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ARTICLE INFO ABSTRACT
Keywords: This paper introduces an innovative post-tensioned segmental concrete deck system internally reinforced and
Segmental deck tied with GFRP reinforcements for application in pontoon decks and other deck structures in aggressive marine
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GFRP rebar

Flexural behaviour
Post-tensioned GFRP rod
Numerical analysis

environments. Utilisation of the GFRP reinforcements in floating concrete structures is essential because of their
non-corrosive characteristics. Six large-scale segmental decks following the specifications of Queensland mari-
time infrastructure were designed, manufactured, and tested to assess the reliability of the new construction
system under static flexural loading in the flatwise and edgewise orientations. One segmental deck served as a
reference with hand-tight post-tensioning, while the remaining specimens were connected by the GFRP rods with
varying levels of post-tensioning. All decks were tested up to failure, allowing for an investigation of their
flexural strength, load-strain behaviour, joint opening, and failure mechanism. The results showed that post-
tensioning the GFRP rods improves the flexural performance of the segmental decks. The higher the level of
post-tensioning, the higher the contact area between the segments at the joint is achieved. A numerical model
was developed to understand the detailed mechanism of both flatwise and edgewise specimens. A strain
reduction coefficient in the segmental concrete deck under flexure is introduced accounting for the joint presence
to reliably calculate the stress in the post-tensioned internal GFRP rod when the concrete in the joint crushes. The
system investigated can increase maritime and recreational infrastructure’s construction efficiency and provide
creative solutions in the GFRP-reinforced concrete structures in the building and construction industry.

significant benefit in using non-corrosive and high-strength re-
inforcements such as glass fibre-reinforced polymer (GFRP) composite
bars to achieve a cost-effective and low-maintenance concrete infra-
structure especially those built near coastal and other harsh environ-
mental conditions.

The use of GFRP bars as internal reinforcement, as opposed to
traditional steel bars, has been successfully demonstrated in the con-
struction and design of various concrete structures. Examples include
pontoon decks [5,6], boating ramp planks and approach slabs [3,7],
bridge barriers [8], concrete bridges [9], bridge foundations [10], ma-
rine docks [11], piles [12-14], seawalls [15], and concrete slabs [16].
Despite these advancements, many structures in coastal areas and
aggressive environments worldwide have not yet benefited fully from
the distinct advantages of GFRP bars/rods such as the high
strength-to-weight ratio, non-corrosiveness and the ability to be

1. Introduction

Steel corrosion in reinforced concrete structures presents a signifi-
cant economic challenge costing around 4 % of a developed nation’s
gross domestic product [1]. In Australia, out-of-service, maintenance,
and replacement activities for steel-corroded infrastructure cost the
economy over AU$13 billion annually [2]. The Maritime Safety
Queensland division of the Queensland Department of Transport and
Main Roads in Australia allocates a minimum of AU$ 10 million annu-
ally to keep boating and maritime facilities [3]. Similarly, the Victorian
and Australian governments have jointly committed AU$ 50 million to
support the maintenance of the infrastructures on Great Ocean Road, a
vital tourist route in Victoria that spans 240 kilometres and connects
several key towns and coastal villages [4]. There is, therefore, a

* Corresponding author.
E-mail address: omar.alajarmeh@unisq.edu.au (O. Alajarmeh).

https://doi.org/10.1016/j.istruc.2024.106712
Received 22 March 2024; Received in revised form 19 May 2024; Accepted 5 June 2024

Available online 12 June 2024
2352-0124/© 2024 The Authors. Published by Elsevier Ltd on behalf of Institution of Structural Engineers. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:omar.alajarmeh@unisq.edu.au
www.sciencedirect.com/science/journal/23520124
https://www.elsevier.com/locate/structures
https://doi.org/10.1016/j.istruc.2024.106712
https://doi.org/10.1016/j.istruc.2024.106712
https://doi.org/10.1016/j.istruc.2024.106712
http://crossmark.crossref.org/dialog/?doi=10.1016/j.istruc.2024.106712&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Ebrahimzadeh et al.

Nomenclature

Af Area of the FRP reinforcement.

b Deck’s width.

d Deck’s depth.

dy Rod’s depth.

Ef Modulus of elasticity of FRP.

fe Compressive strength of concrete.

fr Rod’s stress.

fru Rod’s stress at the failure.

fre Effective prestressing stress.

L Span of the beam.

IR Concrete strength factor.

Ecu Ultimate concrete strain at the extreme compression
fibre.

Pr Reinforcement ratio.

P Balanced reinforcement ratio.

Q, Strain reduction factor.

prestressed, which provide an opportunity for further optimisation in
design. Therefore, ongoing research and development in a newer
application are crucial for the widespread use and acceptance of
advanced composite reinforcing technologies in maritime concrete
structures.

A recent example that can benefit from the continuous improvement
in the GFRP-reinforced concrete technologies is the onshore structures.
Many of these infrastructures were damaged during the 2022 Queens-
land flood, which incurred a substantial cost of $7.7 billion [17]. It was
also noted that the damage occurred to many critical but steel-corroding
maritime infrastructures including pontoon decks. Pontoons or floating
walkways are widely used in boating as a launching support and
retrieval of recreational trailer boats. It was observed that the damage to
these infrastructures is localised but still necessitates the replacement of
the entire structure (Fig. 1). A promising solution to this challenge is to
manufacture the large precast concrete pontoon into several smaller
segments, reinforce the concrete decks internally and connect with
GFRP reinforcements. Several studies have highlighted that using GFRP
rods as internal post-tensioning systems can effectively address the
second-order effect [18,19] and minimise the harping effect [20]. The
second-order effect is characterised by a reduction in the effective depth
of external prestressed tendons along the deflection of the whole system.
In contrast, the harping effect is induced by deviators, leading to stress
concentration on the tendons. Moreover, the segmental precast pontoon
deck can offer ease of repair [21], improve construction speed [22],
facilitate transportation of components, and eliminate the
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environmental problems and disturbance associated with in-situ con-
crete casting processes [23-26]. Furthermore, incorporating the GFRP
rod for prestressing can prevent the issue of steel tendon corrosion and
eliminate the need for pipe grouting or epoxy in the joint [20,24,27]. A
detailed understanding of the structural performance of this new con-
struction system is therefore necessary for its effective and safe design.

Several studies have evaluated the effectiveness of fibre composite
rods [28-30] as internal reinforcement in prestressed monolithic con-
crete beams. The efficiency of the post-tensioned precast segmental
system using steel reinforcements was also evaluated by several re-
searchers in T-shaped beams [21,31], box girders [32], and I-shaped
cross sections [33]. However, evaluation of the flexural performance of
precast segmental concrete beams reinforced by FRP reinforcements is
limited. Le et al. [27] comparatively evaluated the performance of car-
bon fibre-reinforced polymer (CFRP) and steel reinforcements in
T-shaped segmental concrete beams. They found that beams with CFRP
reinforcements demonstrated excellent load-carrying capacity due to
their lighter weight and higher tensile strength than steel. Furthermore,
numerical modelling of both internal [22] and external [26] CFRP re-
inforcements in segmental T-shaped concrete beams showed compara-
ble strength and deformability as steel reinforcements. This
demonstrates the high feasibility of using FRP composites as internal
reinforcement and prestressing to segmental concrete decks.

Several parameters affect the flexural behaviour of the post-
tensioned segmental concrete deck. These parameters include the
rod’s material [21,27], rod’s location within the [22,26], reinforcement
ratio [31,34], post-tension type (internal/external) [31], level of initial
prestressing [34], loading condition [31], interlocking / joint type [22,
26,33], unbounded length-to-rod’s depth [21], concrete strength [18,
25], and the number of segments [34]. For GFRP-reinforced precast
segmental decks potentially used in marine infrastructure with a
modular manufacturing approach, adjusting the initial post-tensioning
is easier to achieve in mass production and can be increased after as-
sembly (using a wrench / hydraulic jack).

Pontoon decks experience various types of loading conditions during
their service life. The dead and live loads caused by the self-weight and
the expected weight of the people cause the deck to bend along its
flatwise direction. In the same way, the decks experience bending in the
edgewise direction because of the wave actions and from raging waters
during a flooding event (Fig. 2). Consequently, this study aimed to
evaluate the effect of the level of post-tensioning force on the flexural
behaviour of GFRP-reinforced segmental concrete decks in both the
flatwise and edgewise directions. Six large-scale segmental decks were
prepared and tested under four-point bending, and their load and
deflection behaviour, joint opening, strain responses, and failure
mechanisms were thoroughly investigated. A numerical model was
developed and an analytical evaluation of the load-carrying capacity of
the decks was also implemented. The outcomes of this study will

(a) Near the pile

(b) Between the decks

Fig. 1. Localised damage on the pontoon deck during the 2022 Queensland flood.
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Fig. 2. Different loading scenarios on the segmental pontoon deck.

enhance the construction efficiency of infrastructure for maritime and
recreational activities and offer innovative solutions in the field of
GFRP-reinforced concrete structures in building and construction.

2. Experimental programme
2.1. Design criteria

The design and manufacturing of the precast concrete segments for
the segmental deck adhered to the design criteria outlined by the
Queensland Department of Transport and Main Roads [35,36]. More
details of the design criteria related to DTMR 2015 [35] have been
provided by [6]. The additional technical specification DTMR 2019 [36]
offers guidelines for precast concrete members with a design life
exceeding 50 years.

2.2. Material characteristics

2.2.1. Concrete

The concrete employed in this study was prepared following the
specifications outlined in the MRTS70 [37] guidelines. This mix design
of S50 complies with the Australian Standards AS3600 [38] for concrete
structures categorised under exposure classification C2 or structures
located close to seawater with a minimum cementitious content of
470 kg/m® and a maximum water/cementitious ratio of 0.36. More
detailed information on the mix design can be found in the previous
works [5,6]. Twelve cylindrical specimens were prepared and tested to
determine the concrete’s compressive strength (f.). Each specimen had a
nominal diameter of 100 mm and a height of 200 mm, and these tests
adhered to the procedures detailed in AS1012.9 [39]. The compressive
test results in an average concrete compressive strength of 37.1 MPa,
with a standard deviation of 6.2 MPa.

2.2.2. GFRP rebar

The precast concrete pontoon segments were internally reinforced
with Grade III (#4) GFRP bars which were manufactured according to
CSA S807 [40] and ASTM D7205 [41] specifications. These bars had a
nominal diameter of 12.7 mm and were made from longitudinal EC-R
glass fibre yarns infused with vinyl-ester resin. A sand coating was
added to the bar surface to enhance its bond with concrete. Engineering
characteristics of the GFRP bars were assessed by AlAjarmeh et al. [42]
and are reported in Table 1.

Table 1
GFRP rebar properties and test methods [42].

Internal GFRP

Mechanical properties Test method Value
Nominal diameter (mm) CSA S807-19 12.7
Nominal area (mmz) CSA S807-19 129
Tensile strength (MPa) ASTM D7205-11 1315
Modulus of Elasticity (GPa) ASTM D7205-11 62.5
Ultimate strain (%) ASTM D7205-11 2.3

2.2.3. GFRP rod and end anchorage

Threaded GFRP bars, specifically referred to as rods within the scope
of this study, were manufactured by FiReP China Ltd. in Shanghai, China
and were supplied by Master Builder Solution-Bluey Company in
Australia. These rods were manufactured in full compliance with the
specifications outlined in CSA S807 [40]. The fibre content ratio of the
rods was 81.9 % determined following the test procedures in ASTM
D2584 [43]. The tensile properties of the GFRP rods were evaluated by
the University of Sherbrooke and are reported in Table 2. The rod’s end
anchorage system utilised a threaded stainless-steel tube. This tube had
a length of 150 mm, with inner and outer diameters measuring 25 mm
and 37 mm, respectively. To facilitate the connection of segments and
the application of post-tensioning force, a steel nut with a 38 mm inner
diameter was employed. The square steel plate, measuring 100 mm in
dimension and 20 mm in thickness, was positioned between the steel
tube and the concrete surface (Fig. 4b). This placement aimed to miti-
gate stress concentration in the concrete region surrounding the rod and
steel nut.

The low stiffness of the GFRP flexural members has been one of the
primary concerns limiting their applications [44]; therefore, applying
post-tensioning is one possible solution to compensate for this concern.
The ACI 440.4R-04 [45] recommends designing the FRP reinforcements
in concrete structures by limiting the prestressing level to 40 % of the
ultimate tensile strength of the reinforcement. Moreover, a method-
ology’s most important part is introducing new technology and its
applicability to real-world settings [46-49]. Accordingly, the applied
prestressing level mustn’t cause a shearing of the rod surface in the steel
tube. In this study, the level of post-tensioning is applied based on the
maximum shear strength between the GFRP rod and the stainless-steel
tube within the anchorage system as reported in Table 2.

Uniaxial testing was then conducted between two rods connected by
a stainless-steel coupler in the middle (Fig. 3a). A total of five specimens
were tested up to failure. The anchor’s average strength of 328.1 kN
(equivalent to 756.8 MPa or 56 % of the ultimate tensile strength of the
rod) with a standard deviation of 9.4 KN has been achieved. The
observed failure was shearing off at the surface threads of the rods
(Fig. 3b).

Table 2

GFRP rod and anchorage properties.
GFRP rods
Property Test method Value
Nominal diameter (mm) CSA S807-19 23.5
Cross-sectional area (mm?) CSA S807-19 416
Tensile strength (MPa) CSA S807-19 1340
Modulus of Elasticity (GPa) CSA S807-19 65
Ultimate strain (%) CSA S807-19 2
Fibre content (%) ASTM D2584-18 81.9

End anchorage

Property Value Standard deviation
Maximum tensile load (kN) 328.1 9.4

Tensile strength (MPa) 756.8 21.6

Ultimate strain (%) 0.86 0.07
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(a) Axial test setup

(b) Failure in anchor

Fig. 3. Tensile testing of the anchorage.

2.3. Specimens detail

Each segment of the deck was designed and manufactured to have
dimensions of 1000 mm in length, 600 mm in width, and 125 mm in
thickness. The width of the pontoon was determined by the dimensional
specifications outlined in [35], which accounts for both the floating and
structural components of the pontoon. Subsequently, the thickness of
the structural portion was established at 125 mm. The 1000 mm length
of each pontoon module was determined by dividing the typical
modular length employed in current pontoon manufacturing practices.
The transverse GFRP reinforcements were spaced at 2.5 times the plank
thickness, which equated to 250 mm, while the longitudinal bar spacing
was set at 150 mm on centres (Fig. 4a). This configuration resulted in a
transverse and longitudinal tensile reinforcement ratio of 0.82 % and
1.37 %, respectively. The longitudinal reinforcement ratio (Eq. 1) and
the balanced reinforcement ratio (Eq. 2) for each segment, following the
guidelines in ACI 440.1 R-15 [50], have been calculated (0.21 %).

_ 4

Ps ~ bd (€H)

(a) Internal reinforcement

f

_ c Ef Ecu
Pp = 0.85ﬁ1ffu X Eew +fa

Following ACI 440.4R-04 [45], the balanced reinforcement ratio of
the prestressed segmental concrete beam can be calculated using (Eq. 3),
resulting in a value in the range of 0.18 to 0.21 %. Considering the rod
for the segmental deck, the reinforcement ratio (pp) is 2.2 % in flatwise
and 0.66 % in edgewise orientation (using Eq. 1). This highlights that
the segmental deck and each segment are over-reinforced, and the
failure is expected to be governed by concrete crushing.

@

€cu (3)

f
=085 x ——M—
P ﬂlffu Eu T Efu — Efe

It should be mentioned, in Eq. 3 that e is the effective strain in the
rod by the initial prestressing of the segmental deck. In both equations
(Egs.2-3), the maximum compressive strain in the concrete, e, is
considered 0.003. Six large-scale segmental concrete decks were con-
structed, each consisting of three assembled and tested segments. Using
a wrench, the post-tensioning force was applied by passing the rod
through the segments and securing it by tightening the steel nut onto the
steel tube (Fig. 4b). To accommodate the GFRP rod, two PVC pipes with

Steel plats

S-tee'I nut

“

(b) End anchorage

Fig. 4. Deck’s details.
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a 27 mm inner diameter were positioned in each segment, spaced
400 mm apart or 100 mm from either side of the deck (Fig. 4a). The
naming procedure for the deck specimens reflects their loading orien-
tation, with "E" for edgewise and "F" for flatwise, followed by a number
indicating the level of applied prestressing force (kN), as measured by
the load cell during post-tensioning (Table 3). It should be noted that the
maximum level of post-tension force applied in the rod is lower in the
edgewise than in the flatwise orientation because of the difficulty and
safety of applying the prestressing force in this position.

2.4. Test setup and instrumentation

The segmental decks were tested under a four-point static loading as
shown in Fig. 5. The load was applied through a spreader steel I-beam
utilising a 2000 kN Enerpac hydraulic jack and measured using a
2000 kN load cell. 3 mm thick rubber matting was placed beneath the
loading steel plate to ensure an even distribution of the load to the
segmental decks. A digital image correlation (DIC) system was used to
track and evaluate deformation patterns along the length of the
segmental deck during loading. Strain measurements for the GFRP rods
were conducted using 3 mm-long electrical-resistance strain gauges,
which were positioned at mid-span and in 50 mm proximity to the
deck’s support. In the edgewise orientation, the strain gauges were
attached to the top and bottom surfaces of the rods. A similar type of
strain gauge was attached to the surface of the internal GFRP rein-
forcement, which was placed at both the bottom and top layers to
measure tensile and compression strains. The applied load, prestressing
load on the rods, and strains were recorded using the data acquisition
system Vishay System 5000.

3. Test result and discussion

Table 4 summarises the observed load-deflection behaviour (also
shown in Fig. 6), load-strain relationship, and failure mechanisms. The
load-deflection behaviour of the segmental decks, including the cracking
load (F,;), ultimate load (F,) and their corresponding moment, load at
10 mm deflection (Fiomm) and 20 mm deflection (Foomm) were
analyzed to investigate the load-carrying capacity and initial stiffness
(kep) and the degraded secondary stiffness in the post crack stage (ksec).
The deflection measurements included the sag due to self-weight (8sy,),
the deflection at the cracking load (8.;), and the ultimate load (5,).
Moreover, the ultimate failure mechanism of each specimen has been
identified as premature concrete crushing in the joint (PCC), crushing of
the concrete that penetrated the decks’ depth (CC), tensile crack prop-
agation in the concrete (TC), and tensile cracks in the GFRP rod (TGR).

3.1. Comparative evaluation of the behaviour between flatwise and
edgewise bending

3.1.1. Bending stress and deformation behaviour

The comparison of the effective bending stress and deformation
behaviour between the flatwise and edgewise orientations was analysed
by assessing the results of the decks FO and EO under hand-tight post-
tensioning forces. This approach aimed to isolate the impact of post-

Table 3
Specimens detail.
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tensioning and normalising the behaviour based on their geometrical
properties. Normalising the applied load was achieved by considering
both decks to have a homogenous cross-section. The effective bending
stress at mid-span is calculated as (6, = Mc/I) where M is the applied
bending moment, c is the mid-depth of the section, and I is the uncracked
second moment of inertia. Moreover, the span-to-depth ratio for EO and
FO was 1.8 and 8.8, respectively. Generally, a span-to-depth ratio lower
than 2.5 beam is typically categorised as a deep beam [51].

Unlike monolithic concrete beams, where linear elastic and non-
linear stages characterised the behaviour, the bending stress and
deflection behaviour of flatwise and edgewise-tested decks is primarily
governed by the linear-elastic behaviour of the GFRP rod (Fig. 7). The
initial stages are influenced by the joint opening at the bottom of the rod
and the subsequent closure of the joint at the top. This mechanism re-
sults in compression at the top portion of the joint and concrete crush-
ing. As anticipated, due to the higher moment of inertia
(2,250,000,000 mm* compared to 97,656,250 mm*) and rod arrange-
ment of edgewise compared to flatwise, the initial stiffness of EO is
higher than that of FO in the pre-crack stage. While both decks shared an
identical cross-sectional area, the effective depth of the rod in the FO is
87.5 % lower than that in the EO. This reduction significantly diminishes
the flexural rigidity of the FO, leading to a pronounced decrease in initial
stiffness. The increased effect of the arch action in the edgewise speci-
mens by increasing the effective depth indicated that the beam became
more rigid. The lower flexural rigidity of the FO results in higher vertical
deflection under the same level of bending stress. The vertical deflection
is correlated with a joint opening in both specimens. The stress between
the segments before the opening of the joint is uniformly distributed.
However, the opening of the joint in FO results in the compressive stress
concentrating on the top part of the joint causing a concrete crushing. A
similar behaviour regarding the influence of depth on bending stiffness
has been observed in monolithic GFRP-reinforced concrete beams [52,
53], steel-reinforced segmental concrete beams [21,25], and CFRP
reinforcement [26]. These researchers explained that an increase in
depth causes an increase in both the gross and effective moments of
inertia. When the concrete is not cracking, the increased depth con-
tributes to a higher resistance against deformation. Moreover, as the
depth of a section increases, the distance of the extreme fibres from the
neutral axis also increases. This results in a larger moment arm, leading
to a higher ultimate bending moment and, consequently, greater stiff-
ness. Accordingly, the stiffness in the pre-and post-crack stages was
improved by increasing the depth of the section.

Owing to the greater depth and having two rods in different depths
instead of both at mid-depth, the self-weight deflection of EO (4.87 mm)
is 70 % lower than FO (16.35 mm) (Figs. 7 and 8).

Accounting for the deflection of the decks from both the applied load
and self-weight, the joint opening in FO occurred at an equivalent
bending stress of 0.67 MPa (1.9 kN), accompanied by a deflection of
16.85 mm. The joint opening in EO was observed under a bending stress
of 0.8 MPa (11.5 kN), with a deflection of 5.97 mm. The difference be-
tween the deflections in the crack initiation is attributed to the reduced
flexural rigidity of the flatwise orientation, resulting in a higher degree
of joint opening and deflection at the same level of effective bending
stress.

Specimen  Width Depth Location of the rod in tension from  Post-tensioning Equivalent stress Ratio to rod’s tensile Ratio to anchor’s

(mm) (mm) the top fibre force (kN) (MPa) strength (%) capacity (%)
(mm)

FO 600 125 62.5 Hand tight - - -

F10.5 600 125 62.5 10.5 24.2 1.8 3.2

F64 600 125 62.5 64 147.6 11 19.5

EO 125 600 500 Hand tight - - -

E21 125 600 500 21 48.5 3.7 6.4

E45 125 600 500 45 103.8 7.8 13.7
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(a) Schematic view

(b) Setup for flatwise test

(c) Setup for edgewise test

Fig. 5. Test setup and instrumentation.

With the continuous application of the load, the joint opens and the
bending stiffness of the decks decreases. A reduction of 42 % in the
flatwise orientation is noted while only an 18 % reduction is measured
in the edgewise orientation. This behaviour can be attributed to the
higher moment of inertia and increased GFRP rod depth resulting from a
change in the deck’s orientation. Placing rods at depths of 100 mm (top)
and 500 mm (bottom) for the edgewise deck promotes better structural
integrity compared to having two rods at the mid-depth (62.5 mm) for
the flatwise deck. The average bending stress at failure for the FO was
8.94 MPa, while that in the EO was 9.6 MPa. As anticipated, the
maximum bending stress in the flatwise specimen is only 7 % lower than
the edgewise orientation. This can be explained by the failure of both
decks due to the compressive crushing of the concrete at the top portion
of the joint. Although the ultimate bending stress in both samples is
equal, the ultimate load of FO (25.4 kN) is 81 % lower than that of EO
(131.3 kN), a result heavily influenced by the 95 % reduction in the
moment of inertia from edgewise to flatwise orientation.

The results suggest that segmental concrete decks’ maximum ca-
pacity is directly proportional to the effective depth; when the depth
decreased by 80 %, the ultimate load-carrying capacity reduced by
84 %. It was calculated that the ratio between the bending moment (%—g)

and applied loads (;ﬂ;) is proportional to the ('2—”0
B Tbyo

x ). In this relation, o}
is the bending stress of the specimen, h is the total height, and b is the
width of the section. Consequently, since the bending stress of the ulti-
mate stage has a ratio of 0.92, the ratio between the ultimate loads is
equal to (0.185), which is nearly equal to the achieved ratio from the
experimental results (0.19). In the post-failure behaviour, deck EO
exhibited a 27 mm residual displacement (equivalent to L/1000), while
deck FO showed a 44 mm residual displacement (L/500). This 38 %
reduction in residual displacement indicates a better self-centreing ca-
pacity in the edgewise loading configuration.

3.1.2. Strain behaviour

Fig. 9 shows the strain behaviour of the GFRP rod under tension
(GRTC) and compression (GRCC) at the mid-span and the internal GFRP
bars in the corner segment and on the top layer (IRC). It is to be noted
that the internal GFRP bars in the segmental deck are not continuous at
the joints. This resulted in the internal reinforcement experiencing a low
level of strain (in both cases less than 150 pe), similar to those reported
in previous works [20,54]. On the other hand, the GFRP rods connecting
the segments took on the stress, increasing the strain. At the same level
of bending stress, a significantly higher strain (and subsequently stress)
is measured in the rod in the flatwise (GRTC-FO) compared to the
edgewise orientation (GRTC-E0). Under the same deflection (30 mm),
the strain on the flatwise orientation reaches 750 pe (equivalent to 3.6 %
at the ultimate of the rod and 6.3 % of the anchorage). In contrast, the
strain in the edgewise orientation is only 170 pe, indicating minimal
stress on the rod. This observation suggests that the rod in flatwise
orientation compensates for the lower moment of inertia by experi-
encing a higher stress level.

The bending stress-strain behaviour in the rod under compression
(GRCQ) linearly increases until 0.8 MPa, which is associated with the
cracking bending stress. The strain then increases nonlinearly, indi-
cating crack propagation in the compression zone of the joint between
segments. Under a bending stress of 1.4 MPa, the strain in the rod under
compression reaches — 354 pe, nearly ten times higher than the strain in
the tensioned rod. In contrast, the strain on the internal reinforcement of
the corner segment and near the joint (IRC) exhibits a linear elastic in-
crease up to the ultimate bending stress (9.6 MPa). This behaviour in-
dicates that the crack did not propagate in the corner segment. However,
the compression between the segments in the joint caused the stress to
be concentrated in the middle segments between the joint and the
loading point. This observation aligns with the failure behaviour
observed in the test. The strain magnitude, in the same level of bending
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Table 4

Summary of the results.

Failure
mode

8 (mm) 8, (mm) §, (mm)

(kN)

(Frod)
max

(kN)

(Frod)
max

Me (KN, Fiomm (kN)  Foomm (kN) F, (kN) M, (N. Kgq KN/ Kee KN/
m) m) mm) mm)

Fo  (kN)

Specimen

PCC

136.1

6.8

16.35

96.3

0.16

0.28

13.98

25.43

5.36

2.62

1.05
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1.9

12,5 156.21 PCC

4.19

106.78

0.22

0.3

15.05
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4.03

2.98
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5.4

1.26 43.45

2.08

7.08 4.15 138.03

9.8

17.8

16.13

14.98

4.91

F64

+ TGR

8.93

CC+TC
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170.89 -0.55 4.87 1.86

6.18 5.07

72.26

66.95 131.32

29.59

6.35

EO
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5.83 191.5 -0.2 0.1 0.7 75.44 CC+TC

92.13 6.69

44.23 103.44 167.52

15.8

E21

28.73

8.31 194.7 3.7 0.03 3.42 60.8 CC+TC

102.2 14.7
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Fig. 6. Load-deflection curves.
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Fig. 7. Effect of the deck orientation on the bending stress-
deflection behaviour.

stress, for top internal reinforcement (IRC) and bottom rod (GRTC) for
the edgewise deck is nearly identical, suggesting strain compatibility
across the depth of the section until a bending stress of approximately
7.0 MPa. This marks the onset of concrete compression crushing at the
top joint (Fig. 10) for the decks tested in both flatwise and edgewise
orientations. This concrete crushing decreased the bending stiffness of
the decks and the cracks propagated in the corner segments in the ten-
sion zone.

3.1.3. Failure mechanism

Both flatwise and edgewise decks failed at an effective bending stress
of around 7 MPa. The observed failure mechanism involved progressive
concrete crushing in the joint and at the compression zone of the middle
segment near the loading point. Beyond this bending stress level, the
concrete crushing at the flatwise-oriented deck is significantly pro-
gressing. In contrast, the edgewise-oriented deck exhibited a deeper
crack in the compression zone and symmetrical concrete cracking in the
corner segments in the tension zone (Fig. 11), attributed to the tensile
stress created by the deflected bottom rod. Moreover, the higher
moment of inertia of the edgewise deck resulted in an increased resis-
tance against joint opening, leading to a higher depth of concrete in
compression. Therefore, the angle of the crack between the loading
point and the joint was 14.5 degrees in the flatwise orientation, whereas
it was 37 degrees in the edgewise orientation (Fig. 11). This observation
agrees with [27] that increasing the depth of the prefabricated concrete
beam’s internal reinforcement increases the plastic hinge’s depth
(compressive concrete region from the joint to the loading point). The
described behaviour is crucial because the ability of the segmental sys-
tem to resist vertical deflection relies on the contact area between the



S. Ebrahimzadeh et al.

Structures 65 (2024) 106712
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Fig. 8. Captured self-weight deflection by DIC.
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Fig. 9. Effect of the deck orientation on the load-strain behaviour.
joints at the interface of the segments. A larger compression depth re-

sults in greater resistance, leading to higher bending stiffness and,
consequently, increased bending capacity.

i
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The observed failure behaviour of the segmental pontoon decks is in
contrast with that of the indicated failure mode in AASHTO-2003 [55]
which suggested that the failure will be governed by the tension control
mode when c/d < 0.42, where c is the depth of the neutral axis and d is
the distance from the extreme top fibre. According to ACI 440.4R-04
[45] for FRP prestressed concrete beam, the c/d ratio can be calcu-

lated from ,—%~—, which is equal to 0.25 in the current system. In the
cutEfu—Efe

design criteria from AASHTO [55], the steel reinforcements are assumed
to be yielded and the concrete is crushed, which is similar to the failure
behaviour reported by [18,27]. This suggests that the conventional
specifications for segmental concrete members might not be appropriate
for the segmental system with an unbonded GFRP rod. This is attributed
to the linear elastic behaviour of the FRP, the level of applied pre-
stressing force and the system’s reliance on the concrete in compression
at the joint.

3.2. Effect of level of post-tensioning on flatwise bending

3.2.1. Load-deflection behaviour
Increasing the level of post-tension in the GFRP rod decreases the

(b) FO

Fig. 10. Crack formation at bending stress equal to 7 MPa.

(a) FO

¥

" Cracks at
Ly teggilg

(b) EO

Fig. 11. Effect of the deck orientation on the failure behaviour.
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deflection of the deck due to its self-weight. From a midspan deflection
of 16.3 mm for hand-tight, this decreases to 4.2 mm for F10.5 (74 %
reduction) and 2.1 mm for F64 (87 % reduction). The reduction in the
deflection is due to the higher friction caused by the interface of the
segments. When the joint at the bottom opened, the concrete at the top
of the joint started to be crushed (Fig. 12).

Based on the equilibrium equation in the section, the depth of the
neutral axis can be calculated using Eq. 4. Also, the moment capacity M.,
when the concrete crushes can be determined with Eq. 5, where a is the
depth of the equivalent compression block and is equal to (;c).

_2a(p+n)
"~ 0.85f.bp, )
M. = 24f;(d— g) ®)

In Egs. 4 and 5, d is 62.5 mm, f; is calculated from the equation in
ACI 440.1 R-15 [50] and is equal to 0.78, b is equal to 600 mm, and the
f. is 37.1 MPa. The tensile force provided by the GFRP rods (Agfr) is
assumed to be equal to the applied post-tensioning load. The load on the
rod (Agfy) for each specimen is assumed to be the value of the load when
the concrete is crushed (61, 66, 74 kN for FO, F10.5, and F64, respec-
tively). These values were obtained from the load at which concrete
reached its maximum strain for F64 (Fig. 15), which is also correlated
with the corresponding deflection (Fig. 14a-b). These load levels are
very close to the values at which the concrete is crushed in the joint.
Accordingly, the depth of the neutral axis is determined to be 10.6 mm,
11.0 mm, and 19.8 mm, and the moment capacity is equal to 7.1, 7.7,
and 8.1 kN.m for FO, F10.5, and F64, respectively. This shows that
increasing the level of post-tension causes a higher depth of the neutral
axis, resulting in a bigger area of compression block between the seg-
ments in the joint (Fig. 17). These values are close to the experimental
results ( Table 5), and on average, have a 15 % difference which can be
attributed to the standard deviation of the measured concrete
compressive strength of 6.2 MPa (16 % of f;). Fig. 13 shows the devia-
tion of the calculated neutral axis depth with the range of the measured
compressive strength of the concrete. The illustration in Fig. 13 suggests
that the calculated depth of the neutral axis (Egs. 4 and 6), used in
equations for bending capacity (Egs. 5 and 7), is based on the average
compressive strength of the concrete. However, due to the standard
deviation, the neutral axis depth for each specimen has a range, and the
reported value is an average.

Before the joint opens, i.e., midspan deflection of lower than 3 mm, a
non-linear correlation was observed between the initial post-tension
force and the initial bending stiffness, approximating a relationship
proportional to (Pfe)l‘s, where Pg denotes the effective horizontal load
force generated by the initial post-tensioning.

The relationship of the axial load measured in the rod and the mid-
span deflection behaviour of the decks in Fig. 14b showed a linear elastic
behaviour before concrete crushing regardless of the level of post-
tensioning. A similar observation was made by [20,27]. Before the
joint opening (2-mm deflection) the increment in the axial load is the
same in all samples. As concrete crushing initiates, the lower slope in the
rod’s load increment shows up (non-linear stage). This is attributed to
the fact that when the concrete passes the elastic limit and is crushed in

Neutral axis

Joint opening

(a) Actual joint opening
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Table 5
Experimental versus theoretical values.
Specimen  Neutral axis depth Meyp (KN. Mrtheoretical (KN. Error
(mm) m) m) (%)
FO 10.6 5.7 7.1 19.7
F10.5 10.98 6.9 7.7 10.3
F64 19.8 9.6 8.1 15.6
EO 42.9 71.11 63.8 10.2
E21 52.44 85.9 71.6 16.6
E45 56.8 94.2 83.1 11.7
80
*30.9 MP
70 a .
= 43.3 MPa ) .
g 60 Edgewise
= 37.1 MPa
= °
2,50
<
- 40 .
= Flatwise l
«
= 30
220 . ’
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Fig. 13. Variation of the neutral axis depth with compressive strength
of concrete.

the top part of the joint the contact area is removed or reduced. Decks
with higher post-tension (F64) levels exhibited a more distinct nonlinear
behaviour. This can be attributed to the larger area of the concrete
crushing in compression.

Regardless of the level of post-tensioning, an increase in deflection
leads to an increase in axial load as the rod experiences higher deflection
due to bending and the loadcells in the end anchor measure a higher
load. A comparison between the load-deflection and rod’s load
increment-deflection in F10.5 reveals that, despite the increase in axial
load due to bending, the load-deflection curve exhibits a reduction in
load-carrying capacity. Therefore, it is more accurate to examine the
behaviour of axial load before concrete crushing and any development
of cracks in the compression part, which can induce a non-linear
behaviour in the axial load-deflection curve. In this stage, there is a
contact area in the interface of the joint but gradually decreases due to
the progressive crack propagation.

3.2.2. Strain behaviour

The load-strain response of the internal GFRP reinforcement in the
middle concrete deck segment located near the joint’s compression zone
(IRC) of F64 is linear until a load of 17.8 kN (Fig. 15). With the
continuous application of the load, a sudden rise in strain up to — 2600
pe which led to the concrete crushing at the joint. Rods in FO endure
higher strain but experience higher strain because of the higher
deflection, resulting in higher curvature of the deck and, therefore, more
stretching of the rod at the same level of load. Consequently, the strain in
the rod and the mid-span (GRTC) at the same load level (10 kN) reveals

Ecu
< 0.85fcba

\ ‘ & 2 Ar(frfe)

(b) Strain and stress distribution

Fig. 12. The section at the joint opening.



S. Ebrahimzadeh et al.

Rod's load increment

Structures 65 (2024) 106712

120

FO
., —F105

80 Fo4

60
40

20

0 50 100 150

Deflection (mm)

200 250

(b) Rod’s load increment-deflection

Fig. 14. Effect of the post-tension in the load-carrying capacity of the flatwise orientation.
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Fig. 15. Applied load-strain in flatwise orientations.

that the hand-tight rod endures higher strain (1946 pe) compared to
F10.5 (346 pe). A comparison between GRTC and GRTCE shows that due
to higher deflection, strain (and hence stress) in the mid-span is higher
than in the location near the support. This behaviour aligns with ob-
servations in segmental slab post-tensioned by steel reinforcements,
where the reinforcement near the support exhibited an elastic phase
while the mid-span experienced plastic deformation [18].

3.2.3. Failure behaviour

The opening of the bottom portion of the joint resulted in the
crushing of the concrete at the top portion of the joint. Fig. 16 shows the
joint opening of decks FO and F10.5 follows the same trend but with the
joint starting to open at an applied load of 5 kN. The width of the joint
opening continues to increase with the application of the load. In
contrast, the joint in F64 only opens at an applied of 15 kN. After this
load, however, the joint opening becomes wider even without any sig-
nificant increase in the applied load. This result suggests that the joint
opening can be minimised by applying a high level of prestressing to the
GFRP rods. Moreover, the rotation and deflection of the deck will be

30
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\5120 ‘ )
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<
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Fig. 16. Applied load-joint opening (flatwise).
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minimised until the concrete in the joint fails in compression.

The results showed that a higher initial post-tension led to a greater
similarity from a segmental to a monolithic structure, the same as the
segmental slab prestressed by steel reinforcement [21,31,32]. By
comparing the F64 and F10.5 (and hand-tight specimen) it is evident,
that after the joint opening, post-tensioning alone no longer singularly
regulates the joint’s behaviour. Another significant effect of
post-tensioning is an increase in the compression depth in the joint, from
8.9 mm in the FO to 18 mm in the F64 (Fig. 17). This observation can be
explained by the larger area of concrete in compression to resist the
higher tensile force in the GFRP rod. This behaviour is analogous to a
monolithic beam, where an increase in the initial level of prestressing
leads to an increase in the depth of the neutral axis. In the segmental
deck, this translates to an increased depth of the compression block
between the segments.

3.3. Effect of the post-tensioning on edgewise orientation

3.3.1. Load-deflection behaviour

Fig. 18 shows the load-carrying capacity of the edgewise decks. The
results show that applying the post-tensioning (2.14 times) in the
edgewise configuration enhances the bending stiffness by 2.2 times
before cracking and 1.75 times after cracking (Fig. 18a). Higher post-
tensioning equates to a deeper neutral axis, which causes a larger area
of the concrete to be in contact with each other in the joint, distributing
the compressive force over a larger area. This causes a segmental deck to
tolerate a higher load in the same level of deflection which causes an
increase in stiffness and load corresponding to the joint opening as well.
This was predicted and also similar ratio in observed by [21,24] by
increasing the post-tension by 1.22 times the bending strength improved
by 1.3 times. In the post-crack stage, despite crack propagation in the
compression zone, the post-crack stiffness improved by 42 % as the
post-tension force increased from 21 to 45 kN. When the top part of the
joint near the cracks experiences compression due to bending and from
the initial post-tensioning load of the unbonded rods, the cracks close (or
are prevented from propagation), and the segmental deck behaves
similarly to an intact beam. This phenomenon is similar to the flexural
crack development observed in post-tensioned monolithic beams [56].

The ultimate load-carrying capacity of E45 was 10 % higher than
that of E21, indicating that ultimate load capacity is improved by post-
tensioning force. This is due to segments maintaining contact with each
other, and the area of concrete in compression increases which mini-
mises any stress concentration at the top of the joint. This behaviour is
observed in other studies [20,21,24], however, it is associated with a
reduction in specimen ductility, as predicted and observed by [18,20,21,
24,25].

The increment-deflection curve for the bottom rod (Fig. 18b) showed
a slight increase in the pre-crack stage, starting before joint opening (up
to 1 mm deflection), a pattern similar to what was observed by Hu et al.
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(a) FO

(b) F64

Fig. 17. Effect of the post-tensioning on the failure behaviour.
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Fig. 18. Load-carrying capacity in edgewise decks.

[25]. Following this, in the post-crack stage (joint opening), a more
significant increase was evident, and the rod’s increment exhibited a
higher increase in post-tensioned samples during crack propagation (up
to 30 mm deflection). Nevertheless, as the loading (and deflection) in-
creases and the joint undergoes progressive crushing, the contact area
between the segments decreases, causing a reduction in the deviation
between the increments. Consequently, after 32 mm of deflection, the
increment in all specimens becomes similar. This stage of crack propa-
gation and concrete crushing corresponds to changes in the load in the
rod under compression (in E21 and E45), indicating complete crushing
of the concrete, the crack due to compression reaching the rod, and the
top rod being exposed to compression.

The neutral axis depth of the segmental decks tested in the flatwise
direction can be calculated using Eq. 6. At the same time, the ultimate
moment of concrete crushing can be determined using Eq. 7, as follows:

Ar (f + 26— £i)
T 085fbp,

M, = A (fﬂ (50 - %C) +fpe (600 -y c) i (% - 100)) %)

In these equations, the contribution of the prestressed GFRP rods in
the compression zone is also considered. Here (A¢fz), (Asfr), and (Asfy.)
are the forces provided by the GFRP rods in tension, compression and
initial post-tension load, respectively. Table 5 lists the values of each
parameter presented in Egs. 4 to 7. It should be mentioned the bending
moment Mypeoreticqt in these equations is the calculated value when the
concrete in the top part of the joint is crushed. The theoretical values are
derived from an assumed f; of 37.1 MPa, and the experimental results
show an acceptable level of accuracy when compared to the theoretical
values when considering the average f; in the calculations.

(6)

3.3.2. Strain behaviour

Fig. 19 presents the relationship between the applied load and strain
in the GFRP rods. Up to 28 kN, there is almost no strain recorded in
GRTC (EO and E21) indicating that the joint is still closed, no cracks have
emerged, and the contribution of the rod is minimal. During this stage,

which aligns with the closure of the joint, the segmental deck primarily
depends on the compression between segments. Beyond 28 kN, and in
the post-crack stage, the load-strain profiles diverged, while the rod’s
strain in EO did not measure any stress, in E21, it significantly contrib-
uted to the load-carrying capacity. Accordingly, at the same loading
level (120 kN), the strain in E21 reached 3791 pe compared to EO, which
only reached 430 pe. This indicates. This is anticipated and suggests that
the initial prestressing involves the internal GFRP rod in the load-
carrying capacity. Simply placing the rod without the initial tensile
prestressing load does not notably enhance the flexural behaviour. The
strain on the internal reinforcement (IRT) in tension (bottom layer)
exhibited a negligible increase. Theoretically, due to the joint cut-off,
there is no contribution of longitudinal reinforcement in the tension
zone of the section which agrees with the test results.

3.3.3. Failure behaviour

The applied load-joint opening behaviour in the edgewise orienta-
tion reveals four distinct stages (Fig. 20).

Stage I is characterised by the pre-crack stage exhibits a steep slope
(Fig. 21a). Stage 11 is characterised by initial crack propagation, marked
by a plateau phase (Fig. 21b). Increasing post-tension improves both
stages by raising the cracking load and reducing the plateau part or
limiting joint opening due to initial cracks. Stage III signifies a non-

150 —GRTC-(E0)

140 —IRT-(E21)

*;; 100 —GRTC-(E21)

0 1000 2000 3000 4000

Strain (ne)

5000 6000 7000 8000

Fig. 19. Applied load-strain in edgewise orientation.
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Fig. 20. Applied load-joint opening in edgewise orientation.

linear phase linked to stiffness degradation and initiation of the crack
penetration (Fig. 21c). Enhanced post-tensioning improves performance
by mitigating stiffness degradation, although at the expense of reduced
ductility in the segmental deck. Stage IV represents the post-concrete
crushing response after the drop (Fig. 21d). In this stage, while the
load-carrying capacity of EO did not increase, E45, due to the presence of
horizontal force on the segmental deck, provided the ability to bear
more loading. Comparing the applied load-deflection and applied load-
joint opening curves in the edgewise orientation emphasises the corre-
lation between them. In the load-deflection diagram, when a drop occurs
(indicating the development of a crack), in the load-joint opening, a
plateau phase becomes evident, suggesting that concrete is crushing on
the top part of the joint. In contrast, the opening occurs in the bottom
part of the joint.

4. Numerical analysis
4.1. General description

The experimental results were numerically verified using Abaqus/

FEo:

7.5

28

37
(a) Stage 1
FEo:

126

154

FEas:

169

(c) Stage 3

Fe2i:

FEas:

Fe21:
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CAE [57] by developing a three-dimensional model of the segmental
decks and employing a dynamic explicit solver to simulate the response
under four-point loading. The choice of a dynamic explicit solver was
based on its efficiency compared to a standard solver, making it suitable
for handling larger and more complex models. The numerical analysis
was conducted using the displacement-controlled method to replicate
the experimental conditions. Moreover, the deflection due to the
self-weight of the concrete deck is excluded in the numerical verification
and the external loading is considered. The results from numerical
evaluation support the experimental findings and help establish an
analytical assessment.

4.2. Constitutive relations of material

4.2.1. Concrete

In the numerical analysis, the precast concrete segments were
modelled using C3D8R solid elements as this element type is well-suited
for simulating the behaviour of solid structures, including concrete. The
determination of the compression depth in flatwise orientation, which
ranges between 10.6 and 19.8 mm, requires a smaller mesh size. How-
ever, reducing the mesh size significantly increases computation time
without a substantial impact on the load-carrying capacity, as tried in
the sensitivity analysis. Therefore, a 12.5 mm mesh size for the solid
element was chosen. However, for the edgewise orientation, a 20 mm
mesh size is considered sufficient to identify the compression depth
between the segments with acceptable accuracy.

Table 6 shows the concrete properties used in simulation. The elastic

properties, such as the elastic modulus, were calculated asE. = 4700\/)‘76

following the ACI 318-08 [58]. Poisson’s ratio (v) was set to 0.18, a
value commonly adopted in previous studies for concrete materials such
as [21]. The plastic damage model of concrete (CDP) was employed for
the non-linear stage of concrete behaviour which also considers the
stiffness degradation and the development of cracks. The plastic pa-
rameters, including flow potential eccentricity, viscosity parameter, and
the second stress variation, were derived from the studies by Tran et al.
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Fe2r:
165
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182

(d) Stage 4

Fig. 21. Failure mechanism in edgewise orientation.
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Table 6
Properties of concrete.

General and elastic properties Plasticity properties

Density (Ton/mm?) 2.64e-09 Dilation angle () 33

Elastic modulus (MPa) 28,600 Eccentricity 0.1

Poisson’s ratio 0.18 fvo/fco 1.144
K. 0.6667
Viscosity 0.001

[22,26]. These parameters were chosen based on the similarity in the
compressive strength of the concrete used in both studies. The ratio of

initial equi-biaxial compressive yield to initial uniaxial compressive
~0.075
)

suggested by Papanikolaou & Kappos [59] and determined to be 1.144.
The compressive behaviour of the concrete was modelled based on
the approach proposed by Carreira & Chu [60], as follows:

)
T N?
=)

(168+0.71f,)10°

yield stress (Z—ig) was calculated using the equation (i—ig = 1.5(fc)

fe ®)

& = (C)]
where f is the material factor that depends on the stress and strain
relationship and can be calculated as:

B
(&f“) —p x (f—c,—1> -1=0
E.g, E.g,

In the numerical model, the elastic stage under compression is
assumed until the compressive stress surpasses 40 % of the concrete’s
compressive strength. This implies that the concrete exhibits elastic
behaviour until the applied compressive stress reaches a specific
threshold. Once this threshold is exceeded, the concrete transitions into

nonlinear behaviour, incorporating compression hardening. The elastic
stage under tension concludes when the tensile stress reaches the tensile

(10)

strength of concrete extracted from equation (f, = 0.33 \/fTC) adopted

from AS3600-2018 [38]. Accordingly, the behaviour of the concrete can
be demonstrated in Fig. 22a. The damage parameters of the CDP model
were adopted from the equations that have been employed in different
previous studies [21,22,26].

<)
1)

4.2.2. GFRP reinforcements

In the numerical model, the internal GFRP reinforcing bars and rods
were represented using solid elements with a mesh size of 10 mm
(C3D8R), providing a realistic simulation of rebar. The elastic modulus
of the internal GFRP rebar (62.5 GPa) was determined based on
(Table 1). An orthotropic behaviour (via Engineering Constants in
Abaqus) for the internal GFRP rod has been adopted. While the longi-
tudinal tensile strength and longitudinal modulus were extracted
directly from (Table 2), major and minor Poisson’s ratios were adopted
from [61]. The other parameters of the orthotropic material including,
transverse tensile strength, modulus, in-plane shear strength, and shear
modulus were adopted from [62] due to the close fibre content ratio to
the GFRP rod in the current study. Table 7 shows the GFRP propoerties
used in simulating rebars and rods.

1D

(12)

13
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Fig. 22. FE model Details.

4.3. Boundary conditions

The "Embedded region constraint" was employed (Fig. 22b) to model
the interaction between the internal GFRP bars and concrete. This
constraint simulates the embedding and confinement of the GFRP rebars
within the segment, treating it as a “host region.” It ensures that the
internal GFRP bars stay embedded within the concrete and do not
separate. Throughout the loading process in the numerical model, "tie
constraints" were used to connect load spreaders to reference points on
the middle segment. This facilitated the application of a monotonic
displacement to the plank, replicating the loading conditions observed
in the experimental tests. Employing normal "hard contact" behaviour
and tangential behaviour based on the "Penalty" option and with a
friction coefficient of 0.8 is appropriate for simulating the interaction
between elements. This coefficient was adopted from the sensitivity
analyses varying the value from 0.3 [63] to lower than 0.9 [21,22,26],
which is within the typical friction coefficient of the concrete surface
between 0.5 and 0.9 [64]. This assumption is a friction coefficient to
replicate the roughness of the surfaces and the resulting resistance to
sliding.

In the numerical model, the application of initial post-tension to the
specimens was simulated by adding four reference points in the centre of

Table 7
GFRP properties.
Rebar Rod
Density (Ton/mm®) 2.2e- Density (Ton/mm?>) 2.2e-09
09
Young’s Modulus 62,500 E1l (MPa) 65,000 V12 0.06
(MPa)
Poisson’s ratio 0.28 E2 (MPa) 8600 V13 0.06
E3 (MPa) 8600 Va3 0.28
G12 3600 G23 3600
(MPa) (MPa)
G13 3600
(MPa)
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the GFRP rod. A "tie constraint” was employed to ensure that the tension
force was evenly applied to the rods. To simulate the overall post-
tensioning process, the reaction (compression force) was applied at
the centre of the corner segments, tied to the surface of the concrete.
This approach does not consider stress concentration around the steel
nut but captures the post-tensioning process. The displacement was
applied to the structural deck with a ramp loading rate, and the initial
post-tension force was applied instantly from the beginning of the
loading protocol. The gap between segments for hand-tight specimens is
closed by the application of a 1.5 kN post-tensioning load (150 pe)
during the test.

4.4. Model verification

The results of the numerical analysis were verified from the experi-
mental results covering the load-carrying capacity, strain behaviour in
the GFRP rod and concrete, and the failure behaviour of the concrete in
the joint. Throughout the numerical modelling and verification, the
strain and failure behaviour in the GFRP rod was evaluated as this in-
formation is difficult to measure and observe experimentally. Moreover,
the numerical modelling provided additional information to have a
detailed behaviour of the concrete at the joint.

4.4.1. Load-carrying capacity

The numerical validation of the load-carrying capacity was con-
ducted up to 70 mm, considering FO and F64 in flatwise orientation
(Fig. 23a) and up to 40 mm for EO and E45 in edgewise orientation
(Fig. 23b). First, FO was simulated, measuring the load on the bottom
surface of the support versus the mid-span deflection. Subsequently, a
64 kN load was applied to the GFRP rod, and the process was repeated. It
is worth noting that the experimental load cell during the test was
positioned on top and between the actuator and the spreader, meaning
that gravity was not measured. Therefore, gravity was not applied to the
numerical model.

The comparison for FO between the finite element analysis (FEA) and
experimental results showed a good correlation in the load-carrying
behaviour pre- and post-joint opening. Slight differences between the
numerical modelling and experimental results could be attributed to
variations in the compressive strength of concrete, estimation of the
friction coefficient in the model, and potential imperfections in fitting
the segments in the large-scale testing compared to the perfect align-
ment in the model. These factors may cause slight differences in stiff-
ness. However, considering the overall behaviour up to 70 mm, FO-FEA
and FO-EXP behaviours were similar.

With the application of the 64 kN load, as predicted, the load asso-
ciated with joint opening and concrete crushing increased, leading to an
increase in the initial elastic stiffness. The cracking loads of F64-FEA
(14.36 kN) are closely aligned with the experimental results of F64-
EXP (13.8 kN). However, the stiffness of F64-FEA in the non-linear
stage, coinciding with the concrete crushing of the joint in the top
part, was higher than in the experiment, especially after 30 mm. This
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difference could be attributed to noise in the load-carrying behaviour
induced by concrete elements failing in the joint and the F64-EXP results
were within the range of maximum and minimum values, making the
FEA results acceptable. Moreover, the difference could be attributed to
the procedure of post-tensioning. In the experimental sample, the GFRP
rod is under tension, and the load is transferred to the concrete through
the steel plates (not evenly to the section). In the F64-FEA, the
compression load is evenly and effectively transferred to the segments in
the centre of the cross-section throughout the test, causing a higher non-
linear load-carrying behaviour.

Rotating the flatwise model and subjecting it to a 40-mm deflection
was the method employed to measure the load on the support and assess
the load-deflection behaviour. However, the load-carrying capacity in
edgewise orientation, the same as the experimental result, exhibited a
similar increase in initial stiffness from EO to E45. However, there were
slight discrepancies between the initial stiffness of the FEA and experi-
mental results. This difference can be attributed to the heterogeneity of
the concrete material in the experimental sample compared to its ho-
mogeneity in the FE model, as also observed and reported by Obaidat
et al. [65]. Without post-tensioning, the model precision for EO was
generally good throughout the 40-mm deflection, with a perfect match
in behaviour. However, in E45, as observed in F64, there is a discrep-
ancy. While the first 10 mm has a good prediction, from 10-15 mm, the
slope in FEA is higher. This difference may be attributed to the same
reason observed in F64, namely, a better and more uniform distribution
of compression to the section in the experimental sample.

4.4.2. Strain behaviour

The evaluation of the strain behaviour of concrete in joints is crucial,
and the element size is 12.5 mm (flatwise specimens), dividing the
125 mm depth into 10 elements. The naming convention for elements
uses a number, where the number indicates the number of the element
from the top located in the joint. For example, in F64-3, the concrete
element in F64, precisely in the joint, is the third element from the top
(mid-distance from the top is 31.25 mm). The concrete element’s strain
behaviour was analysed by the time the displacement through the load
spreader was applied. Evaluating the strain in the joint throughout the
determined period (1 s) in dynamic explicit analysis helps exclude any
noise observed in capturing the load from the support.

FO-1 exhibits a substantial increase in strain as soon as the external
load is applied in the experiment, indicating a similar behaviour to
premature failure (Fig. 24a). This is attributed to stress concentration in
sharp corners observed in numerical modelling (Fig. 25a-c). Addition-
ally, FO-2 shows almost zero strain during the test, suggesting that the
neutral axis is located between the first and second elements. While this
is close to theoretical calculations (10.6 mm), the numerical model
suggests that due to stress concentration, this depth is higher in the
sharp corners. In contrast, the strain in F64-1 shows a more gradual
increase in loading, indicating more uniform compression between the
segments due to the presence of post-tensioning (Fig. 25d). F64-2
initially does not show any increment, but as the joint further opens, it
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Fig. 23. Load-displacement of FEA vs experiment.
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Fig. 24. Strain behaviour of concrete in the joint.

(a) FO (S5 @ 1.1 kN & 3.25 mm)

(d) F64 (S33 @1.2 kN & 0.4 mm)

(b) FO (DAMAGE @11.2 kN)

(e) F64 (DAMAGE @11.6 kN)

(f) Ultimate failure-F64

Fig. 25. Failure behaviour (Flatwise).

becomes compressed. This indicates that while the joint is open, both
elements are under compression. F64-3 does not show any increase,
suggesting it is not completely under compression, and the neutral axis is
located around 25 mm depth, validating the neutral axis when the
concrete crushes based on theoretical calculations (19.8 mm).

In edgewise orientation (Fig. 24b), the highest compressive strain
was observed on the second element from the top (20-40 mm), where
the damage was initiated in EO (Fig. 26a) and E45 (Fig. 26b). While the
strain of the third concrete element from the top in EO is completely
zero, the similar element in E45 reached almost — 1000 pe, suggesting
the compression depth even when the crack initiated between
20-40 mm from the top continued somewhere between 40-60 mm from
the top. However, the fourth element in E45 has a very similar strain
increment to the third element in EO, suggesting this element was

15

located in the joint opening depth. Accordingly, it can be mentioned the
depth of the compression in EO is located around 40 mm from the top
while in E45 is located at 40-60 mm which is close to the theoretical
results.

4.4.3. Failure mechanism

The post-tensioning of the GFRP rod leads to an increased depth of
compression and a more uniform distribution of the contact area in the
joint when the joint is closed (1.1 kN applied load), the bending stress in
the section of FO shows higher stress in the corner and top of the GFRP
rod, whereas, in F64, it is distributed along the joint (Fig. 25).
Furthermore, the bending stress validates the strain behaviour, as in FO,
the top element is just under compression (Fig. 25a), while in F64, the
second element is also under compression (Fig. 25d). This stress in the



S. Ebrahimzadeh et al.

Structures 65 (2024) 106712

(a) EO-DAMAGE (@ joint

opening)

(d) E45-DAMAGE (@ joint

opening)

(e) E45-DAMAGE (@ 40-

(c) EO-Failure (@ 40-mm)

(f) E45-Failure (@ 40-mm)

mm)

Fig. 26. Failure behaviour (Edgewise).

joint persists, leading to a failure mechanism focused on the compres-
sion zone of the joint in FO and concentrating on the top corner and
interface of the rod and concrete (Fig. 25b); however, the concrete
crushing is more developed in the sharp corners of the cross-section
(Fig. 25c). In F64 concrete, the whole width of the joint is com-
pressed, with a higher depth (Fig. 25e). This observation indicates the
more uniform distribution of the compression between the segments
(Fig. 25f).

The comparison of the failure mechanism of EO and E45 reveals that
in the joint opening, the crack in EO is initiated between the first and
second elements, where the whole second element from the top is at the
edge of the cracking (Fig. 26a). In E45, this is shifted deeper to the
second and third elements. The failure at 40 mm deflection in EQ shows
damage due to joint crushing and initiation of damage at the same depth
as the tensioned GFRP rod (Fig. 26b-c), while in E45, the crack is already
developed at this level (Fig. 26e-f).

5. Analytical evaluation

Prior investigations have demonstrated that traditional prediction
codes [66,67] tend to underestimate the load capacity of concrete
members with internally prestressed CFRP reinforcements [20]. This
underestimation can be attributed to these codes restricting the use of
unbonded internal reinforcements in dry joint bridge designs and the
assumption is based on the external reinforcements. In the current sys-
tem, GFRP post-tensioned segmental concrete members with an
unbonded internal rod, the failure mechanism is highly dependent on
the contact area between the joints, resisting vertical deflection. Hence
utilising the equation provided in ACI 440.4 R-04 [45] for concrete
members prestressed by FRP, with modification, might offer a more
accurate approach [18,22,26,27]. Based on Eqgs. 4-7, following force
equilibrium in a section, there is a relationship between the bending
capacity and the initial prestressing load, and the rod’s stress (and
consequently axial load) achieved from the experiment. In these equa-
tions, the initial pre-stressing stress, rod’s cross-section, width, and
depth are known and the only parameter that is extracted from the
experimental program is the rod’s load (stress) when the concrete is
crushed. Hence predicting the rod’s load can translate to the bending
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capacity. Based on ACI 440.4 R-04 [45], the rod’s stress at the failure in
the post-tensioned deck with an unbonded FRP rod is provided (Eq. 13).
d
Fou = fre + QuBptcs (C—u - 1) 13)
In (Eq. 13), L, E), and & are equal to 2600 mm, 65 GPa, and 0.003,
respectively. d, is taken to be 62.5 mm and 500 mm in flatwise and
edgewise orientations. The ¢, in the above equation is the neutral axis
depth at the ultimate stage, however, as will be discussed in the
segmental deck the neutral axis depth, which is provided in Table 5,
when the concrete crushes will be used (c..). €2 is the strain reduction
coefficient and under the four-point bending and uniform loading test,
this value can be taken to be equal to (L > d —2-as suggested by Naaman [68].

Various studies have put forward different strain reduction coefficients
to enhance the accuracy of segmental concrete beams. For instance, Le

et al. [21] proposed a coefficient of: Lz/;' Tran et al. [26] suggested it to
024

T while Alkhairi [69] introduced this coefficient as(L AR
It is worth noting that all studies used a T-shaped cross-section with an
unbonded length to the beam’s depth ratio of 9. Accordingly, the pre-
dicted values based on the different strain reduction factors can be
calculated and listed in Table 8. The last column related to the error in
this table indicates the accuracy of the proposed reduction factor
compared to the experimental results.

The experimental result is the value of the rod’s load when the
concrete is crushed, hence results reveal an underestimation in the
predicted values of the [45,69] for the flatwise orientation, attributed to
the presence of the joint causing a concrete crushing at a lower applied
load, similar to the results of Tran et al. [26] (Fig. 27 a-b). This can
explain why the beam theory is no longer applicable for predicting the
concrete stresses after the joint opening as also reported by [32].
Moreover, it is important to note that ACI 440.4 R-04 [45] limits the
application of its equations to monolithic beams prestressed with FRP
reinforcements with unbonded lengths greater than 15 times the beam’s
depth. In this study, the ratio between the unbonded length of the rod to
the beam’s depth was 5.2 and 41.6 for the edgewise and flatwise
orientation, respectively. By increasing the post-tension level, the ac-
curacy improved which means the behaviour is similar to a monolithic

be equal to—22%+
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Table 8
Experimental versus predicted values.
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Specimen GFRP Rod’s load
Experimental ACI 440.4 R-04[45] Alkhairi[69] Tran et al.[26] Proposed factor Error
(%)
FO 61.1 53.7 29.8 68.4 49.7 18
F10.5 66.3 62.4 39.5 76.5 58.5 11.3
F64 74.2 90.3 79.8 96.8 88.5 19.3
EO 85.8 491.7 273.18 163.3 91.8 7
E21 92.9 415.76 240.7 168.7 95.4 2.7
E45 101.5 407 246.94 181.1 114.1 12.4
Experimental/ predicted value
Average 0.61 0.96 0.69 0.99
Standard deviation 0.41 0.67 0.15 0.13
Variance 0.199 0.55 0.028 0.022
Confidence Interval (95 %) 0.61 £+ 0.32 0.96 + 0.53 0.69 £+ 0.12 0.99 +£ 0.1
500 300
450 1 Experiment/predicted: Experiment/predicted:
Z Mean = 0.61 y Z 50 {Mean=0.96
<400 15D =041 _s3 S SD =0.67
% 350 ,\& Lidp=5.2 > d
=2 o =200 A ™ e
£ 300 O“é& g o )
S 250 4 gy _& =150 4 & &
5 200 = 5 o
E150 ] « £100 1 & .
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Fig. 27. Accuracy of the prediction equation for different models.

beam which is the basis of the reduction factors. Conversely, in the
edgewise orientation, an overestimation is evident using that of ACI
440.4R-04 [45] and Alkhairi [69] but consistent with those of Le et al.
[21] and Yan et al. [18]. This indicates that a high overestimation occurs
when the unbonded length to the deck’s depth ratio is lower than 15.
The statistical metrics show that a high standard deviation and variance
exist when using the equation of Alkhairi [69] but the average values are
close between the ACI 440.4 R-04 [45] and Tran et al. [26]. It is essential
to note that the reduction factor proposed by [26], which is exponen-
tially influenced by the length-to-deck depth ratio, demonstrates
improved accuracy for both edgewise and flatwise segmental decks
(Fig. 27c). However, the reduction factor in both orientations tends to
lead to overestimation.

In the current system, due to a lack of bonding between the rod and
concrete, the strain compatibility of the rod and surrounding concrete is
maintained as long as the concrete is not crushed. The rod stress is
transferred to the structure via the end anchorage and Eq. 8 is not
applicable to predict the ultimate stress in the rod. However, it can
predict the level of stress in the rod at the concrete crushing with some
modifications. Consequently, this study proposes a reduction factor for
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internal GFRP post-tensioned segmental concrete decks, which is
determined based on a formulation of (0.0994 +0.0005(L/dy)).
Accordingly, the prediction equation can be modified following the
formulation in (Eq. 14).

The introduced strain reduction factor in the formula considers the
high compression stress of the segments at the joint in the segmental
concrete deck causing concrete crushing to occur earlier than the
monolithic beam. Also, in the proposed equation, the increment of the
load due to initial pre-stressing is dependent on the depth of the rod and
the neutral axis (dy/c,). The physical meaning of the coefficient indicates
when the concrete joint crushes, 10-13 % of the GFRP rod’s tensile
capacity has been used and showed better accuracy (Fig. 27d). The
proposed coefficient for the prediction equation is more accurate for the
experimental results in this study as demonstrated by the mean value of
the experimental-to-predicted value of 0.99. Moreover, the results also
have low standard deviation and variance providing a high level of

fee = fre+ (0.0005 (dA) + 0.0994> Epeq (g—p -1 a4)

p cc
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confidence from the obtained results. This behaviour may be limited to
the segmental deck prestressed internally with unbonded GFRP rods and
under the four-point flexural bending. Further testing and evaluation are
suggested to understand the behaviour of this construction system under
the effect of other environmental circumstances such as buoyancy, soil
interaction, and point loads created by vessels or debris hitting the sides
of the deck.

6. Conclusion

This study investigated the flexural response of segmental concrete
decks reinforced internally with GFRP rebar and post-tensioned using
GFRP rods. Six large-scale specimens with different levels of prestressing
force were tested under a four-point bending test in the flatwise and
edgewise orientations. The flexural behaviour in terms of load deflec-
tion, strain responses, joint opening, and failure mechanisms was eval-
uated. A FE model was developed to verify the experiment results and an
analytical assessment by revising the ACI equation considering a strain
reduction factor was developed to reliably describe the moment capacity
of the segmental decks. Based on this study, the following conclusions
can be drawn:

e The behaviour of hand-tight segmental decks in both flatwise and
edgewise orientations is governed by the concrete compressive
crushing at the joint. The rate of joint opening and effective bending
stress at failure were similar.
Increasing the level of post-tensioning in the GFRP rod improved the
stiffness of the decks in the flatwise specimens. Moreover, a higher
friction is developed between the segments at the joint interface
enhancing the segmental decks’ loading capacity and deformation
resistance. Increasing the level of post-tensioning in the rod
increased the depth of the compression block resulting in a more
progressive compressive crushing of the concrete.
Post-tensioning of the GFRP rods in concrete decks tested in the
edgewise orientation increased the initial stiffness and reduced the
opening of the joints. Tensioning the rods minimises the stress con-
centration at the top of the joint resulting in progressive cracking and
increasing the ultimate load capacity of the decks. The decks also
failed by a combination of concrete crushing at the top and bottom of
the joint.

By assuming an orthotropic material for GFRP, the nonlinear

behaviour of concrete, which is essential for compression behaviour

in segmental systems, and appropriate boundary conditions, a nu-
merical model can successfully capture the depth of the compression
between the segments at the joint.

e A strain reduction coefficient is introduced to the ACI 440 equation
to reliably predict the bending capacity of prestressed GFRP rein-
forced segmental concrete decks. The coefficient considers the ratio
of the deck’s depth to the rod’s unbonded length. Moreover, the
coefficient considers the presence of a joint in the segmental deck
causing stress in internal rods when the concrete crushes reach 9.9-
15 % of its maximum tensile strength.

The results of this study demonstrated the high potential of the
segmental precast concrete decks for a pontoon deck or boat ramp in
onshore marine structures. Future research is needed to understand the
interaction of the post-tensioned segments with soil/foundation (as a
boat ramp) and the behaviour when it is exposed to tidal waves and
buoyancy conditions (pontoon). Moreover, it is recommended a para-
metric study be conducted to optimise the design and to demonstrate the
applicability of the experimental results to other loading scenarios as
well as the scalability of the segmental deck with a different width
dimension and more segments in length.
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