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Abstract

:

The utilization and incorporation of glass fiber-reinforced plastics (GFRP) in structural applications and architectural constructions are progressively gaining prominence. Therefore, this paper experimentally and numerically investigates the use of GFRP I-beams in conjunction with concrete slabs to form composite beams. The experimental design incorporated 2600 mm long GFRP I-beams which were connected compositely to concrete slabs with a 500 mm width and 80 mm thickness. The concrete slabs are categorized into two groups: concrete slabs cast using normal-strength concrete (NSC), and concrete slabs prepared using high-strength concrete (HSC). Various parameters like the type of concrete (normal and high-strength concrete), type of stiffeners bonded to the composite section (bolt–epoxy or bolt only), and inclusion of corrugated metal sheets were investigated. To obtain the full shear connection between the GFRP I-sections and concrete slabs, two rows of shear connectors in the form of bolts were utilized. These shear connectors were erected to the top flange of the GFRP I-sections to compositely connect between the GFRP I-beams and the concrete slabs as well as the corrugated metal sheets. The strengthening of the shear webs of GFRP I-beams with GFRP T-section stiffeners resulted in an enhancement in the flexural and shear strength. The failure loads in the case of the bolt–epoxy connection for the stiffeners were 8.2% and 10.0% higher than those in the case of bolt only when the concrete compressive strengths were 20.1 MPa and 52.3 MPa, respectively. Moreover, the effect of the concrete compressive strength was vital where the failure loads increased by 79.9% and 77.1% when HSC was used instead of NSC for the cases of bolt–epoxy and bolt only, respectively. The epoxy adhesive used in conjunction with mechanical connectors, specifically bolts, resulted in sufficient composite action and delayed shear failure within the web of the GFRP beam. For the specimens with bolt–epoxy connection, strain levels in the concrete slabs were consistently higher than in the other specimens with bolts alone at the same loading level. The concrete slabs integrated with HSC registered strain levels that were 20.0% and 21.8% greater for bolt–epoxy and bolt-only connections, respectively, when compared to those using normal-strength concrete (NSC). This discrepancy can likely be credited to the enhanced composite interaction between the concrete slabs and the GFRP I-beams. In addition, ABAQUS software (version 6.2) was used to develop FE models to analyze the tested composite beams and provide a parametric study using the verified models.
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1. Introduction


The demand for sustainable and durable construction materials has led to the exploration of innovative solutions, such as the combination of pultruded GFRP profiles and traditional concrete elements. Pultruded GFRP offers a high strength-to-weight ratio, corrosion resistance, and ease of manufacturing, making it an attractive material for civil engineering applications [1,2,3]. The integration of pultruded glass fiber-reinforced polymer (GFRP) profiles with concrete structures has gained significant attention in recent years due to the excellent mechanical properties and corrosion resistance of GFRP materials. The economic efficiency of pultrusion can be significantly improved by operating the process at higher pulling speeds; through experimental study, researchers have analyzed the relationships between the pulling speed, morphology, and mechanical properties of pultruded glass fiber/vinyl ester resin structural composites [4]. This literature review delves into the flexural behavior of pultruded GFRP I-section composites when utilized as strengthening elements for concrete slabs. Specifically, it explores the effects of incorporating GFRP T-section stiffeners on the overall performance of composite beams.



There has been a significant increase in the investigation of fiber-reinforced polymer (FRP) prismatic sections for the purpose of achieving composite action with concrete. This trend is observed in conjunction with the growing utilization of FRP in both established and emerging applications within the realm of concrete structures. Over time, a considerable number of scholars have conducted research on the structural behavior of hybrid beams that consist of a combination of FRP and concrete materials. One study conducted an examination of a novel hybrid design for FRP–concrete beams, which involved both wrapped and unwrapped beams. The findings indicated that the wrapped beams exhibited a significant increase in load-carrying capacity, approximately twice as much as the unwrapped beams. Additionally, the wrapped beams demonstrated a noteworthy improvement in ductility compared to the unwrapped beams [5,6,7,8]. Based on a prior investigation encompassing diverse bonding parameters and combinations of FRP–concrete for beams, it was observed that composite beams exhibited notably reduced deflections and greater ultimate failure loads compared to conventional beams [9].



Prior research has investigated various aspects of RC composite beams, which are characterized by a concrete block on the upper side and an I-beam featuring GFRP protrusions on the lower side. Notably, improvements in ultimate capacity, ductility, and stiffness were observed [10,11,12]. However, a drawback of this composite beam was the occurrence of web instabilities during loading. Furthermore, its performance in fire was subpar due to the exposure of the I-beam to air without the protective covering of concrete. An alternative configuration for the composite beam was proposed, involving the encapsulation of the GFRP I-beam within the RC cross-section. Previous experimental studies have focused on these composite beams, conducting tests on concrete slabs to evaluate the advantages of replacing traditional steel-reinforced slabs with pultruded GFRP grating sections [13]. This approach demonstrated a reduction in the local buckling failure of embedded grid sections due to concrete confinement. The structural behavior of GFRP prismatic beams, attached at the top to concrete slabs using various GFRP profiles (including rectangular and I-sections) in composite action with concrete, has been examined [14]. Significantly, the plain GFRP I-section beam exhibited higher stiffness than the GFRP rectangular section beam, but achieved a lower ultimate failure load. Encasing the GFRP I-beam provided both flexural and increased shear strength [15]. Additionally, the slip between the concrete and the I-beam was found to decrease the load-carrying capacity, underscoring the crucial role of the connection between the FRP profile and concrete in influencing flexural behavior [16]. In a previous study, the impact of shear connectors on the flexural behavior of composite beams featuring GFRP I-sections was explored [17]. The structural response of hybrid GFRP I-sections mechanically connected to RC slabs, incorporating different cross-section geometries (with a GFRP I-section encased in concrete and a GFRP I-section connected to an RC slab by shear studs), was experimentally examined. Notably, a stiffer mechanical connection provided lateral confinement to the profile, resulting in half the slip values compared to configurations without shear studs [17].



Since web instabilities during loading were the disadvantages of the GFRP I-beams compositely connected to the concrete slabs, this phenomenon needs additional investigation so that we might overcome this mode of failure. Hence, this study systematically explores the practical application of glass fiber-reinforced polymer (GFRP) I-beams combined with concrete slabs to create composite beams, employing both experimental and numerical analyses. The experimental design incorporated GFRP I-beams, which were connected compositely to concrete slabs. The concrete slabs are categorized into two groups: concrete slabs cast using normal-strength concrete (NSC) and concrete slabs prepared using high-strength concrete (HSC). Various parameters were used, like the type of concrete (normal- and high-strength concrete), type of stiffeners bonded to the composite section (bolt–epoxy or bolt only), and inclusion of corrugated metal sheets. Moreover, ABAQUS software was used to develop FE models to analyze the tested composite beams and provide a parametric study using the verified models.




2. Experimental Work


The main purpose of the experimental configuration was to examine and explore the behavior of GFRP I-sections when acting in conjunction, with concrete while considering different parameters and combinations. Table 1 lists the tested specimens with different configurations.



2.1. Details of the Tested Specimens


The experimental design incorporated 2600 mm long GFRP I-beams which were connected compositely to concrete slabs with a 500 mm width and 80 mm thickness. The shear span-to-depth ratio was 5.6. The concrete slabs are categorized into two groups: concrete slabs cast using normal-strength concrete (NSC), and concrete slabs prepared using high-strength concrete (HSC). Various parameters were used, like the type of concrete (normal- and high-strength concrete), type of stiffeners bonded to the composite section (bolt–epoxy or bolt only), and inclusion of corrugated metal sheets with a thickness of 0.5 mm and yield stress of 426 MPa. Figure 1 provides the dimensions and details of the tested GFRP I-sections. These dimensions were selected to induce compression failure in the concrete slabs and ensure that the neutral axis aligns with the concrete slabs. This mode of failure was selected because it demonstrates the most significant degree of ductility among the various potential failure scenarios [18].



To obtain the full shear connection between the GFRP I-sections and concrete slabs, two rows of shear connectors in the form of bolts (grade 8.8 bolts) were utilized. These shear connectors were erected to the top flange of the GFRP I-sections at 260 mm longitudinal spacing and 50 mm transverse spacing to compositely connect between the GFRP I-beams and the concrete slabs as well as the corrugated metal sheets. These shear connectors were 75 mm in length and 12 mm in diameter. Every bolt was securely fastened into the upper flange of the GFRP I-beams by means of a hole, and subsequently tightened using nuts positioned above and beneath the flange. Per BS 3692, grade 8 nuts with a yield stress of 628 MPa were employed for this purpose. After fastening the bolts and the corrugated steel sheet, the formwork was fabricated (see Figure 2a) and the steel reinforcement was erected as 7Ø12 in the longitudinal direction with a spacing of 80 mm, as shown in Figure 2b. Moreover, steel rebars of 10 mm in diameter and 80 mm spacing were arranged along the length of each specimen. Finally, the concrete slabs were poured and subjected to a water-curing process for 14 days.



Local buckling in the prominent flange of the GFRP section is the primary factor influencing its flexural stress [10]. To avoid this buckling during testing, GFRP stiffeners were incorporated according to Nkosi [19]. Therefore, the composite beams were detached and subsequently affixed to stiffeners in the form of T-section GFRP using bolts and epoxy, as shown in Figure 3. In the case using bolts, grade 8.8 bolts measuring 40 mm in length and 8 mm in diameter were used between the stiffeners and the GFRP I-beams. Additionally, grade 8 nuts with an fy = 628 MPa were employed (per BS 3692). In the case of using epoxy, epoxy adhesives, denoted Epoxy A and Epoxy B, which consist of a resin and a hardener, were utilized. The mixing process of the two adhesives was conducted based on the instructions provided by the manufacturer. Before the bonding process, the surfaces were prepared by roughening them with sandpaper and applying acetone solvent to the surfaces. The epoxy thickness was 2 mm between the GFRP web and the stiffeners. Finally, the composite beams were left in ambient air for an additional 14 days before testing.




2.2. Materials


The GFRP I-beams utilized in this research were procured from Dura Composites Ltd., a globally recognized manufacturer of FRP products (Essex, United Kingdom). The I-beams were manufactured from isophthalic polyester resins that were reinforced with E-glass fibers. Table 2 presents the mechanical and geometric characteristics of the pultruded GFRP I-section. The provided mechanical compressive and tensile properties were determined by standard testing as specified in ASTM D695–15 [20] and ISO 527-4:2021 [21], respectively. The elastic modulus of GFRP was 27.1 GPa, while it was 200 GPa for the steel reinforcement rebars. Due to the lower stiffness of GFRP compared to the steel and CFRP rebars, the deflections are larger at the same loading level [22].



Normal- and high-strength concrete mixes were used to prepare the concrete slabs of the composite beams. The concrete mix proportions (by weight) were 1.0:1.4:2.1:0.3:0.015 for the NSC and 1.0:1.1:1.2:0.2:0.029 for the HSC. These proportions represent the ratios of cement, sand, coarse aggregate, water/cement ratio, and superplasticizer. Concrete cubes 150 mm × 150 mm × 150 mm were prepared and cured for 28 days according to BS 1881 [23]. During the curing process, the concrete specimens were kept in the plastic molds for 24 h. Following the extraction of the specimens, they were submerged in room-temperature water until a testing age of 28 days was attained. The average compressive strengths of concrete were 20.6 MPa and 52.1 MPa for the NSC and HSC, respectively.




2.3. Test Setup and Instrumentations


The prepared composite beams were subjected to a three-point loading configuration using a hydraulic jack of 200 kN capacity, as illustrated in Figure 4. The applied load was recorded by a load cell which was attached to the hydraulic jack. The mid-span deflection for each specimen was recorded using a linear variable differential transformer (LVDT). Moreover, the strains in the concrete slabs, GFRP beams, steel rebars, and corrugated metal sheets were monitored during the tests using strain gauges. These strain gauges were strategically positioned at the mid-span of each specimen. Three strain gauges were attached to the GFRP beam of the composite specimen, specifically targeting the top flange, bottom flange, and mid-web. All instruments were connected to a data logger and the recorded readings were collected by a computer.





3. Results and Discussions


3.1. Load–Deformation Relationships


The experimental results of the tested beams are listed in Table 3 in terms of the failure loads and the corresponding mid-span deflections, measured strains, and modes of failure. The failure loads in the case of bolt–epoxy connection for the stiffeners were 8.2% and 10.0% higher than those in the case of bolts only when the concrete compressive strengths were 20.1 MPa and 52.3 MPa, respectively. Moreover, the effect of the concrete compressive strength was vital, where the failure loads increased by 79.9% and 77.1% when the HSC was used instead of NSC for the cases of bolt–epoxy and bolt only, respectively.



Table 3 displays the maximum deflection measurements for the tested beams. The beams reinforced with GFRP T-section stiffeners and secured with a bolt–epoxy combination exhibited a reduced deflection ratio compared to those beams that were solely bolted. Figure 5 illustrates the load–deflection curves for these beams. Beams with the bolt–epoxy connection method showcased superior performance, as evidenced by their higher stiffness values and increased failure loads, compared to the beams with just the bolted connection.




3.2. Strain Measurements


Figure 6 depicts the strains measured at the mid-span extreme fibers of the examined specimens. For specimens HNEB and HHEB, which used a bolt–epoxy connection, strain levels in the concrete slabs were consistently higher than in specimens HNB and HHB, which utilized bolts alone, given the same load level. This discrepancy can likely be credited to the enhanced composite interaction between the concrete slabs and the GFRP I-beams. Yet, this distinction became negligible when high-strength concrete (HSC) was applied. Contrastingly, concrete slabs integrated with HSC registered strain levels that were 20.0% and 21.8% greater for bolt–epoxy and bolt-only connections, respectively, when compared to those using normal-strength concrete (NSC). The elevated strain levels were linked to the amplified flexural capabilities introduced by the high-strength concrete.




3.3. Modes of Failure


Each of the tested beams is predominantly fractured at the shear web joint located in the central region of the GFRP beam and proximate to the point loads on the composite beams. This type of failure can decisively be linked to the commencement and eventual development that led to the beams’ catastrophic breakage. Prior to complete failure, audible cues such as the cracking of the beam section and the shearing of fibers were evident. The breakage, following these sounds, was abrupt. The onset of failure originated from the bolt holes intended for the stiffeners. Notably, beams reinforced in the manner of HNEB and HHEB exhibited cracks between stiffener segments before the ultimate failure, thus providing a preliminary warning of their impending breakdown. Figure 7 captures the ultimate shear failure in the beams’ webs.





4. Numerical Modeling


In this study, FE models were developed using the ABAQUS software [24] package to numerically investigate the behavior of the tested composite beams under the effect of static loading. The material and geometric nonlinearities were considered. The FE modeling involved the modeling of the several components of the composite beams including the slab, GFRP I-beam, shear connectors (between the GFRP I-beam and the slab), shear bolts (between the GFRP I-beam and the stiffeners), and GFRP stiffeners. The modeling approach employed 3D stress elements to accurately represent the behavior of each component.



4.1. Selection of Elements


The representation of the concrete volume was achieved using an eight-node solid brick element (C3D8R) that incorporated 2 × 2 × 2 integration points. The longitudinal and transverse steel rebars of the concrete slabs were simulated by employing embedded two-node linear 3D truss elements (T3D2) [11]. The utilization of eight-node solid components (C3D8R) was also employed in the simulation of steel plates subjected to both the applied load and the resisting reactions, as depicted in Figure 8. The corrugated steel sheet was modeled using shell elements (S4R). The eight-node shell element S8R with reduced integration was used to simulate the GFRP I-beam and stiffeners. The shear connectors were modeled using general-purpose linear brick elements (C3D8R).



It is noteworthy to emphasize that in the context of this numerical study, a perfect bond was assumed to exist between the surrounding concrete and the steel rebars, indicating complete compatibility. However, the bond between the GFRP beam surface and the concrete slab was simulated using surface-to-surface contact pairing. The contact property was represented by the tangential behavior with a penalty friction formulation. The tangential shear stress was adopted from the push-out test as 0.422 MPa [25] and the friction coefficient was used equally at 0.55, according to the test of Hadi and Yuan [15]. However, the full bond between the GFRP stiffeners and GFRP beams was assumed.



Mesh sensitivity analysis methods were employed to depict the load–displacement behavior of beam specimens. Various mesh sizes (10 mm, 15 mm, and 20 mm) were employed to assess the sensitivity of the simulation. The comparisons were based on the convergence errors and solving time. Following numerous iterations, a mesh size of 15 mm × 15 mm × 15 mm was opted for the concrete and CFRP elements as well as the loading steel plates (C3D8R size). The 15 mm mesh size was also adopted for the steel rebars to ensure compatibility with the surrounding concrete elements. Comparative analyses indicated that refining the mesh size had no discernible impact on displacement and load. Consequently, a 15 mm mesh size was selected for use in the simulations.




4.2. Material Modeling


In this analysis, we employed the concrete damage plasticity (CDP) model to simulate the response of the examined specimens. The CDP model factors in the phenomena of concrete cracking and crushing. The various damage parameters for cracking and crushing are listed in Table 4. These different parameters were established from previous analyses and implemented in this study [24,26]. The factors considered in this study included the dilation angle (φ), eccentricity (ϵ), the ratio of compressive strength to uniaxial pressure (biaxial) (fbo/fco), the coefficient (K), and the viscosity parameters (μ).



Figure 9 presents the stress-strain curves for concrete as per CEN [27]. This investigation used the Kent and Park [28,29] parabolic constitutive model for unconfined concrete, as shown in Figure 9a. Park [29] reported     ε   c   ′     to equal 0.002, which was assumed in this study. The adopted relationship shows a parabolic increasing trend (A–B) for the hardening stage and a linear behavior (B–C) for the unconfined cylinder specimen, where     σ   c     and     ε   c     represent nominal compressive stress and strain, and     σ   c u     and     ε   c   ′     represent ultimate compressive strength and strain. The softening phase continued until 20% of the unconfined cylinder compressive strength (Point C) was reached, at which point the stress value could not drop, and perfect plastic behavior was anticipated (C–D).



Concrete was treated as quasi-brittle material under tension. Therefore, a two-phase constitutive model of pre-cracking and post-cracking (see Figure 9b) was proposed. The model adopted a linear–elastic stress-strain relationship up to the point of the failure stress threshold (i.e., the tensile strength of concrete, ft). The linear softening curve was implemented in the proposed model, as shown in Figure 9b.



The bilinear relationship for longitudinal steel rebars was adopted in this study as depicted in Figure 10. The linear isotropic component is determined by the reinforcement’s elastic modulus and Poisson’s ratio as well as the yielding stress. The plastic component is characterized by yield stress (fy), ultimate stress (fu), and plastic strains.



The behavior of the pultruded profiles was characterized by employing the progressive damage model in conjunction with a mixture of damage initiation criteria. Hashin’s criteria [30] determined when the pultruded profile (GFRP beam) degrades. After meeting damage conditions, the pultruded profile’s stiffness diminishes according to the damage evolution law. Table 5 lists the engineering constants for the elastic properties of GFRP material, strength properties for damage initiation criteria, and progressive damage model parameters for damage evolution (fracture energy) and damage stabilization (viscosity coefficients). Based on the fiber and matrix type and trial and error, the listed values in Table 5 were derived from experiments and the literature [31,32]. Moreover, the mechanical properties of the GFRP I-section, such as compressive and tensile strength and elastic modulus, were examined in [33].




4.3. Model Verifications


Numerous comparisons were conducted utilizing the experimental findings. Table 6 encompasses the load, deflection, and maximum load capability within this ratio. When subjected to the identical ultimate failure experimental load, the analysis conducted on the hybrid beam (HNB) resulted in a deflection measurement of 26.02 mm, whereas the experimental data revealed a deflection value of 26.32 mm. Figure 11 demonstrates a strong concurrence between the model FEA and experimental findings pertaining to the (load–deflection) curve across all composite beams.



Figure 12 illustrates a close concurrence between the FE and experimental deformations, suggesting that the Abaqus FE program accurately anticipated the flexural behavior of the examined specimens. Moreover, Table 7 provides additional comparisons in terms of the measured strains in the extreme fibers of the composite cross-sections under the ultimate failure load. These comparisons affirm that the developed FE models are capable of simulating the flexural behavior of the tested specimens.





5. Conclusions


This research work experimentally and numerically investigates the use of GFRP I-beams in conjunction with concrete slabs to form composite beams. The experimental design incorporated GFRP I-beams connected compositely to concrete slabs. The concrete slabs are categorized into two groups: concrete slabs cast using NSC, and those cast using HSC. Various parameters like the type of concrete, the type of stiffeners bonded to the composite section (bolt–epoxy or bolt only), and the inclusion of corrugated metal sheets were used. Moreover, ABAQUS software was used to develop FE models to analyze the tested composite beams and provide a parametric study using the verified models.




	
The strengthening of the shear webs of GFRP I-beams with GFRP T-section stiffeners resulted in an enhancement in the flexural and shear strength.



	
The effect of the concrete compressive strength was vital, where the failure loads increased by 79.9% and 77.1% when the HSC was used instead of NSC for the cases of bolt–epoxy and bolts only, respectively.



	
The composite beams that were reinforced using a combination of bolts and epoxy demonstrated significantly greater ultimate failure loads compared to the GFRP beams that were solely reinforced with bolts. The failure loads in the case of bolt–epoxy connection for the stiffeners were 8.2% and 10.0% higher than those in the case of bolts only when the concrete compressive strengths were 20.1 MPa and 52.3 MPa, respectively. The epoxy adhesive used in conjunction with mechanical connectors, specifically bolts, resulted in sufficient composite action and delayed shear failure within the web of the GFRP beam.



	
For the specimens with bolt–epoxy connection, strain levels in the concrete slabs were consistently higher than the other specimens with bolts alone at the same loading level. The concrete slabs integrated with HSC registered strain levels that were 20.0% and 21.8% greater for bolt–epoxy and bolt-only connections, respectively, when compared to those using normal-strength concrete (NSC). This discrepancy can likely be credited to the enhanced composite interaction between the concrete slabs and the GFRP I-beams.



	
Overall, the use of GFRP I-beams in conjunction with concrete warrants additional research and examination in order to establish a rational basis for the effective utilization of concrete and GFRP composites, and to investigate additional parameters.
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Figure 1. Details and dimensions of the specimens and their components (all dimensions are in mm). 
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Figure 2. (a) Formwork and (b) steel reinforcement. 
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Figure 3. GFRP stiffeners: (a) dimensions and details and (b) GFRP stiffeners attached to the GFRP beam. 
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Figure 4. Details, experimental setup and instrumentations. 
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Figure 5. Illustration of the load–deflection curves for the tested beams. 
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Figure 6. Extreme fiber strain measurements. 
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Figure 7. Modes of failure of the tested specimens: (a) specimen HNB, (b) specimen HNEB, (c) specimen HHB, and (d) specimen HHEB. 
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Figure 8. The meshing of the FE model for the composite beam HNB. 
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Figure 9. The adopted stress–strain relationships for concrete. 
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Figure 10. Stress–strain relationship for steel rebars. 
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Figure 11. Experimental and FE comparisons in terms of the load–deflection curves. 
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Figure 12. Comparison between the FE and experimental deformation of beam HNB at the failure loading: (a) FE deformation and (b) experimental deformation. 
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Table 1. Details of the tested specimens.






Table 1. Details of the tested specimens.





	Specimen
	Stiffeners
	Concrete *
	Length (mm)
	Stud Height × Diameter (mm)
	Stud Spacing (mm)
	Corrugated Sheets Thickness (mm)





	HNEB
	Bolt–Epoxy
	NSC
	2600
	75 × 12
	260
	0.5



	HNB
	Bolt only
	NSC
	2600
	75 × 12
	260
	0.5



	HHEB
	Bolt–Epoxy
	HSC
	2600
	75 × 12
	260
	0.5



	HHB
	Bolt only
	HSC
	2600
	75 × 12
	260
	0.5







* NSC: normal-strength concrete, HSC: high-strength concrete.













 





Table 2. Geometrical and mechanical properties of the pultruded GFRP I-sections.






Table 2. Geometrical and mechanical properties of the pultruded GFRP I-sections.





	Mechanical Properties
	Value
	Geometrical Properties
	Value





	Transverse Compressive Strength (MPa)
	118.3
	Area (mm2)
	3300



	Longitudinal Compressive Strength (MPa)
	326.14
	Perimeter (mm)
	680



	Longitudinal Tensile Strength (MPa)
	347.5
	Moment of inertia (mm4)
	11,647,500



	Longitudinal Elastic Modulus (MPa)
	27,100
	Mass (Kg/m)
	5.94



	Transverse Elastic Modules (MPa)
	6800
	Web and flange thickness (mm)
	10










 





Table 3. Summary of the experimental results.
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	Specimen
	Failure Load (kN)
	Mid-Span Deflection (mm)
	Strain at Failure (με)
	Mode of Failure





	HNEB
	66.8
	28.1
	1000
	Web shear



	HNB
	61.7
	26.3
	780
	Web shear



	HHEB
	120.2
	50.2
	1200
	Web shear



	HHB
	109.3
	44.7
	950
	Web shear










 





Table 4. Input parameters for the CDP model [24,26].
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	Parameter
	φ
	ϵ
	fbo/fco
	K
	μ





	Value
	31o
	0.1
	1.16
	0.667
	0.001










 





Table 5. Mechanical properties and progressive damage parameters of the GFRP material [33].
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Definition

	
Value






	
Engineering

Elastic Constants

	
Longitudinal Elastic Modulus (Ez)

	
27.1 GPa




	
Transverse Elastic Modulus (Ex = Ey)

	
6.8 GPa




	
Transverse Shear Elastic Modulus (Gxy)

	
17.5 GPa




	
In-Plane Shear Elastic Modulus (Gzx = Gzy)

	
2.7 GPa




	
Major Poisson’s Ratio (υzx = υzy)

	
0.23




	
Minor Poisson’s Ratio (υxy)

	
0.1




	
Strength Values

	
Tensile Strength

	
Longitudinal

	
347.5 MPa




	
Transverse

	
50 MPa




	
Compressive Strength

	
Longitudinal

	
326.1 MPa




	
Transverse

	
118.3 MPa




	
Shear Strength

	
Longitudinal

	
8.04 MPa




	
Transverse

	
104.23 MPa




	
Damage

Evolution

	
Tensile Fracture Energy

	
Longitudinal

	
18.3 N/mm




	
Transverse

	
5 N/mm




	
Compressive Fracture Energy

	
Longitudinal

	
5.8 N/mm




	
Transverse

	
5.5 N/mm











 





Table 6. Comparisons of the FE and experimental results.
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Specimen

	
Experimental

	
FE

	
EXP./FE (%) *

	
EXP./FE

(%) **




	
Ultimate Failure Load (kN)

	
Maximum

Deflection

(mm)

	
Ultimate Failure Load (kN)

	
Maximum

Deflection

(mm)

	

	






	
HNEB

	
66.82

	
28.10

	
66.22

	
27.84

	
0.9

	
0.92




	
HNB

	
61.73

	
26.32

	
61.19

	
26.02

	
0.89

	
1.16




	
HHEB

	
120.20

	
50.22

	
119.07

	
49.68

	
0.95

	
1.08




	
HHB

	
109.32

	
44.68

	
108.10

	
44.12

	
1.13

	
1.27








* Maximum failure load comparison; ** Maximum deflection comparison.













 





Table 7. Comparisons of the FE and experimental strains.
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Specimen

	
Strains at the Ultimate Failure Load (με)

	
% Change




	
Experimental

	
FE




	
Tension

	
Compression

	
Tension

	
Compression

	
Tension

	
Compression






	
HNEB

	
4197

	
1202

	
4266

	
1247

	
+1.64

	
+3.74




	
HNB

	
3795

	
1006

	
3945

	
1028

	
+3.95

	
+2.18




	
HHEB

	
7502

	
781

	
7617

	
802

	
+1.53

	
+2.68




	
HHB

	
6799

	
953

	
6823

	
984

	
+0.35

	
+3.25
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