Torsional behavior of GFRP-RC pontoon decks with edge cutout
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Abstract:

Glass fiber reinforced polymer (GFRP) bars reinforced concrete (RC) structures have attracted interests
from the design engineers and infrastructure owners in Australia due to their structural efficiency and
significant durability that are free from regular maintenance. However, understanding on the torsional
behavior of GFRP-RC pontoon decks when subjected to wave actions is still limited. This study presented
the experimental results for four large-scale GFRP-RC pontoon decks with and without a square edge
cutout. The parameters investigated included edge cutout and reinforcement distribution (single and double
layer). The results showed the edge cutout reduced the decks cracking torque by 17% and post-cracking
torsional rigidity by 50%. ACI 318-14 equation was found reliable to predict the cracking torque of the decks.
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1. Introduction

Structural deterioration caused by steel corrosion in reinforced concrete structures has become a serious
issue around the world. In Australia, approximately AU$ 13 billion per year is required for repair or
replacement associated with steel corrosion(Cassidy et al. 2015). Therefore, there is an urgent demand
from the infrastructure owners for durable reinforced concrete structures requiring less regular maintenance.
This has increased the interest in using glass fiber reinforced polymer (GFRP) bars as reinforcement for
concrete structures especially in aggressive coastal and marine environment. Although plenty of research
works have been implemented on the flexural(Al-Rubaye et al. 2020), shear (Nguyen-Minh & Rovhak
2013)and compression behavior (AlAjarmeh et al. 2019) and some design criteria for GFRP-RC structures
(CSA 2012; ACI 2015) have been established, the understanding about GFRP-RC structures under torsion
is still very limited. Torsional behavior is particularly crucial for structures working in the marine environment
such as pontoon decks as wave actions can induced a significant torsion force. If not designed properly,
early torsional cracks will happen to the pontoon decks and steel corrosion is inevitable since the crack
opening provides ingress for aggressive seawater. GFRP reinforcement is an effective solution for
corrosion, but more research efforts are required in the study of torsional behavior of GFRP-RC decks.

Researchers studying the torsional behavior of rectangular RC structures have primarily focused on either
GFRP-RC beams or steel-reinforced slabs, with torsional behavior found to be related to concrete strength,
reinforcement distribution, reinforcement properties, and the cross-sectional aspect ratio. There has been
little research done on the torsional behavior of GFRP-RC decks under pure torsion. Hsu (1968) found that
reinforcement has a little influence on pre-cracking torsional behavior, hence reinforced concrete acts quite



similarly to plain concrete where cracking torque is a function of concrete strength and aspect ratio of the
cross section. Mohamed and Benmokrane (2015) experimentally investigated torsional behavior of GFRP-
RC beams and they observed significant reduction in the torsional rigidity of tested beams after cracking.
The remaining torsional rigidity is highly related to the reinforcement distribution. Some studies about flexure
and shear behavior in GFRP-RC slabs also discovered the significant effect of reinforcement distribution on
stiffness, capacity and crack propagation. For example, the punching- shear resistance in GFRP-RC slab-
column connection can be increased by up to 36% after the reinforcement amount was increased from 0.4%
to 0.8% (Nguyen-Minh & Rovnak 2013); Manalo et al. (2020) comparatively evaluated double layers to
single layer GFRP bars reinforced precast-concrete boat-ramp planks and found that even though the
double layers reinforced planks had the lowest reinforcement ratio, these planks had 60% higher bending-
moment capacity, twice the flexural stiffness and toughness, and much narrowed crack width. Cutout
opening is the other concern in reinforced concrete slabs, which is necessary for pontoon decks to contain
the piles. Many researchers have concluded the negative effect of cutout on slabs’ structural performance,
including the reduction in cracking strength, stiffness and ultimate capacity (Popescu et al. 2017; Yousef et
al. 2019; Hussein et al. 2021). They also noted that the cracking propagation initiated from the corner of the
opening due to concentrated stress in the sharp corner. The effect of reinforcement distribution and cutout
merits investigation of the torsional behavior of RC deck reinforced with GFRP bars.

This study aimed at discovering the effect of reinforcement distribution (single layer and double layer), and
geometry (solid or with cutout) on the GFRP-RC pontoon’s torsional behavior including pre-cracking
torsional rigidity, cracking strength and post-cracking torsional rigidity. Additionally, the yield data was used
to assess existing design equation of cracking torque. The findings provided a better understanding on the
torsional behavior in GFRP-reinforced concrete structures for the effective and safe design of climate-
resilient pontoon decks.

2. Specimen and setup
2.1 Specimen

Four large-scale pontoon decks were designed according to Queensland’s Department of Transport and
Main Road’s (TMR) design criteria for floating walkways and pontoons and with reference to the Australian
standard for concrete structure AS3600-2018. The concrete strength of S50 strength grade is used to satisfy
the durability requirement for classification C2 exposure. A minimum concrete cover of 25mm was
implemented. #3 GFRP bars (CSA 2010) with a nominal bar diameter of 10 mm were used as reinforcement
for the precast concrete pontoon decks. These bars were made by pultruding longitudinal glass fibres
impregnated in vinyl-ester resin and had a sand-coated surface to improve the connection between the
reinforcing bars and the surrounding concrete. Table 1 lists the physical and mechanical parameters of the
bars. Table 2 is the test matrix and shows the different design parameter in each specimen. Figure 1
demonstrated the geometry and reinforcement detail of the decks with an edge cutout.

Table 1. Physical and mechanical property of GFRP bar used (AlAjarmeh et al. 2019).

Properties of #3 GFRP bar Test method Values
Designated bar diameter (mm) CSA S807 (CSA 2012) 10
Nominal bar area (mm?) CSA S807 (CSA 2012) 71
Ultimate tensile strength, f, (MPa) ASTM D7205/D7205M-06 (ASTM 2011) 1315
Modulus of elasticity, Egrrp (GPa) ASTM D7205/D7205M-06 (ASTM 2011) 62.5
Ultimate strain, €, (%) ASTM D7205/D7205M-06 (ASTM 2011) 2.3

Table 2. Test matrix of specimens

Specimen identifier Ave f.’ (MPa) Grid pattern (mm) Layer Geometry

SG150L1ST 77 150 Single Solid



SG250L2ST 77 250 Double Solid
SG150L1CT 77 150 Single Cutout
SG250L2CT 77 250 Double Cutout

2.2 Instrumentation and setup

Figure 2 describes the setup used to evaluate the performance of a GFRP-reinforced concrete deck under
pure torsion. The deck was placed on two steel supports, with the passive end bolted to the rigid floor and
the active end clamped with the active support which allows the end of deck to rotate around a pivot. Rubber
mats and lubricant grease were used in the steel-concrete contact surface to minimize stress and facilitate
smooth movement caused by deformation in longitudinal direction. The load was applied 500 mm from the
centroid of the deck's cross-section using a 2000 kN electrohydraulic jack, with deflection measured by a
linear variable displacement transducer (LVDT) and a laser displacement sensor (LDS) to verify the LVDT
data. Electrical resistance strain gauges were used to measure strain in the GFRP bars and concrete
surface as the location marked green in Figure 1. The testing was recorded on a System 5000 Data Logger
and video-documented to analyze crack propagation and specimen failure. The entire testing procedure
was conducted until the deflection reached around 80 mm. Overall, the testing setup is suitable for pure
torsion study that ensures accurate and comprehensive measurement of the deck’s torsional behavior.
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Figure 1.Design Details of the decks with cutout.
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3. Crack propagation

Figure 3 shows the crack propagation along with load for the four tested decks. The cracking loads are
highlighted in red color. The generated torsional cracks in the two solid decks were in about 45° angle and
was firstly observed in the top surface of the deck close to active end. This observation is similar to the initial
torsional cracks in the hollow-core concrete planks reported by Pajari (2004). He explained that the initial
crack on planks are more likely to be attracted by the local disturbances in the stress field near the active
support. As the load increased, the torsional cracks are distributed evenly across the solid decks’ surfaces.
In the two decks with cutout, one initial crack was observed in the corner of the edge cutout while the other
one is located beside the load point. There are more cracks attracted by the edge cutout due to stress
concentration. The edge cutout resulted an average 16% reduction in the cracking load and wider torsional
crack width. On the other hand, double layers or single layer bar distribution did not obviously affected the
cracking load but the cracks yielded in single layer bar reinforced decks were growing faster and wider. The
double layers reinforced solid deck, SG250L2ST did not achieve any sign of failure up to the end of the test,
as the load was still increasing steadily and the cracks were still minor when the test stopped. Failure in
single layer reinforced deck, SG150L1ST happened due to extensive cracks and deformation after cracking.
The two decks with edge cutout, SG150L1CT and SG250L2CT exhibited wide shear cracks beside the
cutout and they lost serviceability as the shear cracks tend to split the concrete into halves.
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Figure 3. Crack propagation.
4. Torque-twist response

The torque-twist response of the tested four specimens is shown in Figure 4, which indicates that all
specimens displayed nearly double linear torsional behavior. In the figure, the torque is the product of the
load times the lever arm while the twist is the twist angle per length. Since the theoretical definition of
torsional rigidity can be expressed by GJ=T/g, the experimental initial torsional rigidity of the deck was



calculated as Terexp) / Porexp) Which is the slope of torque-twist curve The uncracked response for all the
decks evidenced very little twist (around 0.006 rad/m) up to the first crack, indicating that the gross torsional
rigidity at the pre-cracking stage depended on the concrete body itself. The pre-cracking torsional behavior
was mainly affected by deck geometry rather than the bar distribution as SG150L1ST and SG150L1CT
exhibited similar pre-cracking torsional rigidity as their counterparts with edge cutout did.

After the pre-cracking stage, the torsional rigidity decreased as the concrete become discontinuous medium
separated by cracks. The post-cracking torsional rigidity was mainly provided by the GFRP reinforcement
mesh, which assumed the most responsibility for the torsional resistance of the deck in the post-cracking
stage. The tests stopped when the maximum twist achieved 0.075 rad/m. The important test results are
tabulated in Table 3. The results showed that the post-cracking torsional rigidity of specimen SG250L2ST1
is comparable to that of square slabs reinforced with double layers of 100 mm grid orthotropic meshes made
from 8mm steel bars, as tested by Lopes et al. (2014) and a GFRP-RC beam with stirrups on 120mm space
tested by Mohamed and Benmokrane (2015).
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Figure 4. Torque-Twist response.
Table 3. Important results
SPeCimen Tcr(exp) Tcr(pre) ¢cr ¢max (GJ)cr(exp) (GJ)post(exp) Tmax(exp)
SG150L1ST 31.56 31.32 0.0055 0.0750 5750 219 46.81
SG250L2ST 32.59 31.32 0.0055 0.0749 5925 321 54.87
SG150L1CT 27.09 24.59 0.0066 0.0748 4136 114 34.90
SG250L2CT 26.76 24.59 0.0053 0.0750 5093 149 37.15
5. Torque-Strain response

Figure 5 presented the torque-strain response recorded by the strain gauges install on concrete surface and
in the longitudinal bar close to the first crack position. Strain data on the concrete showed both tensile and
compressive stresses existing in the concrete under torsion. The peak torques in S2 curves were very close
to each deck’s cracking torque respectively. The corresponding tensile strain at cracking torques reached
around 100-200 pe tensile strain. The steeper slope in S2 strain curves of SG150L1CT and SG250L2CT
before cracking comparing with those of their solid counterparts SG150L1ST and SG250L2ST evidenced
the stress concentration in the concrete surface beside the edge cutout. The reinforcement did not exhibit
any strain reading until the crack in concrete occurred. After cracking, the strain was transferred from
concrete to the reinforcement immediately.



Figure 6 depicts the torque-twist response monitored in the reinforcement bars. In specimens SG250L2CT
and SG150L1CT, the maximum post-cracking strain in the GFRP reinforcement mesh occurred either at C2
or C4, with values of 12793 and 7214 g, respectively. These values are significantly greater than the strains
measured near the deck's ends. The largest strains in the two solid decks, on the other hand, were found
near the ends. In particular, specimen SG250L2ST1 exhibited a maximum strain of 5318 pe at E4, but the
E1 strain reading of specimen SG150L1ST1—which was roughly 2000 ue —was greatest at around 38 kNm
before the strain gauge slipped. Accordingly, the edge cutout induced additional large stress in the segment
of longitudinal bars near the edge cutout, weakening the reinforcement mesh.
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Figure 5. Torque-strain response on the concrete surface and the bar near the first crack.

6. Discussion

The edge cutout reduced the cracking torque of the solid rectangular decks by an average of 17% because
the depth of the cutout reduced the effective width of the deck and concentrated stress was created at the
cutout's corner. Furthermore, the pre-cracking torsional rigidity of the deck with double-layer reinforcement
and an edge cutout (SG250L2CT1) was 14% lower than that of the solid deck with double-layer
reinforcement (SG250L2ST1). This is because the torsional constant J in the deck's midspan cross section
was lowered by the edge cutout. The post-cracking torsional rigidity of the decks with an edge cutout was
half that of the rectangular solid decks due to two factors: the cut-off longitudinal bars did not contribute to
torque resistance, and there was extremely high concentrated stress in the reinforcement bars besides the
edge cutout.

The distribution of reinforcement had little effect on the pre-cracking torsional behavior. At the post-cracking
stage, the double-layer reinforcing meshes resulted in slower and narrower crack propagation. Only the
rectangular solid deck with double-layer reinforcement showed no signs of failure up to maximum torque.
Moreover, this mesh produced 47% and 43% more (GJ)post in decks with and without an edge cutout,
respectively, as well as an average 17% higher T,,.x due to additional J created by the distance from the
reinforcing bar to the cross-section centroid.

7. Theoretical assessment

Mohamed and Benmokrane (2016) employed Elasticity Theory, Skew-bending Theory and ACI 318-14 (ACI
2014) to calculate cracking torque prediction for steel, GFRP and CFRP reinforced concrete beams. The
comparison of experimental cracking torque to computed cracking torque ration revealed that the ACI 318-
14 equation most accurately predicted the beams' cracking torque, with an average Terexp)/ Ter(pre) Value of
1.07. The ACI 318-14 method is based on a thin-wall, hollow-space truss analogy and expressed as:
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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. For the decks with cutout, the width of cross section is the reduced
width in the midspan. The predicted cracking torque of the tested decks by using this ACI 318-14 equation
were tabulated in Table 3. The calculated average Texp) Ter(pre) iS €qual to 0.95.
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Figure 6. Torque-strain response in the longitudinal bars
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8. Conclusion

13000

This study experimentally investigated the torsional behavior of GFRP-reinforced concrete pontoon decks.
The effect of the edge cutout and reinforcement-bar distribution on the torsional behavior was evaluated.

ACI 318-14 equation was employed to predict cracking torque. From the results of this study, the following
conclusions can be drawn:

The geometry has a significant effect on the torsional cracking development and failure behavior of

the GFRP-reinforced concrete pontoon decks.

The presence of edge cutout on GFRP RC decks can reduce the cracking torque and post-cracking
torsional rigidity by 17% and 50%, respectively regardless reinforcement distribution.
Double layers reinforcement distribution exhibited better crack control and up to 47% higher post-
cracking torsional rigidity than the single layer reinforcement distribution.
ACI 318-14 can accurately predict the cracking torque of GFRP-RC pontoon decks with and without
edge cutout by considering the effective width of the decks.
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