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ARTICLE INFO ABSTRACT

Keywords: Carbon fiber reinforced polymer (CFRP) has emerged as an effective material for strengthening reinforced
CFRP anchorage system concrete (RC) structures due to its high tensile strength, corrosion resistance, and ease of installation. However,
Confined

in square or rectangular RC columns, stress concentrations at corners hinder the development of uniform
confinement, thereby reducing strengthening efficiency. This study presents a comprehensive experimental and
theoretical investigation into the performance of CFRP-confined RC square columns with varying anchor con-
figurations. Six full-scale column specimens were tested under monotonic axial compression, each externally
wrapped with one layer of CFRP sheet and installed with zero to four CFRP anchors. All columns were chamfered
with a 30 mm radius to mitigate corner stress concentrations. The experimental results demonstrated that CFRP
anchors significantly enhanced load-bearing capacity and ductility, improved lateral confinement, and modified
the failure mechanisms. The specimen with three anchors exhibited optimal performance, with a 51.5 % increase
in peak load (from 879.9 kN to 1333.2 kN) and a 29.9 % improvement in ductility index compared to the un-
confined control. The failure mode transitioned from brittle global instability to ductile localized damage,
accompanied by more uniform hoop strain distribution. However, excessive anchoring introduced stress inter-
ference and local cracking, leading to performance degradation. To characterize the mechanical response, a
modified stress-strain model was developed, incorporating a reduction factor to account for confinement
weakening caused by anchor installation. The model exhibited strong agreement with experimental data (R* >
87 %) in predicting both peak and ultimate stresses. This study provides valuable insights into the mechanical
enhancement mechanisms of CFRP anchoring systems and offers a rational design basis for strengthening non-
circular RC columns in structural rehabilitation.

RC square columns
Stress-strain model

1. Introduction this context, fiber-reinforced polymer (FRP) has emerged as a key ma-

terial for concrete strengthening due to its high specific strength,

With the rapid advancement of urban development, many existing
concrete structures have significantly exceeded their original design
service life, leading to increasing concerns regarding their load-bearing
capacity and durability. Consequently, the demand for structural
strengthening and rehabilitation has grown substantially. Traditional
strengthening techniques—such as steel plate bonding and section
enlargement—often suffer from several limitations, including complex
construction procedures, increased self-weight, and poor corrosion
resistance, making them less suitable for modern structures that require
high performance, lightweight properties, and long-term durability. In
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excellent corrosion resistance, and ease of application [1-3]. The
widespread adoption of FRP composites has not only improved the
load-bearing and ductility performance of structures but also acceler-
ated the development of composite materials in the field of civil engi-
neering [4-6]. As a result, investigating the strengthening mechanisms
and performance enhancement strategies for concrete structures has
become a critical research focus at the intersection of structural engi-
neering and materials science.

The external wrapping technique using CFRPs has been widely
applied to strengthen various concrete structural elements, including
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beams, columns, and walls. In particular, it has demonstrated excellent
effectiveness in enhancing the compressive performance of column
members. Extensive research has shown that FRP sheets can provide
lateral confinement to the concrete core, thereby generating a triaxial
compressive stress state that significantly improves both the ultimate
load capacity and plastic deformation ability of the confined members
[7,8]. Bai et al. [9] investigated the interaction between longitudinal
reinforcement buckling and FRP wrapping in RC columns, highlighting
the significant influence of corner radius and number of FRP layers on
compressive performance. Increasing the corner radius and the number
of wrapping layers improved the confinement efficiency. Al-Nimry and
Neqresh [10] examined the effect of CFRP sheets on square RC columns
under eccentric loading and found that CFRP wrapping significantly
enhanced both axial and flexural capacities, particularly improving
ductility and toughness under large eccentricities. Fan et al. [11,12]
developed a meso-scale finite element model for CFRP-confined rect-
angular RC columns, revealing that the plastic hinge length is highly
sensitive to corner radius and confinement ratio. Larger sizes resulted in
increased prediction error, although greater corner radii effectively
mitigated this issue. Rehman et al. [13] reported that while CFRP
wrapping improved the load-bearing capacity and ductility of
pre-damaged RC columns, its stiffness recovery was limited, indicating a
need for enhanced strengthening techniques under specific service
conditions. Compared to circular columns, rectangular or square sec-
tions are more prone to stress concentration at the corners, where FRP
sheets often exhibit premature debonding or rupture. This limits the full
development of confinement [14-16]. Therefore, improving the effi-
ciency of FRP confinement in non-circular cross-sections remains a key
challenge in current research.

To enhance the interfacial bonding performance and confinement
stability of FRP in the strengthening of rectangular concrete members,
various composite reinforcement strategies have been proposed by re-
searchers [17-19]. Saleem et al. [20] conducted systematic experiments
on concrete columns confined with cotton fiber rope (CFRRP) and nylon
fiber rope (NFRRP), evaluating their compressive behavior and
stress-strain responses under different aspect ratios and corner radii.
Kunawisarut et al. [21] showed that unidirectional jute FRP (UJFRP)
markedly improves concrete strength and ductility over woven jute FRP
(WJFRP) and proposed a simplified model for accurate prediction of
ultimate stress and strain. Zhong et al. [22] investigated the axial
compressive performance of rectangular FRP-concrete-high-strength
steel multi-tube composite columns (RMTCCs), revealing that compared
with conventional RCFFT columns, RMTCCs exhibit significantly
improved load capacity and ductility, while mitigating post-peak soft-
ening caused by insufficient FRP confinement. Among various tech-
niques, anchorage systems composed of FRP anchors or dowels have
proven particularly effective in preventing FRP sheet debonding and
enhancing interfacial shear transfer, making them a promising solution
for improving overall strengthening efficiency [23,24]. Existing studies
indicate that FRP anchoring systems offer clear advantages in improving
force transfer between the FRP and concrete, delaying interfacial failure,
and enhancing structural ductility [25-27]. Triantafillou et al. [28]
systematically examined the influence of section aspect ratio, anchorage
type and quantity, local reinforcement, and section enlargement on the
axial compressive behavior of FRP-confined RC columns, highlighting
that properly embedded anchors can nearly double the confinement
effect, and local edge reinforcement can further increase confinement
efficiency by approximately 50 %. Gao et al. [29] studied the seismic
performance of RC square columns strengthened with fan-shaped an-
chors and bidirectional BFRP composite laminates under low-cycle
reversed loading. The results showed that anchorage significantly
improved the working strain in longitudinal fibers and enhanced
bending performance. Tasdemir et al. [30] conducted field tests to
investigate the effects of anchor diameter, hole depth, fan angle, and
fan-shaped confinement on anchorage capacity and failure modes,
emphasizing that fiber alignment and anti-peeling measures
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significantly enhance anchorage performance. However, since CFRP
anchors are embedded into the concrete through drilled holes, the
installation process may introduce local stress concentrations and
compromise the structural integrity. Therefore, the rational configura-
tion of anchorage parameters—such as anchor quantity, layout, and
dimensions—remains unclear. A deeper understanding of their influ-
ence on structural behavior still requires systematic experimental
investigation and theoretical analysis.

Regarding the mechanical behavior of concrete columns strength-
ened with FRP anchoring systems, several theoretical models have been
developed based on the principle of confinement stress superposition.
These models typically treat the confining effects of FRP sheets, anchors,
and transverse reinforcement in an equivalent manner to establish a
unified expression for lateral confinement pressure, which is then used
to predict the stress—strain behavior of the strengthened concrete. Saeed
etal. [19] conducted systematic pull-out tests on FRP anchors fabricated
from CFRP ropes, thoroughly analyzing the effects of embedment depth,
hole diameter, and epoxy type on anchorage capacity and failure modes.
They introduced a modified pull-out performance model specifically
applicable to column strengthening scenarios. Zhou and Wu [31] pro-
posed a unified constitutive model with high generality and clear
physical interpretation, capable of accurately describing the stress—
strain and bond-slip relationships in concrete-FRP composite systems,
effectively replacing multiple existing empirical models. Del Rey Castillo
et al. [32] performed seismic performance tests on RC columns flexibly
strengthened with FRP, validating the accuracy of combined FRP
anchorage and wrapping in predicting moment capacity. They further
identified a three-stage nonlinear response and proposed a trilinear
model based on distinct failure modes of anchors and FRP sheets.
Bournas et al. [33], through comparative tests involving various
anchorage parameters (e.g., number, diameter, sheet type, and adhe-
sive), identified fiber rupture as the most desirable failure mode and
quantitatively correlated effective strain with confinement stress. Hany
et al. [34] conducted cyclic axial loading tests on rectangular columns
strengthened with externally bonded CFRP sheets and anchors, devel-
oping an envelope model comprising a pre-peak parabolic and post-peak
linear segment. A full cyclic response model incorporating unloa-
ding-reloading paths was also established. Lin, Teng, and colleagues
[35] proposed a novel stress—strain model for FRP-confined concrete
based on finite element analysis and equivalent circular section map-
ping. By introducing a stress ratio parameter and a corner strain-driven
mechanism, the model significantly improved post-peak prediction ac-
curacy. Isleem et al. [36,37] developed a unified axial stress—strain
model for rectangular RC columns simultaneously confined by FRP
wrapping and anchorage, based on axial compression test data. The
model features a three-segment structure and a composite confinement
stress formulation, effectively capturing bilinear and post-peak soft-
ening responses under varying confinement conditions. However, most
existing theoretical models do not adequately account for the local
weakening of concrete strength caused by an increasing number of an-
chors, nor do they provide detailed simulations of interfacial slip, bond
failure, or localized stress concentration. Under high-density anchor
cluster configurations, existing models struggle to capture the nonlinear
variation in peak strength, limiting their applicability in optimal
strengthening design and practical engineering applications.

In summary, although CFRP anchoring systems have demonstrated
clear advantages in enhancing structural strengthening efficiency, key
gaps remain regarding the optimal anchor configuration and theoretical
modeling, particularly for rectangular RC columns. To address these
challenges, this study conducted monotonic axial compression tests on
six full-scale RC square column specimens. The specimens were
strengthened by external CFRP wrapping with varying numbers of CFRP
anchors (ranging from zero to four). Through detailed measurements of
load-displacement behavior, hoop strain distribution, and stress-strain
responses, the effects of anchor quantity on structural performance were
systematically evaluated. Furthermore, a modified stress—strain model
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incorporating the weakening effect caused by anchor installation was
proposed to improve predictive accuracy. The findings aim to guide the
optimization and engineering application of CFRP anchoring systems in
strengthening non-circular RC columns.

2. Experimental program
2.1. Specimen design

The experimental program comprised monotonic uniaxial compres-
sion tests on six RC short columns. Each specimen had a height of
400 mm and a rectangular cross-section measuring 150 mm x 150 mm.
All specimens were cast using C30 concrete. Longitudinal reinforcement
consisted of four 12mm diameter HPB300-grade steel bars, while
transverse reinforcement was provided by 8 mm HPB300-grade stirrups
spaced at 120 mm intervals. The clear concrete cover was 20 mm. The
detailed dimensions and reinforcement layout of the specimens are
illustrated in Fig. 1.

This experimental program aims to investigate the effects of different
CFRP anchor configurations on the confinement performance of RC
columns. Specifically, the study examines how varying the number of
CFRP anchors influences the strengthening effectiveness of RC short
columns. Previous studies have shown that chamfering the corners of
non-circular columns prior to CFRP application can effectively reduce
stress concentrations. Moreover, the confinement efficiency generally
improves with increasing chamfer radius. According to the literature,
typical chamfer radii range from 20 mm to 30 mm, with enhanced
performance sometimes observed when the radius is increased to 35
mm-45mm. In the present study, a chamfer radius of
30 mm—commonly considered optimal under standard con-
ditions—was applied to all specimens. Additionally, each strengthened
RC column was fully wrapped with a single layer of CFRP. The anchor
bolts were positioned at the midpoints of each side of the column
specimens and evenly spaced along the longitudinal axis according to
their quantity. UU denotes the unreinforced control; SO, CFRP wrap
without bolts; and S1-S4, one to four bolts per side. Detailed configu-
rations of all specimens are provided in Table 1.

2.2. Material properties

The concrete employed for the RC square columns was designed to
achieve a target unconfined compressive strength of 30 MPa, with a
specified water—cement ratio of 0.52. The proportion of concrete is
cement, sand, stone and water. During the casting process, three sets of
concrete cubes with different strength grades, each measuring 150 mm
x 150 mm x 150 mm, were prepared. These cubes were cured under
the same conditions as the main specimens and were tested for

Concrete C30

Longitudinal bar
4012

400 mm

Hooped
reinforcement
8@120

Fig. 1. Dimensions and reinforcement details of the test specimens.
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Table 1
Detailed configuration of the test specimens.
Specimen CFRP Anchor Anchor depth Fan length®
number sheet number /mm /mm
uu 0 0 0 —
SO 1 0 0 —
S1 1 1 35 60
S2 1 2 35 60
S3 1 3 35 60
S4 1 4 35 60

# The radius length of the anchor fan.

compressive strength at the time of specimen testing. The reinforcement
consisted of hot-rolled ribbed steel bars with a diameter of 12 mm
(HPB300) and a nominal yield strength of 300 MPa. Longitudinal rein-
forcement was fixed in place using stirrups prior to concrete casting. The
CFRP utilized in this study was a unidirectional carbon fiber fabric
supplied by a manufacturer based in Shanghai. For fiber impregnation, a
two-component modified epoxy resin, also produced by a Shanghai-
based company, was applied. The detailed material properties of the
concrete, steel reinforcement, CFRP, and epoxy resin used in this
experiment are summarized in Table 2.

2.3. Installation of the CFRP anchorage system
(1) Fabrication Procedure of CFRP Anchors

The fabrication of CFRP anchors in this study followed the procedure
proposed by Kim & Smith [38], and the test results indicated a tensile
strength of 3800 MPa with a maximum tensile capacity of 26.68 kN. The
CFRP anchors were fabricated using unidirectional CFRP sheets, each
anchor was prepared by cutting a strip measuring 150 mm in width and
95 mm in length. The length consisted of a 60 mm fan-shaped portion
and a 35 mm embedded segment, which included a small edge folded to
form a 90° bend. The cut CFRP sheet was then rolled into a tubular
shape. To prevent damage at the bent segment, the hardened portion
was limited to no more than two-thirds of the embedded length. Epoxy
resin was applied at the end of the anchor to form a hardened axial
section, ensuring adequate strength and durability. The resulting anchor
had a butterfly-shaped configuration with a nominal diameter of 10 mm.
The detailed fabrication process of the CFRP anchors is illustrated in
Fig. 2.

(2) Installation of the CFRP Anchoring System

Anchor holes were drilled along the midlines of all four faces of the
specimen, with a diameter of 10 mm and a depth matching the
embedded length of the CFRP anchor (35 mm). To ensure that the CFRP
anchoring system effectively restrained deformations and cracking
induced by loading, the holes were thoroughly cleaned to remove dust
and debris. The specimen surfaces were then ground using an angle
grinder and wiped multiple times with acetone to eliminate surface
contaminants. Prior to application, components A and B of the two-part
epoxy resin were thoroughly mixed. The mixed resin was uniformly
applied to both the specimen surface and the interior of the drilled holes.
A layer of CFRP fabric was then bonded onto the concrete surface,
covering the anchor holes. Each CFRP anchor was inserted through the
fabric and embedded into the holes. The exposed end of the anchor was
unfolded into a fan shape and pressed tightly against the CFRP sheet to
ensure full contact and bonding. After installation, the surface of the
specimen was smoothed to remove air bubbles introduced during the
bonding process, thereby preventing the formation of any defective
interfacial zones within the CFRP anchoring system. The detailed
installation procedure is illustrated in Fig. 3.

After installation, the strengthened specimens were placed in a
temperature-controlled indoor environment to allow the initial setting
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Table 2
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Material properties of concrete, steel reinforcement, CFRP, and epoxy resin used in the experiment.

Material Material parameter
Concrete feux (MPa) £ (MPa)
34.8 39.4+19
Steel bar Rebar Grade Diameter (mm) Yield strength f; (N/mm?) Ultimate tensile strength f, (N/  Modulus of elasticity E, (10°N/mm?)
mmz)
HPB300 12 452.15 615.72 2.01
CFRP Areal Density (g/ Tensile Strength (Mpa) Elastic Modulus (Gpa) Elongation at Break (%) Interlaminar Shear Strength (Mpa)
m?)
200 3325 2.40 x 10° 1.74 45.1
Epoxy Tensile Strength Compressive Strength Tensile Modulus of Elasticity Flexural Strength(Mpa) Elongation Tensile Shear Strength
resin (Mpa) (Mpa) (Mpa) (%) (Mpa)
50.9 82.3 3300 75.3 1.94 18.8
Long Direction
Remove

Anchor Fan

CFRP
Anchor

Lateral Fibers

Fig. 2. Fabrication process of the CFRP anchors.

of the CFRP anchoring system. After 24 h, the protruding discrete fibers
at the ends of the CFRP sheets were trimmed, and the specimen surfaces
were cleaned using non-woven fabric. Subsequently, the specimens were
cured under stable ambient conditions for an additional 7 days to ensure
full hardening of the CFRP anchoring system. Fig. 4 illustrates the layout
of the CFRP anchoring system.

2.4. Instrumentation set up

The experimental tests were conducted using a high-stiffness full-
range compression testing machine at Tongji University. The testing
setup is illustrated in Fig. 5. The main technical specifications of the
machine are as follows: maximum load capacity of 3000 kN; maximum
vertical clearance of 850 mm; load measurement accuracy within +1 %
of the indicated value; displacement measurement accuracy within
+0.1 % F.S.; loading rate adjustable from 0 % to 100 % F.S./min; and
displacement rate ranging from 0.001 to 50 mm/min. This testing

system enables real-time acquisition of fundamental mechanical pa-
rameters such as compressive strength, full stress-strain curves, and
elastic modulus.

All specimens were tested under uniaxial compression until failure,
using load control with a constant loading rate of 150 kN/min. To
monitor the axial strain during loading, four displacement transducers
(with a measurement range of 250 mm) were installed on each spec-
imen—two positioned on the upper platen and two on the lower platen
of the testing machine. The average of the readings from the two pairs of
transducers was used to calculate the axial strain during compression. In
addition, eight circumferential electrical strain gauges and two axial
strain gauges were affixed around the mid-height of each specimen to
monitor hoop and axial strains during the compression process. For
rectangular specimens, where CFRP sheets are prone to tensile rupture
at corner regions due to stress concentration caused by curvature
changes, four additional strain gauges were installed at the corners at
mid-height. The circumferential strain gauges had a gauge length of

Fig. 3. Installation process of the CFRP anchoring system.
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200 mm
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133.33x3 mm
100x4 mm
66.67x4 mm

S2 S3 S4

Fig. 4. Layout form of CFRP anchoring system.

50 mm, while the corner and axial strain gauges were 20 mm in length
to minimize measurement errors. Axial strain for stress-strain curves
was obtained from the strain gauge on the failure side, while gauges on
both sides were installed to prevent data loss or invalid readings. The
detailed layout of the displacement transducers and strain gauges is
illustrated in Fig. 6.

3. Experimental results
3.1. Failure modes

Fig. 7 illustrates the failure patterns of RC columns strengthened
with different numbers of CFRP anchors under uniaxial compression.
The control specimen (UU) exhibited a typical brittle failure mode,
characterized by spalling of the concrete cover, corner cracking, buck-
ling of longitudinal reinforcement, and severe crushing of the concrete
core. At the initial stage of loading, due to the absence of effective
confinement, the tensile strength of concrete was insufficient to resist
cracking at the corners, which initiated early failure. As the cracks
propagated, the concrete cover delaminated, indicating that the integ-
rity of the protective layer could not be maintained under the ultimate
load. The emergence of localized damage further accelerated the dete-
rioration process. With the development of cracking, the embedded steel
bars gradually became exposed and entered a plastic deformation phase.
Owing to the limited lateral confinement provided by the concrete,
corner cracking intensified, and the axial load carried by the longitu-
dinal reinforcement at the top of the specimen increased, leading to local
buckling of the steel bars. This significantly hastened the final failure of
the specimen.

In contrast, the specimens strengthened with CFRP exhibited
improved confinement due to the restraining effect of the CFRP sheets,
which effectively suppressed lateral expansion of the concrete, delayed
crack propagation, and enhanced the overall ductility of the structure.

Load
150 kN/min

Displacement
Sensors

(a) Schematic diagram of the experimental setup

For specimen SO, the failure mode was characterized by longitudinal
cracking, slight buckling of the steel bars, and localized rupture of the
CFRP confinement layer. Although the CFRP wrapping enhanced both
the ultimate load-carrying capacity and deformation capacity of the
specimen, the confinement was not uniformly distributed. In corner
regions and areas with suboptimal bonding quality, the CFRP failed due
to tensile stress exceeding its ultimate strength, resulting in a loss of
confinement. Consequently, the concrete cover spalled off, and mild
buckling of the longitudinal reinforcement occurred, leading to local-
ized structural instability under high-stress conditions.

The observed failure patterns indicate that the proposed CFRP
anchoring system enhances the interfacial bond between the CFRP
sheets and the concrete substrate, beyond the effect of external CFRP
wrapping alone. This system contributes to stress redistribution under
high loading conditions and alleviates stress concentrations at the
specimen corners. Based on the failure modes of specimens S1, S2, and
S3, it was found that when the number of anchors was limited (S1 and
S2), the CFRP sheets exhibited significant tearing in the mid-height re-
gion, accompanied by partial anchor pullout. This indicates that the
anchors were insufficient to prevent debonding of the CFRP, and that
localized concrete damage further reduced the effectiveness of the
confinement system. Following the rupture of the CFRP sheet, the
confinement effect on the concrete core rapidly deteriorated, resulting
in increased internal stress concentration, crack propagation, spalling of
the concrete cover, and damage to the core. Mild buckling of the lon-
gitudinal reinforcement eventually led to structural instability. In
contrast, specimen S3 demonstrated improved confinement perfor-
mance throughout the loading process. No anchor pullout was observed,
and cracks initiated at the anchor locations and extended toward the
corners, suggesting that the anchoring system significantly enhanced the
bond strength and promoted a more uniform stress distribution.
Nevertheless, under extreme loading conditions, localized stress con-
centrations still led to interfacial failures around the anchors. For

\ “

.

(b) Experimental setup

Fig. 5. Experimental loading setup.
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50mm Lateral strain gauge
T

/

50mm Axial strain gauge

Specimen section at h/2

Fig. 6. The detailed layout of the displacement transducers and strain gauges.

specimen S4, with a further increase in the number of anchors, more
pronounced local stress concentrations were observed near the anchors.
The drilling required for anchor installation resulted in the formation of
vertical penetrating cracks between adjacent anchors, which subse-
quently extended toward the corners. This indicates that excessive
anchoring introduced stress-release paths that exacerbated CFRP sheet
damage and reduced specimen integrity. As a result, the overall struc-
tural performance declined.

3.2. Load-displacement response

Fig. 8 presents the load-displacement responses of specimens
strengthened with varying numbers of CFRP anchors under uniaxial
compression. The control specimen UU, which was unconfined,
exhibited the lowest peak load capacity (879.9 kN) and the smallest
ultimate displacement. Its response curve demonstrated a typical brittle
failure pattern, with a sharp decline in load immediately after reaching
the peak. Specimen SO, confined only by externally wrapped CFRP
sheets without anchors, showed a significantly higher peak load than
UU, indicating that CFRP wrapping alone can effectively enhance the
load-bearing capacity. However, due to the lack of anchorage, the post-
peak drop remained steep, and the improvement in ductility was
limited. As the number of CFRP anchors increased from S1 to S3, the
load-displacement curves exhibited a clear enhancement trend. Both the
peak load and ultimate displacement increased, with specimen S3
achieving the highest peak load in the test series (1333.2 kN) and
exhibiting an extended plateau stage, reflecting the most favorable
combination of strength and ductility. These results suggest that an
appropriate number of CFRP anchors can significantly improve the bond
between the CFRP and the concrete substrate, effectively delaying early
debonding failures. Consistent with the observed failure modes, spec-
imen S3 primarily experienced localized tearing of the CFRP and crack
propagation near the anchors, while the concrete core remained largely
intact. This indicates that the anchoring system facilitated more effec-
tive CFRP confinement and contributed to the development of a stronger
compression-bending interaction and enhanced energy dissipation ca-
pacity through hysteretic behavior.

It is noteworthy that when the number of CFRP anchors was further
increased to four (specimen S4), a degradation in performance was
observed. The peak load slightly decreased to 1234.4 kN compared to
S3, and the displacement capacity was also reduced. This decline is
likely attributed to the excessive number of anchors compromising the
integrity of the concrete, introducing numerous local stress concentra-
tion zones that triggered premature microcracking or localized failure.
Additionally, overly dense anchor placement may result in non-uniform
stress distribution within the CFRP sheets, adversely affecting the global
force transfer and coordination. During the installation process, densely
arranged anchors may also lead to localized debonding or stress

interference, thereby reducing the confinement efficiency of the
anchorage system. Therefore, based on the overall trend of the
load-displacement curves, a moderate number of anchors (e.g., three)
appears to offer an optimal balance—enhancing interfacial bond
strength while preserving the structural integrity. This facilitates an
effective synergy between load-bearing capacity and ductility, high-
lighting both the importance of optimized anchor layout and the
nonlinear nature of strengthening effectiveness in CFRP anchoring
systems.

3.3. Ductility analysis

Ductility refers to the deformation capacity of a structure after
entering the inelastic stage, during which the load-bearing capacity does
not significantly decrease prior to reaching the ultimate limit state. A
higher ductility coefficient indicates superior deformability and energy
absorption capacity, enabling the structure to undergo substantial
plastic deformation before failure. In this study, the ductility coefficient
is defined as the ratio of the peak displacement (A,) to the yield
displacement (A,), as expressed in Eq. (1). Given that the yield point of
CFRP-confined reinforced concrete short columns is not clearly distin-
guishable on the load-displacement curves, the “closest-to-line” meth-
od—currently considered a practical and reasonable approach—is
employed to determine the yield point [39]. This method objectively
identifies the yield without reliance on arbitrary offset parameters.

DI =A,/A, M

Table 3 presents the variation in ductility coefficients for specimens
with different strengthening configurations. It can be observed that
specimens SO and S1 exhibited higher yield and ultimate load capacities
compared to the unconfined specimen UU; however, their ductility co-
efficients were lower. This indicates that while the use of externally
bonded CFRP sheets or the addition of a single anchor can enhance load-
bearing capacity, such configurations do not effectively improve, and
may even slightly reduce, overall ductility. This reduction is primarily
attributed to insufficient anchorage, which leads to interfacial debond-
ing of the CFRP sheets during compressive deformation. As a result, the
wrapping layer is unable to fully engage in energy dissipation during the
post-yield stage, thereby limiting the development of ductility. More-
over, premature local failures induced by stress concentrations from
partial debonding or slippage can further compromise the deformation
capacity of the specimen. With the increase in the number of anchors,
the ductility coefficients of specimens S2 and S3 were significantly
improved, exhibiting a strong positive correlation between the
anchorage quantity and ductility performance. In particular, specimen
S3, characterized by a more uniform distribution of anchorage forces,
demonstrated superior enhancement. This improvement indicates that,
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Fig. 7. Failure modes of specimens strengthened with different numbers of CFRP anchors.

once the number of anchors surpasses a critical threshold, a more robust
and continuous bond interface between the CFRP sheets and the con-
crete is established, thereby strengthening the synergistic effect of the
confinement mechanism.

When the number of anchors was further increased to four (specimen
S4), the ductility coefficient declined, exhibiting a degradation trend
similar to that observed in specimens SO and S1. This suggests the ex-
istence of a “threshold” beyond which excessive anchor installation
becomes detrimental. The primary cause lies in the disruption of struc-
tural integrity due to overly dense anchor placement, which can induce
microcracks or localized stress concentrations in the core compression
zone, leading to premature deterioration. Additionally, the anchor
installation process reduces the effective cross-sectional area of the

concrete through multiple drilled holes, thereby impairing its inherent
plastic deformation capacity. Although S4 maintained a relatively high
peak load, its ductility performance declined due to the unfavorable
configuration. In summary, analysis of both load-bearing capacity and
ductility coefficients indicates that the number and layout of CFRP an-
chors must strike a balance between enhancing interfacial bonding and
preserving structural integrity. Only through this balance can simulta-
neous optimization of ductility and strength in the CFRP-strengthening
system be achieved.

3.4. Constraint effect analysis

The load-displacement response data provide a basis for evaluating
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Table 3

Calculation results of ductility coefficients.
Columns Yield load (kN) Ultimate load (kN) Ductility index

DI Dlyo”

18)9) 875.1 879.9 1.124314 1
SO 1182.9 1182.9 1 0.889431
S1 1211 1211 1 0.889431
S2 1258.2 1260 1.202684 1.069705
S3 1330.9 1333.2 1.461104 1.299551
S4 1234.4 1234.4 1 0.889431

2 Normalized in relation to the column UU.

the confinement effectiveness of the CFRP anchoring system. Fig. 8 il-
lustrates the variation curves of the strength improvement factor (SI)
and the concrete strength enhancement coefficient (CSI) for different
specimens. The strength improvement factor SI is defined as the ratio of
the ultimate load to the nominal failure load, as expressed in Egs. (2)-
(4). The nominal failure load, calculated using Eq. (3), represents the
combined contribution of the concrete and reinforcement under un-
confined conditions. The SI thus reflects the synergistic interaction be-
tween steel reinforcement and concrete in enhancing the ultimate load-
carrying capacity. In contrast, the concrete strength enhancement co-
efficient CSI is calculated to isolate the contribution of the concrete core
by eliminating the influence of reinforcement. This parameter more
accurately characterizes the enhancement in load resistance attributable
solely to the confined concrete. The calculation method for CSI is also
provided in the corresponding equations.

SI = N,/No @)

NO :fyAx +fc,Ac (3)
N, —fyA

CSI = A (4

Where A, represents the cross-sectional area of the reinforcement (mm?),
A, denotes the cross-sectional area of the concrete (mm?), fyis the tensile
strength of the reinforcement (MPa), and f, is the axial compressive
strength of cylindrical concrete specimens (MPa). The value of f; is
calculated based on the empirical relationship f;: 0.79f i is the char-
acteristic cube compressive strength of concrete.

Fig. 9 shows the variation of SI and CSI with the number of CFRP
anchors. As shown in the figure, both SI and CSI exhibit a general trend
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of increasing and then decreasing with the number of CFRP anchors,
following a consistent pattern. This indicates that the anchors not only
enhanced the confinement effectiveness of the external CFRP wrapping
but also significantly improved the internal stress state of the concrete
core, thereby contributing to both global and localized strength
enhancement. A substantial increase in both SI and CSI was observed
when transitioning from the unconfined specimen (UU) to the specimen
wrapped with CFRP only (S0), suggesting that even in the absence of
anchors, CFRP wrapping alone provides considerable lateral confine-
ment, particularly in inducing a favorable triaxial compressive state
within the concrete core. However, due to limitations in interfacial bond
strength, the confinement effect remains somewhat constrained. As the
number of anchors increased from 1 to 3, both SI and CSI continued to
rise, reaching their peak values in specimen S3. This indicates that the
synergistic action of the CFRP sheets and multiple anchors enables more
effective stress transfer into the concrete core, transforming the internal
stress state from biaxial to triaxial compression, and thereby signifi-
cantly enhancing core concrete strength. Moreover, multiple anchorage
points suppressed crack propagation and mitigated debonding,
contributing to improved structural integrity and stability, and fully
leveraging the advantages of the composite strengthening system. When
the number of anchors was further increased to four, both SI and CSI
showed a noticeable decline. This degradation trend is consistent with
the previously observed reductions in ductility coefficient and changes
in the load-displacement response. Excessive anchorage can compro-
mise the structural integrity of the concrete, complicate the stress dis-
tribution within the CFRP sheets, and introduce local stress
concentrations, warping, or stress interference, which may hinder
further enhancement of concrete strength.

3.5. Stress—strain response

Fig. 10 illustrates the axial stress—strain curves of reinforced concrete
columns strengthened with different numbers of CFRP anchors. The
curves exhibit a typical nonlinear ascending trend. UU showed the
lowest ultimate strength and the poorest plastic deformation capacity.
With the introduction of CFRP wrapping and anchor reinforcement from
specimens SO to S3, the curves progressively shifted upward. Notably,
specimen S3 demonstrated superior performance, with an ultimate
stress exceeding 60 MPa and a steep yet extended stress—strain response,
indicating both high strength and enhanced deformability. This suggests
that the anchoring system effectively established a triaxial confinement
state in the concrete core, enabling the specimen to rapidly carry axial
loads while maintaining favorable strain adaptability throughout
loading. Furthermore, the presence of anchors prevented premature
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debonding of the CFRP sheets and alleviated local stress concentrations,
allowing the confinement layer to fully participate in axial load
resistance.

The hoop stress-strain curves directly reflect the development of
lateral confinement within the specimens. For specimens UU and SO,
insufficient restraint of lateral concrete expansion led to rapid stress
release in the core region, resulting in relatively low hoop stresses. As
the number of CFRP anchors increased from S1 to S3, the hoop stress was
continuously enhanced. In particular, specimens S2 and S3 exhibited
significant increases in hoop stress, with steeper curve profiles, indi-
cating that higher lateral confinement was generated within the core.
This effectively suppressed lateral dilation of the concrete and contrib-
uted to improved compressive strength of the overall structure. How-
ever, in comparison, although specimen S4 still maintained relatively
high axial and hoop stresses, both values decreased slightly relative to
S3. This suggests that the additional anchors did not continue to improve
performance. Instead, the excessive anchor density may have induced
local cracking or stress overlap within the concrete, limiting the effec-
tiveness of the CFRP confinement. At the same time, the measured
maximum circumferential strain of the S1-S4 group CFRP sheath is
lower than the manufacturer’s provided ultimate tensile strain (0.001),
which is 29.07 %, 36.90 %, 71.43 %, and 37.45 %, respectively. This
indicates that the introduction of CFRP anchor rods effectively prevents
CFRP from reaching its fracture strain, thereby improving the constraint
efficiency. Notably, the hoop stress in S4 did not surpass that of S3 and
even exhibited a plateauing trend. This indicates the onset of interfacial
debonding and localized damage, which ultimately weakened the
effectiveness of the strengthening system.

To evaluate the effectiveness of the CFRP anchoring system in
providing lateral confinement, multiple strain gauges were installed at
the mid-height section of each specimen. Fig. 11 presents the hoop strain
distribution for specimens strengthened with varying numbers of an-
chors. Overall, the control specimen (UU) and the specimen strength-
ened without anchors (S0) exhibited strain fluctuations as early as 60 %
Prax and 70 % Ppay, respectively. In contrast, specimens with anchorage
reinforcement maintained relatively stable hoop strain distributions up
to 90 % Prax and 100 % Ppay, with strain values increasing uniformly
across the section. This indicates that the anchoring system enables
greater development of lateral strain, improved deformation compati-
bility, and enhanced confinement stability—factors that are critical to
improving structural ductility and delaying failure onset. At 100 % Ppax,
the strain distribution in specimen S1 appeared smoother compared to
UU and SO, with peak strain values symmetrically located across the
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section. Although a single anchor was insufficient to establish a fully
integrated confinement network, it contributed to improved bonding of
the CFRP sheets and mitigated early debonding. However, the axial
stress-strain curve of the S1 specimen exhibits different initial stiffness,
mainly due to the limited constraint provided by a single anchor point,
resulting in uneven stress transfer during the early loading stage.
Specimens S2 and S3 exhibited more uniform and regular strain distri-
butions, especially S3, where most measurement points maintained high
and relatively even strain levels under peak load. The maximum strain
was observed at the mid-section rather than at the corners, indicating
that the anchoring system effectively alleviated the common issue of
stress concentration at corners in CFRP-strengthened rectangular col-
umns. This demonstrates the system’s superior deformation compati-
bility and its ability to promote efficient composite action between CFRP
and concrete.

Fig. 12 compares the hoop strain distributions of specimens
strengthened with different numbers of CFRP anchors under 100 % Py«
loading. For specimen SO, which was confined using CFRP sheets
without anchors, the measured strain values remained relatively low
and evenly distributed, with no significant fluctuations. This indicates
that, under high loading conditions, the confinement effect of the CFRP
layer was not effectively mobilized due to insufficient interfacial
bonding. In conjunction with the load-displacement data, this uniform
but low-level response does not signify efficient structural behavior, but
rather reflects the underperformance of the confinement system and the
limited contribution of CFRP to load resistance. In contrast, specimens
S1 through S4, all equipped with CFRP anchors, showed a marked in-
crease in hoop strain levels with increasing anchor quantity. This dem-
onstrates that the anchors significantly enhanced the interfacial bond
between the CFRP and the concrete substrate, enabling the wrapping
layer to more fully engage in lateral confinement under high axial loads.
Among all strengthened specimens, S3 exhibited the most favorable
strain distribution. The strain curve showed minimal fluctuation,
consistently high values, and small differences among measurement
points, indicating that a stable and continuous lateral confinement
mechanism was established under peak loading. Although specimen S4
had a higher number of anchors, its strain distribution curve exhibited
pronounced peaks and troughs. While no severe stress concentration
occurred at the corners, a sudden stress drop was observed at the mid-
section anchor location (X5), suggesting that excessive anchor density
introduced stress interference and local instability between anchor
points. This further confirms the presence of an “optimal anchor
configuration” threshold within the CFRP confinement system.

In conclusion, the experimental data clearly reveal the deformation
control capacity and confinement synergy offered by the CFRP
anchoring system. Compared with traditional FRP wrapping methods,
the CFRP anchoring system demonstrates superior confinement coor-
dination and structural adaptability. An appropriate number of anc-
hors—such as in specimen S3—strikes a balance between enhancing
confinement stress, improving core concrete strength, and achieving
coordinated stress transfer. This enables the member to develop high
strength while maintaining favorable ductility and toughness, thereby
establishing a desirable structural response characterized by strong
confinement, high load-bearing capacity, and gradual failure progres-
sion. In contrast, insufficient or excessive anchorage may lead to un-
balanced interfacial bonding or localized stress concentrations, which
weaken the effectiveness of the confinement. This results in uneven
hoop deformation and degradation of the overall mechanical perfor-
mance of the structure.

4, Stress-strain model
4.1. Existing model

At present, numerous stress-strain models have been proposed for
FRP-confined reinforced concrete columns subjected to axial loading.
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Fig. 11. Distribution of hoop strain in specimens strengthened with different numbers of CFRP anchors.

Youssef et al. developed a two-stage stress—strain model to predict the
behavior of FRP-confined columns with circular and rectangular cross-
sections [40]. Teng’ group subsequently proposed models for the ulti-
mate stress and strain of columns with different cross-sectional shapes
[41,42]. Fig. 13 illustrates typical bilinear and post-peak softening
stress-strain response models commonly used in the literature. For
structures under strong confinement provided by CFRP anchoring sys-
tems, the bilinear model is frequently adopted. This model is divided
into two segments at the transition point (e..’, fo.): the first segment
represents a parabolic curve prior to the transition point, and the second
segment is a linear curve extending beyond the transition point. In this
study, the monotonic stress-strain model proposed by Zhou and Wu
[311], which incorporates four fitting parameters, was adopted to simu-
late the axial stress-strain behavior of CFRP-anchor-confined reinforced
concrete square columns.

£ &
(Eren—fo)e en +fo+Exec | [1—e en

fc = 5)

10

Where fo denotes the stress limit in the elastic stage of the stress—strain
relationship. For the highly confined concrete specimens discussed in
this study, f, is taken as fc,, i.e., fo=fco. E1 represents the initial stiffness of
the stress-strain curve, and based on regression results from relevant
literature, it can be expressed as E;= 5573f%°. The parameter n pri-
marily controls the curvature of the transition zone and ranges between
0 and 1. The confinement ratio has an insignificant effect on n, and a
value of n = 0.76 is adopted based on regression analysis. The corre-
sponding strain ¢, is calculated as en=n x &g, where e9=f,/E1. E3 denotes
the slope of the asymptotic hardening branch for the stress-strain rela-
tionship of highly confined concrete. According to the findings of this
study, E» is computed using the following equation:

Ez fcc 7fo cc 7fco

Ecc Ecc

(6)

Where f,. represents the peak stress, and .. denotes the peak strain. The
specific values of these parameters are determined based on the findings
presented in Section 4.2 of this study.
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4.2.

Lateral confining stresses

For reinforced concrete square columns strengthened with CFRP
anchoring systems, the lateral confinement under uniaxial compression
is primarily provided by three sources: external CFRP wrapping (fife),
CFRP anchors (fi,), and transverse steel reinforcement (fis). In this study,
the theoretical model proposed by Isleem et al. [37] is adopted to
calculate and incorporate the effects of these three confinement com-
ponents. The following sections provide a detailed discussion of each
parameter.

(1) Confining pressure by external CFRP wraps

The effective confinement provided by the external CFRP
wrapping is calculated using the following equation:

flfe = kefpfwff (@]

Where f; is the ultimate tensile strength of the unidirectional
CFRP sheet, and pry is the volumetric ratio of the CFRP wrapping,
calculated as pgy= 4ngty/D, where D= 2bh/b+h (mm) is the
equivalent diameter of a rectangular cross-section, ng is the
number of CFRP layers, and t; is the thickness of a single CFRP
layer. The shape factor ke for a rectangular section is calculated

(2)
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using the following expression. In this context, A.s and Ag (mm?)
denote the effectively confined concrete area and the gross cross-
sectional area of the chamfered rectangular column, respectively:

Acf

kef:A_g (8)
2 2
Ag,(b_er) +(h_2rc) ;(h_zrc)gé
Agm 3 4 2
(b—2re)*+(h—2r)* 4 [(h—2r)hy (h—2r.) b
A~ 3 3o 2 4 “2
9
Ag =bh— (4 —m)r (10)

Confinement pressure by FRP anchors
The lateral confinement stress provided by CFRP anchors is
calculated using a recently proposed model by Isleem et al.:

fia = Keaprafs an
Pra = (’?ﬂy +2§;) x (%) 12
H=(r,—1)xs, 13)
{2:; - EE rx Z;y a4
{azmie as)

Where pg, represents the equivalent ratio of CFRP anchors, which
accounts for the confinement effects along both the longer and
shorter sides of the cross-section. In this study, square-section
columns are considered, where b=h, and the equivalent diam-
eter is given as D*= (b+h)1/ 2, Aay and Ay (mm?) refer to the
cross-sectional areas of anchors oriented perpendicular to the
long and short sides of the section, respectively. c and r denote the
number of anchors placed perpendicular and parallel to the sec-
tion sides. w and t are the width and thickness of a single folded
CFRP anchor, respectively. Given that the anchors in this study
are symmetrically and uniformly distributed, it is assumed that
Aay=A,y. The confinement efficiency of the CFRP anchors, kej, is
calculated using the following equation:
% Ac.f.a - Acf

kea = =

Ag Ag (16)

(h — 2r)(h — 27 + 1.5¢,8,) + (Cay + 1) (b — 2r.)?
3(Cay +1)

Acfa = Ag -
a7

Where A, denotes the total cross-sectional area effectively
confined by the CFRP anchoring system. The parameters A.f and
Ag are calculated using the corresponding expressions provided
earlier. In this model, the fan-shaped portion of the CFRP anchors
is assumed to extend the effective confinement region around the
anchor location, thereby enhancing the stiffness of the CFRP
wrapping layer. Accordingly, the vertical spacing between an-
chors is assumed to be s,= 0.

(3) Confinement pressure by steel hoops

The lateral confinement pressure provided by transverse stir-
rups is calculated using the following equation:

fis = poufyv (18)
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Ashx + Ashy

= Sb+h 19

sV

Where psy denotes the equivalent volumetric ratio of the trans-
verse stirrups, and fyy is the yield strength of the stirrup steel. Agnhy
and Agyy (mm?®) represent the cross-sectional areas of stirrups
along the longer and shorter sides of the section, respectively. In
this study, Ashx=Ashy= 8 mm?.

(4) Combined confinement from FRP wraps and anchors and the steel
hoops

Building upon the confinement model developed by Isleem et al. for
predicting the ultimate strength of FRP-anchor-confined rectangular RC
columns, this study introduces a modification based on experimental
observations. Specifically, a reduction function #(n), dependent on the
number of anchors n on a single side, is incorporated to account for the
potential weakening of confinement effectiveness caused by the drilling
process during CFRP anchor installation. This adjustment enhances the
predictive accuracy of the model for specimens strengthened with CFRP
anchoring systems. The modified confinement model is expressed as
follows:

’;T = 57(n)(0.730 + 2.773MCy) (20)
2.852
3.109(£i)""" + 0.039 (ﬁa n flfe> 1187

R = ; 21

fe

44\
n(n) = —9.417(1 —A—) —0.599n+10.35 22)

C

Where MCy is a dimensionless parameter introduced to account for the
combined contribution of internal transverse reinforcement and the FRP
anchoring system to the peak strength. n denotes the number of anchors
on one side of the column. Ay is the cross-sectional area of the drilled
anchor holes, calculated as Ag=ryxdy, where ry is the hole diameter
and dy is the hole depth. A¢ represents the effective cross-sectional area
of the concrete. The peak strength of the specimen is calculated based on
the theoretical model proposed by Li et al., with parameters a; and as
modified in this study to improve accuracy.

’ —0.503
" — aqazexp | —0.144 <f7“ +fia +f”“*) (23)
fCC f/C
0.041
o= (0.8 +0.2 25> (24)
fe
f/ 1.812
Qs = exp {0.426 (f) } (25)

Where f.’ denotes the unconfined concrete compressive strength, which
is estimated using the empirical relation f.’= 0.79 f..

4.3. Calculation results of the modified model

Table 4 presents the predicted ultimate stresses calculated using the

Engineering Structures 345 (2025) 121456

modified Isleem model. It can be observed that the discrepancies be-
tween the theoretical and experimental results are relatively small. The
coefficients of determination (R?) for both the transition peak stress (fe.")
and the peak stress (f..) exceed 87 %, indicating a high level of predic-
tive accuracy. Moreover, the reduction function proposed in this study
effectively captures the decline in ultimate stress associated with
excessive anchor quantity.

Based on the calculated peak stress and corresponding strain, the
theoretical stress-strain curves were generated using the model pro-
posed by Zhou and Wu, as shown in Fig. 14. A comparison between the
experimental and theoretical stress—strain responses of the four speci-
mens strengthened with CFRP anchoring systems reveals that the model
effectively captures the overall development trend of the confined
concrete behavior. In particular, good linear consistency is observed in
the parabolic segment prior to the transition point, especially as the
number of anchors increases. The decreasing deviation between theo-
retical and experimental curves in this region indicates that the model
can reasonably simulate the bond-slip behavior and anchorage force
transfer at the FRP-concrete interface, with high accuracy in predicting
the stiffness during the elastic stage. In all specimens (S1-S4), the
theoretical stress-strain curves consistently fall slightly below the
experimental data within the linear stage, indicating that the analytical
model underestimates the strengthening effect of the CFRP anchorage
system. This situation suggests that the CFRP-anchored reinforced con-
crete columns sustain higher stress while maintaining progressive strain
development, highlighting their superior ductility in the mid-to-late
loading stages. Such behavior can be attributed to the synergistic ac-
tion of the CFRP confinement and anchorage, which delays stiffness
degradation, redistributes localized stresses, and mitigates premature
failure. Consequently, the anchorage system exhibits a more pro-
nounced contribution to energy dissipation and post-yield deformability
than predicted by the theoretical formulation, underscoring its struc-
tural efficiency in improving both strength and ductility performance.

5. Conclusions

This study systematically investigated the mechanical performance
of reinforced concrete (RC) square columns strengthened with CFRP
anchoring systems and developed a stress—strain prediction model that
accounts for the influence of anchor quantity. Both experimental results
and theoretical analyses highlight the critical role of the anchoring
system in enhancing confinement efficiency, improving interfacial
bonding, and upgrading structural performance. The main conclusions
are as follows:

(1) The CFRP anchoring system significantly modified the failure
mechanisms of RC square columns. As the number of anchors increased,
failure modes transitioned from brittle global instability to localized
ductile damage. Specimen S3 (three anchors) exhibited restrained con-
crete spalling, reduced longitudinal bar buckling, and more distributed
crack patterns, indicating enhanced structural integrity.

(2) Both load-displacement and stress-strain responses demon-
strated that a moderate number of anchors markedly improved strength
and ductility. Specimen S3 showed the highest peak load (1333.2 kN)
and ductility index (1.46), with hoop strain distribution becoming more
uniform and symmetric, reflecting effective triaxial confinement and
energy dissipation capacity.

(3) A modified stress—strain model was developed, incorporating a

Table 4
Theoretical calculation results of peak stress and ultimate stress.
Specimen fee'® fee" R* fee fee R?
S1 53.09417 52.30070 87.30 % 55.73599 56.05963 90.87 %
S2 53.51943 53.70573 57.13054 57.22560
S3 57.22719 56.09928 61.25436 61.99851
S4 51.10003 50.31753 56.81297 57.78188

12
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Fig. 14. Comparison between theoretical and experimental stress—strain curves.

reduction function that accounts for confinement loss due to anchor
installation. The model accurately predicted the mechanical response,
with R? values exceeding 87 % for both peak and ultimate stresses. It
effectively captures the nonlinear strengthening behavior before and
during loading and provides a reliable design tool for CFRP-confined RC
columns with anchors.
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