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Large-scale pontoon decks with edge cutouts were tested and the effect of diagonal reinforcements, arrangement
of bars, and reinforcement-grid space size was investigated. The generated experimental data demonstrated the
enhancement in the pre-cracking torsional behavior provided by diagonal reinforcement in double-layered
reinforcement. Meanwhile, a further improvement in the reinforcement design with a denser grid spacing of
100 mm in double-layer mesh exhibited 137 % higher post-cracking torsional rigidity than that of the deck with a

250 mm grid spacing reinforcement. The former deck presented similar torsional behavior as the double-layered
reinforced solid deck. The cracking torque and post-cracking torsional behavior of the pontoon decks can be
accurately predicted with the introduced equations with consideration of the effective width related to the
contribution of diagonal bars and considering the contribution of longitudinal GFRP bars, respectively.

1. Introduction

In maritime infrastructures elements, such as pontoon decks,
torsional loading is normally caused by wave loading and/or by wave
impact acting unevenly on different sides of the deck. If the deck is not
designed properly, the twists result in inclined torsional cracks in the
deck at a very early age, which allows moisture to penetrate and causes
steel reinforcement to corrode. Fig. 1 presents the pontoon in wave ac-
tion (from right side), torsional cracks and consequent reinforcement
corrosion. Pursuing long-term endurance [1] and reduced maintenance
costs, engineers are now interested in reinforcing pontoon decks with
glass fiber-reinforced polymer (GFRP) bars. While the behavior of con-
crete structures reinforced with GFRP bars in flexure [2-6], shear [7,8],
and compression [9,10] have been widely investigated, the under-
standing of their behavior under torsion is limited. Moreover, due to the
inadequate experimental databases [11], most FRP-RC codes or design
guidelines [12-14] in the world do not contain the provisions governing
torsional design. Indeed, the Canadian Standards Association (CSA
S806) standard [12] only covers the torsional design of beams. As
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composite bars are now extensively used in concrete planks [4,15] and
suspended flooring systems [16,17], there is a need to investigate their
torsional behavior for effective and safe design.

Most of the reported works on torsional behavior have focused on
steel-reinforced concrete beams. These studies have highlighted that the
torsional strength and failure mechanism of RC structures under torsion
are affected by concrete compressive strength, member geometry,
depth-to-width ratio, concrete cover, and the relative amount of rein-
forcement in both directions [18-26]. Failure of beam under torsion
manifest from brittle failure, ductile failure and clashing of concrete
compressive struts depending on the amount of reinforcement [23,27].
Ibrahim et al. [21] found that the failure of the beams with thick con-
crete cover was controlled by concrete spalling and that the ultimate
capacity of these beams was essentially equal to their initial crack. Some
researchers experimentally compared the torsional behavior between
steel reinforced beams and GFRP-RC beams [28,29]. Though
GFRP-reinforced beams match steel’s cracking torque and torsional
strength, they exhibit larger deflections and cracks due to GFRP’s lower
Young’s modulus. Unlike ductile steel, GFRP’s brittleness requires
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Fig. 1. Pontoon in wave action, torsional cracks and reinforcement corrosion.

careful assessment in torsional actions for GFRP-RC structures. Yang
et al. [30] experimentally investigated the torsional performance of
designed GFRP-RC decks and concluded that the post-cracking torsional
rigidity of the tested decks was comparable to steel-reinforced isotropic
concrete slabs [31] and beams fully reinforced with GFRP bars [32].
Given compelling evidence showcasing the benefits of higher GFRP
reinforcement ratios in enhancing structural performance of GFRP-RC
planks [4,7,15], it becomes imperative to investigate strategies for
achieving enhanced torsional performance in GFRP-RC decks by stra-
tegically arranging the reinforcements.

As an edge cutout is a compulsory design in pontoon decks for pile
accommodation purpose [33], Yang et al. [30] assessed the torsional
behavior of GFRP-RC pontoon decks with edge cutouts and determined
the edge cutout led to 17 % lower cracking torque and 50 % lower
post-cracking torsional rigidity than those of the double layer reinforced
solid decks. That is because the cutout reduced the torsional constant J
in the deck’s midspan and cut off some longitudinal reinforcement bars,
making them not contributing to the torsional resistance. Other re-
searchers observed the similar findings related to the negative effect of
openings on the structural performance of slabs and beams [34-39].
Furthermore, they used FRP materials attached on the concrete surface
or embedded in the concrete around the cutout for enhancement and
achieved significant improvement in structural performance. The
enhancement measure of embedded diagonal GFRP bars were selected
herein and the actual performance of it under torsion should be practi-
cally investigated.

In summary, reinforced concrete (RC) pontoon decks are subjected to
pure torsion caused by wave loading in marine environments, but the
knowledge of their torsional behavior is limited. Moreover, edge cutouts
negatively impact the structural performance of RC pontoon decks
under torsion. Embedding diagonal GFRP bars could be a promising
solution to mitigate this effect. This paper presents an experimental
investigation of the torsional behavior of eight large-scale GFRP-RC
pontoon decks. A design of diagonal reinforcement around the edge
cutouts was proposed for enhancement. It was assessed together with
other parameters: bar arrangement and grid space size on the failure
mechanism, cracking torque, pre-cracking and post-cracking torsional
rigidity, and post-cracking torsional strength. The applicability of ACI
318-14 (ACI 2014) provisions in predicting the cracking torque was
evaluated by considering the effective width of the pontoon decks. Post-
cracking torsional behavior was also predicted with a simple equation.
The research findings and experimental datasets have contributed to a
better understanding of the behavior of GFRP-RC pontoon decks sub-
jected to torsion.
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2. Experimental program
2.1. Materials

The pontoon decks tested in this study were reinforced with square-
grid reinforcement mesh consisting of sand-coasted high-modulus Grade
III (#3) GFRP bars [40] (see Fig. 2(a)), with a nominal diameter of
10 mm. These bars were pultruded with unidirectional yarns of glass
fibers impregnated with vinyl-ester resin, and their surface was
sand-coated to enhance the bond strength with the surrounding con-
crete. These are the same GFRP bars used by Benmokrane et al. [41];
Table 1 provides their mechanical and physical properties. The concrete
mix followed the provisions in MRTS70 [42], and the cast concrete was
class S50 strength grade to meet the durability requirement for classi-
fication C2 in marine environments. The average concrete strength f'c
obtained from the compression testing of concrete cylinders (see Fig. 2
(b)) after 28 days is provided in Table 2 with the standard deviation in
brackets. The pontoon design can benefit from deploying GFRP rein-
forcement by adapting the minimum 25 mm concrete cover for rein-
forcement protection, as suggested by Basaran and Kalkan [43], since
this thickness has been found to not significantly affect the bond
strength between the GFRP bars and concrete.

2.2. Specimen details

Pontoon decks reinforced with double layer of GFRP bars—with and
without edge cutouts—were first designed. Afterwards, test parameters,
including bar arrangement, grid space, and diagonal reinforcement,
were applied in the design of the other specimens, as listed in Table 2.
Dimension of the decks and reinforcement details were drawn in Fig. 3.
It is noteworthy that the dimension of the edge cutout is selected by
following Design Criteria for Floating Walkways and Pontoons [33]. As
shown in Fig. 3, the first set of diagonal bars (650 mm long) were tied to
the longitudinal bars at a 45° incline to the longitudinal axis and 25 mm
offset from the edge cutout. The second set diagonal bars (850 mm long)
were offset 100 mm from the first bars. The specimens were designated
with a letter G—indicating sand-coated GFRP bars—followed by the
reinforcement grid space in mm (150, 250, or 100); bar arrangement (L1
for single layered and L2 for double layered); geometry design/presence
of diagonal reinforcement (S for solid, C for cutout without diagonal
bars, D for cutout with single diagonal bars, DD for cutout with double
diagonal bars); and T for torsion. For example, G100L2DDT is a deck
with an edge cutout and is reinforced with a double layer of 100 mm
square grid GFRP mesh and double diagonal reinforcement bars around
the edge cutout in each layer of mesh. Decks G250L2CT, G150L1ST, and
G250L2ST were set as references to evaluate the effect of diagonal bars,
bar arrangement, and grid space, respectively.

2.3. Test setup and instrumentation

The pure torsion test was conducted in the mechanical test labora-
tory of the Centre for Future Materials at the University of Southern
Queensland. The applied test setup was adapted with modifications from
the test setup used by Derkowski and Surma [45]. Fig. 4 presents the
photo of actual test setup in the laboratory. The specimen was totally
fixed in the passive end by the passive support while the active end of the
deck was free to spin around the pivot just below the deck. The
center-to-center distance from active support to passive support was
2 m. More details about the supports were presented in the authors’
previous publication [30]. Wave action is simplified as a torque applied
at the ends of the decks which was generated by applying a load
perpendicular to the spread beam using a 500 kN electrohydraulic jack
with a 500 mm eccentricity. The load was applied in a
displacement-control mode in a rate of 30 mm/min. A spherical hinge
connected the load cell with the loading foot, ensuring the load foot was
constantly perpendicularly pressing the spread beam of active end.
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(a) Sand-coated GFRP bar

(b) Compression test.

Fig. 2. GFRP bar and concrete cylinder compression test.

Table 1
Physical and mechanical properties of the GFRP bars [30,41].
Properties of #3 GFRP bar Test method Values
Nominal bar diameter (mm) CSA S807 [12] 10
Nominal bar area (mm?) CSA $807 [12] 71
Ultimate tensile strength, f,, (MPa) ASTM D7205/ 1315
D7205M—21 [44]
Modulus of elasticity, Egrrp (GPa) ASTM D7205/ 62.5
D7205M—21 [44]
Ultimate strain, €, (%) ASTM D7205/ 2.3
D7205M—21 [44]
Shear modulus, G, (GPa) [30] 1.37
Table 2
Test matrix.
Identifier Ave fc Grid Bar Geometry  Diagonal
(MPa) space arrangement reinforcement
(mm)
G150L1DDT  76.8(6.4) 150 Single layer Cutout Double bars
G250L2DDT 250 Double layer ~ Cutout Double bars
G100L2DDT 100 Double layer ~ Cutout Double bars
G150L1DT 150 Single layer Cutout Single bar
G250L2DT 250 Double layer ~ Cutout Single bar
G150L1ST 150 Single layer Solid N/A
G250L2ST 250 Double layer  Solid N/A
G250L2CT 250 Double layer ~ Cutout No

Displacement of the load point was recorded by the linear variable
displacement transducer (LVDT) and a laser displacement sensor (LDS),
as noted in Fig. 4. The LDS data was latter used to verify the LVDT data.
Strains in the longitudinal and diagonal bars, as well as concrete were
measured with 6 mm long electrical resistance strain gauges at the lo-
cations marked green in Fig. 3. During the test, a digital-image corre-
lation (DIC) system was used to monitor deflection of the decks over the
length of the loaded side by tracing the trajectories of the cross-marks
drawn on the monitored surface in a 2D coordinate system. Only ver-
tical deflections were collected for further analysis as the movement in
other directions caused by concrete distortion were too small to be
considered. Tests were stopped until cracks about 6 to 10 mm wide
occurred in the concrete deck or until the deflection at the load point
approached the maximum stroke of 85 mm.

3. Results and observation
3.1. Crack propagation

Fig. 5 shows the crack propagation in the GFRP-reinforced concrete
deck along with the increase in torsional load and the crack pattern
generated at the edge cutout at the end of the test. The initial cracks
(marked in red) in most decks with edge cutouts—with the exception of
G250L2DT—initiated from the corner of the edge cutout and extended
toward the passive end at an inclined angle relative to the longitudinal
axis, as shown in Fig. 5(a, b, ¢ d, and h). For solid decks, the first crack
appeared near the active end at loads of 64.7 kN (G150L1ST) and
66.1 kN (G250L2ST), the highest among all decks. Conversely,
G250L2CT had the lowest cracking strength of 54.4 kN due to the nar-
rowed mid-span width, as was explained by Yang et al. [30]. Decks with
diagonal reinforcement around the edge cutout (e.g., G150L1DDT,
G250L2DDT) exhibited higher cracking strengths, with G250L2DDT and
G100L2DDT reaching 64.5kN and 61.8 kN, respectively, nearly
matching the solid decks. This indicates the positive impact of diagonal
reinforcement on enhancing crack resistance at the edge cutouts.

Following initial cracks, additional torsional cracks formed near the
deck edges at inclined angels, with existing cracks widening. Similar
crack patterns appeared on the bottom surface, mirrored about the
transvers midline. Marti et al. [46] reported the similar observations in
steel-reinforced concrete slabs under torsion, although with denser
crack spacing due to higher transverse reinforcement. In the decks with
an edge cutout, cracks concentrated along the cutouts due to induced
stress, promoting further cracking, as indicated in many studies [36,37,
39]. Notably, the edge cutout developed a significant horizontal shear
crack toward the deck center (see Fig. 5. a, b, ¢, d, e, and h). The diagonal
reinforcement design aimed to control torsional and shear cracks around
the edge cutout area.

Fig. 6 provides video captures of cracking propagation at torsional
loads of 70, 90, and 110 kN in the eight tested decks. The loads were
selected because all specimens reached them within the post-cracking
stage. Comparing G250L2DT to G250L2CT revealed that the single di-
agonal bar could restrain the shear crack at 70 kN, slightly above the
concrete cracking strength. However, at 90 kN, both decks exhibited
similar crack widths, indicating limited effectiveness of a single diagonal
bar in the post-cracking stage. In contrast, double diagonal bars in deck
G250L2DDT effectively restricted shear crack width throughout the test
(see Fig. 6, c). Similarly, G150L1DDT, with double diagonal bars,
avoided the wide torsional cracks seen in G150L1DT. Double diagonal
bars enhanced crack control by increasing the contact surface with the
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Fig. 3. Design details of tested decks.

Structures 69 (2024) 107438



X. Yang et al.

| L
Hydraulic jack

Structures 69 (2024) 107438

9

Fig. 4. Details of setup and close in post-test photo.

concrete, impeding crack opening. Despite this, crack openings widened
rapidly after initial cracks, as diagonal bars covered a small deck area
and didn’t significantly enhance torsional rigidity. Most decks with
cutouts, except G100L2DDT, failed due to wide shear cracks. For
example, G250L2CT nearly separated due to a horizontal shear crack at
the cutout corner. The diagonal bars did not change the failure mode,
but they delayed the crack widening.

In solid decks, G150L1ST failed due to significant torsional crack
width and deformation, indicating serviceability loss. Conversely, the
most densely reinforced deck, G100L2DDT, showed minimal shear crack
width and length, highlighting the effectiveness of a dense grid space
(100 mm) and double diagonal bars in restraining crack growth and
minimizing twist deformation. No failures were observed in G250L2ST
and G100L2DDT; only minor cracks appeared, with torsional force
steadily increasing. Yang et al. [30] noted similar crack propagation in
solid decks and RC beams reinforced with longitudinal GFRP bars and
spaced GFRP stirrups under torsion, where failure was slow and gradual
[28]. Furthermore, the research explained that the double meshes pro-
tected the concrete core from serious splitting and provided extra
torsional resistance. The decks with a cutout failed similarly to GFRP-RC
beams with only longitudinal reinforcement: concrete splitting failure
[32].

3.2. Deflection measurements along the length of decks

The deflection measurements recorded using the DIC along the
length of the tested decks at the first cracking load, 70 kN, 90 kN,
110 kN and the maximum applied load are presented in Fig. 7. The
initial deflection curves showed a nearly linear trend, indicating the
linear elastic behavior of the concrete. After the first crack, deflections
increased significantly with minor load changes. Shear cracks appeared
on the monitored side, causing a rapid increase in the deflection curve’s
gradient (), indicating local stiffness degradation. For example,
G150L1DDT (Fig. 7. (a)) showed gradient changes at 89.3 kN at 250 mm
and 850 mm from the passive end, coinciding with shear crack locations
demonstrated in Fig. 7(j). Ultimately, all the decks resulted in nonlinear
profiles as the cracks made the decks discontinuous concrete media
linked by the GFRP bars.

The deflection curves helped determine the crack width by
measuring changes in gradient |Atan «| between three adjacent points,
positively correlating with shear-crack width. At 70 kN, G150L1DDT’s
widest crack occurred at 1550 mm from the passive end with |Atan o of
0.025, while G150L1DT had a similar crack with a maximum |Atan «| of
0.026 at 1450 mm. G250L2DDT had a maximum |Atan a| of 0.019 at
1950 mm, and G250L2DT had about 0.013 at 1050 mm. Accordingly,
double-layered decks with diagonal bars, G250L2DDT and G250L2DT,

exhibited narrower shear cracks than their single-layered counterparts
on the continuous side. Manalo et al. [4] observed similar results in
GFRP-reinforced boat-ramp planks, noting narrower shear cracks in
double-layered planks. At a higher load of 90 kN, G250L2DT exhibited a
crack (|Atan a| = 0.030 at 1050 mm) similar to that in double diagonal
bars reinforced G250L2DDT (|Atan «| = 0.032 at 750 mm). These crack
widths were nearly half of the cracks generated in G250L2CT, in which
the maximum |Atan o| was 0.024 at 70 kN and 0.056 at 90 kN, both at
2050 mm. This means that the diagonal bars on the discontinuous side
not only limited crack expansion near the cutout but also affected crack
growth on the continuous side. The findings indicate that double-layer
reinforcement provides better crack control and structural integrity
under torsional loads.

In the single-layered reinforced solid deck G150L1ST, crack
widening reached a maximum |Atan a| of 0.060 at a maximum load of
126.5 kN. The most densely reinforced specimen (G100L2DDT) and the
double-layered reinforced solid deck (G250L2ST) exhibited the nar-
rowest shear cracks on the continuous side. At 70 kN, both G100L2DDT
and G250L2ST had a maximum |Atan «| of 0.005, demonstrating the
effectiveness of the dense reinforcement in controlling cracks. More-
over, at 110 kN, G100L2DDT had a crack width with | Atan o] of 0.019 at
1350 mm, while G250L2ST had a crack width with |Atan a| of 0.041 at
850 mm. G100L2DDT’s crack growth on the continuous side was the
slowest among all the tested decks. The design involving double-layered
mesh, dense grid spacing, and double diagonal reinforcement bars
enabled decks with edge cutouts to achieve crack control comparable to
solid decks. Wide shear cracks indicate local stiffness degradation;
therefore, an effective design can mitigate this degradation caused by
concrete cracking.

3.3. Torque-twist response

Fig. 8 shows the torque-twist response of the pontoon decks tested
under pure torsion. The general torsional behavior curves of the GFRP-
RC decks are similar to the GFRP-RC beams tested by Deifalla et al. [29],
Mohamed and Benmokrane [32], Hadhood et al. [47]. The torsion test
was stopped between 0.07 rad/m and 0.09 rad/m, as significantly wide
cracks (around 6 to 10 mm in width) were observed within this range.
The fluctuation in the pre-cracking torque-twist curves (Fig. 8. (a))
caused by the vibration movement of the test machine loading head was
quite obvious when the applied torque was over 20 kN-m and
approaching the cracking torque. Therefore, the experimental
pre-cracking torsional rigidity (GJ)crexpy Was taken by regression
equation for the initial part of the curves before 20 kN-m. The general
slope of the curve between the first crack torque and maximum torque
was used to estimate the experimental post-cracking torsional rigidity
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Fig. 5. Crack propagation schematic diagram and actual photos.

like that of the previous works [30-32]. The torsional rigidity decreased
by about 95 % to 98 % after cracking occurred, indicating that most of
the concrete was damaged at this point and would not be able to resist
any applied torsion. The rigidity reduction after cracking was more
significant when compared to that of the L-shaped GFRP-reinforced
concrete beams tested by Deifalla et al. [29] (about 56 % to 73 %

reduction). That is probably due to the different dimensions of the
structure and enclosed stirrups in the beams. Table 3 presents all the test
results. The post-cracking torque strength at ¢ = 0.07 rad/m, —i.e.,
T4—0.07 in each specimen—was selected as the two single-layered rein-
forced decks (G150L1DT and G150L1DDT) only reached this level when
the test was stopped.
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Table 3
Experimental results and prediction.
Specimen Ter (exp) Ter (prey Ger Omax (GIer (expy (GJ)post (exp) (GJ)post (pre) T$p—0.07 (exp) Tp—0.07 (pre)
(kN-m) (kN-m) (rad/m) (rad/m) (kN-m?) (kN-m?) (kN-m) (kN-m) (kN-m)
G150L1DDT 29.26 31.30 (+7.0 %) 0.0047 0.0750 5490 97 110 35.72 31.30
(+13.4 %)
G250L2DDT 31.54 31.30 0.0051 0.0860 6339 130 153 38.05 31.30
(—0.8 %) (+17.7 %)
G100L2DDT 30.41 31.30 0.0049 0.0803 7043 308 332 50.50 54.54
(+2.8 %) (+7.8 %)
G150L1DT 28.27 31.30 0.0072 0.0734 5394 87 110 32.15 31.30
(+10.7 %) (+26.4 %)
G250L2DT 27.96 31.30 0.0038 0.0752 7093 175 153 39.82 31.30
(+11.9 %) (~12.6 %)
G150L1ST 31.56 31.30 0.0055 0.0823 6544 230 181 46.87 31.30
(~0.8 %) (~21.3 %)
G250L2ST 32.59 31.30 0.0055 0.0800 6746 334 263 53.57 49.71
(—4.0 %) (=21.2 %)
G250L2CT 26.76 24.57 0.0053 0.0796 5623 177 153 37.15 24.76
(—8.2 %) (—13.6 %)

3.4. Torque-strain behavior

Strain data were registered by the strain gauges marked green in
Fig. 3. The strain gauge labels followed the rule as S for concrete surface,
C for central reinforcement, E for edge reinforcement, and D for diagonal
reinforcement. Unfortunately, some of gauges were damaged during
concrete curing and did not record strains useful for analysis. The
available strain data were analyzed and discussed as follows to better
understand the mechanism of the tested GFRP-RC decks’ behavior under
torsion.

3.4.1. Torque-strain behavior on concrete

The torque-strain curves in Fig. 9 reveal that both tension and
compression occurred on the concrete’s top surface during torsion.
Initially, strain gauges S1 (in compression) and S2 (in tension) recorded
nearly equal strain levels near the cutout corner, indicating uniform
torque distribution across the deck. The linear torque—strain response of
S1 and S2 at the beginning reflects the concrete’s linear elasticity.
However, after reaching the cracking torque, the strain readings of S1
and S2 became erratic or were lost due to cracking and crumbling of
concrete. Only S1 on G250L2DDT maintained a maximum compression
strain of approximately —1273 ue until maximum torsional force. The
strain in the center area was minimal until the torque approached

maximum where S3 recorded high compression stress, indicating deck
folding along its centroid under excessive twist deformation. For
instance, G250L2DT generated extensive compressive cracking in the
middle, traversing all tensile cracks before the test ended (Referring to
Fig. 5e).

The initial response to strain varied among the decks. In decks
without diagonal bars (G150L1ST, G250L2ST, and G250L2CT), the
longitudinal bars near the first crack react first, confirmed by strain
gauges E1, E4, and C2, due to stress transfer from concrete to rein-
forcement. In G250L2CT, the edge cutout corners induced stress con-
centration, evident from the lowest slopes in the S1 and S2 curves. In
decks with diagonal bars, D1 strain gauge responded simultaneously
with S1 and S2, indicating that diagonal bars shared the concentrated
stress with the concrete. Strains values in S1 for G250L2DT, 250L.2DDT
and G100L2DDT were —64, —101, and —85 ue at 20 kN-m, while D1
strains were —30, —35, and —32 pe respectively, much lower than —123
ue of S1 and 135 ue of S2 in G250L2CT under the same torque. The low
strain values in S2 in three decks (80, 92, and 90 ue at 20 kN-m,
respectively) also indicated that diagonal bars shared tensile stress,
delaying the first crack occurrence by sharing stress at the cutout corner.

Strain gauge D2 in double-layered decks showed no strain before
cracking, whereas D1 in single-layered decks showed slight tension.
Fig. 10 illustrates stress distribution pre-cracking along the diagonal bar
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under S1, based on recorded strains. The neutral line (NL) in double-
layered decks was lower than in single-layered decks, with 80 % of
concrete in compression versus less than 50 %. The arrangement of
reinforcement in double-layered decks made better use of the concrete,
making reinforcement more effective in resisting torsional forces in the
pre-cracking stage.

3.4.2. Torque-strain behavior in the longitudinal bars

The torque- strain behavior in the longitudinal bars in each tested
decks was plot in Fig. 11. Initially, there was no significant strain
response in the bars until the cracking torque was reached, after which
strain increased rapidly, indicating low post-cracking torsional resis-
tance. The strain curves fluctuated due to the effect of concrete softening
and reinforcement stiffening, as well as loading head vibration.
Damaged strain gauges caused loops at the end of the curves (e.g., C3 on
G250L2DDT, Fig. 11 (b)). The GFRP bars did not exceed their ultimate
strain, indicating no bar damage at maximum torque. According to CSA
S806-12 [12], the maximum allowable stress in GFRP bars embedded in
reinforced concrete beams under torsion should not exceed 0.4 F, or
1200 MPa, which equates to a maximum allowable strain of 9600 ue
herein. As shown in Fig. 11, only C3 in G250L2DT and C2 in G250L2CT
attached on the longitudinal bars in the central area, recorded strains
near the maximum allowable strain shortly after cracking torque was
reached (9392 and 12793 pe, respectively). Other decks (G250L2DDT,
G150L1DDT, and G150L1DT) with similar or weaker post-cracking
torsional rigidity might be in the same situation although some central
area strain gauges were lost during specimen fabrication and handling.
The high central area strain in these decks could be attributed to the
concentrated stress induced by the edge cutout. In contrast, solid decks
showed even stress distribution as central and end strain readings were
almost the same.

In G100L2DDT, the highest strain occurred at C3 in the middle of the
bottom layer reinforcement mesh. Comparing maximum strains at 33
kN-m for G250L2DT, G250L2DDT, and G100L2DDT, G100L2DDT’s C3
strain was the lowest (2037 pe), while G250L2DDT and G250L2DT
recorded C3 strains of 4824 and 5949 pe, respectively. Single diagonal
bars resulted in 23.3 % higher strain than double diagonal bars in
double-layered reinforced decks. G100L2DDT’s C3 strain was only
42.2% of G250L2DDT’s C3 strain, due to denser reinforcement
providing higher post-cracking torsional rigidity and less deformation
under the same level of torque. C3 strain data is unavailable for
G250L2CT, but C2 recorded a high strain of 12812 pe at maximum
torque of around 37 kN-m, significantly higher than any other double-
layered decks with diagonal bars. This indicates the effectiveness of
diagonal bars in reducing stress in critical reinforcement parts. The
maximum strain in G250L2ST was 5323 pe at 53.57 kN-m (E3), while in
G100L2DDT it was 6618 pe at 50.50 kN-m (C3), suggesting
G100L2DDT’s ultimate torsional capacity might be weaker than
G250L2ST. Overall, denser grid space and double diagonal bars in
double-layer reinforcement arrangements reduce critical stress induced
by edge cutouts in post-cracking torsional behavior.

4. Discussion
4.1. Effect on initial cracking torque

The double-layered mesh combined with the diagonal bars increased
the cracking torque despite the negative effect of edge cutout. The
impact of bar arrangement on torsional cracking torque was negligible
as shown in Table 3 that the three single-layered reinforced
decks—G150L1DDT, G150L1DT, and G150L1ST—all generated similar
levels of cracking torque compared to their double-layered reinforced
counterparts with only 7.2 %, —1.1 %, and 3.2 % difference. Hsu [19]
stated that torsional cracking is primarily influenced by the structure’s
aspect ratio and material properties. Thus, the variation of up to 7.2 % is
likely due to the difference in concrete compressive strength.
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Additionally, the most densely reinforced deck with a 100 mm grid
space (G100L2DDT) and G250L2DDT with a 250 mm grid space had
similar cracking torques. Due to the edge cutout, G250L2CT1 resulted in
a lower torsional cracking torque (26.76 kN-m) compared to G150L1ST
or G250L2ST (18.0 % or 21.8 % lower, respectively). Note that the edge
cutout reduced the cross-sectional area of the concrete by 20 %. The
employed diagonal bars improved the cracking torque performance by
9.3 % in G150L1DDT, 17.9 % in G250L2DDT, 13.7 % in G100L2DDT,
5.6 % in G150L1DT, and 4.5 % in G250L2DT when compared to
G250L2CT. This was attributed to the strain measurement and analysis
that revealed the diagonal bars near the edge cutout corner effectively
distributed the concentrated stress, thus delaying the onset of cracking.
The double-layered reinforced decks with double diagonal bars
(G250L2DDT and G100L2DDT) had a larger increase in the cracking
torque (up to 17.9 %), which was no surprise as the diagonal bars in the
double-layered mesh were closer to the top and bottom concrete surface
for an early response, and the double bars spread in the cracking di-
rection had more contract surfaces with the concrete to share more stress
than the single bars did.

4.2. Effect on pre-cracking torsional rigidities

Theoretical torsional rigidity GJ is mainly influenced by the torsional
constant J, a function of cross section dimension, while G is the shear
modulus of concrete. The presence of a cutout reduced (GJ)precexp)
18.2 % lower, on average, as demonstrated by G150L1ST (6544 kN-m?),
G250L2ST (6746 kN-m?), and G250L2CT (5623 kN-m?). Similar to
G250L2CT, the single-layered mesh reinforced decks with cutouts,
G150L1DT and G150L1DDT, generated close (GJ)postexp) Values of 5394
and 5490 kN-m>, respectively. On the other hand, the three double-
layered reinforced decks with diagonal bars—G250L2DDT,
G100L2DDT, and G250L.2DT—had (GJ)precexp) values equal to or higher
than the two solid decks (12.7 %, 25.3 % and 26.1 %, respectively). The
double-layered reinforcement arrangement plus diagonal bars improved
pre-cracking torsional rigidity, mitigating the negative effect of the edge
cutout. That is due to the vertically distributed diagonal bars in the
double meshes, which enhanced the weakest points at the cutout cor-
ners. Since no other reinforcement bars reacted to strains before
cracking, only the diagonal reinforcement beside the edge cutout was
considered to contribute to the pre-cracking torsional rigidity. Thus, it
was concluded that the arrangement and spacing of reinforcement bars,
in the absence of diagonal bars, did not have a significant effect on pre-
cracking torsional rigidity.

4.3. Effect on post-cracking torsional rigidities

GFRP reinforcement was found to be the main factor affecting post-
cracking torsional rigidity of the pontoon decks. Diagonal bars did not
have a clear impact on post-cracking torsional rigidity as (GJ)post(exp) in
decks G250L2CT and G250L2DT were almost identical. Single-layered
reinforced decks with single set and double sets of diagonal bars
showed only a 10.3 % difference in (GJ)post(exp), Which was also close to
a similar deck but without diagonal bars reported by Yang et al. [30].
The diagonal bars only helped bridge local shear cracks and did not
contribute to the torsional rigidity after concrete cracking.
Double-layered reinforced decks showed much higher (GJ)postcexp)
compared to single-layered decks. G250L2DDT had a 33.6 % higher
(GDpost(exp) than G150L1DDT, and G250L2DT had double the (GJ)post
(expy Of G150L1DT. The higher torsional rigidity in double-layered
reinforced decks was due to the separated double-layered bar arrange-
ment creating a higher J from GFRP mesh. The (GJ)post(exp) in
G150L1DDT, G250L2DDT, G150L1DT, G250L2DT, and G250L2CT all
generated at least 50 % lower (GJ)post(exp) than their solid-geometry
counterparts due the cut off discontinuous longitudinal bars. However,
G100L2DDT had a (GJ)postexpy Only 7.7 % lower than the strongest
double-layered reinforced solid deck (G250L2ST), which implies that
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the dense reinforcement design allowed a deck with an edge cutout to
achieve comparable post-cracking torsional rigidities as a
double-layered reinforced solid deck. That is because G100L2DDT had
2.4 times the number of continuous longitudinal bars resisting the tor-
sion force than the three double-layered reinforced decks with an edge
cutout. In general, the double-layered bar arrangement and denser grid
space provided up to 137 % higher post-cracking torsional rigidities
among double-layered reinforced decks, while the diagonal bars did not
change the post-cracking torsional rigidity.

4.4. Effect on the post-cracking torsional strength

Large twist deformation for pontoon decks normally comes together
with wide crack width, which should be avoided to maintain deck
serviceability. So the post-cracking torsional strength at a limited twist
of 0.07 rad/m, Ty—0.07(exp), is discussed herein. The increases in torsional
strength resulting from the use of GFRP mesh were 22.1 % in
G150L1DDT, 20.6 % in G250L2DDT, 66.0 % in G100L2DDT, 13.8 % in
G150L1DT, 42.4 % in G250L2DT, 48.5% in G150L1ST, 64.4 % in
G250L2ST, and 38.8 % in G250L2CT, respectively, of the eight decks’
cracking torques. The enhancement was obvious, especially in double-
layered reinforced solid deck G250L2ST (53.57 kN-m) and the most
densely reinforced deck G100L2DDT (50.5 kN-m). It is worth
mentioning that G100L2DDT achieved T,,—¢.07¢exp) at least 26.8 % higher
than any other decks except G250L2ST. This can be attributed to the
diagonal bars, which increased the cracking torque weakened by the
cutout, and the dense double-layered reinforcement mesh, which pro-
vided high post-cracking torsional rigidity. The decks with cutouts
exhibited improved post-cracking torsional strength when reinforced
with double-layered reinforcement arrangement, double diagonal bars,
and a denser grid space. These enhancements resulted in a post-cracking
torsional strength that was comparable to that of a double-layered
reinforced solid deck. However, design engineers should consider the
specific reinforcement details when evaluating the post-cracking
torsional rigidity of GFRP-RC pontoon decks. The single layer rein-
forced decks G150L1DT, G150L1DDT, G150L1ST, and double layer
reinforced decks G250L2CT, G250L2DT and G250L2DDT all failed due
to cracking which was supported by crack propagation observation and
the strain data analysis. Their actual post-cracking torsional strength is
essentially the cracking torque. On the contrast, G100L2DDT and
G250L2ST maintained narrow crack width and sound post-cracking
torsional rigidity after cracking, so the post-cracking strength can be
calculated based on the achieved twist angle, which is described latter in
this study.

4.5. Prediction of cracking torque

The cracking torque equation introduced in ACI 318-14 [48] have
been assessed as the most accurate prediction method for GFRP rein-
forced concrete beam and slabs tested in the previous studies [28,30].
The ACI 318-14 method is based on a thin-wall, hollow-space truss
analogy and is expressed as:

T, = 0.33\/f, <AC"2>

P, (€Y

where A, is the area enclosed by the outside perimeter of the concrete
cross section; and P, is the outsider perimeter of the concrete cross
section.

Table 3 tabulated the estimated cracking torque Tergre) With error in
percentage. Note that the edge cutout without diagonal reinforcement
was considered by reducing deck’s effective width in the mid length of
the deck from 1.5 m to 1.2 m as the cutout is 300 mm deep [30], and
they resulted in 21.5 % less predicted cracking torque. The reduction is
close to the difference between Tereexp) of G250L2CT and Ter(exp) Of
G250L2ST, which was 17.9 %. In addition, the decks with diagonal bars
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were considered to have same effective width as the solid decks since the
experimental results indicate that the diagonal bars could bridge the
shear crack in edge cutouts, resulting in higher torsional cracks. The
prediction cracking torque of the other seven decks had a standard de-
viation of 3.8 kN-m compared to the experimental results. In conclusion,
the ACI318-14 equation—when considering the effect of edge cutout
and diagonal bars—provided good estimates of the tested decks’
cracking torque.

4.6. Prediction for post-cracking torsional strength

Yang et al. [30] proposed a simple method to predict the
post-cracking behavior of the GFRP-RC decks by considering pure tor-
sion happened to the longitudinal bars. This method is formulated as:

T,=T.+ (GJ) ) )

post

(GJ)post = Z Ggf'PIi = Ggﬁp Zli (3)
i=1 i=1

where Ggpp, is the shear modulus of GFRP bars; ¢ is the achieved twist
after cracking; I; is each longitudinal bar’s polar moment of inertia
around the longitudinal axis going through the deck’s cross section
centroid; and n is the total number of longitudinal bars.

Table 3 listed the calculated results of the post-cracking torsional
rigidity with error in percentage and torsional strength at 0.070 rad/m
twist Ty,—0.07(exp)- In general, the GJposy(pre) is in the same magnitude level
of the experimental post-cracking torsional rigidity. As G250L2ST and
G100L2DDT had the strongest post-cracking torsional rigidity and did
not present any signs of failure until the test was stopped due to reaching
the maximum loading stroke, Eq. 2 is suitable for predicting Ty—0.07 @re)
of G250L2ST and G100L2DDT with a difference between the predicted
and experimental results of less than 8 %. In contrast, the other six decks
experienced failure controlled by wide cracks that occurred following
the initial torsional crack, so the post-cracking torsional rigidity is
essentially the predicted cracking torque.

5. Conclusion

The report presents the main experimental outcomes of pure torsion
tests conducted on GFRP-RC pontoon decks with an edge cutout. The
study investigated different GFRP bar arrangements, diagonal bars, and
grid space. The test results were analyzed, and the following conclusions
were drawn based on the analysis:

e The edge cutout induced concentrated stress leading to the decks
failing just after the initial crack due to wide cracks or concrete
crumbling. The double-layered reinforcement with diagonal bars and
dense grid space, however, significantly enhanced the torsional ca-
pacity of the deck, which did not fail until the test was stopped due to
reaching the maximum load stroke.

e The diagonal bars enhanced the pre-cracking torsional behavior
while their influence on the torsional performance after cracking was
negligible. Both single and double set of diagonal bars can improve
the cracking performance by up t017.9 %, but only when they were
applied together with double layer reinforcement arrangement, the
pre-cracking torsional rigidity can be enhanced by 26 %. That is
contributed by that the diagonal bars close to the concrete surface
bridged the crack openings and constrained the shear cracks from
expanding.

o The double-layered reinforced decks strengthened the post-cracking
torsional rigidity by up to 100 % when compared with decks rein-
forced with only single layer. That is because the double-layered
reinforcement arrangement created a vertical distance from each
bar to the cross-section centroid and resulted in a higher torsional
constant J.
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e Dense grid space improved the post-cracking torsional behavior and
cracking control. This can be attributed to the larger number of
continuous longitudinal bars that provided additional torsion resis-
tance and kept the torsional crack from expanding.

The densely reinforced deck with double diagonal bars achieved
similar torsional performance as the double-layered reinforced solid
deck did within the tested twist deformation. The expected ultimate
torsional capacity of G100L2DDT was, however, lower than that the
solid deck as the edge cutout induced a high level of concentrated
stress that was not fully handled by the diagonal bar and denser
reinforcement.

The ACI 318-14 equation yielded an accurate prediction of deck
cracking torque with a standard deviation of only 12 % when
considering the diagonal bars can eliminate the influence from edge
cutout. Meanwhile, a method to predict post-cracking behaviour
including post-cracking torsional rigidity and failure by considering
the reinforcement details was introduced based on the test results.

Further research is required to investigate the effect of other pa-
rameters in the torsional design of GFRP-RC planks. Considering the
time cost and safety risk in the physical experiment, numerical modeling
like FEA in Abaqus is a good option. Moreover, theoretical method to
predict the ultimate torsional capacity for the GFRP-RC planks without
enclosed shear reinforcement warrants further exploration as it can be a
guide for practical design.
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