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Abstract[JConventional reinforced concrete arches are susceptible to
corrosion in underground environments, leading to reduced
durability. This study proposes concrete-filled FRP
(Fiber-reinforced polymer) wound tubular arches with internal FRP
bars to achieve excellent corrosion resistance. Eighteen
concrete-filled FRP tubular arches were tested under mid-span
concentrated loading, and the effects of FRP tube wall thickness
and FRP reinforcement configuration were investigated. The
experimental results demonstrate that increasing the wall
thickness of the FRP tube significantly enhances the ultimate

load-bearing capacity, with a maximum increase of 104.7%



observed under mid-span loading. The incorporation of FRP
reinforcement also resulted in 236.3%~279% increase of ultimate
capacity and 111.11%-119.67% increase of displacement ductility
ratio. A simplified theoretical model for predicting the ultimate load
of concrete-filled FRP tubular arches with internal FRP bars was
proposed, achieving a relative error within 10%. The proposed
concrete-filled FRP tubular arch demonstrates considerable

potential for application in underground engineering.
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Introduction

Arch structures are widely used in underground engineering
support and reinforcement systems due to their excellent
load-bearing capacity and rational force transmission mechanism.
However, underground environments are typically harsh,
characterized by darkness, high humidity, and acidic media, which
can cause concrete deterioration, leading to structural loosening
and significant strength degradation!. Additionally, complex
subsurface stress conditions, including geostatic pressure,
groundwater pressure, and seismic forces, can induce deformation

and damage in arch structures?-4.



Concrete-filled fiber-reinforced polymer (FRP) tube arches
(referred to as CFFT arches) represent an emerging structural
form with promising potential in corrosion-prone engineering
applications such as bridges and culverts. Although research on
straight FRP tube-confined concrete members is relatively
mature®%, recent study has revealed that even such straight
members can exhibit complex stress reduction-recovery responses,
attributable to factors including concrete core brittleness,
shrinkage, non-uniform confinement from sectional geometry,
insufficient confinement from FRP materials, and internal arching
action’. Given this complexity, the industrial fabrication of curved
FRP tubes presents additional challenging, and studies on curved
FRP tube-confined concrete arch structures are remain limited?.
Beyond CFFT arches, FRP sheets have also been explored as
flexible membranes to connect concrete voussoirs in prefabricated
arch bridges, with performance heavily reliant on FRP-concrete
bond quality and reinforcement layout®. Dagher et al.l0
investigated the flexural behavior of CFFT arches through
quasi-static tests and fatigue failure tests after two million fatigue
cycles. The results showed consistent mid-span load-deflection
responses and validated the linear strain distribution assumption.

Majeed 1! tested scaled CFFT short-span arch bridges under



backfill and field loading. A beam-based finite element model
successfully predicted load capacity, deformation, strain response,
ductility, and failure modes (FRP rupture or concrete crushing).
CFFT arch structures show promise not only in bridge and
culvert applications but also in underground protective engineering.
For example, Wang et al.l? fabricated CFRP tube arches using a
hand lay-up process and conducted blast tests. The structures
maintained considerable integrity and load-bearing capacity after
explosions, demonstrating excellent blast resistance. Liu’s team!3
further tested CFRP circular arches under varying blast conditions.
The CFRP shell’s circumferential confinement was found to
significantly enhance the concrete's resistance to shear and
splitting, increasing the pcak load and extending the deformation
plateau. However, under extreme blast loads, the failure modes
included CFRP ablation and concrete pier damage. Dong et al.l415
studied the wultimate bearing capacity of BFRP tube arches,
particularly under combined bending-shear failure. Arches with
different curvature radii showed varying capacity improvements,
with the 150° radius providing the most significant enhancement.
Weilb investigated the mechanical performance of concrete-filled
steel tubular (CFST) arch bridges in corrosive environments

(hygrothermal, saline-alkali, and marine conditions). Parametric



analysis indicated that the in-plane bearing capacity under
mid-span concentrated load increased with the number of FRP
layers, rise-to-span ratio, and steel ratio, but decreased with the
slenderness ratio. Burnton et al.l” developed a full-scale prototype
of a novel hybrid double-skin tube arch (DSTA) bridge, comprising
DST beams, columns, and arches. Connections were achieved by
welding steel tubes and bonding FRP tubes using prepreg or wet
lay-up techniques. Fernando et al.l® conducted a parametric study
on DSTA arches, considering FRP tube thickness, steel tube
position (concentric/eccentric), and loading configurations. The
results showed that DSTA arches rpossess significantly higher
load-bearing capacity and ductility than equivalent reinforced
concrete arches. The concentric steel tube configuration performed
optimally under moment reversals along the arch axis. Numerical
models accurately predicted DSTA behavior up to the ultimate load;
post-peak degradation was attributed to shear connector failure at
the steel-concrete interface.

In summary, existing research on FRP tube arches has
primarily relied on manual fabrication (e.g., hand lay-up) for
shaped tubes, limiting consistency, production efficiency, and
structural reliability. Furthermore, studies have predominantly

focused on high-cost CFRP materials. In contrast, this study



introduces a novel, fully automated filament-winding
manufacturing process for producing pre-curved GFRP arch tubes.
This technological advancement represents a significant departure
from conventional methods by enabling precise, repeatable, and
industrialized fabrication of complex curved composite sections.
Leveraging the economic and corrosion-resistant advantages of
GFRP, the proposed member—a concrete-filled filament-wound
GFRP tube internally reinforced with FRP bars—offers a viable and
efficient composite solution, thereby addressing a gap in both
manufacturing technology and structural! application for GFRP
arches. Its design allows for seamless integration with common
support systems in underground engineering (e.g., combined with
rock bolts and shotcrete for tunnel support) and potential
applications in bridge engineering. The mechanical behavior and
failure modes of this new arch system under mid-span loading are
systematically investigated and a corresponding analytical model

for predicting its ultimate bearing capacity is developed.

Experimental program

Manufacturing technology

The GFRP arches utilized in this experiment were

manufactured by Shandong Xinjierui Composite Materials



Technology Co. Ltd., with three nominal wall thicknesses: 3 mm, 5
mm, and 7 mm. An automatic GFRP arch winding device was
developed to achieve the mechanized production of GFRP arches
(Fig.1). After the fibers were immersed in resin tank, they were
pulled and wound around the integral solid winding core to form
GFRP arches. After the resin was solidified, the specimens were
demolded with specially designed demolding equipment for GFRP
arches. The dimension of the arches is shown Fig.2. The bending
radius of the GFRP arch at the centroid of the cross-section was
650 mm, and the bending angle was 90°. The internal
cross-sectional diameter of the GFRP tube was 50 mm. Based on
these dimensions, the span of the arch was 920mm, the rise was

190mm, and the rise-to-spain ratio was 0.206.

(a) Automatic GFRP arch winding device (b) Winding process of
GFRP arches

Fig. 1. Manufacturing process of GFRP arches



(a) Hollow FRP tubular arches (b) Concrete-filled FRP

tubular arches
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(c) Basic parameters of GFRP tubular arch and arch section

Fig.2. Preparation of concrete-filled FRP tubular arches

Material properties

The filament-wound GFRP tubes used in the tests were wound

at 85°, which was nearly hoop-oriented. Following the ASTM



D2290-12 (2012)19, the “split-disk” method was used to test the
hoop tensile properties of GFRP arches. The hoop ultimate tensile
strength, hoop ultimate tensile strain, and mean hoop tensile
modulus of the GFRP pipes are summarized in Table 120, It should
be noted that the observed trend of decreasing hoop tensile
strength with increasing tube thickness, as shown in Table 1, is
primarily attributed not to manufacturing variability or material
anisotropy, as all specimens were fabricated using identical
processes. Instead, this phenomenon stems from an inherent
systematic limitation of the ASTM D2290 split-disk method itself.
This method measures an ‘apparent’ hoop tensile strength under a
combined tensile-bending stress state. In thicker-walled specimens,
significant local compressive and shear stresses can trigger failure
modes such as local crushing or delamination, rather than the ideal
tensile fracture of fibers. This leads to a lower measured failure
load. Recent research?! indicates that using modified ring
specimens can Yyield values closer to the material's intrinsic
strength. The data trend herein validates this geometric
dependency of the standard method, reflecting a ‘structural’
response under a specific test condition, which is crucial for
accurate material performance interpretation.

The axial wultimate compressive strength, axial ultimate



compressive strain, and mean axial compressive modulus were
determined in accordance with the Chinese standard GB/T
1448-200522 "Fiber-Reinforced  Plastics—Determination  of
Compressive Properties" part, the results are also provided in
Table 1. It is noted that the GFRP tube showed a relatively low
axial compressive modulus due to the nearly hoop-oriented fibers.
Cement-based grouting concrete rather than conventional
concrete was used in the tests because the internal diameter of
the GFRP tube is only 50 mm. The coarse aggregates in ordinary
concrete could affect the compactness inside the tube and
potentially create voids. The compressive strength tests of the
concrete specimens were conducted following the Chinese
standard GB/T 50081-201943. The mean compressive strength of
the grout was measured to be 40.7 MPa. The GFRP rebars used as
longitudinal reinforcement were commercially available straight
bars with a diameter of 4 mm, supplied by Jiangsu Fibre New
Material Technology Co., Ltd. They were composed of E-glass
fibers within an epoxy resin matrix, with a fiber volume fraction of
approximately 66%-68%. Based on the manufacturer's certification,
the tensile strength was 1035 MPa, and the elastic modulus was =
50 GPa.

Table 1. Material property test results of FRP tube



Thicknes Hoop Tensile Axial Compression

S Strength Fracture Modulus Strength Fracture Modulus
(mm) (MPa) Strain (GPa) (MPa) Strain (GPa)
3 794.57 0.0117 18.13 119.12 0.0097 10.457
5 566.14 0.0120 12.32 169.23 0.0161 15.846
7 560.08 0.0133 11.81 188.35 0.016 17.579

Arch Specimen design

To study the failure mechanism of concrete-filled FRP tubular
arches, a single point loading test at the mid span of composite
arch was designed. The experimental program involved 18 arch
specimens where two identical specimens were prepared in one
group. The preliminary design of the specimens is shown in Table 2.
Specimen labeling adheres to this convention: "A" designates arch
specimens; "T+3/5/7" indicates GFRP tube thicknesses of 3mm,
5mm, or 7mm; "E" denotes empty tube specimens; "F+0/4"
represents tubes filled with C40 grout containing zero or four
embedded FRP bars; "C" corresponds to mid-span loading
configurations. The configuration of four embedded FRP bars can
be found in Fig.2(c). Due to their inherent flexibility, the rebars
were easily placed inside the GFRP tube arch during assembly
without requiring any thermal-forming. After FRP bars were
embedded in the hollow GFRP arches, grouting concrete were

casted to form the composite arches.



Test setup

The single-point mid-span loading test on the concrete-filled
FRP tubular arch was performed using a 500-ton universal testing
machine. The single-point mid-span loading scheme was adopted to
induce a critical and clearly identifiable bending condition at the
crown, facilitating a fundamental assessment of the arch's flexural
capacity. A detailed discussion on the implications of this loading
condition is provided in “Considerations on loading scheme”Section.
The Test apparatus is shown in Fig.3(a). A curved loading head
fitted with a rubber pad was attached to the actuator to match the
arch crown’s geometry. To mitigate stress concentration and
prevent localized failure, the arch ends were reinforced with
carbon fiber sheets and steel clamps. Lateral supports were
installed on both sides to restrain possible large out-of-plane
deformation. In the experiment, fixed supports (Fig. 3b) were
installed at the arch ends. The inclined surface of each support
matched the cross-section of the arch end. The arch end movement
was restrained by a ring-shaped steel block, and wooden wedges
were inserted into the gaps to prevent any displacement or rotation.
Three vertical displacement transducers were placed below the
mid-span and both quarter-span points. As shown in Fig. 3(c),

sixteen strain gauges were bonded at eight locations—each with a



pair of perpendicular gauges measuring hoop and longitudinal

strains. These included the mid-span (side and bottom), left and

right quarter-span points (crown, side and bottom). No strain

gauges were installed at the mid-span crown due to direct loading.

The strain gauges of the arch specimen were numbered as shown

in Fig. 3(d), with odd numbers indicating circumferential strain

gauges and even numbers indicating longitudinal strain gauges.

The loaded was applied under displacement control at a rate of 0.5

mm/min.

Table 2. Design parameters of the specimens

. . Ultimate
Specimen Thickness ) ] u Ay E
Number (mm) Filler capacity (mm) (mm) H (KN-mm)
(kN)
AT3EC - 8.46 12.44 10.63 1.17 39.37
AT3F0C C40 concrete 14.96 9.42 7.45 1.26 69.77
3 C40 concrete
AT3F4C +4x4mm FRP 32.06 36.16 14.65 2.47 714.32
rebar
AT5EC - 13.50 15.76 12.97 1.22 90.78
AT5F0C C40 concrete 21.96 15.89 9.58 1.65 196.48
5 C40 concrete
AT5FAC +4x4mm FRP 43.19 32.73 12.19 2.68 855.71
rebar
AT7EC - 17.32 15.36 11.57 1.33 145.67
AT7F0C C40 concrete 19.802 8.75 7.06 1.24 80.63
7 C40 concrete
AT7F4AC +4x4mm FRP 58.25 36.57 13.01 2.81 1205.62
rebar
Note: 2 Early failure due to out of plane displacement of the specimen.
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Fig.3. The single-point mid-span loading testing

Test results and discussion

Considerations on loading scheme

In practice, underground arches are subjected to distributed
loads, with the most critical loading positions for conventional
arches typically at the one-third or one-quarter span points. This
study employed a single-point mid-span loading scheme to
investigate the fundamental mechanical performance of the novel
GFRP-concrete composite arch. This choice was based on the
following considerations.

Firstly, a concentrated load at the crown induces the maximum
bending moment at a single, well-defined section, creating a
critical condition for evaluating the arch’s flexural capacity.
Secondly, this setup is designed to probe the internal force
redistribution capability of the statically indeterminate system by
inducing a clear failure sequence—initiating with a plastic hinge at
the crown, potentially followed by hinge formation at other sections
like the quarter points. This process is crucial for understanding
the systemic collapse mechanism. Loading directly at a traditional
critical position might lead to premature local failure, hindering

observation of this global behavior. Finally, this simplified scheme



establishes a clear performance benchmark, essential for isolating
the effects of load distribution in future studies involving more
realistic distributed loads.

Regarding the nature of this loading condition, the mid-span
point load is critical for the ultimate flexural capacity of the crown
section, as it maximizes the bending stress at that point. However,
for overall system behavior involving multi-hinge mechanisms,
distributed loading may lead to a different, potentially more critical,
failure mode. A qualitative comparison highlights the practical
implications. A mid-span point load produces a highly localized
peak moment, leading to a failure governed by the flexural strength
of the crown section. In contrast, a uniformly distributed load
results in a more uniform inoment distribution, often promoting a
progressive collapse with hinges forming at multiple locations,
which engages higher system redundancy. Therefore, the adopted
loading scheme provides a fundamental test and a performance
benchmark. The structural response under practical distributed
loads remains a vital consideration, and investigating such
performance is a logical next step, for which this work serves as a
foundation.

Failure modes

The failure modes of specimens with different variables (GFRP



arch wall thickness and FRP reinforcement configuration) are
shown in Fig. 4.

Fig. 4(a) illustrates the failure patterns of specimens AT3EC,
AT5EC, and AT7EC. During the initial loading stage, the load and
displacement increased linearly, indicating that the FRP arch was
in the elastic phase. For specimens AT3EC and AT5EC, upon
reaching the ultimate load, audible cracking sounds accompanied
fiber fracture, and fine cracks appeared near the mid-span bottom
of the GFRP arch. Subsequently, the load dropped, and the
specimens lost load-bearing capacity. For specimen AT7EC, after
initial cracking at the mid-span, loading continued until another
crack developed near the crown of the right quarter-span point.
This crack propagated rapidly, leading to the loss of load-carrying
capacity.

Fig. 4(b) depicts the failure modes of specimens AT3FO0C,
AT5F0C, and AT7F0C, which were fabricated by filling the GFRP
arches with only concrete. During the initial loading phase, the
load increased linearly with displacement at a rapid rate, indicating
that both the FRP arch and the core concrete were in the elastic
stage. At a certain point, a dull “pop” sound indicative of resin
cracking was heard, and a whitening mark appeared on the surface

of the FRP arch near the mid-span bottom. As the load continued to



increase, the whitened area widened and developed into a crack,
accompanied by intermittent fiber fracture sounds. Subsequently,
cracks emerged randomly near the crown regions of both the left
and right quarter-span points. Under further loading, these cracks
at the quarter-span point crowns propagated, while fracture at the
mid-span bottom became increasingly evident.

Fig. 4(c) shows the failure modes of specimens AT3F4C,
AT5F4C, and AT7F4C, which were prepared with C40 grout and
embedded with FRP reinforcement inside the GFRP elbow tubes. In
the initial elastic stage, the load-displacement response exhibited a
linear increase, similar to that of the specimens without FRP
reinforcement. At a certain load level, a crack formed near the
mid-span bottom of the composite tube, accompanied by a slight
drop in the load. With continued loading, the load resumed
increasing until cracks appeared randomly near the crown of the
left and/or right quarter-span points. As loading proceeded, these
cracks widened progressively, and fracture at the mid-span bottom
became more pronounced. It is noted that no displacement or
rotation was observed at the ends of the arch specimen during the

experiment.
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Fig.4. Failure modes and load-displacement curve of specimens
Load -displacement curves and wultimate load-bearing
capacity

The load-midspan displacement curves are shown in Fig.4.
These curves indicate that concrete-filled GFRP arches exhibit
similar responses during mid-span loading. Using specimen
ATS5F0C as an example, the typical load-midspan displacement
curve (Fig.4(d)) is characterized by three distinct phases. Initially,
the arch exhibits elastic behavior with rapid load increase and slow
displacement growth, showing an approximately linear relationship.
The initial stiffness (ascending slope) varies with GFRP tube
thickness, where a thicker tube provides stronger hoop
confinement, enhancing the concrete's compressive response and
thus increasing the composite section's initial axial and flexural

stiffness. Upon reaching Point A, the specimen enters Stage 2,



marked by a minor load drop. This is primarily due to resin matrix
cracking in the GFRP tube at the mid-span bottom. Subsequent
loading shows a flattened curve with intermittent load drops, as the
GFRP tube carries longitudinal tensile stresses under combined
compression-bending in segments near the fracture. This phase
represents the formation and development of plastic hinge regions,
where the confinement from the GFRP tube crucially enhances the
concrete's compressive ductility, allowing the hinge to sustain
moment under large rotation and facilitating internal force
redistribution. Cracking on the tensile side primarily involves the
failure of the matrix and potential local fiber debonding, which
compromises longitudinal load transfer and partially disrupts hoop
continuity in that specific region. However, in the compression
zone of the arch, the concrete is in a favorable state of triaxial
compression. The GFRP tube, with its fibers oriented at 85°
(primarily in the hoop direction), remains largely intact and
well-bonded to the concrete. Here, the concrete still attempts to
expand laterally under axial compression, and the GFRP tube, by
virtue of its dominant hoop fibers, continues to provide effective
confinement. Furthermore, the global load path remains intact. The
arch functions as an integral unit where load is transferred via

axial compression and bending moment. Even after the formation



of a plastic hinge at mid-span, significant axial force continues to
flow through the entire cross-section, including the compression
zone. This substantial axial compression is the fundamental driver
for the lateral expansion of the concrete, thereby activating the
hoop confinement provided by the GFRP tube. Thus, while cracking
alters the moment distribution, it does not eliminate the critical
axial force that engages the confinement mechanism. At Point B,
tensile cracks form near quarter-span point crowns as the GFRP
arch reaches tensile strength, leading to rapid displacement
growth. Ultimately, structural failure and loss of bearing capacity
resulted from excessive crack propagation. The ultimate failure
was characterized by tensile fracture of the GFRP tube fibers in
high-tension regions (e.g., the mid-span bottom and quarter-span
tops), accompanied by audible cracking sounds. In contrast, the
concrete in compression zones remained uncrushed, with the tube
showing signs of whitening. This tensile-controlled failure mode
confirms that effective confinement shifts the structural weak link
to the tension side.

The ultimate load-bearing capacities of specimens can be found
in Table 2. Compared to specimen AT3EC, the wultimate
load-bearing capacities of specimens ATS5EC and AT7EC increased

by 59.5% and 104.7%, respectively. Similarly, compared to



specimen AT3FO0C, the ultimate capacities of AT5FOC and AT7F0C
increased by 46.8% and 32.4%, respectively. When compared to
AT3F4C, specimens ATS5F4C and AT7F4C exhibited increases of
34.7% and 81.7% in ultimate load capacity, respectively. Clearly,
the ultimate load-bearing capacity improved with increasing wall
thickness of the composite tube. By examining the trends of the
load-displacement curves of specimens with different wall
thicknesses in Fig.4, it can be observed that thicker tube walls
result in a steeper slope during the elastic phase, indicating higher
structural stiffness.

The influence of internal FRP reinforcement can also be found
in Table 2. The results indicate that compared to specimen AT3EC,
the ultimate load capacities of AT3FOC and AT3F4C increased by
76.8% and 279%, respectively. Relative to specimen AT5EC,
specimens AT5F0C and AT5F4C showed enhancements of 62.7%
and 242.1%, respectively. In comparison with AT7EC, the ultimate
capacities of AT7FOC and AT7FAC were raised by 14.3% and
236.3%, respectively.

For each concrete-filled FRP arch with internal FRP bars, the
contribution rate of each component (GFRP hollow elbow tube, C40
concrete and GFRP bars) to the ultimate load-bearing capacity is

calculated. For specimen AT3F4C, the contribution rates of GFRP



hollow elbow tube, C40 concrete and GFRP bars are 26%, 20% and
53%, respectively; for specimen AT5F4C, they are 31%, 20% and
49%. This establishes a clear trend: the concrete core provides a
stable proportional contribution of approximately 20%, while the
internal FRP bars are the dominant component, contributing about
49%-53% of the total capacity. For the specimen with the thickest
tube (AT7F4C), the contribution of the GFRP tube is directly
measured as 30%. However, due to the early out-of-plane failure of
the reference specimen AT7F0C (without FRP bars), the concrete
contribution for this series cannot be obtained directly. To ensure a
reliable analysis, the concrete contribution for AT7F4C is inferred
based on the consistent ~20% trend observed in the 3mm and Smm
tube specimens, which is supported by the mechanism of enhanced
concrete confinement with increasing tube thickness. Consequently,
the contribution of the internal GFRP bars in AT7F4C is derived by
subtracting the tube contribution and this inferred concrete share
from the total capacity, yielding a value around 50%, which aligns
seamlessly with the established trend. Therefore, although the
precise values for the AT7F4C specimen carry a slightly higher
uncertainty, the key conclusions of the study remain robust and are
in fact reinforced by this logical inference. The direct

measurements from the 3mm and 5mm tube specimens



conclusively demonstrate that the FRP bars are indispensable,
providing approximately half of the ultimate load-bearing capacity

despite occupying only about 2% of the cross-sectional area..

Ductility analysis

To quantitatively assess the influence of different structural
parameters on ductility, the displacement ductility ratio (z) and the
energy absorption capacity (£) are adopted as key metrics. The
displacement ductility ratio iz is calculated as the ratio of ultimate
displacement A4, (the ultimate displacement corresponding to a 20%
drop in the peak load) to equivalent yield displacement A4,
(determined using the equivalent energy method). This reflects the
deformation capacity priocr to failure. The energy absorption
capacity £ is calculated as the area under the load-displacement
curve from the onset of loading to the ultimate displacement A4,,
representing the total energy dissipated before failure.

The calculated ductility indices for all specimens can be found
in Table 2. Compared to the hollow GFRP tube specimens, the
concrete-filled specimens (AT3FOC and AT5FO0C) exhibited an
increase in energy absorption capacity by 77% to 116% and an
improvement in displacement ductility ratio by 8% to 35%. This

indicates that concrete filling effectively enhances the energy



dissipation capacity and, to a certain extent, the deformation
capability of the members. It is noted that for the specimen with a
wall thickness of 7 mm (AT7F0C), due to premature failure caused
by out-of-plane instability during testing, its ductility data did not
accurately reflect the positive effect of concrete filling.

Internal FRP reinforcement substantially improves ductility.
Comparing the unreinforced specimen AT3FOC with the reinforced
specimen AT3F4C, the displacement ductility ratio increased from
1.26 to 2.47—a rise of about 96%—and the energy absorption
increased from 69.77 kN-mm to 714.32 kIN'min, representing a
more than ninefold improvement. Similar trends were observed in
specimens with wall thicknesses of 5 mm and 7 mm. This confirms
that internal FRP reinforcement effectively enhances the overall
ductility of GFRP-concrete composite arches, preventing brittle
post-peak failure and promoting ductile behavior.

For unfilled hollow GFRP tube specimens, the displacement
ductility ratio ranged between 1.17 and 1.33, indicating some
deformation capacity. However, their energy absorption was
significantly lower than that of corresponding filled specimens. This
suggests that although hollow GFRP tubes exhibit limited ductility,
their energy dissipation capacity remains low. After concrete filling

and FRP reinforcement, the ductility performance transitioned



from “limited deformation capacity” to “a well-developed ductile
energy-dissipating mechanism.”

Based on the above analysis, incorporating internal FRP
reinforcement is the most effective way to enhance the ductility of
GFRP tube-concrete arches, while increasing the wall thickness of
the GFRP tube can further improve their deformation and energy

dissipation performance.

Load -strain curves

Fig.5 shows the load-longitudinal strain and load-hoop strain
curves at the mid-span and quarter-span points. All specimens
subjected to mid-span loading exhibited similar strain trends.
Specimen series AT3F4C, AT3EC and AT3FOC were selected as
representative examples for analyzing the longitudinal and hoop
strains at different locations. Based on the strain response of the
representative specimen AT3F4C at the mid-span and
quarter-span points (Fig. 5), the failure process under mid-span
concentrated load is clearly delineated: it initiated with flexural
cracking of concrete, followed by significant internal force
redistribution. In the initial linear-elastic stage, the longitudinal
tensile strain at the mid-span bottom (Point 10) increased most

rapidly, identifying it as the critical section. After the concrete



cracked at approximately 10 kN, the longitudinal tensile strain
stabilized, indicating a localized loss of flexural rigidity and the
formation of a plastic hinge zone. This cracking triggered marked
load redistribution, evidenced by the accelerated growth of both
tensile strain at the quarter-span crowns (Points 2, 12) and
compressive strain at their bottoms (Points 6, 16). This pattern
confirms that bending moment increased substantially at the
adjacent quarter-span sections after mid-span cracking.
Concurrently, the hoop strain data, while consistently lower than
longitudinal strains affirming a bending-dominated response,
provide key evidence for an effective confinement mechanism. The
persistent presence and development of hoop strains—such as
tensile strains at the crowns (Points 1, 11) and tensile strains at
the quarter-span bottoms (Points 5, 15)—demonstrate the GFRP
tube's continuous resistance to concrete's lateral expansion. The
development of these hoop strains correlates with the confinement
mechanism. In conclusion, the strain evolution outlines a
definitive process: flexural cracking triggers hinge formation and
load redistribution. Given the primarily hoop-oriented fiber
architecture (85°) of the GFRP tube, the ultimate capacity is
governed by the tensile capacity of the longitudinal GFRP

reinforcement in conjunction with the significant enhancement of



compressive zone performance provided by the tube's hoop

confinement. This confinement effect is substantiated by the

progression of hoop strain and contributes crucially to the hinge's

rotational capacity and the overall load-bearing capability.
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Influence of boundary conditions

In the experiment, approximately ideal {ixed boundaries were
intended to be achieved through measures including supports with
inclined surfaces matching the arch end sections, restraint by
ring-shaped steel blocks, and filling of gaps with wooden wedges
(as shown in Fig.3). Monitoring throughout the entire testing
process confirmed that, within the measurement precision and
applied load range, no displacement or rotation was observed at
the supports, indicating that the actual rotational stiffness achieved
at the supports was extremely high, meeting the design objective of
a high degree of fixity. However, theoretically perfect, ideal fixity is
challenging to achieve absolutely in experiments. Any unintended

partial fixity may have nuanced effects on the results: Firstly,

compared to a model with perfect fixity, actual slight flexibility at



the supports would lead to a slight reduction in bending moment at
the support and a corresponding slight increase in bending moment
at the mid-span, resulting in a more uniform distribution of bending
moment along the arch. Secondly, this may cause the measured
initial stiffness to be slightly lower than the predicted values based
on the assumption of perfect fixity. Finally, the sequence and
locations of plastic hinge formation in the ultimate limit state might
also change if rotation occurs at the support. These effects could be
one of the potential reasons for the slight discrepancies between
the analytical predictions and the experimental data.

Nevertheless, it is important to emphasize that this uncertainty
in boundary conditions did not alter the core conclusion of this
study regarding the improvement in ultimate bearing capacity due
to the internal FRP bars. On the contrary, it demonstrates that the
novel arch structure exhibits robust performance even with minor
uncertainties in the boundary conditions. Subsequent research
could employ more precise rotation sensors or design more
complex loading schemes to directly quantify the actual rotational
stiffness of the arch foot. Based on the above experimental
observations and analysis, a perfectly fixed boundary condition will
be adopted for modeling and comparative validation in the bearing

capacity prediction model in the following section.



Bearing capacity prediction model

The composite arches in this study are fixed-ended arches
without hinges, which are statically indeterminate to the third
degree. For such an arch, the ultimate limit state is reached when
four plastic hinges form in the structure, as illustrated in Fig. 6.
Plastic hinge theory is adapted for these FRP-confined concrete
composite arches. While FRP is linearly elastic, the confined
concrete core exhibits a pronounced hardening response and
significant deformation capacity under compression. Concurrently,
the FRP reinforcement in tension undergoes large elastic
deformation until rupture. This mechanical behavior allows the
composite section to sustain a large increase in curvature without a
loss of load capacity, thereby forming a “quasi-plastic” or “capacity”
hinge. The experimental results presented also confirm that the
fixed arch fails only after the development of four plastic hinges,
which are typically located near the crown, both abutments, and
randomly at one of the quarter-span points on the left or right
side?4. The observed load-displacement curves and strain histories
from experiments, which demonstrate clear internal force
redistribution prior to the peak load, provide direct evidence of this
hinge-like mechanism. Therefore, once the bending moments at the

four plastic hinge sections are determined, the ultimate load P of



the arch can be derived using the principle of virtual work.

To analytically determine the moment capacity of the plastic
hinges, the original circular composite section is transformed into
an equivalent rectangular section. This transformation is
analytically necessary to employ the well-established closed-form
solutions for moment-curvature response available for rectangular
sections. The equivalence is mechanically rigorous, established by
enforcing two key properties to be identical?>: (1) Equal
Cross-Sectional Area, to preserve axial stiffness and mass
properties critical for axial force-bendinag moment interaction; and
(2) Equal Moment of Inertia, to ensure the flexural stiffness (EI) in
the primary bending plane remains unchanged for accurate
prediction of bending capacity and curvature. A circular section
with radius r is thus converted into a rectangular section with
dimensions bxA. The dimensions are derived by solving the two
equivalence conditions simultaneously, ensuring the essential

load-resisting characteristics are preserved.

Furthermore, shear deformation effects are neglected in this
analytical model. This assumption is justified for the specific
configurations in this study. The arches possess a high rise-to-span

ratio (0.206), and the section depth is relatively small compared to



the span, classifying them as slender members where bending
dominates. Critically, all experimental specimens failed due to FRP
rupture at the crown or quarter-span points caused by excessive
bending moment, with no observed shear-induced diagonal cracks
or failures. Additionally, the FRP tube provides effective
confinement that significantly enhances the member's shear
capacity, making a shear-critical failure unlikely before the full

development of flexural plastic hinges.

Y A4

Fig. 6. Mechanism failure of arch under concentrated load at
mid-span
Let M, denote the ultimate bending moment at each plastic
hinge, where the subscript 7/indicates its location. When a virtual
displacement y is applied at the mid-span, the internal virtual work
done by the moments VVcan be calculated by Eq. (1).

V=-a Mg =-(2M} +6MZ +5ME +M?)6 010



where 6@ represents the virtual rotation angle. The external
virtual work 7'done by the concentrated load Pis calculated by Eq.
(2) and Eq. (3).
\Y y=% LB 020
T=P5¢y=% PLO 030
According to the principle of virtual work: T4+ 7=0[] P can be
calculated by Eq.(4).

2(2m7 +6M2 +5ME +MP)

pP= 7 040

A circular section with radius rcan be equivalently converted
into a rectangular section with dimensions /x4 as analyzed above.
The equivalence formulas are given as follows:

_

NE

According to Eq. (5), the circular cross-section with radius ris

b r,h=\3r 050

transformed into an equivalent rectangular section of dimensions
bxh, resulting in the computational schematic of the concrete-filled

composite tube arch section.

The sum of internal and external forces along the longitudinal
axis of the member is zero, which is calculated by Eq. (6).
Ny =qfbx- f,A- fhb 160

The sum of moments about the tensile GFRP reinforcement is



zero. Therefore, Mt can be calculated by Eq. (7).

MT=Nre=qf;cbﬁX?7' gg' fhb% 070

& g9

Where x is the height of the concrete compression zone; £ is
the tensile strength of GFRP reinforcement under tension; 4, is the
thickness of the composite tube; Ay is the cross-sectional area of
the tensile GFRP reinforcement; and f£; is the tensile strength of the
composite tube; a; and B; are the reduction factors specified in the
specification.

Lam and Teng2627 established a formula for calculating the
confining stress based on the effective strain of FRP in their study,

as shown in Eq. (8) and Eq. (9).

f:r = 60 +¢f >4(1 X’; D8D
2E_ €.t
f =" 9
/ D 090

Where £, is the unconfined compressive strength of concrete;

Esyp is the hoop elastic modulus of the FRP tube; &y, is the ultimate
tensile strain of the FRP tube; ¢is the wall thickness; D is the core
concrete diameter; yris a reduction factor?8, taken as 0.95; and X;
is the constraint efficiency coefficient, with a value of 3.3.

In accordance with code ACI 318-19 29, the non-uniform stress

distribution in the compression zone is simplified into an equivalent

rectangular stress block for computational convenience. Since £,



< 50 MPa, the following provisions apply: a;=0.85/7;=0.85. The
core of the ultimate analysis method lies in determining the
ultimate moment of the cross-section. When calculating the
ultimate bearing capacity of the concrete-filled composite tube arch,
the N~M7yinteraction diagram for the arch section is plotted based
on Eq. (6) and Eq. (7). The relationship between the bending
moment, axial force, and load P at each plastic hinge section of the
arch is determined wusing the displacement method. By
superimposing the axial force (/Np) - bending moment (Mp)
interaction curve onto the section's N~My curve, the abscissa of
their intersection point gives the ultimate momeit value M7’ for the
section. Substituting A7 into Eq. (4) vields the ultimate bearing

capacity P of the composite arch.

The predicted ultimate bearing capacities of the concrete-filled
composite tube arches using this model for specimen AT3F4C,
AT5F4C and AT7F4C are 31.28kN, 47.69kN and 63.56kN with their
relative errors compared with experimental results equal to 2.4%,
10.4% and 9.1%, respectively. The error for the ultimate bearing
capacity of the internally reinforced specimens is within 10%,

indicating good accuracy of the theoretical calculation method.

It is noted that the above model is applicable to arches with a
rise-to-span ratio within the tested range around 0.2 and a circular

thin-walled FRP tube section. The FRP tube should have a primarily



hoop-oriented layout, with normal concrete strength grades around
C40 and internal longitudinal FRP bars. The model in its current
form is validated only for in-plane symmetric loading under a single
concentrated load at the crown with flexural failure. Its
applicability to shear-dominated failures, local buckling, connection

failures or other load patterns requires further verification.

Conclusion

This paper proposes a reinforced concrete-filled GFRP tubular
arch suitable for underground engineering environments.
Monotonic loading tests were conducted on eighteen arched
specimens with different wall thicknesses (3 mm, 5 mm, 7 mm) and
with or without embedded longitudinal GFRP reinforcement. Based
on the experimental investigation, the following main conclusions
are drawn:

(1) Increasing the wall thickness of the GFRP tube enhances
the ultimate load-bearing capacity of the arch specimens. When
compared to composite arch whose GFRP tube wall thickness is
3mm (specimen AT3F4C), specimens with wall thickness equal to
5mm and 7mm (specimens AT5F4C and AT7F4C) exhibits increases

of 34.7% and 81.7% in ultimate load capacity, respectively.



(2) Embedding FRP reinforcement significantly improves the
tensile resistance of the arches, and effectively increases the
ultimate capacity and displacement ductility ratio of the arches
under mid-span compression. Compared with hollow GFRP tubes,
adding internal concrete leads to 62.7%~76.8% increase of
ultimate capacity and 7.7%~35.3% increase of displacement
ductility ratio. Further inserting GFRP bars brings 236.3%~279%
increase of ultimate capacity and 111.11%-119.67% increase of
displacement ductility ratio.

(3) The proposed theoretical model provides valid predictions
for the ultimate load of concrete-filied FRP tubular arches.
Comparisons between theoretical calculations and experimental
results for three sets of reiriforced specimens show that the error in
ultimate load-bearing capacity is within 10%, verifying the
accuracy of the method. It is important to highlight that the
proposed plastic hinge model is currently validated only for the
specific arch configuration presented in this study. While its
theoretical framework is general, application to significantly
different configurations requires additional validation or
parametric study, which represents an important direction for

future work.



The results demonstrate that concrete-filled GFRP tubular

arches exhibit favorable load-carrying capacity and can serve as

load-bearing and reinforcing elements in underground engineering

applications.
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Figure legends

Fig. 1. Manufacturing process of GFRP arches

Fig.2. Preparation of concrete-filled FRP tubular arches

Fig.3. The single-point mid-span loading testing

Fig.4. Failure modes and load-displacement curve of specimens
Fig.5. Load-longitudinal strain curve and Load-hoop strain curve
Fig. 6. Mechanism failure of arch under concentrated load at

mid-span



