 1.00
6 F2 Ro-F2 Corner-rounded 1.00
7 Ci-F3 Circularized 1.33
8 Fs Ro-F3 Corner-rounded 1.33
9 Ci-F4 Circularized 1.67
10 F Ro-F4 Corner-rounded 1.67
11 Ci-F5 Circularized 2.00
12 P Ro-F5 Corner-rounded 2.00

Figure 2-a shows the original RC columns with dimensions of 150 x 200 x 500 mm. 4¢14 bars were used for
longitudinal reinforcement, and steel $6 was used for the transverse reinforcement Figure 2-a). The concrete cover
thickness was 25 mm measured to the center of the transverse reinforcement. Corner-rounded columns were rounded at
corners with a radius of 20 mm, as shown in Figure 2-b. Columns with “Ci” in their labels were circularized with a
diameter of 267 mm (Figure 2-c).
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Figure 2. Original, corner-rounded, and circularized RC columns

Five configurations F1-F5 of CFRP retrofits are shown in Table 2, and their details are drawn in Figure 3.
Columns Ci-F1 and Ro-F1 were wrapped by 33-mm CFRP strips with a clear distance of 84 mm, as shown in Figure
3-a. Columns Ci-F2 and Ro-F2 were wrapped by a full layer of CFRP, as shown in Figure 3-c. Columns Ci-F3 and
Ro-F3 were wrapped by 33-mm CFRP strips (Figure 3-a) for the inner layer and a full layer (Figure 3-c) for the
outer layer. Columns Ci-F4 and Ro-F4 were wrapped by 67-mm CFRP strips (Figure 3-b) for the inner layer and a
full layer (Figure 3-c) for the outer layer. The overlap length was 100 mm. After CFRP wrapping as designed, 50-
mm CFRP strips were applied to the top and bottom ends of the columns to avoid local damage at these locations
due to stress concentration.
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ol 33 o 4 o
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8" 41 5,
033 el
— {e] 1
267 (200) 267 (200) 267 (200)
a) F1 and inner layer of F3 b) Inner layer of F4 ¢) F2, inner layer of F5, and outer layer of F4 and F5

Figure 3. CFRP retrofitting configurations for the tested columns (unit: mm)

Figure 4a shows five RC columns in the plastic formwork to be ready for circularization. During the casting of
circularized concrete, concrete was directly compacted using a steel $16 rod and was indirectly compacted using a
vibration compactor on the outer surfaces of plastic formwork. Figure 4b shows twelve RC columns, which include
two control RC columns at the far end, five circularized RC columns on the left row, and five RC columns on the
right row. At 28 days after casting concrete, the plastic formwork was removed. Corners of five RC columns on the
right row were rounded with a radius of 20 mm using a grinding machine. Figure 4c shows an example of CFRP
wrapping for the circularized column Ci-F4, at which the outer layer of CFRP was being applied. Figure 4d shows
these twelve columns after CFRP wrapping. Figure 4e shows these columns after grinding the top and bottom
surfaces for being perpendicular to the column axes, to be ready for loading tests. Figure 4e illustrates the
preparation steps of the columns.
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Figure 4. Preparation of the columns

2.2. Test Setup

Figure 5a is a photo of the real experimental setup. Its diagram is presented in Figure 5b. The instrument included
three linear variable displacement transducers (LVDTs), a load cell, a hydraulic jack, a system to measure the axial
displacements at two extreme sides of the tested columns, a system to measure the lateral expansion at the mid-height
section of the columns, four thick steel plates, and two hemisphere steel bars welded to the top and bottom steel plates
to create the eccentric loading. These two hemisphere steel bars were used to transfer the load on the eccentric line,
which is parallel to the stronger principal axis of the cross sections. In other words, the eccentric line was perpendicular
to the 200-mm side of the original RC cross sections.

LVDT 1 was used to measure the lateral expansion of the mid-height section. Because of the difficulty in installation
and measurement at the surface of the columns, a system that includes a circular ring, an X-steel bar system, and a spring
was used to transfer the displacement away from the columns’ surface for being easier to install the LVDT. More
importantly, damage to this LVDT caused by the failure of columns can be avoided. The displacements obtained from
LVDT 1 are the elongations of the circumference of the column sections, which are used to calculate the lateral strain
of the columns. Figures 5¢ and 5d show the LVVDT 1 installed on the X-steel rod system to measure the displacement
for calculating the lateral strain.
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To eliminate the displacements due to contacts, the length for measurement of axial displacement was selected to be
400 mm at the middle of columns. Two steel rings were installed at 200 mm above and below the mid-height of the
columns. LVDTs 2 and 3 were installed on these steel rings with a distance of 210 mm to the central axis for corner-
rounded columns and circularized columns. These two LVDTSs were symmetric with respect to the central axis of the
column. After installation of columns and tools, the columns were loaded until they failed, while the loads and
displacements were simultaneously recorded.
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Figure 5. Experiment setup

3. Experimental Results and Discussions
3.1. Failure Patterns

The failure of the tested columns initiated and finalized at the extreme fibers of the eccentric side because of the
highest compressive stress. In contrast, no failure initiated at the opposite side where the compressive stress was the
lowest. Figure 6-a shows the failure patterns of the CFRP-confined circularized columns and control column Co-
01. Figure 6-b shows the failure patterns of CFRP-confined corner-rounded columns and control column Co-02.
Figure 6-c shows the side view of the failure patterns of all columns. For control columns Co-01 and Co-02, concrete
in the compression extreme fiber crushed and propagated to a larger area when the load further increased. When
displacement went beyond the ultimate point, a portion of concrete at corners spalled off. In contrast, no crack or
crushing of concrete was observed on the other side of these control columns. This is due to the fact that the
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eccentricity of the compression load was only % of the dimension of the columns. This eccentricity is considered
to be low and mainly caused compression to the column section. The crushing of concrete and the yielding of steel
resulted in a descending load—strain branch.

a) CFRP-confined circularized columns Ci-F5-Ci-F1 and control column Co-01

Ro-F5

: 7=
Ro-F4| Ro-F3| i B R co-02|
:

c) Side view of all tested columns

Figure 6. Failure modes

Moving on to the columns with configuration F1, the failure initiated at the extreme fibers of the eccentric side of
the unwrapped CFRP sections. Increasing the load expanded the crushing region of concrete, creating the local stress
on the edge of the CFRP strip nearby. For column Ci-F1, the local stress caused local damage of CFRP, which
progressively developed to rupture of that CFRP strip. Then, CFRP splitting propagated toward the two sides and
stopped at the middle. The rupture of the CFRP strip in column Ci-F1 resulted in a sharp drop in load. A tiny explosive
sound due to the rupture of the CFRP strip was heard. For column Ro-F1, the crushing of concrete at the unwrapped
section sufficiently decreased the load, whereas CFRP rupture did not occur.

For columns with the retrofitting configurations F2—F5, the failure modes are almost similar by rupture of CFRP,
followed by crushing of concrete at the location of CFRP rupture. The failure initiated at the compressive eccentric side
and then expanded to half of the specimens, whereas the other side of the eccentric loading experienced minor or no
damage. This higher compressive stress acting on concrete resulted in higher lateral stress acting on CFRP. The local
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damage of concrete initiated on extreme fibers of the highest stress at the eccentric side. Consequently, the local damage
of concrete leads to local stress acting on CFRP, initiating the rupture of CFRP at that location. The rupture failure of
CFRP quickly released the high confinement stress to zero stress, detaching the ruptured CFRP from concrete. CFRP
detaching quickly expanded to Y% to 2/3 the circumference. An explosive sound was heard when CFRP was ruptured.
Within a similar CFRP configuration, the level of the explosive sound of CFRP-confined circularized columns was
stronger than that of corner-rounded columns. This is due to the fact that circularized columns have higher ultimate
loads due to the more uniform stress in CFRP and the larger cross-sectional area of concrete; therefore, a higher amount
of energy was released when CFRP was ruptured. Within a circularized or corner-rounded group, the explosive sound
became stronger when going from the configuration F2 to F5. Importantly, there was no detaching/splitting of
circularized concrete and original concrete in any circularized columns. This can be evidence that the circularized
concrete and original concrete can work in a similar manner and can be considered as monolithic concrete. This
observation can be a hypothesis for the analysis in Section 5.

Overall, the failure of columns retrofitted with CFRP configuration F1 and that of control columns were
governed by the crushing of concrete. In contrast, the failure of columns retrofitted with CFRP configuration F2—
F5 was governed by the rupture of CFRP with explosive sound. This is attributed to the release of high energy at
the rupture of CFRP when the columns suddenly changed from the state of high confinement to the state of un-
confinement. The explosive sound of CFRP-confined circularized columns was substantially stronger than that of
CFRP-confined corner-rounded columns. This is attributed to the rupture of CFRP at higher and more uniform
confinement and higher ultimate load of CFRP-confined circularized columns compared with those of CFRP-
confined corner-rounded columns.

3.2. Load-rotation Curves

Figure 7-a shows a column with installed tools before loading. The length of columns for measuring the axial
deformation was 400 mm. LVDTs 2 and 3 were installed symmetrically about the axial axis of the columns. The distance
between these two LVDTSs was L,z = 420 mm. Figure 7-b illustrates the deformation of deformed columns. During the
tests, LVDT 2 elongated while LVDT 3 shortened. This observation should be taken into account when calculating the
rotations and axial strains of the tested columns.
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Figure 7. Deformation of the tested columns

Rotation is computed based on Equation 1, in which d, and ds are the displacements obtained from the two LVDTs
2 and 3, and L3 = 420 mm is the lateral distance between LVVDTs 2 and 3. The load—rotation relationships are plotted
in Figure 8. The coordinates of the yield and ultimate points are also shown in this figure. The yield rotations and the
ultimate rotations were analyzed and compared in the later sections.

[(400+d3)—400]-[(400—d;)—400] _ da+ds3

9= Q)

L1z L1z
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Figure 8. Load-rotation curves

For general comparison, these rotation—load curves are plotted in the same coordinate system, as shown in Figure 9.
It can be seen in this figure that the curves can be classified into three groups: control group, corner-rounded group, and
circularized group. It is clear that the curves of the control group are the lowest. With the corner-rounded technique and
CFRP wrapping, the curves of corner-rounded group columns increased the elastic stiffness, slightly elongated the
elastic branch, and significantly elongated the plastic branch. For the circularized group, the circularized technique and
CFRP wrapping significantly increased the yield and ultimate strengths and increased the elastic and plastic stiffness,
while the yield and ultimate rotations depended on CFRP retrofitting configurations. Detailed comparisons of the
rotations are represented in the later section.
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Figure 9. Comparison of load-rotation curves

3.3. Axial Load-Strain Curves

With reference to Figure 7, the axial strains were calculated by Equation 2, in which d, and ds are the axial
displacements obtained from LVDTs 2 and 3, respectively, and L = 400 mm is the length of the column for displacement
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measurement. The lateral strain was calculated by Equation 3, in which d; is the displacement obtained from LVDT 1,
and C is the circumference of the tested columns. C = 3.14 x 267 = 838.38 mm for the circularized columns, and C = 2
x (150 + 200) = 700 mm for the corner-rounded and control columns.

€, = l[L _ (L—d3)+(L+d2)] _ds=dy _ d3—dp @
L 2 2L 800
— 4

& =7 ®)

Figure 10 shows the axial load—axial strain curves and the axial load—lateral strain curves of the tested columns. Due
to the significant variations of axial loads, adaptive coordinate systems were used to clearly observe the behavior. The
axial strain is the shortening strain and is selected to be a positive strain. The reason for this selection is to follow the
conventional sign of strain in stress—strain models available in the literature. The lateral strain is the expansive strain
and is thus selected to be negative. In Figure 10, the axial load—lateral strain curves were plotted on the negative side
(the left side), while the axial load—axial strain curves were plotted on the positive side (the right side). Coordinates of
the yield points and the ultimate points are shown, and their coordinates are used for analyses in the later sections.
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Figure 10. Axial load—strain curves

Figure 10 indicates that the load—strain behavior of columns under eccentric loading varied significantly. For control
columns Co-01 and Co-02, the load—strain curves of the control columns exhibited a linear line up to the yield point and
then immediately moved to the plastic and descending branch. The ultimate point is very close to the yield point. The
loads of these two points are very close to each other. This behavior is also found for columns with low confinement
Ro-F1 and Ci-F1, although the branch from yield to ultimate points is slightly longer. This shows the low ductility of
the control columns and columns retrofitted with CFRP configuration F1.

The behavior of column Ro-F2 is also similar to the behavior described above, but with the following difference
after the ultimate point: the load slightly decreased and then sustained at a certain load for a long domain of strain. This
behavior indicates the effect of CFRP confinement. The post-yield branch of column Ro-F2 is governed by low
confinement of one CFRP layer and stress concentration at column corners. In contrast, the behavior of column Ci-F2
is completely different from that of column Ro-F2, even though these two columns had the same configuration of one
CFRP layer. The difference is that the load—strain curve of column Ci-F2 has a clear ascending branch after the yield
point. This indicates the more effectiveness of the circularization, which eliminates the stress concentration as exhibited

in column Ro-F2.

CFRP configuration F3 elongated both plastic branches of axial load—axial strain curves and the axial load—lateral
strain curves of column Ro-F3. These elongations increased the ductility (Figure 10-h). In contrast, CFRP configuration
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F3 shortened the plastic branches of column Ci-F3, reducing the ductility of this column. However, the slope of the
plastic branch of column Ci-F3 is significantly higher than that of column Ro-F3. Additionally, the ultimate load of
column Ci-F3 almost doubles that of column Ro-F3. These results indicate that the circularized method is very effective
in increasing the load-carrying capacity and the plastic stiffness, whereas the ductility was reduced. The higher ductility
of column Ro-F3 is explained by the fact that this column still has areas of unconfined concrete, which provides
condition for axial shortening. The sections with one layer of CFRP seem to govern the ultimate points of columns
retrofitted with configuration F3.

CFRP configuration F4 slightly improved the behavior, plastic stiffness, and load-carrying capacity of the columns.
The phenomenon observed in these columns is almost similar to those of columns with the retrofitting configuration F3.
This can be explained by the fact that sections with one CFRP layer still exist in these columns. These sections governed
the failure mode and behavior of the columns. When all sections of columns were retrofitted by two CFRP layers of
configuration F5, the behavior and load-carrying capacity of columns Ci-F5 and Ro-F5 increased significantly. The
plastic stiffness of these columns also increased. These results are attributed to the fact that all sections are wrapped with
two CFRP layers. The effectiveness of CFRP configuration retrofitting is significantly higher in column Ci-F5 than in
column Ro-F5. The ultimate load of column Ci-F5 is more than double that of column Ro-F5.

An interesting point observed in Figure 10 is that the lateral strains at yield points are very close to zero. This is
explained by the elastic behavior of the columns. In this elastic phase, the lateral expansion is obviously small. However,
when the columns work in the plastic phase after the yield point, the lateral strain increases significantly. With the
presence of CFRP confinement, the lateral strain of concrete is mitigated or partly prevented while the strain and ductility
of concrete increase. As a result, the load—strain curve ascends in the range from the yield point up to the ultimate point.
The ultimate is governed by the rupture failure of CFRP, which deactivates the confinement effect provided to concrete.
Consequently, the high compression load damages the unconfined concrete, resulting in a sharp drop in load.

Figure 11 presents all load—strain curves in a coordinate system for comparisons. This figure clearly distinguishes
these curves into three groups: 1) control group, 2) corner-rounded group, and 3) circularized group. The curves of
control columns Co-01 and Co-02 were plotted in black color. The curves of CFRP-confined corner-rounded columns
(Ro-F1-Ro-F5) and CFRP-confined circularized columns (Ci-F1-Ci-F5) were plotted in blue and red colors,
respectively. The following observations can be made:

o The curves of control columns are the lowest, followed by those of CFRP-confined corner-rounded columns. The
curves of CFRP-confined circularized columns (Ci-F1-Ci-F5) are the highest, showing an outstanding difference
with the other two groups.

¢ With a similar configuration of CFRP wrapping, the ultimate loads of CFRP-confined corner-rounded RC
columns are significantly lower than those of CFRP-confined circularized RC ones.

¢ On the axial load—lateral strain curves, the lateral strains of CFRP-confined corner-rounded RC columns are
almost zero up to the yield point. After the yield point, the lateral strain increases significantly while the load
increases slowly. This phenomenon creates a sharp transition from the elastic branch to the plastic branch. In
contrast, the lateral strains of CFRP-confined circularized RC columns increase smoothly from the elastic branch
to the plastic branch, probably due to the more uniform confining stress in these columns.

e The rupture of CFRP at a high ultimate load creates a sharp drop of load. This is because the rupture of CFRP
deactivates the effect of confinement, changing confined concrete to unconfined concrete. Consequently, the
unconfined concrete is unable to resist the load, leading to its failure. A high amount of energy is released, and
the load drops sharply.

~

-0.03 -0.02 0.01 0.02 0.03
Lateral strain Axial strain

Figure 11. Comparison of axial load-strain curves
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The elastic stiffness is defined by the slope of the branch from zero to the yield point (the elastic branch). Similarly,
the plastic stiffness is defined by the branch from the yield point to the ultimate point (the plastic branch). Figure 11
also clearly indicates that the stiffness of the circularized columns is the highest, followed by the stiffness of CFRP-
confined corner-rounded columns, whereas that of the control columns is the smallest. Additionally, the stiffness of
CFRP-confined corner-rounded columns is very close to that of the control columns. These results indicate the greater
effectiveness of CFRP confinement in the circularized columns than in the corner-rounded columns.

Overall, with a similar CFRP retrofitting configuration, the effectiveness of the circularization method is
significantly higher than the corner-rounding method. The lateral strain in the range from zero to the yield point is almost
zero. The lateral strain developed mainly in the plastic phase.

4. Analyses of the Experimental Results
4.1. Ultimate Loads

Figure 12-a plots the ultimate loads of all columns. Control RC columns Co-01 and Co-02 had the ultimate loads of
429.1 and 469.1 kN, respectively. Their average value is 449.1 kN, which is used for comparisons with other columns,
as presented in Figure 12-b. The CFRP retrofitting configuration F1 increased the ultimate load of column Ro-F1 to
592.9 kN, which is 1.3 times the average ultimate load of the control columns. Further increasing the level of
confinement to F2, F3, F4, and F5, the ultimate load of columns Ro-F2, Ro-F3, Ro-F4, and Ro-F5 slightly increased to
640.3,683.4, 757.8, and 771.8 KN, which are 1.4, 1.5, 1.7, and 1.7 times the average ultimate load of the control columns.
These results indicate that the presence of a small CFRP amount significantly changes the confinement status of the
specimen from low/unconfined concrete to confined concrete, leading to a significant change in the load-carrying
capacity. Further increasing the confinement only slightly improves the additional effectiveness. In spite of the
significant change in the confinement from configuration F1 to configuration F5, the ultimate load varies slightly from
1.3 to 1.7, showing a low effectiveness in increasing the number of CFRP layers. This is a point that should be taken
into account when designing the confinement for rectangular columns with the corner-rounding method.
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Figure 12. Ultimate loads and comparisons

Differently, the circularization method outstandingly improves the effectiveness of CFRP wrapping. The CFRP
retrofitting configuration F1 increased the ultimate load of column Ci-F1 to 1207.1 kN, which is 2.7 times the average
ultimate load of the control columns and 2.0 times the ultimate load of the CFRP-confined corner-rounded column Ro-
F1. These results confirm the direct and indirect contributions of the circularization to the ultimate load of the column.
With one layer of CFRP wrapping, the ultimate load of column Ci-F2 increased to 1414.2 kN, which is 3.1 times the
average ultimate load of the control columns. Similarly, CFRP retrofitting configurations F3 and F4 increased the
ultimate loads of columns Ci-F3 and Ci-F4 to 1358.9 kN and 1490.2 kN, which are 3.0 and 3.3 times the average ultimate
load of the control columns, respectively. Retrofitting configurations with 1.0, 1.33, and 1.67 CFRP layers increased a
similar amount of the ultimate load. This can be explained by the fact that the eccentric loading caused the initial damage
at the weaker section of one CFRP layer, while the damage did not initiate at sections with two CFRP layers. The
configurations F2, F3, and F4 have the weakest section of one CFRP layer; therefore, these columns exhibited a similar
ultimate load. Interestingly, retrofitting configuration F5 with two CFRP wrapping layers exhibited a difference. The
retrofitted column Ci-F5 had the ultimate load of 1911.6 kN, which is 4.3 times the average ultimate load of the control
columns. This is explained by the fact that all sections of the column were equally confined by two layers of CFRP. The
damage initiated at an arbitrary point of the section and progressively expanded to a larger area of CFRP.
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Overall, the corner-rounding method limitedly improved the ultimate load by 1.3-1.7 times. The differences in the
improvement are marginal when the CFRP confinement stiffness increased from 0.33 to 2.0 layers. In contrast, the
circularization method significantly improves the ultimate load by 2.7—4.3 times. The differences are very clear for 0.33
CFRP layer (2.7 times), 1.0-1.67 layers (3.0-3.3 times), and 2.0 layers (4.3 times). With a similar CFRP configuration,
the ratio of the ultimate load of the CFRP-confined circularized column to that of the CFRP-confined corner-rounded
column can be defined for additional comparisons. These ratios are 2.04, 2.21, 1.99, 1.97, and 2.48 for CFRP
configurations F1, F2, F3, F4, and F5, respectively. The average ratio is 2.14, which demonstrates the high efficiency
of the circularization method compared with the corner-rounding method. The direct contribution of the circularization
method is the increase in the concrete area, while its indirect contribution is the improvement in the effectiveness of
CFRP wrapping by mitigating or partly preventing the stress concentration at column corners.

4.2. Ultimate Rotations

Under eccentric loading, the two measured sections relatively rotated with respect to each other. The ultimate
rotations were determined and then plotted in Figure 13-a. Control columns Co-01 and Co-02 had the ultimate rotations
of 0.017 and 0.009 rad, respectively. Figure 13-b shows comparisons of the ultimate rotations of other columns with the
average value of 0.013 rad of the control columns. For CFRP configurations F1 and F2, the ultimate rotation of the
corner-rounded column is lower than that of the circularized column with the same CFRP configuration. The ultimate
rotations of circularized columns Ci-F1 and Ci-F2 are 0.023 and 0.039 rad, which are 76.9% and 200% higher than that
of the control columns, respectively. The ultimate rotations of corner-rounded columns Ro-F1 and Ro-F2 are 0.012 and
0.020 rad, which are 7.7% lower and 53.8% higher than that of control columns, respectively.

The increase and the difference in the ultimate rotations become significant for columns with higher CFRP
confinement configurations F3-F5. The ultimate rotations of columns Ci-F3, Ci-F4, and Ci-F5 are 0.035, 0.046, and
0.078 rad, which are 169.2%, 253.8%, and 500% higher than the ultimate rotation of the control columns, respectively.
The ultimate rotations of columns Ro-F3, Ro-F4, and Ro-F5 are 0.067, 0.102, and 0.143 rad, which are 415.4%, 684.6%,
and 1000% higher than the ultimate rotation of the control columns, respectively. Therefore, the ultimate rotation of a
corner-rounded column is higher than that of a circularized column when they have the same CFRP configuration.
Additionally, the ultimate rotation increased with the increase in the confinement stiffness. This is attributed to the fact
that the higher confinement stiffness can mitigate the local damage of concrete, delaying the rupture failure of CFRP.
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Figure 13. Ultimate rotations

4.3. Ultimate Axial Strains

Ultimate axial strains of the tested columns are plotted in Figure 14-a. Figure 14-b compares the ultimate axial strains
with the average axial strain of control columns. Overall, the ultimate axial strains tend to increase with the increase in
the confinement stiffness of CFRP wrapping. The ultimate lateral strains of control columns Co-01 and Co-02 are
2.7x10% and 2.0x1073, respectively. Their average value is 2.35x103, which is used for comparisons. The ultimate lateral
strains of the corner-rounded columns vary significantly from 2.5x10- to 22.8x103, which are 6.4-870.2% higher than
the average ultimate strain of control columns. The ultimate lateral strains of the CFRP-confined circularized columns
vary significantly from 2.1x10-3 to 10.0x107, which are -10.6-325.5% higher than the ultimate strain of control columns.
Except for the CFRP configuration F2, the CFRP-confined circularized column has lower ultimate axial strains than the
CFRP-confined corner-rounded column when they have the same CFRP retrofitting configuration. This is attributed to
the ineffective regions and stress concentration in CFRP-confined corner-rounded columns.
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Figure 14. Ultimate axial strains and comparisons

4.4. Ultimate Lateral Strain

The lateral strain can be marginal during the elastic phase while it develops significantly during the plastic phase.
The ultimate lateral strains of the tested columns are shown in Figure 15-a, and their comparisons with the average
ultimate strain of control columns are presented in Figure 15-b. Control column Co-01 has the ultimate lateral strain of
2.734x10°3, while control column Co-02 has the ultimate strain of 0.001x1073. The small ultimate lateral strain of column
Co-02 is probably due to the local damage of concrete at corners. However, it may represent the lower bound of the
ultimate lateral strain. Thus, the average ultimate lateral strain of 1.368x10- can be used for comparisons, as presented
in Figure 15-b. With low CFRP confinement configurations F1 and F2, the ultimate lateral strains of corner-rounded
columns are lower than those of circularized columns. Compared with the average ultimate lateral strain of the control
columns, the lateral strains of columns with CFRP configurations F1 and F2 increased by 35-263%.
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Figure 15. Lateral strains and comparisons

For higher confinement configurations F3—F5, the ultimate lateral strains of CFRP-confined circularized columns
are significantly lower than those of CFRP-confined corner-rounded columns. Additionally, the ultimate lateral strain
increases with the increase in the confinement stiffness. Compared with the average ultimate lateral strain of the control
columns, the lateral strains of circularized columns Ci-F3, Ci-F4, and Ci-F5 increased by 116%, 201%, and 355%, while
those of columns Ro-F3, Ro-F4, and Ro-F5 increased by 688%, 1018%, and 1873%, respectively. The phenomena: 1)
the increase in the ultimate lateral strain with the increase in the confinement stiffness, and 2) the higher ultimate lateral
strain of the corner-rounded column compared with that of the circularized column with the same CFRP configuration,
are similar to those of the ultimate axial strains.

4.5. Yield Load

Figure 16-a presents the yield loads of the tested columns. Control columns Co-01 and Co-02 had yield loads of
428.4 kKN and 450.5 kN, respectively. The average yield load of control columns was 439.45 kN. Comparisons of the
yield loads of other columns with the average yield load of control columns are presented in Figure 16-b. CFRP
retrofitting slightly increased the yield load of CFRP-confined corner-rounded columns to 527.7-632.7 kN, which is
1.2-1.4 times (1.3 times on average) that of the control columns. With the circularization method, CFRP wrapping
significantly increased the yield load to 1019.0-1178.6 kN, which is 2.3-2.7 times (2.48 times on average) that of the
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control columns. The circularization, regardless of the CFRP confinement stiffness, significantly changed the yield load
of CFRP-confined circularized columns. Another characteristic is that the yield load marginally varies with the variation
in confinement stiffness. One of the reasons is that the yield load is located at the end of the elastic branch, at which the
confinement starts to work due to its passive confinement.
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Figure 16. Yield loads

4.6. Yield Axial Strains

The yield axial strain is defined by the point where the load—axial strain curves start to deviate from the linear branch.
The yield axial strains of the tested columns are plotted in Figure 17-a. The control columns Co-01 and Co-02 had the
axial yield strains of 1.5x10° and 1.6x107, respectively. With the presence of CFRP configuration F1, the yield strain
of CFRP-confined circularized RC column Ci-F1 decreased to 1.2x103, while that of the CFRP-confined corner-
rounded column Ro-F1 remained at 1.6x10-. When CFRP configuration increased to F2, the yield axial strain of the
corner-rounded column increased to 1.8x107, which remained the same for columns with configurations F3 and F4.
CFRP-confined corner-rounded column Ro-F5 had the highest yield axial strain of 2.5x10°. For CFRP-confined
circularized RC columns, the yield strain varied from 0.7x107 to 1.3x107, which are overall lower than those of the
CFRP-confined corner-rounded columns. Compared with the yield axial strains of control columns, the yield axial strain
of corner-rounded columns increases by up to 16.1-61.3%, whereas those of circularized RC columns decrease by up
to 16.1-54.8%, as shown in Figure 17-b. This can be explained by the more uniform confinement in the circularized
columns. In contrast, CFRP-confined corner-rounded columns still had four unconfined areas at the four sides of the
columns.
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Figure 17. Yield axial strains

4.7. Yield Rotations

Yield rotations of the tested columns are presented in Figure 18-a. Control columns Co-01 and Co-02 had the yield
rotations of 0.007 and 0.006 rad, respectively. Their average value is 0.0065 rad, which is used to compare with those
of other columns, as presented in Figure 18-b. The CFRP-confined corner-rounded column Ro-F1 had the yield rotation
of 0.06 rad, which increased to 0.011-0.014 rad for CFRP-confined columns with CFRP retrofitting configurations F2—
F5. Compared with the yield rotation of control columns, yield rotations of columns Ro-F2—Ro-F5 increased up to
57.1%-100%. Similarly, the yield rotation of CFRP-confined circularized columns Ci-F2—Ci-F5 varied between 0.008
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and 0.012 rad, which are 14.3%-71.4% higher than that of the control columns. Generally, the presence of CFRP
confinement increased the yield rotation, while yield rotation slightly varies when the confinement level varies from one
layer to two layers of CFRP.
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Figure 18. Yield rotations

4.8. Rotation Ductility

Rotation ductility of columns under eccentric loadings is defined by the ratio of the ultimate rotation (Section 4.2)
to the yield rotation (Section 4.7). Their rotation ductility was computed and plotted in Figure 19-a while comparisons
are shown in Figure 19-b. The control columns Co-01 and Co-02 have the rotation ductility of 2.4 and 1.5, which are
1.95 on average and considered to be low ductile. CFRP configuration F1 slightly improved the rotation ductility of
columns Ci-F1 and Ro-F1 to 2.9 and 2.0 (moderate ductile), respectively. When confinement increased to one CFRP
layer (configuration F2), the rotation ductility of column Ci-F2 increased to 3.9 (moderate ductile), whereas the rotation
ductility of column Ro-F2 was 1.7, which is considered to be low ductile. Further increasing the confinement stiffness,
the rotation ductility of CFRP-confined corner-rounded and circularized columns increased up to 10.2 and 6.5,
respectively. Overall, CFRP confinement provides higher rotation ductility for eccentrically loaded columns. This can
be explained by the fact that the presence of CFRP confinement prevents the lateral strain for concrete, improves the
lateral strain capacity, and improves the axial strength and strain of concrete. Consequently, the failure of concrete was
delayed, which, in turn, increased the ultimate axial strain of the columns.
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Figure 19. Rotation ductility

4.9. Elastic Stiffness

The elastic stiffness of the tested columns is defined by the slope of the load—strain curves up to the yield points.
The elastic stiffness was determined in Excel, with the coefficient of determination (R?) larger than 0.81, and the results
are shown in Figure 20-a. Control columns Co-01 and Co-02 had the elastic stiffness of 260.6x10° and 280.4x103
kN/strain, respectively. Their average value is 270.5x10% kN/strain, which is used for comparisons with the elastic
stiffness of other columns, as presented in Figure 20-b. The elastic stiffness of corner-rounded columns with different
retrofitting configurations varied from 266.0x10% kN/strain to 429.9x10% kN/strain, which corresponds to 1.7% lower
and 58.9% higher than the elastic stiffness of control columns. Thus, CFRP wrapping with corner rounding seems to
negligibly increase/decrease the elastic stiffness of the columns. This is attributed to the fact that CFRP confinement
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does not change the elastic stress—strain behavior of CFRP-confined concrete compared with unconfined concrete, as
evidenced in the Lam & Teng’s [25, 26] model. Lam & Teng [25, 26] model indicates that the stress—strain behavior of
CFRP-confined concrete only slightly elongates the elastic branch while it significantly improves the plastic branch.
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Figure 20. Elastic stiffness

In contrast, the elastic stiffness of CFRP-confined circularized RC columns increased significantly to 1066.0x10%-
1627.6x10° kN/strain, which corresponds to 294.1%-501.7% higher than that of control columns. This significant
increase in the elastic stiffness of the CFRP-confined circularized RC column is explained by the increase in its concrete
section (the circularized concrete). It is noted that the increase in the elastic stiffness may be marginally contributed by
the CFRP confinement, as explained in the previous paragraph.

4.10. Plastic Stiffness

Plastic stiffness is defined as the slope of the branch from the yield point to the ultimate point. The plastic stiffness
was determined in Excel, with R? larger than 0.81. Figure 21-a shows the plastic stiffness of the tested columns, while
comparisons are presented in Figure 21-b. The plastic stiffness of the control column Co-01 was 4.9 kN/strain, whereas
the second control column Co-02 had the plastic stiffness of 41.1 kN/strain. The relatively high plastic stiffness of the
second control column is attributed to the short branch from the yield point to the ultimate point. The average plastic
stiffness of the two control columns Co-01 and Co-02 is 23.0 kN/strain.
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Figure 21. Plastic stiffness

Compared with the average plastic stiffness of the control specimens, the plastic stiffness of CFRP-confined corner-
rounded columns Ro-F1 significantly increased to 84.3 kN/strain, which is 266.6% higher than the average plastic
stiffness of control columns. However, when further increasing the stiffness of CFRP wrapping to configuration F2, the
plastic stiffness of column Ro-F2 increased to 80.6 kN/strain. Further increasing the stiffness of CFRP wrapping
configurations F3—F5, the plastic stiffness significantly decreased to 8.1-9.5 kN/strain, which is 64.9-58.7% lower than
the plastic stiffness of the control columns. The decrease in the plastic stiffness of the control columns is explained by
the fact that CFRP wrapping of corner-rounded columns significantly elongated the plastic branch. Specifically, CFRP
wrapping of corner-rounded columns significantly increased the ultimate strain, whereas it slightly increased the
ultimate load.
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Moving on to the plastic stiffness of CFRP-confined circularized RC columns, CFRP configuration F1 increased the
plastic stiffness of column Ci-F1 to 84.3 kN/strain, which is 266.6% higher than the average plastic stiffness of the
control specimens. The plastic stiffness of column Ci-F2 was 53.2 kN/strain, which was then slightly decreased to 99.8,
147.7, and 70.1 kN/strain for columns Ci-F3, Ci-F4, and Ci-F5, respectively. The configuration F4 resulted in the highest
plastic stiffness for column Ci-F4, which is 542.1% higher than the average plastic stiffness of the control specimens.
These increases in the plastic stiffness demonstrate that CFRP wrapping provides high confinement effectiveness to the
circularized concrete.

5. Theoretical Analyses
5.1. Theoretical Background

In this subsection, a theory of rectangular and circular RC columns subjected to an eccentric load N with the
eccentricity of e (Figure 22-a) is presented. These eccentrically loaded columns are similar to the case of the same
columns subjected to a concentric load N and a moment M, in which M = Nxe, as shown in Figure 22-b. The stress
caused by this load combination is calculated by Equation 4, in which A is the cross-sectional area and W is the sectional
modulus of the cross section. For rectangular sections, A and W are determined by Equations 5 and 6, respectively, in
which b and h are the width and the height of the cross section. For circular sections, A and W are determined by
Equations 7 and 8, respectively, in which R is the radius of the cross section.
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Figure 22. Columns under eccentric loads
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Substituting Equations 5 and 6 into Equation 4, Equation 9 is obtained to calculate the maximum stress for
rectangular columns. Substituting Equations 7 and 8 into Equation 4, Equation 10 is obtained to calculate the maximum
stress for circular columns.

N 6e

Omax = E (1 + 7) (9)
N 2e

Omax = m (1 + ?) (10)

At the ultimate, the stress of the extreme fiber of concrete can be taken as the ultimate strength of confined concrete
f,. Substituting o, = f-, and rearranging Equations 9 and 10, Equations 11 and 12 are obtained and used to calculate
the ultimate loads for rectangular and circular sections, respectively.
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_ feubh
N= 1452 11
ﬂszéu
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For the tested control and corner-rounded columns, e = 50 mm = h/4, b = 150 mm, and h = 200 mm. For circularized
columns, R =267/2 mm = 133.5 mm.

The ultimate strength of concrete £, for control columns can be taken as the compressive strength of concrete
cylinder samples. This is because the unconfined concrete at the extreme fiber of control columns crushed at the ultimate
state. The ultimate strengths of CFRP-confined rectangular and circular concrete columns are presented in the following
sections.

5.2. Ultimate Strength of FRP-Confined Concrete

Several stress—strain models of the ultimate strength of FRP-confined concrete are available in the literature. Among
these models, the Lam & Teng [25, 26] models are appropriate for both circular and rectangular concrete columns, as
commented by Rocca et al. [51]; therefore, these models were adopted in ACI 440.2R-08 [52]. Details of Lam & Teng
[25, 26] models are presented in Lam & Teng [25, 26], while only the ultimate compressive strengths f,, of circular and
rectangular concrete columns confined by CFRP are presented herein.

For rectangular cross-sectional concrete, ultimate strengths are calculated by Equation 13 or 14, depending on the
ratio of confined stress fi to the concrete strength f,' compared with the value 0.07. The confined stress fia is determined
by Equation 15, in which ¢ is the CFRP thickness, €}, -, is the rupture strain of CFRP, E is the modulus of CFRP,

E.= 4730\/ﬁ [53] is the modulus of concrete, and D is the equivalent diameter determined by Equation 16. ks is the
shape factor determined by Equation 17, followed by Equation 18, where r is the corner-rounded radius and py is the
ratio of longitudinal steel.

fou=f2 |1+ 33k 2| if D2 =007 13)
fC fc
fLo=fif ffﬂ < 0.07 )
c
EFT 28F T
fiu = B ey = e as)
D = VhZ ¥ b2 16)
b\2 4
k= (5) 52 a”)
% _ 1_((b/h)(h—27")2+(fiZ)(b_2r)2)/(3Ag)_Ps (18)

For circular cross sections of concrete, Equations 13—15 are used while the shape factor k; is taken as 1.0. R is the
diameter of cross sections.

Eprup 1S the rupture strain of CFRP, which is calculated by &y, -, = Kc&pp. k¢ is ‘FRP strain efficiency factor’ and
&rrp IS the rupture strain of CFRP. Different values for k. have been proposed by researchers based on different
databases. Based on test results of 52 CFRP wrapped specimens, Lam & Teng [25] proposed k. = 0.586. ACI 440.2R-
08 [52] used k. = 0.55. Based on 62 test results, Realfonzo & Napoli [54] proposed k. = 0.63. Using 661 FRP (477
CFRP and 184 GFRP) wrapped specimens, Baji [55] proposed k., = 0.62. Using 509 test results of specimens wrapped
with only CFRP, Baji et al. [56] found k. = 0.68, which is the most updated value and is very close to the value of 0.7
determined by Pham et al. [43]. Thus, it is used in this study.

5.3. Calculation Results and Comparisons

Calculation results of ultimate loads are presented in column 5 of Table 3 in comparison with those obtained from
the experiments. The differences between these two results are presented in the last column of Table 3. The comparison
results showed that the proposed method underestimates the ultimate load of CFRP-confined corner-rounded columns.
The underestimation varies from 7.4% to 17.7% compared with the experimental results. The proposed method
underestimates the ultimate load of CFRP-confined circularized columns Ci-F1 and Ci-F5 by 8.1% and 6.5%,
respectively, while it accurately estimates that of column Ci-F2. In contrast, the proposed method overestimates the
ultimate load of CFRP-confined circularized columns Ci-F3 and Ci-F4 by 14.8% and 14.2%, respectively. Overall, the
proposed models reasonably estimate the ultimate load of CFRP-confined circularized or corner-rounded RC columns.
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Table 3. Calculation results and comparisons

Ultimate load (kN) Difference (%)

No.  Column Shape - -
Experiment  Analysis
(@) @ (©) 4) ©®) (6)
1 Co-01 Control 429.1
2 Co-02 Control 469.1 > 218
3 Ci-F1 Circularized 1207.1 1109.1 -8.1
4 Ro-F1  Corner-rounded 592.9 547.1 -1.7
5 Ci-F2 Circularized 1414.2 1448.3 24
6 Ro-F2  Corner-rounded 640.3 592.9 -7.4
7 Ci-F3 Circularized 1358.9 1560.2 14.8
8 Ro-F3  Corner-rounded 683.4 608.0 -11.0
9 Ci-F4 Circularized 1490.2 1675.5 124
10 Ro-F4 Corner-rounded 757.8 623.5 -17.7
11 Ci-F5 Circularized 1911.6 1787.5 -6.5
12 Ro-F5 Corner-rounded 771.8 638.6 -17.3

6. Conclusions

The following conclusions are drawn:

CFRP-confined circularized RC columns failed by CFRP rupture at the eccentric side with weak to moderate
explosions, while CFRP-confined corner-rounded RC columns failed by CFRP rupture localized at corners with
weak explosions. The weak and moderate explosions are attributed to a combination of 1) the presence of internal
steel, which mitigates the brittle failure, and 2) the eccentric loading, which prevents the failure at the same time.

The outstanding effectiveness of the circularization method is its increase in the ultimate load of CFRP-confined
circularized RC columns by 3.0-4.3 times that of the control columns, although the number of CFRP layers was
varied only from 1 layer to 2 layers. In contrast, the corner-rounding method moderately increased the ultimate
load of CFRP-confined corner-rounded RC columns by 1.3-1.7 times that of the control columns. These results
confirm the superiority of the circularization method before CFRP wrapping.

The ultimate lateral strains, ultimate axial strains, and ultimate rotations of CFRP-confined circularized RC
columns are generally lower than those of CFRP-confined corner-rounded RC columns. This is attributed to the
more uniform confining stress in CFRP-confined circularized RC columns. The rotation ductility of CFRP-
confined circularized and corner-rounded RC columns significantly improves to high ductility when confined
with more than 1.33 CFRP layers.

The circularization method outstandingly improves the elastic stiffness by 273.9%-419.3% compared with that
of control columns, due to the increase in the area of circularized concrete. In contrast, the corner-rounding
method exhibits no effect on the elastic stiffness. This is attributed to the fact that CFRP confinement does not
change the elastic stress—strain behavior of CFRP-confined concrete compared with unconfined concrete. CFRP
confinement significantly improves the plastic stiffness of circularized RC columns, whereas it marginally
changes the plastic stiffness of corner-rounded RC columns. This is attributed to the ineffective regions and stress
concentration at corners in CFRP-confined corner-rounded RC columns.

A simple calculation method was developed while Lam & Teng’s [25, 26] models for the ultimate stress of FRP-
confined concrete were adopted as the ultimate condition. Lam & Teng models were adopted with an assumption
that the circularized and original concrete formed monolithic concrete. Additionally, the resistance contributed
by the longitudinal steel was taken into account while the internal steel confinement was ignored. These
assumptions compensate for each other because the confinement provided by internal steel may slightly
contribute to the load-carrying capacity, whereas the longitudinal steel may not reach its ultimate strength. The
proposed model demonstrates well in estimating the ultimate load-carrying capacity of CFRP-confined
circularized and corner-rounded columns.
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