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Abstract

Traditional fiber-reinforced polymer (FRP) retrofit methods can restore the strength of
reinforced concrete columns well, but stiffness is also partly restored. To increase the
initial stiffness of retrofitted columns, this study investigated the seismic behavior of
retrofitted resilient reinforced concrete (RRC) columns that were retrofitted by different
methods, including high-strength mortar retrofit, carbon fiber-reinforced polymer (CFRP)
retrofit, and CFRP and steel plate retrofit. In addition, the effect of the axial load was also
considered. Quasi-static tests were conducted twice on five specimens, i.e., before and
after repairing. The first test was used to create earthquake damage, and the second test
was used to compare the seismic behavior of the retrofitted columns. The experimental
results indicated that the CFRP retrofit method, whether with a steel plate or not, can
restore the lateral resistance capacity well; furthermore, the drift-hardening behavior and
self-centering performance were well maintained. The residual drift ratio of the CFRP-
retrofitted column was less than 0.5%, even at a drift ratio of 3.5%, and less than 1% at
the 6% drift ratio. However, the initial stiffness was only partly restored using the CFRP
sheet. The introduction of steel plates was beneficial in restoring the initial stiffness, and
the stiffness recovery rate remained above 90% when CFRP sheets and steel plates were
used simultaneously. The strain distribution of the CFRP sheet showed that the steel plate
did work at the initial loading stage, but the effect was limited. By using the steel plate, the
CFRP hoop strain on the south side was reduced by 68% at the 6% drift ratio in the push
direction and 38% in the pull direction. The axial strain of CFRP cannot be ignored due to
the larger value than the hoop strain, which means that the biaxial stress condition should
be considered when using an FRP sheet to retrofit RC columns.

Keywords: steel plate; CFRP; seismic behavior; retrofit; resilient

1. Introduction
Reinforced concrete (RC) structures usually absorb the energy induced by an earth-

quake through plastic deformation and damage such as section degradation, concrete
cracks, reinforcement yield, and buckling [1]. To restore mechanical integrity, extend the
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service life, and enhance seismic resilience under future earthquakes, seismic retrofit of
damaged structures is of critical engineering and societal importance. Compared to demoli-
tion and reconstruction, structural retrofit offers substantial economic benefits and reduces
construction time and material consumption. Among various retrofit and strengthening
techniques, fiber-reinforced polymers (FRPs) have gained wide application due to their
high strength-to-weight ratio, excellent corrosion resistance, and ease of installation. More-
over, FRP application does not require extensive demolition or wet construction, making
it especially suitable for post-earthquake rapid retrofit and performance restoration [2–5].
Therefore, the use of FRPs in the seismic retrofit of RC structures demonstrates not only
superior structural and mechanical performance but also strong adaptability and sustain-
ability in engineering practice.

To date, numerous studies have investigated the seismic behavior of RC columns
repaired or strengthened using FRPs [6–16]. Li et al. [6] identified that the stress–strain
response of FRP-repaired RC columns typically consists of three distinct regions, with a
transition zone observed between the initial elastic stage and the final strain-hardening
phase. Their finite element analysis further demonstrated that both the interfacial bond
condition and the thickness of the FRP layers significantly influence the strength and
stiffness of the repaired columns. Specifically, a perfect bond interface and increased FRP
thickness were shown to notably enhance both parameters. Moreover, when a perfect bond
is assumed, the biaxial stress state must be considered, as the axial contribution of the FRP
is generally more effective than the hoop direction in confining action.

Recently, Sun et al. [7] investigated the seismic performance of earthquake-damaged
short RC piers repaired using carbon fiber-reinforced polymers (CFRP), CFRP-wrapped
steel wires, and CFRP-steel strips. The results showed that CFRP and CFRP-based compos-
ite methods significantly improved seismic performance and shifted the failure mode from
brittle shear failure to more ductile behavior. They also pointed out that using at least 50%
more CFRP than the design requirement was necessary to ensure effective strengthening.
Ekkawi and El-Hacha [8] utilized prestressed vertical Fe-SMA (shape memory alloy) plates
to perform flexural strengthening on seismically deficient RC columns. In addition to
the Fe-SMA plates, CFRP or ultra-high-performance fiber-reinforced concrete (UHPFRC)
jacketing was also applied. The use of prestressed Fe-SMA plates successfully increased
the lateral strength, displacement ductility, and energy dissipation capacity by 35.32%,
21.33%, and 72.60%, respectively. The primary causes of column damage observed during
the Kahramanmaraş earthquake, as identified by Işık et al. [9] through subsequent field
investigations, were low-strength concrete and insufficient transverse reinforcement. These
factors were incorporated into the structural analysis of an RC building, and it was found
that the FRP wrapping method was effective in enhancing both the shear capacity and
ductility of the concrete columns, as well as improving the overall seismic resilience of
the structure.

As most existing research on FRP repair or strengthening has primarily focused on
slightly to moderately damaged RC columns, He et al. [10] conducted quasi-static tests to
develop an effective and rapid repair method for severely damaged RC columns. Experi-
mental results indicated that, for columns without fractured longitudinal reinforcement,
flexural strength could be fully restored or even enhanced. However, the stiffness index
ranged from 85.2% to 90.8% due to the stiffness degradation of steel bars and concrete
cracking in the unrepair region. Elci [11] reported that CFRP retrofitting could fully restore
the lateral load-carrying capacity of RC columns subjected to drift ratios of up to 5%. Nev-
ertheless, the restoration of stiffness was limited. Furthermore, increasing the number of
CFRP layers from one layer to three layers dissipated 9% more energy. In a comparative
study, Youm et al. [12] examined the seismic performance of RC columns repaired using
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CFRP wraps and steel jacketing. Their findings revealed that both techniques significantly
improved the ductility of damaged columns. However, steel jacketing demonstrated supe-
rior performance in terms of flexural strength and energy dissipation, outperforming CFRP
repair under similar conditions.

Traditional RC structures subjected to severe earthquakes often experience large resid-
ual deformations, making post-earthquake repairs difficult or even unfeasible [17–19]. In
response, resilient RC (RRC) structures have garnered increasing attention due to their su-
perior load-bearing capacity coupled with minimal residual displacement. Several studies
have demonstrated that RRC columns can maintain residual drift ratios below 0.5%, even
under large deformation demands [20,21]. This performance is observed in systems utiliz-
ing either post-tensioning techniques [22] or high-strength steel reinforcement [20,21,23],
highlighting their ease of repairability.

From the perspective of construction convenience and material availability, high-
strength steel bars are being adopted by a growing number of researchers. These bars
typically feature spiral grooves on their surfaces, resulting in a significantly reduced
bond strength with the surrounding concrete, approximately one-fifth that of conven-
tional deformed bars [24]. Consequently, the initial lateral stiffness of high-strength steel
bar-reinforced concrete columns is generally lower than that of traditional RC columns.
However, due to their high yield strength and low bond characteristics, these columns
display increasing lateral resistance with increasing drift—a phenomenon known as drift-
hardening behavior. Notably, even at drift ratios of up to 3.0%, the core concrete remains
largely undamaged due to the minimal bond-induced stress concentration. Sun and Cai [20]
further reported that circular RC columns reinforced with low-bond ultra-high-strength
(LBUS) rebars maintained clear self-centering behavior up to a 3.0% drift. Beyond this,
their lateral strength remained stable and did not degrade significantly until a drift ratio of
5.0%. Zhang et al. [25] investigated resilient concrete shear walls composed of steel fiber-
reinforced recycled aggregate concrete and LBUS rebars. Their experimental results showed
stable lateral strength development up to a 2.0% drift, with residual drift ratios consistently
limited to about one-tenth of the peak transient drifts. Takashi et al. [26] explored the
influence of the shear span ratio on the seismic performance of LBUS-reinforced columns
and found that when the shear span ratio was 2.5 or 3.0, lateral resistance continued to
increase. However, a slight strength decline occurred beyond a 1.5% drift when the shear
span ratio was increased to 4.0. In all cases, residual drift ratios remained below 0.5% after
unloading from a 3.0% drift. Cai et al. [27] examined the seismic performance of recycled
concrete columns reinforced with LBUS rebars. Their findings indicated that when the axial
load ratio was 0.14, residual drift ratios were kept below 0.5% up to a 4.5% drift. In contrast,
under a higher axial load ratio of 0.23, this threshold was maintained up to a drift ratio
of 3.5%. These results underscore the high potential of LBUS-reinforced resilient concrete
columns for seismic applications requiring both strength and reparability.

Numerous studies have confirmed the repairability of RRC columns, which are gener-
ally more amenable to post-earthquake retrofit than conventional RC columns. Neverthe-
less, investigations into the retrofit methods and seismic performance of retrofitted RRC
columns remain relatively scarce. To bridge this research gap, the present study adopts
a hybrid retrofit strategy by combining CFRP sheets with steel plates, aiming to enhance
the initial lateral stiffness of damaged RRC columns. Given that CFRP materials primarily
become effective after substantial concrete damage has occurred, prior research indicates
that CFRP retrofit alone provides only partial recovery of column stiffness. Accordingly,
in this study, steel plates were affixed to all four sides of the RRC columns before the
application of CFRP wrapping. This method represents a preliminary attempt to improve
stiffness restoration through a synergistic retrofit approach. To evaluate the effectiveness
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of this technique, five RRC column specimens were cast and subjected to experimental
testing. Key variables included the axial load ratio, the presence or absence of steel plate
confinement, and the fixation method of the steel plates. One specimen was retrofitted
solely with high-strength mortar and served as the control. The primary objective of this
study is to assess the seismic behavior of RRC columns retrofitted with various techniques
and to quantify the role of steel plates in enhancing post-retrofit stiffness. The experimental
findings aim to inform and guide future engineering applications involving the seismic
rehabilitation of RC structures.

2. Experiment Method
2.1. Material Details

The concrete used in this study was commercially available with a 28-day compressive
strength of 57 MPa. Referring to the literature [28], an FRP is effective in improving the
ductility of high-strength concrete. Due to the use of densely spaced stirrups, the maximum
coarse aggregate size was limited to 5 mm to ensure proper workability and placement.
Ultra-high-strength steel bars with a yield strength exceeding 1300 MPa—determined
using the 0.2% offset method—were employed to achieve the self-centering capability of
the columns. Twelve longitudinal bars were arranged within the column cross-section,
resulting in a longitudinal reinforcement ratio of 2.39%. These steel bars featured shallow
surface ribs, leading to reduced bond strength compared to conventional ribbed bars.
While this low bond strength minimizes the crushing of the core concrete caused by the
bar–concrete interaction, it also leads to a reduction in the initial lateral stiffness of the
column. To mitigate excessive slippage of the ultra-high-strength bars, both ends of the
reinforcement were anchored using bolts and washers fastened to 9 mm thick steel plates.
This anchorage method has been validated by Sun et al. [20] to effectively achieve the
desired self-centering behavior. Owing to the high yield strain of ultra-high-strength steel,
the bars remained predominantly elastic even under large deformation, thereby ensuring
sufficient restoring force to minimize residual displacements. The stress–strain relationships
of the longitudinal bars and stirrups used in this study are shown in Figure 1.

As concrete degrades progressively with increasing lateral drift, the shear capacity of
columns tends to diminish. To maintain high lateral resistance throughout the deformation
range, a dense stirrup configuration was adopted. Given the drift-hardening character-
istic of RRC columns, a volumetric stirrup ratio of 2.26% was used to provide adequate
confinement to the core concrete and prevent premature degradation. In the shear span
region, 6 mm diameter stirrups were arranged at a 50 mm spacing, while in the remaining
regions, 10 mm diameter stirrups were used with the same spacing. For column retrofit,
3.2 mm thick steel plates were employed. The edges of the plates were polished, and a
20 mm radius was introduced at each corner to avoid stress concentration. All material
properties used in this study are summarized in Table 1.

Table 1. Material properties.

Material
Name

Thickness or
Diame-
ter/mm

Elastic Mod-
ulus/GPa

Yield
Strength/MPa

Yield
Strain/µε

Tensile
Strength/MPa

SBPDL 12.6 189 1329 9045 -
Stirrup-6 6 194 424 4182 -

Stirrup-10 10 155 324 2201 -
Steel plate 3.2 202 266 1901 -

CFRP 0.167 94 - - 3470
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Figure 1. Longitudinal bars and stirrups used in this study: (a) longitudinal bar, (b) stress–strain
curve of longitudinal bars, (c) 6 mm diameter stirrups, and (d) 10 mm diameter stirrups.

2.2. Specimen Details

The cross-sectional dimensions of the RRC columns were 250 × 250 mm, with a
concrete cover thickness of 25 mm. The shear span of each column was 750 mm, resulting
in a shear span-to-depth ratio of 3.0 for all specimens. To facilitate construction and ensure
accurate alignment during testing, the column bases were replaced by a set of prefabricated
steel blocks, as illustrated in Figure 2a,b. To monitor potential movement at the column base,
two linear variable differential transformers (LVDTs) were installed to measure horizontal
displacement in the direction of lateral loading. The measured displacements were found
to be negligible, confirming the stability of the base during testing. The drift ratio was
calculated as the ratio of the displacement measured by the top LVDT to the shear span of
750 mm.

To prevent out-of-plane tilting, six prestressing steel bars (designated SBPR 1080/1230)
with a nominal diameter of 21 mm were used to anchor the column securely in position.
During the initial loading phase, an axial load corresponding to an axial load ratio was
applied. This axial load ratio was maintained at a constant value of 0.18 across all five RRC
column specimens.

The experimental variables included the axial location, retrofit materials, and the
fixing methods of steel plates. The specimen names were designated based on their
retrofitting configurations to ensure clarity and consistency throughout the paper. For
example, the specimen labeled “S3CFRP-SP” indicates that it is specimen number 3, and it
is retrofitted with CFRP sheets and additional bonded steel plates. Specimen S1Mortar was
the control specimen, which was only retrofitted with high-strength mortar. The parameters
of specimens are listed in Table 2.
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(a) (b) 

(c) 

Figure 2. Loading system and specimen dimensions. (a) Loading system. (b) Specimen dimension.
(c) Arrangement of strain gauges.

Table 2. Experimental parameters of this study.

Specimen Name Axial Load
Ratio

FRP
Type

FRP
Layer

Additional
Steel Plate

Materials for
Fixing the Steel

Plate

S1Moratr 0.18 - - No -
S2CFRP 0.18 CFRP 4 No -

S3CFRP-SP 0.18 CFRP 4 Yes Epoxy resin
S4CFRP-SP-0.25 0.25 CFRP 4 Yes Epoxy resin

S5CFRP-BSP 0.18 CFRP 4 Yes Epoxy resin and
expansion bolts

2.3. Experimental Procedures

Lateral loads were applied using a horizontal actuator with a capacity of 1000 kN
and a maximum displacement of 300 mm. The original specimens were first loaded by
displacement control (0.25%, 0.5%, 0.75%, 1%, 1.5%, and 2%, with each drift ratio lasting
two cycles and one cycle at a 3% drift ratio) to simulate the damage induced by strong
earthquakes. Following the initial loading phases, all damaged specimens were retrofitted
mainly through a four-step procedure: (1) removal of loose and deteriorated concrete
followed by restoration of column integrity using high-strength mortar; (2) injection of
epoxy resin into the column to fill internal cracks; (3) installation of steel plates on the
column surfaces; and (4) external wrapping of the columns with CFRP sheets. Upon
completion of the retrofit process, the specimens were subjected to reloading (0.25%, 0.5%,
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0.75%, 1%, 1.5%, and 2%, with each drift ratio lasting two cycles, and 3%, 4%, 5%, and 8%,
with each drift ratio lasting one cycle for S1Mortar; 3%, 4%, 5%, 6%, 7%, and 8%, with each
drift ratio lasting one cycle for other specimens) up to a target drift ratio of 8%. The detailed
test processes are shown in Figure 3. It is noteworthy that, even at this large deformation
level, no shear failure was observed in the retrofitted RRC columns, and the experiment
was terminated here based on the consideration of the experimenters’ safety. Furthermore,
there was no noticeable degradation in lateral load-carrying capacity, indicating that the
columns maintained excellent deformation capacity post-retrofit.

Figure 3. Experimental processes in this study.

3. Results
3.1. Hysteresis Behavior

During both loading phases, all specimens predominantly exhibited a flexural failure
mode. As shown in Figure 4, the columns continued to demonstrate the characteristic drift-
hardening behavior, with no significant degradation in lateral load capacity observed even
at a drift ratio of 8% after retrofit. After the yielding of the longitudinal reinforcement, the
lateral load continued to increase slightly, reflecting the resilience of the structural system.
The hysteresis responses revealed a pronounced pinching effect, primarily attributed to
the slip of the longitudinal bars, indicating that residual displacements were effectively
controlled through the use of ultra-high-strength steel reinforcement.

The characteristic points of each specimen, including the yield point (defined as the
stage when the steel bars begin to yield), the peak point (corresponding to the maximum
lateral load), and the ultimate point (indicating the maximum displacement), were identi-
fied and are presented in Figure 5. The results indicated that the inclusion of steel plates
contributed to an increase in peak lateral load. Furthermore, specimens in which the steel
plates were anchored using both expansion bolts and epoxy resin (Specimen S5CFRP-BSP)
exhibited superior performance compared to those using epoxy resin alone (Specimen
S3CFRP-SP). Specifically, the hysteresis curves of S5CFRP-BSP were fuller, reflecting en-
hanced energy dissipation capacity due to improved plate anchorage. Additionally, an
increase in the applied axial load was found to result in a noticeable enhancement of the
maximum lateral load capacity.

Compared with the control specimen, S1Mortar, the yield load of Specimen S2CFRP
increased by approximately 15%, indicating that the application of CFRP sheets can effec-
tively restore lateral load-carrying capacity. For specimens retrofitted using both thin steel
plates and CFRP sheets, the peak load was further enhanced. Specifically, the yield loads
of Specimens S3CFRP-SP (293.25 kN) and S5CFRP-BSP (288.25 kN) were 20.4% and 18.4%
higher than that of the control specimen (243.5 kN), respectively. These results suggest
that the addition of external steel plates is beneficial for restoring and enhancing lateral
resistance. Based on these findings, it is hypothesized that the application of pre-stress
to the steel plates could further improve the retrofit effectiveness. Pre-stressing may help
constrain crack propagation and increase the initial stiffness of the column. Following
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CFRP sheet retrofit, an increase in yield load was consistently observed. The yield loads
of Specimens S2CFRP (282 kN) increased by 15.8% compared to the control column. This
improvement may be attributed to the CFRP sheets enhancing the flexural deformation
capacity, promoting a more uniform stress distribution, and delaying the yielding of lon-
gitudinal reinforcement. Additionally, the presence of higher axial loads contributed to
increased yield loads.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 4. Hysteresis curves of specimens. (a) S1Mortar. (b) S2CFRP. (c) S3CFRP-SP. (d) S4CFRP-SP-
0.25. (e) S5CFRP-BSP.
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Figure 5. Characteristic points of specimens.

Although Specimens S3CFRP-SP and S5CFRP-BSP exhibited similar yield and peak
loads, the differences were minimal—1.7% for the yield load and 1.4% for the peak load.
This indicates that the steel plate fixation method had a limited influence on these two pa-
rameters. The trend in the ultimate load followed that of the peak load, with increases of
14.8% and 19.8% observed for Specimens S2CFRP and S3CFRP-SP, respectively, compared
to the control specimen. The increase in axial load had only a marginal effect on the ultimate
load of columns retrofitted with CFRP sheets and steel plates.

3.2. Stiffness Degradation

The secant stiffness at the first cycle of each drift ratio was calculated and normalized
to evaluate the stiffness degradation and recovery behavior of the retrofitted RRC columns.
As shown in Figure 6a, the stiffness degraded rapidly before the drift ratio reached 1%, with
all specimens retaining approximately 50% of their initial stiffness at that point. Between
1% and 4% drift ratios, the degradation rate slowed significantly, and the stiffness remained
between 25% and 50% of the initial value. Beyond a 4% drift ratio, stiffness stabilized at
approximately 20% of the initial value up to the maximum tested drift ratio of 8%. Notably,
specimens subjected to higher axial loads experienced a faster stiffness degradation rate.

  
(a) (b) 

Figure 6. Stiffness degradation and stiffness recovery rate of specimens. (a) Stiffness degradation rate.
(b) Stiffness recovery rate.

Figure 6a indicates that Specimen S1Mortar exhibited a slower stiffness degradation
rate. This behavior is attributed to its lower initial stiffness compared to other retrofitted
columns. To facilitate a more accurate comparison of stiffness recovery across different
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retrofit techniques, the stiffness recovery rate was proposed, defined as the ratio of the
secant stiffness of the retrofitted column to that of the original column at the same drift ratio.

As shown in Figure 6b, the control specimen, S1Mortar, consistently exhibited the
lowest stiffness recovery rate across all drift ratios. In contrast, Specimen S5CFRP-BSP
demonstrated the highest recovery rate at nearly every drift level. At the initial 0.25% drift
ratio, the stiffness recovery rates of most retrofitted specimens reached approximately 90%,
except for the control column, which only used high-strength mortar and recovered about
50%. This confirms that combining high-strength mortar and CFRP sheets significantly
improves stiffness restoration.

Among the composite retrofit techniques, Specimen S5CFRP-BSP (with steel plates
mechanically anchored using expansion bolts) outperformed Specimen S3CFRP-SP (with
bonded steel plates), highlighting the effectiveness of mechanical fixation. The bolted steel
plates provided better confinement and bridging over both damaged and undamaged
concrete regions, enhancing the overall structural integrity.

Similarly, the stiffness recovery rate at a 1% drift ratio for Specimens S2CFRP and
S3CFRP-SP reached 85.2% and 95.7%, respectively. Beyond a 1% drift, Specimen S3CFRP-SP
continued to exhibit a higher stiffness recovery rate than S2CFRP, reinforcing the role of
internal steel plates in promoting effective stiffness restoration. It is also worth noting
that the stiffness recovery rate tended to increase with the drift ratio, even for the control
specimen. This can be attributed to the significant reduction in the original column’s
stiffness at large deformations, making recovery appear more substantial in relative terms.
Additionally, under a slightly higher axial load ratio of 0.25, a marginally greater stiffness
recovery rate was observed, likely due to the increased absolute stiffness resulting from
higher axial confinement. In summary, the use of CFRP sheets in combination with steel
plates—particularly those fixed with bolts—proved to be highly effective in restoring the
stiffness of earthquake-damaged RRC columns.

3.3. Energy Dissipation

The area enclosed by the hysteresis curves was used to quantify the energy dissipation
capacity of the RRC columns. The cumulative energy dissipation was obtained by sum-
ming the area under the curves at each drift ratio. As shown in Figure 7a, all retrofitted
RRC columns demonstrated higher energy dissipation capacities compared to the control
specimen. In particular, the columns retrofitted with CFRP sheets exhibited superior energy
dissipation at almost every drift level. This improvement is attributed to the confinement
effect provided by the CFRP sheets, which restrained concrete deformation and enhanced
its stress–strain response, thereby increasing the peak compressive strength. Furthermore,
the cumulative energy dissipation increased with higher axial load ratios due to the corre-
sponding increase in lateral resistance. For example, the cumulative energy dissipation of
Specimen S4CFRP-SP-0.25 was 9.1% higher than that of Specimen S3CFRP-SP, highlighting
the influence of an axial load on seismic energy absorption.

While Specimen S3CFRP-SP and Specimen S5CFRP-BSP exhibited nearly identical
energy dissipation up to a 6% drift ratio, a slight decrease was observed for Specimen
S3CFRP-SP beyond this point. This suggests that the fixation method of the steel plate
had only a minor impact on the overall energy dissipation. Additionally, the energy
dissipation capacity of Specimen S2CFRP was comparable to that of Specimen S3CFRP-SP,
with a difference of less than 4.5% at the 8% drift ratio. This indicates the relatively small
contribution of thin steel plates to energy dissipation in this context.
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(a) (b) 

Figure 7. Energy dissipation and heq of specimens. (a) Cumulative energy dissipation. (b) heq.

Another parameter commonly used to evaluate the energy dissipation performance
is the equivalent viscous damping coefficient, heq, which is defined in [29]. As shown in
Figure 7b, the heq values for all retrofitted columns initially decreased before reaching a drift
ratio of 1.0%, after which they gradually increased with increasing deformation. At the
0.25% drift ratio, the heq values ranged from 0.099 to 0.141, with Specimen S2CFRP showing
the lowest value and Specimen S3CFRP-SP showing the highest value. A comparison
between Specimens S3CFRP-SP and S4CFRP-SP-0.25, which differed only in the axial load
ratio (0.18 vs. 0.25), revealed that increasing the axial load had a slightly negative effect on
the damping performance. The minimum and maximum heq values for Specimen S3CFRP-
SP were 0.078 and 0.141, respectively, while those for Specimen S4CFRP-SP-0.25 were 0.069
and 0.123. Throughout the loading process, Specimen S5CFRP-BSP exhibited the lowest
heq value of 0.065 at the 1.0% drift ratio. These results suggest that while the CFRP and
steel plate retrofit methods improve energy dissipation, the effect of the steel plate fixation
method and the axial load ratio on energy dissipation is relatively limited, especially in
terms of the equivalent viscous damping coefficient.

3.4. Residual Displacement

Residual displacement is a key indicator in evaluating the post-earthquake repairabil-
ity of RC columns. It is generally accepted that a column is considered repairable if the
residual drift ratio remains below 0.5%. As shown in Figure 8, all retrofitted specimens
maintained residual drift ratios below 0.5% up to approximately a 3.5% drift ratio. This
observation highlights the excellent resilience retained by the retrofitted RRC columns,
suggesting that structural systems incorporating such columns can be restored rapidly after
a seismic event. Interestingly, the increase in axial load ratio did not result in higher residual
displacements for the specimens retrofitted with CFRP sheets and steel plates. This finding
contrasts with results reported in previous studies, which typically associate increased axial
load with greater residual drift. Compared to the control specimen, the CFRP-retrofitted
specimen exhibited slightly reduced residual displacement, demonstrating the effectiveness
of CFRP sheets in improving post-yield behavior and residual control.
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Figure 8. Residual deformation of retrofitted columns.

When comparing different retrofit strategies, specimens retrofitted with both CFRP
and steel plates showed similar residual displacements to those retrofitted with CFRP alone
up to a 7% drift ratio. However, at an 8% drift ratio, the combination retrofit approach
produced noticeably lower residual displacements. In particular, Specimen S5CFRP-BSP,
which incorporated bolted steel plates, exhibited smaller residual displacements than
Specimen S3CFRP-SP (with bonded steel plates) across all drift levels up to 8%. This
outcome indicates that the mechanical fixation of steel plates contributes positively to
residual displacement control in retrofitted RRC columns.

According to FEMA guidelines [30], an RC column is considered repairable when its
residual drift ratio remains below 1.0%. All retrofitted RRC columns met this criterion
up to a 6.0% drift ratio, reflecting their superior repairability. In contrast, the control
column—retrofitted only with high-strength mortar—exceeded the 1.0% threshold at a
5.5% drift ratio due to the accumulation of irreversible damage. These results confirm
the efficacy of CFRP and steel plate reinforcement in restoring and enhancing the post-
earthquake performance of RRC columns.

3.5. Strain Distribution of Reinforcing Materials
3.5.1. Strain Distribution of Longitudinal Bars

The strain distribution of longitudinal bars is illustrated in Figure 9. The solid line
represents the strain distribution in the push direction, while the dashed line denotes the
pull direction. GEL indicates that the longitudinal bar is placed on the east side of the
column, while GWL denotes placement on the west side. Some strain gauge data were
excluded due to excessive column deformation or damage caused by concrete casting.
Figure 9 shows that the longitudinal bars first reached their yield strain at approximately a
6% drift ratio. Before yielding, the strain distribution was nearly linear along the column
height and decreased gradually with increasing elevation. The strain gauge at a height of
100 mm exhibited faster strain development than other locations, particularly after yielding,
as a plastic hinge formed in this region, accelerating strain accumulation. The tensile strain
was significantly larger than the compressive strain, and longitudinal bars typically yielded
in response to tension.
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Figure 9. Cont.
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(e) 

Figure 9. Strain distribution of longitudinal bars on the east and west sides of the specimens.
(a) S1Mortar. (b) S2CFRP. (c) S3CFRP-SP. (d) S4CFRP-SP-0.25. (e) S5CFRP-BSP.

In Figure 9, the vertical blue dashed line indicates the yield strain of the longitudinal
bars, and the height of the intersection point represents the plastic hinge length (PHL)
at the ultimate drift ratio of 8%. The control column exhibited a relatively short PHL
of approximately 250 mm, which is equal to the column cross-sectional width (D). In
contrast, Specimen S2CFRP demonstrated an increased PHL of about 400 mm (1.6 D),
suggesting that the CFRP sheets enhanced the flexural capacity of the reinforced concrete
(RC) column. The introduction of steel plates reduced the PHL, whereas an increase in
axial load resulted in a larger maximum PHL, as illustrated in Figure 9b–d. The bolt-fixed
steel plate configuration exhibited a maximum PHL of approximately 320 mm (1.28 D),
similar to that of the specimen under high axial load.

For the strain gauges GEL2 (pull direction) and GWL2 (push direction), the strain
direction reversed noticeably at drift ratios exceeding 6%. To facilitate further analysis,
Figure 10 presents the strain development of longitudinal bars in Specimen S2CFRP. The
strain gauges GEL5 (GWL5) and GEL6 (GWL6), located at heights of 425 mm and 525 mm,
did not yield during the entire loading process, and their strain values varied consistently
with horizontal displacement. In contrast, the strain gauges GEL1 (GWL1) and GEL4
(GWL4), positioned at −210 mm and 275 mm, reached the yield strain at around a 6% drift
ratio, followed by rapid strain development, resulting in an enlarged enclosed area in the
strain–displacement curve. Meanwhile, the strain gauges GEL2 (GWL2) and GEL3 (GWL3),
situated within the plastic hinge region, underwent intense fluctuations after a 5% drift
ratio, with their curves exhibiting a near-vertical increase upon steel bar yielding.

3.5.2. Strain Distribution of Stirrups

Figure 11 presents the strain distribution of stirrups, with the solid line indicating the
strain distribution in the push direction and the dashed line representing the pull direction.
GST indicates that the stirrup is placed on the south side of the column, while GET denotes
placement on the east side. The results demonstrate that the stirrups remained below the
yield strain throughout most of the loading process, except for Specimen S4CFRP-SP-0.25
under high axial loading. The strain within the plastic hinge region showed significant
increases with higher drift ratios, particularly after exceeding a 3% drift. When compared
to the control column, Specimen S2CFRP exhibited notably higher strain values in the
plastic hinge region on the east side at an 8% drift ratio. However, these strains remained
below the stirrup yield strain of 4200 µε. In contrast, strain measurements on the south
side showed minimal variation, as this region was dominated by shear strain rather than
tensile strain, particularly during large deformation stages. Specimen S3CFRP-SP displayed
slightly reduced strain values in the plastic hinge region, with measurements below 1200 µε
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on both the south and east sides. This observation suggests that the steel plate’s presence
may have reduced the maximum stirrup strains, likely due to the enhanced confinement
effect provided by the steel plate.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 10. Strain development of longitudinal bars on the east and west sides of Specimen S2CFRP.
(a) GEL1 (GWL1). (b) GEL2 (GWL2). (c) GEL3 (GWL3). (d) GEL4 (GWL4). (e) GEL5 (GWL5).
(f) GEL6 (GWL6).

The experimental data further revealed that increased axial loading led to higher
stirrup strains, particularly on the east side. At a 6% drift ratio, east-side stirrup strains
exceeded yield levels, while south-side strains remained below 1500 µε. This behavior can
be attributed to additional deformation caused by the higher axial load, which induced
greater concrete expansion and consequently increased stirrup strains. Comparative anal-
ysis between Specimen S3CFRP-SP and Specimen S5CFRP-BSP indicated that bolt-fixed
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steel plates resulted in marginally higher maximum strains in the plastic hinge region for
both the south and east sides. However, given the observed irregularities in stirrup strain
distribution patterns, additional experimental verification would be necessary to confirm
these findings.

  
(a) 

  
(b) 

  
(c) 

  
(d) 

Figure 11. Cont.
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(e) 

Figure 11. Strain distribution of stirrups on the south and east sides of the specimens. (a) S1Mortar.
(b) S2CFRP. (c) S3CFRP-SP. (d) S4CFRP-SP-0.25. (e) S5CFRP-BSP.

3.5.3. Strain Distribution of CFRP

Figure 12 illustrates the development of CFRP sheet hoop strain on both the south
and east sides. On the south side, Specimen S2CFRP exhibited slightly higher strain values
during early loading stages compared to specimens with steel plates. This observation
indicates that while the steel plates provided some initial restraint, their effectiveness was
limited, as evidenced by the relatively small strain variations between specimens.

  
(a) (b) 

  
(c) (d) 

Figure 12. Development of CFRP hoop strain on the south and east sides of the column. (a) Strain of
FS1 in the push direction. (b) Strain of FS1 in the pull direction. (c) Strain of FE1 in the push direction.
(d) Strain of FE1 at pull direction.
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The method of steel plate attachment significantly influenced CFRP strain behavior. On
the south side, bolt-fixed steel plates reduced push-direction CFRP strain more substantially
than epoxy-bonded plates, while pull-direction strains showed minimal variation. The
axial load magnitude markedly affected CFRP hoop strain development, with high axial
load conditions producing strains approximately 2.6 times greater in the push direction
and 1.9 times greater in the pull direction at a 6% drift ratio compared to low axial load
conditions. Steel plate implementation reduced south-side CFRP hoop strains by 68% in
the push direction and 38% in the pull direction at a 6% drift ratio.

The behavior on the east side differed significantly due to pronounced steel plate
compression during large deformations, resulting in dramatic CFRP hoop strain increases
(Figure 12c,d). Pull-direction strains substantially exceeded push-direction values on
the east side, primarily due to additional steel plate deformation. Following steel plate
yielding, rapid deformation development caused abrupt CFRP strain escalation. While
steel plates generally reduced CFRP strain (Figure 12d), Specimen S5CFRP-BSP exhibited
notable strain increases after steel plate yielding at a 2% drift ratio. High axial loading
conditions generated elevated east-side CFRP hoop strains, with maximum pull-direction
strain reaching 9032 µε compared to 5872 µε in the push direction. This directional disparity
stems from distinct concrete stress states: in the pull direction, the concrete on the east
side experienced compression that led to severe expansion deformation, while the push
direction produced tension effects. The compressive stresses during pulling consequently
induced more substantial concrete expansion and associated CFRP straining.

Figure 13 presents vertical strain development on the east side of the specimens. The
results clearly demonstrate that the implementation of steel plates significantly reduced
vertical strain. Importantly, the observed vertical strain values were substantial and there-
fore cannot be neglected, indicating that biaxial stress conditions must be considered when
using FRP sheets for RC column retrofit. This finding suggests that biaxial FRP sheets
would be more appropriate for such applications. As expected, higher axial loads generally
resulted in greater vertical strains. However, Figure 13b reveals an interesting exception:
Specimen S5CFRP-BSP exhibited larger vertical strains than both Specimen S3CFRP-SP
and Specimen S4CFRP-SP-0.25 beyond a 4% drift ratio. This phenomenon can be attributed
to steel plate yielding, where subsequent plate buckling introduces additional deformation.
Notably, despite these increased strains, the CFRP sheets maintained their integrity without
rupture, demonstrating excellent deformation capacity under these demanding conditions.

  
(a) (b) 

Figure 13. Development of CFRP axial strain on the east side of the column. (a) Strain of FEV in the
push direction. (b) Strain of FEV at pull direction.
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4. Improvement Mechanism of Additional Steel Plates
The seismic performance of RRC columns retrofitted with CFRP sheets and steel plates

can be further evaluated through a comparative analysis of the skeleton curves shown in
Figure 14. During the initial loading stage, the steel plate acts as a bridging mechanism
that effectively connects the damaged concrete with the newly applied high-strength
mortar, both in the hoop and axial directions. Moreover, the steel plate helps restrain crack
propagation initiated during the first loading phase and prevents the development of new
cracks. Consequently, specimens incorporating steel plates demonstrate a higher stiffness
recovery rate than the control specimen. Among these, the steel plate fixed using both
expansion bolts and epoxy resin outperformed the specimen where the plate was bonded
solely with epoxy, as observed in Specimens S5CFRP-BSP and S3CFRP-SP. The earlier
engagement of mechanically fixed steel plates enhances their restraining effectiveness
compared to bonded configurations.

 

Figure 14. Skeleton curves of specimens.

This improvement can be attributed not only to the better physical anchorage pro-
vided by expansion bolts but also to the more uniform stress transfer from steel plates
to the surrounding retrofit materials. As a result, steel plate-strengthened specimens ex-
hibited a more stable hysteretic response and delayed stiffness degradation throughout
the cyclic loading. In particular, S5CFRP-BSP maintained a more symmetrical and fuller
hysteresis loop at larger drift ratios, indicating enhanced energy dissipation capacity and
ductility. Additionally, the presence of steel plates reduced the tendency for localized
CFRP overstretching and rupture by distributing the tensile forces more evenly along the
retrofit zone.

Due to this enhanced crack control, columns retrofitted with both CFRP sheets and
steel plates showed improved lateral resistance and stiffness recovery relative to those
retrofitted with CFRP sheets alone. As lateral displacement increased, axial strain in the
CFRP sheets also increased, potentially diminishing the CFRP’s confinement effectiveness.
In this study, the CFRP was applied in the hoop direction using epoxy resin; however,
axial tensile forces may degrade the bond between the fibers and the resin. This issue was
particularly evident in Specimen S2CFRP, which was retrofitted using only CFRP sheets and
exhibited a maximum axial strain value exceeding 6000 µε. In RC columns fully wrapped
with FRPs, a loss of aggregate interlock in the concrete has been observed at fiber strains
lower than the ultimate tensile strain of the FRP. To prevent such premature failure, the
design strain for fully wrapped members should be limited to 4000 µε, as recommended by
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ACI 440.2R-17 [31]. These findings underscore the need to account for excessive axial strain
in future studies.

In contrast, the incorporation of steel plates significantly reduced the axial strain in the
CFRP sheets, thereby preserving their confinement effect, as demonstrated by Specimens
S3CFRP-SP and S5CFRP-BSP. Moreover, Figure 14 showed that under both push and pull
loading directions, the steel plate-strengthened specimens achieved average peak lateral
loads exceeding 300 kN, which was a little higher than Specimen S2CFRP. Among these,
S5CFRP-BSP demonstrated the most stable and symmetrical response, suggesting superior
energy dissipation and reduced stiffness degradation across load cycles. The specimen
under a higher axial load ratio (S4CFRP-SP-0.25) showed the highest lateral strength and
stiffness, confirming the importance of the axial load ratio in determining the overall
retrofit effectiveness.

As shown in Figure 14, once lateral displacement reached 2.44 mm (0.325% drift ratio)
in the push direction and 2.9 mm (0.387% drift ratio) in the pull direction, all specimens
retrofitted with both CFRP sheets and steel plates exhibited higher lateral strength than
the specimen retrofitted solely with CFRP. Notably, Specimen S5CFRP-BSP consistently
achieved higher average lateral strength (calculated from the push and pull directions)
than Specimen S3CFRP-SP throughout the test, highlighting the superior performance of
mechanical fixation. Furthermore, S5CFRP-BSP exhibited lower CFRP axial strain at large
deformations, confirming that reduced axial strain contributes to more effective retrofit of
earthquake-damaged RRC columns. These results collectively demonstrate that the synergy
between CFRP confinement and bolted steel plate anchorage offers a reliable and practical
retrofitting solution for earthquake-damaged RC members. The bolted anchorage method is
practical for field application and does not impose excessive complexity during installation.

5. Conclusions
This study investigated the seismic performance of RRC columns retrofitted using

various methods. Based on the experimental results and analysis, the following conclusions
can be drawn:

(1) High-strength mortar alone preserved the resilience characteristics of drift-
hardening and self-centering behavior but provided limited improvement in lateral load
capacity. The use of CFRP sheets significantly enhanced lateral resistance beyond a 3%
drift ratio, albeit with relatively limited stiffness at early stages. The addition of steel plates
further increased peak load capacity, with mechanically anchored steel plates (bolts and
epoxy) proving more effective than epoxy bonding alone. While increasing the axial load
ratio led to a clear enhancement in maximum lateral load, the ultimate load of CFRP- and
steel plate-retrofitted specimens remained relatively unchanged.

(2) The secant stiffness degradation of retrofitted RRC columns followed a three-stage
pattern: (i) rapid decline (0.25–1.0% drift), (ii) gradual decline (1.0–4.0%), and (iii) stabi-
lization (4.0–8.0%). Stiffness degraded more rapidly under higher axial loads. The control
specimen (S1Mortar) showed the lowest stiffness recovery rate, while the specimen with
mechanically fixed steel plates (S5CFRP-BSP) achieved the highest rate across nearly all
drift ratios. The combined use of high-strength mortar and CFRP sheets effectively restored
stiffness. Mechanically anchored steel plates (S5CFRP-BSP) outperformed bonded plates
(S3CFRP-SP), demonstrating superior stiffness recovery.

(3) CFRP-retrofitted specimens demonstrated greater energy dissipation capacity than
the control. Cumulative energy dissipation increased with higher axial loads. The steel
plate fixation method had a minimal impact on overall energy dissipation capacity. The heq

initially declined before a 1.0% drift and increased thereafter.
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(4) Retrofitted columns exhibited residual drift ratios below 0.5% at approximately a
3.5% drift, maintaining good self-centering and indicating high repairability. CFRP- and
steel plate-retrofitted specimens remained below the 1.0% residual drift limit up to a 6.0%
drift ratio. Increased axial load did not result in greater residual displacement for CFRP-
and steel plate-retrofitted specimens.

(5) The plastic hinge length of the control column was approximately 250 mm (equal
to the column section width, D). CFRP retrofitting increased the PHL to 400 mm (1.6 D),
while the introduction of steel plates reduced the PHL. Increased axial load led to a longer
maximum PHL. Mechanically anchored steel plates resulted in a PHL of approximately
320 mm (1.28 D), similar to that observed in specimens under higher axial loads.

(6) Steel plate confinement effectively reduced CFRP hoop strain by 68% in the push
direction and 38% in the pull direction at a 6% drift. The axial strain in CFRP sheets was
also significantly reduced by steel plates. Given the large axial strain values observed, it is
essential to consider biaxial stress conditions when employing FRP sheets for the seismic
retrofit of RC columns.
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