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ABSTRACT

Durable fiber-reinforced polymer (FRP) bars are well-suited to marine infrastructure, particularly in
applications involving seawater sea-sand concrete. However, their adoption is constrained by the low
elastic modulus and brittle failure behavior of longitudinal FRP bars, as well as the inadequate confine-
ment provided by conventional pultruded FRP ties. These limitations adversely affect serviceability
(e.g., deflection and crack width), strength, and ductility of concrete columns subjected to axial-flexural
loading. To address these challenges, this study proposes a novel hybrid reinforcement scheme for con-
crete columns, combining longitudinal steel-FRP composite bars (SFCBs) with closed-type FRP ties to
enhance axial-flexural performance. An experimental program was conducted on hybrid longitudinal
SFCB and FRP tie reinforced concrete (hybrid-RC) columns under various loading conditions to elucidate
axial-flexural failure mechanisms, quantify the mechanical contribution of SFCBs, and evaluate the con-
finement behavior of closed-type FRP ties. Similar to conventional steel bars reinforced concrete columns,
hybrid-RC columns exhibit compression-controlled and tension-controlled failure modes while achieving
comparable serviceability, strength, and ductility. Notably, the post-yielding stiffness of SFCBs increases
the load-carrying capacity by 11.3% under tension-controlled failure. In addition, closed-type FRP ties
provide significantly improved confinement compared with pultruded FRP ties, resulting in substantial
enhancement of axial-flexural capacity. An analytical model is further developed to predict axial-flexural
failure modes and strength, incorporating the distinctive constitutive behavior of the hybrid reinforce-
ment system and the experimentally observed failure mechanisms of hybrid-RC columns.
© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

expected to retain high strength over a service life of 50 years.
The superior corrosion resistance of FRP bars also enables the use

Marine infrastructure faces persistent challenges, including cor-
rosion of steel reinforcement and shortages of river sand and fresh-
water resources [1-3]. To address these issues, the substitution of
conventional steel bars with fiber-reinforced polymer (FRP) bars,
which exhibit excellent corrosion resistance, high tensile strength,
and lightweight properties, has emerged as a promising solution
for mitigating steel corrosion in concrete structures [4-6]. A previ-
ous study [7] demonstrated that glass FRP (GFRP) bars exhibit
excellent long-term performance in saline environments and are
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of seawater sea-sand concrete (SSC), which possesses favorable
mechanical properties and high chloride content [8-11]. Conse-
quently, increasing attention has been directed toward the applica-
tion of FRP bars in marine infrastructure, particularly in
combination with SSC [12-14]. To support the design and imple-
mentation of FRP bars reinforced concrete (FRP-RC) structures, sev-
eral design guidelines have been developed worldwide [15-17].
Despite these advantages, the application of FRP bars as longitu-
dinal reinforcement in columns is subject to several limitations.
For columns under concentric compression, the low elastic modu-
lus and poor compressive performance of FRP bars result in a neg-
ligible contribution of longitudinal reinforcement to axial capacity
[16,17]. For columns under eccentric compression, the lower
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elastic modulus of FRP bars compared with steel bars leads to
significantly larger deformations, wider crack widths, and reduced
load-carrying capacity [18-20]. Moreover, under seismic loading,
the brittle failure behavior of FRP bars results in limited energy dis-
sipation and inferior ductility of columns [21-23]. It is observed
that FRP-RC columns exhibit approximately 50% lower energy dis-
sipation than steel bars reinforced concrete (steel-RC) columns
[22]. Therefore, ACI 440.1R-15 [15] does not recommend the use
of FRP bars as longitudinal reinforcement in columns.

To overcome these drawbacks, steel-FRP composite bars
(SFCBs) have been proposed, combining an inner steel core with
an outer FRP layer to integrate the advantages of both materials
[24-27]. The inclusion of a steel core increases the elastic modulus
by more than 200% and provides yielding behavior similar to that
of conventional steel reinforcement [28-31]. The encasing FRP
layer protects the steel core, resulting in superior corrosion resis-
tance of SFCBs [32,33]. In addition, the FRP layer contributes
post-yielding stiffness [34] and improves the fatigue resistance of
the reinforcement [35]. Compared with steel-RC beams with the
same reinforcement ratio, SFCBs reinforced concrete beams exhibit
up to a 34% increase in load-carrying capacity [36]. For columns,
replacing steel bars with SFCBs of equivalent stiffness as longitudi-
nal reinforcement leads to comparable axial-flexural behavior in
terms of failure mode, stiffness, and load capacity [37-39]. The
yielding characteristics and secondary stiffness of SFCBs further
enhance the seismic performance of columns by increasing load
capacity, improving ductility, and reducing residual deformation
[40,41]. Additionally, partially replacing steel bars with FRP in col-
umns has been shown to increase the physical plastic hinge length,
resulting in higher ultimate displacement capacity [42]. These ben-
efits are primarily attributed to the high strength and linear-elastic
behavior of FRP. Therefore, SFCBs represent a viable solution for
longitudinal reinforcement in columns used in marine infrastruc-
ture, particularly when combined with SSC.

In addition to longitudinal reinforcement, transverse reinforce-
ment is critical in columns for confining concrete and preventing
buckling of longitudinal bars. Previous studies [43-45] have shown
that the compressive performance of SFCBs is highly sensitive to
confinement conditions. Insufficient confinement can lead to pre-
mature buckling of SFCBs and a substantial reduction in compres-
sive strength. However, as shown in Fig. 1, conventional pultruded
FRP ties provide inferior confinement efficiency compared with
steel ties owing to lap-splice slippage and the reduced mechanical
performance of bent regions [39,43,46]. Stress concentration
caused by fiber kinking in bent regions can result in strength
reductions of up to 70% in pultruded FRP ties [15,47]. Conse-
quently, for columns reinforced with longitudinal SFCBs and sub-
jected to axial-flexural loading, replacing steel ties with
pultruded FRP ties, even at twice the volumetric ratio, can lead
to premature failure and strength reductions ranging from 12.0%
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Fig. 1. Pultruded FRP tie and novel closed-type FRP tie.

Engineering xxx (XXXX) XXx

to 18.4%, with an average decrease of 15.3% [38]. These findings
highlight the need to improve the confinement efficiency of FRP
ties for hybrid longitudinal SFCB and FRP tie reinforced concrete
(hybrid-RC) columns.

To address this limitation, a novel closed-type FRP tie has
recently been developed to enhance confinement efficiency, as
shown in Fig. 1 [43,46,48]. This tie features a closed configuration
and an improved bent region. The closed shape eliminates lap-
splice slippage. Owing to its reduced thickness, fiber kinking in
the bent regions is significantly mitigated, allowing the strength
of the bent region to exceed 70% of that of the straight portion
[49]. For columns reinforced with longitudinal SFCBs and subjected
to concentric compression, replacing steel ties with pultruded FRP
ties results in load-capacity reductions of 8.8%-18.5% and reduced
ductility [39]. In contrast, substituting steel ties with closed-type
FRP ties yields comparable load capacity and ductility [43]. These
results indicate the potential of the novel hybrid reinforcement
system combining SFCBs and closed-type FRP ties to enhance the
durability, stiffness, strength, and ductility of concrete columns.

However, existing experimental studies on hybrid-RC columns
are largely limited to concentric compression loading, whereas col-
umns in practice are more commonly subjected to eccentric com-
pression, which involves more complex failure mechanisms
[38,50,51]. Under combined axial and flexural loads, the confine-
ment provided by FRP ties influences the mechanical contribution
of longitudinal SFCBs and affects column failure mechanism and
load-carrying capacity. The scarcity of experimental data and the
lack of applicable design methods currently hinder the safe design
and widespread application of hybrid-RC columns.

To address these research gaps, this study presents an experi-
mental investigation of hybrid-RC columns subjected to various
loading conditions, including concentric compression, eccentric
compression, and pure bending. The axial-flexural behavior of
hybrid-RC columns is examined in terms of failure modes, crack
development, deformation characteristics, load-carrying capacity,
and ductility. Based on experimental observations and theoretical
analysis, an analytical model is developed and validated to predict
failure modes and load capacity of hybrid-RC columns under axial-
flexural loading. The findings of this study provide a basis for the
design and application of corrosion-resistant, high-performance
hybrid-RC columns in marine infrastructure.

2. Experimental investigation
2.1. Materials

The reinforcement details are shown in Fig. 2. For longitudinal
reinforcement, steel bar with a diameter of 18.0 mm (S18) and
SFCB with a diameter of 22.7 mm (SF23) were used for comparison.
These two types of longitudinal reinforcement exhibit similar stiff-
ness prior to yielding, defined as the product of cross-sectional area
and elastic modulus before yielding. In addition, plain steel ties
with a diameter of 8.0 mm (S8) and closed-type FRP ties with a
thickness of 5.3 mm and a width of 10.0 mm (CF10) were adopted

Steel barj SFCB

Fig. 2. Overview of reinforcements.
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Fig. 3. Reinforcement production.

for transverse reinforcement. The two types of ties have similar
cross-sectional areas.

The SFCB consisted of an outer FRP layer and a ribbed steel core
and was manufactured using a pultrusion process [27,43] (Fig. 3),
which is similar to the production method used for conventional
FRP bar. The steel core has a ribbed surface and a diameter of
16 mm. The volume fractions of steel and FRP in the SFCB are
49.7% and 50.3%, respectively. The closed-type FRP ties were fabri-
cated using a continuous filament winding technique [43,49]
(Fig. 3), which is commonly used in the manufacture of FRP tubes.
During winding, the fiber orientation was maintained at an angle
of 80°-90° relative to the central axis of the mold. After heat treat-
ment, the FRP tube was cut to the required width to obtain the
closed-type FRP ties. The FRP materials used in both the SFCBs
and FRP ties consisted of glass fibers and epoxy resin. Compared
with other FRP materials, such as carbon FRP (CFRP) and aramid
FRP, GFRP offers superior cost-effectiveness and is therefore
widely used in the construction industry [15,20].

The tensile properties of the reinforcements are listed in Table 1,
and representative tensile stress—strain curves are shown in Fig. 4.
The ultimate tensile strength of the FRP tie was provided by the
manufacturer. In accordance with ACI 440.3R-12 [52] and a previ-
ous study [53], the strength and elastic modulus of the bent
regions of the closed-type FRP ties were experimentally evaluated
in our prior study [49]. Owing to space limitations, details of the
test setup can be found in our prior study [49]. This test method
is suitable for small-sized ties. The width of the tested FRP ties
was 15 mm. The measured strength of the bent regions was
620.1 MPa, exceeding 70% of the strength of the straight regions.

The concrete strength grade was selected based on GB/T 50010-
2010 [54] and strength grades commonly used for columns in mar-
ine infrastructure. Concrete specimens and 150 mm cubes were
cured under identical conditions. During testing, the cubic com-
pressive strength was determined using three 150 mm cubes in
accordance with GB/T 50081-2019 [55]. The measured cubic com-
pressive strength of the concrete was 71.0 MPa.

2.2. Specimen design and preparation

To investigate the axial-flexural performance of hybrid-RC col-
umns, 12 column specimens were fabricated and tested. The geo-
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Fig. 4. Typical tensile stress-strain curves of reinforcements.

metric dimensions and reinforcement details are shown in Fig. 5
and Table 2. All specimens had identical dimensions, with a cross
section of 300 mm (length) x 300 mm (width) and a height of
1500 mm. The specimens were divided into two groups based on
reinforcement type, including steel-RC and hybrid-RC, with six
specimens in each group.

For the steel-RC specimens, the longitudinal reinforcement ratio
was 1.70%, which lies within the typical range of 1%-2% for rein-
forced concrete columns [56]. The hybrid-RC specimens were rein-
forced with longitudinal SFCBs selected to provide equivalent pre-
yielding stiffness. Steel-RC specimens were equipped with 8 mm
diameter steel ties spaced at 100 mm, in accordance with GB/T
50010-2010 [54]. Hybrid-RC specimens were reinforced with
closed-type FRP ties having the same cross-sectional area and
spacing. Each group of specimens was tested under various loading
conditions to establish axial load-bending moment interaction
diagrams (failure envelopes). The loading conditions included con-
centric compression, eccentric compression with eccentricities of
30, 60, 120, and 210 mm, and pure bending.

2.3. Test setup

Concentric compression tests were conducted using a 3000 ton-
nes compression testing machine, as shown in Fig. 6(a). CFRP
sheets with a width of 250 mm were applied to strengthen the
specimen ends. Axial deformation was measured using two diago-
nally arranged linear variable displacement transducers (LVDTSs).
As shown in Fig. 5, strain gauges were installed at mid-height to
measure strains in the longitudinal reinforcement and ties. In addi-
tion, strain gauges were bonded to the concrete surface on all four
sides of the specimens to measure concrete strain, as shown in
Fig. 6(a). A loading rate of 0.3 mm-min~! was applied, and the test
was terminated when the load capacity decreased to 60% of the
peak load.

Table 1

Tensile properties of reinforcement.
Type Diameter/width (mm) Thickness (mm) E; (GPa) Er (GPa) fy (MPa) fu (MPa)
S18 18.0 - 199.1 - 448.3 615.3
SF23 22.7 — 125.0 14.0 259.2 480.6
S8 8.0 — 198.3 — 302.5 434.8
CF10 10.0 53 43.4 — — 867.0

Er and E denote the elastic modulus before and after yielding, respectively, and f; and f, denote the yield and ultimate strengths, respectively.
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Fig. 5. Dimensions and reinforcement details of specimens.

Eccentric compression tests were also conducted using a
3000 tonnes compression testing machine, as shown in Fig. 6(b).
The eccentric compression loading system was implemented fol-
lowing previously established methods [20,57]. The specimen ends
were strengthened using two rigid steel caps with a height of
250 mm, and two roller bearings were used to apply the eccentric
compression load at the prescribed eccentricities. To ensure full
contact between the specimens and the steel caps, the specimen
ends were polished. Axial deformation was measured using two
diagonally arranged LVDTs, while lateral deformation was mea-
sured using three LVDTs positioned at the top, mid-height, and
bottom of the specimens. Strain gauges were installed at mid-
height to record strains in the longitudinal reinforcement and ties
(Fig. 5), and additional strain gauges were placed on the concrete
surface on the compression side to measure concrete strain
(Fig. 6(b)). A loading rate of 0.3 mm-min~' was used. For specimens
with small eccentricities (e = 30, 60, and 120 mm), the test was ter-
minated when the load capacity decreased to 60% of the peak load,
whereas for specimens with a large eccentricity (e = 210 mm), the
test ended at 85% of the peak load.

Pure bending tests were conducted using a four-point loading
configuration with a 100 tonnes electrohydraulic servo-
controlled testing machine, as shown in Fig. 6(c). The clear span
of the specimens was 1300 mm, and the distance between the

Table 2
Details of specimens.
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two loading points was 200 mm. Mid-span lateral deformation
was measured using an LVDT. Strain gauges were installed to mea-
sure strains in the longitudinal reinforcement and ties at mid-span
(Fig. 5), and additional strain gauges were attached to the concrete
surface on the compression side to measure concrete strain (Fig. 6
(c)). Loading rates of 0.3 and 1.0 mm-min~! were applied before
and after yielding, respectively. The test was terminated upon
reaching the peak load.

3. Results and discussion
3.1. Failure modes

As shown in Fig. 7, the failure of specimens subjected to concen-
tric axial loading was governed by concrete crushing. In the steel-
RC column (S-1), compressive failure of the longitudinal steel bars
was not evident. In contrast, compressive failure of the longitudi-
nal SFCBs was observed in the hybrid-RC column (SF-1), caused
by the fracture of the outer FRP layer. This mechanism leads to
the lower compressive strength of SFCBs relative to their tensile
strength. However, compressive failure of the SFCBs occurred after
concrete crushing, owing to the larger ultimate compressive strain
of SFCBs compared with that of concrete [19,43]. No failure of steel
ties in the steel-RC column or FRP ties in the hybrid-RC column was
observed.

Fig. 8 shows the failure modes of specimens subjected to eccen-
tric axial loading, involving combined concrete crushing and ten-
sile cracking. The three views correspond to three side faces of
the same specimen, with enlarged views highlighting localized
damage details. For specimens with small eccentricities (30 and
60 mm), tensile cracks developed after concrete crushing (Figs. 8
(a) and (b)). In contrast, for specimens with larger eccentricities
(120 and 210 mm), tensile cracking preceded concrete crushing
(Figs. 8(c) and (d)).

With increasing eccentricity (Fig. 8), the height of the compres-
sion zone decreased and the number of tensile cracks increased.
The area of concrete spalling was comparable between hybrid-RC
and steel-RC columns. Our previous study [38] reported that
hybrid-RC columns with pultruded FRP ties exhibited significantly
larger concrete spalling areas than steel-RC columns. This behavior
was attributed to lap-splice slippage and the inferior mechanical
performance of the bent regions in pultruded FRP ties, which
resulted in low confinement efficiency in restraining transverse
expansion of the concrete core and lateral deformation of the lon-
gitudinal SFCBs [38,39]. The present comparison indicates that
closed-type FRP ties provide higher confinement efficiency than
pultruded FRP ties.

The failure of reinforcement in eccentrically loaded columns
was strongly influenced by the magnitude of eccentricity. At an

Group Specimen ID Longitudinal bar Tie Loading condition
Steel-RC (steel bar and steel tie) S-1 6 x S18 S8@100 mm Concentric compression

S-2 6 x S18 S8@100 mm e =30 mm

S-3 6 x S18 S8@100 mm e =60 mm

S-4 6 x S18 S8@100 mm e =120 mm

S-5 6 x S18 S8@100 mm e =210 mm

S-6 6 x S18 S8@100 mm Pure bending
Hybrid-RC (SFCB and closed-type FRP tie) SF-1 6 x SF23 CF10@100 mm Concentric compression

SF-2 6 x SF23 CF10@100 mm e =30 mm

SF-3 6 x SF23 CF10@100 mm e =60 mm

SF-4 6 x SF23 CF10@100 mm e =120 mm

SF-5 6 x SF23 CF10@100 mm e =210 mm

SF-6 6 x SF23 CF10@100 mm Pure bending

ID represents the identification; e denotes the initial eccentricity.
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Fig. 6. Loading system: (a) concentric compression; (b) eccentric compression; and
(c) pure bending.

pressive B

r' failure 'of bar 1

Fig. 7. Failure modes of specimens under concentric axial loading.

eccentricity of 30 mm (Fig. 8(a)), the steel-RC column (S-2) exhib-
ited buckling of longitudinal steel bars and significant lateral defor-
mation of steel ties when the measured strains indicated yielding
of the ties. In contrast, the hybrid-RC column (SF-2) experienced
compressive failure of longitudinal SFCBs, characterized by rupture
of the outer FRP layer. In addition, rupture of the FRP ties occurred
at large deformations. Our previous study [38] reported that
hybrid-RC columns with pultruded FRP ties and subjected to the
same eccentricity primarily experienced lap-splice slippage rather
than rupture of the ties. Notably, the bent part strength of closed-
type FRP ties is significantly higher than that of pultruded FRP ties
[46]. These observations further indicate that the high strength and
large ultimate strain of closed-type FRP ties can be effectively uti-
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Fig. 8. Failure modes of specimens subjected to eccentric axial loading: (a) 30 mm
eccentric axial loading; (b) 60 mm eccentric axial loading; (c) 120 mm eccentric
axial loading; and (d) 210 mm eccentric axial loading.

lized, resulting in superior confinement efficiency relative to pul-
truded FRP ties. Similar differences in failure modes and
confinement effectiveness between closed-type and pultruded
FRP ties have also been reported in previous studies on concentri-
cally loaded columns [43,46].

As eccentricity increased (Figs. 8(b)-(d)), steel-RC columns
exhibited reduced buckling of longitudinal bars and diminished
lateral deformation of steel ties. In contrast, hybrid-RC columns
continued to exhibit compressive failure of longitudinal SFCBs,
manifested by rupture of the FRP layer, while no rupture of the
FRP ties was observed.

Fig. 9 shows the failure modes of specimens subjected to pure
bending. Compared with the steel-RC column (S-6), the hybrid-
RC column (SF-6) exhibited similar failure characteristics, with fail-
ure governed by concrete crushing. Tensile cracks initially formed
at the mid-span region and propagated vertically, followed by
crushing of the concrete in the compression zone. Specimens sub-
jected to pure bending exhibited a smaller compression-zone
height than those tested under eccentric axial loading.
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Fig. 9. Failure modes of specimens subjected to pure bending.

3.2. Cracking behavior

Fig. 10 compares the crack spacing and maximum crack width
of steel-RC and hybrid-RC columns. Under various loading condi-
tions, hybrid-RC columns exhibit average crack spacing compara-
ble to that of steel-RC columns. However, hybrid-RC columns
demonstrate larger crack widths. For an eccentricity of 120 mm,
the maximum crack width of the hybrid-RC column (SF-4) is
44.4% greater than that of the steel-RC column (S-4) at a load of
approximately 1600 kN, which is close to the peak load. For an
eccentricity of 210 mm, the maximum crack width of the hybrid-
RC column (SF-5) is 27.3% greater than that of the steel-RC column
(S-5) at a load of approximately 580 kN, which is close to the yield
load. This difference is primarily attributed to the inferior bond
behavior of SFCBs compared with conventional steel bars. Given
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the superior corrosion resistance of FRP materials, several design
codes permit a relaxation of crack-width limits. While the allow-
able crack width for steel-RC members is typically limited to
0.46 mm, the corresponding limit for FRP-RC members is increased
to 0.7 mm [17]. From a practical perspective, the crack widths
observed in the hybrid-RC columns are therefore considered
acceptable.

3.3. Load-displacement curves

Fig. 11 shows the load-displacement relationships of speci-
mens. Under concentric axial loading, both the steel-RC column
(S-1) and the hybrid-RC column (SF-1) failed owing to concrete
crushing. The load-displacement curves for both specimens exhi-
bit three distinct stages, including linear ascending, nonlinear
ascending, and descending. The reduction in slope during the non-
linear ascending stage is attributed to plastic deformation of the
concrete. The peak load corresponds to the onset of concrete crush-
ing, followed by a descending stage involving progressive concrete
damage and reinforcement failure. Overall, the hybrid-RC column
(SF-1) exhibits a failure process and load-carrying capacity compa-
rable to those of the steel-RC column (S-1) under concentric axial
loading.

For eccentric axial loading with eccentricities of 30, 60, and
120 mm, both steel-RC columns (S-2, S-3, and S-4) and hybrid-
RC columns (SF-2, SF-3, and SF-4) experienced concrete crushing
prior to yielding of the tension reinforcement, corresponding to
small eccentric compression failure (compression-controlled fail-
ure). The failure process consists of linear ascending, nonlinear
ascending, and descending stages. The reduction in slope during
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Fig. 10. Cracking behavior of specimens. (a) Average crack spacing; (b) maximum crack width under 120 mm eccentric axial loading; (c) maximum crack width under

210 mm eccentric axial loading; (d) maximum crack width under pure bending.
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Fig. 11. Load-displacement relationships: (a) axial displacement; (b) lateral displacement of specimens under concentric and eccentric axial loading; and (c) lateral

displacement of specimens under pure bending.

the nonlinear ascending stage is associated with plastic deforma-
tion of the concrete. The peak load is achieved when concrete is
crushed. Subsequently, progressive concrete crushing with rein-
forcement failure leads to the descending stage. In this loading
regime, the hybrid-RC columns (SF-2, SF-3, and SF-4) demonstrate
failure processes and load capacities comparable to those of the
corresponding steel-RC columns (S-2, S-3, and S-4).

For eccentric axial loading with an eccentricity of 210 mm, both
the steel-RC column (S-5) and hybrid-RC column (SF-5) exhibited
concrete crushing after yielding of the tension reinforcement, cor-
responding to large eccentric compression failure (tension-
controlled failure). Unlike specimens subjected to small eccentric
compression failure (compression-controlled failure), these speci-
mens (S-5 and SF-5) exhibit pronounced yielding behavior due to
yielding of the longitudinal reinforcement, as discussed in Sec-
tion 3.4. The failure process comprises pre-cracking, post-
cracking, post-yielding, and descending stages, with initial crack-
ing observed at approximately 110 kN. Although the steel-RC and
hybrid-RC columns exhibit similar yield loads, their post-yielding
behavior differs considerably. After yielding, the steel-RC column
shows only a limited increase in load capacity, whereas the
hybrid-RC column exhibits a pronounced post-yielding strength
gain. Consequently, the hybrid-RC column (SF-5) achieves a
11.3% higher load capacity than the steel-RC column (S-5), attribu-
table to the post-yielding stiffness provided by the SFCBs.

Under pure bending, both the steel-RC column (S-6) and the
hybrid-RC column (SF-6) failed by concrete crushing following
yielding of the tension reinforcement. The failure process includes
pre-cracking, post-cracking, post-yielding, and descending stages,
with initial cracking observed at approximately 25 kN. Although
the two specimens exhibit similar yield loads, the hybrid-RC col-
umn demonstrates a more substantial post-yielding increase in
load capacity. Consequently, the peak load of the hybrid-RC col-
umn (SF-6) is 31.2% higher than that of the steel-RC column (S-
6), owing to the post-yielding stiffness of the SFCBs. In addition,
the displacement at peak load for specimens S-6 and SF-6 is 3.9
and 4.9 times the corresponding yield displacement, respectively.
Given that the ductility requirement for reinforced concrete mem-
bers under bending is generally greater than 3 [58], the ductility of
the hybrid-RC column is considered acceptable and comparable to
that of the steel-RC column.

3.4. Strain of longitudinal bars

Fig. 12 shows the strain development of longitudinal reinforce-
ment, providing further insight into the failure mechanisms of
hybrid-RC columns. Compared with steel-RC columns under vari-
ous loading conditions, hybrid-RC columns exhibit similar longitu-
dinal bar strain evolution but with a pronounced post-yielding
stiffness, which contributes to enhanced load-carrying capacity.
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Fig. 12. Load-longitudinal reinforcement strain relationships. (a) Compression side and (b) tension side of specimens under concentric and eccentric axial loading; (c)

compression side and (d) tension side of specimens subjected to pure bending.

Under concentric axial loading (Fig. 12(a)), the column cross
section is uniformly compressed. At peak load, the longitudinal
reinforcement in both the steel-RC column (S-1) and the hybrid-
RC column (SF-1) reaches a compressive strain of approximately
0.21%, approaching the compressive yield strain.

Under eccentric axial loading with eccentricities of 30, 60, and
120 mm (Figs. 12(a) and (b)), the entire section, most of the sec-
tion, and approximately half of the section, respectively, are sub-
jected to compression. The longitudinal reinforcement on the
compression side of both steel-RC columns (S-2, S-3, and S-4)
and hybrid-RC columns (SF-2, SF-3, and SF-4) exhibits larger com-
pressive strains than those observed under concentric axial load-
ing. This behavior is attributed to strain gradients that promote
stress redistribution near the extreme compression zone [20,38].
For these specimens, yielding of longitudinal reinforcement on
the tension side is not observed, corresponding to small eccentric
compression failure.

For eccentric axial loading with an eccentricity of 210 mm
(Figs. 12(a) and (b)), less than half of the column cross section is
under compression. In this case, yielding of longitudinal reinforce-
ment on the tension side is evident in both the steel-RC and
hybrid-RC columns (S-5 and SF-5), indicating large eccentric com-
pression failure. Compared with the steel-RC column, the hybrid-
RC column exhibits a higher load capacity owing to the post-
yielding stiffness of the SFCBs.

Under pure bending (Figs. 12(c) and (d)), only a relatively small
portion of the column cross section is in compression. Yielding of

longitudinal reinforcement on the tension side occurs in both the
steel-RC and hybrid-RC columns (S-6 and SF-6). The hybrid-RC col-
umn demonstrates a higher load capacity than the steel-RC col-
umn, attributable to the post-yielding stiffness of the SFCBs.

3.5. Strain of ties

The development of tie strain, shown in Fig. 13, further eluci-
dates the failure mechanisms of hybrid-RC columns. Compared
with steel-RC columns, hybrid-RC columns exhibit a similar evolu-
tion of tie strain under various loading conditions. Prior to peak
load, tie strains remain relatively small, indicating that transverse
confinement has not yet been fully mobilized. As concrete crushing
and spalling progress, tie strains increase rapidly.

Columns subjected to eccentric axial loading exhibit greater
post-peak tie strain development than those subjected to concen-
tric axial loading. In steel-RC columns, once steel ties yield, the
confinement provided by the ties does not increase further. In con-
trast, the linear-elastic behavior of closed-type FRP ties enables a
continuous increase in lateral confinement of the concrete and lon-
gitudinal reinforcement. Based on the material properties of ties
listed in Table 1, for the same strain level, closed-type FRP ties pro-
vide approximately one-quarter of the confinement stress pro-
vided by steel ties prior to yielding. However, when the tie strain
reaches about 0.70% (calculated based on Table 1), the confinement
stress provided by closed-type FRP ties becomes comparable to
that of steel ties.
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3.6. Strain of concrete

Fig. 14 shows the load-concrete strain relationships for speci-
mens tested under various loading conditions. Compared with
steel-RC columns, hybrid-RC columns exhibit similar concrete
strain development and ultimate compressive strain. Under con-
centric axial loading, both the steel-RC column (S-1) and the
hybrid-RC column (SF-1) reach an ultimate compressive strain of
approximately 0.22%. Under eccentric axial loading and pure bend-
ing, both steel-RC columns (S-2, S-3, S-4, S-5, and S-6) and hybrid-
RC columns (SF-2, SF-3, SF-4, SF-5, and SF-6) exhibit larger ulti-
mate compressive strains than those observed under concentric
axial loading. This increase is attributed to strain gradients that
facilitate stress redistribution [20,38].

3.7. Ductility

Column ductility was evaluated using the displacement ductil-
ity factor (u = A4,/A44) and the ultimate displacement (4,). Here, 44
represents the axial displacement at the elastic limit, defined as the
displacement corresponding to 75% of the peak load during the
ascending branch of the load-displacement curve [20,59]. A, cor-
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responds to the axial displacement at 85% of the peak load during
the descending branch [20,59]. The ductility factors and ultimate
displacements of columns subjected to concentric and eccentric
axial loading are shown in Fig. 15.

The results indicate that hybrid-RC columns exhibit ductility
comparable to that of steel-RC columns. For specimens exhibiting
small eccentric compression failure, hybrid-RC columns (SF-1, SF-
2, SF-3, and SF-4) exhibit, on average, ductility factors that are
6.5% higher and ultimate displacements that are 7.6% greater than
those of the corresponding steel-RC columns (S-1, S-2, S-3, and S-
4). This comparable ductility is attributed to the equivalent pre-
yielding stiffness of longitudinal SFCBs combined with the effective
confinement provided by closed-type FRP ties.

For large eccentric compression failure, the hybrid-RC column
(SF-5) exhibits ductility comparable to that of the steel-RC column
(S-5), with a similar ductility factor and a 7.3% greater ultimate dis-
placement. The higher load capacity of the hybrid-RC column (SF-
5), resulting from the post-yielding stiffness of SFCBs, leads to a rel-
atively larger A, which may result in an underestimated ductility
factor. The increased ultimate displacement is attributed to the
effective confinement provided by closed-type FRP ties and the
post-yielding stiffness of longitudinal SFCBs. This secondary stiff-
ness can delay the post-peak degradation of load capacity [30].

3.8. Axial load-bending moment interaction diagrams

To further evaluate the failure modes and strength of columns
reinforced by the novel hybrid reinforcement scheme, axial load-
bending moment interaction diagrams of various types of columns
were constructed by correlating the maximum bending moment
capacity (M,) with the corresponding axial load (P,). The M, is
determined by the following equation.

Mn:Mn1+Mn2:Pne+PnX (1)

where M, represents the moment induced by the initial eccentric-
ity (e), and M,, denotes the secondary moment resulting from lat-
eral deflection at the mid-height of the column (x). In addition to
the experimental results obtained in the present study, test data
from our previous work on hybrid-RC columns with pultruded
FRP ties and the corresponding steel-RC columns [38] are included
for comparison. Fig. 16 shows the experimental interaction dia-
grams from the previous study [38] and the current study. In
Fig. 16(a), the specimen labels consist of two parts: the prefix indi-
cates the reinforcement type (“SS” for longitudinal steel bar with
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Fig. 14. Load-concrete strain relationships. (a) Specimens under concentric and eccentric axial loading; (b) specimens under pure bending.
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Fig. 16. Axial load-bending moment interaction diagrams. (a) Comparison between steel-RC columns and hybrid-RC columns with pultruded FRP ties [38]; (b) comparison

between steel-RC columns and hybrid-RC columns with closed-type FRP ties.

steel tie, and “SFF” for longitudinal SFCB with pultruded FRP tie),
and the suffix denotes the loading condition (numbers in mm for
eccentricity, and “B” for pure bending).

As shown in Fig. 16(a) [38], hybrid-RC columns with pultruded
FRP ties exhibit two distinct failure modes similar to those
observed in steel-RC columns, including small eccentric compres-
sion failure in the upper portion of the interaction diagram and
large eccentric compression failure in the lower portion, with a bal-
anced point separating these two failure modes. This behavior is
primarily attributed to the yielding characteristics of SFCBs, which
are similar to those of conventional steel bars. However, even with
equal stiffness of longitudinal reinforcement and twice the volu-
metric tie ratio, hybrid-RC columns with pultruded FRP ties exhi-
bit, on average, a 13.5% lower load capacity than steel-RC
columns under eccentric compression. This reduction is primarily
caused by the insufficient confinement provided by pultruded
FRP ties.

As shown in Fig. 17(a), lap-splice slippage and the inferior
mechanical performance of the bent regions significantly limit
the confinement efficiency of pultruded FRP ties. Owing to this
low confinement efficiency, a higher volumetric tie ratio is gener-
ally required to achieve adequate ductility in such columns [39].
The high volumetric tie ratio and the overlap configuration of pul-
truded FRP ties result in a natural separation plane between the
concrete cover and the concrete core, which promotes stability fail-
ure of the concrete cover. In addition, the low confinement effi-
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ciency of pultruded FRP ties allows greater lateral deformation of
longitudinal SFCBs, further exacerbating the stability failure of
the concrete cover. This stability failure of concrete cover is charac-
terized by premature spalling of the concrete cover before being
fully crushed [38,60-62].

As expected, hybrid-RC columns with novel closed-type FRP ties
also exhibit two failure modes (small and large eccentric compres-
sion failure), as shown in Fig. 16(b). Notably, with equal stiffness of
longitudinal reinforcement and a similar volumetric tie ratio,
hybrid-RC columns with closed-type FRP ties demonstrate load
capacities comparable to or exceeding those of steel-RC columns.
For columns exhibiting small eccentric compression failure, the
average ratio of the load capacity of hybrid-RC columns to that of
steel-RC columns is 0.99. For columns exhibiting large eccentric
compression failure, the ratio of the load capacity of hybrid-RC col-
umns to that of steel-RC columns is 1.11.

These results indicate that replacing pultruded FRP ties with
closed-type FRP ties significantly enhances the axial-flexural per-
formance of hybrid-RC columns, highlighting the superior confine-
ment efficiency of the novel FRP tie. As shown in Fig. 17(b), the
closed geometry and improved bent regions of closed-type FRP ties
effectively overcome the deficiencies associated with pultruded
FRP ties, providing enhanced restraint against lateral deformation
of SFCBs and transverse expansion of concrete, and mitigating a
natural separation plane between the concrete cover and the con-
crete core. Overall, these comparisons demonstrate the effective-
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Fig. 17. Failure mechanisms: (a) hybrid-RC columns with pultruded FRP ties; (b) hybrid-RC columns with closed-type FRP ties.

ness of the proposed hybrid reinforcement scheme (combining
longitudinal SFCBs with closed-type FRP ties) in achieving desir-
able axial-flexural performance in concrete columns.

4. Analytical model
4.1. General considerations

To accurately predict the axial-flexural failure modes and load-
carrying capacity of columns reinforced with longitudinal SFCBs
and closed-type FRP ties, a plane-section analysis is adopted to
establish a prediction model. The following assumptions are
considered:

(1) Strain in longitudinal reinforcement and concrete is propor-
tional to the distance from the neutral axis, and perfect bond is
assumed between the longitudinal reinforcement and concrete.

(2) Material strength reduction factors and environmental
reduction factors are taken as unity.

(3) Equivalent rectangular stress block (ERSB) and correspond-
ing parameters recommended by ACI 440.1R-15 [15] are used to
model the compressive stress distribution in concrete.

(4) The tensile strength of concrete is neglected.

(5) A bilinear constitutive model is adopted for SFCBs in both
tension and compression, as expressed in Eq. (2).

Ee,
fsf = {

Elgsfy + Ell(g - 8sfy)7

0 <e< Esfy
8sfy < &< &gy

(2)

where fi and ¢ denote the stress and strain of the SFCB, respec-
tively; esr, and &g, represent the yield strain and ultimate strain
of the SFCB. This bilinear constitutive relationship is established
based on experimental results reported in previous studies [39,40].

4.2. Prediction for failure modes and load capacity

Based on experimental observations and the constitutive
behavior of SFCBs, two typical eccentric compression failure modes
are identified for hybrid-RC columns, including small and large
eccentric compression failure (compression-controlled and
tension-controlled failure). In small eccentric compression failure,
concrete crushing occurs prior to yielding of the tension reinforce-
ment, whereas in large eccentric compression failure, concrete
crushing occurs after yielding of the tension reinforcement. The
corresponding strain and stress distributions in the cross section
for these two failure modes are shown in Fig. 18. In this figure,
&y denotes the ultimate compressive strain of concrete, taken as
0.003 according to ACI 440.1R-15 [15]; & is the strain of longitu-
dinal reinforcement on the tension side; c is the neutral axis depth;
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Fig. 18. Strain and stress distributions in the cross section for different failure
modes. (a) Small eccentric compression failure with full compression; (b) small
eccentric compression failure with partial compression; (c) large eccentric com-
pression failure.

e, is the distance from the centroid of the tension reinforcement to
the eccentric compression load; e; is the load eccentricity; fs and
Astc denote the stress and area of longitudinal reinforcement on
the compression side; fsr and Asg denote the stress and area of lon-
gitudinal reinforcement on the tension side, with compressive and
tensile stresses taken as negative and positive values, respectively;
b and h are the width and height of the cross section; as; and asg
are the distances from the centroids of the tension and compres-
sion reinforcement to the nearest section edge, respectively; and
d is the distance from the centroid of the tension reinforcement
to the extreme compression fiber.

The two eccentric compression failure modes can be distin-
guished by comparing the neutral axis depth ¢ with the boundary
neutral axis depth c,, as presented in Table 3. The value of ¢, cor-

Table 3
Distinction of failure modes for hybrid-RC columns.

Failure mode Condition Characteristic

Small eccentric c>cp Concrete crushing before yielding of
compression failure tension reinforcement

Large eccentric C<Cp Concrete crushing after yielding of

compression failure tension reinforcement
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responds to the balanced condition at which concrete crushing and
yielding of the tension reinforcement occur simultaneously. Based
on plane-section analysis, ¢, is given by the following equation.

o 3)

Ch=—"7-—
szy + Ecu

Force equilibrium of the column cross section yields the follow-
ing equations.

P, = 085f/cba —fsftAsft +fschSfC
a=pc
Pre; = 0.85f ba(d — a/2) + fAsc(d — astc)

ec=e +h/2 —ag

where f. is the compressive strength of concrete, a is the depth of
the ERSB, and g, is the ratio of the ERSB depth to the neutral axis
depth.

Based on strain compatibility, the strains in the longitudinal
reinforcement on the tension and compression sides (&ss and &g.)
can be expressed as the following equations.

d-c pd—a

Esft = Ecu———=¢&
sft cu c

(8)

_ a-— ﬁl Usfc

— Ccu

C — Osfe

)

The neutral axis depth c corresponding to a given axial load P,
can be determined from Egs. (2), (4), (5), (8), and (9). The failure
mode is then identified by comparing ¢ with ¢, obtained from Eq.
(3). Subsequently, the load eccentricity e; can be calculated using
Egs. (5)-(7), and the corresponding bending moment capacity
can be determined as M, = P,e;.

To prevent tensile rupture of SFCBs, a minimum reinforcement
ratio on the tension side (pmiy) is proposed. This minimum ratio
corresponds to the balanced condition at which concrete crushing
and tensile rupture of SFCBs occur simultaneously. To obtain a con-
servative estimate of pn;,, the axial force is neglected in the deriva-
tion. Under this balanced failure condition, the strain and stress
distributions are shown in Fig. 19, where fs, denotes the ultimate
tensile strength of the SFCB. Based on force equilibrium, Eq. (10) is
obtained, which subsequently leads to the calculation formula for
Pmin as shown in Eq. (11). Using similar triangles in Fig. 19, the ¢
and &g can be obtained, as illustrated in Eqgs. (12) and (13). Based
on Egs. (2) and (11)-(13), the pmin can be obtained.

Esfe = €cu

0.85f’cb/31C +fschsfc :fsqusft (10)
- 085f/cbﬂlc +fschSfC (l-l)
min fsfubd
_ e (12)
Ecu + Esfu
Esfe = €cu e (]3)
b
€ 1
Neutral = CI e o Fstc [
,,,,,,,,,,,,, ———gm | -
axis sie d
= —— et — - —1 h

| = f A ¥ ag

Fig. 19. Strain and stress distribution in the cross section under balanced failure.
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4.3. Experimental verification of the prediction model

Based on this prediction model and the measured material
properties, axial load-bending moment interaction diagrams were
predicted and compared with the experimental results of this
study, as shown in Fig. 20. The comparison demonstrates that
the predicted combinations of axial load and bending moment
capacity (P,, M,) fall within or on the experimental failure envel-
opes of the tested columns. Moreover, strong agreement is
observed between predicted and experimental strengths. The aver-
age ratios of experimental to predicted moment capacity (Me/Mp)
are 1.06 for steel-RC columns and 1.05 for hybrid-RC columns.
These minor underestimations are not excessively conservative,
indicating that this prediction model provides both safe and accu-
rate predictions of the axial-flexural behavior of hybrid-RC
columns.

4.4. Future research

Hybrid-RC members are well-suited for marine infrastructure
exposed to harsh corrosive environments, where high durability
is required. Furthermore, this hybrid reinforcement scheme can
be combined with SSC, offering a potential solution to the short-
age of freshwater and river sand resources in marine construc-
tion. However, further refinement of the axial-flexural
prediction model requires additional experimental investigation.
Eccentric compression tests on hybrid-RC columns with larger
cross-sectional dimensions and higher slenderness ratios would
be valuable for evaluating size effects and second-order effects,
thereby extending the applicability of the model. In addition,
the influence of the bond behavior of SFCB on column perfor-
mance, particularly with respect to crack width, lap splicing,
and anchorage, should be comprehensively investigated to fur-
ther develop reliable design methods for hybrid-RC columns.
Further research is also needed to assess the seismic perfor-
mance of hybrid-RC columns, enabling a comprehensive under-
standing of their behavior under seismic loading and
supporting their safe application in seismic regions. Moreover,
long-term durability studies of hybrid-RC columns in aggressive
marine environments are essential to provide valuable insights
into degradation mechanisms and maintenance requirements
over the service life. Addressing these research needs would fur-
ther advance the practical implementation of hybrid-RC columns
in engineering applications.

5. Conclusions

This study investigated a novel, durable hybrid FRP-steel rein-
forcement scheme, comprising longitudinal SFCBs and closed-
type FRP ties, to enhance the axial-flexural performance of rein-
forced concrete columns. An experimental program was conducted
to elucidate the axial-flexural failure mechanisms of hybrid-RC
columns, quantify the mechanical contribution of SFCBs, and clar-
ify the confinement mechanism provided by the closed-type FRP
ties. The main conclusions are as follows:

(1) Under eccentric compression loading, hybrid-RC columns
exhibit small and large eccentric compression failure modes, char-
acterized by concrete crushing occurring before and after yielding
of the tension reinforcement, respectively. Compared with steel-RC
columns, hybrid-RC columns demonstrate superior axial-flexural
behavior, including similar failure modes, comparable stiffness,
acceptable crack widths, and comparable or improved load capac-
ity and ductility. The post-yielding stiffness provided by the SFCBs
contributes to increased load capacity and a more ductile failure
response.
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Fig. 20. Comparison between predicted interaction diagrams and experimental results: (a) steel-RC columns; (b) hybrid-RC columns with closed-type FRP ties.

(2) Hybrid-RC columns with pultruded FRP ties exhibit prema-
ture failure and, on average, a 13.5% lower load capacity than steel-
RC columns. In contrast, hybrid-RC columns with closed-type FRP
ties achieve load capacities comparable to or exceeding those of
steel-RC columns. This enhanced performance is attributed to the
high confinement efficiency of the closed-type FRP ties, whose
closed geometry and improved bent regions effectively overcome
the limitations associated with pultruded FRP ties.

(3) Based on the distinctive constitutive behavior of the hybrid
FRP-steel reinforcement system and the experimentally observed
failure mechanisms, an analytical model was developed to predict
the axial-flexural failure modes and strength of hybrid-RC col-
umns. The model was preliminarily validated against experimental
results and was shown to provide safe and reasonably accurate
predictions. However, further research incorporating a wider range
of test parameters is required to refine the prediction model.

Overall, the findings of this study demonstrate the effectiveness
of the durable hybrid FRP-steel reinforcement scheme in enhanc-
ing the serviceability, strength, and ductility of reinforced concrete
columns, highlighting its potential for application in marine
infrastructure.
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