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14 Abstract: Fibre-reinforced polymer (FRP) bars have become increasingly popular as internal
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15  reinforcement in reinforced concrete (RC) structures due to their excellent corrosion
16  resistance. However, the compressive strength of FRP bars is generally much inferior to their
17  tensile strength due to fibre micro-buckling under compression, and their transverse shear
18  performance is much inferior to that of steel bars with the same diameter. To this end, a novel
19  form of steel-free hybrid bars, which consist of an outer FRP confining tube, a central FRP
20 bar and a layer of ultra-high performance concrete (UHPC) (without steel fibres) in the
21 annular space between them (referred to as FRP-UHPC hybrid bars), have been proposed. In
22 this study, compressive and transverse shear behaviour of FRP-UHPC hybrid bars have been
23 investigated via experimentation. The key test variables include fibre winding angles of the
24  FRP tube, fibre types of the FRP tube, the FRP tube thickness and the diameter of the central
25  FRP bar. The test results confirm the validation of the novel hybrid bars: i) the compressive
26 stress-strain curves of hybrid bars exhibit a ductile behaviour with a strain hardening segment,
27  and the compressive behaviour of the central FRP bar in hybrid bars is superior to that of FRP
28  bars in isolation; ii) the stress-strain response of hybrid bars can be designed to meet an
29  elastic-plastic response with a post-yielding strain-hardening response; and iii) the transverse
30  shear performance of hybrid bars is much better than that of FRP bars in isolation due to the
31  contribution of FRP-confined UHPC section.

32 Keywords: fibre-reinforced polymer (FRP) bar; ultra-high performance concrete (UHPC),

33  hybrid bar; confinement; axial compressive behaviour; transverse shear behaviour.
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1. Introduction

Steel corrosion is the major cause for the deterioration of conventional steel reinforced
concrete (RC) structures, especially for those structures located in marine and other
aggressive environments. To eliminate steel corrosion, the use of fibre-reinforced polymer
(FRP) bars instead of steel bars as internal reinforcement in RC structures has been proposed
and studied by some researchers [1-5]. Existing studies have shown that FRP bars are
expected to become a cost-effective and environmentally-friendly alternative to steel bars in
RC structures due to their merits such as excellent corrosion resistance, high strength-weight
ratio and electromagnetic transparency [6-8]. However, FRP bars as longitudinal
reinforcement in concrete members are inevitable to resist compressive stresses. They are
easily damaged under compression due to fibre micro-buckling, unless they are well
supported by a proper confining device. As a result, their compressive strength is known to be
much lower than their tensile strength [9-11]. ACI 440.1R-15 [12] does not recommend the
use of FRP bars as longitudinal reinforcement in compressed members while CSA S806-12
(R2017) [13] neglects the compressive resistance and stiffness of FRP longitudinal
reinforcement in the compression zone in design. In such cases, FRP bars predominantly
serve as tensile reinforcement in RC structures. It should be mentioned that although the
compressive strength of FRP bars can be neglected in design, inevitable considerable
compressive stresses raised by special loadings (e.g., seismic loading) in FRP bars may lead
to degradation in their tensile strength. The degradation in the tensile strength of FRP bars is
unacceptable. This is because the tensile strength of concrete is generally negligible in the
design of RC structures and tensile stresses can only be resisted by FRP bars in FRP-RC
structures. Therefore, the way to improve the compressive strength of FRP bars becomes a

concern in the field of FRP-RC structures.

In order to enhance the material properties of FRP bars (e.g., low elastic modulus and brittle
failure manner) or protect the steel from corrosion in aggressive environments, steel-FRP
composite bars (SFCB) which comprise an outer FRP layer and a core steel rod (or steel
wires) [14-18], and hybrid FRP (HFRP) bars which consist of different types of fibres [19-21]
have been proposed. Wu et al. [15,16] studied the mechanical properties of SFCBs under
uniaxial and cyclic tensile loads. It was found that SFCBs can exhibit an elastic-plastic
stress-strain behaviour with a high elastic modulus and a good tensile ductility due to the

contribution from the core steel rod. You et al. [20] developed a novel form of HFRP rods by
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using carbon and E-glass fibres and the results showed that the ultimate strains of the hybrid
rods can be increased by up to 33% compared to the non-hybrid carbon FRP rods.
Additionally, HFRP bars (carbon/basalt fibres) have better transverse shear strength than the
basalt FRP bars, as reported by Protchenko et al. [21]. It is obvious that these investigations
on SFCBs or HFRP bars mainly focus on improving the tensile and shear properties of FRP
bars. The failure of HFRP bars caused by fibre micro-buckling is still inevitable. SFCBs may
also have corrosion problems due to the presence of the steel bar. Particularly, RC structures
reinforced with SFCBs are not applicable to situations where the use of steel reinforcement
must be avoided, including hospital buildings with magnetic resonance imagining (MRI)

facilities.

Against the above background, Teng et al. [22] recently developed a novel form of steel-free
hybrid bars. The hybrid bar consists of a central FRP bar, an outer FRP confining tube and a
layer of ultra-high performance concrete (UHPC) (without steel fibres) in the annular space
between them (referred to as FRP-UHPC hybrid bars or simply hybrid bars herein), as shown
in Fig. 1. In such a hybrid bar, the central FRP bar is well confined by the FRP-confined
UHPC so that both fibre micro-buckling and overall buckling are prevented or delayed, and
the compressive capacity of the central FRP bar is expected to be fully exploited. UHPC is an
advanced cementitious material which has a dense micro-structure and unique merits such as
high-strength (a compressive strength of over 150 MPa [23-26]), high-ductility and superior
durability [27,28]. As the strength of UHPC is generally much higher than the
normal-strength concrete, UHPC generally fails in a brittle manner. Therefore, FRP
confinement has been introduced for UHPC, and the strength and deformation capacity of
UHPC can be substantially enhanced by FRP confinement [29-32]. In addition, UHPC has a
higher elastic modulus than that of the normal-strength concrete, and the elastic modulus of
UHPC is close to that of the FRP bar under compression (around 40 GPa). This leads to
excellent compatibility of the components in hybrid bars. As the central FRP bar in hybrid
bars can remain intact even after the UHPC has experienced crushing failure, the hybrid bars
exhibit a ductile stress-strain response with a linear first segment and a strain-hardening
second segment. Additionally, hybrid bars can resist both tensile and compressive stresses
effectively, with the tensile stresses being resisted mainly by the central FRP bar and the
compressive stresses being resisted by both the central FRP bar and the UHPC layer.

Teng et al. [22] have conducted preliminary axial compressive tests on hybrid bars. The
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results indicated that hybrid bars had an excellent performance under compression, and both
FRP bar buckling and fibre micro-buckling were prevented. It was also found that the
stress-strain response of hybrid bars can be designed to meet performance needs (e.g., to
exhibit an elastic-plastic response like that of steel or a strong post-yielding strain-hardening
response). As mentioned earlier, the conventional FRP-concrete members (Fig. 2a) may fail
in a very brittle manner in compression because of the linear brittle behavior of FRP bars. By
using hybrid bars as the longitudinal reinforcement in RC columns (Fig. 2b), the
load-deformation response of hybrid bar RC columns is expected to be superior to that of the

FRP bar RC columns (Fig. 2c¢).

So far, there have been only limited studies on the fundamental mechanical properties of
FRP-UHPC hybrid bars (e.g., [22]). These existing studies on hybrid bars failed to clarify the
effects of some key parameters such as winding angle of fibres in the confining FRP tube. On
the other hand, the RC structural members are inevitably subjected to transverse shear forces,
and the design of shear capacity of RC members reinforced with hybrid bars is an essential
requirement. Although existing standards or guidelines (e.g., [33,34]) generally neglect the
shear capacity of longitudinal bars in the design shear resistance, it cannot be denied that the
dowel action of longitudinal bars is beneficial and the understanding on the transverse shear
response of longitudinal bars is important especially in members without shear reinforcement.
As the confining FRP tube and the UHPC layer may also enhance the transverse shear
performance of FRP bars, studies on the transverse shear performance of hybrid bars are
necessary to validate the contribution of confining FRP tubes and UHPC layers in resisting
the shear force. For hybrid bars to be subsequently utilized in construction, further
experimental investigations are needed to explore the effects of various parameters on the
compressive and transverse shear behaviour of hybrid bars. To this end, this paper presents a
first-ever experimental study on the transverse shear behaviour of novel FRP-UHPC hybrid
bars. The effect of various parameters on the axial compressive behaviour of hybrid bars has
also been carefully investigated. The key test variables include fibre winding angles of the
FRP tube (i.e., filament orientation angle with respect to the longitudinal axis of the FRP
tube), fibre types of the FRP tube, the FRP tube thickness and the diameter of the central FRP
bar. In addition to hybrid bars, UHPC-filled FRP tube specimens which have been studied to
some extent [29-32], were also prepared as control group and tested under axial compression
and transverse shear loading to investigate the effect of the central FRP bar on the mechanical

performance of hybrid bars. Therefore, a comprehensive study on mechanical properties of
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hybrid bars, including compression and transverse shear tests of hybrid bars, are conducted in

this study to gain an in-depth understanding of hybrid bars.

2. Material Properties
2.1 Ultra-high-performance concrete

The UHPC was manufactured in the laboratory by utilizing the mixing methodology reported
in Teng et al. [28]. The raw materials used to produce UHPC, included: 1) the PeIl 52.5R
Portland cement; ii) the silica fume with a silica content of 93%; iii) the natural river sand
with the maximum particle size less than 2.36 mm; iv) the 20-40 mesh and 70-140 mesh
dried quartz powder (half each by weight, and mesh number is the number of holes in one
square inch of the sieve); v) the polycarboxylate-based super-plasticizer with a solid content
of 20%; and vi) the local tap water sourced from Guangzhou, China, as shown in Table 1.
Note that the composite specimens (including hybrid bars and UHPC-filled FRP tubes) were
cast in two different batches of UHPC materials, and for each batch of UHPC, the actual
compressive properties were determined from the average test results of three standard
cylinders (50 x 100 mm) tested right before the start of testing of the composite specimens, as
per ASTM standards [35,36]. The compressive properties of each batch of UHPC are given in
Table 2.

It should be mentioned that the two batches of UHPC were produced at different ambient
temperature (the ambient temperature when casting the Batch 2 UHPC (12+4°C) was lower
than that when casting the Batch 1 UHPC (311+4°C)), but their mix proportions (Table 1),
raw materials, mixing methodology and curing condition were identical. The workability of
the Batch 2 UHPC was inferior to that of the Batch 1 UHPC due to the sensitivity of the
super-plasticizer to the temperature. Based on free mini-slump spread tests were conducted as
per ASTM C1856/C1856M-17 [33], the average slump spread diameters for the Batch 1
UHPC (240 mm) were larger than that of the Batch 2 UHPC (200 mm). The low compressive

strength of the Batch 2 concrete is thus resulted from their poor workability.

2.2 FRP tube

Two types of FRP tubes, including carbon FRP (CFRP) and glass FRP (GFRP) tubes, were
used in the current study. All FRP tubes had an internal diameter of 50 mm. The CFRP tubes
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were manufactured in the laboratory by manually winding a unidirectional high tensile
strength carbon fibre sheet impregnated with epoxy resin around a small-size polyvinyl
chloride (PVC) tube (i.e., the wet-layup process). An overlapping zone with a 50-mm length
was adopted in each FRP tube to avoid the premature FRP debonding failure. The fibres of
FRP tubes were oriented only in the hoop direction (i.e., fibre winding angle at +90° with
respect to the tube longitudinal axis) so that they served predominantly as a confining device.
Material properties of the CFRP were obtained via standard coupon tensile tests in
accordance with ASTM D3039-15 [37]. The coupon test results showed that the average
elastic modulus of the CFRP was 227.3 GPa based on a nominal thickness of 0.167 mm/ply

of the carbon fibre sheet, while the average rupture strain was 1.60%.

The GFRP tubes used in this experiment were small-scale filament-wound FRP tubes
provided by Guangdong SUNNY FRP CO., Ltd. The fibre winding angle of GFRP tubes
included +45°, £60° and +80°. Despite having the same number of layers, GFRP tubes with
different fibre winding angles had different actual average thickness. As a result, the material
properties of GFRP tubes were based on their actual average thickness (see the second
column of Table 3). A split disk test method was adopted based on the ASTM D2290-19 [38].
For each type of small GFRP tube, five rings with a width of 25 mm were prepared and tested.
A total of six hoop strain gauges were installed on the outer surface of each specimen at
opposite locations for strains in the tubes (see Fig. 3a). All FRP rings were loaded by a
100-kN-capacity universal test machine with a displacement-control rate of 2 mm/min. The
typical failure modes of FRP rings are shown in Fig. 3b, where FRP rings showed a combined
failure mode with both fibre ruptures and fibre delamination. The hoop stress-strain curves
are plotted in Fig. 3¢, in which the hoop stresses were obtained by dividing the applied tensile
force by two times the cross-sectional area of the ring cross-section and the strains were
averaged from the four hoop strain gauges away from the gaps (Fig. 5a) to eliminate any
effects from the local bending at the gaps. The results illustrate that a lower fibre winding
angle leads to a lower stiffness and higher nonlinear behaviour (e.g., GFRP tubes with a fibre
winding angle at +£45° have a significant nonlinearity) (Fig. 3c). This is because the
deformation of small GFRP tubes was induced by both the stretching of the fibre and the
change of fibre winding angle during the test. The elastic modulus of the nonlinear FRP was
taken as the secant stiffness at the peak point. Results from the tensile tests of small GFRP

rings are summarized in Table 3.
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Compression tests were also conducted on nine four-layer GFRP rings (including three
duplicate samples for each group GFRP tube) to obtain the compressive material properties of
FRP tubes according to GB/T 5350-2005 [39]. All the FRP rings, cut from the same batch of
FRP tubes used for hybrid bars and their reference specimens (i.e., UHPC-filled small FRP
tube), had a total height of 60 mm (including the test length of 30 mm). Four axial strain
gauges at 90 degree apart and two hoop strain gauges at 180 degree apart were arranged at
the mid-height of FRP rings. FRP rings were loaded axially at a rate of 0.5 mm/min. FRP
rings exhibited a typical local buckling failure mode, accompanied with the splitting of resin
(Fig. 4a). The compressive stress-strain curves are shown in Fig. 4b and key test results of
GFRP rings in compression are given in Table 4. The results show that GFRP rings with a
fibre winding angle of +£60° have the highest compressive strength (slightly larger than those
with a fibre winding angle of £45°), followed by those with a fibre winding angles of £45° or
+80°. This is because the actual average thickness of the GFRP rings with a fibre winding
angle of +45° was larger than that of the GFRP rings with a fibre winding angle of +60° (see
Table 3).

2.3 FRP bars

Two types of GFRP bars were used in this study, including a ribbed bar with a nominal
diameter of 25 mm and a sand-coated bar with a nominal diameter of 16 mm. The tensile
properties of FRP bars were obtained via GB/T 30022-2013 [40] (see Fig. 5a). Figure Sc
shows the tensile stress-strain curves, and test results are summarized in Table 5. It was found
that both the tensile strength and the modulus of elasticity of the FRP bar with a nominal

diameter of 16 mm were higher than those of the FRP bar with a nominal diameter of 25 mm.

To further understand the compressive properties of FRP bars, ten bare FRP bars (i.e., five
duplicated specimens for each group) with an unsupported length-to-diameter ratio of 4 were
also prepared and tested under axial compression. A set of hollow steel caps was specially
designed according to the method of Alajarmeh et al. [11], and was filled with high strength
gypsum to provide confinement to the ends of the FRP bar (see Fig. 5). It should be noted
that the height of steel caps was 30 mm; and thus the total length of the sample with a
nominal diameter of 25 mm was 160 mm, and that of the sample with a nominal diameter of
16 mm was 124 mm. All samples were subjected to axial compression tests with a

displacement-control rate of 1.5 mm/min (see Fig. 5a). As shown in Fig. 5b, GFRP bars with
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a nominal diameter of 25 mm experienced a splitting failure, with many vertical cracks being
developed along the unsupported length; while those with a nominal diameter of 16 mm
experienced a shear failure near the end, accompanied with fibre delamination at the end.
Figure 5c¢ shows the compressive stress-strain curves, and test results are summarized in
Table 5. The average compressive elastic modulus of GFRP bars with the nominal diameters
of 25 mm and 16 mm were 41.0 GPa and 47.6 GPa, respectively; which were equal to 99%
and 103% of the tensile elastic modulus of the corresponding GFRP straight bars,
respectively. Note that the tensile and compressive elastic modulus of FRP bars was
determined from two points on the stress-strain curve of the FRP bar before the peak axial
stress: Point 1 with an axial strain of 0.005% and Point 2 with an axial strain corresponding to
40% of peak axial stress. The higher compressive elastic modulus than tensile elastic
modulus for smaller diameter bars was probably due to the full engagement of all fibres
within the cross-section of the bar [11]. It was also found that the compressive strengths of
these two types of GFRP bars were much smaller than their tensile strengths, especially for

the GFRP bars with a nominal diameter of 25mm.

3. Compression Tests and Results
3.1 Specimens design and test set-up

A total of 51 small-size circular hybrid bar specimens and reference specimens (i.e.,
UHPC-filled small FRP tube specimens) were fabricated and tested. All the testing specimens
had a diameter of 50 mm (i.e., the internal diameter of the prefabricated FRP tube) and a
height of 150 mm. The effects of fibre winding orientation angles of the FRP tube (e.g., +45°,
+60° and +£80°), fibre types of the FRP tube (e.g., GFRP and CFRP), the FRP tube thickness
and the diameter of central FRP bar (e.g., FRP bar with a nominal diameter of 16 mm or 25
mm) were investigated. Three nominally identical specimens were tested for each group. As
shown in Table 6, for ease of reference, each specimen was labeled with five sets of symbols
separated from each other by a character “-”. The first symbol represents the number of
batches (“S1” for the first batch, “S2” for the second batch). The second symbol indicates the
FRP type (“G” for GFRP, “C” for CFRP) with the corresponding digit representing the
number of FRP layers. The third symbol indicates the fibre winding angle of FRP tubes. The
fourth symbol represents the diameter of the central FRP bar (where “0” indicates
UHPC-filled small FRP tube specimens). The last symbol (“1”, “2” or “3”) is used to

distinguish the three duplicate specimens in each group. For instance, “S1-G4-45-25-1" refers
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to the first hybrid bar specimen confined with a four-layer GFRP tube with a fibre winding
angle at +45° and reinforced with a central FRP bar with a nominal diameter of 25 mm in the

first batch.

The preparation of hybrid bars is shown in Fig. 6. Firstly, the central FRP bar and outer FRP
tube was fixed at the wooden laminate through adhesive. Fresh UHPC was then poured into
the annular space between the central FRP bar and the outer FRP tube, during which a small
vibrator was used to compact the UHPC. Prefabricated FRP tubes can be used as not only the
outer confining material but also a mold for UHPC cylinders. All specimens were first cured
at the room temperature in the water tank for 14 days, and they were then cured in the
structural laboratory of Guangdong University of Technology for more than 14 days. The
FRP tube had a length of 620 mm. The 620-mm-length specimen was cut into four
150-mm-length hybrid bar (or UHPC-filled FRP tube) specimens. Both ends of specimens
were strengthened with a 2-ply CFRP sheet with a width of 12 mm to avoid the premature
failure of FRP.

High strength gypsum was used to level the specimen ends to ensure uniform loading on the
column cross-section (Fig. 7). All specimens were axially loaded on a hydraulic testing
machine (with a maximum load of 4000 kN) with a displacement loading rate of 0.2 mm/min
(Fig. 8). Two measurement methods were used to measure the axial deformation of the
specimen: i) two linear variable displacement transducers (LVDTs) with an interval of 180°
were installed to measure the full-height deformation of the specimen; and ii) four strain
gauges with 20-mm gauge length were installed on the FRP tube to measure axial strains at
the mid-height section. Other four strain gauges were installed to measure hoop strains in the
FRP tubes. All the test results were logged simultaneously by an automatic data acquisition

system.

3.2. Failure Modes

A complete failure of both hybrid bar specimens and UHPC-filled FRP tube reference
specimens was caused by the rupture of the outer FRP tube at the mid-height region (see Fig.
9 for typical failure modes of specimens). Compared with the specimens produced from
GFRP tubes, the specimens produced from CFRP tubes failed with a larger explosion sound.
It was also found that the central FRP bar in hybrid bar specimens failed prior to the failure of

the outer FRP tube, leading to a sudden decrease in the axial load. In comparison with

9
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specimens with a fibre winding angle at £60° or +£80°, specimens with a fibre winding angle
at +45° had a greater deformation (see S1-G4-45-0-3 and S1-G4-45-25-1 in Figs. 9a and 9b).
After the outer FRP tube was removed, it was witnessed that the UHPC core of UHPC-filled
FRP tube was split into two parts and an obvious shear plane can be observed (see Fig. 91). In
the hybrid bars, the integrity of concrete was preserved except for the place where the FRP

ruptured. As a result, the central FRP bar only had shear failure in a certain area (Fig. 9j).

3.3. Axial Stress-Strain Responses

The stress-strain curves (including axial stress-axial strain curves and axial stress-hoop strain
curves) of UHPC-filled small GFRP tube reference specimens and hybrid bar specimens are
shown in Figs. 10-12. The adopted axial stress was the average value of the axial load divided
by the internal cross-sectional area of the outer FRP tube, and the axial contribution of FRP
tubes was ignored in the current study due to their small axial stiftness [32]. The axial strains
presented in this section were based on the data from the full-height LVDTs, and the hoop
strains were obtained from the average readings of strain gauges located at the mid-height
and on the outer surface of the FRP tube (strain gauges outside the overlapping zone for
CFRP tubes). It should be noted that the termination point of each stress-strain curve
corresponds to the rupture of outer FRP tube. However, some hoop strain gauges had failed
before the FRP ruptured. In such a case, a straight line (i.e., dot dash line) with the same slope
as that at the failure point was used to smoothly extend the axial strain-hoop strain curves
until the measured FRP hoop rupture strain; and this will be discussed in the subsequent
section. The values of the failure point of hoop strain gauges were also marked in the
penultimate column of Table A1l in the Appendix. As the data recorded by full-height LVDTs
included the displacement between the specimen and the loading plates of the machine, the
average readings of axial strain gauges were used to correct the full-height LVDT data during
the early loading stages (within the axial strain of around 0.004). The curves in each group
are close to each other, as shown in Figs. 10-12, demonstrating a good test setup and a high
reliability of the test results. It should be noted that the test results of specimen S2-G6-80-0-3

was not obtained due to unexpected breakdown of the loading machine.

As seen from Fig. 13a, the stress-strain behaviour of hybrid bar specimens can be generally

characterized as a five-portion response: i) an elastic initial portion [(0,0)—(&.q, f/1)]; i)

stress fluctuation second portion [(&1, fr1) (€02, f22)]; 1ii) strain hardening third portion

10
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[(c2, foa) (&3, fo3)]; 1v) stress reduction fourth portion induced by failure of the central
FRP bar [(&.3, fo3) ™ (€car fea)]; and v) residual stress fifth portion [(&c4, fia) = (Ecus feou)]- At
the elastic initial portion, the average axial stress increased approximately proportional to the
axial strain (a small part of non-linearity can be seen at the final part of this elastic portion).
After the axial strain approached the crushing strain of UHPC materials, the stress became
unstable and fluctuated. This was caused by the brittleness of UHPC material and the micro
gaps between the UHPC layer and the outer FRP tube [29-31], and the FRP confinement was
not fully activated in this stage [32]. Depending on the confinement level of the outer FRP
tube, the stresses in this portion (i.e., second portion) may have a descending or ascending
trend (see Figs. 10a, 12a-12c). It was also found that the stress fluctuation of hybrid bars was
less significant than that of UHPC-filled small FRP tube specimens due to the presence of
central FRP bar (see each sub-figure in Fig. 11). Subsequently, the UHPC dilated and the
passive confinement of the outer FRP tube was activated. The hybrid bars thus exhibited an
obvious strain-hardening behaviour in the third portion. This strain-hardening portion ends
when the failure of either the central FRP bar or the outer FRP tube happens, depending on
the strain capacity of the outer FRP tube and the ultimate compressive strain of the central
FRP bar. In general, the central GFRP bar failed earlier than the outer FRP tube at a specific
axial deformation, accompanied with a sudden stress reduction. This is because the ultimate
axial strain of FRP bars obtained from material tests is generally smaller than that of
FRP-confined UHPC. The stress reduction and the corresponding axial strain in the fourth
portion were associated with the level of confinement provided by the outer FRP tube (see
Figs. 12a-12c). The larger the confining stress was, the smaller the stress reduction and the
larger the value of ¢.; was. In the fifth portion, the hybrid bar specimens were subjected to
residual stresses due to the effective confinement from the outer FRP tube although the
central FRP bar had been damaged. The specimens finally failed by rupture of the outer FRP

tube, accompanied with a substantial decrease in the axial load.

Unlike hybrid bar specimens, UHPC-filled small FRP tube specimens exhibited an obvious
axial stress-strain relationship with three portions, as shown in Fig. 13b: i) an elastic initial
portion [(0,0)— (&4, f,1)]; i) stress fluctuation second portion [(g.1, /1) (&c2, fo2)]; and iii)
strain hardening third portion [(&.2, fi2)—(Ecu fen)]- Similarly, the so-called second stress
fluctuation portion was caused by the brittleness of UHPC materials and the confinement lag

effect, as explained by Zeng’s research group [32].
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It is noted that in the present study, the first peak point (&4, f;), the first post-peak ravine
point (g.,, f/5), the second peak point (&.3, fz3), the second post-peak ravine point (4, fi4)
and the ultimate point (at FRP rupture) (e, fz,) are referred to as characteristic points. Table
Al summarizes the key data of these characteristic points for all specimens. FRP hoop
rupture strain (&p) is also given in Table Al. Some of the specimens did not exhibit a
five-portion behavior and their characteristic points are not given (marked by ‘N.A.’) in Table
Al. It is clearly shown that the average FRP hoop rupture strain is generally smaller than the
FRP tensile strain, as reported by some other scholars [41,42]. This also indicates that the
effect of reduced scale of FRP tubes has a little influence on the average strain efficiency

factor of FRP.

3.4. Dilation Behaviour

The dilation behaviour of UHPC-filled small FRP tube and hybrid bar specimens was
characterized by their axial strain-hoop strain relationship presented in Figs. 14-16. Overall,
the axial strain-hoop strain curves of the three duplicated specimens are close to each other.
As the hoop strains are terminated due to the premature failure of some hoop strain gauges, a
straight line (i.e., dot dash line) with the same slope as that at the failure point was used to
smoothly extend the axial strain-hoop strain curves, as indicated in Figs. 14-16. As seen from
Figs. 14-16, the curves of UHPC-filled small FRP tube and hybrid bar specimens exhibited a
first parabolic portion, second linear portion and a transition zone between them. The
transition zone corresponds to the second stress reduction portion of the stress-strain curve of
the specimen. The curvature of the transition zone is obviously dependent on the fibre
winding angle, the FRP tube thickness and other variables, which will be discussed in detail

in the next section.

3.5. Effect of various parameters

3.5.1 Fibre winding angle

The fibre winding angle had little effect on the initial stiffness of hybrid bar and UHPC-filled
small FRP tube specimens, as shown in Fig. 10. However, the amount of stress reduction in
the second or fourth portion of stress-strain curves of hybrid bars decreased with an increase
in the fibre winding angle of the outer FRP tube. The amount of stress reduction in the second

portion of stress-strain curves of UHPC-filled small FRP tube specimens also followed the
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similar trend. In addition, the slopes of the third strain hardening portion in the stress-strain
curves of hybrid bar and UHPC-filled small FRP tube specimens as well as those of the fifth
residual stress portion in the stress-strain curves of hybrid bar specimens increased with an
increase in the fibre winding angle of the outer FRP tube. This is because FRP tubes with a
larger fibre winding angle have a larger confinement stiffness. It was found that, for
specimens with a fibre winding angle of +45°, the slope of the fifth portion of hybrid bar
specimens and the slope of the third portion of UHPC-filled small FRP tube specimens were
close to zero. The ultimate axial strain of those specimens with fibre winding angles of £45°
was also found to be the largest among the specimens with other values of fibre winding

angles, demonstrating their excellent deformation capacity.

It can be seen from Fig. 14 that the fibre winding angle had a significant influence on the
dilation behaviour of both hybrid bar and UHPC-filled small FRP tube specimens. A larger
fibre winding angle can lead to a smaller dilation of UHPC at a given axial strain. It can also
be found that the slopes of the first parabolic portion, the second linear portion and the

transition zone between them increased with the increase of the fibre winding angle.

3.5.2 Diameter of the central FRP bar

As seen from Fig. 11, the presence of the central FRP bar had no effect on the initial
stiffness of hybrid bars; because of the close elastic modulus of the UHPC and the
central FRP bar, as well as the good bonding between them with the presence of the ribs
or sand-coated layer on the central FRP bar. However, the presence of the central FRP
bar significantly alleviated the stress reduction in the second portion of UHPC-filled
small FRP tube specimens, and the specimens with a central FRP bar (i.e., hybrid bars)
had a higher compressive strength and a post-yielding stiftness. As discussed earlier,
upon the failure of the central FRP bar, the behaviour of the fifth portion of hybrid bars
was mainly dominated by the confinement of the outer FRP tube. As a result, the slope
in this portion of the hybrid bar is almost the same as that of the third strain hardening
portion of the corresponding UHPC-filled small FRP tube specimen. It was also found
that the &, values of hybrid bar and UHPC-filled small FRP tube specimens were
similar, which can indicate that the actual hoop rupture strain of the outer FRP tube

(&n,rup) Was independent of the presence of the central FRP bar and the diameter of the
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central FRP bar.

As shown in Table 5, the compressive elastic modulus of GFRP bars with a nominal diameter
of 25 mm was smaller than that of GFRP bars with a nominal diameter of 16 mm. In order to
eliminate the influence of different compressive elastic modulus of the central FRP bar; the
axial loads of hybrid bar specimens (Pyp) were normalized by the summation of axial loads
of the corresponding UHPC (Pyypc) and the central FRP bar (Pg) (i.e., Pyg/(Pyupc + Pg)),
and the axial strains (¢.) were normalized by the axial strain at peak axial stress of UHPC
(&co,unpc) (€., &./€coynpc), as shown in Fig. 17. The value of Pyypc was taken as the
product of the compressive strength of plain UHPC cylinders and the cross-sectional area of
UHPC layer (i.e., Pyypc = feounpcAunpc)- Similarly, the value of Py was taken as the
product of the axial stress of the central FRP bar at an axial strain of &, yypc and its
corresponding cross-sectional area (i.e., Pg = EpécoynpcAp, Where Ep is the compressive
elastic modulus of GFRP bars). Results from Fig. 17 can show that hybrid bars with a
25-mm-diameter central FRP bar were superior to those with a 16-mm-diameter central FRP
bar before the central FRP bar failed. It was also found that the compressive strength of some
hybrid bars with a 25-mm-diameter central FRP bar was slightly smaller than that of hybrid
bars with a 16-mm-diameter central FRP bar (e.g., S2-C2-90-25-1/2/3 and
S2-C2-90-16-1/2/3), which was due to the much smaller ultimate compressive strain of GFRP

bars with a nominal diameter of 25 mm (see Table 5).

It can be seen from Fig. 15 that the axial strain-hoop strain curves of hybrid bar and
UHPC-filled small FRP tube specimens were close. However, the presence of the central
FRP bar had a slight effect on the dilation behaviour of hybrid bars. In comparison with
UHPC-filled small FRP tube specimens, hybrid bar specimens had a shorter transition
portion in the axial strain-hoop strain curves, corresponding to smaller stress drop in the
second portion of their stress-strain curves. It was also found that there was a little

difference in the dilation behaviour of hybrid bars with different central FRP bars.

3.5.3 Thickness of FRP tube

The stiffness, compressive strength and ultimate axial strain of both hybrid bar and

UHPC-filled small FRP tube specimens increased with the increase of the outer FRP tube
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thickness (i.e., the increase of ultimate confining pressure provided by FRP), as seen from Fig.
12. The increase in the outer FRP tube thickness provided a contribution to eliminate the
stress reduction or fluctuation in the second portion. Results from Fig. 16 can also show that
specimens with a thicker FRP tube had smaller hoop strains at a certain axial strain,
indicating that the increase of the FRP tube thickness can effectively inhibit the concrete

expansion, which is consistent with the findings of other studies [31].

3.6. Behaviour of the central FRP bar in hybrid bars

For a given axial strain, the difference in axial loads between the hybrid bar and the
UHPC-filled FRP tube with the same cross-sectional area as the UHPC layer of hybrid bars,
is expected to represent the contribution of the axial load of the central FRP bar in a hybrid
bar. In this study, the axial stress of the central FRP bar in a hybrid bar at a given axial strain
is obtained from the following equation:

o = (Pup — feruAunpc)/As (1)
where Pyp is the total load of the hybrid bar; f.py is the axial stress of the corresponding
UHPC-filled FRP tube specimen at a given axial strain based on the tests in this study;
Aynpc 1s the cross-sectional area of the UHPC layer in the hybrid bar; Ap is the
cross-sectional area of the central FRP bar in the hybrid bar. When calculating the axial stress
of the central FRP bar in a hybrid bar at a given axial strain, the contribution of the FRP tube
is not accounted for although the axial load contribution of GFRP tube with a fibre winding
angle of +45° may be significant. This is because the contribution of FRP tube is existed in
estimating the axial stresses of FRP-confined UHPC based on compression tests of the latter,
and the axial load contribution of the FRP-confined UHPC is subtracted from that of the

hybrid bar when calculating the axial stresses of the central FRP bar in a hybrid bar.

Figure 18 shows the comparison between the axial stress-axial strain behaviour of the central
FRP bar in hybrid bars and the test results of the bare FRP bar (i.e., test results shown in Fig.
5c¢). It can be seen from Fig. 18 that the axial stress-axial strain behaviour of the central FRP
bar in hybrid bars was superior to that of the corresponding bare FRP bar. One exception is
Specimen S2-C1-90-16, which has a relatively small confinement stiffness. The initial
stiftness of the central FRP bar, which was very close to that of the corresponding bare FRP
bar, was independent of the level of FRP confinement, the FRP tube thickness and the fibre
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winding angle. However, the behaviour of the central FRP bar became non-linear and was
greatly affected by the confinement of the outer FRP tube after the outer FRP tube was
activated by the expansion of UHPC. A larger FRP confinement can lead to an enhanced
compressive strength and an enhanced ultimate axial strain of the central FRP bar. Overall,
the compressive strength of the central FRP bar in hybrid bars tested in the current study were
much larger than that of the corresponding FRP bar in isolation, implying that the
confinement provided by the outer FRP tube has a favorable effect on the effective
exploitation of the compressive strength of the FRP bar. Although the central FRP bar in
hybrid bars generally failed earlier than the outer FRP tube owing to the inherent properties
of the material itself, the enhanced strength and strain of the central FRP bar in hybrid bars
were still substantially beneficial to the axial performance of hybrid bars. It is demonstrated
that the compressive strength of FRP bars can be well exploited in such a form of hybrid bars.
The subsequent studies conducted by the authors have demonstrated the superiority of RC
columns reinforced hybrid bars than the corresponding RC columns reinforced with FRP bars

[43].

4. Transverse Shear Test and Results

4.1 Specimens preparation and test set-up

A total of 29 specimens, including 12 hybrid bars and 12 UHPC-filled small FRP tubes and 5
bare GFRP bars, were prepared and tested under transverse shear loading. All the hybrid bar
specimens and UHPC-filled small FRP tube specimens adopted the same materials as the first
batch of specimens (see Section 3), and thus the labeling system of the specimens presented
in Section 3.1 was also adopted in this section. In addition, “FRP bar” was used to refer to a
bare FRP bar specimen and a following number was used to distinguish the duplicate
specimens. The main parameters concerned in this section include the fibre winding angle of
the outer FRP tube, and the presence of the central FRP bar. The transverse shear strength
tests of all the specimens were carried out in accordance with the methodology described in
ACI 440.3 R-12 [44]. Figure 19 shows a steel double shear test device, which consists of a
holder, one upper blade, and two lower blades. The detailed dimensions, as given in Fig. 19,
are slightly different from the suggested dimensions in ACI 440.3 R-12 [44] to cater for the

large diameter of the hybrid bars. The thickness of two lower blades was 12 mm and the
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thickness of upper blade was 36 mm. During the test, the holder was fixed to the framework
of the testing machine and the upper blade ran perpendicularly to the specimen axis to ensure
that the bar was under two-plane shear loading. All test specimens had a total length of 300

mm and they were loaded at a displacement-control rate of 1.5 mm/min (see Fig. 19).

4.2 Transverse shear results

Figure 20 presents the failure modes of all specimens. The test specimens were cut into three
pieces, indicating that shear planes failed at the same time [21,45]. It was also found that
some GFRP bar specimens experienced fibre delamination (Fig. 20h), which is consistent
with the findings of other study [45]. In order to clearly identify the formation of failure
surfaces in a hybrid bar during the test, Fig. 21 illustrates the axial load-displacement curves
of hybrid bars and the reference specimens (i.e., UHPC-filled small FRP tube and GFRP bar)
under transverse shear loading. The results show that hybrid bars have a two-stage formation
of failure surfaces, corresponding to two peak loads, respectively: 1) the first one was mainly
caused by the shear failure of the outer FRP tube and the corresponding first peak load
decreased with an increase in the fibre winding angle of the outer FRP tube; and ii) the
second one was induced by the shear failure of the central FRP bar. However, the two peak
loads of the hybrid bar were much larger than those of the reference specimens due to the
optimal combination of each component and good interaction between them, which can
demonstrate an excellent shear resistance of the hybrid bar. To further interpret the
interaction between each component in a hybrid bar, Fig. 21 illustrates the summation of the
loads of the corresponding UHPC-filled small FRP tube and the bare GFRP bar at a given
displacement (represented by a purple line marked by circles). It is clearly shown that the
shear resistance of the hybrid bar was significantly larger than the summation of shear
resistance of UHPC-filled small FRP tube and that of the bare GFRP bar due to the small
deformation capacity of UHPC-filled small FRP tube under transverse shear loading. The
summation of these loads was slightly larger that of the hybrid bar at the initial stage. This
was because the former included an additional load of UHPC with the same cross-sectional
area as the central FRP bar. Although the contribution of the UHPC-filled small FRP tube
part in the total shear load capacity was substantial, the deformation capacity of the
UHPC-filled small FRP tube in isolation under shear was much smaller than that of the FPR
bar (the ultimate deformation of the central FRP bar corresponded to the deformation at the

second peak). It can be seen from Fig. 21 that the load decrease upon the first peak of the

17



560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581

582

583

584

585

586

587

588

589

590

591

hybrid bar was caused by the failure of the UHPC-filled FRP tube section, while the load
reduction of this stage was much smaller than the shear load capacity of the UHPC-filled
FRP tube in isolation (see Fig. 21). Thus, it can be demonstrated that the UHPC-filled FRP
tube and the central FRP bar in hybrid bars are in an optimum combination: the presence of
the central FRP bar caused a delay in the failure of the UHPC-filled FRP tube section; and
the shear loading after the first peak was jointly resisted by both the central FRP bar and the
aggregate interlock action in UHPC, leading to an excellent shear load capacity

(corresponding to the second peak) of hybrid bars.

The transverse shear strength (z,) can be obtained as follows:

Ty =52 )
where P, is the maximum failure force and A is the cross-sectional area of the specimen.
Table 7 gives the transverse shear strength of all specimens. The thickness of the FRP tube
was considered in the calculation of the cross-sectional areas of hybrid bars and UHPC-filled
small FRP tube specimens. As hybrid bar have two different peak loads, both first and second
transverse shear strengths were indicated in the present study. It can be seen from Table 7
that the fibre winding angle has a small effect on the second transverse shear strength of
hybrid bars. However, the first transverse shear strength of both hybrid bar and UHPC-filled
small FRP tube specimens decreased with an increase in the fibre winding angle of the outer

FRP tube. In summary, the transverse shear resistance (e.g., shear load and deformation

capacities) of hybrid bars is superior to that of the bare FRP bars.

5. Conclusions

This paper has presented experimental studies on the compressive and transverse shear

behaviour of FRP-UHPC hybrid bars. The key parameters examined in the present study

include the fibre winding angle of the FRP tube, fibre types of the FRP tube, the FRP tube

thickness and the diameter of the central FRP bar. Based on the test results and discussions

presented in this paper, the following conclusions can be drawn:

(1) Hybrid bars exhibit a five-portion average stress-strain response (i.e., an initial elastic
portion, second stress fluctuation portion, third strain hardening portion, fourth stress
reduction portion, and fifth residual stress portion). The third strain hardening portion is

dependent on the confining stiffness; the stress-strain response of hybrid bars can be
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designed to meet an elastic-plastic response like that of steel or a strong post-yielding

strain-hardening response by using external FRP tubes with different stiffness.

(2) With an increase in the fibre winding angle of the outer FRP tube; the amount of the

stress reduction in the second or fourth portion of stress-strain curves of hybrid bars and
the amount of stress reduction in the second portion of stress-strain curves of
UHPC-filled small FRP tube specimens decrease, and the slopes of both the third strain
hardening portion and the fifth residual stress portion in the stress-strain curves of hybrid

bars increase.

(3) The presence of the central FRP bar leads to little difference between the initial

stiftnesses of the hybrid bar and the UHPC-filled small FRP tube due to the close elastic
modulus of the two components (the UHPC and the FRP bar), while the presence of the
central FRP bar leads to a smaller stress drop in the second portion of their stress-strain
curves of hybrid bars. Hybrid bars with a 25-mm-diameter central FRP bar are superior to

those with a 16-mm-diameter central FRP bar before the failure of the central FRP bar.

(4) The compressive strength and the ultimate axial strain of both hybrid bar and

UHPC-filled small FRP tube specimens increase with the increase of the confinement

stiffness from the outer FRP tube.

(5) The initial elastic modulus of the central FRP bar is independent of the level of FRP

confinement, the FRP tube thickness and the fibre winding angle. The behavior of the
central FRP bar is much superior to the bare FRP bar, because the ultimate axial strain (as
well as the compressive strength) of the central FRP bar is substantially enhanced; which
demonstrates that the confinement of the outer FRP tube are favorable in enhancing the

compressive performance of the FRP bar in hybrid bars.

(6) Hybrid bars have a two-stage formation of failure surfaces under transverse shear loading,

corresponding to two peaks of the shear load-deformation curves, respectively. The
contribution of the UHPC-filled small FRP tube in the shear load capacity of hybrid bars
is substantial, while the deformation capacity of the UHPC-filled small FRP tube in
isolation under shear is much smaller than that of the FPR bar (the ultimate deformation

of the central FRP bar corresponds to the deformation at the second peak). The
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UHPC-filled small FRP tube and the central FRP bar in a hybrid bar are in an optimum

combination, leading to an excellent shear load capacity.

To further examine the rationality and reliability of hybrid bars, tests on hybrid bar-reinforced
concrete columns under different loadings (e.g. cyclic axial compression, eccentric
compression and seismic loading) need to be carried out. Moreover, a design-oriented model
proposed for hybrid bars should be established in the near future to enable the design of

hybrid bars in various structural members.
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12 Table 1. UHPC mix proportions (in weight)
Cement (P-11 52.5R) Quartz powder Silica fume Sand Water Super-plasticizer
1.00 0.37 0.25 1.10 0.19 0.04
13
14 Table 2. Properties of UHPC
Compressive Ultimate Compressive Poison’s rati
Batch strength axial strain elastic modulus O150n'S raftio
féounpc (MPa) €co,UHPC Ecynpc_(GPa) H
1 163.3 0.0033 50.3 0.20
2 142.3 0.0032 47.7 0.19
15
16 Table 3. Tensile properties of small GFRP tubes
Fibre winding Thickness Number of Secant elastic
angle (°) (mm) FRP layers modulus (GPa)
+45 2.90 4 3.71
+60 2.25 4 18.31
+80 1.81 4 38.72
+80 2.57 6 43.33
17
18 Table 4. Compressive properties of small GFRP tubes
Fibre winding Compressive Peak strain Secant elastic Poison’s
angle (°) strength (MPa) modulus (GPa) ratio
+45 93.69 0.0189 4.98 0.85
+60 98.86 0.0199 4.98 0.34
+80 86.35 0.0130 6.74 0.14
19
20 Table 5. Tensile and compressive properties of GFRP bars
Nominal Tensile elastic Tensile Ultimate Compressive Compressive  Ultimate
diameter modulus strength tensile elastic modulus strength compressive
(mm) (GPa) (MPa) strain (GPa) (MPa) strain
25 41.0 711.6 0.0172 40.6 274.5 0.0077
16 47.6 892.2 0.0187 49.1 650.3 0.0121
21
22 Table 6. Details of specimens
. Number of FRP thickness Fibre winding Diameter of the central
Specimen Batch  FRP type FRP layers (mm) angle (°) FRP bar (mm)
S1-G4-45-0-1/2/3 1 GFRP 4 2.90 45 N.A.
S1-G4-45-25-1/2/3 1 GFRP 4 2.90 45 25
S1-G4-60-0-1/2/3 1 GFRP 4 2.25 60 N.A.
S1-G4-60-25-1/2/3 1 GFRP 4 2.25 60 25
S1-G4-80-0-1/2/3 1 GFRP 4 1.81 80 N.A.
S1-G4-80-25-1/2/3 1 GFRP 4 1.81 80 25
S2-C1-90-0-1/2/3 2 CFRP 1 0.167 90 N.A.
S2-C1-90-25-1/2/3 2 CFRP 1 0.167 90 25
S2-C1-90-16-1/2/3 2 CFRP 1 0.167 90 16
S2-C2-90-0-1/2/3 2 CFRP 2 0.334 90 N.A.



S2-C2-90-25-1/2/3 2 CFRP 2 0.334 90 25
S2-C2-90-26-1/2/3 2 CFRP 2 0.334 90 16
S2-G4-80-0-1/2/3 2 GFRP 4 1.81 80 N.A.
S2-G4-80-25-1/2/3 2 GFRP 4 1.81 80 25
S2-G4-80-16-1/2/3 2 GFRP 4 1.81 80 16
S2-G6-80-0-1/2/3 2 GFRP 6 2.57 80 N.A.
S2-G6-80-25-1/2/3 2 GFRP 6 2.57 80 25
23 Note: N.A. —— Not applicable.
24
25 Table 7. Key results of specimens under transverse shear tests
. First transverse Standard  Second transverse Standard
Specimen Mean o Mean o
shear strength 7,4 deviation shear strength 7, deviation
S1-G4-45-25-1 701 66.7
S1-G4-45-25-2 69.0 60.1
S1-G4-45-25-3 64.9 68.3 2.32 66.6 64.5 3.09
S1-G4-45-25-4 69.2 64.4
S1-G4-60-25-1 58.3 67.5
. S1-G4-60-25-2 56.1 65.0
60.1 3.91 65.6 1.29
Hybridbar ) 64.60-25-3 60.9 64.6
S1-G4-60-25-4 65.2 65.4
S1-G4-80-25-1 51.2 67.6
S1-G4-80-25-2 51.3 50.1 1.58 66.1 66.3 1.38
S1-G4-80-25-3 47.9 64.4
S1-G4-80-25-4 50.0 66.9
S1-G4-45-0-1 42.6 441 5 60 N.A.
S1-G4-45-0-2 41.6 . . N.A.
S1-G4-45-0-3 47.5 N.A. NA. NA.
S1-G4-45-0-4 44.6 N.A.
UHPC-filled S1-G4-60-0-1 27.9 N.A.
30.1 1.52
small FRp ~ 51-G4-60-0-2 30.9 N.A. NA. NA.
S1-G4-60-0-3 30.8 N.A.
tube $1-G4-60-0-4 31.0 N.A.
S1-G4-80-0-1 17.3 N.A.
-G4-80-0- 19.1 2.69
S1-G4-80-0-2 22.7 N.A. NA. NA.
S1-G4-80-0-3 19.7 N.A.
S1-G4-80-0-4 16.8 N.A.
FRP bar-1 165.7 N.A.
FRP bar-2 155.8 N.A.
GFRP bar FRP bar-3 161.9 160.7 6.97 N.A. N.A. N.A.
FRP bar-4 168.5 N.A.

FRP bar-5 151.6 N.A.




26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

FIGURE CAPTIONS

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

1. FRP-UHPC hybrid bar

2. FRP bar-reinforced concrete columns (FBRCCs) and hybrid bar-reinforced concrete
columns (HBRCCs)

3. Split disk tests on small GFRP tubes

4. Compression tests on small GFRP tubes

5. Tensile and compression tests on GFRP bars

6. Preparation of hybrid bar specimens

7. Levelling at two ends

8. Compression test set-up

9. Typical failure modes of specimens under axial compression tests

10. Effect of fiber winding angles on the axial compressive behaviour of specimens

11. Effect of the presence of the central FRP bar on the axial compressive behaviour of
specimens

12. Effect of the thickness of the outer FRP tube on the axial compressive behaviour of
specimens

13. Typical axial stress-axial strain diagrams of hybrid bar and UHPC-filled FRP tube
specimens

14. Effect of fiber winding angles on the dilation behaviour of specimens

15. Effect of the diameter of the central FRP bar on the dilation behaviour of specimens

16. Effect of the thickness of the outer FRP tube on the dilation behaviour of specimens

17. Normalized axial stress-axial strain curves of hybrid bars with different central FRP
bars

18. Axial stress-axial strain behaviour of the central FRP bar in hybrid bars

19. Transverse shear test set-up

20. Typical failure modes of specimens under transverse shear tests

21. Load-displacement curves of specimens under transverse shear tests



53
54

55

56
57

58

59
60
61
62

FRP bar

Ultrahigh performance
concrete (without steel fibers)

Small FRP tube

Fig. 1. FRP-UHPC hybrid bar

c H}-;b1‘iti bar

TRP spiral stirrup ~TRP spiral stirrup

(a) Cross-section of FBRCCs (b) Cross-section of HBRCCs

Hybrid bar-reinforced |-
concrete column

FRP spiral failure
(with intact hybrid bar)

RP spiral stirrup

FRP bar buckling

..g failure
o 27N
— 4 Y
/ 1
I’ K
[} . .
/ v FRP spiral failure
7 \
’ Y p
4 S~ - / )
(4 S —— ; .
A N Ll ) FRP bar-reinforced

/ concrete column

T‘RP spiral stirrup

Axial deformation

(c) Diagrammatic sketch of load-deformation responses of FBRCCs and HBRCCs
Fig. 2. FRP bar-reinforced concrete columns (FBRCCs) and hybrid bar-reinforced
concrete columns (HBRCCs)



65
66

67
68

69
70

71
72

S5-mm strain
gauges

Upper disk

15mm 15 mm

Lower disk

Hoop strain
(b) Typical failure modes (c) Hoop stress-hoop strain curves

Fig. 3. Split disk tests on small GFRP tubes

120

0.000 0005 0010 0015 0.020 0025 0.030 0035 0.040

100

g 80

s% 60
£
=

é 40

20

0

0 0.01 0.02 0.03 0.04
Axial strain
(a) Typical failure modes (b) Stress-strain curves

Fig. 4. Compression tests on small GFRP tubes

0.05



73
74

75
76
77

78

79
80

81

(a) Test set-up

1000 T 1
----- @16 in compression
900 - —— 25 in compression
— - @16 in tension
800 - . @25 in tension .
. 700 >
o SN ._-
g 600 f i
2 a
g so0 //::/
% 400 p__;f'//
300 5
200
100 |-
0
®=25mm  d=16mm e
Axial strain
(b) Failure modes of GFRP bars in compression  (c) Stress-strain curves

Fig. 5. Tensile and compression tests on GFRP bars

‘Wooden cork

Small FRP tube

e '—:'Hybrid.-bﬁl' Spe

v

Fig. 6. Preparation of hybrid bar specimens

0.020




82

83
84

85
86

87
88

(¢) $2-G4-80-0-2

(f) S2-C1-90-25-2  (g) S2-C2-90-16-2

(h) $2-C2-90-0-1



89
90

91

92

93
94

95
96
97
98

300

(i) UHPC core

25-mm-diameter

GFRP bar

(j) UHPC layer and central FRP bar

Fig. 9. Typical failure modes of specimens under axial compression tests

250

[
(=
=

e

LA~

Axial stress (MPa)
&
(=]

100
— - -51-G4-80-25-1/2/3
50 Moo S1-G4-60-25-1/2/3
—— 51-G4-45-25-1/2/3
0 ' ’
-0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12
Hoop strain Agxial strain
(a) Hybrid bar
250
.
200 \ {
. ?&\ e
E"\}\ 1 A
— L H H
=] ||\ H
% 150 N
: I
7 — e
[
2 100 T ,__,..m--4-""‘J %—wh st )
- pSSoa R e
Z — - -51-G4-80-0-1/2/3
Y O S S A S | A S — S1-G4-60-0-1/2/3  -e-
F ——S1-G4-45-0-1/2/3
o . .
-0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12
Hoop strain Axial strain

(b) UHPC-filled small FRP tube
Fig. 10. Effect of fiber winding angles on the axial compressive behaviour of specimens



99
100

101
102

103
104

Axial stress (MPa)

Axial stress (MPa)

300 250
Wffes, ot
250 Ly B i ]
‘?s ":“k‘\t\ / s 200 e -
200 AN A ARV - g?g %r/‘
I y E 150 7
& 2
150 8
/ g
2 100
100 %
/ ----- S1-G4-60-25-1/2/3
----- S$1-G4-80-25-1/2/3 50 -
50 - —— S1-G4-60-0-1/2/3
—— S1-G4-80-0-1/2/3
0 ‘ ‘ 0
-0.02 001 0.00 0.01 0.02 0.03 -0.02 001 0.00 0.01 0.02 0.03
Hoop strain Axial strain Hoop strain Axial strain
(a) GFRP = 4ply, 80° (b) GFRP = 4ply, 60°
200 300
. A
Tap oo
250 R Y Vol
VAR P i
150 -nl\\ EAA % )}Lw
. — b # 22
o o g . = 200 -
“\.nw%ﬁq%“‘* ::‘/..-ﬂ E ﬁ/
-~ N
100 h Z 150
E 100
S I S1-G4-45-25-12/3 / ----- $2-G4-80-16-1/2/3
——S1-G4-45-0-1/2/3 50 — - -82-G4-80-25-1/2/3
i | | —— $2-G4-80-0-1/2/3
0 : : : 0 : :
-0.12 -009 -006 -003 000 0.03 006 009 0.12 -0.02 001 0.00 0.01 0.02 0.03
Hoop strain Axial strain Hoop strain Axial strain
(c) GFRP = 4ply, 45° (d) GFRP = 4ply, 80° (S2)
350 350
d"” A ‘,f
300 \'*\.‘ i s 300 W AN
v ‘ i
250 \ % .‘5"7- 'L"'// 250 v ..'&\\1 D0 e
\; 7 B o T o
\ A - / S I ﬁﬁ%
200 y 2 % 200 > ; L
g
150 £ 150
[ [
100 Z 100
/ " "52-G6-80-25-1/2/3 / — - -§2-C2-90-25-1/2/3
50 ——S2-G6-80-0-1/2 - L S e ¥ $2-C2-90-16-1/2/3 -~
i i ——82-C2-90-0-1/2/3
0 . ‘ 0 . ‘
002  -001 0.00 0.01 0.02 0.03 0.04 -0.02 001 0.00 0.01 0.02 0.03
Hoop strain Axial strain Hoop strain Axial strain

() GFRP = 6ply, 80°

10

(f) CFRP = 2ply, 90°



250

200 ooty

50 / — -+ -82-C1-90-25-1/2/3 --

----- $2-C1-90-16-1/2/3
——82-C1-90-0-1/2/3

0 i
-0.02 -0.01 0.00 0.01 0.02
105 Hoop strain Axial strain
106 (g) CFRP = 1ply, 90°
107 Fig. 11. Effect of the presence of the central FRP bar on the axial compressive behaviour
108 of specimens
109
350 350
o
300 \“- s 300
N Ve z
~ .
ol XN\ S5Z o o
~ /. - NS o
= M i A
% 200 % 200 = 2 = -
2 150 / @ 150 /v'
< 100 / ----- $2-G6-80-25-1/2/3 < 100 /
50 ——$2-G4-80-25-1/2/3 .. so b $2-C2-00-25-1/2/3 _
| | ——S2-C1-90-25-1/2/3
0 : : 0 : |
2002 -001  0.00 0.01 002 003 0.04 -0.02 -0.01 0.00 0.01 0.02 0.03
110 Hoop strain Axial strain Hoop strain Axial strain
111 (a) GFRP (80°), 25-mm-diameter FRP bar (b) CFRP (90°), 25-mm-diameter FRP bar
350 350
A, A/,.,/"‘
300 W, ” 300
Loy .{' ; /"’
N 4 S\ -
250 A ?,’7 250 LN /’“f;/
= ; e ‘=
% 200 h \ 7 "' % 200 1\ \ P &/‘:%
i | L% e
= 150 Y W /v I 2 150 /
2 =
2 100 Z 100
50 / ----- $2-C2:-00-16-1/2/3 ___ © / ----- S2-G6-80-0-12
/ —— 82-C1-00-16-1/2/3 T SEGAB00-1273
0 ‘ ‘ 0 ‘ ’
-0.02 -0.01 0.00 0.01 0.02 0.03 2002 -001  0.00 0.01 002 003 0.04
112 Hoop strain Axial strain Hoop strain Axial strain
113 (c) CFRP (90°), 16-mm-diameter FRP bar (d) GFRP (80°)

11



114
115

116
117
118

119
120
121
122
123

124

\y"il ";"": b
™ et
200 k\; R /s/: G
N/
o N 5
% 150 I _,,«;C
Y
=
~ 100
é /
50
----- $2-C2-90-0-1/2/3
/ — 82-C1-90-0-1/2/3
0 i i
-0.02 -0.01 0.00 0.01 0.02 0.03
Hoop strain Axial strain
(e) CFRP (90°)
Fig. 12. Effect of the thickness of the outer FRP tube on the axial compressive behaviour
of specimens
b Failure of the +
Stress (Eesr f12) contral FRP bar Stress
(e f)
(Ecus feu)
, Failure of the
Failure of the (&1, fe1) outer FRP tube
(ec1, fér) (€ca, fa) outer FRP tube
(gczrfcrz) T
(SCZlfCZ)
0 Strain 0 Strain >
(a) Hybrid bar (b) UHPC-filled FRP tube

Hoop strain

250

Fig. 13. Typical axial stress-axial strain diagrams of hybrid bar and UHPC-filled FRP
tube specimens

0.00

-0.02

-0.04

-0.08

-0.10

-0.12

]
% 1
e
R R |
. Faihuile of strain gagues
“, =t =
'-\%.:'
Y
— - -51-G4-80-25-1/2/3 e
[ -—mm- S1-G4-60-25-1/2/3 N T,
—— S1-G4-45-25-1/2/3 / ~
Fajlure of strain gagu‘eé..
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Axial strain

12

Hoop strain

0.00

-0.01

-0.02

— - -S81-G4-80-25-1/2/3
----- S1-G4-60-25-1/2/3
——S1-G4-45-25-1/2/3

ilure of strain gagues

'.\‘ -
M,
»
0.00 0.01 0.02 0.03
Axial strain



125

126
127
128
129

130
131

132
133

Hoop strain

Hoop strain

Hoop strain

(a) Hybrid bar

(c) GFRP = 4ply, 45°

0.00 0.00 re .
. 1 -;-;.-___" |
001 N ! Sp — - -81-G4-80-0-1/2/3
=0, - iy L
Sl ; \\‘ ----81-G4-60-0-1/2/3
1 .
0.02 RS ——S1-G4-45-0-1/2/3
0.03 \
-0.04 -E
}."'. \ ‘g
-0.05 . -0.01
7 .. o
Failure of strain gagucs,, \:“ 2
-0.06 v F lwl Al gagueh T
007 ",
— - -81-G4-80-0-1/2/3 - ..
-0.08 [ -----S1-G4-60-0-1/2/3 e
000 | —Sl-§4-45-0-1i/2/3 .
0.10 : : 0.02
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.01 0.02 0.03
Axial strain Axial strain
(b) UHPC-filled small FRP tube
Fig. 14. Effect of fiber winding angles on the dilation behaviour of specimens
0.000 , 1 0.000 ;
----- $1-G4-80-25-1/2/3 i
—— S1-Gd4-80-0-1/2/3 ™
-0.004 -
-0.004 : 3 \ \\\1
T~ =]
. £ -0.008
. ]
-0.008 e o
RN =]
. =]
N T -0.012
}?_;\_
\‘:..‘_.
0012 7 p
s e -0.016 | S
Failure of strain gagues ~N 0 T ] - S1-G4-60-25-1/2/3 s,
—— S1-G4-60-0-1/2/3
-0.016 -0.020 ‘ ’
0.000 0.005 0.010 0.015 0.020 0.025 0.000 0.005 0.010 0.015 0.020 0.025
Axial strain Axial strain
(a) GFRP = 4ply, 80° (b) GFRP = 4ply, 60°
0.00 0.000 ,
-0.02 D
b a,
RN, -0.004 Failure of stfain gagues
-0.04 N
™, =
™ S - g
-0.06 e . -0.008
N - &
\ 3
. . e
X o
-0.08 2y AR
N \ 0012 |.~~52-G4-80-16-1/2/3
pqg | TTSIOSRIRE “, — - -$2-G1-80-25-1/2/3
' —— 81-G4-45-0-1/2/3 - ——82-G4-80-0-1/2/3
-0.12 ‘ : -0.016 : ‘
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.000 0.005 0.010 0.015 0.020 0.025
Axial strain Axial strain

(d) GFRP = 4ply, 80° (S2)

13



134
135

136
137
138
139
140

141
142

Hoop strain

Hoop strain

0.000 0.000 ;
\‘“‘, Failure ofistrain gagues ‘
0.004 3
\ N -0.004
"‘%:-‘1‘ “'\.._.‘ Failure of strain gagues
0.008 L £ -
Q. .. g
™ N '~ 2 .,
& \=\ = -0.008 -
. N
0012 SN = .
. N
o 5 )
\‘- 0012 |[--—-S2-C2-90-25-1/2/3 )
-0.016 |- ——$2-G6-80-0-1/2 R e A B $2-C2-90-16-1/2/3 LT
— - -$2-G6-80-25-1/2/3 ’ —— §2-C2-90-0-1/2/3
-0.020 E 3 3 0016 3 E
0.000 0.005 0.010 0.015 0.020 0025 0.030 0.035 0.000 0.005 0.010 0.015 0.020 0.025
Axial strain Axial strain
(¢) GFRP = 6ply, 80° (f) CFRP = 2ply, 90°
0.000
AR,
-0.004 N
N
N
E \h.. ‘
£ )
=, -0.008
[=]
[=]
T
0012
— - -82-C1-90-25-1/2/3
----- $2-C1-00-16-1/2/3 t
_SZ'C]'%O'O'UZB Failute of strain gagues
0016 :
0.000 0.005 0.010 0.015 0.020
Axial strain
(g) CFRP = Iply, 90°
Fig. 15. Effect of the diameter of the central FRP bar on the dilation behaviour of
specimens
0.000 : 0.000 :
: Failure of strain gagues
-0.004 -0.004 LY
-"\__. ’ "‘-..,__.\
-,
-, . -"N..
0.008 : -§ -0.008 N . "'h....‘_
/ g \ ™ -
a \-\
Failure ofjstrain gaj g \ Ny
0.012 -0.012 s
T \\-.\\
\\“‘ " g._\'
0016 |- ——S2-G4-80-25-1/2/3 . 0016 | —-$2-G6-50-0-1/2 X
----- $2-G6-80-25-1/2/3 ~ ——52-G4-80-0-1/2/3
-0.020 E 3 3 -0.020 E E
0.000 0.005 0.010 0.015 0020 0.025 0.030 0.035 0.000  0.005 0010 0.015 0.020 0025  0.030
Axial strain Axial strain
(a) GFRP (80°), 25-mm-diameter FRP bar (b) GFRP (80°)

14



0.000 0.000
-0.004 -0.004 \\\%S‘ : . ;
N Failure of strain gagues
= £ RN
E g e o
%, -0.008 Z .0.008 AN ™ v o
[=] =] e,
[=] =] \ "
) i Q?
-0.012 - -0.012
""" $2-C2-90-25-1/2/3 -----52-C2-90-16-1/2/3 \
—— $2-C1-00-25-1/2/3 ——$2-C1-90-16-1/2/3 ? ™
i | Failure of strain gagies
-0.016 ’ -0.016 ‘ :
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020 0.025
Axial strain Axial strain
143
144 (c) CFRP (90°), 25-mm-diameter FRP bar (d) CFRP (90°), 16-mm-diameter FRP bar
0.000
-0.004 \\\‘\
HRN
N
§=] >
& My,
-0.008 s
-0.012 <z
----- $2-C2-90-0-1/2/3 T
—— $2-C1-00-0-1/2/3
-0.016 : 1
0.000 0.005 0.010 0.015 0.020 0.025
Axial strain
145
146 (e) CFRP (90°)
147 Fig. 16. Effect of the thickness of the outer FRP tube on the dilation behaviour of
148 specimens
149
— 24 — 24
o o
T 20 T 20 -
[} . PR Py o .
< 15 257 o232l B! 16
& o A e =
S i1 s
= 12 T 12
g )
E 0.8 l E 0.8
= / 3 /
B N ——§2-C2-90-25-1/2/3
= 04 - - $2-G4-80-16-1/2/3 -] & 04 — = $2-C2-90-16-1/2/3 ---
g g -—= $2-C1-90-25-1/2/3
g —SZi-G4-80-2i5-1f21‘3 2 <442+ 82-C1-90-16-1/2/3
Z 0o i i 0.0 ; ‘ ‘
0 1 2 3 1 5 6 7 0 1 2 3 1 5 6 7
150 Normalized axial strain &. /.o yrpc Normalized axial strain £. /.0 urpc
151 (a) GFRP = 4ply, 80° (S2) (b) CFRP, 90°
152 Fig. 17. Normalized axial stress-axial strain curves of hybrid bars with different central
153 FRP bars
154

15



550 550
500 500
450 450 AW -
A S
400 RN 400 e G S
= ,'/ ‘:.—‘l = i < ‘."5"_‘?
SR, g
1 3 o 1 7, &
% 250 "l L\\-’-\‘.. f" “'"‘-__ g 250 / g"f
g - Vi R~ — g .
% 200 fe = % 200 y
150 ; 150 7
----- Bare FRP bar (25mm) / -----Bare FRP bar (25mm)
100 ——Central FRP bar (51-G4-§0-25) 100 Y -e- geng'a: %Em gégg-gg%g%
- -~ Central FRP bar ($1-G4-60-25) T tenira ar (5.2-(56-30-
% — - Central FRP bar (S1-G4-45-25) % o e S
0 0
0000 0005 0010 0015 0020 0025 0.030 0000 0005  00l0 0015 0020 0025 0030
155 Axial strain Axial strain
156 (a) Effect of fiber winding angle (25mm) (b) Effect of FRP tube thickness (25mm)
1200
----- Bare FRP bar (16mm)
1100 | —-- Central FRP bar (S2-G4-80-16)
Lo | — -Central FRP bar (52-C2-00-16)
—— Central FRP bar (52-C1-90-16) -
900 L
= 800 __.,'_’
%/ 700 A et
i S '
£ 600 _f g 1
w ‘l H
E 500 ! bt e
< a0 / ot
[Pid
300 2 \
200 ’.f
100 E
0
0.000 0.008 0.010 0013 0.020 0023
157 Axial strain
158 (c) Effect of FRP tube thickness (16mm)
159 Fig. 18. Axial stress-axial strain behaviour of the central FRP bar in hybrid bars

160

16



For hybrid bars For FRP bars

Unit: mm
161
162 Fig. 19. Transverse shear test set-up

163

17



b

M-y

1
Y

-l‘ \E;‘

S

164 (e) S1-G4-60-0 (f) S1-G4-80-0

(g) FRP bar (h) Shear failure surfaces
165 Fig. 20. Typical failure modes of specimens under transverse shear tests
166

0 | ——S1G4#5-25-1 w0 ! -
: -G415.25- | ; $1-G4-60-25-4
boooe %11{;}3%45704 | | === S1-G4-60-0-4
//\_\ —SS1-G4H5-0-4+FRP bar 5 - ‘2111%310—0—4+FRPM1
300 ﬂ L/ 1 300 /- : = :
2 200 b 2 200 ;
Q H 1 1 =} 1
A % i) : : - h ;
" R . |
:'&9——& LS "l RN :
! e ! . !
i g ' '
100 ] o l : 100 ) | :
= v \,%ﬁ,,-’
PP v N P ! = -
i | | | - =+ | |
0 ¥ 0 ¥
0 2 4 6 8 0 2 4 6 g
Displacement (mm)
167
168

Displacement (mm)

(a) Fibre winding angle = $45° (b) Fibre winding angle = +60°

18



169

170
171

400

51
1l

| —S51-G4-80-
| === 51:G4-80-
| —— -FRP bar !
i —=—51:G4-80-0-1+FRP bar

(=N

300

Displacement (mm)

(c) Fibre winding angle = +80°
Fig. 21. Load-displacement curves of specimens under transverse shear tests

19



172 APPENDIX

173 Table A1l. Key results of specimens under axial compression tests
Specimen féa fé fés fea feu €c1 Ec2 Ec3 €cq Ecu Enrup
S1-G4-80-25-1 209.73 205.52 261.95 236.69 246.79 0.0066 0.0068 0.0146 0.0156 0.0178 -0.0109
S1-G4-80-25-2 193.73 189.52 246.79 24090 231.63 0.0056 0.0058 0.0117 0.0121 0.0161 -0.0091
S1-G4-80-25-3 196.26 18531 260.27 24090 252.69 0.0060 0.0059 0.0138 0.0140 0.0201 -0.0141
S1-G4-60-25-1 164.25 156.67 19541 144.88 166.77 0.0048 0.0054 0.0122 0.0124 0.0166 -0.0117
S1-G4-60-25-2 153.30 145.72 187.83 169.30 183.62 0.0044 0.0050 0.0104 0.0109 0.0234 -0.0174
S1-G4-60-25-3  155.83 150.77 210.57 184.46 198.78 0.0043 0.0044 0.0116 0.0134 0.0243 -0.0171
S1-G4-45-25-1 160.88 136.45 162.56 128.87 125.50 0.0042 0.0057 0.0112 0.0120 0.0905 -0.1151 (-0.0860)
S1-G4-45-25-2  168.19 145.41 183.08 146.29 127.89 0.0057 0.0063 0.0125 0.0141 0.1006 -0.0920 (-0.0155)
S1-G4-45-25-3  172.57 14892 17520 131.40 125.27 0.0047 0.0066 0.0118 0.0141 0.1028 -0.0817 (-0.0410)
S2-C1-90-16-1 168.46 15498 197.10 133.08 153.30 0.0048 0.0050 0.0126 0.0126 0.0135 -0.0104
S2-C1-90-16-2 181.09 166.77 208.05 158.35 158.35 0.0065 0.0078 0.0127 0.0135 0.0141 -0.0139 (-0.0128)
S2-C1-90-16-3 16593 138.14 191.20 143.19 15835 0.0039 0.0040 0.0112 0.0114 0.0129 -0.0120
S2-C1-90-25-1 166.77 149.93 201.31 179.41 183.62 0.0047 0.0051 0.0099 0.0107 0.0121 -0.0106
S2-C1-90-25-2  163.41 157.51 208.89 203.84 205.52 0.0041 0.0047 0.0106 0.0113 0.0123 -0.0121
S2-C1-90-25-3 147.40 134.77 193.73 16593 169.30 0.0038 0.0041 0.0118 0.0121 0.0137 -0.0100
S2-C2-90-16-1  N.A. N.A. N.A. N.A. 261.11 N.A. N.A. N.A. N.A. 0.0142 -0.0067
S2-C2-90-16-2  N.A. N.A. N.A. N.A. 28722 N.A. N.A. N.A. N.A. 0.0162 -0.0083
S2-C2-90-16-3  N.A. N.A. 31418 29733 325.13 N.A. N.A.  0.0183 0.0193 0.0247 -0.0092 (-0.0073)
S2-C2-90-25-1 240.05 236.69 25437 203.84 231.63 0.0074 0.0083 0.0105 0.0117 0.0156 -0.0110
S2-C2-90-25-2  N.A. N.A.  251.85 210.57 235.84 N.A. N.A. 0.0140 0.0147 0.0187 -0.0117
S2-C2-90-25-3  N.A. N.A.  272.06 25690 26532 N.A. N.A.  0.0117 0.0129 0.0192 -0.0109
S2-G4-80-16-1 201.31 192.89 272.06 217.31 251.00 0.0067 0.0068 0.0167 0.0165 0.0195 -0.0115
S2-G4-80-16-2  N.A. N.A. 272,06 21731 252.69 N.A. N.A.  0.0179 0.0179 0.0219 -0.0139
S2-G4-80-16-3  N.A. N.A.  289.75 22742 263.64 N.A. N.A. 0.0181 0.0181 0.0223 -0.0112
S2-G4-80-25-1 N.A. N.A.  253.53 210.57 220.68 N.A. N.A. 0.0141 0.0159 0.0180 -0.0100
S2-G4-80-25-2 N.A. N.A.  251.00 239.21 231.63 N.A. N.A.  0.0120 0.0132 0.0172 -0.0102
S2-G4-80-25-3  N.A. N.A.  267.85 247.64 279.64 N.A. N.A. 0.0149 0.0152 0.0221 -0.0120 (-0.0074)
S2-G6-80-25-1 N.A. N.A.  293.12 28554 329.34 N.A. N.A. 0.0175 0.0177 0.0309 -0.0169
S2-G6-80-25-2  N.A. N.A.  289.75 263.64 308.28 N.A. N.A. 0.0127 0.0133 0.0233 -0.0131
S2-G6-80-25-3  N.A. N.A.  283.01 25943 299.86 N.A. N.A.  0.0142 0.0151 0.0241 -0.0122
S1-G4-80-0-1 19541 187.83 N.A. N.A. 22237 0.0070 0.0086 N.A. N.A. 0.0161 -0.0103
S1-G4-80-0-2 176.04 14993 N.A. N.A.  209.73 0.0049 0.0064 N.A. N.A. 0.0161 -0.0061
S1-G4-80-0-3  198.78 180.25 N.A. N.A. 22574 0.0072 0.0078 N.A. N.A. 0.0184 -0.0117 (-0.0101)
S1-G4-60-0-1 176.88 130.56 N.A. N.A. 18531 0.0043 0.0058 N.A. N.A.  0.0202 -0.0175
S1-G4-60-0-2 175.20 135.61 N.A. N.A. 19036 0.0040 0.0052 N.A. N.A.  0.0232 -0.0147
S1-G4-60-0-3 163.41 128.87 N.A. N.A. 181.94 0.0045 0.0070 N.A. N.A. 0.0234 -0.0124
S1-G4-45-0-1 169.30  90.97 N.A. N.A. 98.55 0.0044 0.0052 N.A. N.A. 0.0881 -0.0557
S1-G4-45-0-2  165.09 70.75 N.A. N.A. 11034 0.0048 0.0132 N.A. N.A. 0.1009 -0.0932 (-0.0430)
S1-G4-45-0-3 171.83 10529 N.A. N.A. 121.29 0.0050 0.0065 N.A. N.A. 0.1160 -0.0907 (-0.0711)
S2-C1-90-0-1 163.41 124.66 N.A. N.A. 14572 0.0037 0.0051 N.A. N.A. 0.0115 -0.0114
S2-C1-90-0-2  171.83 15498 N.A. N.A. 170.14 0.0045 0.0060 N.A. N.A. 0.0137 -0.0120
S2-C1-90-0-3  169.30 112.87 N.A. N.A. 155.83 0.0055 0.0057 N.A. N.A.  0.0132 -0.0094
S2-C2-90-0-1 215.63 184.46 N.A. N.A.  230.79 0.0080 0.0103 N.A. N.A.  0.0178 -0.0113
S2-C2-90-0-2  205.52 191.20 N.A. N.A.  241.74 0.0077 0.0085 N.A. N.A.  0.0181 -0.0129
S2-C2-90-0-3 N.A. N.A. N.A. N.A. 24932 N.A. N.A. N.A. N.A.  0.0228 -0.0132
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S2-G4-80-0-1 190.36 181.94 N.A. N.A.  224.05 0.0086 0.0103 N.A. N.A.  0.0217 -0.0145
S2-G4-80-0-2 204.68 187.83 N.A. N.A. 218.16 0.0073 0.0083 N.A. N.A.  0.0171 -0.0119
S2-G4-80-0-3  192.04 163.41 N.A. N.A. 213.10 0.0071 0.0082 N.A. N.A.  0.0183 -0.0114
S2-G6-80-0-1 188.67 178.57 N.A. N.A. 28133 0.0069 0.0077 N.A. N.A.  0.0273 -0.0158
S2-G6-80-0-2 N.A. NA. NA. NA. 30312 NA. NA NA N.A.  0.0296 -0.0096 (-0.0049)
174 Note: f1, €1, fé2s €c2> [e35 Ec3> feas Eca» fou» Ecu — Refer to Fig. 13 for definitions; &, —— Hoop

175 rupture strain of the outer FRP tube; The value in bracket

176 failure of strain gauges; N.A. —— Not applicable.

177

21

Hoop strain of the outer FRP tube at the time of
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