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Abstract: This study presents a strengthening method for reinforced concrete (RC) columns. The
proposed method, which consists of a pair of steel rods, two reverse-threaded couplers, and four
corner blocks, is feasible and straightforward. A quasi-static cyclic loading test was performed on
the columns externally strengthened by the steel rods. It was found that the corner blocks and the
external steel rods with a low prestress level effectively confined the concrete on the compression side
of plastic hinges, which eventually induced flexural failure with a ductility higher than three in the
strengthened columns. In addition, an analytical approach to predict the shear strength and ultimate
flexural strength of the externally strengthened columns was applied. The comparison of analytical
and experimental results showed that the analytical approach provided highly accurate predictions
on the maximum strength and the failure mode of the externally strengthened columns. It is expected
that the application of the proposed method will improve the seismic performance of damaged or
deteriorated RC structures, thereby increasing their lifespan expectancy and sustainability.

Keywords: strengthening method; external steel rod; confinement effect; flexural failure; plastic
hinge; damage assessment; seismic performance; shear strength; ultimate flexural strength

1. Introduction

A minor earthquake event may significantly damage reinforced concrete (RC) struc-
tures due to structural degradation, such as the extension of the concrete cracks caused
by the land subsidence and imbalanced service load, the concrete carbonation, and the
corrosion of reinforcing steel bars. In addition, the lack of shear reinforcement reduces the
load-carrying capacity of the RC column members against an earthquake event, leading
to a brittle failure of the columns. In the design of RC columns, the hoop reinforcement
is used to prevent the buckling of longitudinal rebars, increase the shear capacity, and
enhance the transverse confinement of the core concrete. A diagonal tensile failure has been
observed in the RC columns constructed according to the old design provisions, which
failed to provide the minimum transverse reinforcement ratio and appropriate anchorage
details about hoops [1,2]. Degraded structures or those lacking shear reinforcement need
reinforcement or retrofitting to secure the seismic capacity required by the current seismic
design codes. According to the Caltrans seismic provisions [3], RC columns must have
a displacement ductility of at least 3. It is well-known that the transverse confinement
for concrete cover can increase the strength and ductility of the shear-dominated columns
lacking shear reinforcement [4].

The transverse confinement techniques that are widely applied to the reinforcement
and retrofitting of RC columns with insufficient seismic capacity include external steel
jacketing [5–11], fiber-reinforced plastic (FRP) composite wrapping [12–17], external post-
tensioning or prestressing [4,18–22], and bonded steel plating [23–28]. These reinforcement
methods should improve the RC columns’ seismic capacity and provide precision, simplic-
ity, and economic feasibility in construction, as well as convenience in maintenance. The
FRP composite wrapping is extensively applied as it provides advantages such as light
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weight, high strength, high corrosion resistance, and non-expansion of the cross-sectional
area. The wet construction methods, such as external steel jacketing, FRP composite mate-
rial reinforcement, and bonded steel plating have disadvantages due to long retrofitting
and wet operations [4]. The dry construction methods, such as external post-tensioning,
have excellent precision and economic feasibility in the construction but have disadvan-
tages such as the corrosion of the externally exposed steel materials and the need for the
periodic addition of lost prestress. Recently, hybrid reinforcement methods have been pre-
sented by combining the advantages of different reinforcement materials and reinforcement
methods [29–36].

Miyagi et al. [4] proposed an emergency RC column retrofitting technique consisting of
prestressed concrete (PC) steel bars and steel plates. They applied the proposed retrofitting
technique to RC columns with different levels of damage and performed a cyclic loading
test with the columns. The experimental results showed that the concrete confinement
effect of the steel plates recovered the axial and lateral load-carrying capacities of the
damaged columns and that the introduction of the tension to the PC bars improved
the shear resistance of the columns by suppressing the expansion of the concrete cracks.
Zhang et al. [7] suggested a retrofitting technique by combining prestress stainless steel
hoops and stainless-steel jackets. Their findings showed that the suggested technique
based on the material with excellent corrosion resistance successfully recovered the elastic
stiffness, displacement, and horizontal strength of damaged circular bridge columns,
indicating that the retrofitted RC columns reached a large drift ratio at a low damage degree
level. Kothandaraman and Vasudevan [18] proposed a retrofitting technique for anchoring
external longitudinal rebars at the soffit level of RC beam sections to improve the flexural
performance of the beams. They showed that the anchorage of the external longitudinal
rebars on the bottom cross-sectional surface of the beams increased the flexural carrying
capacity of the beams by 70% compared with the non-reinforced beams, and significantly
decreased the deflection and the crack width. Demir et al. [19] proposed a reinforcement
method by combining external clamps and external longitudinal rebars to enhance the
flexure and shear resistance of the RC beams. When the beams were reinforced only with
external clamps, the failure behavior of the beams lacking the shear resistance was changed
from brittle failure to ductile failure, but the load-carrying capacity was not improved.
When the external clamps and external longitudinal rebars were used together, the load-
carrying capacity of the beams, rather than the ductility, was improved significantly.
Saatcioglu and Yalcin [20] performed an experimental study on the shear behavior of the
actual RC columns reinforced with externally prestressed hoops. They found that the
externally prestressed hoops suppressed the shear failure of the RC column and enhanced
the flexural behavior. However, the infiltration of the steel strands to the concrete near the
hoop edge further decreased the strength and prestress of the members. Deng et al. [21]
performed a cyclic loading test with short columns reinforced with a prestressing anchoring
system. The experimental results showed that when the transverse reinforcement ratio and
the axial load ratio were the same, an increase in the prestressing level improved the energy
dissipation capacity. However, when the spacing of the strand stirrup was increased,
the confinement force on the concrete core was not significantly increased, even if the
prestressing level was increased. Li et al. [22] conducted an experimental and analytical
study on the shear behavior of the RC beams reinforced with External Vertical Prestressing
Rebars (EVPR). The parametric study based on the experimental results showed that the
vertical compressive stress increase effectively controls the cracking in the initial loading
stage, but the increase in the EVPR stirrup ratio effectively improves the shear resistance by
decreasing the width of the diagonal cracks. In addition, the decrease in the rebar spacing
was more effective in increasing the shear performance than increasing the cross-sectional
area when the stirrup ratio was the same.

This article proposes a strengthening method that allows for the introduction of
prestress to external steel rods, which is feasible and straightforward with regard to con-
struction. The proposed strengthening method consists of a pair of external steel rods
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bent in the shape of a channel or semi-circle; a pair of couplers for introducing prestress to
the external steel rods; and four corner blocks for fixing the positions of the external steel
rod and preventing the concentration of the stress at the concrete corners. The primary
purposes of the proposed strengthening method are (1) to increase the initial stiffness
of the RC columns to be reinforced by introducing prestress to the external steel rod ac-
cording to the need; (2) to prevent the brittle failure of the shear-dominated columns by
suppressing the expansion of the diagonal tension cracks in concrete; and (3) to improve
the potential flexure resistance capacity and ductile capacity of the columns by increasing
the transverse confinement effect. A quasi-static cyclic loading test was performed with
the shear-dominated columns to which the proposed strengthening method was applied to
evaluate the reinforcement effects experimentally.

In this study, the strain distributions in the longitudinal rebars and hoops were
compared between strengthened specimens to examine the decrease in the length of the
plastic hinges formed at the column ends, the stress of concrete on the compression side
of the columns, and the shear force contributed by the hoops through the application
of the external steel rods. Based on the experimental results, the effects of the proposed
strengthening method for reinforcing the shear-dominated RC columns were verified in
terms of resistance strength, stiffness, ductility, energy dissipation capacity, and damage.
Finally, the analytical results of the shear and flexure of the RC columns, obtained in
consideration of the contribution of the external steel rods to the shear and the transverse
confinement effects of concrete, were compared with the experimental results.

The physical lifespan of RC structures is known to be about 100 years. The degree
of concrete carbonation and corrosion of reinforcing steel bars is highly dependent on
the climate characteristics of the areas where the RC structures were built. In addition,
fatigue accumulation due to continuous vertical loads may accelerate the degradation of
the durability of the structures undergoing concrete carbonation. According to the World
Green Building Council’s annual report [37], building and construction are responsible for
39% of global energy-related carbon emissions. Out of the 39%, 11% of carbon emissions
come from material manufacturing and construction. Repair or strengthening techniques
for existing buildings are attracting more attention as alternative modes that can reduce the
cost, greenhouse gas, and waste emissions caused by the demolition and reconstruction of
existing buildings.

For this reason, studies on new strengthening methods and materials are being actively
conducted in structural engineering. The improvement in structural performance due to the
application of the proposed strengthening method is also expected to increase the lifespan
expectancy and sustainability of existing RC buildings. Furthermore, reducing carbon
dioxide emissions from constructing new buildings will help achieve carbon neutrality
goals in many countries worldwide.

2. Strengthening Method Using External Prestressing Steel Rods and Corner Blocks

The proposed strengthening method consists of (1) a pair of external steel rods
threaded at both ends; (2) four corner blocks for fixing the positions of the steel rods
and preventing the concentration of the stress at the column corners by the prestress; and
(3) a pair of reverse-threaded couplers for connecting the individual external steel rods
and introducing prestress to them. The threaded external steel rods are bent in the shape
of a channel or semi-circle according to the cross-sectional shape of the columns. The
corner blocks are manufactured in the same shape as the corner of the column cross-section.
The proposed strengthening method is implemented in the following order: (1) fixing
the corner blocks to install the external prestressing steel bars at the planned positions;
(2) temporarily assembling two steel-rod segments by using the reverse-threaded couplers;
and (3) introducing the torque of a specific value by rotating the couplers with a torque
wrench to apply a tensile force on the outer hoops. Figure 1 shows the construction process
of the proposed strengthening method.
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Figure 1. Construction view of the proposed strengthening method: (a) column with S-type corner
block; (b) column with L-type corner block.

The proposed strengthening method has the effect of delaying the yield of the hoops
by suppressing the expansion of the diagonal tension cracks over the abdominal area of the
columns. In addition, the transverse confinement of the concrete and the longitudinal rebars
in the plastic hinge regions by the corner blocks helps to improve the shear performance
and ductility of the strengthened columns. The installation of corner blocks with the same
length as the column height (L-type corner blocks), as shown in Figure 1b, improves the
shear performance and ductility just slightly, compared with the specimens installing
short corner blocks with a width of 30 mm (S-type corner blocks, see Figure 2a), but it can
significantly decrease the construction time.

3. Experimental Program
3.1. Materials

The design strength of the concrete used for the preparation of the shear-dominated
column specimens was set to be 30 MPa. Table 1 shows the concrete mix design. Cylindrical
concrete test specimens of Φ100 × 200 mm were prepared to evaluate the mechanical
properties of the concrete, and they were cured under the same conditions as the specimens.
The average compressive strength ( fck) and elastic modulus (Ec) of the test specimens were
27.5 MPa and 23,630 MPa, respectively.

Table 1. Concrete mix design.

f’c Gmax W/C S/a Unit Weight (kg/m3)

(MPa) (mm) (%) (%) W C S G AD

30 25 36.4 45.2 162 460 785 970 4.46
f’c: compressive strength of concrete mix design; Gmax: maximum size of coarse aggregate; W/C: water-cement
ratio; S/a: fine aggregate modulus; W: water; C: cement; S: fine aggregate; G: coarse aggregate; and AD: water-
reducing admixture.

D22 and D10 deformed bars were used as the longitudinal rebars and the hoops,
respectively, while steel bars of Φ13 were used as the external reinforcing bars. The tensile
test of the external steel rods was carried out by using samples prepared by connecting two
steel bars with reverse-threaded couplers. The tensile test showed that the average yield
strengths ( fy) of the D22 and D10 deformed bars and the Φ13 steel bars were 650.7 MPa,
455.0 MPa, and 544.1 MPa, respectively, whereas the corresponding average elastic modulus
(Es) was 191,557 MPa, 178,835 MPa, and 192,599 MPa, respectively.

3.2. Description of Specimens

As shown in the specimen list in Table 2, three square columns of 400(b) × 400(h)
mm and three circular columns of 400(D) mm were prepared. The variables considered
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in the design of the specimens were the cross-sectional shape of the columns, the external
steel rods, and the length of the corner blocks. The specimen label N represents the non-
strengthened specimens (control specimens). The labels P and F represent the specimens in
which the S-type corner blocks and the L-type corner blocks were installed at the corners
of the cross-section, respectively. The corner blocks were made of ready-made steel of
L− 65× 65× 8 and a curved steel plate of P− 65× 8.

Table 2. List of specimens.

Specimen b
(mm)

h
(mm)

a/d
(-)

Longitudinal
Rebar

Inner
Hoop

External
Steel Rod Strengthening Method

S-N
400 400

3.1
12-D22

fy = 650.7 MPa
D10@200

fy = 455.0 MPa
Φ13@200

fy = 544.1 MPa

None-strengthened
S-P S-type corner block
S-F L-type corner block
C-N

400(D)
None-strengthened

C-P S-type corner block
C-F L-type corner block

S: square section; C: circular section; N: un-strengthened column; P: column with S-type corner blocks; F: column with L-type corner blocks;
b: section width; h: section height; D: diameter of circular columns; fy: yield strength; a/d: shear span-to-depth ratio.

Figure 2 shows the specifications of the control specimens S-N and C-N and the
positions of the strain gauges attached to the longitudinal rebars and hoops. The column
height was 2100 mm. All the specimens had a shear span-to-depth ratio of 3.1, regardless
of the cross-sectional shape. All the specimens had twelve longitudinal rebars (D22) to
prevent flexural failure. Hoops (D10) were arranged at a spacing of 200 mm.

Figure 3 shows the specimens S-P, S-F, C-P, and C-F prepared using the proposed
strengthening method. The external steel rods were placed at a spacing of 200 mm to
be disposed of between the hoops inside. For the circular columns, corner blocks were
installed at a 90◦ interval at the center of the cross-section. The time required to reinforce
the specimens S-F and C-F with the L-type corner blocks was about 25 min, which was
considerably shorter than the time required to reinforce the specimens S-P and C-P with
the S-type corner blocks (about 48 min). Constant prestressing was introduced to the
temporarily assembled outer hoops using a torque wrench immediately before the loading.
The prestressing level was measured from the strain gauges attached to the same positions
as the hoops.

3.3. Loading and Measurement Plans

As shown in Figure 4, the loading equipment and instrumentation were set to apply
an antisymmetric bending moment and a constant shear force and introduce an axial load
corresponding to 10% of the axial compressive strength of the specimens. The parallelogram
apparatus in the loading equipment reduced the P− ∆ moment induced in the specimens.
The quasi-static cyclic loading test was performed by the displacement control method.
Figure 5 shows the loading protocol applied to the experiment. All the specimens were
subjected to a load in two cycles in each of the drift ratio stages. The loading was terminated
when the applied load was decreased below 85% of the maximum load or when the load
resistance was significantly decreased.

The present study focused on evaluating the proposed strengthening method’s effects
on the failure mode, strength, and ductility of the shear-dominated columns at a low
prestress level. As shown in Figure 2, strain gauges were attached to the hoops and
the longitudinal rebars to measure the change of the failure mode of the strengthened
specimens and the length of the plastic hinges formed at the ends. A prestress of about
4 kN was introduced to the external steel rods immediately before the loading by rotating
the reverse-threaded couplers with a torque wrench. According to a previous report [22],
prestressing effectively suppresses initial cracking. However, introducing a prestress to
external reinforcements over a certain level can cause a decrease in the ductility after the
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maximum load while increasing the initial stiffness of the columns [36]. Demir et al. [19]
showed that the strength and ductility of shear-dominated RC beams increased significantly
when reinforced only with external clamps without prestressing.

Figure 2. Details of the control specimens and strain gauges (unit: mm): (a) S-N; (b) C-N.
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Figure 3. Specimens strengthened with external steel rods and corner blocks: (a) S-P; (b) S-F; (c) C-P;
(d) C-F.

Figure 4. View of the test setup: (a) schematic of the loading equipment; (b) photo of the test setup.

Figure 5. Loading protocol.
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4. Experimental Results and Discussion
4.1. Load-Drift Ratio Hysteretic Curve and Failure Mode

Table 3 summarizes the drift ratios corresponding to the flexural cracking load, Pcr, the
lateral load of the hoops and the longitudinal rebars at the yield, Pyh and Pyl , the maximum
load, Pmax, and the ultimate load, Pu(= 0.85Pmax). Figures 6 and 7 show the load–drift
ratio hysteretic curves and the cracking patterns of the specimens at the final failure. In
all the specimens, the initial flexural crack was observed at both ends at a drift ratio of
about 0.25%. Flexure-shear cracks toward the center of the span of the specimens were
generated at a drift ratio of about 0.5%. Since a low level of prestressing was introduced,
the flexural cracks and the magnitude of the flexural crack load (Pcr) were similar among
the specimen series.

Table 3. Summary of the experimental results.

Specimen
Load (Pi) and Drift Angle (α)

Failure ModePcr α Pyh α Pyl α Pm α Pu α

(kN) (%) (kN) (%) (kN) (%) (kN) (%) (kN) (%)

S–N 163.4 0.25 227.2 0.97 − − −350.2 ∑∑1.34 −297.7 −1.51 Shear
S–P 170.0 0.25 351.3 1.29 402.4 1.74 448.0 2.76 380.8 4.85 Shear-flexural
S–F 168.0 0.25 −355.0 −1.29 432.5 1.93 451.1 2.96 383.4 5.00 Shear-flexural
C–N 117.0 0.25 239.5 1.19 236.0 1.33 296.1 1.96 251.7 2.00 Shear
C–P 110.6 0.25 290.4 1.68 −290.2 -1.28 −343.5 −2.02 -291.9 −3.26 Flexure
C–F 119.6 0.25 320.5 1.76 −257.3 -1.09 345.7 2.70 293.8 4.43 Flexure

Pcr: cracking load; Pyh: load at yielding of hoop; Pyl: load at yielding of longitudinal rebar; Pmax: maximum load; Pu: ultimate load, α: drift
angle.
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Figure 6. Load–drift ratio hysteretic curves: (a) S-N; (b) S-P; (c) S-F; (d) C-N; (e) C-P; (f) C-F.

The control specimens S-N and C-N hoops yielded a drift ratio of 0.97% and 1.19%,
respectively. After reaching the maximum load, the width of the diagonal tensile cracks
abruptly increased and showed a brittle failure without ductile behavior. The average
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maximum load of S-N and C-N in the positive and negative loading directions was 342.4 kN
and 286.3 kN, respectively. The maximum load was different between the two specimens
because the cross-sectional area of the concrete to resist the shear force was about 20%
smaller, but the longitudinal reinforcement ratio was about 27% higher in C-N.

The concrete crushing caused the failure of the strengthened specimens at both ends
and the increase in the diagonal tensile cracks’ width. The average maximum load of the
strengthened specimens was 1.17 to 1.29 times higher than that of the control specimens.
In contrast to S-N and C-N that both showed brittle failure after the yielding of the hoops,
both the hoops and the longitudinal rebars of the strengthened specimens yielded before
the maximum load, and the deformation capacity observed after the maximum load was
also improved significantly. While the specimens S-P and S-F’s longitudinal rebars yielded
after the hoops yielded, the hoops in the specimens C-P and C-F occurred immediately
after the longitudinal rebars yielded. In addition, despite the increase in the drift ratio of
these specimens, the applied load did not decrease below 85% of the maximum load. From
the observed yielding points of the hoops and the longitudinal rebars, the amount of the
external steel rods used, therefore, can be presumed to be the minimum value needed to
change the failure mode of the shear-dominated specimens.

Figure 7. Crack patterns of the specimens at failure: (a) S-N; (b) S-P; (c) S-F; (d) C-N; (e) C-P; (f) C-F.

The results showed that the difference in the corner block length between the strength-
ened specimens had a negligible effect on increasing the maximum load and the displace-
ment. However, more shear cracks were found in S-P and C-P installing the S-type corner
blocks at the corners of the cross-section. This was because the L-type corner blocks had a
negligible effect on improving the flexural moment resistance performance of the speci-
mens but controlled the cracks developed on shear failure surfaces. In addition, S-F showed
a significant drop of the pinching effect in the load–displacement curve compared with S-P,
C-F, and C-P.

4.2. Characteristics of Strain Distribution
4.2.1. Strain Distribution in Longitudinal Rebars

This section describes the strain of the hoops, external steel rods, and longitudinal
rebars measured from the strain gauges to examine the effects of the proposed strengthening
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method on the crack control and the transverse confinement of concrete. Figure 8 shows
the strain distribution in the longitudinal rebars at specified drift ratios. The analysis was
performed with the strain of the longitudinal rebars marked on the cross-section of the
columns (A1 to A8 and D1 to D8). In the control specimens S-N and C-N, the maximum
strain of the longitudinal rebars reached 78% (A8 in S-N) and 95% (D8 in C-N) of the yield
strain (εyl = 0.0034) at a drift ratio of 2.0% (see Figure 8a,b). The control specimens showed
the typical linear strain distribution found from the longitudinal rebars of shear-dominated
column specimens.

Figure 8c,d show that the strain of the longitudinal rebars in the specimens S-P and S-F
reached a yield strain at a drift ratio of 1.74% and 1.93%, respectively. Within the sections
about 450 mm away from both ends, the longitudinal rebars’ strain abruptly increased with
the drift ratio. The strain distribution in the longitudinal rebars shows the length of the
plastic hinges formed in the strengthened specimens. The observed plastic hinge length is
about 1.13 times the section height (h). Due to the increase in the shear resistance by the
external steel rods, the strain of the longitudinal rebars on the tension side of the specimens
considerably increased in the section between the top and bottom plastic hinges, compared
with their control specimen. At a drift ratio of 4.0%, the strain of longitudinal rebars on the
tension side (D8 in S-P and S-F) exceeded a value 2.5 times as high as the yield strain. The
strain gradient of longitudinal rebars at the plastic hinges was steeper in S-F than in S-P
because the L-type corner blocks suppressed the expansion of the concrete surrounding the
longitudinal rebars located at the corners within the plastic hinge regions of S-F, thereby
maintaining the bond strength between the longitudinal rebars and the concrete. The same
trend was also found in the strain distribution measured from strain gauges D1 to D8.

Figure 8e,f show that the strain distribution in the longitudinal rebars of the specimens
C-P and C-F is similar to that of S-P and S-F. The plastic hinges of the two specimens were
located at positions about 1.13 h away from both ends. The maximum strain of longitudinal
rebars on the tension side was less than a value 1.5 times as high as the yield strain at a
drift ratio of 4.0%; however, the strain of longitudinal rebars on the compression side was
higher than that of S-P and S-F. This showed that the concrete crushing occurred earlier in
the circular columns, having a smaller cross-sectional area of the compression-side concrete
but a higher longitudinal reinforcement ratio than in the square columns. Contrary to the
strain distribution observed in S-P and S-F, the strain gradient of the longitudinal rebars in
the plastic hinge regions was similar between C-P and C-F. This indicates that the corner
blocks with a curved steel plate had a negligible effect on the bond performance between
the longitudinal rebars and the concrete in the circular columns.

4.2.2. Strain Distribution in Hoops and Steel Rods

Figure 9 shows the strain distribution in the hoops and external steel rods. The strains
used in the comparison were measured from the hoops and external steel rods vertically
disposed of in the loading direction.

Figure 9a,b show the strain distribution in the hoops of specimens S-N and C-N,
respectively. The strain of the hoops, HA3 in S-N and HA10 in C-N, reached the yield
strain (εyh = 0.0027) at a drift ratio of 0.97% and 1.19%, respectively. After the yielding of
the hoops, the strain of the hoops at all positions abruptly increased by the expansion of
the width of the shear cracks throughout the specimens.
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Figure 8. Cont.
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Figure 8. Strain distributions in the longitudinal reinforcing bars: (a) S-N; (b) C-N; (c) S-P; (d) S-F;
(e) C-P; (f) C-F.
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Figure 9. Cont.
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Figure 9. Strain distributions in the hoops and steel rods: (a) hoops in S-N; (b) hoops in C-N; (c) hoops
in S-P; (d) steel rods in S-P; (e) hoops in S-F; (f) steel rods in S-F; (g) hoops in C-P; (h) steel rods in
C-P; (i) hoops in C-F; (j) steel rods in C-F.

Figure 9c–f show the distributions of the strain of the hoops and external steel rods in
specimens S-P and S-F. The strain of the hoops in S-P and S-F (HA3 in S-P and HA9 in S-F)
reached the yield strain at a drift ratio of 1.29%. The hoops of these specimens yielded at a
drift ratio 1.33 times as large as the yield drift ratio of S-N. In addition, under maximum
strength in S-P and S-F, the strain of the hoops (HA9 in S-P and HA8 in S-F) reached 774%
and 634% of the yield strain, respectively. On the other hand, the strain of the external
steel rods, SR8 in S-F and S-P, reached 25% and 33% of the yield strain (εysr = 0.0028),
respectively. At the maximum load, the strain of the hoops in S-P was 1.17 times as high as
that of the hoops in S-F. On the other hand, the strain of the external steel rods in S-F was
1.32 times as high as that of the external steel rods in S-P. As mentioned above, this suggests
that the L-type corner blocks and the external steel rods more effectively suppressed the
expansion of the cracks developed on shear failure surfaces.
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Figure 9g–j show the strain of the hoops and external steel rods in specimens C-P
and C-F. The strain of the hoops, HA9 in C-P and HA8 in C-F, reached the yield strain at
a drift ratio 1.14 times and 1.47 times as large as the yield drift ratio of C-N, respectively.
In C-P and C-F under the maximum strength, the strain of the hoops, HA3 in C-P and
HA2 in C-F, reached 489% and 366% of the yield strain, respectively, but the strain of
the external steel rods, SR8 in C-F and 2 in C-P, reached 38% and 44% of the yield strain,
respectively. The experimental results showed that the effects of the curved corner blocks
and the external steel rod to control the shear cracks were smaller in the C series specimens
than in the S series specimens. On the contrary, the strain of the external steel rod located
in the plastic hinge region was significantly higher in the C series specimens than in the S
series specimens. This shows that the external steel rods effectively resisted the shear force
and the lateral expansion of the concrete in the C series specimens, compared with the S
series specimens.

4.3. Reinforcement Effect

This section evaluates the reinforcement effect of the RC columns by the proposed
strengthening method in terms of the stiffness degradation, displacement ductility, energy
dissipation capacity, and damage degree level. The analysis was performed by using the
average of the absolute values of the lateral load and displacement in the positive and
negative directions (Pi = (|+Pi|+ |−Pi|)/2, ∆i = (|+∆i|+ |−∆i|)/2). Table 4 compares
the cracking load (Pcr), yield load (Py), maximum load (Pmax), and ultimate load (Pu), of the
specimens, extracted from the load–drift ratio curves, as well as the displacement, stiffness,
and displacement ductility corresponding to each of the loads.

Table 4. Comparison of stiffness at specified load levels.

Specimen
At Pcr At Pyl At Pm At Pu

µ
∆cr kcr ∆y ky ∆m km ∆u ku

(mm) (kN/mm) (mm) (kN/mm) (mm) (kN/mm) (mm) (kN/mm) (mm/mm)

S-N 5.3 31.1 18.1 19.0 27.8 12.3 33.4 8.7 1.85
S-P 5.3 32.4 31.4 14.2 50.0 8.9 96.8 3.9 3.09
S-F 5.3 32.0 31.7 14.0 62.6 7.1 105.0 3.6 3.31
C-N 5.3 22.3 22.5 12.7 34.5 8.3 42.0 5.8 1.87
C-P 5.3 21.1 31.8 10.5 50.1 6.7 76.2 3.7 2.39
C-F 5.3 22.8 36.8 9.4 49.4 7.0 90.2 3.2 2.45

∆cr: displacement at cracking load; ∆y: yield displacement; ∆m: displacement at maximum load; ∆u: ultimate displacement; ki: secant
stiffness at each load level; µ: displacement ductility coefficient.

4.3.1. Stiffness Degradation

Figure 10 shows the stiffness degradation ratio of the S and C series specimens for
the drift ratio. The stiffness degradation ratio was defined as the ratio between the secant
stiffness, ki, and the elastic stiffness, ke. The stiffness degradation ratio of the S and C series
specimens was similar to a drift ratio of 1.33% regardless of the reinforcement’s presence.
Since the level of the introduced prestress was low, the difference in the initial stiffness
at the drift ratio of 0.25 to 0.50% was negligible between the different specimen series.
However, as the drift ratio increased to 3.00%, the stiffness degradation ratio was slightly
higher in the C series specimens than in the S series specimens. This may be because
the circular external steel rods effectively confined the concrete on the compression side
of the plastic hinges compared with the square external steel rods before reaching the
maximum load.
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Figure 10. Stiffness degradation ratio: (a) S-series specimens; (b) C-series specimens.

4.3.2. Displacement Ductility

The displacement ductility coefficient, µ, is defined as the ratio of the ultimate dis-
placement, ∆u, to the yield displacement, ∆y. Py and ∆y of all the specimens, shown in
Table 4, were estimated by the model proposed by Priestley et al. [38]. ∆y of S-P and S-F
were 1.73 times and 1.75 times as high as that of S-N, respectively, while ∆y of C-P and
C-F were 1.42 times and 1.64 times as high as that of C-N, respectively. Table 4 shows the
displacement ductility coefficient, µ, for all the specimens. The average µ of S-P and S-F
was 1.73 times as high as their control specimen, and that of C-P and C-F was 1.3 times as
high as their control specimen. However, in the strengthened specimens, the length of the
corner blocks did not show a significant effect in increasing the ductile capacity. Moreover,
the displacement ductility of the strengthened circular specimens was lower than that
of the square specimens because the concrete crushing occurred earlier in the C-series
specimens, compared with the S-series specimens, after reaching the maximum load.

4.3.3. Energy Dissipation Capacity

Figure 11 compares the cumulative hysteresis energy dissipation, ΣHE, between the
specimen series. ΣHE at a given cycle is computed as the summation of the hysteretic
energies dissipated during the current and preceding cycles. HE is determined from the
area enclosed by the hysteretic loop at each cycle. The ΣHE of the control specimens
S-N and C-N, which underwent shear failure at a drift ratio of 2.0%, was 37.7 kN·m and
43.9 kN·m, respectively. The ΣHE of S-P and S-F was 5.0 times and 6.6 times as much as
their control specimen, respectively, and that of C-P and C-F was 2.3 times and 3.1 times as
much as their control specimen. Moreover, the ΣHE of the strengthened S-series specimens
at the same drift ratio of 4.0% was 1.47 times as much as the C-series specimens. The
analytical results verified that the proposed strengthening method increased the shear
resistance of the column specimens and the transverse confinement of the concrete to
induce the flexural failure of the columns, significantly enhancing the energy dissipation
capacity of the strengthened specimens.

4.3.4. Damage Assessment

The damage degree of the control and strengthened specimens was assessed using
the damage index model developed by Park and Ang (PA index model) [39,40]. Table 5
shows the five damage degree levels of a reinforced concrete building, suggested by Park
and Ang [39]. The damage index, DI, is calculated by Equations (1) and (2):

DI =
∆i
∆u

+ β
ΣHEi
Py∆u

(1)
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β = 0.7ρs

(
−0.447 + 0.073

l
d
+ 0.24no + 0.314ρt

)
(2)

where ∆i is the maximum displacement at each drift ratio; ∆u is the ultimate displacement;
ΣHEi is the cumulative hysteretic energy at each drift ratio; Py is the yield load; β is a non-
negative parameter based on cyclic loading effect; ρs is the volumetric ratio of confining
steel; ρt is the longitudinal reinforcement ratio as a percentage (=0.75% if ρt <0.75%); no
is the normalized axial stress (=0.2 if no <0.2); and l/d is the shear span ratio (=1.7 if
l/d <1.7).

Figure 11. Cumulative hysteretic energy dissipation: (a) S-series specimens; (b) C-series specimens.

Table 5. Five damage degree levels and damage index for RC members.

Damage Level Damage Index (DI) Visual Damage State

Slight damage DI < 0.1 No damage or minor cracking
Minor damage 0.1 < DI < 0.25 Light cracking throughout

Moderate damage 0.25 < DI < 0.4 Extensive large cracks, spalling of concrete cover
Severe damage 0.4 < DI < 1.0 Extensive concrete crushing, visible buckling of reinforcement

Collapse DI > 1.0 Partial or total collapse of RC members

In Equation (2), the values of l/d, no, and ρt are taken from Table 2, and the volumetric
confinement ratio of steel, ρs, is calculated in consideration of the volume of concrete
confined by the hoops and external steel rods. In the present study, ρs of the circular and
square column specimens was calculated by calculating the volumetric ratio of confining
steel obtained by modifying the model proposed by Mander et al. [41], as described in
Section 4.4.

Figure 12 shows the damage assessment of the S and C series specimens. S-N and C-N
were severely damaged at a drift ratio of 1.0% and reached collapse damage at a drift ratio
of 2.0%. On the contrary, S-P, S-F, and C-F were slightly damaged at a drift ratio of 1.0% and
reached collapse damage at a drift ratio of 5.0%. C-P was moderately damaged at a drift
ratio of 1.0% and reached collapse damage at a drift ratio of 4.0%. The damage assessment
showed that, while the external steel rods with a low prestress level had a negligible effect
on the initial stiffness increase, the proposed strengthening method considerably reduces
the seismic damage in RC columns.
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Figure 12. Damage assessment based on the PA damage index: (a) S-series specimens; (b) C-
series specimens.

4.4. Shear and Ultimate Strengths in the Flexure of Externally Strengthened RC Columns

The experimental results of this study and the existing literature showed that external
reinforcement enhances the stiffness, strength, and ductility capacity of RC members.
However, brittle failure may occur in a strengthened RC column because an increase in
the quantity of transverse reinforcement increases the flexural and shear strength of the
column; thus, it should be carefully considered in the design. This section describes an
analytical approach to predict the shear strength and ultimate flexural strength of the
square and circular columns strengthened by the external steel rods and then compares the
predicted shear and ultimate flexural strengths with the experimental results.

The shear strength of a square RC column under an axial compressive load, N, consists
of the shear resistance of concrete, Vc, and the contribution of transverse reinforcement,
Vs. Current design codes recommend calculating the shear strength of a circular column,
assuming that it is the same as the shear strength of an equivalent square column. In the
case of columns externally strengthened by steel rods, the contribution of the steel rods
to the shear strength should be considered. Considering the addition of the external steel
rods, the shear strength of a strengthened column, Vn, can be expressed as

Vn = Vc + V′s =

[
0.17λ

√
fck +

N
6Ag

]
bd +

A′w f ′yw

s
d (3)

in which λ is the coefficient of lightweight concrete; Ag is the gross area of cross-section; fck
is the compressive strength of concrete; b is the section width; d is the effective depth; A′w is
the average cross-sectional area of one leg of hoop and external steel rod; f ′yw is the average
yield strength of hoop and external steel rod; and s is the center-to-center distance between
the hoop and external steel rod (center-to-center). Equation (3) has the same format as the
nominal one-way shear strength provided in the ACI 318-19 building code [42].

An increase in the transverse reinforcement ratio also affects the flexural strengths of
columns due to increasing confining pressure. The confinement model developed by Man-
der et al. [40] was employed to predict the flexural strength of the columns strengthened
by the external steel rods. Figure 13 shows the cross-sectional dimensions of the square
and circular columns strengthened by the external steel rods. The effective transverse
confinement stress, fl , and the confined concrete strength, fcc, in the model by Mander et al.
are herein expressed by applying the average yield strength and dimension of the hoops
and external steel rods as in Equations (4) and (5):

fl = 0.5keρs f ′yw (4)

fcc = fck

[
−1.254 + 2.254

√
1 +

7.94 fl
fck
− 2 fl

fck

]
(5)
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Here, ke is the confinement effectiveness coefficient. ke for circular and square sections
is expressed as Equations (6) and (7), respectively.

ke =

(
1− 0.5 s′

dc

)2

1− ρc
(6)

ke =

(
1− ∑ w2

i
6cxcy

)(
1− s′

2cx

)(
1− s′

2cy

)
/(1− ρc) (7)

In this equation, s′ is the clear distance between hoop and steel rod; dc is the average
diameter of circular confining steel; dch and dcsr are the diameters of the circular hoop
and circular steel rod, respectively; ρc is the ratio of longitudinal steel area to nominal
concrete core area; wi is the clear distance between each longitudinal rebar; cx is the
average dimension of a concrete core surrounded by confining steel parallel to the x-axis;
cxh and cxsr are the dimensions of the concrete core surrounded by a square hoop and
steel rod parallel to the x-axis, respectively; cy is the average dimension of the concrete
core surrounded by confining steel parallel to the y-axis; cyh and cysr are the dimensions
of the concrete core surrounded by the square hoop and steel rod parallel to the y-axis,
respectively. More details about the stress–strain relation for confined concrete can be
found in [40]. The maximum cxsr, cysr, and dcsr were assumed to be equal to the width (b),
height (h), and diameter (D) of the cross-section of the specimens, respectively. The clear
distance between the hoop and the steel rod was 88.5 mm. The flexural yield strength
and the ultimate flexural strength of the strengthened specimens in consideration of fcc
are calculated by using the linear distribution of the y-axis strains and the equivalent
rectangular concrete stress block without applying the safety factors for the concrete and
longitudinal rebar.

Figure 13. Cross-sectional dimensions of the square and circular columns for calculating ke, fl ,
and fcc.

Table 6 compares the experimental and analytical results. The shear force, Vyh, at the
yield of the hoops observed in the control specimens that underwent shear failure was
compared with the shear strength, Vn, calculated by Equation (3). The maximum shear
force, Vmax.e, observed in the strengthened specimens was likewise compared with the
ultimate flexural strength (Vu = Mu/a) from the flexural analysis. Vu of the strengthened
specimens, with the L-type corner blocks, includes the contribution of the L-type corner
blocks in flexure. Here, the observed maximum shear force, Vmax.e, of the specimens
represents the average maximum loads in the positive and negative directions.
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Table 6. Comparison of the experimental and analytical results.

Specimen
Experimental Results (Vtest) Analytical Results (Vanal)

Vanal/VtestVyh.e Vyl.e Vmax.e Vn Vy Vu Vmax.a
(kN) (kN) (kN) (kN) (kN) (kN) (kN)

S-N 277.3 - 342.4 292.0 - - 292.0 1.05
S-P 351.3 402.4 443.8 623.6 356.3 454.0 454.4 1.02
S-F 355.0 432.4 442.6 623.6 364.7 462.4 462.4 1.04
C-N 239.5 - 286.3 271.2 - - 271.2 1.13
C-P 290.4 290.2 344.8 602.9 215.1 325.1 325.1 0.94
C-F 320.5 257.3 343.7 602.9 215.8 325.9 325.9 0.95
Ave. 1.02

C.V(%) 6.95

Vyh.e: observed shear force at yielding of the hoop; Vyl.e: observed shear force at yielding of longitudinal rebar; Vmax.e: observed maximum
shear force; Vn: shear strength; Vy: flexural yield strength; Vu: ultimate strength in flexure; Vmax.a: minimum value among Vn, Vy, and Vu.

Vn of S-N and C-N was 292.0 kN and 271.2 kN, respectively, indicating that the
strengthened specimens’ shear strength was more than 2.2 times as high as the control
specimens. In addition, the flexural yield strength, Vy, and the ultimate flexural strength,
Vu, of all the strengthened specimens were lower than Vn, suggesting that the strengthened
specimens undergo flexural failure. It was found that the calculated Vu was very similar to
the maximum shear force observed in the experiment. The average and the coefficient of
variation of the ratio between the analytical result, Vanal , and the experimental result, Vtest,
were 1.02 and 6.95%, respectively. It showed that the analytical approach considering the
average yield strength of the hoops and the external steel rods, the average dimensions of
the cross-section, and the confined concrete strength provided highly accurate predictions
of the shear and ultimate flexural strengths, as well as the failure mode of the strengthened
square and circular columns.

5. Conclusions

This article presented an external strengthening method of RC columns that introduces
prestress to external steel rods and which is feasible and straightforward. A quasi-static
cycling loading test was performed on the square and circular columns strengthened by
the proposed strengthening method, and the following conclusions were derived:

• The initial elastic stiffness was not increased in the specimens strengthened by the
external steel rods with a low prestress level at a drift ratio of 0.25 to 0.50% before the
occurrence of the flexure-shear cracks. However, the external steel rods suppressed
the expansion of the diagonal tensile cracks generated in the specimens at a larger
drift ratio, so the load-carrying capacity of the columns was improved by more than
1.2 times.

• Installing the external steel rods and the L-type corner blocks improved the transverse
concrete confinement and the bond strength of the longitudinal rebars; moreover, this
induced flexural failure with a ductility higher than three in the strengthened columns.

• The evaluation of the damage degree level of the specimens showed that, while the
control specimens reached collapse level at a drift ratio of 2.0%, the strengthened ones
reached collapse level at a drift ratio of 4.0 to 5.0%. It was found that the proposed
strengthening method can effectively improve the seismic capacity of RC columns.

• The flexural analysis considering the hoops and external steel rods’ average yield
strength, the cross-section’s average dimensions, and the confined concrete strength
can reasonably predict the failure mode, the shear strength, and the ultimate flexural
strength of RC columns strengthened by the external steel rods. Further studies are
needed on the effect of prestressing and axial load levels on the transverse confinement
of concrete and the strength and ductility capacity of column members.

• The experimental and analytical results showed the possibility that the proposed
strengthening method can improve the lifespan expectancy and the service life of
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existing RC structures against seismic events by suppressing the expansion of cracks
in columns damaged due to deterioration.
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