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A B S T R A C T

This study investigates the structural behaviour of fiber-reinforced seawater sea-sand concrete (FR-SWSSC)
culverts employing glass fiber-reinforced polymer (GFRP) bars as internal reinforcements. Eighteen small con-
crete culverts with a total width of 470 mm and two different total heights of 425 mm and 365 mm, conforming
to the Australian standard were subjected to experimental evaluation. The study investigated various parameters,
including fiber type (macro polypropylene (PPL), macro twisted polypropylene (TPPL), micro polyvinyl alcohol
(PVA), and micro basalt (BA) fibers), fiber hybridization, compression GFRP reinforcement, crown thickness,
haunches, and concrete compressive strength. A comprehensive analysis of culvert behaviour was conducted,
encompassing load at first crack, crack propagation, load-displacement response at the mid-span of the crown,
ultimate load-carrying capacity, energy dissipation, ductility, and failure mode. The results showed that
punching shear at the crown was the prevalent failure mode for FR-SWSSC culverts. The ultimate shear capacity,
cracking strength, and energy dissipation of culverts were significantly enhanced by the addition of fibers,
particularly hybrid fibers (PVA/BA and PPL/PVA). Partial substitution of PPL fiber with PVA resulted in a
substantial increase in ultimate strength compared to PPL fiber culvert. The performance and effectiveness of
fibers, especially hybrid ones, were significantly influenced by the presence of compression GFRP reinforcement
and reduced crown thickness. Haunches had a profound impact on the shear strength of GFRP-reinforced culverts
and significantly altered the performance of fibers. This study demonstrates that FR-SWSSC culverts reinforced
with GFRP bars and discrete fibres can serve as a sustainable alternative to conventional concrete culverts.

1. Introduction

Small concrete culverts (SCC), frequently used under driveways and
sidewalks, play a critical role in stormwater management, flood pre-
vention, and transportation network preservation. As shown in Fig. 1,
SCCs act as bridges over minor streams and drainage ditches, ensuring
water flow. Despite their diverse applications, steel reinforced culverts
face durability challenges. Exposed to harsh environments, they endure
the detrimental effects of surrounding soil, water containing chemicals
and salts, and other substances, leading to long-term damage and
corrosion. This significantly reduces their service life and increases
maintenance costs. While the prospect of using more sustainable alter-
natives with non-corrosive reinforcement is appealing, previous studies

have predominantly focused on steel-reinforced large concrete culverts.
Fiber-reinforced polymers (FRPs) offer a compelling alternative to

steel in concrete structures due to their superior properties: low weight,
high tensile strength, and exceptional corrosion resistance [1–3]. This
eliminates corrosion, extending the lifespan of concrete, especially in
harsh environments [4]. Among FRPs, glass fiber-reinforced polymer
(GFRP) emerges as suitable for reinforcement due to their relative lower
cost [1,5]. Studies on GFRP-reinforced culverts demonstrate their
adequate load-carrying capacity through acceptable deflection and
crack width and impressive long-term performance, maintaining
microstructural integrity and mechanical properties over time [6–8].
With exceptional stability against saltwater, chemicals, and alkaline
environments, GFRP proves ideal for sustainable concrete alternatives
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like seawater and sea-sand concrete (SWSSC) [9–11].
SWSSC made from abundant natural resources, a sustainable alter-

native with freshwater conservation, reduced transportation and main-
tenance cost, and exceptional marine environment resilience, proves
ideal for coastal and environmental projects like artificial reefs [12]. Its
cost-effectiveness makes it particularly attractive in water-scarce re-
gions with limited high-quality aggregate access. While research exists
on FRP bars in various SWSSC elements, studies on SWSSC culverts
reinforced with FRP bars are scarce. Existing literature demonstrates
that GFRP bars exhibit superior durability compared to basalt FRP
(BFRP) bars when used in SWSSC [9,11]. Studies on GFRP-reinforced
SWSSC slabs and beams also indicate the viability of GFRP bars as a
steel alternative with similar shear behaviour [13,14]. The ultimate load
of these beams increased with both the reinforcement ratio and the shear
span ratio [15]. However, marine exposure can negatively impact bond
behaviour, leading to reduced stiffness, ductility, and bond strength [14,
16].

Previous studies employed fibers to improve the mechanical prop-
erties of SWSSC. Polyvinyl alcohol (PVA)/basalt (BF) hybridization
significantly improved the total energy absorption and residual strength
of SWSSC under compression by 44 % and 181 % compared to using
mono BF incorporation [17]. While seawater sea-sand recycled aggre-
gate concrete (SSRAC) generally exhibited higher compressive strength
than ordinary concrete [18], reinforcing SSRAC with stainless steel fi-
bers (SSF) and polypropylene (PP) fibers improved its mechanical per-
formance. Studies reported that SSF-reinforced SSRAC and
PP-reinforced SSRAC resulted in average compressive strengths that
were 17.30 % and 2.87 % higher, respectively, compared to plain
SSRAC. Additionally, the splitting tensile strengths of these
fiber-reinforced SSRACs were 18.48 % and 12.23 % higher, respectively
[19]. Furthermore, research has indicated that hybridizing micro-fibers
can significantly improve both the flexural strength and fracture energy
of SWSSC. Hybrid combinations of PP/BF, or PP/PVA, have been shown
to increase fracture energy by 176 % and 290 %, respectively, compared
to using PP fibers alone [20].

Multiple studies investigated the use of fibers to enhance the per-
formance of FRP-reinforced SWSSC , particularly addressing bonding
strength concerns. Incorporating 0.5 % polyethylene (PE) fibers signif-
icantly increased bond strength by 3–10 % [21], while glass fibers
improved bond stiffness without significantly impacting FRP bar bond
strength [22]. Though FRP bars offer advantages, their lower modulus
results in wider cracks and larger deflections compared to steel bars [5,
23]. However, PP and PVA fibers significantly reduced crack width and
spacing in SWSSC slabs compared to plain concrete [13]. Additionally,
GFRP-RC slabs with plain SWSSC exhibited a 13 % lower cracking
moment than ACI 440.1R-15 [24] predictions, but this was mitigated by
adding fibers, particularly PP fibers [13]. Furthermore, PP and PVA fi-
bers improved ductility, tensile strength, and energy absorption, and
reducing crack formation of SWSSC [25,26]. However, limitations exist
for mono-fibers, regardless of size, due to challenges in achieving

uniform distribution and their limited impact on crack control, tensile
strength, toughness, and bonding [27,28]. This restricts their applica-
bility and overall potential for enhancing mechanical properties.

Combining micro and macro fibers, chosen strategically for material,
volume, aspect ratio, and bond strength, significantly enhances the
mechanical performance, ductility, and long-term service life of both
normal and SWSSC, overcoming limitations of single-fiber reinforce-
ment [27,28]. Specific fiber combinations like carbon/-
polypropylene/aramid significantly improved GFRP bar bonding [29],
while steel/PVA fibers alongside GFRP bars resulted in substantial in-
creases in bond strength, energy dissipation, and deformation capacity
[30]. Hybrid fibers also enhanced shear strength and ultimate load ca-
pacity of GFRP-reinforced concrete beams by 55 % to 233 % compared
to non-fiber ones [31]. Hybrid steel/ polyolefin (PO) fibers effectively
improved the shear strength and ductility of GFRP-reinforced beams,
shifting failure modes from brittle to ductile [32]. Hybrid fibers out-
performed mono fibers in enhancing post-cracking stiffness due to their
combined crack resistance properties [33]. Incorporating hybrid
basalt/polyolefin fibers and a GFRP laminate into concrete beams with
GFRP bars resulted in significant 59 % and 49 % enhancements in
maximum yield and ultimate load, respectively, showcasing the effec-
tiveness of hybrid fibers [34].

While previous research has demonstrated the potential application
of GFRP bars as an alternative to steel in concrete culverts, limitations
have been identified regarding crack width and deformation under load.
Aiming to address this gap in knowledge and further enhance both
structural performance and sustainability, this research investigates the
combined use of non-corrosive GFRP bars and fiber-reinforced seawater
and sea-sand concrete (FR-SWSSC). Employing mono- and hybrid-fibers
in SWSSC, the study evaluates the mechanical properties, strength, and
ductility of GFRP-reinforced culverts at both material and structural
levels. Additionally, the research explores the influence of several pa-
rameters on performance, including compression reinforcement, slab
thickness, haunches, and concrete strength. This study seeks to provide
valuable insights into the behaviour of GFRP-reinforced concrete cul-
verts using FR-SWSSC, demonstrating its potential as a viable, cost-
effective, and sustainable alternative with enhanced performance.

2. Experimental program

2.1. Material properties and mixture proportions

SWSSC, designed for a 150 mm slump and 50 MPa compressive
strength, adhering to the specifications outlined in AS 1379–2007 [35]
and AS 1597.2–2013 [36], respectively, was employed for the culvert
construction. Seawater from Adelaide coastal water with significantly
elevated chloride and sulfate levels compared to tap water was utilized
and carefully stored to prevent contamination. Sea-sand was obtained
from Semaphore beach in Adelaide, and meticulously cleaned to remove
impurities, served as the fine aggregate. Crushed basalt from a local

Fig. 1. The application of small concrete culverts.
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quarry provided the coarse aggregate, with a maximum size of 14 mm.
Ordinary Portland cement (OPC) and ground granulated blast furnace
slag (GGBS) were employed as cementitious materials. To achieve the
desired slump, a polycarboxylate ether-based superplasticizer was
added to each mix.

This study investigated the use of mono/hybrid fibers (synthetic and
natural) to improve the performance of SWSSC culverts. Untreated
micro-fibers (polyvinyl alcohol and basalt) and macro-fibers (poly-
propylene and twisted polypropylene) were selected for cost-
effectiveness. Table 1 details the properties of these fibers provided by
the manufacturer. Macro-fibers of similar length but varying aspect ra-
tios and elastic modulus were utilized to evaluate their performance. An
environmentally friendly recycled plastic PPL fiber, readily available in
the Australian market, commercially named eMesh and manufactured
by FIBERCON, was also chosen. Basalt fibers were selected for their high
tensile strength, cost-effectiveness, and eco-friendliness. Uniform-length
micro-fibers were used to minimize their influence on results.

Two GFRP bar shapes were used to manufacture the culverts: U-
shaped and straight, both with a 10 mm diameter and manufactured via
pultrusion. Table 2 details the material properties of the GFRP bars, as
specified by the manufacturer. The study utilized both mono-fiber and
hybrid-fiber to investigate the influence of fibers on SWSSC culverts.
Following the approach implemented in previous studies [17,37], four
fiber-reinforced mixes were selected: PPL, TPPL, hybrid micro PVA/BA,
and hybrid micro/macro PPL/PVA. For comparison, two additional
mixes were included: plain SWSSC and high-strength PPL-reinforced
SWSSC. Table 3 details the specific mix proportions and Table 4 details
their corresponding mechanical properties. The study employed a total
fiber volume fraction of 0.66 %, to provide a balance between optimal
strength and workability. Increasing the dosage could lead to clumping,
while a lower content might not significantly enhance properties as was
experience by previous studies [38].

2.2. Test specimens and preparation

A total of 18 GFRP-reinforced concrete culverts were tested which
were categorized into five groups as shown Table 5. Group I utilized five
SWSSC mixes (Table 3), while Groups II-V investigated the influence of
compression reinforcement, crown thickness, haunches, and SWSSC
strength, respectively. Fig. 2 presents the details of the culverts,
including the size and spacing of the GFRP reinforcement. These

dimensions comply with the Australian code for precast steel reinforced
concrete box culverts (AS 1597.1–2010 [39]).

Fig. 3 illustrates the fabrication of culvert specimens. Plywood
formworks were built and sealed with silicone for leak prevention
(Fig. 3a). GFRP cages were constructed and secured within the form-
work using plastic chairs and ties, while lifting lugs were attached for
ease of movement (Fig. 3b). Strain gauges were mounted on longitudinal
GFRP bars at mid-span for elongation measurement (Fig. 3b). Concrete
was vibrated for efficient compaction, especially for FRC culverts. After
casting, culverts were covered in plastic for 24 h and demolded after
48 h, following the same curing process as cylindrical and beam speci-
mens. All culverts were maintained under moisture curing conditions for
over 45 days prior to testing, ensuring that all specimens reached their
maximum strength. For enhanced crack visibility, culverts were painted
white and marked with a grid pattern.

2.3. Test setup, instrumentation, and testing procedure

Fig. 4 depicts the culvert test setup, adhering to AS1597.1–2010
guidelines [39]. An 1,800-kN universal testing machine was used to
apply load at 0.02 mm/s displacement rate until a 25 % strength
reduction was achieved. No lateral load was applied to simulate poor
sidefill compaction to simulate the worst-case loading scenario, known
to increase crown loads and compromise structural integrity [40,41]. It
is important to note that applying lateral load and providing additional
support can potentially increase the ultimate strength of culverts [7].
Two steel channels with about 10 mm clearance (Fig. 4) simulated the
base slab behaviour and partially restrained leg lateral movements.

Table 1
Physical properties of different fibers.

Property PVAa BAb PPLc TPPLd

Specific gravity 1.3 2.8 0.91 0.91
Length (mm) 8 7 47 54
Diameter (μm) 38 15 — 800
Thickness (μm) — — <500 —
Tensile strength (MPa) 1600 2900 400 620
Young’s modulus (GPa) 40 85 6 9.5
Chemical resistance Excellent Excellent Excellent Excellent
Melting point (◦C) 225 1450 160 160
Water absorption (% by weight) <1 <1 Nil Nil
Alkali resistance Excellent — Excellent Excellent
Corrosion resistance Excellent — Excellent Excellent
Shape

a polyvinyl alcohol,
b basalt fiber,
c long polypropylene,
d long twisted polypropylene.

Table 2
Physical properties of GFRP bars.

Property Bar type

GFRP #3

Nominal bar diameter (mm) 9.52
Cross-sectional area (mm2) 71
Tensile elastic modulus (GPa) 60
Ultimate tensile strength (MPa) 1000
Strength of Bend (MPa) Straight Portion 900

Bend Portion 600
Ultimate tensile strain 0.017
Glass Transition Temperature, Tg◦ 125 ◦C
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Rubber pad strips between the legs and channels provided cushioning
and prevented stress concentration as per AS1597.1–2010 [39]. A
10-mm rubber pad replicating a vehicle wheel and promoting even load
distribution was placed on the culvert slab, followed by a rectangular
steel bearing block (50 mm × 125 mm surface, 20 mm thickness). A

LVDT positioned beneath the culvert midspan measured its vertical
deflection. Two smaller LVDTs attached to the top of the legs (Fig. 4)
tracked the expected compression of the rubber pads placed under the
culvert legs. Two strain gauges, capable of measuring large strains, were
attached to the middle of GFRP bars (top and bottom) in the crown to

Table 3
Mix proportions of SWSSC.

Concrete mix Total fiber volume fraction (%) Mix proportions (kg/m3)

Micro-fiber Macro-fiber Binder Gravel Seawater Sea-sand

OPC GGBSPVA BA PPL TPPL

Plain SWSSC — — — — — 144 267 925 222 755
PPL 0.66 — — 6.0 —
TPPL 0.66 — — — 6.0
PPL/PVA 0.66 2.86 — 4.0 —
PVA/BA 0.66 5.72 6.16 — —
HS-PPL 0.66 — — 6.0 — 193 357 925 222 700

Table 4
Mechanical properties of different FR-SWSSC mixes.

Concrete mix Compressive strength (MPa) Splitting tensile strength (MPa) Modulus of rupture (MPa)

Plain SWSSC 47.7 4.34 4.4
PPL 50.5 4.88 4.9
TPPL 56.7 4.95 5.5
PPL/PVA 52.5 5.08 5.1
PVA/BA 55.2 4.80 5.4
HS-PPL 75.5 6.6 6.7

Table 5
Summary of culvert specimens.

Group Culvert designation Concrete mix Slab thickness (mm) GFRP reinforcement Span Height Objective

Bottom Top

I C135-G1 Plain SWSSC 135 5 Ø 10 — 320 285 Effect of different fibers
C135-G1-PL PPL
C135-G1-TP TPPL
C135-G1-PV/PL PPL/PVA
C135-G1-BA/PV PVA/BA

II C135-G2-PL PPL 135 5 Ø 10 5 Ø 10 320 285 Effect of compression reinforcement
C135-G2-TP TPPL
C135-G2-PV/PL PPL/PVA

III C80-G1-PL PPL 80 5 Ø 10 — 320 285 Effect of crown thickness
C80-G1-TP TPPL
C80-G1-PV/PL PPL/PVA
C80-G1-BA/PV PVA/BA

IV C80-G1-PL-H PPL 80 5 Ø 10 — 314 285 Effect of haunches
C80-G1-TP-H TPPL
C80-G1-PV/PL-H PPL/PVA
C80-G1-BA/PV-H PVA/BA

V C135-G1-PL.H HS-PPL 135 5 Ø 10 — 320 285 Effect of concrete strength
C135-G2-PL.H 5 Ø 10 5 Ø 10

Fig. 2. The details of culverts, a) group I, II, and V, b) group III, and c) group IV.
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monitor their strain behaviour. To protect them during concrete casting,
the gauges were covered with duct tape and their wires carefully
positioned.

3. Test results and observations

This section presents the results of two distinct parts of this study: (1)
material testing of SWSSC, and (2) evaluation of the impact of different
fibers on the performance of GFRP-reinforced SWSSC culverts.

3.1. Behaviour of SWSSC

The results of material testing performed on fiber-reinforced SWSSC
are presented in detail in the Supplementary Information.

3.2. Behaviour of GFRP-reinforced SWSSC culverts

Five groups of GFRP-reinforced culverts were studied to assess the
influence of various parameters on their performance. Group I examined
the effect of fiber type (mono and hybrid), Group II investigated the

impact of compression reinforcement, Group III focused on the influence
of crown thickness, Group IV evaluated the role of haunches, and Group
V studied the effect of concrete strength. The key observations from the
testing of these culverts will be presented in the following sections.

3.2.1. Crack pattern and failure mode
Fig. 5 shows the crack pattern observed in the culverts at the failure

point. The presence of a primary shear crack diagonally through the
haunch, aligns with observations in the previous studies on GFRP cul-
verts [7]. Unlike steel-reinforced culverts, where flexural cracks are
predominant [42], GFRP-reinforced culverts are more prone to shear
cracks. This is primarily attributed to the lower modulus of elasticity of
GFRP reinforcement, which significantly influences crack width limi-
tations [7]. Moreover, the dowel action of longitudinal reinforcement is
negligible in GFRP bars due to their limited shear capacity in the
transverse direction [7]. Notably, all specimens initially exhibited flex-
ural cracks before transitioning to shear-dominant failure. This can be
attributed to the high tensile stress at the bottom of the crown, which
caused flexural cracks to form initially, as observed in previous studies
on one-way and two-way GFRP-reinforced slabs [13,43–45].

Fig. 3. The fabrication of culvert specimens, (a) plywood formwork sealed with silicone, (b) GFRP cage secured in formwork using plastic chairs and ties, and (c)
casted SWSSC culverts.

Fig. 4. Test setup.
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Fig. 5. Failure mode of the fiber-reinforced SWSSC culverts, a) group I, b) group II, c) group III, d) group IV, and e) group V.
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Fibers in Group I extended the length of the primary shear crack,
initiating it from the load point and extending towards the end or middle
of the haunch. Fiber-reinforced specimens typically failed with one
dominant shear crack, except for the hybrid PPL/PVA fiber-reinforced
concrete. This hybrid specimen developed two cracks, highlighting its
ability to significantly increase shear strength. Additionally, this
behaviour was also observed in Group III specimens with an 80 mm
crown. This enhancement can be attributed to the synergistic effect of
PPL/PVA hybridization, which resulted in a more uniform distribution
of shear stresses. This, in turn, led to the formation of two primary shear
cracks and a subsequent increase in the ultimate strength of culvert.

Reducing the crown thickness (group III) altered the shear failure
path, increasing its angle and causing early failure before engaging the
haunches, negating their influence on shear strength. Removing the
haunches (group IV) further modified the path, directing it towards the
leg tips with a single, dominant crack observed consistently. These

findings suggest that haunches can significantly enhance the shear
strength of concrete culverts, provided that the crown thickness is
adequate. By reducing the effective span length, haunches lead to a
lower span-to-depth ratio. This reduction in span-to-depth ratio is
known to increase the ultimate shear strength of concrete culverts,
similar to the behaviour of concrete beams [46]. PPL fibers effectively
limited initial cracking in group IV, while replacing a portion of PPL
with PVA fibers (hybrid PPL/PVA) resulted in more pronounced flexural
cracks at mid-span. This suggested that the addition of PVA fibers
resulted in a more uniform distribution of stress in the tensile portion of
the section. TPPL fibers, due to their distribution, displayed a unique
shear crack path with a higher angle and greater distance from the
loading point. The uniform distribution of TPPL fibers and their strong
bond with the concrete matrix effectively transferred shear stresses,
preventing crack propagation, and resulting in a distinct shear crack
path and angle.

Fig. 6. The load versus mid-span deflection curves for all culvert groups.
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Adding compression reinforcement (group II) considerably altered
the shear crack behaviour of hybrid PPL/PVA fiber specimens, resulting
in a single primary shear crack. In addition, PPL and TPPL fibers dis-
played contrasting crack patterns and angles. While G135-G2-PL speci-
mens exhibited a higher number of high-angle cracks compared to
G135-G2-TP specimens, the crack lengths were shorter. These findings
may be attributed to the presence of compression reinforcement, which
can redistribute stresses within the section and potentially reduce the
concentration of shear stresses at critical locations. This could poten-
tially alter the failure mode of culverts reinforced with different fiber
types. When concrete strength was increased (group V), G135-G1-PL.H
developed more primary shear cracks. In contrast, G135-G2-PL.H dis-
played fewer cracks but fully utilized the haunch capacity. The primary
crack shifted towards the haunch end and grew longer compared to
G135-G2-PL.

3.2.2. Load–deflection behaviour
Fig. 6 displays the load versus mid-span deflection curves for all

culvert groups, revealing three distinct phases. The initial phase was
linear and identical for all groups, followed by a second linear phase
with a smaller slope, signifying reduced stiffness due to concrete
cracking and lower effective inertia moment [14]. This slope was
influenced by factors like fiber distribution, modulus, and length [31].
The final phase exhibited varying slopes in post-peak behaviour, influ-
enced by the type and distribution of fibers.

Specimen C135-G1 with no fiber exhibited a significant (20 %)
decrease in load following initial cracking, attributed to the low GFRP
bar elastic modulus replicating previous observations [32,33,47]. This
drop persisted after the peak load. Inclusion of fibers, both mono and
hybrid, mitigated this drop and facilitated a smooth transition from each
stage. Fibers achieved this by arresting major cracks, redistributing
stresses, and enhancing the overall performance of culvert [33]. Both
fiber properties and quantity significantly influence this transition
behaviour [31,33]. Prior research indicated that hybrid fibers were
more effective than mono fibers in improving cracking strength [48],
this finding confirmed in this study for GFRP-reinforced concrete
culverts.

The addition of compression reinforcement significantly enhanced
the culvert’s stiffness, both before and after the peak load. This can be
attributed to the improved axial stiffness provided by the compression
reinforcement, which can substantially increase the overall stiffness.
Replacing some PPL fibers with PVA fibers led to a notable increase in
stiffness compared to using PPL fibers alone. This was likely due to the
higher tensile strength of PVA fibers and their stronger bond with the
concrete matrix, creating a positive synergy with PPL fibers that
contributed to increased stiffness under tensile stresses. Comparing PPL
and TPPL fibers, the top reinforcement effect on stiffness was more
pronounced with TPPL fibers. Reducing the crown thickness by 40 %
considerably decreased pre-peak stiffness. This could be attributed to
the smaller cross-sectional area, which results in a decrease in the
bending moment capacity of culvert. Consequently, the overall stiffness
was reduced. While specimens using different fibers exhibited a smooth
transition to the post-peak phase, reduced thickness resulted in a sudden
load drop after peak, except for specimens with TPPL fibers. This could
be attributed to the improved distribution and flexibility of TPPL fibers,
leading to a higher concentration of fibers in the failure plane and better
post-peak behaviour.

The removal of haunches significantly impacted the pre-peak stiff-
ness of C80 specimens, resulting in a decrease. This reduction could be
attributed to the decreased section modulus, which ultimately leads to
reduced stiffness. Partially replacing PPL fibers with PVA fibers
improved the post-peak behaviour, offering better ductility. This
enhancement could be attributed to the improved bonding strength
between PPL fibers and the concrete matrix resulting from the addition
of PVA fibers. This stronger bond contributed to enhanced crack
bridging and improved ductility. TPPL fiber-reinforced culverts were

more sensitive to haunch removal, experiencing a sudden drop in load-
carrying capacity after reaching their peak. Deflection at peak point also
decreased except for culverts reinforced with hybrid PPL/PVA fibers.
Higher concrete strength increased pre-peak stiffness in both one and
two-layer PPL fiber-reinforced culverts, but also resulted in a more
abrupt post-peak drop. Specimens with only bottom reinforcement dis-
played drops during both pre-peak and post-peak phases, while those
with top reinforcement exhibited less significant drops. This could be
attributed to the higher bonding strength of PPL fibers with SWSSC at
higher strengths, leading to prevent their pulling out during loading.

3.2.3. GFRP Strain
Fig. 7 shows that all tested GFRP specimens experienced strains

lower than their ultimate tensile capacity (17000 µe), indicating non-
rupture at failure. Group I specimens exhibited failure strains ranging
from 47.2 % to 73.8 % of ultimate (8028 to 12556 µe). Initially, strains
were low but significantly increased after flexural crack initiation as
GFRP bars took on tensile stress. During this stage, fibers in the tension
section effectively contributed to tensile stress reduction, lowering GFRP
strain values [32]. Hybrid PPL/PVA decreased maximum bottom rein-
forcement strain by 20 % compared to mono PPL fiber, despite
increasing ultimate strength, suggesting a suitable reinforcing system of
hybrid PPL/PVA that improves both shear and flexural strength. PPL and
TPPL resulted in similar maximum GFRP strain, but TPPL offered higher
shear strength. This enhancement could be attributed to the improved
distribution and bonding strength of TPPL fibers, which led to a more
uniform distribution of shear stresses. C135-G1-BA/PV had the lowest
GFRP strain among all fibers, indicating that PVA/BA improved shear
strength, allowing the culvert to carry more flexural strength by
C135-G1-BA/PV.

Adding top reinforcement significantly reduced the maximum bot-
tom GFRP bar strain in C135-G2-PL specimens by 33 %. This decrease
stemmed from increased crown stiffness and reduced mid-span deflec-
tion, which led to lower tensile strain in the bottom GFRP reinforcement.
The effect was consistent in both C135-G2-PL and C135-G2-PV/PL
specimens. However, the tensile strain in the C135-G2-TP specimen
remained like that of C135-G1-TP. This discrepancy between PPL and
TPPL specimens likely arises due to the superior distribution and flexi-
bility of TPPL fibers.

Removing haunches on C80 culverts had a contrasting effect on
strain, increasing it for C80-G1-BA/PV-H while reducing it for others.
Despite the expected increase in deflection due to the increased span
length, shear failure occurred first and limited deflection, except for
C80-G1-BA/PV-H where tensile strain increased instead. Similarly,
increasing concrete strength led to a slight strain increase against the
anticipated decrease. This was attributed to the improved shear
strength, which resulted in higher tensile stress in the bottom GFRP bars.

4. Discussion

4.1. Group I: effect of mono and hybrid fibers

Fig. 8 shows the typical stress and strain distribution of the crown
section of culverts using ACI 440.1R-15 [49]. The depth of neutral axis
along with tensile and compression forces are also provided in Table 6.
In this study the contribution of fibers in tension part was considered
based on definition of ACI 544.4 R-88 [50] in Eq. (1), previously used for
both steel and synthetic fibers [51]. Based on the design of the culverts
according to ACI 440.1R-15 and AASHTO LRFD [52], all culverts of
group I had ρf > ρfb, indicating over reinforced section.

σt,FRC = 0.00772
lfiber
dfiber

ρfiberFbe (MPa) (1)

where lfiber is fiber length, dfiber is fiber diameter, ρfiber is percent by
volume of fibers and Fbe is bond efficiency of the fiber which varies from
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1.0 to 1.2 depending upon fiber characteristics.

4.1.1. Ultimate strength
Fig. 9 demonstrates the significant effect of fiber addition on culvert

strength. PPL fibers alone increased ultimate strength by 13.6 %, while
TPPL fibers offered a substantial 49.7 % improvement. This aligns with
prior research [53] on the positive impact of macro PP fiber on shear
strength of concrete culverts. TPPL exhibited a 31.8 % higher ultimate
strength over PPL fiber. This enhancement can be attributed to the su-
perior distribution, flexibility, and bonding strength of TPPL, as

observed in the scanning electron microscopy (SEM) analysis presented
in Fig. S5, Supplementary Information. Additionally, the higher
compressive strength achieved by TPPL-reinforced concrete at 45 days
translated to increased shear and ultimate strength compared to
PPL-reinforced concrete. Hybrid PPL/PVA fibers resulted in a 47.1 %
increase in ultimate strength compared to plain culverts and a 29.5 %
increase compared to PPL-reinforced culverts. This improvement could
be attributed to the potential synergistic effect of PVA fibers enhancing
the bonding strength of PPL fibers, as was observed in the tensile and
compressive strength tests of FR-SWSSC mixtures. Fig. 10 presents SEM

Fig. 7. The maximum strain of GFRP bars for all culvert groups.

Fig. 8. Typical distribution of stress and strain within the crown cross-section of GFRP fiber-reinforced culverts.

Table 6
Values of key parameters in Fig. 8.

Group Culvert designation dn (mm) e (mm) CC (kN) TFRC (kN) TGF (kN) σt,FRC (MPa)

I C135-G1 18.8 18.8 324.0 − 324.0 −

C135-G1-PL 22.0 22.2 432.0 84.2 347.9 1.49
C135-G1-TP 20.4 20.9 351.7 27.3 324.4 0.48
C135-G1-PV/PL 19.7 20.1 386.0 38.5 347.5 0.67
C135-G1-BA/PV 18.2 18.4 381.0 20.1 360.9 0.34

II C135-G2-PL 21.9 22.5 377.6 27.0 324.4 0.48
C135-G2-TP 21.2 21.6 414.9 38.0 347.5 0.67
C135-G2-PV/PL 19.9 20.1 416.8 19.8 360.9 0.34

III C80-G1-PL 13.8 13.9 287.4 49.3 238.1 1.49
C80-G1-TP 12.5 12.8 248.8 16.1 232.7 0.48
C80-G1-PV/PL 13.0 13.3 249.3 22.3 226.9 0.67
C80-G1-BA/PV 11.8 12.0 253.8 11.7 242.1 0.34

IV C80-G1-PL-H 14.3 14.5 277.5 48.9 228.6 1.49
C80-G1-TP-H 13.2 13.6 231.6 15.9 215.7 0.48
C80-G1-PV/PL-H 13.4 13.6 242.8 22.2 220.5 0.67
C80-G1-BA/PV-H 12.5 12.6 238.3 11.6 226.7 0.34

V C135-G1-PL.H 16.3 16.7 444.3 28.3 416.0 0.48
C135-G2-PL.H 18.0 18.5 490.9 27.9 416.0 0.48
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images of hybrid PPL/PVA and hybrid PVA/BA, revealing that the
chemical bonding of PVA fibers significantly improved the bond be-
tween PPL and BA with SWSSC, consistent with observations from
previous studies [17]. As illustrated in Fig. 10, the complementary ac-
tion of PVA and PPL fibers in the hybrid system likely led to improved
PPL fiber-matrix adhesion, resulting in enhanced tensile and compres-
sive strength, ultimately contributing to increased shear strength of the
concrete. The hydroxyl groups of PVA fiber contributed to chemical
bonding and improved the inter-locking strength of concrete

components [13,44]. Micro-fiber hybridization (PVA/BA) achieved a
29 % strength increase compared to plain culverts and a 13.6 % increase
over PPL fibers, highlighting the contribution of the superior strength
and stiffness of BA fiber to culvert performance. Material testing
revealed a significant increase in compressive strength for SWSSC con-
taining a hybrid PVA/BA fiber compared to PPL fibers alone. This
enhancement can be attributed to the synergistic behaviour of BA and
PVA fibers, as observed in Fig. 10. BA fibers likely improved the inter-
facial bonding strength of PVA fibers, aligning with findings from

Fig. 9. The ultimate strength of culverts for all groups.

Fig. 10. Synergistic hybridization of PPL/PVA and PVA/BA in SWSSC.

Fig. 11. The cracking strength (Pcr) of culverts for all groups.
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previous study [17]. This improved compressive strength, in turn,
resulted in higher shear strength, which played a crucial role in
achieving the observed increase in ultimate strength of the SWSSC
culverts.

4.1.2. Cracking strength (Pcr)
As shown in Fig. 11, fiber inclusion significantly improved the

cracking strength and serviceability of culverts, aligning with previous
research on GFRP-reinforced beams [33]. PVA/BA hybridization led to
the highest increase (49.3 %) compared to plain concrete, attributed to
its strong ability to bridge micro-cracks. While PPL fibers exhibited su-
perior tensile and flexural strength in material testing, PVA/BF achieved
a 29.3 % greater cracking strength. TPPL and PPL fibers increased
cracking strength by 19.7 % and 15.5 %, respectively, with PPL/PVA
hybridization demonstrating an 18 % increase, exceeding mono PPL
fibers. Similar results were observed in steel-reinforced beams, where
hybrid fibers improved serviceability by reducing deflections and crack
widths [47]. PVA/BF incorporation further increased cracking strength
by facilitating tensile stress transfer from GFRP reinforcement. Overall,
fiber addition delays cracking and increases concrete tensile strength, as
evidenced by the material testing results presented in Fig. S4
(Supplementary Information), directly impacting the first crack
appearance in culverts [31].

4.1.3. Energy dissipation (Etot)
Energy dissipation capacity (Etot), also known as toughness, is

calculated as the area under the load-deflection curve up to the ultimate
displacement [47]. The ultimate capacity is typically defined as the
point where the load drops by more than 10–30 % of the peak load of the
tested specimen [32]. In this study, 25 % drop from the peak load was
considered the ultimate capacity. Eq. (2) below was used to compute the
energy absorption capacity, with results presented in Fig. 12.

Etot =

∫ P

0
P dδ (2)

Adding fibers significantly increased the total energy dissipation of
the specimens, with hybrid PVA/BA and TPPL fibers being the most
effective, leading to increases of 49 % and 47 % respectively compared
to the control specimen. TPPL fibers absorbed 13 % more energy than
PPL fibers, while partially replacing PPL with PVA maintained similar
total energy absorption but shifted the distribution, increasing pre-peak
energy by 18 % and decreasing post-peak energy. Notably, hybrid PPL/
PVA displayed the highest pre-peak energy dissipation, exceeding the
control specimen by 73 %, potentially due to the combined effect of the
micro-crack bridging of PVA and its synergy with PPL in enhancing
bonding strength. This aligns with previous research [47]. Hybridization

of micro-fibers (PVA/BA) also led to significant energy absorption across
both stages, surpassing PPL fibers by 21 % and 11 % in post-peak and
pre-peak, respectively. This, along with its 14.6 % higher total energy
absorption compared to PPL, can be attributed to the improved shear
capacity of PVA/BA andmicro-crack bridging capabilities. Furthermore,
the higher compressive strength and modulus of rupture exhibited by
the hybrid PVA/BA fibers compared to PPL fibers contributed positively
to achieving greater energy absorption capacity.

4.1.4. Ductility (μe)
Ductility, the ability to deform plastically before failure, cannot be

measured using yielding for FRP-reinforced concrete members. In such
cases, energy-based ductility serves as a toughness measure [33,54].
This study uses an energy approach to measure ductility in
GFRP-reinforced small culverts. Ductility factor (μe), an indirect mea-
sure for FRP-reinforced members, is defined as the ratio of total energy
to elastic energy (Eq. 3).

μe =
1
2

(
Etot

Eel
+ 1

)

(3)

Eel represents elastic energy dissipated and is calculated as the area of
the triangle formed at ultimate load by a line matching the initial linear
portion of the load-deflection curve [54]. Etot denotes total energy under
the load-deflection curve [47].

Fig. 13 presents the ductility of culverts across different groups,
highlighting the significant impact of fiber type, distribution, and
bonding strength on ductility. While prior research on GFRP-reinforced
beams suggested positive effects of fibers on ductility [33], this study
reveals diverse responses in SWSSC culverts. Group I specimens showed
the highest ductility (3.95) with hybrid PVA/BA fibers, exceeding plain
concrete by 34 %. This improvement stems from the even distribution of
fibers, bridging micro-cracks and promoting inelastic energy absorption.
PPL and TPPL fibers resulted in ductility values of 3.25 and 2.63,
respectively. TPPL slightly increased elastic behaviour due to its
improved distribution and bonding strength, leading to increased stiff-
ness in the initial phase. Conversely, the lower bond strength of PPL
favoured pull-out and enhanced inelastic behaviour. Partial replacement
of PPL with PVA significantly reduced ductility by 36 %. PVA improved
the bonding strength of PPL and micro-crack bridging ability, enhancing
elastic behaviour after the first crack (higher deflection at peak-point)
than PPL. However, it led to lower ultimate deflection, indicating bet-
ter inelastic behaviour in PPL-reinforced culverts.

4.2. Group II: effect of compression reinforcement

ACI 440.1R-15 [49] recommends neglecting the compressive

Fig. 12. The energy dissipation (Etot) of culverts for all groups (the values in each column represent the percentage of pre-peak energy dissipation to the total energy
dissipation).
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strength of FRP bars due to its significant deviation from tensile
strength. As shown in Fig. 8 and Table 6, adding top reinforcement
increased the neutral axis depth (dn), resulting in a reduced tension
section and consequently, a decrease in the tensile force (TFRC) across all
fibers. Additionally, the compression force of concrete (CC) increased
due to the enlarged compression section.

Adding top reinforcement to culverts substantially improved their
shear performance, with a 26.1 %− 28.4 % increase in ultimate strength
and a 15.9 %− 22.4 % increase in first-cracking strength. While mini-
mally impacting the influence of fibers on ultimate strength, it slightly
increased first-cracking strength for hybrid PPL/PVA and TPPL fibers.
However, top reinforcement addition resulted in a 4.3 % to 12.3 %
decline in total energy dissipation and a 24.7 % to 33 % reduction in
ductility for PPL and TPPL reinforced specimens, except for hybrid PVA/
PPL fibers which resulted in a 28.1 % and 15.3 % increase, respectively.
This was attributed to improved elastic energy and lower deflection at
peak-point, leading to decreased inelastic energy and ultimately lower
ductility. Additionally, PPL fibers, due to their inferior distribution and
bonding, led to a more substantial reduction in inelastic energy and
ultimate strength compared to TPPL fibers. While TPPL fibers absorbed
more total energy than PPL fibers, adding top reinforcement reduced it
more for TPPL fibers due to its better distribution and flexibility being
more impacted by the reduced tension section.

Adding top reinforcement improved the ultimate strength of both
PPL/PVA and PPL fiber-reinforced specimens by around 26 %, attrib-
uted to the enhanced compression force and improved shear strength.
However, its impact on ductility and energy absorption differed. While
PPL/PVA experienced a 15 % increase in ductility and a 28 % increase in
energy absorption, PPL fiber exhibited a 33 % decrease in ductility and a
4.3 % decrease in energy absorption. Notably, top reinforcement
significantly increased the stiffness of the culvert with hybrid PPL/PVA
fibers by about 51 %, highlighting the significant role of PVA fibers in
enhancing stiffness and shear strength in small culverts. Furthermore,
PVA fibers boosted both elastic and inelastic energy absorption,
contributing to the improved ductility of hybrid PPL/PVA. Conversely,
PPL fibers alone resulted in increased elastic energy without affecting
stiffness, leading to decreased inelastic energy and ductility.

4.3. Group III: effect of crown thickness

Reducing the crown thickness (ttop) by 40 % significantly reduced the
cracking strength of fiber-reinforced SWSSC culverts, as evidenced by
lower TGF, TFRC, and Cc values (Fig. 8, Table 6). Both fiber type and
crown thickness significantly influenced cracking, shear behaviour,
energy absorption, and ductility. PVA/BA and PPL fibers caused the
largest reductions in cracking strength (68.8 % and 62.9 %, respec-
tively), while TPPL and hybrid PPL/PVA were less sensitive (57.8 % and

58.2 % reduction). Reducing the crown thickness also significantly
decreased both the ultimate strength and the energy absorption capac-
ity. The reduction in ultimate strength ranged from 30.5 % to 48.9 %,
while the reduction in energy absorption ranged from 29.1 % to 61.6 %.
These findings align with previous studies on GFRP-reinforced beams,
which demonstrated that increasing the beam depth has a noticeable
effect on energy absorption, ultimate shear capacity, and initial flexural
cracking [14,47].

Comparing PPL and TPPL fibers, reducing slab thickness revealed
interesting effects. While the gap in ultimate strength narrowed from
31.8 % to 7 %, the difference in cracking strength rose from 3.6 % to
17.9 %. This indicates that TPPL fibers, though less impactful on ulti-
mate strength, significantly improve cracking strength when used in
thinner slabs. Furthermore, TPPL exhibited superior total energy ab-
sorption (55 % increase), a 7-fold increase in post-peak energy absorp-
tion, and a 19.7 % higher μe compared to PPL. However, C135-G1-PL
showed a higher μe than C135-G1-TP. This can be attributed to the su-
perior distribution, flexibility, and bonding strength of TPPL fibers,
leading to improved stress distribution and crack bridging in thinner
slabs. Notably, reducing slab thickness significantly enhanced the post-
peak behaviour and inelastic energy of TPPL-reinforced culverts, but
considerably reduced their shear strength.

Replacing part of PPL with PVA in C80-G1-PV/PL significantly
impacted its strength and energy absorption. While cracking strength
increased by 15 % compared to C80-G1-PL, ultimate strength decreased
by 4.9 %. However, thicker crowns reversed this trend, with C135-G1-
PV/PL exhibiting a 30 % higher ultimate strength than C135-G1-PL.
This suggests that PPL/PVA hybridization enhances cracking resis-
tance but can compromise shear strength when used with thinner slabs.
Hybridization led to a 27.9 % decrease in Etot and a 26.7 % decrease in μe
compared to C80-G1-PL, indicating increased elastic energy, and

Fig. 13. The ductility index (μe) of culverts for all groups.

Fig. 14. Influence of crown thickness on ductility index (μe) for various fibers.
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decreased inelastic energy due to partial replacement of PPL fibers. This
suggests that for thinner crowns, the proportion of PPL fibers signifi-
cantly influenced the ultimate shear strength, ductility, and energy ab-
sorption. However, for thicker crowns, PVA fibers demonstrated
effectiveness in improving the bonding strength of PPL fibers and
providing a positive synergistic effect.

Hybridization with PVA/BA improved the cracking strength of con-
crete slabs by 8.9 % compared to using PPL alone, with the effect
increasing for thicker slabs (135 mm). Reducing the crown thickness by
40 % significantly reduced the total, pre-peak, and post-peak energy
absorption of PVA/BA by 59 %, 45 %, and 80 %, respectively, high-
lighting its strong dependence on slab thickness. Notably, decreasing
thickness also considerably lowered ductility for both PVA/BA and PPL,
with reductions of 56 % and 33 % in μe, respectively. In conclusion, a
strong correlation between ductility and crown thickness was observed
for culverts reinforced with either hybrid PVA/BA or mono PPL fibers, as
shown in Fig. 14. This could be attributed to a more even distribution of
stresses within the thicker crown section, which reduced stress con-
centrations. This allowed the fibers to be more effective in bridging and
preventing cracks, resulting in higher ductility. When a thinner crown
thickness was used, the increased stress concentration limited the
effectiveness of the fibers. Accordingly, PVA/BA hybridization, due to
the lack of long fibers, experienced a significant reduction in energy
absorption and ductility. TPPL fibers exhibited better post-peak behav-
iour due to their better distribution compared to PPL fibers, which
resulted in higher ductility for a lower crown thickness.

4.4. Group IV: effect of haunches

Removing the haunches in the culverts increased the effective span
of the crown, significantly reducing shear strength, as observed in GFRP-
reinforced beams with increased shear-span ratios [14]. Among the
investigated fibers, PVA/BA hybrid fibers exhibited the highest ultimate
strength (41 % reduction), suggesting their effectiveness in stress dis-
tribution under increased shear span. Ductility improved significantly
for all specimens by 32.5 %− 108 % (except TPPL) after removing the
haunches, indicating enhanced inelastic energy absorption. However,
total energy absorption decreased by 16 %− 68 % for all specimens due
to reduced stiffness and ultimate strength. TPPL fibers outperformed
PPL fibers in both ultimate strength (14.7 % higher) and cracking
strength (25.7 % higher), potentially due to better stress transfer under
shear. The post-peak energy dissipation difference between TPPL and
PPL fibers became less significant after removing the haunches.

Removing haunches led to a significant decrease in ultimate strength
and cracking strength for hybrid PPL/PVA (42.6 % and 47.3 % respec-
tively), while the reduction for mono PPL was much smaller (7.7 % and
18.6 % higher than mono PPL). Total energy dissipation also decreased,
with a 56 % drop for PPL and a 16 % reduction for hybrid PPL/PVA.
Improved bonding between PPL and PVA fibers in the hybrid system
helped distribute shear stresses, improve cracking strength, and absorb
more energy, leading to superior ductility (3.31) compared to other fi-
bers. This was attributed to improved micro-crack bridging by PVA fi-
bers, enhancing inelastic behaviour. Removing haunches eliminated
post-peak energy absorption for hybrid PVA/BA and significantly
reduced total energy dissipation by 38 %.

4.5. Group V: effect of SWSSC strength

The data presented in Table 6 demonstrates that a 60 % increase in
concrete strength resulted in an elevation in the values of TGF, TFRC, and
Cc, while simultaneously decreasing the depth of the neutral axis (dn)
compared to specimens with lower concrete strength. The introduction
of compression reinforcement further contributed to an increase in dn
and a reduction in the tension zone of the cross-section. This effect
contributed to a more efficient utilization of the compressive strength of
concrete and enhanced the overall shear behaviour of the culverts.

High-strength concrete significantly enhanced the ultimate strength
and cracking strength (Pcr) of the C135-G1-PL.H specimen by 76.3 %
and 78.8 %, respectively. For the C135-G2-PL.H specimen, the corre-
sponding increases were 48 % and 9 %. This suggests that the impact of
high-strength concrete on ultimate strength is more pronounced when
only bottom reinforcement is employed. High-strength concrete also
substantially improved the shear capacity of small culverts, leading to a
notable increase in their ultimate bearing strength. This improvement
was attributed to the increased compressive force exerted by the con-
crete within the compression zone of the crown section. The disparity in
ultimate strength between C135-G1-PL.H and C135-G2-PL.H specimens
was approximately 20 % for high-strength concrete, compared to 26 %
for lower concrete strength, suggesting that top reinforcement was more
effective with lower concrete strength. Compared to lower concrete
strength, higher concrete strength allows the material to absorb a
greater portion of the compressive load, reducing the reliance on top
reinforcement. In contrast, for lower concrete strength, the addition of
top reinforcement has a more significant impact on stress distribution
and load-carrying capacity.

The C135-G1-PL.H specimen showed a significant 18 % increase in
cracking strength when high-strength concrete was employed, but a
16 % decrease when lower-strength concrete was utilized. This differ-
ence was attributed to the improved bonding strength of PPL fibers with
increasing concrete strength, facilitating enhanced tensile strength.
Additionally, increasing concrete strength enhanced the total energy
absorption (Etot) of the C135-G1-PL.H specimen by about 33 % but had
no impact on the Etot of the C135-G2-PL.H specimen. Interestingly, the
pre-peak phase accounted for 71.6 % of the Etot for the C135-G1-PL.H
specimen compared to 87.9 % for the C135-G2-PL.H specimen. This
suggests that increasing concrete strength and incorporating top rein-
forcement reduced the contribution of post-peak and inelastic behav-
iour, leading to a decrease in the ductility index (μe) of both specimens.

The contribution of the pre-peak stage to energy absorption
increased significantly, from 63.4 % to 71.6 %, for the C135-G1-PL.H
specimen due to the higher shear strength resulting from the use of
high-strength concrete. The post-peak absorbed energy of the C135-G2-
PL.H specimen improved by 66 % compared to the C135-G2-PL spec-
imen, attributed to the enhanced bonding strength of PPL fibers in high-
strength concrete, which facilitated crack bridging and energy dissipa-
tion. The difference in total energy absorption (Etot) between the C135-
G1-PL.H and C135-G2-PL.H specimens was 33.8 %, while it was only
4.4 % for the C135-G1-PL and C135-G2-PL specimens. This highlights
the effectiveness of increasing concrete strength in improving energy
absorption, particularly when compression reinforcement is present.
Additionally, the combined effect of PPL fiber incorporation and
increased concrete strength resulted in a 73 % improvement in energy
absorption compared to plain concrete culverts. However, the same
combination led to only a 29 % increase when the top reinforcement was
utilized. This could be attributed to the improved bonding strength
between PPL fibers and the concrete matrix when higher concrete
strength was used. Additionally, adding top reinforcement caused stress
redistribution within the section and increased axial stiffness, which
reduced deflection. These factors collectively contributed to a decrease
in the effectiveness of PPL fibers on energy absorption.

5. Shear capacity prediction models

Extensive research highlights ongoing debate regarding the shear
capacity of concrete culverts. This has led to numerous studies on the
shear behaviour of steel-reinforced counterparts, with findings indi-
cating higher observed shear strengths than predicted by design codes
[42,55–58]. This section evaluates the shear capacity of
GFRP-reinforced FR-SWSSC culverts using various standardized
methods and presents a proposed shear capacity prediction. Five distinct
approaches will be compared as described later. As the equations rely on

A. Mashayekhi et al. Structures 69 (2024) 107492 

13 



steel reinforcement, an equivalent steel ratio (ρ = EGFRP
Es

AGFRP
bd ) is employed

to account for the GFRP bars.

5.1. Method-1: ACI 440.1R-15/RILEM TC-162

This method estimates the shear strength (Vn) of fiber-reinforced
concrete without stirrups by summing the individual contributions
from the concrete (Vc) and the fibers (Vf ). This approach has been pre-
viously applied to concrete beams reinforced with both GFRP bars and
synthetic fibers [32]. According to ACI 440.1R-15, the shear capacity of
concrete with internal FRP reinforcement is calculated using Eq. (4) and
Eq. (5).:

Vc =
2
5

̅̅̅̅

fʹc
√

bwkd (4)

k =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2ρf nf +
(
ρf nf

)2
√

− ρf nf (5)

Furthermore, the shear resistance of fibers (Vfc) is determined ac-
cording to Eq. (6), recommended by RILEM TC-162 [59].

Vfc = 0.7kfk1τfdbd (6)

The kf and k1 factors account for the contributions of the flanges in a
T-section and the size effect, respectively. These factors can be calcu-
lated as follows:

k1 = 1+
̅̅̅̅̅̅̅̅̅
200
d

√

≤ 2 (7)

kf = 1+ n
(
hf

bw

)(
hf

d

)

≤ 1.5 (8)

n =
bf − bw

hf
≤ 3 (9)

τfd = 0.12 fR,4 (10)

where d is effective depth of the top slab (mm), bf is width of the
flanges (mm), hf is height of the flanges (mm), bw is width of the web
(mm), τfd is shear strength due to fibers (MPa), and fR,4 is residual flex-
ural strength of fiber-reinforced concrete (FRC) at CMOD = 3.5 mm
(MPa).

5.2. Method-2: AS 5100.5

This method utilizes simplified equations from AS 5100.5 [60],
where the ultimate shear capacity (Vu) is attributed to both a concrete
component (Vuc) and an additional fiber-resisting component (Vuf ).
Consequently, Vu can be calculated using the following equations:

Vu = Vuc + Vuf (11)

Vuc = kv

̅̅̅̅

fʹc
√

bdv (12)

kv =
200

1000+ 1.3dv
≤ 0.1 (13)

Vuf = 0.7kθfʹ1.5bdv (14)

kθ = cotθv ≤ 1.28 (15)

fʹ1.5 = 0.4f
ʹ
R,4 − 0.07f

ʹ
R,2 (16)

The variables fʹR,4 and fʹR,2 denote the average residual flexural strengths
corresponding to crack CMOD of 3.5 mm and 1.5 mm, respectively. The
term fʹ1.5 denotes the characteristic residual tensile strength of steel
fiber-reinforced concrete (SFRC). The ∅v represents the angle created

between the axis of the concrete compression strut and the longitudinal
axis of member. The variable kv represents the coefficient that measures
the extent to which concrete contributes to shear strength, whereas dv
indicates the effective shear depth.

5.3. Method-3: AS 1597.2-2013

The Australian standard for steel-reinforced concrete culverts pre-
sents an alternative shear strength equation for culverts, derived from
the following calculations applied to the critical shear section, where
Mu

∅Vud = 3.0.

Vuc = vbbdSm
FD

FN
(N) (17)

vb = 4.98(0.018334+ ρ)
̅̅̅̅

fʹc
√

≤ 0.191
̅̅̅̅

fʹc
√

(MPa) (18)

Sm =
4

(
Mu

∅Vud
+ 1

) (19)

FD = 0.8+
40
d

≤ 1.25 (20)

FN = 0.5 −
(

Nu

6Vu

)

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

0.25+
(

Nu

6Vu

)2
√

(21)

where vb denotes the nominal basic shear strength for locations
where Mu

∅Vud
≥ 3.0. FD represents the depth factor, and FN is the axial

thrust factor.

5.4. Method-4: AASHTO LRFD 2020

a) The shear strength (Vc) in kN of slabs in steel-reinforced box
culverts with a fill depth of 0.61 m (2.0 ft) or greater, subjected to one-
way action, shall be evaluated according to the following AASHTO-
recommended equations [52,61]:

Vc =

(

1.7756× 10− 4λ
̅̅̅̅

fʹc
√

+0.03173
As

bde

Vude

Mu

)

bde (22)

where λ denotes the concrete density modification factor, As repre-
sents the area of reinforcement within the design width (mm2), b sig-
nifies the design width (mm), de stands for the effective depth (mm), Vu

is the shear force due to factored loads (kN), and Mu represents the
factored moment at the section (kN.mm). If normal-weight concrete is
employed, λ should be assigned a value of 1.0.

b) For one-way action of steel-reinforced box culvert slabs under a fill
depth less than 0.61 m (2.0 ft), AASHTO provides the following equa-
tion for concrete shear strength:

Vc = 8.3× 10− 5βλ
̅̅̅̅

fʹc
√

bvdv (23)

β =
4.8

(
1+ 750εf

)
51

(39+ sxe)
(24)

εf =

|Mu |
dv

+ 0.5Nu + |Vu|

EfAf
≤ 0.006 (25)

sxe = sx
1.38

ag + 0.63
;

304.8 mm. ≤ sxe ≤ 2032.0 mm.

(26)

where bv and dv denote the effective web width and effective shear
depth, respectively. The factor β represents the ability of diagonally
cracked concrete to transmit tension and shear. εs signifies the net lon-
gitudinal tensile strain within the section at the centroid of the tension
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reinforcement, and sxe denotes the crack spacing parameter influenced
by aggregate size, while sx stands for the crack spacing parameter.

c) For sections without transverse reinforcement, in the case of two-
way action, the nominal shear resistance, Vc, of the concrete in kN, shall
be determined as follows [61]:

Vc = 8.2933× 10− 4 k
̅̅̅̅

fʹc
√

bodv (27)

where k denotes the ratio of depth of neutral axis to depth of flexural
reinforcement. The perimeter of the critical section for shear (bo) is
expressed in mm.

5.5. Method-5: ACI 440.1R-15 punching shear strength

According to ACI 440.1R-15 [24], Eq. (28) can be employed to
calculate the punching shear capacity of two-way slabs. Given that the
primary failure mode observed in the studied small culverts was
punching shear, the applicability of this method was also investigated.

Vc =
4
5

̅̅̅̅

fʹc
√

bokd (28)

5.6. Comparison of the shear capacity prediction models

Fig. 15 presents the ratio of experimental shear strength (Vexp) to
predicted values (Vpre) obtained from various methodologies. The find-
ings revealed that ACI 440.1R-15/RILEM TC-162 demonstrably under-
estimated the shear capacity of the GFRP-reinforced small SWSSC
culvert without fibers (C135-G1), while AS 1597.2–2013 and AASHTO
4-c overestimated. Other methods exhibit a reasonable underestimation
of the shear strength of C135-G1 specimen, where AASHTO 4-a,
AASHTO 4-b and ACI 440.1R-15 punching shear methods resulted in
more accurate estimations.

For FR-SWSSC culverts illustrated in Fig. 15, the investigated
methods demonstrated varying degrees of accuracy in predicting shear
strength. The AASHTO 4-a, 4-b, and ACI 440.1R-15 punching shear
methods consistently underestimated the capacity for all fiber types. In
contrast, AASHTO 4-c significantly overestimated shear strength in
culverts containing fibers, whether mono or hybrid. This could stem
from the concept underlying this method, which is based on the two-way
action of the crown. In contrast, the inverted U-shaped culverts inves-
tigated in this study exhibited one-way action due to the lack of lateral
restraints, which aligns with the AASHTO 4-a and 4-b methods. Most
methods underestimated shear strength for culverts with lower crown

thickness (C80), with AS 1597.2–2013 and AASHTO 4-c providing the
most accurate estimates. The removal of haunches yielded reasonable
estimates, except for AS 5100.5 and ACI 440.1R-15/RILEM TC-162,
which significantly underestimated, and AASHTO 4-c and AS
1597.2–2013, which significantly overestimated. For high-strength
concrete, AS 5100.5 and AS 1597.2–2013 provided reliable predictions.

5.7. Proposed shear capacity prediction model

Based on a comparative analysis of various shear prediction models,
this study proposes a modified model for GFRP-reinforced small SWSSC
culverts. This proposed model incorporates two primary components:
the punching shear strength of the crown with GFRP reinforcement (Vc)
and that due to fiber-reinforced concrete (Vuf ). The analysis revealed
that ACI 440.1R-15 underestimates the shear capacity of the culverts,
primarily due to neglecting fiber effects. By incorporating the fiber-
reinforced concrete shear strength from AS5100.5 and adjusting for
fiber type and hybridization, this study presents the proposed model. Eq.
(29) to Eq. (33). (31) outline the calculation method, where kh repre-
sents the haunch effect and fʹR,1 denotes the residual flexural strength of
FRC at CMOD = 0.5 mm in MPa.

V = Vc + Vuf (29)

Vc =
4
5

̅̅̅̅

fʹc
√

bokd (30)

Vuf = 0.7kθkhfʹ1.5bdv (31)

fʹ1.5 =

{0.4fʹR,4 − 0.07f
ʹ
R,2, others

0.3fʹR,1,BA
/
PV

(32)

kh =

{
1.0,with haunches
0.7,without haunches (33)

Previous investigations have shown that hybrid BA/PV fibers exhibit
superior performance in fracture toughness tests at low deflection levels
and immediately following the peak load [20]. This suggests that a
CMOD of 0.5 mm would be optimal for hybrid BA/PV fibers in such
applications. Furthermore, this study revealed that for specimens
without haunches, the Vuf should be reduced by 30 % to account for the
influence of haunches on the shear capacity of small concrete culverts.

Fig. 15. Comparison of experimental and predicted shear capacity for GFRP reinforced concrete culverts.
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6. Summary and conclusion

An experimental study examined the behaviour of small SWSSC
culverts reinforced with GFRP bars and fibers. Eighteen FR-SWSSC
culverts were tested according to AS 1597.2–2013. The study evalu-
ated various parameters that affect culvert behaviour, including fiber
type, compression GFRP reinforcement, crown thickness, haunches, and
concrete strength. The experimental study yielded the following
conclusions:

• Shear failure was the primary mode of failure in all culverts, char-
acterized by a diagonal shear crack propagating from the load point
to the haunch. This could be attributed to the limited shear capacity
of GFRP bars in the transverse direction. Fiber incorporation
potentially modified crack patterns and improved post-peak
performance.

• TPPL fibers increased ultimate strength by 49.7 % and energy
dissipation by 47 % over plain SWSSC culverts, outperforming PPL
fibers by 31.8 % and 13 %, respectively. TPPL and PPL fibers
enhanced cracking strength by 19.7 % and 15.5 %. The improved
performance was likely due to the better distribution and mechanical
bonding of TPPL fibers, enhancing elasticity, while PPL fibers fav-
oured pull-out and inelastic behaviour.

• PPL/PVA hybridization improved shear stress distribution and
increased ultimate strength by 47.1 % over SWSSC culverts and
29.5 % over PPL culverts. It also improved cracking strength by 18 %
compared to mono PPL fibers, preserved total energy dissipation,
and achieved 73 % higher pre-peak dissipation, but reduced ductility
compared to the control specimen. This improvement was likely due
to the higher tensile strength and strong chemical bond of PVA fibers
with the concrete matrix, which, in synergy with PPL fibers,
increased stiffness, reduced ductility, and enhanced pre-peak energy
dissipation.

• Micro-fiber hybridization (PVA/BA) increased ultimate strength,
first-cracking strength, and ductility by 29 %, 49.3 % and 34 %,
respectively, compared to plain SWSSC culvert. Additionally, it
improved energy absorption and ultimate strength by 14.6 % and
13.6 %, respectively, over PPL fibers. This improvement was attrib-
uted to the positive synergy of PVA/BA hybridization and the su-
perior strength and stiffness of BA, which contributed to increased
stiffness, effective distribution of shear stresses, and improved pre-
peak behaviour of the culverts.

• The addition of top reinforcement increased ultimate strength (up to
28 %) and first-cracking strength (up to 22 %) but reduced ductility
and energy dissipation. This could be attributed to the enhanced
axial stiffness provided by the compression reinforcement. Hybrid-
izing PPL/PVA fibers improved stiffness compared to PPL fibers
alone, resulting in 15 % higher ductility and 28 % higher energy
absorption, compared to specimens without top reinforcement,
indicating enhanced performance in the presence of compression
reinforcement.

• Reducing crown thickness by 40 % significantly decreased the
strength, energy absorption, and ductility of fiber-reinforced cul-
verts. Thicker crowns distributed stress better, enhancing fiber per-
formance and ductility, while thinner crowns concentrated stress,
reducing effectiveness. TPPL fibers improved cracking strength in
thinner slabs, increasing total energy absorption by 55 %, with a
sevenfold increase in post-peak absorption and 19.7 % higher
ductility than PPL fibers.

• Removing haunches increased the shear span and reduced stiffness,
reducing shear strength and energy absorption by 16 % to 68 % but
improving ductility by 32.5 % to 108 % (excluding TPPL). TPPL fi-
bers showed 14.7 % higher ultimate strength and 25.7 % higher
cracking strength than PPL fibers, likely due to better stress distri-
bution. PVA/BA hybrid fibers had the highest ultimate strength and

stress distribution, but energy dissipation decreased by 38 % and
post-peak absorption was eliminated after removing haunches.

• A 60 % increase in concrete strength improved the ultimate and
cracking strength of PPL-reinforced culverts by 76.3 % and 78.8 %,
respectively, with only bottom reinforcement. This suggests that top
reinforcement was more effective with lower concrete strength.
Higher concrete strength enhanced PPL fiber bonding and
compressive load absorption, reducing the need for top reinforce-
ment. For lower concrete strength, top reinforcement significantly
increased stress distribution and load-carrying capacity.

• The AASHTO equations for steel-reinforced concrete box culverts,
based on one-way crown action, reliably predicted the shear capacity
of small GFRP-reinforced concrete culverts with fiber inclusions,
though with some underestimation. This can be attributed to the one-
way action observed in the crown of the investigated culverts,
resulting from the lack of lateral restraint. The proposed model,
considering GFRP bars, punching shear failure, haunches, and crown
thickness, offered more accurate predictions.
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