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A B S T R A C T

The present experimental and numerical study evaluated the structural performance of segmental concrete 
pontoon decks reinforced and post-tensioned with GFRP rods. Four large-scale decks were tested and the load- 
displacement response, strain behaviour of rods, concrete, and failure mechanism in four different prestressing 
levels were assessed. It was found that a small post-tensioning of 7.4 % of the rod’s ultimate tensile strength 
reduced the self-weight deflection by 92 % and increased initial stiffness by 8.7 times compared to segmental 
decks without prestressing. Failure in prestressing decks typically began with concrete crushing at the joint with 
an increased compression depth due to increased initial post-tension; however, the ultimate failure mechanism of 
the hand-tight deck was governed by the interlaminar shear of the rod. A finite element model was developed 
and verified against test results A parametric study evaluating the influence of the post-tensioning at higher load, 
rod depth, concrete properties, rod number, and deck geometry was implemented. It was shown that increasing 
the post-tension load and depth of the rod improved the stiffness and reducing the spacing can result in a more 
uniform compression stress in the joint. This study provides design recommendations for ACI 440.4 R-04, by 
considering the concrete compression depth between joints rather than the depth of the FRP rod and contributes 
to a more accurate load estimation of the concrete crushing caused by joint openings. The results of this research 
could rectify the present problems with the construction design of maritime infrastructure and offer an inno
vative solution.

1. Introduction

The corrosion of steel rebars is causing significant degradation of 
reinforced concrete structures, creating an economic burden and leading 
to catastrophic incidents. A renowned case is the Ynys-y-Gwas Bridge 
which failed because of the penetration of salt water into the joint, 
which leads to corrosion and eventually tendon rupture [1]. No fatalities 
were recorded, but this incident demonstrated that the failure of the 
structure because of steel corrosion can happen without any notice. The 
corrosion problem in concrete structures may also affect over AU$ 1.1 
trillion worth of homes, commercial buildings, ports, and other physical 
infrastructure assets built in or near the coastal regions of Australia [2]. 
This accounts for almost 70 % of the Australian GDP in 2020 [3]. This 
significant problem of steel corrosion has increased interest in using 

glass fibre-reinforced polymer (GFRP) bars as an efficient and 
non-corrosion alternative for the internal reinforcement of concrete 
structures.

GFRP bars have excellent durability against aggressive environ
mental conditions including high alkaline environment [4–6], chloride 
exposure [7,8], wet-dry and freeze-thaw cycles [9], extreme tempera
ture variations [10], seawater exposure [11–14], ultraviolet radiation 
[15], and elevated in-service temperatures [16]. Numerous studies have 
also demonstrated the excellent structural performance of 
GFRP-reinforced concrete marine structures, including pontoon decks 
[17,18], piles [19,20], water tanks [21], docks [22,23], jetties [24], 
girder [25], and boat ramps [26], establishing it as a reliable, econom
ical, and practical internal reinforcement to concrete structures.

Prefabricated concrete construction reinforced with GFRP bars im
proves efficiency by enabling the manufacturing and assembly of 
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structures in a shorter time frame [27]. Prefabrication reduces the 
likelihood of environmental disturbances associated with on-site con
crete pouring during construction. However, the low elasticity modulus 
of GFRP can negatively affect the prefabricated concrete system by large 
stress concentration on the joint. Therefore, prefabricated concrete 
members need to be prestressed to tie together, and using a GFRP in
ternal rod addresses concerns about system durability by preventing the 
penetration of environmental factors into the joint. Furthermore, pre
stressed rod offers repair capability after major incidents [27,28]. This 
advantage becomes important as some pontoon decks during the 2022 
Queensland flood suffered from local failure close to the joint (Fig. 1). 
Extensive research has investigated the structural performance of pre
stressed or post-tensioned segmental concrete beams, slabs, or decks 
using internal or external steel reinforcement [29–31], and recent 
studies [32–34] have focused into the flexural response of segmental 
members post-tensioned by FRP tendons. However, the behaviour of the 
joint and rod in the precast segmental concrete members is critical as 

previous studies have shown that in various types of precast concrete 
members, high-stress concentrations near the joint govern the failure 
mechanism and lead to premature failure of the beam [35]. This issue 
can be exacerbated when the load is directly applied to the joint, indi
cating the need for adjustments to distribute stress more uniformly. Such 
adjustments require thorough investigation, as El-Naqeeb et al. [27]
noted that prestressing through the bolt, combined with epoxy injection, 
might cause micro-cracking or debonding in the duct, affecting load 
transfer. In the case of hand-tight concrete joints, increasing the longi
tudinal reinforcement ratio of GFRP connectors can enhance strength 
and stiffness [27,36]. Additionally, providing confinement reinforce
ment can limit crack development around the joint and prevent pre
mature failure [37]. The interconnection between blocks and 
compressing segments together can positively influence the shear 
behaviour of the joint [38]. These studies showed the possibility of 
direct loading onto the joint during the service life of the segmental 
concrete system, leading to shear loading on the internal rod which 
indicates the joint behaviour in this system needs to be investigated.

The concept and benefits of the segmental pontoon deck, post- 
tensioned with GFRP rods were introduced by Ebrahimzadeh et al. 
[39] and this study evaluated the response of the segmental deck when 
the applied load is directly above the joint. An experimental program 
was conducted and a numerical model for hand-tightened and 
post-tensioned decks was developed and calibrated against the experi
mental results. A parametric study was then performed to comprehen
sively examine the influence of loading point, concrete properties, 
post-tensioning at a higher level, interlock, rod’s number, rod’s depth, 
internal reinforcement, deck’s geometry, and mesh size in modelling. 
Accordingly, a design recommendation throughout an analytical eval
uation was proposed to reliably predict the shear strength of the 
segmental concrete deck post-tensioned by internal GFRP rods. The 
study’s outcome can address the current in the maritime infrastructure’s 
construction design and provide a novel solution by using a 
non-corrosive GFRP-reinforced concrete member.

2. Experimental program

2.1. Design criteria

The concrete segment was designed and manufactured following the 
guidelines outlined by the Queensland Department of Transport and 
Main Roads DTMR-2019 [40] for precast concrete members. This 
guideline specifically targets prefabricated concrete segments having a 
design life that surpasses 50 years. The segmental concrete pontoon deck 
samples were designed based on the specifications for floating walkways 
and pontoon infrastructure in the Queensland DTMR-2015 [41] and 
New South Wales (NSW Boat Ramp Facility Guidelines [42]) guidelines.

2.2. Material characteristics

2.2.1. Concrete
The concrete used for the testing adhered to the technical specifi

cation of MRTS 70 used in Queensland Transport and Main Road, which 
applies to the construction of concrete, and bridge structures, and may 
apply to other concrete elements DTMR-2018 [43]. This guideline aligns 
with AS3600 [44] for the exposure classification C2 (near seawater). 
Twelve cylindrical specimens were tested following AS1012.9 [45]
standards to assess the concrete’s compressive strength (f’

c) with a mean 
value of 37.1 MPa and a standard deviation of 6.2 MPa. Although the 
final average compressive strength is lower than the exposure classifi
cation of C2; however, using a non-corrosive GFRP rebar and rod makes 
the segments suitable for use in marine environments.

2.2.2. Reinforcement anchorage system
Each deck sample was internally reinforced with Grade III (#4) GFRP 

bars (Fig. 2a) with a nominal diameter of 12.7 mm, which met the 

Nomenclature

Af Area of the FRP reinforcement.
Ak The area of the shear key in the joint in the failure plan.
Asm The area of contact between the smooth surface on the 

failure plan.
b Deck’s width.
bw Minimum effective web width.
d Distance from the extreme compression fibre to the 

centroid of longitudinal tension force.
Ef Modulus of elasticity of GFRP.
f’
c Compressive strength of concrete.

ff GFRP rod’s stress.
ffe Effective prestressing stress.
k Ratio depth of neutral axis to reinforcement depth.
Vc Shear resistance.
εcu Ultimate concrete strain at the extreme compression 

fibre.
ρf Reinforcement ratio.
ρfb Balanced reinforcement ratio.
λ factor to account for concrete density.
σn Normal compressive stress in concrete.
ψ Dilation angle.

Fig. 1. Localised damage near the joint on the pontoon decks during the 2022 
Queensland and New South Wales flood.
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manufacturing criteria specified in CSA S807 [46] and ASTM D7205 
[47]. The engineering characteristics and more details of the internal 
bars were reported by AlAjarmeh et al. [48]. The threaded GFRP bars 
denoted as rods in this study and detailed in Table 1, adopted from [39], 

were manufactured following CSA S807 [46].
A threaded stainless-steel tube with a length of 150 mm, an inner 

diameter of 25 mm, and an outer diameter of 37 mm was employed at 
both ends of the rod (Fig. 2b) to apply the post-tension. A 38 mm inner 
diameter steel nut was used for segment connection and post-tensioning 
force application. A 100 mm × 100 mm square steel plate with a 
thickness of 20 mm was placed between the steel tube and the concrete 
surface to minimise stress concentration (Fig. 2). After passing the rod 
through the segments, the steel nuts were tightened with a wrench and 
specimens were pre-tensioned. This system provides an easy and prac
tical way to apply a pre-tension load on the construction site without the 
need for expert labours. The pre-tensioning load was determined by the 
maximum strength between the GFRP rod and the tube in the anchorage, 
which was below the limit provided in ACI 440.4 R-04 [49], with pre
stressing limited to 40 % of the maximum tendon’s tensile strength. The 
recommended limit is proposed to avoid the creep failure of the FRP 
tendon/rod. More detailed information on the material characteristics 
can be found in [39].

Fig. 2. Reinforcing details and test set-up for segmental deck.

Table 1 
Rod and anchor properties (Ebrahimzadeh et al., 2024a) [39].

GFRP rods

Property Test method Value

Nominal diameter (mm) CSA S806 − 19 23.5
Cross-sectional area (mm2) CSA S806 − 19 416
Tensile strength (MPa) CSA S806 − 19 1340
Modulus of Elasticity (GPa) CSA S806 − 19 65
Ultimate strain (%) CSA S806 − 19 2
Fiber 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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2.3. Specimens detail

Four large-scale specimens, each comprising two concrete segments, 
with dimensions of 1000 mm × 600 mm × 125 mm (length × width ×
thickness), were assembled and tested. The width and thickness adhered 
to dimensional specifications outlined in DTMR-2015 [41], accounting 
for the pontoon’s floating and structural components. The segment’s 
length was determined by dividing the typical modular length of the 
pontoon, which varies in different projects. The thickness the deck is 
based on a full-scale deck for a floating pontoon. A representative width 
of 600 mm is however taken understand the shear behaviour of the 
GFRP reinforced deck.

The nomenclature for the deck specimens indicates the post-tension 
load on each rod, measured by the load cell during the pre-tensioning 
(Table 2). The transverse and longitudinal spacings of 250 mm and 
150 mm (Fig. 2a) led to a transverse and longitudinal reinforcement 
ratio (ρf =

Af
bd) of 1.01 % and 1.68 % per segment, respectively. Further 

details of the section, i.e., rebar spacing, concrete cover, etc are 
demonstrated in Fig. 2c.

The balanced reinforcement ratio of the prestressed concrete beam, 
followed by ACI 440.4 R-04 [49], can be obtained using (Eq. 1). For the 
segmental deck, this results in a different value (depending on the level 
of pre-stressing) in the range of 0.15 % to 0.24 %, where εfe is the strain 
in the FRP rod caused by the initial prestressing. 

ρfb = 0.85β1
fʹc
ffu

×
εcu

εcu + εfu − εfe
(1) 

Also, the maximum compressive strain of the concrete, εcu, is taken as 
0.003 following the ACI 440.1 R-15 [50]. Considering the GFRP rod 
contributing as a reinforcement, the segmental deck’s reinforcement 
ratio (ρf) equals 2.22 %.

2.4. Instrumentation and setup

The segmental decks were subjected to 3-point static loading and the 
2000 kN Enerpac hydraulic jack applied the load through a spreader 
steel I-beam with a flange width of 300 mm situated just next to the joint 
minimizing concrete crushing as the joint opens and achieving the 
highest shear force (Fig. 3). Due to some limitations in the test feasibility 
and loadcell measurement, the exposure of the joint to direct load was 
not possible; however, this simulates the situation when the load is 
subjected to the joint. The applied load was measured using a 2000 kN 
load cell. Two load cells were positioned between the steel nut and steel 
plate to measure the initial post-tension load and the load increment in 
the rod during the test (Fig. 2b). The applied load, prestressing load on 
the rods, and strains were recorded using a data acquisition system. 
Strain in the rod was measured using 3 mm-long electrical-resistance 
strain gauges, positioned at mid-span, in the vicinity of the joint. Also, a 
strain gauge was attached to the internal GFRP reinforcement to mea
sure tensile and compression strains. A digital image correlation was 
utilized to capture the deflection along the length of the deck including 
the mid-span deflection.

3. Experimental result and discussion

The effect of the initial post-tensioning on the load-carrying capacity, 
rod’s axial load increment-deflection, load-strain, and failure behaviour 
has been investigated throughout the experimental program.

3.1. Load-carrying capacity-deflection behaviour

The measured deflection resulting from the self-weight of the hand- 
tight deck (S0-EXP) was 37.2 mm. Upon the application of the pre- 
tension load of 42 kN on each rod, or compressive stress of 1.14 MPa 
on concrete, this deflection decreased to 2.9 mm a reduction of 92.2 % 
(Fig. 4). This reduction is attributed to the increased friction between the 
segments because of the applied post-tension force, which provides 
greater resistance against gravity, as it previously observed by in 
segmental concrete deck with CFRP tendon [32–34] and GFRP rods 
[39].

The increase in the rod’s pre-tension load improved the initial stiff
ness of the system (Fig. 5a). The improvement in stiffness led to an in
crease in the load corresponding to the joint opening. This enhancement 
is attributed to the increase in the neutral axis depth (compression depth 
between the segments) resulting from the heightened initial post-tension 
(Table 3). This deduction is drawn from the section analysis when the 
joint remains closed at the bottom, and the top part of the concrete 
initiates crushing, allowing beam theory relations in segmental beams to 
remain. The neutral axis depth was calculated with (Eq. 2) achieved 
from the section equilibrium equation, as it previously indicated by 
[39]. 

c =
2Af

(
ff + ffe

)

0.85fʹcbβ1
(2) 

β1 calculated from the equation in (ACI 440.1 R-15) [50] and is equal 
to 0.78, b is equal to the width of the deck, and the f’

c is taken as 
37.1 MPa. (Afffe) or (Ffe) is the applied pre-tension load for each spec
imen. The load on the rod (Afff) or (Ff) was assumed to be developed 
once the joint started to open, which was extracted from Fig. 5. For this 
purpose, the joint opening load was first identified (Fig. 5c). When the 
opening exceeded 2 mm, the load is selected, then the corresponding 
deflection to that load was selected from (Fig. 5a), and finally, the axial 
load for that deflection was extracted from (Fig. 5b). These values have 
been indicated in (Table 3).

It is evident that the axial load in the GFRP rod is increasing linearly, 
and with an almost similar slope, for all levels of post-tensioning 
(Fig. 5b). This indicates that as long as the segments in the joint are in 
contact with each other (and the concrete on top is not crushed), the 
rod’s load increment is linearly elastic. However, when the joint is 
opened, the axial load increment decreases as the initial post-tension 
increases (Table 3), hence, S0-EXP had the highest load increment due 
to the highest deflection associated with the initial concrete crushing 
and S42-EXP had the lowest axial load increment.

After the joint opening, the compressive crushing of the concrete in 
the upper part of the joint was observed. The joint opening of the decks 
occurred at different levels of applied loading (Fig. 5c). These loads 
coincide with a load at which the strain increased in the rod (Fig. 5d). 
For specimen S0-EXP, the absence of post-tension force caused a sudden 
opening in the transition phase (opening stage), which occurred at a 
higher rate, in which at 5 kN the joint opened almost 7 mm. This was 
due to the small friction between the segments and low resistance 
against opening. In contrast, increasing the initial post-tension force 
enhanced the behaviour of the joint and increased and resulted in a 
reduction in the joint opening. The compressive stress between the 
segments induced by post-tensioning can also enhance shear strength by 
increasing the compression depth and contact between the segments’ 
surfaces at the joint. The increase in the compression depth can provide 
higher friction and enhance the shear capacity of the joint interface. This 

Table 2 
Level of post-tensioning force applied to the segmental decks.

Specimen Post-tensioning 
force (kN)

Equivalent 
stress (MPa)

Rod’s tensile 
strength (%)

Anchor’s 
capacity (%)

S0-EXP Hand tight 
(< 2.5 kN)

0.6 0.04 0.08

S21-EXP 21.6 49.8 3.7 6.6
S32-EXP 32.1 74.1 5.5 9.8
S42-EXP 42.9 99.1 7.4 13.1
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was observed in the results of Niwa et al. [51] regarding the effect of 
surface roughness on the shear capacity of the segmental concrete slab. 
In their result, concrete slabs with a smoother surface and less friction 
have 63.9 % lower shear capacity compared to rough ones, and they 
concluded that the compressive stress in the joint, between the seg
ments, can allow the frictional forces to become established.

As the progressive concrete crushing continued, an abrupt drop in 
the load-carrying capacity (Fig. 5a) as well as in the applied load-joint 
opening characteristic (Fig. 5c) of the segmental deck was observed. 
This drop in load is attributed to the interlaminar shear failure of the rod 
and the complete concrete crushing in the vicinity of the loading point 
and joint. This failure behaviour shows that the interface of the joint 
highly influences the ultimate shear strength of a segmental deck, with 
concrete compressive strength playing a pivotal role.

The neutral axis depth was calculated and reported in Table 4 to 
understand its effect on the FRP-reinforced segmental deck’s load- 
carrying behaviour with different initial post-tensioning levels. The 
theoretical moment was calculated with (Eq. 3) here the rod’s depth (d) 
is equal to 62.5 mm and a is the calculated depth of the equivalent 
compression block (equal to β1c). 

Mcc = 2
(

Ff + Ffe

)(
d −

a
2

)
(3) 

The comparison between the theoretical moment from section 

analysis and the applied bending moment indicates that the hand-tight 
post-tensioning rod has the highest discrepancy of around 30 %. This 
high difference can be attributed to the method used for calculating the 
compression depth and compressive strength in the formula, which was 
based on the average compressive strength. To obtain the f’

c, the pres
ence of a 17 % difference between the standard deviation (6.2 MPa) and 
the average value (37.1 MPa) might contribute to this discrepancy, as it 
affected the neutral axis depth. Increasing the initial level of post- 
tensioning makes the segments more integrated, reducing the discrep
ancy between theoretical and applied bending moments.

3.2. Load-strain behaviour

The load-strain behaviour is assessed by the strain gauge attached to 
the rod between the loading point and joint and at the internal rein
forcement in the compression zone (IRC). A comparison between S0- 
Rod, S21-Rod, S32-Rod, and S42-Rod shows that at the same applied 
load level, increasing the initial post-tensioning reduces the rod’s stress. 
This also explains the higher midspan deflection of segmental decks with 
lower than higher levels of post-tensioning in the GFRP rod. At an 
applied load of 25 kN, the strain in S0, S21, S32, and S42 is 3400 με 
(39 % of the anchor strength), 2400 με (27 % of the anchor strength), 
1000 με (11 % of the anchor strength), and 600 με (7 % of the anchor 
strength), respectively. Moreover, there is no strain on the rod when the 

Fig. 3. Schematic view of test setup.

Fig. 4. Self-weight deflection.
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joint is closed and starts to increase as the joint opens. The progression of 
the post-tensioning load shown in (Fig. 5c), can also be correlated with 
the joint opening. Considering the 5.7 kN and 10 kN applied loads, S21- 
IRC and S42-IRC started to increase in the negative direction. In the 
same way, the measured strain in the rod near the joint began to in
crease. This verifies the mechanism of compression at the top and 
opening at the bottom of the joint. This linear increase continued until 
the concrete crushing started. From this point entering the load associ
ated with the ultimate load-carrying capacity, the non-linear behaviour 
was observed. At this stage, the strain exceeds 0.003, which indicates the 
strain for concrete crushing ACI440.1 R-15 [50].

3.3. Failure behaviour

The segmental deck failed by concrete crushing from the loading 
point to the joint. This failure is observed in the segmental beam post- 
tensioned with CFRP tendons [71,72]. The absence of post-tensioning 
also caused interlaminar shear failure of the internal GFRP rod. This 
means applying the post-tensioning can eliminate the localized stress on 
the rod because of high deflection. The concrete crack propagation 
initiates differently with the post-tension level. Before the joint opening 
in deck S0, the depth of the contact between the segment was almost 
1 mm (or rotating around the sharp corner). As the lower part of the 
joint opens, concrete crushing initiated 8.9 mm from the top (Fig. 6a), 
the lowest compression depth among all samples. In contrast, the 
compression depth in deck S42 opens is around 13.2 mm (Fig. 6b).

In summary, the segmental deck failure mechanism is concentrated 
at the joint, where concrete undergoes crushing at the top as the joint 
opens at the bottom. Increasing the initial post-tensioning leads to a 
reduction in joint opening and an increase in the neutral axis depth. 
Moreover, failure is followed by interlaminar shear in the GFRP rod in 
the vicinity of the joint. Increasing the post-tensioning can minimize this 
failure by decreasing the deflection and creating a more uniform stress 

Fig. 5. Experimental results.

Table 3 
Neutral axis- initial stiffness relation before joint opening.

Specimen Rod’s 
load (kN)

Initial post- 
tensioning (kN)

Neutral axis 
depth (mm)

Initial stiffness 
(kN/mm)

S0-EXP 12.7 0 1.1 0.3
S21-EXP 4.5 21 3.9 1.2
S32-EXP 2.5 32 5.4 2.4
S42-EXP 1.3 43 6.9 2.9

Table 4 
Compression depth when the concrete crushes.

Specimen Rod’s load (kN) Initial post-tensioning (kN) Neutral axis depth (mm) Theoretical moment (kN.m) Applied moment (kN.m) Error 
(%)

S0-EXP 65 0 8.9 7.2 9.4 30.7
S21-EXP 61 21.6 11.3 8.8 9.9 11.8
S32-EXP 57 32.1 12.2 9.4 10 6.2
S42-EXP 53 42.9 13.1 10 9.8 1.9
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between the segments. Therefore, a higher level of post-tensioning can 
potentially cause different behaviour of the joint as the segmental deck 
behaves more similarly to a monolithic slab; however, applying a higher 
load and investigation of the other affecting were not possible in the 
experimental stage, accordingly, creating a finite element model can 
shed light.

4. Numerical analysis

4.1. General description and assumptions

A three-dimensional model through the Abaqus/CAE software Das
sault Systems, 2019 [52] was developed and used for the verification of 
the experimental results. To simulate the experimental conditions, nu
merical modelling was carried out using the displacement-controlled 
approach and a dynamic explicit solver was employed. Previous 
studies [69,70] showed that dynamic explicit analysis is well-suited for 
solving intricate contact problems, multi-phase environment, and 
complex interactions. The concrete used a solid element (C3D8R) with a 
mesh size of 10 mm, behaved elastic and non-linear in the concrete 
damage plasticity (CDP) and the equation to define the non-linear 
behaviour adopted from [53]. The formulation for damage propaga
tion in concrete, both in tension and compression, is adapted from the 
recommended formula by recent studies [32,33,54]. The internal GFRP 
bars and rods were simulated with solid elements (C3D8R) with a 25 and 
10-mm mesh size for rebar and rod, respectively. The internal rebar has 
an Elastic behaviour with values reported by Ebrahimzadeh et al., [18]. 
The rod was assumed to have an orthotropic material. To apply the 
post-tension force, the GFRP rod is exposed to tension load, equivalent 
to the load applied in the experimental stage and in the total reaction of 
the tension load is exposed to the concrete surfaces at both ends as a 
compression load. The detailed information, formulations, and all as
sumptions of the boundary conditions can be found in Ebrahimzadeh 
et al. [39].

4.2. Model validation

The FEM results were verified by comparing them with the failure 
mechanism loads, displacements and strains obtained from the experi
mental results. This calibration was conducted for the hand-tight sample 
(S0), with the lowest post-tension stress, and the deck with the highest 
initial post-tensioning (S43), as it has the highest initial tension stress on 
rods. The initial post-tension for other specimens were in between these 
two decks and were analysed in the previous study [39]. The verification 
helps to establish a model for further investigation (parametric study) 
and the stress/ strain distribution in the joint in addition to the failure 
mechanism can provide a detailed behaviour of the experimental result 
and comprehension of what couldn’t be seen/measured throughout the 
test e.g., neutral axis depth of the concrete at the joint which calculated 
based on the theoretical evaluation.

4.2.1. Load-deflection
The effect of post-tensioning on the load-carrying capacity of the 

segmental deck was analysed up to 80 mm deflection (Fig. 7). It was 
observed that the specimen without post-tensioning (S0) exhibited 
linear behaviour, similar to the experimental specimen. In contrast, the 
specimen with post-tensioning (S43) initially behaved linearly before 
transitioning to non-linear behaviour associated with concrete crushing. 
A discrepancy was noted between the bending stiffness of the finite 
element models and the experimental results before joint opening, 
similar to the findings reported by Tran et al. [33]. This can be attributed 
to the imperfections in fitting the post-tensioned segmental deck in the 
experimental specimens. In addition to this, the differences in how the 
post-tensioned specimens are simulated and the estimation of the fric
tion coefficient between the segments may contribute to the discrep
ancy. Unlike in the experimental setup where the post-tension force was 
transmitted through steel plates and load cells, in the finite element 
model, it was applied uniformly to both end sides, which could have a 
different effect on the overall behaviour. The ultimate load-carrying 
capacity of the S43-FEA is very close to the S43-EXP (30 kN). The dif
ference in a lower deflection can be attributed to the lower diameter of 
the hole in the segments, compared to an experimental specimen. For 
simplicity, the PCV is excluded, and its thickness is included as a con
crete material.

4.2.2. Strain behaviour
The detailed load-strain behaviour was analysed based on the 

behaviour of concrete elements in the joint. In both models, the concrete 
element located at the topmost part of the joint experienced compres
sion, while the second element did not exhibit clear compression 
behaviour. This aligns with the calculated compression depth ranging 
from 7.2 to 13.1 mm. In the specimen without post-tensioning (S0), 
before the joint opening, all elements (located in the sharp corner, over 
the rod, and in the middle width of the deck) experienced similar strain 
and stress. However, as the joint opened and concrete crushing pro
gressed, the elements in the corner were exposed to higher stress, likely 
due to stress concentration at the sharp corner. The elements over the 
rod (Element 1-Rod) and in the middle (Element 1-Mid) exhibited higher 
strain as the joint opened further. This suggests that the arrangement of 
the rods may result in a more uniform stress distribution between them. 
Another observation is the gradual and steady increase in strain until 
just before reaching 15 kN of load, with a limited strain increase (below 
500 με). Subsequently, there was a higher strain increase until reaching 
approximately − 3000 με, indicating concrete crushing according to 
ACI440.1 R-15 [50]. Conversely, the strain behaviour in S43 exhibited a 
more uniform increase in strain (Fig. 8c) and a steep increase with a very 
high slope (Fig. 8d) before the joint opening (5 kN). Upon joint opening, 
the strain in the concrete continued to increase until reaching 30 kN, 
although, within this stage, several drops were observed. It was noted 
that the concrete element at the interface of the GFRP rod (around the 
hole) experienced very high stress (Fig. 9a and Fig. 9c), leading to the 
failure of the element. This contact in the experimental specimens 

Fig. 6. Failure behaviour.
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resulted in interlaminar shear failure of the GFRP rod (Fig. 9b).

4.2.3. Failure mechanism
Fig. 9 illustrates the failure mechanism in the concrete before the 

joint opening and on the GFRP rod at the ultimate stage. At the same 
load level (5 kN), the compression stress in S0 (Fig. 9a) is concentrated 
at the sharp corner of the segment, whereas in S43 (Fig. 9c), it extends 
throughout the entire depth of the first element. In the ultimate stage for 
both cases, the rod is subjected to high stress in the joint (Fig. 9b). 
However, it is distributed more uniformly in S43, indicating the tensile 
stress due to pre-tensioning prevented the localized stress on the rod and 
potentially reduced the interlaminar shear failure (Fig. 9d).

The stress distribution analysis at the joint during cracking in spec
imens S0 and S43 reveals differences in the rod/concrete interaction 
(Fig. 10). For S0, under a 5 kN load and 9.5 mm deflection, the 
compression bending stress was concentrated at the sharp corners of the 
concrete segment, leading to localized stress (Fig. 10a). In contrast, S43, 
with a 6.5 kN load and 3.5 mm deflection, exhibited a more uniform 
stress distribution through the width of the segment, due to the pre- 
tension force (Fig. 10b), allowing it to expose to a higher compressive 
stress of 4.2 MPa before crushing, compared to 2 MPa in S0, almost a 
110 % improvement. The GFRP rod/concrete interface in S0 showed 
high compressive stress on the rod. However, the pre-tension on the rod 
alleviated the stress in the rod interface (37.5 % lower stress at S43), 

Fig. 7. Model calibration (load-deflection).

Fig. 8. Concrete strain behaviour in joint.
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which is consistent with the test result as interlaminar shear was 
observed in S0 while in S43 the concrete crushing was the governed 
failure mechanism. The shear stress distribution at the joint in the rod/ 
concrete interface in S0 (Fig. 10c) shows a maximum shear stress of 
8.7 MPa on the concrete, while at the edge of the concrete in S43 
(Fig. 10d), the shear stress is reduced to about 5.35 MPa. In both cases, 
stress concentration in the edge of concrete and rod is observed. Given 
the rectangular cross-section of the segmental deck, the maximum 
calculated shear stress at this applied load is approximately 0.1 MPa and 

it is occurring in the neutral axis. However, the shear stress distribution 
is different in segmental system. The higher observed shear stresses 
indicate that the load transfer occurs primarily through the joint, 
following a path from the top portion of the GFRP rod and the concrete/ 
rod edge exposes to a high shear stress. Additionally, the concrete ele
ments located at the joint, those on the top part of the segment, are 
subjected to nearly similar induced shear stresses in both decks.

Fig. 9. Failure mechanism.

Fig. 10. Stress at the joint cracking.
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5. Parametric study

Once the detailed behaviour is investigated, and the model based on 
the experimental result is calibrated parametric study can be performed. 
According to the Australian design guideline AS 4997–2005 [55], the 
design requirements of the marine structures based on serviceability 
should be limited to a maximum deflection of (L/150). An investigation 
in the serviceability range helps the design recommendation be useful in 
real practice as the high level of deflection in the segmental pontoon 
deck cannot provide them an ideal alternative to the monolithic one.

Accordingly, a parametric study is implemented to investigate the 
effect of the different affecting parameters including loading point, 
concrete properties, mesh size, post-tension force, interlock, rod’s depth 
and number, internal reinforcement, and deck’s geometry to identify 
approaches to improve the overall stiffness and load-carrying capacity of 
GFRP-reinforced segmental pontoon decks within the serviceability 
range.

5.1. Location of the loading point

The loading applied directly on the joint presents a critical scenario 
for the segmental deck post-tensioned with GFRP rods. Due to feasibility 
constraints in the experimental setup, the load was instead applied 
150 mm away from the joint, and the FE model was accordingly cali
brated (S43-FEA). Moreover, to avoid arching action and to understand 
the shear transferring mechanism across the joint, the load is applied at a 
distance from the joint. Subsequently, to investigate other loading sce
narios, simulations were conducted also for loading directly on the joints 
(S43-FEA-L0) as well as at a distance of 750 mm from the joints (S43- 
FEA-L750), as depicted in (Fig. 11). As anticipated, loading directly on 
the joint reduced load-carrying capacity compared to S43-FEA. Obser
vations indicated concrete compression at the top of the joint and an 
opening at the bottom. Shifting the loading point further away from the 
joint led to a transition in behaviour from segmental to monolithic; 
accordingly, the behaviour changed from linear (in S43-FEA-L0) to a 
combination of linear (before compression beneath the loading point) 
and non-linear stage (after compression). In S43-FEA-L750, not only did 
the stiffness and load-carrying capacity increase, but the failure mech
anism also shifted towards the compression zone at the loading point. 
Compression within the joint during loading was observed; however, 
heightened arch action caused load transfer to the support in the shear 
span, diminishing the prominence of the joint’s presence. While the 

effect of span-to-depth ratio on GFRP concrete monolithic decks has 
been studied previously by Ebrahimzadeh et al. [18], the comparison 
regarding loading proximity to the joint remains less understood. 
Nonetheless, a study on segmental beams prestressed by external steel 
tendons, such as that by Yuan et al. [31], demonstrated a 35 % increase 
in load-carrying capacity when altering the span-to-depth ratio from 
30.5 to 17.9. In their study, the load applied in both scenarios is far from 
the joint, and the failure based on the span-to-depth ratio range is 
considered flexural in both cases.

5.2. Concrete properties

The influence of concrete properties can be divided into two cate
gories. Plasticity parameters can represent the effect of the parameters 
used on the behaviour of concrete in the numerical model. Among 
plasticity parameters, studies [32,54,56–58] selected almost similar 
values for eccentricity, viscosity parameter, and Kc for concrete. (σb0

σc0
) is 

also calculated from Papanikolaou & Kappos [59] which is very close to 
the value selected in the mentioned studies.

The angle of dilation (ψ), caused by shear in the material micro
structure, indicates the internal friction angle and controls plastic 
volumetric strain [60], and varies across different studies in the litera
ture. While many studies [33,54,56,57] suggest a range of 31◦ to 35◦, 
with recommended values falling between 30◦ and 40◦ [61], there are 
instances of wider ranges used for specific concrete types. For example, 
ultra-high-performance concrete may have a dilation angle as low as 15◦

[62], while some studies suggest values as high as 55◦ [63]. To explore 
the impact of this parameter, two segmental decks without initial 
post-tension force in the rod were modelled and compared. Additionally, 
the guidelines set by the DTMR-2019 [40] limit the use of concrete with 
a compressive strength below 50 MPa. However, the mean compressive 
strength of the tested segments in this study was 37.1 MPa. Therefore, 
the effect of using concrete with a compressive strength of 50 MPa, the 
basic permitted concrete in Queensland, was investigated. Furthermore, 
high-strength concrete can range from 50 to 100 MPa [64], prompting 
an examination of the effects of higher concrete compressive strength, 
such as 75 MPa.

5.2.1. Dilation angle
Changing the angle of dilation from 15 to 55◦ resulted in a 9 % in

crease in bending stiffness and a 4 % increase in load-carrying capacity 
at the serviceability limit (Fig. 12a). Additionally, the segmental deck 

Fig. 11. Effect of the loading point locations.
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modelled with a dilation angle of 55◦ exhibited a 3 % higher initial 
bending stiffness than the one with a dilation angle of 33◦ (S0-FEA). 
However, it is worth noting that the effect of the dilation angle is more 
pronounced in monolithic beams. For instance, in the numerical 
modelling of monolithic concrete beams [60], changing the dilation 
angle from 15 to 55◦ increased the maximum load-carrying capacity 
from 140 to 300 kN. This emphasises that in monolithic beams, where 
the failure mechanism is governed by tension-control mode, the dilation 
angle plays a critical role in model calibration. Conversely, in segmental 
concrete decks where the failure is primarily governed by compression 
in the joint, the effect of the dilation angle is less important.

5.2.2. Concrete compressive strength
Changing the compressive strength of concrete from 37.1 to 75 MPa 

did not affect the segmental deck’s initial stiffness or load-carrying ca
pacity up to an applied load of 12.8 kN (7.9 mm deflection). This sug
gests that the concrete properties do not significantly impact the 
behaviour of the segmental deck as long as the behaviour remains linear. 
This finding aligns with Le et al. [30], who reported similar results with 
internal steel tendons in T-shaped segmental beams. However, at the 
load point of 12.8 kN, the concrete element in the joint crushed (or 
failed), causing a divergence in the curves (Fig. 12b). Lower concrete 
strength resulted in a higher reduction in load-carrying capacity. This 
study focused on the segmental deck’s response to the serviceability 
limit and the failure behaviour in this range was slightly different. While 
6 concrete elements failed in both S43-FEA-37.1 and S43-FEA-50MPa 
models, from the joint to the loading point (equivalent to 60 mm), the 
extent of concrete failure in the S43-FEA-75MPa model was limited to 5 
elements (50 mm). This demonstrates that increasing concrete strength 
can provide slightly more resistance against compression in the joint, 
resulting in an improved response. However, the effect of compressive 
strength when the behaviour of the segmental deck must stay in the 
permitted serviceability range is not significant.

5.3. Mesh size

Although mesh size can be categorised as a FEM model development 
rather than a parametric study; however, Raza et al. [65] demonstrated 
that in monolithic GFRP-reinforced concrete members, a smaller con
crete mesh size showed a higher initial stiffness compared to experi
mental results. Moreover, the smaller mesh size offers improved 
non-linear behaviour within the 2–7 mm deflection range. It is pre
dicted that smaller mesh sizes offer better accuracy, yet in terms of 
optimization, it is more precise to consider the time and material 
consumed to achieve the result and compare it with the accuracy in the 
segmental concrete system. Accordingly, S0-FEA with three different 
concrete mesh sizes (5, 30, and 10 mm, the reference one) was simulated 
and 6 processors were allocated for each model to perform the numerical 

analysis. Accordingly, 30, 10, and 5 mm concrete mesh sizes were 
simulated in 7.48, 39.9, and 470 h, respectively. The reduction in mesh 
size has been shown to increase bending stiffness, similar to monolithic 
concrete members, yet a more significant impact is noted in achieving a 
refined curve with reduced fluctuation. Hence, using a mesh size of at 
least 10 mm is suggested. Although a lower mesh size did not directly 
influence the load-displacement curve, it did enhance the failure 
mechanism and compression between the segments (Fig. 13). However, 
this improvement comes at the expense of a longer duration, which may 
not be practical.

5.4. Level of post-tensioning in the rod

In the experimental program, higher initial prestressing levels were 
challenging to achieve, though post-tensioning did improve perfor
mance. Therefore, FEM was used to evaluate the effect of applying 
higher levels of post-tensioning. Given that the maximum tensile 
strength of the anchor was 328 kN (756.8 MPa), two specimens with 
initial prestressing of 70 and 100 kN load on each rod (161 and 
230 MPa, respectively) were evaluated. These prestressing loads remain 
within 40 % of the ultimate tensile strength of the GFRP rod ACI 440.4 
R-04 [49]. It was observed during the experimental program that the 
axial load in the rod, regardless of the level of post-tensioning, increased 
up to 13 kN within the range of serviceability limits (Fig. 5b). Hence, 
those levels of prestressing will not be problematic for exceeding the 
strength of the end anchor. Increasing the initial prestressing to 161 MPa 
and 230 MPa boosted the initial stiffness, achieving improvements 9 and 
13.5 times greater than those of the hand-tightened experimental 
specimen (S0-EXP). This improvement was both anticipated and 
observed in the experimental stage of the current study, as well as in 
previous studies of post-tensioned segmental beams with steel tendons 
[30] and numerical simulations of CFRP tendons [32]. Comparing the 
two post-tensioned specimens, raising the initial post-tensioning from 
161 MPa (21 % of the anchor’s tensile strength) to 230 MPa (a 42 % 
increase) resulted in a 48 % increase in bending stiffness. This is in line 
with the results of Tran et al. [32], where a 66 % increase in the initial 
prestressing of the CFRP tendons led to a 67 % increase in initial bending 
stiffness. However, the impact on failure behaviour was more pro
nounced, as S100-FEA exhibited behaviour more similar to a monolithic 
beam. The compression crushing from beneath the loading point to the 
joint caused a specimen failure and a subsequent drop in load-carrying 
capacity (Fig. 14). This means a 230 MPa initial prestressing on rods 
improved the bending stiffness and load-carrying capacity in the 
permitted serviceability range; however, due to reduced ductility, the 
specimen failed in a lower deflection. Le et al. [30] observed similar 
behaviour in the failure mechanism of steel tendons, noting a shift from 
yielding the steel tendon to failure due to compression.

Fig. 12. Influence of the concrete properties.
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5.5. Interlock in joint

The interlock effect in joints was investigated in the cases of single 
(Fig. 15a) and multiple interlocks (Fig. 15b). In both scenarios, the 
length of the segments is still 1 m; however, in the joint and at a distance 
of 50 mm between the segments, the interlock system is considered. The 
findings reveal that implementing a single interlock enhances bending 
stiffness by approximately 90 % at a hand-tight level of post-tensioning. 
On the other hand, multiple interlocks do not offer any performance 
enhancement. In the single interlock setup, the top part of the interlock 
provided resistance initially which caused a higher load-carrying ca
pacity but when the interlock failed the behaviour became similar to S0- 
EXP. Although the S0-FEA-SI model exhibited significantly greater ri
gidity than the S0-EXP model, its behaviour approached that of a deck 
without any interlocks as deflection increased. However, at the 
maximum serviceability limit, the applied force was still 20 % higher 
due to the presence of interlock in the bottom part, resisting the joint 
opening (Fig. 15c). It can be concluded that S0-FEA-SI causes 

compression in the top part of the joint and opening along the shear key 
which potentially causes shearing of the key at the joint in a higher 
deflection. This behaviour is observed in the numerical modelling of the 
single shear-key test [66], in which compression failure of the flange was 
the dominant failure mechanism. Conversely in multi-interlock, due to 
the internal rod, using a continuous middle interlock as a shear key with 
a hole is not feasible. As a result, a discontinuous middle interlock leads 
to an inappropriate interlock and very high stress at the interface be
tween the GFRP rod and concrete, causing the shear key (beneath the 
rod) to fail at a deflection of 9 mm.

Given that the interlock system functions by offering additional 
resistance against applied loads, it is crucial to explore its effects with 
post-tensioning and at deflections exceeding the serviceability limit. 
Thus, the specimens were simulated again with an applied load of 21 kN 
on each rod (comparable with S21-EXP) and a deflection of 40 mm 
(Fig. 15d). Applying post-tensioning did not significantly alter the load- 
carrying capacity or failure mechanism of the S21-FEA-SI model, with 
evident compression observed on the top part of the interlock. Although 

Fig. 13. Influence of the mesh size.

Fig. 14. Higher level of post-tensioning.
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the load-carrying capacity slightly improved after a 20 mm deflection 
due to the interlock system, the overall behaviour remained relatively 
consistent. Conversely, the S21-FEA-MI model exhibited high stress on 
the GFRP rod (Fig. 15d), leading to the failure of the concrete element 
surrounding the rod, as well as the top shear key. According to this 
section, the incorporation of the shear key and interlock system, due to 
complexity at construction, presence of the internal GFRP rod, and 
negligible influence on the behaviour of the segmental pontoon deck is 
not recommended.

5.5.1. Number of post-tension rod
Previous studies [29,30,32–34] have demonstrated the beneficial 

impact of the tendon reinforcement ratio on the flexural-shear perfor
mance of segmental concrete beams. Additionally, the influence of the 
internal reinforcement ratio has been examined [18,26]. This section 
evaluates the effect of the internal GFRP rod’s reinforcement ratio 
without post-tensioning. This approach differs from previous studies 
because it involves the absence of initial prestressing in segmental 
beams and the lack of bonding between the rod and concrete, dis
tinguishing it from monolithic constructions. Therefore, the influence of 
the number of GFRP rods on the segmental deck’s performance can be 
evaluated by comparing the S0-FEA model with S0-FEA-3rods (Fig. 16), 
which varies the reinforcement ratio (ρrod) of the GFRP rods by 50 % 
while keeping the effective depth the same in both models.

Fig. 15. Interlock in joint.
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Adding a third GFRP rod in the mid-section did not change the initial 
stiffness of the segmental deck. This is likely due to the absence of initial 
post-tensioning; however, beyond 8 mm of deflection, the load- 
displacement curves begin to diverge. At this point, the concrete at a 
joint in the S0 specimen starts to crash, resulting in a decreased load- 
carrying capacity. In contrast, the concrete in the S0-FEA-3rods spec
imen remains undamaged within the serviceability range. The higher 
reinforcement ratio and reduced spacing between the rods lead to an 
increased load-carrying capacity of 25 % at 13 mm deflection while 
maintaining intact concrete and ensuring more uniform compression 
between the segments. This non-linear relation between the reinforce
ment ratio and capacity is observed by El-Naqeeb et al. [27] as the ratio 
increased by 25 % the capacity increased by 9 %.

5.6. Rod’s depth

GFRP eliminates the need for the conservative 65 mm minimum 
concrete cover over internal reinforcement to prevent corrosion, as 
specified in AS 3600–2018 [44]. This not only adds flexibility to 
GFRP-reinforced concrete design but also provides a chance for further 
investigations into optimisation. For instance, Ebrahimadeh et al. [18]
explored the influence of effective depth on the performance of mono
lithic concrete slabs. Their findings indicated that a 36 % increase in 
effective depth (from 62.5 to 93 mm) enhanced the initial bending 
stiffness and cracking moment by 26 %. The effects of rod arrangement 

have yet to be explored in segmental decks, where there is no bond 
between the concrete and the FRP rods. Consequently, the effective 
depth of the segmental deck was increased to 93 mm from the top 
(Fig. 17a), similar to the approach taken by Ebrahimadeh et al. [18]. In 
contrast to the addition of a third rod, increasing the depth of the rod 
resulted in a 25 % improvement in the initial stiffness, similar to the 
behaviour observed in monolithic slabs. The load-carrying capacity and 
bending moment within the serviceability range also experienced a 
26 % increase. This enhancement can be attributed to the more uniform 
compression between the segments within the joint and a greater 
compression depth, extending beyond the second concrete element 
(Fig. 17b).

5.7. Internal GFRP reinforcement

The joint discontinuity in segmental concrete decks prevents the 
internal reinforcement from significantly contributing to the load- 
bearing capacity, as evidenced by the negligible strain increase in in
ternal reinforcement during testing. Maintaining internal reinforcement 
is crucial for structural integrity and preventing local failures due to 
dynamic impacts, such as debris or small vessel strikes. Initially, the rods 
were positioned mid-depth (62.5 mm from the top). Adjusting the GFRP 
rod’s depth to 93 mm from the top allows optimisation. In the original 
segment, transverse and longitudinal reinforcement ratios were 1 % and 
1.68 %, respectively. This section introduced three other internal 

Fig. 16. Effect of the rod’s reinforcement ratio.

Fig. 17. Effect of the rod’s depth.
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reinforcement scenarios: S0-FEA-SLM features a single layer of GFRP 
rebar at mid-depth, resulting in transverse and longitudinal reinforce
ment ratios of 0.76 % and 1.28 %, respectively. S0-FEA-SLT retains a 
similar setup but positions the GFRP mesh 30 mm from the top, 
providing a concrete cover of 25 mm. Finally, S0-FEA-SLTC includes an 
additional transverse rebar near the joint to assess the impact of the 
additional transverse rebar on the segmental deck’s response.

Changing the reinforcement arrangement did not significantly alter 
the load-carrying capacity of the specimens within the serviceability 
range (Fig. 18a), even with a 24 % reduction in both the transverse and 
longitudinal reinforcement ratios for each segment. This suggests that 
optimizing the internal reinforcement ratio to 0.76 % (using a single 
layer at mid-depth) and compensating with an additional rod could be a 
viable strategy for minimizing GFRP rebar usage, particularly in sce
narios where segmental deck deflection is constrained (e.g., boat 
ramps).

While the analysis did not extend beyond the serviceability range in 
this study, understanding the failure behaviour associated with different 
bar arrangements could be potentially valuable. Hence, further exami
nation of compression in joint and load-carrying capacity in different 
reinforcement scenarios is conducted for S0-FEA-3rods-DL (double 

layer) and S0-FEA-3rods-SLM (single layer in the mid-depth) specimens. 
It has been noted that employing either a double layer or a single layer of 
reinforcement does not significantly alter the load-carrying capacity 
when the concrete undergoes non-linear behaviour. Furthermore, in 
addition to the comparable load-carrying capacity, the bending stress at 
the joint precisely at the moment of failure of the first element in S0- 
FEA-3rods-DL is 2.68 MPa (Fig. 18b), exhibiting just a 3 % difference 
from S0-FEA-3rods-SLM (Fig. 18c). This observation suggests that the 
internal reinforcement can be reduced to optimize the number of in
ternal rods used in the segmental deck. However, further investigation is 
suggested, particularly under dynamic impact loading conditions, to 
ascertain whether altering the reinforcement layer in the segmental deck 
leads to a significant change in the event of local failure.

5.8. Deck’s geometry

Considering the deck is monolithic and joint does not exist, and ac
cording to ACI 440.1 R-15 [50], the cracking moment can be predicted 

by (0.62λ
̅̅̅
fʹc

√
Ig

yt
) where (fʹc), (Ig), and (yt) are concrete compressive strength, 

the gross moment of inertia, and the distance from the centroidal axis of 

Fig. 18. Effect of the internal rebar arrangement.
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the gross section, respectively. λ is the reduction factor for lightweight 
concrete which is not applicable in this current study. Moreover, in the 
equation provided, the effect of the internal reinforcement (in this case 
GFRP rod) is ignored. Accordingly, by having the same cross-sectional 
area and increased moment of inertia the possibility of improving the 
cracking moment by utilising the same amount of material provides 
further optimisation. Accordingly, the original specimen with a rectan
gular cross-sectional area has Ig of 9.76E07 mm4 and 
S0-FEA-3rods-Tshape, with the same area having a gross moment of 
inertia of 2.65E08 mm4. Hence, if the monolithic GFRP-reinforced 
concrete beam is tested under these scenarios the cracking load of 
rectangular should be 63 % lower than the T-shape. Knowing this 
background, the T-shape sample is created (Fig. 19a) and compared with 
the reference sample with a hand-tight initial post-tensioning.

The results indicate that in the T-shape deck where the load was 
applied, high compression stress in concrete at the joint is observed 
showing increasing the depth causes a higher resistance and better load 

transfer (Fig. 19b). Furthermore, the initial bending stiffness and the 
cracking moment at 13 mm deflection in the T-shaped segmental beam 
were 45 % higher than those in the rectangular concrete deck. However, 
the prediction equation estimated a higher improvement (176 %). This 
observation suggests that, unlike monolithic concrete beams, the 
segmental deck, which exhibits an opening of the joint at the bottom and 
compression at the top, displayed a lower improvement in its flexural 
strength.

5.9. Modified design

Based on the results of a numerical parametric study, a modified 
segmental deck design is proposed (Table 5). The design features a 
concrete compressive strength of 50 MPa, a T-shape cross-sectional area, 
and incorporates 3 internal GFRP rods. The total initial post-tensioning 
force is set at 100 kN, with 33.3 kN applied to each rod. While it is 
theoretically possible to apply a higher level of post-tensioning 

Fig. 19. Deck’s depth influence.
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numerically, practical constraints observed during the experimental 
program indicate that applying a post-tensioning force exceeding 35 kN 
on each rod using a wrench is challenging to achieve.

The initial bending stiffness of the S33-FEA-Mod closely matched 
that of the S43-EXP, with concrete initially crushing under an 8 kN load, 
which is attributed to the almost similar level of initial prestressing 
(Fig. 20). At this point, two concrete elements near the joint experienced 
compression, indicating a neutral depth of approximately 10–20 mm 
from the top fibre. After concrete crushing in the top flange, subsequent 
behaviour demonstrated nonlinear characteristics, with a steeper slope 
(nonlinear stiffness) than S43-EXP, leading to a 79 % higher load- 
carrying capacity within a serviceability range of 13 mm. This 
improvement is attributed to a higher gross moment of inertia and the 
arrangement of GFRP rods, with the tensioned rod at a greater depth 
contributing to increased load capacity. Placing a rod at a greater depth 
introduces a resistance moment (Af (ff + ffe)e) due to the eccentricity 

from the centroid, as illustrated in (Fig. 19a). In the mentioned equation 
eccentricity is 100 mm the initial prestressing is 33 kN and the load level 
before joint opening varies from 0 to 5 kN (Fig. 5b), in the range of joint 
opening. Considering a cross-sectional area is homogeneous and the 
joint is still closed right after using the load (ff is equal to zero), the 
elastic curve can be captured by (Eq. 4), where the first term accounts for 
the load applied, and the second term represents the effect of the 
resistance moment at the end anchorage. 
(

px
1.789(EI)eq

(

1.9875 − x2
))

−

(
647x
(EI)eq

(

5.78 − 5.1x+ x2
))

(4) 

(
px

2.233
̅̅̅̅

fʹc
√

(

1.9875 − x2

))

−

(
518x
̅̅̅̅

fʹc
√

(

5.78 − 5.1x+ x2

))

(5) 

The two top rods, having a negligible eccentricity of 5 mm, are close 

Table 5 
Summary of the study’s results.

Specimen f’
c 

(MPa)
ddeck 

(mm)
drod 

(mm)
ρrod 

(%)
fpt 

(MPa)
Further description Kel (kN/ 

mm)
F13 mm 

(kN)
M13 mm (kN. 
m)

S0-EXP 37 125 62.5 2.2 0 - 0.33 4.96 2.2
S21-EXP 37 125 62.5 2.2 48.4 - 1.26 11.5 4.8
S32-EXP 37 125 62.5 2.2 73.8 - 2.48 16.4 6.8
S43-EXP 37 125 62.5 2.2 99.1 - 2.93 19.8 8.3
S0-FEA 37 125 62.5 2.2 0 - 0.6 7.9 3.2
S43-FEA 37 125 62.5 2.2 99.1 - 2.63 17.6 7.3
S43-FEA-L0 37 125 62.5 2.2 99.1 Load on the joint (a/drod: 14.4) 1.14 11.3 5.4
S43-FEA- L750 37 125 62.5 2.2 99.1 Load 750 mm from the joint (a/drod: 2.4) 61.5 198 27.1
S0-FEA-Dil15 37 125 62.5 2.2 99.1 Dilation angle 15◦ 0.31 4.8 2.13
S0-FEA-Dil55 37 125 62.5 2.2 99.1 Dilation angle 55◦ 0.34 5.01 2.2
S43-FEA− 50MPA 50 125 62.5 2.2 99.1 - 2.61 18.5 7.6
S43-FEA− 75MPa 75 125 62.5 2.2 99.1 - 2.63 19.8 8.2
S70-FEA 37 125 62.5 2.2 161.5 - 3 29.2 12.1
S100-FEA 37 125 62.5 2.2 230.7 - 4.46 - -
S0-FEA-SI 37 125 62.5 2.2 0 Single interlock 0.63 6.06 2.67
S0-FEA-MI 37 125 62.5 2.2 0 Multiple interlocks 0.33 - -
S0-FEA− 3rods 37 125 62.5 3.3 0 Adding a rod in the mid-section 0.32 5.98 2.65
S0- 
FEA− 3rods− 93

37 125 93.5 3.3 0 Effective depth: 102.5 mm 0.4 7.8 3.45

S0-FEA-SLM 37 125 93.5 3.3 0 Single layer with 62.5 mm depth 0.4 7.27 3.21
S0-FEA-SLT 37 125 93.5 3.3 0 Single layer with 30 mm depth 0.4 7.24 3.2
S0-FEA-SLTC 37 125 93.5 3.3 0 Single layer with 25 mm depth and additional rebar 

near the joint
0.4 7.2 3.18

S0-FEA-Tshape 37 250 175 1.84 0 - 0.58 10.5 4.63
S33-FEA-Mod 50 250 175 1.84 80 Modified design 2.96 35.6 15.69

Fig. 20. Modified design.
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enough to the centroid that their eccentricity can be disregarded in the 
calculation. By ignoring the presence of the GFRP rod and using an 
equation of ACI 318–08 [67] for concrete Modulus of elasticity, the 
equation can be rewritten in the form of (Eq. 5). However, as soon as the 
joint opens the curve of the segmental deck changes into a bilinear shape 
with a sharp turning point at the joint.

By continuing the loading, at an applied load of 60 kN and 28 mm 
deflection, the concrete surrounding the bottom rod in the web was 
crushed due to high compression stress from the GFRP rod. Additionally, 
at the ultimate stage, the internal rods experienced interlaminar shear 
on the upper surface. In contrast, the bottom rod endured 46 % higher 
tensile stress than the upper rods, owing to its greater depth. Accord
ingly, it can be mentioned the failure mechanism of the T-shape 
segmental post-tensioned concrete deck with an internal GFRP rod 
initiated the compression of the joint in the top part, followed by 
compression of the concrete around the rod with a higher depth and led 
to the interlaminar shear of the rods.

If the proposed segmental deck is intended to function as a pontoon 
deck, its length would need to vary according to the design criteria for 
floating walkways and pontoons DTMR-2015 [41], which depends on 
the specific project requirements. To test the feasibility of this design, a 
third segment was added to the S33-FEA-Mod, increasing the total 
length of the segmental deck by 50 %. A similar load was then applied 
close to the joint of this extended deck (Fig. 21). The results indicate that 
extending the segmental deck by adding a third segment reduced initial 
stiffness and load-carrying capacity within the serviceability range. 
Specifically, the initial stiffness decreased to 1.38 kN/mm, representing 
a 53 % reduction, and the load-carrying capacity in the serviceability 
range dropped to 11.2 kN, a 65 % reduction. This means a 50 % increase 
in the length led to a 53 % decrease in the flexural performance in the 
elastic range but as the concrete entered the non-linear stage the 
reduction increased to 65 %. Beyond the serviceability range, the failure 
mechanism was primarily governed by compression at the joint’s top. 
Despite these changes, the behaviour beyond the serviceability range 
showed no evidence of concrete crushing around the rod or interlaminar 
shear, as indicated by the absence of a drop in load-carrying capacity. 
This suggests that increasing the number of segments shifts the behav
iour from flexural-shear to flexural, resulting in lower stiffness due to a 
higher span-to-depth ratio. The results show that adding a segment to 
the system and increasing the length of the segmental deck by 50 % 
necessitates a 66 % increase in tension on each rod to maintain the same 
behaviour within the serviceability range. Beyond this range, adding 

segments leads to increased concrete compression in the joint and 
reduced susceptibility to interlaminar shear. However, prestressing 
makes the failure concentrated between the joint and the loading point. 
Ultimately, the final failure is governed by the compressive crushing of 
concrete near the bottom rod.

6. Analytical evaluation

In monolithic reinforced concrete beams, the shear force is trans
mitted through the uncracked concrete in the compression zone, the 
interlocking action of aggregates across cracks, dowel action from lon
gitudinal reinforcement, and arch action. In segmental concrete decks, 
particularly those reinforced with unbonded GFRP rods, the primary 
mechanisms shift to the uncrushed concrete and aggregate interlock 
within the compression zone of the joint, extending from the joint to the 
loading point. Increasing the initial prestressing causes a higher 
compression depth which provides a bigger compression zone in the 
joint. The unbonded internal GFRP rods provide the dowel action, as 
internal reinforcement does not contribute to shear resistance. Arch 
action is significant when the load is near the support and away from the 
joint, though its effect is negligible under critical loading near the joint. 
In addition to these, the shear failure mechanism of the monolithic 
beams is typically considered to be shear-compression or diagonal ten
sion failure. However, the failure mechanism of the concrete segmental 
deck can be summarized in the compression of the joint and interlaminar 
shear failure of the GFRP rod. Given these distinctions, there is a need to 
reevaluate existing predictive equations to better estimate the shear 
strength of segmental GFRP-reinforced concrete decks.

The shear resistance of the hand-tight monolithic concrete beam can 

be evaluated from the equations provided in ACI 440.1 R-15 (2
5

̅̅̅̅

fʹc
√

bwkd) 
[50]; Using this equation for the segmental concrete deck, however, will 
result in an overestimation. The equation provided in ACI 440.4 R-04 

(0.17
̅̅̅̅

fʹc
√

bwd) [49], can be used for the monolithic prestressing mem
bers. It should be mentioned to all members that the stirrups were not 
utilised, and the shear resistance is primarily dependent on the shear 
resistance of the concrete, Vc. On the other hand, AASHTO-2003 [68]
provided an equation for estimating the shear capacity of the joint in a 
prestressed concrete segmental bridge with an external steel tendon 

(Ak

̅̅̅̅

fʹc
√

(12 + 0.017σn) + 0.6Asmσn) [68]. This equation is in imperial 
units that must be translated into the SI unit. It is to be noted that the 

Fig. 21. Load-displacement in longer length.
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experimental value is the maximum load-carrying capacity achieved 
during the test in which the concrete is crushed completely.

Among the codes used to predict the shear strength of the hand-tight 
specimen (S0-EXP), ACI 440.1 R-15 [50] proved the most accurate (with 
an error of 8.9 %). This accuracy is largely attributed to the inclusion of 
the ratio of the depth of the neutral axis to the reinforcement depth 

(
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2ρf nf + (ρf nf )
2

√

− ρf nf ) [50] in the equation, effectively considering 
the impact of the GFRP rod reinforcement ratio, the concrete’s 
compressive strength, and the modulus of elasticity of the GFRP rod by 
having nf (

Ef
Ec

). In contrast, ACI 440.4 R-04 [49] and AASHTO-2003 [68]
tend to overestimate the shear strength of the segmental concrete deck 
for differing reasons. ACI 440.4 R-04 uses an equation designed for 
monolithic pre-stressed concrete sections with FRP tendons, which does 
not account for the joint-related reductions in load-bearing capacity 
caused by joint opening and stress concentrations. Moreover, ACI 440.4 
R-04 [49] assumes the shear transfers through the concrete, therefore 
the effect of the prestressing (when the stirrups are not used) is not 
considered. However, the error is reduced with the increase in pre
stressing level, which shows that the behaviour of post-tensioned 
segmental decks is becoming similar to the monolithic section. Mean
while, AASHTO-2003 [68] presupposes using external steel tendons for 
post-tensioning in segmental slabs and assumes the presence of a shear 
key between segments, which was not the case for segmental pontoon 
decks. By substituting the compression depth of the specimen (c) instead 
of the depth of the rod in the equation provided by ACI 440.4 R-04 [49], 
using (Eq. 6), the resulting strength (Table 6) closely matches the load 
corresponding to the opening of the joint, approximately 0.3 mm 
(Fig. 5c). This alignment suggests the initiation of concrete crush 
observed in the experimental setup. It needs to be mentioned in the 
proposed equation, that n is the number of rods (in this set of samples is 
equal to 2), and this might be limited to the segmental system with a 
rectangular cross-sectional area under the three-point loading and the 
influence of the environmental factors impose changes. Moreover, it has 
been assumed that rods located under tension and the possible presence 
of the pre-tensioned rods in compression have been ignored. 

8
17

k

(
nAf

(
ff + ffe

)

̅̅̅̅

fʹc
√

β1

)

(6) 

7. Conclusion

This study investigates the behaviour of post-tensioned segmental 
decks reinforced exclusively with non-corrosive GFRP rebar and rods. 
Finite element analysis was conducted alongside a parametric study to 
optimise the concrete pontoon deck design and manufacturing process 
and to provide design guidelines. Additionally, an analytical evaluation 
of the capacity of the segmental pontoon decks following code predic
tion equations was performed. The segmental deck has great potential 
for many maritime structures including pontoon decks and boating 
infrastructure as it is easy to assemble, non-corrosive, capable of 

replacement, and easy to handle, making it a cost-effective solution for 
onshore marine infrastructures. The key findings from this work are the 
following: 

• Post-tensioning the GFRP rod connecting the concrete segments 
significantly reduces self-weight deflection and increases initial 
stiffness and load-carrying capacity within the serviceability range 
because of the joint’s low rotation and increase in the depth of 
concrete in compression.

• Post-tensioning leads to a more uniform stress distribution along the 
GFRP rod and reduces strain at the joint eliminating interlaminar 
shear failure. The discontinuity of the segments because of the joint 
causes an almost zero contribution of the internal GFRP 
reinforcement.

• The joint is the weakest part of the segmental pontoon deck system. 
Failure of the segments occurred in this location involving concrete 
crushing at the top, followed by interlaminar shear failure of the 
GFRP rod for systems with low levels of post-tension.

• A well-defined numerical model can accurately predict the post- 
tension segmental concrete deck behaviour, with the most signifi
cant performance factors being the level of post-tensioning, deck 
geometry, rod depth and number, while concrete compressive 
strength and dilation angle are less influential.

• Existing codes designed for segmental decks with steel tendons or 
monolithic prestressed members tend to overestimate the capacity of 
segmental concrete decks. A slight modification to the ACI 440.4 R- 
04 equation accounting for the compression depth of the joint 
instead of the rods’ depth can provide a more accurate estimation of 
concrete crushing at the joint.

The joint cracking, and GFRP rod/concrete interaction at the joint 
governed the shear response of the segmental deck, hence, extra inves
tigation, especially the fatigue behaviour and concrete cracking mech
anism needs to be further explored.
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Table 6 
Theoretical evaluation.

Specimen Guideline Experiment 
(kN)

Predicted 
(kN)

Error 
(%)

Compression depth (mm) Strength based on (ACI 440.4 R-04)

S0-EXP ACI 440.1 R− 15 26.7 24.3 8.9 8.92 5.5
ACI 440.4 R− 04 38.8 45.3
AASHTO 2003 32.26 20.8

S21-EXP ACI 440.4 R− 04 27.6 38.8 40.5 11.33 7
AASHTO 2003 41.6 50.7

S32-EXP ACI 440.4 R− 04 30.68 38.8 26.4 12.23 7.6
AASHTO 2003 45.3 47.6

S43-EXP ACI 440.4 R− 04 31.1 38.8 24.7 13.14 8.2
AASHTO 2003 49.3 58.5
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