
1 

Behaviour of Ultra-High Performance Concrete Bridge Decks with New Y-1 

shape FRP Stay-In-Place Formwork 2 

Emad Pournasiri, Thong M. Pham*, and Hong Hao 3 

Centre for Infrastructural Monitoring and Protection, School of Civil and Mechanical Engineering, 4 

Curtin University, Kent Street, Bentley, WA 6102, Australia 5 

Corresponding authors: thong.pham@curtin.edu.au (TM Pham) 6 

Abstract 7 

This study proposes using glass fibre-reinforced polymer (GFRP) as stay-in-place structural formwork 8 

for casting bridge decks with ultra-high performance concrete (UHPC). The GFRP stay-in-place 9 

formworks completely replace the bottom layer of rebars, and the top steel reinforcement is also 10 

replaced by a GFRP mesh to mitigate the corrosion damage. The formworks were either a flat GFRP 11 

plate with square hollow section (SHS) stiffeners or a flat GFRP plate with new Y-shape stiffeners. 12 

Concentric static tests on five 1:2.75 scale decks were performed to investigate the effect of stiffener’s 13 

configuration and the influence of the concrete strength on the performance of bridge decks. Rotational 14 

fixity support was used to simulate a real bridge deck connection of supporting girders. All specimens 15 

with stay-in-place formwork exhibited punching shear failure. It was found that the use of Y-shape 16 

stiffeners significantly improved the load-carrying capacity of the proposed deck. Replacing normal 17 

concrete with UHPC further improved the loading capacity of the deck. The decks demonstrated 18 

excellent performance, with the load-carrying capacity 3.8 to 9.5 times higher than the established 19 

equivalent service load depending on the concrete strength and configuration of the GFRP stay-in-place 20 

formwork. Deflection at service load was less than span/1,600 for all the decks. Compared with normal 21 

strength concrete (34 MPa), UHPC improved the maximum load-carrying capacity of the deck from 22 

91.4 kN to 149 kN. 23 
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Introduction 26 

Most of the conventional cast-in-place reinforced concrete (RC) structures need a temporary formwork. 27 

This type of formwork is often held in place by temporary scaffolding during concrete pouring and 28 

hardening. The cost of a temporary formwork system including the material and labour for conventional 29 

cast-in-place concrete structures usually exceeds 50% of the total cost of construction (Remy et al. 30 

2011). The stay-in-place formwork is a well-known substitute for the temporary formwork. After 31 

Concrete pouring and hardening, this type of formwork stay in place as an integral part of the structure 32 

and acts as external structural reinforcements throughout the structure lifecycle (Wrigley et al. 2001). 33 

Steel decking (Rezaeian et al. 2020) is a classic stay-in-place formwork and it has been extensively used 34 

in bridge decks. Stay-in-place formwork is one of the innovative applications of fibre-reinforced 35 

polymer (FRP) materials primarily for their improved corrosion resistance compared to steel (Matta 36 

and Nanni 2009, Jayaprakash et al. 2015, Le et al. 2020, Tran et al. 2020a, b). Several FRP stay-in-37 

place formwork configurations for decks have been proposed and investigated in previous studies. Flat 38 

plates with T-shape ribs (Oliva et al. 2008, Bank et al. 2010, Nelson et al. 2013, Nelson et al. 2014, 39 

Nelson and Fam 2014, Nicoletta et al. 2019), flat plates with perforated rib connectors (Zuo et al. 2018a, 40 

b), flat plates stiffened by bonded hollow square sections (Dieter et al. 2002, Alagusundaramoorthy et 41 

al. 2006, Hanus et al. 2009), corrugated plates (Honickman and Fam 2009, Liu et al. 2011, Fam and 42 

Nelson 2012, He et al. 2012, Richardson et al. 2014), a plate attached to the bottom of grid 43 

reinforcements (Ringelstetter et al. 2006, Fang et al. 2016), and pultruded hollow box sections with 44 

moulded grating (Gai et al. 2013) are examples of FRP stay-in-place formworks. Cost analysis of 45 

reinforced concrete bridge decks with FRP stay-in-place formworks showed a 24% ~ 57% project cost 46 

reduction when compared to conventional concrete bridge decks (Berg et al. 2006, Ringelstetter et al. 47 

2006, Matta et al. 2007). Previous studies investigated different properties, such as failure modes, 48 

mechanical behaviour, the influence of formwork splicing, the effect of freeze-thaw cycles, and the 49 

response to fire of normal concrete decks using FRP stay-in-place formwork and it revealed that the 50 

shear failure is the dominant failure mode for this type of decks due to the absence of adequate shear 51 

reinforcement within concrete (Fam and Nelson 2012, He et al. 2012, Gai et al. 2013, Fang et al. 2016, 52 
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Nicoletta et al. 2019). Therefore, improving the shear capacity would enhance the load-carrying 53 

capacity of decks with FRP stay-in-place formwork.  54 

Previous studies of the decks with FRP stay-in-place formworks used normal concrete. To the authors’ 55 

best knowledge, there is no adequate investigation on the performance of decks with UHPC cast on 56 

GFRP stay-in-place formwork in literature yet. UHPC as a revolutionary cement-based material has 57 

been developed using various fibre types, binders, sand, and chemical admixes (Li et al. 2002, Herrera-58 

Franco and Valadez-González 2005, Cho et al. 2008, Pournasiri et al. 2018). UHPC shows exceptional 59 

mechanical properties, including high compressive strength, high flexural and tensile strengths, high 60 

ductility and toughness, and high durability (Park et al. 2012, Shaikh et al. 2020, Tian et al. 2020). The 61 

excellent mechanical properties of UHPC can make it possible to overcome the shear weakness of 62 

conventional FRP stay-in-place formworks. Furthermore, UHPC has excellent durability that can 63 

reduce maintenance costs during the service life of structures (Graybeal and Tanesi 2007, Magureanu 64 

et al. 2012).  65 

A previous study (Pournasiri et al. 2021) proposed a new Glass FRP (GFRP) stay-in-place formwork 66 

that features a base plate with Y-shape stiffeners and compared its structural performance to that of 67 

another GFRP stay-in-place formwork that consists of a base plate with square hollow stiffeners (SHS 68 

stiffeners for short hereafter). The results showed that utilizing Y-shape stiffeners can significantly 69 

improve the shear resistance and the maximum load-carrying capacity of the deck cast into FRP stay-70 

in-place formworks. A comparison between decks stiffened by Y-shape stiffeners and T-ribs that have 71 

been used by a previous study (Nelson et al. 2013) showed that the load-carrying capacity of a similar 72 

deck with Y-shape stiffeners increased by 12.5%. The reason behind this can be attributed to the better 73 

shear performance of the Y-shape stiffener as a shear stud compared to the T-ribs and contributes to 74 

better structural integrity. Despite the deck with Y-shape stiffeners showing a higher shear resistance, 75 

it still failed in shear. 76 

To improve the shear capacity of the deck with Y-shape stiffeners, this study proposes to replace normal 77 

concrete by UHPC. This paper presents an experimental study that focuses on the influence of UHPC 78 

on the structural behaviour of concrete decks cast on stay-in-place-formworks to improve the shear 79 
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resistance. The use of UHPC together with GFRP stay-in-place formwork is proposed for the first time 80 

in this study.  Five decks were fabricated and tested under concentric static loading. For the first time, 81 

this study introduced a fully non-corrosive bridge deck with stay-in-place formwork. The UHPC used 82 

in this study was reinforced by using non-corrosive polyvinyl-alcohol (PVA) fibres, instead of 83 

commonly used steel fibres. The structural behaviour of UHPC decks cast on different GFRP stay-in-84 

place formworks is compared and analysed. 85 

 Experimental investigation 86 

Test specimens and parameters 87 

An experimental program was employed to quantify the structural capacity of UHPC cast on GFRP 88 

stay-in-place formworks under concentric loading. The 1,405 mm long and 604 mm wide deck 89 

specimens with a clear span of 665 mm in this study represent a 1:2.75 scaled concrete bridge deck with 90 

a 1,830 mm girder spacing commonly used in practice as also adopted in a study by Nelson and Fam 91 

(Nelson and Fam 2014). Table 1 provides a summary of the test matrix. The specimen name is explained 92 

in Fig. 1. In total, five decks were cast and tested in this study. Two control decks, namely SUCS and 93 

SUCF, were solid UHPC decks of 75 mm thick reinforced with top and bottom orthogonal layers of 94 

steel and GFRP bars with a total reinforcement ratio of 0.003, respectively. These decks will serve as a 95 

benchmark for comparing the decks with the GFRP stay-in-place formwork system and solid reinforced 96 

UHPC decks. The decks with GFRP stay-in-place formwork are referred to as SUSF and SUYF, which 97 

had seven SHS or Y-shape stiffeners with a total reinforcement ratio of 0.16 and 0.13, respectively, 98 

spanning the full length of the formworks in one direction, transverse to the direction of traffic. The 99 

stay-in-place formwork not only acted as structural formworks to support construction loads but also 100 

completely replaced the bottom layer of rebar reinforcements. Deck SNSF was constructed with the 101 

same design as Deck SUSF, but with normal concrete to make a comparison between UHPC and normal 102 

concrete. It is noted that the SHS stiffened formwork was used for the sake of environmental and 103 

economic advantages by the fact that it uses 22% less concrete than the conventional solid decks while 104 

the new Y-shape stiffeners were proposed to improve the shear resistance of concrete decks with GFRP 105 

stay-in-place formwork. 106 
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The total thickness of the decks with GFRP stay-in-place formworks was 65 mm, compared to the 75 107 

mm thickness of the reinforced UHPC control decks to maintain the same effective depth of all these 108 

specimens (see Fig. 2). Rebar meshes were provided in the compressive zone for all the specimens. The 109 

GFRP stay-in-place formwork was extended 30 mm into the supports to simulate the 75 mm actual 110 

practice for full-scale structures. All the specimens were tested under the same loading and supporting 111 

conditions. Quasi-static monotonic loading was applied to the centre of the specimens. 112 

Material properties 113 

As shown in Fig. 3, two different GFRP panels were fabricated in this study and used as stay-in-place 114 

formworks. The SHS GFRP stay-in-place formwork was 600×604 mm2 and it consisted of a 3.2 mm 115 

thick GFRP plate, stiffened by seven 38.1 mm pultruded SHSs. The Y-shape GFRP stay-in-place 116 

formwork of 600×604 mm2 was similar to the former panel and it contained a 3.2 mm thick GFRP plate, 117 

which was stiffened by seven 36.5 mm pultruded Y-shape sections. The stiffeners were bonded to the 118 

plate using high strength and low viscosity epoxy resin at 80 mm centre to centre spacing after proper 119 

surface preparation including sanding and cleaning. Both stay-in-place formworks were designed so 120 

that the cross-section area of GFRP was the same for both decks with SHS stiffeners and Y-shape 121 

stiffeners. The ultimate tensile strength and modulus of elasticity of stiffeners in the longitudinal 122 

direction were 206.8 MPa and 20.7 GPa, respectively. The corresponding properties in the transverse 123 

direction were 48.2 MPa and 5.5 GPa, respectively. The ultimate tensile strength and modulus of 124 

elasticity of GFRP plates in longitudinal direction were 165.5 MPa and 13.8 GPa, respectively. The 125 

corresponding properties in the transverse direction were 51.7 MPa and 6.9 GPa, respectively 126 

(Treadwellgroup 2020). As shown in Fig. 4, all GFRP reinforcing bars were sand-coated surface size 127 

#2 bars (32-mm2 nominal cross-section area) with a nominal tensile strength of 1,100 MPa and modulus 128 

of elasticity of 60 GPa (Pultrall Inc. 2021). 6-mm diameter deformed steel bars were provided in the 129 

control deck SUCS as both tensile and compressive reinforcements. Five coupons were tested in tension 130 

according to ASTM A615 (2020). The tensile tests showed a yield strength and modulus of elasticity 131 

of 550 MPa and 200 GPa, respectively.  A two-part epoxy was used as a high modulus, high strength, 132 
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and low viscosity epoxy adhesive with a manufacture-reported bond strength of 50.5 MPa (WEST-133 

SYSTEM 2020).  134 

Deck SNSF was cast from a normal concrete batch with the 10 mm maximum aggregate size. The 135 

normal concrete had a compressive strength of 34 MPa on the day of testing according to ASTM C39 136 

(2021), and tensile strength of 3 MPa as per ASTM C496 (2017). Decks SUSF and SUYF were cast 137 

with UHPC. The mix proportion of normal concrete and UHPC are given in Tables 2 and 3. 2% PVA 138 

fibres with 12 mm long and 0.2 mm diameter were used as fibre reinforcements. Manufacture data 139 

reports a tensile strength of 1,000 MPa and an elastic modulus of 29 GPa (Kurary 2021). PVA fibres 140 

were adopted in this study to construct completely metal-free bridge decks with excellent loading 141 

capacities and corrosion-free feature. The decks were transferred to the steam curing room after 24 142 

hours and stored for 3 days at 85°C. According to the manufacturer, the glass transition temperature is 143 

100°C (Treadwellgroup 2020, Pultrall Inc. 2021). The UHPC had a compressive strength of 140 MPa 144 

and splitting tensile strength of 12 MPa on the day of testing. 145 

Fabrication of deck specimens with stay-in-place formwork 146 

The GFRP stay-in-place formwork was placed in the middle of a special wooden formwork. As shown 147 

in Fig. 5, SHS stiffeners were obstructed by polystyrene foam to avoid penetration of fresh concrete in 148 

the hollow sections. As seen in Fig. 5, the top rebar mesh of 6.35 mm GFRP bars was then placed in 149 

position for all the specimens. Bonding between concrete and formwork is a vital factor in the stay-in-150 

place formwork system. Adhesive bonding (wet bonding) mechanism was used for the GFRP–concrete 151 

interface to promote composite action. A thin layer of wet epoxy adhesive applied to the surface of 152 

GFRP stay-in-place formwork approximately 20 minutes before pouring wet concrete on GFRP stay-153 

in-place formwork.  154 

Test Setup and Instrumentation 155 

Similar to the previous studies (Bouguerra et al. 2011, Boles et al. 2015, Pournasiri et al. 2021), the 156 

deck specimens were bolted to the supports to simulate similar restraints as in reality due to 157 
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monolithically connection between deck and girders. Tied bolts restrained the deck against rotation and 158 

lateral sliding. The complete assembly of the test setup is illustrated in Fig. 6. 159 

 Two stiff steel beams with I-section, 454 mm depth, 190 mm width, and 2,250 mm length were tied to 160 

the ground using 20 mm diameter high strength threaded rods. The thickness of the web and flanges 161 

was 12 mm, and beams were stiffened with three 12 mm plats at both sides along with the web. 16-mm 162 

steel plates were placed to the top flange of the beams to provide a 540 mm clear span due to the short 163 

length of flanges. Finally, steel square hollow sections were then used to clamp the deck from the top 164 

using eight 20 mm threaded rods. The load was applied to the specimens with a loading rate at 1 mm/min 165 

at the centre using two hydraulic jacks through a 91×182 mm2 steel loading plate over a 12.7 mm 166 

neoprene pad in contact with the concrete surface (scaled tire pad) according to American Association 167 

of State Highway and Transportation Officials (AASHTO) (2007). The load was measured with two 168 

200 kN load cells. Deflections were measured using linear variable differential transformers (LVDTs) 169 

at various points along the longitudinal and transverse centrelines. Fig. 7 shows the positions of the 170 

strain gauges attached to the GFRP stiffeners. The strain of the GFRP stiffeners was internally measured 171 

in the longitudinal and transverse directions at various points along the same axes using 5 mm strain 172 

gauges. The strain of the GFRP plate at the mid-span was also measured in the longitudinal direction 173 

using strain gauges. 174 

Experimental Results 175 

This section presents the test results of the performances of solid reinforced UHPC control decks and 176 

decks with stay-in-place formworks. Figs. 8 and 10 show the load-deflection and mid-span strain 177 

responses of all the deck specimens while Fig. 9 displays the failure modes and crack patterns of the 178 

decks.  179 

Performance of decks under equivalent design service load 180 

Nelson and Fam (2014) performed a full-scale test to establish an equivalent service load of 122.5 kN 181 

representing the half-axle load of the CL-625 design truck considering the dynamic loading effect. 182 

Based on their analysis, the equivalent service load for a 1:2.75 scaled bridge deck is 24.3 kN.  The 183 
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peak loads for decks with stay-in-place formwork in this study were ranged from 91.4 to 230.9 kN 184 

which were 3.8 to 9.5 times higher than the established design service load. The deflection of Decks 185 

SUSF, SUYF, and SUCF at service loads ranged from 0.20 to 0.41 mm, which was far smaller than the 186 

AASHTO limit for concrete vehicular bridges of L/800 (0.83 mm) and the most stringent US 187 

Department of Transportation (DOT) limit of L/1600 (0.42 mm), where the span L was taken as the 188 

centre-to-centre support spacing of 665 mm (AASHTO 2007, Fu et al. 2015, Grubb et al. 2015). The 189 

results demonstrated that the deflection of these decks at the service load was smaller than the most 190 

stringent allowable deflection. Therefore, all these decks were deemed to satisfy the requirements of 191 

ASHTTO and US DOT (AASHTO 2007, Grubb et al. 2015) at the serviceability and ultimate state. 192 

Performance of reinforced UHPC decks 193 

Two solid reinforced UHPC decks SUCS and SUCF were tested to provide a benchmark for the 194 

analyses. The general cracking pattern of the solid reinforced UHPC decks is shown in Fig. 9. The load 195 

increased linearly during the early stage of the test and no crack was observed up to approximately 30 196 

kN. As illustrated in the figure, the formation of the primary cracks of the decks initiated at the tension 197 

face and midspan of the deck under the loading area when reaching the cracking bending moment. After 198 

the initial cracking, more new cracks developed between the existing primary cracks. This cracking 199 

behaviour was very different from the typical development of flexural cracks in a conventional RC deck 200 

which usually concentrates on a few cracks at the tension zone. This phenomenon indicated the ability 201 

of UHPC to undergo multiple cracking before tensile failure due to an excellent stress redistribution. 202 

Tensile failure of UHPC is the consequence of elongation and pulling out of fibres from the matrix. As 203 

a result, the fibres nearby must carry higher stress. When the applied load increased, additional cracks 204 

formed and the fibres bridging the existing cracks experienced higher stress. 205 

Just before the peak load of Deck SUCS (113.5 kN), the fibres at primary cracks began to pull out. 206 

These cracks' width became significantly wider than other cracks in the deck, as shown in Fig. 9. 207 

Thereafter, the flexural failure of the deck was precipitated by the local bond failure between fibres and 208 

the UHPC matrix as well as rebar yielding. The yielding point is for general behaviour of the deck to 209 

represent its behaviour when changing from linear to nonlinear behaviour. The behaviour of Deck 210 
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SUCF was similar to Deck SUCS up to the peak load, while a web-shear collapse occurred suddenly 211 

for Deck SUCF at the peak load (194.3 kN). 70% increment of the applied load was observed in control 212 

UHPC decks by replacing steel bars with GFRP bars. This improved load-carrying capacity will be 213 

discussed subsequently. Unlike Deck SUCS which failed in flexure, the failure of Deck SUCF was 214 

governed by a critical diagonal crack farthest from the mid-span led to a sudden shear failure of the 215 

deck. This failure occurs when the principal tensile stress exceeds the tensile strength of concrete in 216 

absence of shear reinforcements (ACI 2019). 217 

As can be seen from Fig. 8, the load-defection curves of Deck SUCS exhibited four distinct phases.  218 

• Phase one, linear elastic behaviour, the mid-span deflection developed with the load linearly 219 

increased up to approximately 31 kN. The maximum deflection in this phase was approximately 220 

0.33 mm. No noticeable crack was observed in UHPC up to this level. The appearance of the crack 221 

indicates the end of phase one. 222 

• Phase two, deflection hardening and crack propagation, the mid-span deflection increased 223 

nonlinearly with the load up to approximately 90 kN. Minor cracks were initiated at the bottom of 224 

the specimen especially at the mid-span underneath the loading area. Multiple cracks propagated 225 

gradually in UHPC only with a small reduction in stiffness of the specimen due to the stress 226 

redistribution of the PVA fibres. The maximum deflection at this stage was approximately 3.91 mm. 227 

Deck SUCS showed that after the occurrence of the first crack, the reinforced UHPC specimen could 228 

maintain its stiffness and sustain the applied load up to approximately 90 kN when yielding started. 229 

• Phase three, the yielding phase, when the applied load increased, the primary cracks propagated 230 

upwards and widened. In contrast with Phase two, no noticeable increase in crack numbers was 231 

observed in this phase. A substantial increase in the mid-span deflection was observed due to 232 

yielding of longitudinal steel bars. The load rose slowly to 113.5 kN while deflection significantly 233 

increased to 9.57 mm. The peak load indicates the end of Phase three. 234 

• Phase four, deflection softening behaviour, the crack width widened rapidly followed by a gradual 235 

drop of the applied load. The bottom steel bars could not resist higher stress after yielding and the 236 

specimen consequently failed in flexure mode with crushing of top concrete. 237 
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The deflection behaviour of Deck SUCF was slightly different from Deck SUCS. The linear elastic 238 

behaviour (Phase one) was observed up to approximately 30 kN. It can be seen that when a new crack 239 

was initiated, the load dropped slightly due to the release and redistribution of stress. Primary cracks 240 

occurred in this step and more cracks developed as the applied load increased, similar to the second 241 

phase of Deck SUCS. Linear behaviour before concrete cracking and non-linear behaviour with gradual 242 

stiffness reduction until reaching the peak load was also reported in previous studies for specimens 243 

reinforced with FRP bars (Tran et al. 2020b, Huang et al. 2021a). The yielding point, corresponding to 244 

the beginning of Phase three, was clearly seen at 87.2 kN and 146.5 kN for Decks SUCS and SUCF, 245 

respectively. It can be seen that the yielding load of Deck SUCF was much higher than that of Deck 246 

SUCS. This distinguished behaviour is attributed to the differences in mechanical properties of GFRP 247 

vs steel. It is noted that the yielding mechanism of these two decks is different. The yielding of Deck 248 

SUCS was governed by yielding of concrete and steel while only concrete governed the yielding of 249 

Deck SUCF. A similar yielding mechanism of FRP reinforced concrete beams was also reported in 250 

previous studies (Kim and Jang 2014, Huang et al. 2021b). Different from Deck SUCS, the ductile post-251 

peak behaviour was not observed for Deck SUCF, for which the load suddenly dropped due to concrete 252 

crushing and shear failure. The higher peak load and different failure modes of Deck SNCF as compared 253 

to Deck SNCS were attributed to the higher tensile strength of the GFRP bars as compared to the steel 254 

bars which increased the flexural strength of the deck. While the low dowel action of GFRP bars in 255 

absence of shear reinforcements reduced the shear strength of Deck SUCF. Accordingly, the flexural 256 

capacity governed the failure of Deck SUCS while shear capacity dominated that of Deck SUCF.  257 

Performance of decks with stay-in-place formwork 258 

Unlike the control decks, flexural cracks were not observed in UHPC specimens with stay-in-place 259 

formwork until a high load level (approximately 50 kN) because the flexural strength of the decks was 260 

significantly improved by the structurally integrated stay-in-place formworks. This behaviour clearly 261 

shows that the surface treatment of GFRP stay-in-place formwork provided good bonding to sufficiently 262 

transfer bond stresses at the interface between the GFRP formwork and UHPC to distribute cracks. The 263 

peak load of the reinforced UHPC deck containing Y-shape stiffened stay-in-place formwork (Deck 264 
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SUYF) was 230.9 kN which was 19% and 103% higher than the control decks SUCF and SUCS, 265 

respectively. The response of Deck SUYF was governed by flexure mode up to roughly its peak load 266 

and the deck eventually failed by punching shear. The peak load of the UHPC deck containing SHS 267 

stiffened stay-in-place formwork (SUSF) was 149.1 kN, which dropped by 23% as compared to the 268 

control specimen SUCF. This phenomenon could be attributed to the 15% reduction in thickness of the 269 

specimen SUSF as compared to the control deck SUCF and the low shear capacity of SHS stiffeners 270 

while the failure of these decks was governed by shear. In addition, the hollow section created voids, 271 

considerably reduced the shear capacity of Deck SUSF and led to its punching shear failure.  272 

The load-deflection curves of the decks with stay-in-place formwork (Decks SUSF and SUYF) were 273 

linear up to almost failure. This behaviour meant that the stiffness of these two decks did not change up 274 

to almost failure and thus low deflection was observed at failure. The pre-cracking stiffness of the 275 

control decks was slightly higher than that of the decks with stay-in-place formwork. This was attributed 276 

to the 15% larger thickness of the control decks which has a direct influence on the initial cracking 277 

moment before tensile cracks appeared in concrete on the tension side. The control decks had a larger 278 

overall depth due to the existence of the bottom concrete cover (10 mm), which did not exist in the 279 

decks with GFRP stay-in-place formwork. The tensile strength of concrete in the tension side before 280 

cracking contributed to the initial flexural resistance therefore the cracking moment of the reinforced 281 

decks (Decks SUCS and SUCF) was greater than that of the decks with stay-in-place formwork (Decks 282 

SUSF and SUYF). It is worth mentioning that the initial cracking load was identified by the change in 283 

the slope of the load-deflection curves and/or the occurrence of the first crack. However, because there 284 

is no clear change in the slope of the stress-strain curve of Decks SUSF and SUYF, their cracking load 285 

is determined when visual observation noticed the occurrence of the first crack. 286 

Although the control deck reinforced with FRP bars (Deck SUCF) failed in shear with the load dropping 287 

suddenly upon reaching the peak load, Deck SUSF showed a reduction in stiffness at 97% of peak load 288 

(approximately 145 kN) due to the high dowel action of stiffeners and progressive tearing of the SHS 289 

GFRP stay-in-place formwork. 290 
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The stiffness of Deck SUYF was relatively similar to Deck SUSF up to the applied load of 291 

approximately 100 kN but with a significantly higher load-carrying capacity because the Y-shaped 292 

stiffener increased the shear capacity of the deck and mitigated the shear failure. As shown in Fig. 8, 293 

even though the peak load of Deck SUYF was significantly higher than that of the control decks, the 294 

deflection at the peak load of the Deck SUYF was significantly lower than those of the control decks. 295 

The higher peak load and smaller deformation of the deck with Y-shaped GFRP stay-in-place formwork 296 

was a result of higher shear resistance of the formwork and lower deformability of stiffeners of Deck 297 

SUYF. 298 

Effect of stiffener configuration  299 

As shown in Fig. 8, the initial stiffness of the decks with stay-in-place formwork was similar before the 300 

applied load reached approximately 85 kN regardless of the type of stiffeners. The first crack of both 301 

the decks occurred at approximately 20 kN with the corresponding deflection of 0.30 mm. Although 302 

both Decks SUSF and SUYF failed in punching shear, the peak load of the deck comprising Y-shape 303 

stiffeners was 55% higher than the deck comprising SHS stiffeners. Considering that both decks used 304 

the same amount of FRP material, the results indicated the higher efficiency of using Y-shape FRP 305 

stiffeners. It is noted that Deck SUSF had voids inside SHS which also reduced the shear resistance 306 

from UHPC. Therefore, this observation should be confirmed again with Deck SUSF in which SHS is 307 

filled with UHPC, which requires more labour cost in construction. 308 

To investigate the failure behaviour of stiffeners, the decks with GFRP stay-in-place formwork were 309 

sectioned through the longitudinal (a-a) and transverse (b-b) centre line as demonstrated in Fig. 2. As it 310 

can be seen in Fig.11, both Y-shape and SHS stiffeners experienced tension-shear-coupling failure 311 

associated with the tension shear cracks within the shear zone. Deck SUYF failed through rupture of 312 

the Y-shape stiffeners at the junction of the web and the bottom plate or web and the top flanges. In 313 

addition, the bottom plate delaminated from the rest of the deck and concrete damaging at the top of the 314 

deck was also observed. Visual inspections showed that a thin layer of concrete was attached to the 315 

surface to Y-shape stiffeners and the concrete shear crack occurred very close to the interface. 316 

Therefore, it can be concluded that no debonding between Y-shape stiffeners and concrete occurred. It 317 
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indicated sufficient bonding between the stiffeners and concrete resulted from a good combination 318 

performance of surface treatment and high mechanical interlock. As shown in Fig. 11, SHS stiffeners 319 

failed by deforming and rupturing the hollow section due to its low shear capacity followed by critical 320 

debonding between concrete and stiffeners, as well as top concrete damage. In contrast with Deck 321 

SUYF, debonding between SHS stiffeners and concrete is a result of the slip and high shear stress in 322 

the interface area which occurred due to deformation of SHS stiffeners and lack of decent mechanical 323 

interlock. It can be concluded that after the failure of the SHS stiffeners, the effective depth of the deck 324 

was reduced by 63% and only the concrete from the top of the stiffener to the loading pad provided 325 

punching shear resistance. As a result, Deck SUSF showed a 30% lower peak load as compared to the 326 

control deck SUCF. 327 

It is worth mentioning that the surface treatment for both decks with SHS and Y-shape stiffeners was 328 

similar. However, Y-shape stiffeners showed significantly better bonding performance which led to 329 

higher composite action. The composite action between concrete and stay-in-place formwork not only 330 

relies on the mechanical interlock and adhesive bonding between concrete and formwork (Keller et al. 331 

2007, He et al. 2012) but also depends on the bonding between stiffeners and the plate. In other words, 332 

integrity is an important factor in the performance of stay-in-place formwork to act as a one-piece 333 

component. This integrity is directly related to the bonding interface area between stiffeners and GFRP 334 

plates. As shown in Fig. 3, the stiffeners to the GFRP plate interface area in SHS stiffened formwork 335 

was approximately 60% larger than that of Y-shape stiffened formwork. As a result, sufficient bonding 336 

was observed for Decks SNSF and SUSF which were stiffened by SHS stiffeners. While the bottom 337 

delamination was observed in Deck SUYF after large deformation due to a smaller bonding interface 338 

area between stiffeners and GFRP plates.  339 

Additionally, it is widely accepted that the total nominal shear strength of an FRP reinforced concrete 340 

cross-section is the sum of the shear resistance provided by concrete and the shear reinforcement. In 341 

this study, the tensile reinforcements were replaced by integrated permanent stay-in-place formwork. 342 

The better performance of the deck with Y-shape stiffeners is not only attributed to the higher 343 

contribution of concrete but also attributed to the higher contribution of FRP stiffeners. The most 344 
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effective design is to place shear reinforcement at the centre of a section to resist the maximum shear 345 

stress of the shear flow. As shown in Fig. 12, the cross-section area of concrete and Y-shape stiffeners 346 

in the middle region of the deck were respectively 1.6 and 1.2 times higher than that of the deck with 347 

SHS stiffeners, considering that both decks used the same amount of FRP material. Therefore, the shear 348 

resistance of Deck SUYF was significantly higher than Deck SUSF.  349 

The tensile strain at the mid-span of the GFRP plates of Decks SUSF and SUYF is shown in Fig. 10. 350 

The tensile strain of the GFRP plate at bottom of the decks increased almost linearly from the beginning 351 

until the peak load. The maximum GFRP longitudinal strain in Deck SUSF and Deck SUYF was 352 

approximately 4,000 μm/m and 16,700 μm/m, respectively, which were 24% and 98% of the 17,000 353 

μm/m nominal rupture strain of the GFRP plate. This very substantial difference was attributed to the 354 

low utilization of GFRP plate capacity in SUSF due to its low modulus and over-reinforced section. 355 

The strain value of the GFRP plate for Deck SUYF linearly increased up to approximately 5,300 μm/m 356 

as the applied load increased up to approximately 200 kN. Thereafter, the strain value dramatically 357 

increased from 5,300 μm/m to 16,700 μm/m while the applied load increment was insignificant. This is 358 

attributed to the transferring considerable stress to the GFRP bottom plate after crack propagation in 359 

conjunction with initiating the Y-shape FRP stiffeners rupture. However, no significant stiffness 360 

reduction was observed in the deck deflection response due to an excellent contribution of GFRP stay-361 

in-place formwork. It should be mentioned that the strain gauge installed on the bottom GFRP plates of 362 

Deck SUYF was damaged after a large strain corresponding to a 205 kN loading.  This observation is 363 

interesting and it requires further investigation to unveil clearly the mechanism behind it. Meanwhile, 364 

the brittle post-peak behaviour of Deck SUYF was due to the shear failure of stiffeners at a high loading 365 

level. The longitudinal strain of the GFRP plate was still below the ultimate material strain and no 366 

rupture was observed. The extremely high utilization of GFRP plate in Deck SUYF has clearly proven 367 

the advantages of using Y-shape stiffeners as compared to SHS stiffeners in these structures. 368 

To further investigate the behaviour of the stiffeners, the relation between the applied load and strain 369 

on the stiffeners is presented in Fig. 13. It is clear that the strain of GFRP stiffeners in all the decks 370 

linearly increased from the beginning until the first crack. Strain at midspan (SG V1-3) was much 371 
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greater than that at SGs L1-3 and SGs R1-3. Considering the shear damage surface, these strain gauges 372 

should exhibit similar results. The substantial difference in the strain of SGs V1-3 vs SGs L1-3/R1-3 373 

indicated strain induced by flexural response dominate the total measured strain. After UHPC cracking, 374 

the contribution of UHPC was lost and considerable stress was transferred to the stiffeners that led to a 375 

reduction of composite action. Accordingly, the slope of the curve significantly reduced after the first 376 

crack, indicating a rapid increase of strain. SG L1 and SG R1 showed the highest level of strain 377 

redistribution as there were located near the loading area and the first flexural crack occurred underneath 378 

the loading area. For Deck SUSF, as the applied load increased, more flexural cracks appeared near 379 

SGs L2 and R2. A noticeable reduction in the slope of curves was observed at approximately the 30 kN 380 

loading level due to critical cracking and transferring large stresses to the stiffeners which led to an 381 

increase of strain. Before the peak load, SGs L2-3 showed reversal strain due to the rupture of SHS 382 

stiffeners. SG R2 also showed a reversal strain at 84% of peak load due to shear failure of the stiffener 383 

in the vertical direction, however, the stiffener was able to carry more stress as the applied load 384 

increased. A similar reversal strain was also reported in previous studies (Nelson and Fam 2013, 2014). 385 

The ultimate tensile strength of GFRP in this study was 4 times lower than its ultimate tensile strength 386 

in the longitudinal direction. Hence, utilizing FRP stiffeners with bi-directional fibres with higher 387 

transverse tensile strength can be an alternative solution to prevent premature failure in the transverse 388 

direction. 389 

Stress redistribution of the Y-shape stiffeners in the longitudinal direction was very small while the 390 

corresponding strain in the transverse direction was considerable in Deck SUYF.  The results showed 391 

that the maximum tensile strain of SHS stiffeners of Deck SUSF at SGs V2-3 in the transverse direction 392 

was approximately 600 μm/m and 550 μm/m at the peak load, respectively. While the corresponding 393 

strain of the Y-shape stiffeners of Deck SUYF at SGs V2-3 at the same load level (149.1 kN) was 394 

approximately 980 μm/m and 800 μm/m, respectively. Considering both the decks failed by punching 395 

shear and the concrete strength of both decks was the same, the higher strain value in Y-shape stiffeners 396 

(50% increase) as compared to SHS stiffener was the result of the remarkable contribution of Y-shape 397 

stiffener and good mechanical bonding between stiffener and concrete which increased the contribution 398 
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of stiffeners to the shear resistance. The maximum strain of the Y-shape stiffeners was approximately 399 

2,100 μm/m in the transverse direction, which demonstrated the stiffeners resisted well the shear stress 400 

in the UHPC deck. The higher strain in the transverse direction as compared to the longitudinal direction 401 

in both decks is attributed to the governing of the flexural behaviour of the decks until the peak loads. 402 

Accordingly, SGs V1-3 were located at midspan and thus the elongation due to bending governed the 403 

reported strain which was much greater than those in the longitudinal direction. 404 

Effect of concrete strength 405 

The effect of concrete strength on the performance of decks cast on stay-in-place formworks is 406 

discussed via comparing Decks SNSF vs SUSF. Both the decks were identical in all aspects, except the 407 

concrete strength. PVA-UHPC with the compressive strength of 140 MPa and splitting tensile strength 408 

of 12 MPa was used to cast Deck SUSF, while normal concrete with the compressive strength of 34 409 

MPa and splitting tensile strength of 3 MPa was utilized in Deck SNSF. Even though both the decks 410 

failed in punching shear, Deck SUSF clearly showed a higher loading capacity due to the higher 411 

concrete strength. The maximum load-carrying capacity of Deck SUSF was 149.1 kN, which was 63% 412 

higher than that of Deck SNSF (91.4 kN). This is attributed to a higher splitting tensile strength of 413 

UHPC vs normal strength concrete (12 MPa vs 3 MPa). The flexural crack was observed on the tension 414 

zone of both the decks and the number of flexural cracks in Deck SNSF was significantly lower (see 415 

Fig. 9) due to the absence of fibre in concrete while Deck SUSF exhibited more number of cracks with 416 

smaller width, indicating more uniform crack distribution and thus better material’s utilization. 417 

 Finally, Deck SNSF failed by sudden punching shear cracks as Deck SUSF. As shown in Fig. 8, the 418 

stiffness of Decks SNSF and SUSF was linear and almost similar before cracking. This was because 419 

the influence of PVA fibres had not been activated yet at the early stage. Similar behaviour was also 420 

reported in the previous study  (Yoo and Yoon 2015).  After the initial cracking, new cracks developed 421 

in Deck SUSF. This cracking behaviour was different from Deck SNSF that experienced only one major 422 

flexural crack with wider crack width. This phenomenon demonstrated the multiple cracking behaviour 423 

of UHPC due to the ability to redistribute the stress before tensile failure. Deck SNSF exhibited a 424 

slightly better ductility beyond punching shear while the post-shear failure of Deck SUSF was not 425 
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ductile (see Fig. 8). This phenomenon is due to the gradual deforming, rupturing and partial debonding 426 

between concrete and GFRP stay-in-place formwork after concrete failure in lower load level. The 427 

deformation of the SHS stiffeners was observed upon inspecting the deck after testing.  428 

Meanwhile, Fig. 10 indicates a low utilization of the bottom GFRP plate of Decks SUSF and SNSF 429 

(maximum longitudinal strain of approximately 4,000 μm/m as compared to the maximum rupture 430 

strain of the GFRP plate of 17,000 μm/m). This low utilization of GFRP plate capacity is not merely 431 

because of the over-reinforced section, but also a result of premature rupture failure of SHS stiffeners 432 

which led to the failure of the deck before fully engaging the bottom plate. Therefore, it can be 433 

recommended that the capacity of the bottom GFRP plate with 3.2 mm thickness is significantly more 434 

than the required capacity of the decks with SHS stiffeners and GFRP plates with smaller thickness can 435 

be used in case of using SHS stiffeners to save the material cost. 436 

The results indicate that the maximum tensile strain of stiffeners in the longitudinal direction for Deck 437 

SNSF was 650 μm/m at the peak load (91.4 kN), which was almost twice the corresponding strain of 438 

Deck SUYF. The reinforcements for these two decks were the same and both failed in shear so that the 439 

shear response governed the behaviour of these specimens. Accordingly, the lower longitudinal strain 440 

value in Deck SUSF as compared to Deck SNSF was the result of the notable contribution of UHPC in 441 

shear resistance. The fibre bridging mechanism assisted UHPC to carry a big portion of loads after 442 

cracking (Pournasiri et al. 2018). The maximum strain of the SHS stiffeners of Deck SUSF in the 443 

longitudinal direction was approximately 660 μm/m at 149.1 kN, which was almost similar to the 444 

maximum stiffeners strain of Deck SNSF at failure. This result also confirmed the better contribution 445 

of the UHPC to the shear resistance of the decks with stay-in-place formworks. Similar results were 446 

also observed in the transverse direction. The maximum tensile strain of SGs V2 and V3 in the 447 

transverse direction of Deck SNSF at the peak load was significantly greater (3~4 times) than those of 448 

Deck SUSF. This observation further demonstrated the better influence of UHPC on the shear resistance 449 

of Deck SUSF by transferring fewer stresses to the stiffeners after cracking. 450 
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In general, UHPC increased the system performance due to higher stiffness after the initial cracking 451 

and punching shear capacity as compared to normal concrete. However, the specimen with UHPC 452 

suffered brittle failure due to the sudden rupturing of GFRP stiffeners at a high applied load.  453 

Analysis of shear strength of decks with stay-in-place formworks 454 

An analytical model was developed by Noël and Fam (2016) to predict the shear strength of decks with 455 

stay-in-place formworks. The ultimate nominal shear strength (Pn) is given as follows: 456 

𝑃𝑃𝑛𝑛
𝑏𝑏0𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎 �𝑓𝑓′𝑐𝑐

= 0.375�𝜔𝜔𝑎𝑎𝑒𝑒𝑒𝑒 + 0.0334�(𝐵𝐵 + 4.0)(5.6− 𝐿𝐿)                                                         (1) 457 

where b0 is the perimeter of the punching shear failure plane, dave is the weighted average effective 458 

depth, ωeff is the reinforcement ratio normalized with respect to the ratio of FRP and steel modulus, B 459 

is the deck width and L is the span length. f’c is the compressive strength of concrete. b0, dave and ωeff 460 

can be calculated as follows: 461 

𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑑𝑑𝑥𝑥𝑐𝑐𝑥𝑥 + 𝑑𝑑𝑦𝑦𝑐𝑐𝑦𝑦
𝑐𝑐𝑥𝑥 + 𝑐𝑐𝑦𝑦

                                                                                                                             (2) 462 

𝑏𝑏0 = 546 + 2𝑑𝑑𝑥𝑥 + 2𝑑𝑑𝑦𝑦                                                                                                                         (3) 463 

𝜔𝜔𝑎𝑎𝑒𝑒𝑒𝑒 =
𝜔𝜔𝑥𝑥𝑐𝑐𝑥𝑥 + 𝜔𝜔𝑦𝑦𝑐𝑐𝑦𝑦
𝑐𝑐𝑥𝑥 + 𝑐𝑐𝑦𝑦

                                                                                                                            (4) 464 

where dx is the concrete thickness to the bottom GFRP plate, dy is the concrete depth measured to the 465 

centroid of the FRP repeated pattern, cx and cy are the ratios of perimeters in each of the orthogonal 466 

directions to the total perimeter and are GFRP reinforcement indices in each of the orthogonal 467 

directions. ωx and ωy are FRP reinforcement indexes in the traffic and normal to traffic directions. cx, 468 

cy, ωx and ωy are given by 469 

𝑐𝑐𝑥𝑥 =
192 + 𝑑𝑑𝑦𝑦

273 + 𝑑𝑑𝑥𝑥 + 𝑑𝑑𝑦𝑦
                                                                                                                             (5) 470 

𝑐𝑐𝑦𝑦 =
81 + 𝑑𝑑𝑥𝑥

273 + 𝑑𝑑𝑥𝑥 + 𝑑𝑑𝑦𝑦
                                                                                                                             (6) 471 
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𝜔𝜔𝑥𝑥 = 𝜌𝜌𝑥𝑥
𝐸𝐸𝑥𝑥
𝐸𝐸𝑆𝑆

                                                                                                                                              (7) 472 

𝜔𝜔𝑦𝑦 = 𝜌𝜌𝑦𝑦
𝐸𝐸𝑦𝑦
𝐸𝐸𝑆𝑆

                                                                                                                                              (8) 473 

where ρx and ρy are the GFRP reinforcement ratios in the two orthogonal directions, Ex and Ey are 474 

Young’s modulus of the GFRP section in the two directions and Es is Young’s modulus of steel. 475 

The comparison of the predicted values and experimental results is summarized in Table 1. Predicted 476 

to experimental ratio for Deck SNSF was 97% which showed a good arrangement in the case of using 477 

SHS stiffened stay-in-place formwork in conjunction with normal concrete. The predicated punching 478 

shear capacity of the Decks SUYF and SUSF showed reasonable agreement where the average 479 

predicted-to-experimental load ratio was 81% with a standard deviation of 19%. It is worth mentioning 480 

that the model was intended for decks with normal concrete, and it showed the best agreement in 481 

conjunction with stay-in-place structural formworks stiffened with SHS stiffeners. This variation is 482 

because of the presence of fibres in UHPC and the different mechanical properties of UHPC as 483 

compared to the normal concrete.   484 

 The predicted punching shear confirmed that decks with Y-shaped stiffeners can carry more load as 485 

compared to the deck with SHS stiffeners. Modification is required for predicting decks with the 486 

proposed Y-shape stiffeners and UHPC. 487 

Conclusion 488 

This study investigated the structural performance of PVA-UHPC cast on a GFRP stay-in-489 

place formwork using a new configuration. The following findings have been drawn based on 490 

the results discussed in this paper: 491 

1. Unlike from the control decks SNCS and SNCF, the loading capacity of the decks with GFRP 492 

stay-in-place formwork was governed by shear capacity. Their ultimate capacity depended on 493 

the configuration of stay-in-place formwork and concrete strength. 494 
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2. The loading capacities of the decks with stay-in-place formwork were 3.8 to 9.5 times higher 495 

than the established equivalent design service load level based on the half-axle load of the CL-496 

625 design truck considering the dynamic loading effect. All the decks tested in this study also 497 

met deflection limits of L/1,600 at equivalent service load. 498 

3. The load-carrying capacity of the decks was enhanced due to utilizing the structurally integrated 499 

GFRP stay-in-place formworks. The first crack occurred at a high loading level due to good 500 

transferring stresses from concrete to the GFRP stay-in-place formwork. 501 

4. The peak load of the deck with UHPC was 63% higher than that of the corresponding deck with 502 

normal concrete, increasing from 91 kN to 149 kN. UHPC significantly improved the shear 503 

resistance of the deck with normal strength concrete.  504 

5. The proposed new Y-shape stiffened stay-in-place formwork can be the alternative replacement 505 

for the conventional tensile bar reinforcement by achieving a 55% higher loading capacity as 506 

compared to SHS stiffened formworks due to the increased shear resistance.  507 

The use of UHPC and Y shape stiffeners have significantly improved the shear capacity of the decks 508 

with stay-in-place formwork up to 153%. Hollow formwork with SHS stiffeners can be used to reduce 509 

the self-weight of the structure with a lower shear resistance. Concrete-filled SHS can be used to 510 

improve the shear resistance but it requires additional filling step and hence increases the labour cost. 511 

Future work is also required to improve the design to take advantage of the improved properties of the 512 

UHPC. 513 
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Notation 520 

B = deck width; 521 

L = span length; 522 

b0 = perimeter of the punching shear failure plane; 523 

cx = ratios of punching shear perimeters in in direction of traffic to the total perimeter; 524 

cy = ratios of punching shear perimeters in in direction of normal to traffic to the total perimeter; 525 

dave = weighted average effective depth; 526 

dx = the concrete thickness to the bottom GFRP plate; 527 

dy = the concrete depth measured to the centroid of the FRP repeated pattern; 528 

Es = Young’s modulus of steel; 529 

Ex = Young’s modulus of the GFRP section in in direction of traffic;  530 

Ey = Young’s modulus of the GFRP section in in direction of normal to traffic;  531 

f’c = compressive strength of concrete; 532 

Pn = ultimate nominal shear strength; 533 

ρx = the GFRP reinforcement ratios in the in direction of traffic; 534 

ρy = the GFRP reinforcement ratios in the in direction of normal to traffic; 535 

ωeff = reinforcement ratio normalized with respect to the ratio of FRP and steel modulus; 536 

ωx = the GFRP reinforcement index in the direction of traffic;  537 

ωy = the GFRP reinforcement index in the direction normal to traffic. 538 
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Table 1. Summary of the test matrix. 728 
ID f’c 

(MPa) 
Depth 
(mm) 

Reinforcements Pexp 
(kN) 

Ppred 
(kN) 

Ppred 
/Pexp 

Failure mode 
Bottom Top mesh 

SUCS 140 75 Steel mesh Steel  113.5 - - Flexural 
SUCF 140 75 GFRP mesh GFRP  194.3 - - Punching Shear 
SUSF 140 65 SHS SIP formwork GFRP  149.1 179.7 1.21 Punching Shear 
SUYF 140 65 Y-shape SIP formwork GFRP  230.9 190.6 0.83 Punching Shear 
SNSF 34 65 SHS SIP formwork GFRP  91.4 88.3 0.97 Punching Shear 

 729 
Table 2. Mixture proportions of normal concrete. 730 

UHPC constituent weight (kg/m3) 
Cement 248.5 
Slag 106.5 
10 mm aggregate 1015 
Sand 809 
Water 172 
Superplasticizer 1.4 

 731 
 732 
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Table 3. Mixture proportions of UHPC. 733 
UHPC constituent weight (kg/m3) 
Cement 1,000 
Silica fume 250 
Silica sand 1,100 
Water 170 
Superplasticizer 65 
PVA fibre (2% vol.) 26 

 734 
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