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ABSTRACT

In recent decades, fiber-reinforced polymer (FRP) bar-reinforced concrete (FRP-RC) beams have attracted
considerable attention as a corrosion-free beam form. However, FRP-RC beams have limited practical
applications owing to their much lower ductility compared to conventional steel bar-reinforced concrete
(steel-RC) beams. To improve the ductility of FRP-RC beams, this study presents an innovative sectional
form for FRP-RC beams in which the compression zone concrete is confined with FRP spirals/hoops. With
such a sectional form, the ductility of the beam is derived from the ductile behavior of confined concrete
in the compression zone instead of the ductile behavior of steel yielding in a conventional steel-RC beam.
An experimental program consisting of eight large-scale FRP-RC beams was conducted to validate the
effectiveness of this sectional form, in which the variables investigated include the pitch of the FRP spiral
used to offer confinement, amount of longitudinal tension FRP bars, and FRP confinement configuration.
The test results demonstrate the effectiveness of FRP confinement in improving the ductility and load-
carrying capacity of FRP-RC beams; for one of the beams tested in the present study, ductility was
increased by 150% with only a corresponding cost increase of around 7%. The significant effects of design
parameters on the behavior of such FRP-RC beams are clearly revealed. Finally, a finite element model for

such FRP-RC beams was established and verified using the test results.
© 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

The application of fiber-reinforced polymer (FRP) composites in
civil engineering has led to considerable research in recent decades
[1-6], and this growing popularity of FRP composites is due to their
high strength-to-weight ratio, corrosion resistance, and life cycle
cost-effectiveness [7]. The substitution of steel reinforcements
with FRP bars in reinforced concrete beams is one of the most pop-
ular applications of FRP composites and has been extensively
investigated [8,9]. Studies have shown that FRP bar-reinforced con-
crete (FRP-RC) beams can achieve excellent corrosion resistance
and load-carrying performance. However, unlike conventional
steel bar-reinforced concrete (steel-RC) beams that exhibit ductile
flexural behavior, FRP-RC beams normally fail in a brittle manner,
exhibiting a virtually bilinear load-deflection response without a
yield plateau [10]. Ductility is one of the most important factors
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in the design of flexural members, along with strength and stiff-
ness [11,12]. For conventional steel-RC beams, ductility is primar-
ily derived from the yielding of the tension steel reinforcement,
which is unavailable in FRP-RC beams. Consequently, FRP-RC
beams are usually designed as over-reinforced beams so that the
brittle failure mode owing to the sudden tensile rupture of FRP
bars [13,14] is avoided, whereas a certain level of ductility is
achieved from the nonlinear compressive crushing process of con-
crete. However, the ductility achieved using this design approach is
limited [15,16].

To improve the flexural ductility of FRP-RC beams, five different
methods have been explored to enhance the ductility of the com-
pression zone of such beams: O embedding a compression yield-
ing (CY) block, which can be based on steel [17,18] or fiber-
reinforced concrete [19], in the compression region of the beam;
@ using FRP-UHPC (ultra-high performance concrete) hybrid
rebars as compression bars in the member [20,21]; @ adopting
fiber-reinforced concrete [22] or engineered cementitious
composites (ECCs) [23] to cast the beam; @ confining the
entire beam section with densely arranged FRP stirrups [24]; and
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® confining compression-zone concrete with either a flexible hol-
low section formed from a continuous carbon fiber sheet [24] or an
FRP tube (Option 1) [25], with carbon fiber sheet ribbons (Option
2) [26], or with FRP helical reinforcement (i.e., FRP spirals, Option
3) [27,28]. Method 1 can be very effective in improving the ductil-
ity of a simply supported beam. However, when it is implemented
in real structures that are likely to be exposed to a wide range of
loading with a significant degree of uncertainty (e.g., the effect of
foundation settlement), it is difficult to ensure in design and con-
struction that enough CY blocks are provided and they are all
located at the critical locations. Method 2 involves a relatively
complex process of hybrid rebar fabrication and installation.
Method 3 offers only limited enhancement in the ductility of the
beam, while concomitantly increasing the costs of the materials.
Method 4 usually requires the use of a large amount of FRP, and
densely arranged FRP stirrups can cause difficulties in the in situ
casting of concrete [24]. Method 5, which imparts ductility through
compression zone confinement (CZC), appears to be the most
promising.

Among the three options of Method 5, Option 3 was the most
attractive, as explained below. In Option 1, the use of a tube formed
from a continuous carbon fiber sheet or an FRP tube to confine the
compression-zone concrete can cause difficulties in the in situ cast-
ing of concrete, and the presence of the tube also compromises the
integrity of the beam. In Option 2, controlling the shapes and posi-
tions of the soft carbon fiber sheet ribbons during concrete casting
is challenging. Option 3 introduces a novel strategy for utilizing
FRP spirals to confine concrete within the compression zone,
thereby significantly enhancing its compressive strength and ulti-
mate strain. Previous studies have demonstrated that FRP spiral
confinement can substantially improve the mechanical properties
of concrete, including its deformation capacity [29-32]. This mech-
anism facilitates the formation of a CY plastic hinge, significantly
enhancing the ductility of the flexural members [28]. Additionally,
Option 3 avoids the issues associated with Options 1 and 2: the
segregation issue between the FRP tube and the rest of the beam
is eliminated, and the spirals possess sufficient stiffness for shape
and position retention.

The innovative sectional form of an FRP-RC beam of Option 3
was studied through limited beam testing and was found to be
effective in enhancing the deformation and ductility of the beam
[28]. In the present study, eight large-scale beam tests were con-
ducted to systematically investigate the failure mechanism and
flexural behavior of FRP-reinforced CZC concrete beams (hereafter
FRP-CZC beams, or FRP-RC beams for short). The investigated
parameters include the pitch of the FRP spiral, longitudinal tension
FRP reinforcement ratio, and FRP confinement configuration (i.e.,
continuous circular FRP spiral, continuous rectangular FRP spiral,
and discrete circular FRP hoops). Furthermore, a three-
dimensional (3D) nonlinear finite element (FE) approach was
established to simulate the behavior of FRP-CZC beams, and its
accuracy was verified using the test results. In this study, the duc-
tility of such FRP-CZC beams was demonstrated, the failure mech-
anism was clarified, and the effects of key design parameters on
the flexural behavior were revealed. This study provides improved
insight into the performance of FRP-CZC beams and offers a useful
experimental and numerical basis for further studies.

2. Experimental program
2.1. Test specimens
The test program consisted of eight large-scale FRP-RC beams.

Glass FRP (GFRP) bars were used as longitudinal and shear FRP
reinforcements, and they were also used to confine the compres-
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sion zone. Fig. 1 shows the dimensions and configurations of the
internal FRP reinforcements of the test beams. The figure indicates
that all the test beams were 200 mm wide, 300 mm high, and
3100 mm long, and the clear concrete cover was 20 mm thick.
The test beams had a pure bending region of 600 mm, and two
shear spans of 1000 mm each. Two GFRP bars with a diameter of
12 mm (2G12) were placed in the compression zone of each beam.
To avoid shear failure of the beams, densely placed transverse
GFRP stirrups with a diameter of 12 mm and a spacing of 50 mm
(G12@50) were adopted in the two shear spans of the beams,
whereas a spacing of 200 mm was used for the stirrups in the pure
bending region of the beams. To avoid brittle failure of the beams
owing to the early rupture of the longitudinal tension reinforce-
ment, all test beams had a large amount of longitudinal tension
GFRP bars, leading to longitudinal reinforcement ratios larger than
the balanced reinforcement ratio of the corresponding beam with-
out FRP confinement according to the relevant Chinese national
standard [33].

Among the eight test beams, one was the control beam (CB)
without FRP confinement in the compression zone. The remaining
seven beams were provided with FRP confinement of different con-
figurations, including: a continuous circular FRP spiral (pitches of
40, 50, or 67 mm), a continuous rectangular FRP spiral (50 mm
pitch), or discrete circular GFRP hoops (50 mm spacing). These
hoops were formed by cutting circular spirals into discrete rings
with approximately a one-third circumference overlap at the ends.
Furthermore, the effects of different longitudinal FRP reinforce-
ment ratios (1.44%, 1.83%, and 2.88%) on FRP confinement were
considered. The FRP reinforcement cages for some test beams are
shown in Fig. 2. The specimens include CB and the FRP-RC beams
designated as (CS40-3G20/12, CS50-3G25, CS67-3G25, CH50-
3G25, and RS50-3G25. In the specimen names, CS, RS, and CH
denote circular spiral, rectangular spiral, and circular hoops,
respectively, followed by the pitch/spacing of FRP spiral/hoops in
millimeters; the suffix indicates the details of longitudinal GFRP
bars. For example, CS40-3G20 refers to an FRP-RC beam reinforced
with three 20 mm longitudinal GFRP bars and confined in the com-
pression zone by a circular spiral at 40 mm pitch.

Table 1 summarizes the details of the longitudinal FRP rein-
forcement and FRP confinement for all the test beams.

2.2. Material properties

All test beams were cast with the same batch of normal-weight
ready-mixed concrete provided by a local commercial concrete
supplier and cured for more than 28 days. The coarse aggregate
used to cast the concrete was well-graded crushed stone with a
maximum nominal size of 20 mm. The concrete material proper-
ties were obtained from compression tests of standard concrete
cylinders (150 mm in diameter x 300 mm in height) according to
ASTM (C39/C39M-18 [34]. The average compressive strength of
the concrete was 50.2 MPa.

Pultruded GFRP bars with different diameters were used in the
beams, as shown in Fig. 3. The longitudinal/shear GFRP bars (G12,
G20, and G25 with diameters of 12, 20, and 25 mm, respectively)
had a deep-ribbed surface to ensure strong bonding with concrete.
The tensile properties of the GFRP bars were determined via tensile
tests according to ASTM D7205/D7205M-11 [35]. To determine the
tensile properties of the GFRP spirals and hoops, the corresponding
GFRP straight bars with the same raw materials (continuous glass
fibers and resin) were tested under tension. Table 2 summarizes
the tensile properties of the GFRP bars averaged from five samples.
The GFRP spirals or hoops (G9-1 in Table 2) had an inner diameter
of 114 mm, while the rectangular GFRP spirals (G9-2 in Table 2)
had the same inner width and height of 112 mm (i.e., square spi-
rals), as shown in Fig. 3(b). All the FRP spirals were manufactured
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Fig. 1. Dimensions and reinforcement details of test beams. (a) Confined with a circular FRP spiral; (b) confined with a rectangular FRP spiral; (c) confined with circular FRP
hoops. 3G25 and 3G20 represent three GFRP bars with a diameter of 25 mm and 20 mm, respectively; 2G20+1G12 represents two GFRP bars with a diameter of 20 and one
GFRP bar with a diameter of 12 mm; CS40/50/67 denotes a continuous circular FRP spiral with a pitch of 40, 50, or 67 mm; RS50 denotes a continuous rectangular FRP spiral
with a pitch of 50 mm; CH50 denotes discrete circular GFRP hoops with a spacing of 50 mm.
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Fig. 2. FRP reinforcement cages of some of the test beams.

using a pultrusion technique with a custom-designed mold to
achieve predefined shapes and dimensions.

2.3. Setup and instrumentation for the beam tests
All beam specimens were tested under two-point loading (i.e.,

four-point bending) with a distance of 600 mm (the pure bending
region) between the two loading points. The load was applied

using a 1000 kN capacity servo-controlled actuator (Hangzhou
Popwil Instrument Co., Ltd., China), as shown in Fig. 4. The loading
process consisted of three stages: a load-control stage initially at
3 kN increments before the cracking of the beam bottom surface
and then at 10 kN increments until the appearance of concrete
cover spalling near the top surface of the beam, followed by a
displacement-control stage in increments of 1 mm until the com-
plete failure of the beam. Prior to testing, the beams were painted
white to facilitate clear observation of crack development. The ver-
tical deflections of the beams were measured using five linear vari-
able differential transformers (LVDTSs; Liyang City Instrument and
Meter Plant, China) located at critical positions (beam supports,
mid-span, and loading points). Furthermore, 14 strain gauges (Zhe-
jiang Huangyan Testing Apparatus Factory, China) with a gauge
length of 5 mm were attached to the longitudinal FRP bars and spi-
ral/hoops at the mid-span and one of the loading points of each
FRP-CZC beam to monitor the FRP strain development. Nine strain
gauges with a gauge length of 100 mm were installed at the mid-
span over the beam height and on the top and bottom surfaces of
the beam, as shown in Fig. 4(b). For the CB, the arrangement of
strain gauges was similar, except for the compression zone FRP spi-
ral/hoops, which did not exist in the CB.

5]
Please cite this article as: S.-S. Zhang, X.-B. Hu and J.-G. Teng, Imparting Ductility to FRP-Reinforced Concrete Beams Through Compression Zone Confine-
ment, Engineering, https://doi.org/10.1016/j.eng.2026.04.012




S.-S. Zhang, X.-B. Hu and J.-G. Teng

Engineering xxx (XXXX) XXx

Table 1

Details of test beams.
Beam specimen Tension GFRP reinforcement GFRP stirrup in shear spans GFRP confinement in the compression zone p/"

Bars pr (%) ds(mm) s (mm) Pw(%) Configuration

CB 3G25 2.88 G12@50 - — — - 3.13
CS40-3G25 3G25 2.88 G12@50 9 40 5.17 CS 3.13
CS50-3G25 3G25 2.88 G12@50 9 50 4.14 (& 3.13
CS67-3G25 3G25 2.88 G12@50 9 67 3.09 (& 3.13
CS40-3G20/12 2G20 + 1G12 1.44 G12@50 9 40 5.17 CS 1.50
CS40-3G20 3G20 1.83 G12@50 9 40 5.17 cS 1.91
RS50-3G25 3G25 2.88 G12@50 9 50 4.20 RS 3.13
CH50-3G25 3G25 2.88 G12@50 9 50 4.14 CH 3.13

pr : longitudinal tension FRP reinforcement ratio; ds : nominal bar diameter of spiral; s: pitch or spacing of spiral/hoops; p,, : volumetric ratio of FRP spiral/hoops; p, :
balanced tension FRP reinforcement ratio of a corresponding FRP-RC beam without FRP confinement in the compression zone [33].

345678

25 mm GFRP bar

112 mm
2 mm GFRP bar | -

Go:F G9:2
(a) (b)

Fig. 3. GFRP bars used in the test beams. (a) Longitudinal/shear GFRP bars; (b) GFRP
spirals (G9-1 and G9-2).

3. Experimental results
3.1. Failure mode

The failure modes of all the test beams are shown in Figs. 5-8.
Control specimen CB failed in a brittle manner because of the com-
pressive crushing of the top surface/top concrete cover. This top-
surface compression failure (Fig. 5), denoted by “TC” hereafter, is
the typical flexural failure mode of over-reinforced FRP-RC beams
[37,38]. In contrast, the FRP-CZC beams failed in a more ductile
manner, in accordance with design expectations. The FRP-CZC
beams exhibited similar failure processes. With an increasing load,
spalling of the top concrete cover occurred first, accompanied by a
temporary drop in the applied load. However, owing to the FRP
confinement effect on the compressive concrete, the beams were
capable of sustaining an increasing load until the occurrence of
ultimate failure, at which the load suddenly dropped by a large
amount. The failure modes of FRP-CZC beams are preferable to that
of the control specimen because the former are more gradual and
less catastrophic, exhibiting substantially higher deformability/-
ductility. The development of cracks in the test beams was
recorded during the loading process. The first crack always

occurred within the pure bending region, and several flexural
and shear cracks appeared in the pure bending region and the
two shear spans, respectively, as the load further increased. Mean-
while, the cracks in the shear spans gradually propagated toward
the loading points with increasing load owing to the combination
of flexural and shear stresses. After the load reached approximately
70% of the peak load, the number of cracks almost stopped increas-
ing; instead, the existing cracks continued to deepen and widen.
The test observations indicated that three types of failure
modes occurred in the FRP-CZC beams: (D Specimens CS40-3G25,
CS50-3G25, CS67-3G25, and RS50-3G25 failed by the rupture of
FRP spiral, followed by the compressive crushing of the confined
concrete core (hereafter referred to as “RFS + CC” for simplicity),
as shown in Fig. 6; @ Specimen CH50-3G25 failed by slippage
between the two ends of the FRP hoop, followed by the compres-
sive crushing of confined concrete core (hereinafter referred to as
“SFH + CC” for simplicity), as shown in Fig. 7; and @ specimens
CS40-3G20/12 and CS40-3G20 failed by the rupture of longitudinal
tension FRP bars (hereinafter referred to as “RT” for simplicity), as
shown in Fig. 8. The FRP spiral in the beam experiencing RT failure
did not rupture, and the integrity of the confined concrete core was
maintained without penetrating cracks, indicating that the FRP
confinement was not fully activated. After unloading, the damaged
FRP-CZC beams with the first two failure modes almost recovered
their original shapes owing to the linear elastic nature of FRP bars.

3.2. Load-deflection responses

The total load versus mid-span deflection curves of all the test
beams are shown in Fig. 9(a). The control specimen showed classi-
cal bilinear characteristics, and the load quickly decreased after the
compressive crushing of the top concrete of the beam. The FRP-CZC
specimens exhibited not only an apparent yield plateau similar to
that of conventional steel-RC beams but also an increase in the
load and deformation capacities over the CB. This observation indi-
cates that FRP confinement can increase both the compressive

Table 2

Material properties of GFRP bars.
Bar Nominal diameter® Immersion diameter” Elastic modulus® Tensile strength® Ultimate tensile strain® Surface
specimen (mm) (mm) (GPa) (MPa) (%) configuration
G9-1 9 8.7 45.7 930 2.03 Spirally wrapped
G9-2 9 8.3 51.1 1114 2.18 Spirally wrapped
G12 12 11.5 44.5 767 1.72 Deep-ribbed
G20 20 19.0 443 714 1.61 Deep-ribbed
G25 25 24.0 45.5 738 1.62 Deep-ribbed

2 Provided by the manufacturer.
b Determined from immersion test [36].
¢ Calculated based on the nominal diameter.
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Fig. 4. Test setup and instrumentation. (a) Test setup; (b) LVDTs and concrete strain gauges; (c) strain gauges on FRP bars in the CB; (d) strain gauges on FRP bars in the FRP-

CZC beams. P represent the corresponding total applied load.

Fig. 5. TC failure of the CB.

strength and deformation capacity of the confined compressive
concrete, resulting in an enhancement in the ductility of the beam.
The stiffness of the FRP-CZC beams with the same longitudinal ten-
sion FRP bars did not vary significantly with the FRP confinement
configuration before the compressive spalling of the top concrete
cover. Subsequently, the FRP-CZC beams first experienced a slight
decrease in load owing to the spalling of the top concrete cover.
Soon after, the passive FRP confining effect on the compressive
concrete core was activated by the dilation of the FRP-confined
concrete, and then progressively increased as the load further
increased. Once the FRP spiral/hoops ruptured, leading to the
crushing of the compressive concrete core, the load-carrying capa-
bility of the FRP-CZC beam decreased rapidly, signifying the final
failure of the beam. In Fig. 9, the marked point on each curve with
the associated failure phenomenon identified corresponds to the
final failure of the beam, beyond which an abrupt drop in the
load-bearing capacity occurs.

Three typical simplified load-deflection curves for the FRP-CZC
beams are shown in Fig. 10. In these curves, the symbols 6 and P
represent the mid-span deflection and the corresponding total
applied load, respectively. The subscripts are defined as follows:
“cr” denotes bottom concrete cover cracking (Point 1); “p1”
denotes compressive spalling of the top concrete cover (Point 2);
“p2” denotes the activation of the FRP confinement effect (Point
3); and “u” denotes the ultimate failure of the beam (Point 4).
The curves generally consist of four portions in sequence of
appearance: (D the linear-elastic portion: The load increases lin-
early with the deflection until the bottom concrete cover cracking
point (J¢r, Pc;) is reached. In this study, the first concrete cracking in
the FRP-CZC beams occurred at a load level of 15-21 kN. @ The lin-
ear post-cracking portion: After concrete cracking, the load contin-
ues to increase with the deflection at a slope smaller than that of
the first portion until the compressive spalling of the top concrete
cover (dp1, Pp1). @ The load-reduction portion: After the spalling of
top concrete cover, the FRP-CZC specimens experienced a load
decrease of 5.6%-12.0% until the activation of the FRP confinement
effect (Sp2, Pp2). @ The confinement-effective portion: After the
activation of the FRP confinement effect, the load keeps increasing
or decreasing along a nearly linear path as the deflection increases
at a small slope until the complete failure of the beam (6, P,). Note
that the load-deflection curves in the fourth segment can be
ascending, horizontal, or descending, depending on the level of

D
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Fig. 6. Rupture of FRP spiral followed by the compressive crushing of the confined
concrete core (RFS + CC) failure in FRP-CZC beams. (a) Side view of CS40-3G25; (b)
side view of CS50-3G25; (c) side view of CS67-3G25; (d) side view of RS50-3G25;
(e) close-up view of CS40-3G25; (f) close-up view of RS50-3G25.

FRP confinement, which is related to the pitch (i.e., volumetric
ratio) and configuration of the FRP spiral. By considering the level
of confinement and the associated slope of the fourth portion of the
load-deflection curve, FRP-CZC beams may be classified into
“heavily confined beams” with an ascending fourth portion,
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“moderately confined beams” with a horizontal fourth portion,
and “weakly confined beams” with a descending fourth portion,
as shown in Fig. 10. Fig. 9(d) shows that one of the FRP-CZC beams
(Specimen RS50-3G25) exhibited approximately moderately con-
fined beam behavior. The other FRP-CZC beams exhibited heavily
confined beam behavior, as the FRP confinement led to a signifi-
cantly ascending fourth portion. A small load fluctuation, accompa-
nied by a small explosive sound during the test, was noted in the
fourth portion of the load-deflection curve for some of the beams
owing to the rupture of the compressive FRP bars; however, this
was soon followed by a rebound phase arising from the increasing
activation of the FRP confinement effect. Note that the load
decrease caused by the spalling of the top concrete cover has an
insignificant effect on the overall behavior of FRP-CZC beams, as
such a decrease is usually small when practical concrete cover
thicknesses are adopted. Meanwhile, the spalling of top concrete
cover is not the ultimate state of FRP-CZC beams, but can be trea-
ted as a sign of beam damage and can be repaired if necessary.

The key test results for all beam specimens are summarized in
Table 3. It is expected that the four key points (¢, Per), (0p1, Pp1),
(0p2, Pp2), and (6, P,) generally define the load-deflection response
of an FRP-CZC beam. As shown in Fig. 10, the ultimate states for the
control and FRP-CZC beams correspond to Points 2 and 4, respec-
tively, where the load suddenly drops by a large amount. As pro-
vided in Table 3, the heavily confined beams with an ascending
fourth portion of the load-deflection response achieved a substan-
tial enhancement in both the ultimate deflection and load-carrying
capacity.

3.2.1. Effect of FRP spiral pitch

The load-deflection curves of FRP-CZC beams with different FRP
spiral pitches are compared in Fig. 9(b). Specimens CS40-3G25,
CS50-3G25, and CS67-3G25, with spiral pitches of 40, 50, and
67 mm, respectively, together with the control specimen CB, are
included. The figure indicates that the effect of spiral pitch on
the load-deflection curve is less evident before the compressive
spalling of top concrete cover. After the spalling of the top concrete
cover and FRP confinement activation, the load of a beam with a
smaller spiral pitch increases more rapidly with the deflection,

Fig. 7. Slippage between the two ends of the FRP hoop followed by the compressive crushing of confined concrete core (SFH + CC) failure in beam CH50-3G25. (a) Overall

view; (b) close-up view.

(o)
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Fig. 8. Rupture of longitudinal tension (RT) failure in FRP-CZC beams. (a) Side view
of CS40-3G20/12; (b) side view of CS40-3G20; (c) close-up view of CS40-3G20/12;
(d) close-up view of CS40-3G20.

leading to a higher load and larger deflection at beam failure. The
ultimate load and deflection of Specimen CS40-3G25 are higher
than those of Specimen CS67-3G25 by 19.8% and 25.7%,
respectively.

3.2.2. Effect of tension FRP reinforcement ratio
The load-deflection responses of the beams with different lon-
gitudinal tension FRP reinforcement ratios are shown in Fig. 9(c).

Specifically, Specimens CS40-3G25, CS40-3G20, and (CS40-
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3G20/12 (with longitudinal tension FRP reinforcement ratios of
2.88%, 1.83%, and 1.44%, respectively), together with the control
Specimen CB (with a longitudinal tension FRP reinforcement ratio
of 2.88%), are compared. As shown in Fig. 9(c), the longitudinal ten-
sion FRP reinforcement ratio has a significant effect on the load-
deflection curve of the beam. A higher FRP reinforcement ratio
results in a greater flexural stiffness and a higher load at the spal-
ling of top concrete cover; for instance, the P,; of Specimen CS40-
3G25 is 41.3% higher than that of Specimen CS40-3G20/12. After
the compressive spalling of top concrete cover, the beam with a
higher longitudinal tension FRP reinforcement ratio reached a
higher ultimate load and corresponding deflection at beam failure.
Increasing the longitudinal tension FRP reinforcement ratio from
1.44% to 2.88% (CS40-3G20/12 versus CS40-3G25) resulted in
enhancements of ultimate load and corresponding mid-span
deflection by 45.5% and 35.3%, respectively. Meanwhile, the three
FRP-CZC beams did not exhibit a considerable difference in the
slope of the fourth portion of the load-deflection curve, indicating
that the flexural stiffness of this portion is mainly controlled by the
configuration/level of FRP confinement. Note that the specimens
with a low longitudinal reinforcement ratio were designed for
comparison purposes. In the real design of this novel FRP-CZC
beam, the beam should be over-reinforced to fully activate the
FRP confinement, and thus achieve a higher level of ductility.

3.2.3. Effect of FRP confinement configuration

The load-deflection responses of the FRP-CZC beams with dif-
ferent FRP confinement configurations are compared in Fig. 9(d).
Specifically, Specimens CS50-3G25, RS50-3G25, and CH50-3G25
(with a continuous circular FRP spiral, a continuous rectangular
FRP spiral, and discrete circular FRP hoops, respectively), together
with the control Specimen CB, are compared. As shown in

300
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Ss0f F
£ cB
g .
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Fig. 9. Total load-deflection curves of all test beams. (a) All test beams; (b) effect of FRP spiral pitch; (c) effect of tension FRP reinforcement ratio; (d) effect of FRP

confinement configuration.
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Fig. 10. Typical simplified load-deflection curve of FRP-CZC beams.

Fig. 9(d), the specimens with a circular FRP spiral (i.e., Specimen
CS50-3G25) showed the best performance in terms of flexural
capacity and ductility; the specimen with discrete circular hoops
(i.e., Specimen CH50-3G25) had a similar behavior to that with a
circular FRP spiral (i.e., Specimen CS50-3G25) before the occur-
rence of relative slippage between the two ends in the overlapping
zone of the FRP hoop and thus the debonding between FRP hoop
ends and concrete, after which the load dropped suddenly and then
decreased gradually; the specimen with a rectangular FRP spiral
(i.e., Specimen RS50-3G25) gained the least from FRP confinement
as the fourth portion is almost horizontal, indicating that a rectan-
gular FRP spiral offered much less confinement to the concrete
than a circular spiral. Moreover, a 67 mm pitch circular FRP spiral
(i.e., Specimen CS67-3G25) was also found to be much more effec-
tive in enhancing the flexural performance of the beam than a
50 mm pitch rectangular FRP spiral (i.e., Specimen RS50-3G25),
as shown in Fig. 9(a).

3.3. Strain analysis

Fig. 11 shows the strain distributions of the four typical beams
down the mid-span beam height for different load levels. Note that
Fig. 11 shows the strain distributions before compressive spalling
of the top concrete cover, after which most of the strain gauges
on the FRP bars and concrete surface failed to function. As shown
in Fig. 11, the strain distributions down the beam height are
approximately linear, indicating that the plane section assumption
is applicable to these FRP-CZC beams before spalling of the top
concrete cover.

Table 3
Key test results.

Engineering xxx (XXXX) XXX

The neutral-axis depths at the mid-span of all specimens before
the spalling of top concrete cover are shown in Fig. 12. These
neutral-axis depths were obtained from the strain distributions
(based on the strain gauges on the top concrete surface and longi-
tudinal tension FRP bars) down the beam height [39,40]. As shown
in Fig. 12, a higher longitudinal tension FRP reinforcement ratio
leads to a larger neutral-axis depth ratio (c/ho, where c is the
neutral-axis depth), with the value of Specimen CS40-3G25 being
32.7% higher than that of Specimen CS40-3G20/12. The figure fur-
ther shows the variation in the neutral-axis depth with an increas-
ing load: The neutral axis is initially below the mid-height of the
beam cross-section but quickly moves upward (i.e., the neutral-
axis depth quickly decreases) after the tensile cracking of bottom
concrete cover and remains virtually constant thereafter. In
Fig. 12, the neutral axes of the FRP-CZC specimens are above the
bottom edge of the FRP spiral/hoops, indicating that part of the
confined concrete core was under tension. For FRP-CZC beams, a
large neutral-axis depth (i.e., a larger compression zone) is prefer-
able because FRP confinement is more effective when the entire
confined concrete core is under compression. Increasing the
longitudinal-tension FRP reinforcement ratio can lower the posi-
tion of the neutral axis on the beam cross-section, leading to a lar-
ger compressive area for the confined concrete core.

Fig. 13 shows the relationship between the load and the hoop
strains of the FRP spiral/hoop at the mid-span for the three speci-
mens. Strain gauges R3, R4, and R5 were installed at the top, mid-
height, and bottom of the FRP spiral/hoop, respectively, as shown
in Fig. 4(d). As shown in Fig. 13, the strains of the FRP spiral/hoop
remained at a relatively low level before the spalling of the top
concrete cover, after which rapid increases in these strains
occurred.

3.4. Ductility and deformability

Two approaches were examined to assess the flexural ductility
of FRP-RC beams.

3.4.1. Deformation-based approach

To evaluate the flexural ductility of FRP-CZC beams, the classic
deformation-based approach for conventional steel-RC beams was
first adopted [41], as given in Eq. (1). To determine the equivalent
yield point on the load-deflection curve of FRP-CZC beams, the
equivalent elasto-plastic energy absorption concept [42,43] was
adopted in the present study (leading to ductility index pug,), as
shown in Fig. 14. Furthermore, the first peak point on the load-de-
flection curve (i.e., Point 2 in Fig. 10) was chosen as an alternative
yield point to evaluate another ductility index (referred to as ;)
for comparison purposes.

Beam specimen First cracking Spalling of top concrete Activation of FRP Ultimate state Ecmax (HE) Failure mode
cover confinement effect
Pcr (kN) 8cr (mm) Ppl (kN) 5p1 (mm) PpZ (kN) 5p2 (mm) lju (kN) 8u (mm)

CB 18.0 0.83 2483 39.61 - - 248.3 39.61 3796 TC
CS40-3G25 18.0 1.11 241.6 39.83 220.0 46.94 280.0 97.68 3780 RFS + CC
CS50-3G25 21.0 0.78 238.7 38.43 210.0 40.78 263.3 96.96 3768 RFS + CC
CS67-3G25 18.0 0.80 240.5 39.74 213.0 42.49 233.8 77.72 3731 RFS + CC
CS40-3G20/12 15.0 0.90 171.0 41.04 158.0 46.58 192.5 72.19 2721 RT
CS40-3G20 21.0 0.97 180.0 38.19 170.0 45.47 219.0 83.23 3110 RT
RS50-3G25 18.0 1.01 233.0 37.84 210.0 42.52 220.0 79.75 3664 RFS + CC
CH50-3G25 21.0 0.95 225.6 34.46 193.5 37.24 253.5 72.21 3130 SFH + CC

£cmax 1S the recorded maximum concrete compressive strain at the top surface of the beam.

[s]
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Fig. 11. Strain distributions down the mid-span height. (a) CB; (b) CS50-3G25; (c) RS50-3G25; (d) CH50-3G25.
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where §, denotes the ultimate deflection; J, denotes the equivalent
yield deflection, defined as Point 2 on a load-deflection curve of the
type shown in Fig. 10 or determined using the energy equivalence
method (Fig. 14).

3.4.2. Energy-based approach

The energy-based ductility index ( u., Eq. (2)), proposed by
Naaman and Jeong [44] for FRP-RC beams, was adopted in the pre-
sent study to evaluate the flexural ductility of FRP-CZC beams.

1 (Eit
He =5 <E_el + 1) (2)
where E is the total energy (i.e., the area under the load-deflec-
tion curve up to the failure load) and E. is the elastic energy, as
shown in Fig. 15.

3.4.3. Discussions

The beam ductility index values calculated using the aforemen-
tioned methods are shown in Fig. 16. It can be seen from Fig. 16
that the ductility index values obtained from the energy-based
method (i.e., ) are the highest, and the values of the second duc-
tility index (i.e., 14,) obtained from the deformation-based method
are the lowest. Further, the ductility index values of FRP-CZC
beams obtained using any of the above methods are considerably
higher than those of the CB, indicating that FRP confinement of
the compression zone can greatly improve the ductility of an
FRP-CZC beam.

Moreover, Fig. 16 shows that: (D The use of a circular FRP spiral
as the confining device leads to a higher level of ductility than the
use of a rectangular FRP spiral or discrete FRP hoops; @ a smaller
pitch (i.e., a larger volumetric ratio) of the FRP spiral leads to a
higher confinement level to the compressive concrete and hence
a higher level of ductility of the beam; and @ a larger longitudinal
tension FRP reinforcement ratio leads to a higher level of ductility
for the beam as the rupture of tension FRP bars can be prevented or
delayed. Note that the incorporation of FRP spirals into the com-
pression zone can significantly improve the ductility of FRP-RC
beams with an acceptable cost increase. For example, the energy-
based ductility index of Specimen CS40-3G25 was about 2.5 times
that of the control specimen, but the increase in FRP cost was only
7.1% approximately.
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Fig. 14. Definition of the equivalent yield deflection. Pp.x and émax represent the
peak load and the corresponding deflection, respectively. The areas A, and Ay,
enclosed by the equivalent bi-linear response curve and the actual response curve,
are equal.

4. Numerical modeling
4.1. Proposed FE approach

4.1.1. FE mesh

A 3D nonlinear FE study was conducted on the test beams of the
present study using the general-purpose software ABAQUS 6.14
(Dassault Systémes, France) [45]. Owing to the lack of reliable axial
stress—strain models for concrete confined with rectangular FRP
spirals or discrete FRP hoops, the FE analyses mainly focused on

[}

Load

By |-im= smimie e miniimie s =

P ==

S, //]  Elastic energy
S
S=[P;S;+(P.—P,)S,)IP,
P
S;

Deflection

Fig. 15. Definition of energy-based ductility index. P,, P,, and P, represent the
characteristic loads on the curve, while Sy, S,, and S denote the relevant slopes on
the curve.

the CZC beams with a circular FRP spiral in the compression zone
(i.e., Specimens CS40-3G25, (CS50-3G25, CS67-3G25, CS40-
3G20/12, and CS40-3G20), together with the control specimen
CB. For circular FRP spiral confined-concrete (FSCC), the model pro-
posed by Zeng et al. [46], which has been shown to be able to pre-
dict the axial stress-strain response of FSCC well, was adopted in
the present study. Fig. 17 shows the boundary conditions, element
types, and loading scheme. Before the FE meshing process, a
partition of the beam was made to separate the FRP spiral-
confined concrete core from the unconfined concrete region to
facilitate the assignment of different material properties. The

1O
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Fig. 16. Ductility indexes.

structured meshing technique available in ABAQUS [45] using a
proper section partitioning scheme was employed to mesh the
beam section. Through a mesh sensitivity analysis, the approxi-
mate global element size [45] was determined to be 16 mm (the
approximate global element size represents the fineness level of
meshing, and the real element size may be slightly different from
it depending on the geometry) and the FE mesh of the beam is
shown in Fig. 17. The concrete, steel loading plates, and support
blocks were modeled using 8-node solid reduced integration ele-
ments (C3D8R). The FRP bars were represented using 2-node linear
truss elements (T3D2). A perfect bond was assumed between FRP
bars and adjacent concrete by using the “embedded” constraint
available in ABAQUS. A tie contact was defined between the top
loading plates or bottom support blocks and the corresponding
beam surfaces. The centroid of the top surface of each loading plate
or the bottom surface of each support block was selected as the ref-
erence point and coupled with the corresponding surface. External
loading was applied to the two reference points on the loading
plates using the displacement control method. Based on the load-
ing scheme, the reference point of the left support block was des-
ignated as a pin support, whereas the reference point of the right
support was configured as a roller support.

4.1.2. Constitutive modeling of unconfined concrete

The concrete damaged plasticity (CDP) model available in ABA-
QUS [45] was employed to simulate the concrete in the FE analysis.
The relevant parameters in the CDP model were defined as follows:
The dilation angle was 30°, the flow potential eccentricity was 0.1,
the ratio of initial equibiaxial compressive yield stress to initial
uniaxial compressive yield stress was 1.16, and the ratio of the
second stress invariant on the tensile meridian to that on the

Loading
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compressive meridian was 0.667 [45]. Following the Chinese
national standard GB 50010-2010 [47], the axial compressive
and tensile stress-strain relationships of the unconfined normal
concrete were defined using Egs. (3) and (4), respectively, with
typical curves illustrated in Fig. 18.

fCO
E.e
Ecteo ~foo mm— e < b
Ecgm 1 n (SC )Ec“?cn*fcn
Gc — ECSC ECSCO fco gco (3)
feo
Ece )
S e S &c > Eco
(1)
8C() 8C()

o, = E.t, fio (4)
&t > Epo

where o, and & denote the compressive stress and strain of con-
crete, while o, and &, denote the tensile stress and strain of con-
crete, respectively; f., and &, represent the peak compressive
stress and corresponding strain of concrete, while f,, and &, repre-
sent the peak tensile stress and corresponding strain of concrete,
respectively; E. is the elastic modulus of concrete (in MPa), calcu-
lated as E. = 4730,/f, according to ACI-318 [48]; & and « are fac-
tors governing the descending parts of the curves [46]. In addition,
the following damage model was employed to define the damage
evolution of the concrete [49]:
do=1-2% (5)
Oko

In Eq. (5), the subscript “k” refers to the type of stress, with “c”
denoting compression and “t” denoting tension, respectively; gy is
the axial stress; and oy, is the peak stress.

4.1.3. Modeling of FRP spiral-confined concrete

The axial stress-strain relationship proposed by Zeng et al. [46]
was adopted to define the compressive behavior of the FRP spiral-
confined concrete core, as described by Eqs. (6)-(10) with the typ-
ical curves shown in Fig. 19.

Ec—E,)?
E.gc — %sg
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Fig. 17. Meshing, element types, and boundary conditions. RP-1 and RP-2 represent the reference points of the two loading plates; RP-3 and RP-4 represent the reference
points of the two support blocks; U1, U2, U3, UR1, UR2, and UR3 represent the translational and rotational displacement components along directions 1, 2, and 3 in the global
coordinate system, respectively. The red “x” marks indicate the positions of the reference points RP-1 and RP-2.
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In the above equations, p, and p, are the confinement stiffness
ratio and strain ratio, respectively; f., is the ultimate compressive
stress; & is the ultimate compressive strain; E, is the tangent
modulus; and &, is the transition strain.

4.1.4. Modeling of FRP reinforcement

A linear elastic stress-strain relationship was assigned to the
FRP bars, including the tension bars, compression bars, stirrups,
and confining spirals, as expressed by Eq. (11).

{Efr?f & < Efrup
O =

11
0 & > &t rup (I

In the above equation, g; and &; are the axial stress and strain of
FRP bars, respectively; E; is the elastic modulus of FRP bars; and
& rup 1S the rupture strain.
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4.1.5. Dynamic simulation approach

The explicit dynamic analysis approach, proven to yield accu-
rate predictions for quasi-static structural problems [50], was
adopted in the present study. Based on the previous studies of
the authors’ group [51,52], the damping factor and loading time
were respectively set to 1 x 10~% and 50T, respectively, where T;
is the period of the fundamental vibration mode of the simulated
specimen. For the damping scheme, a stiffness-proportional Ray-
leigh damping matrix C = K (B represents the damping factor
defined in the FE model, and K is the stiffness matrix) was
implemented.

4.2. FE results and comparisons

4.2.1. Ultimate loads

Fig. 20 and Table 4 compare the ultimate loads between the FE
predictions and test results for the six specimens. The FE analyses
yielded acceptable predictions for the test results, as indicated by
the average, standard deviation (STD), and coefficient of variation
(CoV) of the FE-to-test ultimate load ratios of 0.98, 0.050, and
0.0511, respectively. This agreement confirms the accuracy of the
proposed FE approach for predicting the ultimate loads of FRP-
CZC beams.

4.2.2. Failure modes

The failure modes of FRP-RC beams obtained from the FE simu-
lations and the tests are compared in Figs. 21-23, from which it
can be seen that the FE simulations demonstrated good agreement
with the failure characteristics of the test beams, including top
concrete damage, crack distributions, and FRP bar rupture. For
the control specimen CB, the TC failure and crack patterns are well
predicted, as shown in Fig. 21. The FRP-CZC beams with circular
FRP spiral confinement exhibited two types of failure modes: D
rupture of the FRP spiral followed by crushing of the top confined
concrete core (RFS + CC) and @ rupture of the FRP tension bar. In
this study, two representative specimens (CS40-3G25 and CS40-
3G20) were selected to demonstrate the performance of the pro-
posed FE approach in predicting the failure modes and crack pat-
terns of the FRP-CZC beams. The RFS + CC failure mode of
Specimen CS40-3G25 was captured well by the proposed FE
approach, featuring significant compressive damage near the top
concrete at the mid-span of the beam, as shown in Fig. 22. The
RT failure of Specimen CS40-3G20 was also closely captured by
the proposed FE approach, featuring the tensile rupture of bottom
FRP bars at beam failure, as shown in Fig. 23. The above compar-
isons indicate that the proposed FE approach can provide accurate
predictions of the failure modes of the test beams.
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Fig. 20. Comparison of ultimate loads between FE analyses and tests.
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Table 4
FE and test ultimate loads.

Specimen Test (KN) FE prediction (kN) FE-to-test ultimate
load ratio
CB 248.3 233.6 0.94
CS40-3G25 280.0 262.5 0.94
CS50-3G25 263.3 2433 0.92
CS67-3G25 233.8 231.6 0.99
CS40-3G20/12 192.5 199.4 1.04
CS40-3G20 219.0 226.2 1.03

4.2.3. Load-deflection responses

Fig. 24 compares the load-deflection curves obtained from the
FE simulations and those from the tests. As shown in Fig. 24, the
load-deflection responses of either the control specimen or the
FRP-CZC beams can be closely predicted using the proposed FE
approach. For the control specimen CB, the load experienced a
rapid drop once crushing of the top concrete cover occurred, as

Compressive damage distribution

Top concrete crushing

Engineering xxx (XXxX) XXx

shown in Fig. 24(a). For the FRP-CZC beams, the predicted load-de-
flection curves exhibit an ascending second branch or plateau
depending on the compressive behavior of the FRP-confined con-
crete core, as shown in Figs. 24(b)-(f).

Although the FE predictions generally agree with the test
results, certain limitations of the modeling approach should be
acknowledged. The proposed FE approach was validated only for
beams with circular FRP spiral confinement and normal-strength
concrete; its applicability to rectangular spirals, discrete hoops,
or higher-strength concretes requires further verification. In addi-
tion, a perfect bond between FRP bars and concrete was assumed,
and potential bond-slip effects were not explicitly considered.
These assumptions may influence local stress distributions and
failure characteristics.

5. Conclusions

This paper has presented a combined experimental and numer-
ical study on an innovative sectional form for FRP bar-reinforced

Tensile crack pattern

Bottom concrete cracking

RAZZIENSN

Fig. 21. Comparison of TC failure between FE simulation and test (Specimen CB).

Compressive damage distributioy B

Tensile crack pattern

Tensile crack pattern

Ultimate state

Failure state

Fig. 23. Comparison of RT failure between FE simulation and test (Specimen CS40-3G20).
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Fig. 24. Comparison of load-deflection curves between FE simulations and tests. (a) CB; (b) CS40-3G25; (c) CS50-3G25; (d) CS67-3G25; (e) CS40-3G20/12; (f) CS40-3G20.

concrete (FRP-RC) beams with compression-zone confinement
(CZC) from FRP spirals/hoops to achieve ductile flexural behavior.
Eight large-scale simply supported FRP-RC beams, including one
control beam and seven FRP-CZC beams, were tested in four-
point bending. The parameters examined in this study included
the pitch of the FRP spiral, longitudinal tension FRP reinforcement
ratio, and FRP confinement configuration. A 3D nonlinear FE
approach was established, in which a dynamic analysis approach
was employed to trace the load-deflection path. The following
conclusions can be drawn from the analyses and discussion of
the FE predictions and test results:

(1) The confinement of concrete in the compression zone with
FRP spirals/hoops can greatly enhance the ductility of FRP-RC
beams and simultaneously lead to a significant increase in their
ultimate loads. The FRP confinement effect is progressively acti-
vated after the spalling of top concrete cover, resulting in a ductile
“yield plateau” in the load-deflection curve of FRP-CZC beams. In
this study, the ductility index u. and the ultimate load of the
best-performing FRP-CZC beam (Specimen CS40-3G25) are
150.0% and 12.8% greater, respectively, than those of the control
beam that had no FRP confinement. Notably, comparing Specimens
CS40-3G25 with CB reveals that the energy-based ductility index
increased by 150% with only about a 7% increase in FRP material
cost, indicating a highly favorable cost-performance ratio for prac-
tical applications.

(2) The circular FRP spiral confinement was found to be signif-
icantly more effective than the rectangular FRP spiral confinement
in enhancing the flexural performance of FRP-RC beams. This is
easy to understand because a circular FRP spiral provides stronger
confinement to the concrete in the compression zone than a rect-
angular FRP spiral. A continuous circular FRP spiral also showed
better confinement performance than discrete circular FRP hoops
because slippage between the two ends in the overlapping zone
of an FRP hoop could occur during the loading process. However,
by better anchoring the two ends of an FRP hoop into the concrete
(e.g., with a longer overlapping zone), the confinement effect from

circular FRP hoops can be similar to that of a continuous circular
spiral.

(3) An FRP spiral with a smaller pitch (i.e., a higher volumetric
ratio) led to a stronger confinement effect, resulting in a higher
level of ductility and a higher ultimate load for the beam. The level
of FRP confinement can be designed to achieve a desired flexural
behavior for FRP-CZC beams. In the present study, the ductility
index py; and the ultimate load of the FRP-CZC beam with a spiral
pitch of 40 mm are 18.3% and 19.8% greater, respectively, than
those of the FRP-CZC beam with a spiral pitch of 67 mm.

(4) The longitudinal tension FRP reinforcement ratio should be
properly designed such that the confinement effect from the FRP
spiral/hoops to the concrete in the compression zone can be uti-
lized more fully. In the present study, beams with a relatively
low longitudinal tension FRP reinforcement ratio failed owing to
the rupture of tension FRP bars, resulting in an incomplete activa-
tion of FRP confinement, whereas beams with a higher longitudinal
FRP reinforcement ratio exhibited a much more ductile failure pro-
cess as a result of a fuller activation of FRP confinement.

(5) The proposed FE approach provided accurate predictions of
the ultimate load, failure mode, and load-deflection response of
FRP-CZC beams with circular FRP spiral confinement in the com-
pression zone. The proposed FE approach can be adopted in future
parametric studies to further examine the effects of various param-
eters on the behavior of FRP-CZC beams, thereby serving as a valu-
able tool for developing a better understanding of these novel
beams and establishing a robust design theory for them.

The present study demonstrated the effectiveness of improving
the ductility of FRP-RC beams through the provision of FRP spiral
confinement to the compression zone concrete. Such FRP-CZC
beams thus have great potential for practical applications in corro-
sive environments (e.g., marine environments) because they pos-
sess both the durability and ductility features normally required
for such applications. Since the current findings are based on
monotonic four-point bending tests of simply supported beams
with normal-strength concrete, further investigations into their
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performance under other loading and support conditions as well as
other concrete strength grades remain to be undertaken. Such
studies would help the development of an in-depth understanding
of the behavior of FRP-CZC beams and support its broader imple-
mentation in design practice.
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