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[bookmark: _Toc228891816]Abstract
This dissertation investigates the mechanical performance of Basalt Fibre Reinforced Polymer (BFRP) reinforcement in comparison with conventional steel reinforcement in concrete beams. The study aims to evaluate differences in load–deflection behaviour, ultimate load capacity, and failure mechanisms, while also considering implications for durability and potential structural applications. The primary objective was to determine whether BFRP could provide a viable alternative to steel reinforcement in structural concrete, particularly in environments where corrosion resistance is critical.

To achieve this, an experimental laboratory programme was undertaken using small-scale reinforced concrete beams (500 mm × 100 mm × 100 mm). A total of fifteen beams were cast, comprising plain concrete control specimens, steel-reinforced beams (10 mm and 12 mm), and BFRP-reinforced beams (8 mm, 10 mm, and 12 mm). All specimens were produced using a C35 concrete mix designed in accordance with the BRE method. Following a 28-day curing period, beams were tested under three-point bending to assess structural performance. Load and time data were recorded and used to generate comparative load–response behaviour.

The results indicate clear behavioural differences between reinforcement types. Steel-reinforced beams demonstrated ductile behaviour, characterised by yielding prior to failure and gradual load reduction. In contrast, BFRP-reinforced beams exhibited a predominantly linear elastic response up to failure, followed by a sudden and brittle rupture. Despite this, BFRP beams achieved comparable, and in some cases higher, ultimate load capacities than steel-reinforced specimens. Plain concrete beams showed significantly lower load capacity and brittle failure, confirming the structural contribution of reinforcement.

These findings align with existing literature, which highlights the high tensile strength but limited ductility of fibre-reinforced polymer materials. The study confirms that while BFRP offers advantages in corrosion resistance and strength-to-weight ratio, its brittle failure mode presents design challenges that must be carefully considered.

Limitations of the research include the small specimen size, absence of direct deflection measurements, and controlled laboratory conditions that may not fully represent real-world behaviour. Further research is recommended to investigate long-term durability, full-scale structural performance, and hybrid reinforcement strategies combining steel and BFRP.

Overall, the study concludes that BFRP has strong potential for use in specific structural applications, particularly in aggressive environments, but should not be considered a direct replacement for steel without appropriate design adaptation.
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1. [bookmark: _Toc228891818]Introduction & Background
[bookmark: _Toc228891819]1.1 Context and Overview
Reinforced concrete (RC) underpins much of the world’s infrastructure because it combines concrete’s compressive capacity with the tensile strength of reinforcement embedded within it (Neville, 2011; Mehta and Monteiro, 2014). Yet the long-term performance of RC is increasingly governed by durability rather than initial strength. Corrosion of steel reinforcement triggered by carbonation or chloride ingress remains the dominant deterioration mechanism in many UK and European environments, impacting serviceability, safety, and maintenance budgets (Alexander and Beushausen, 2019). Against the backdrop of national Net Zero objectives, the UK’s professional bodies have emphasised lower-carbon, longer-life materials and systems to reduce whole-life impacts of infrastructure (ICE, 2020; UKGBC, 2023).

One route is to replace conventional steel with fibre-reinforced polymer (FRP) reinforcement. FRPs are non-corrosive, light, strong, and recent research and standards development have moved them closer to mainstream structural use. Within this family, Basalt FRP (BFRP) has gained attention due to its natural availability, favourable strength-to-weight ratio and promising durability (Mohamed et al., 2021; Shamass and Cashell, 2020). However, questions remain about mechanical performance relative to steel, particularly stiffness, cracking behaviour and bond under standard RC configurations. This study addresses that need with a controlled, short-term mechanical comparison of steel- and BFRP-reinforced concrete beams.
[bookmark: _Toc228891820]1.2 Problem Statement
The corrosion of steel reinforcement leads to significant loss of serviceability and load-carrying capacity in RC structures. When steel corrodes, expansive rust products cause cracking and spalling of the concrete cover, reducing bond and stiffness and compromising material safety. Global maintenance costs arising from such deterioration is estimated at hundreds of billions of pounds annually (Alexander and Beushausen, 2019). Although protective coatings, increased cover thicknesses, and the use of stainless or galvanised steels can slow corrosion, these measures increase initial costs and rarely provide a permanent solution (Ožbolt et al., 2020).
FRPs provide an opportunity to eliminate corrosion altogether. However, substituting steel with FRP introduces new design considerations. FRP bars, including BFRP, exhibit linear-elastic behaviour up to brittle rupture, with no yielding or plastic redistribution. Their lower elastic modulus (typically 40–50 GPa compared with 200 GPa for steel) can lead to increased deflection and crack widths under service loads (Wydra et al., 2024). Moreover, bond strength depends heavily on surface treatment and resin adhesion rather than on mechanical ribbing. These factors have created uncertainty among engineers and policymakers regarding FRP’s suitability for mainstream structural applications. A rigorous experimental comparison between BFRP and steel-reinforced concrete, using identical mix designs and testing protocols, is therefore required to establish realistic mechanical performance expectations.
[bookmark: _Toc228891821]1.3 Research rationale
The UK Government’s 2050 Net Zero target and similar global commitments highlight the need for low-maintenance, long-life infrastructure materials (ICE, 2020). Steel corrosion not only affects safety but also drives repeated repair cycles, adding to embodied carbon and operational costs. BFRP’s corrosion immunity and favourable strength-to weight ratio could therefore contribute to more durable and sustainable structures.
While several studies have investigated FRP performance, many have focused on glass or carbon fibre systems. Comparative studies directly assessing BFRP against steel remain limited, particularly under identical experimental conditions. Additionally, much of the available research originates outside Europe, where material grades, environmental exposure, and testing protocols differ. This dissertation addresses these gaps by conducting a controlled, side-by-side experimental investigation suitable for UK practice. The study’s outcomes will provide engineers and policymakers with reliable data on BFRP’s structural viability and inform potential updates to national design standards.
[bookmark: _Toc228891822]1.4 Scope and Limitations
The study focuses on the short-term mechanical properties of BFRP- and steel-reinforced concrete beams tested under laboratory conditions. It does not address long-term environmental ageing, fatigue loading, or full-scale field performance. The experimental programme will use a single concrete mix design (C35, w/c ≈ 0.5) and reinforcement diameters typical of small structural elements (12 mm). Results will therefore reflect comparative behaviour rather than absolute design capacities. Nonetheless, the findings will provide a valuable basis for future research into durability modelling and life-cycle assessment of FRP-reinforced systems. Standards followed include BS EN 12390 for concrete properties and ISO 10406-1:2025 guidance for FRP testing, alongside laboratory standard operating procedures (SOPs) for three-point bending.
[bookmark: _Toc228891823]1.5 Aim and Objectives
Aim:
To evaluate and compare the mechanical performance of Basalt Fibre Reinforced Polymer (BFRP) and conventional steel reinforcement in concrete through laboratory testing.

The following objectives support this aim:
· To review existing literature on the mechanical and durability properties of both Steel and BFRP-reinforced concrete.
· To critically analyse, through laboratory testing, the load deflection behaviour, resistance, failure characteristics, and ultimate capacities of both Steel and BFRP, to recognised standards (BS EN 12390, BS EN ISO 15630-1).
· To scrutinise and interpret test results in relation to sustainability and service-life performance of the reinforcing materials, identifying implications and possible applications for structural design inclusion in end product.
[bookmark: _Toc228891824]1.6 Background
[bookmark: _Toc228891825]1.6.1 Reinforced concrete Fundamentals
Reinforced concrete (RC) is a composite material in which concrete provides compressive strength while embedded steel reinforcement carries tensile forces. The bond between the two materials enables strain compatibility and composite action under load (Neville, 2011; Mehta and Monteiro, 2014). Since its widespread adoption in the late nineteenth century, RC has become the principal construction material for buildings, bridges, tunnels and retaining structures because of its versatility and cost efficiency.

However, the material’s long-term performance is governed by durability rather than ultimate strength. Factors such as carbonation, chloride ingress, freeze–thaw cycles and alkali–silica reaction contribute to deterioration (Alexander and Beushausen, 2019). Among these, corrosion of steel reinforcement remains the most critical. Once corrosion begins, the resulting volume expansion of rust exerts internal pressure on the surrounding concrete, causing cracking, delamination, and loss of bond. This progressive degradation shortens service life and increases maintenance costs.
[bookmark: _Toc228891826]1.6.2 Limitations of steel reinforcement
Steel’s key advantages, ductility, yield plateau, and predictable design rules are offset by its susceptibility to corrosion in aggressive environments. Even with quality concrete and cover, carbonation fronts or chloride ingress can initiate corrosion, producing expansive oxides that crack and spall the cover, reduce bond and stiffness, leading to needing repair. Service-life modelling highlights the sensitivity of corrosion initiation and propagation to exposure and material parameters, reinforcing the case for non-corroding reinforcement in severe environments (Alexander and Beushausen, 2019). Policy drivers in the UK further encourage solutions that extend service life and cut whole-life carbon (ICE, 2020; UKGBC, 2023).
[bookmark: _Toc228891827]1.6.3 Fibre reinforced polymer (BFRP)
Fibre-reinforced polymers are composites consisting of high-strength fibres (glass, carbon, aramid, or basalt) embedded within a polymeric matrix such as epoxy or vinyl ester. FRPs are lightweight, non-magnetic and corrosion-resistant, with tensile strengths often exceeding 1000 MPa (Bertolini, 2008; Mohamed et al., 2021). Their use in civil engineering began in the 1980s for externally bonded strengthening and has expanded to internal reinforcement in new construction. Despite their corrosion immunity, FRPs differ markedly from steel. They are linearly elastic up to brittle rupture and possess lower moduli typically 30–60 GPa compared with about 200 GPa for steel resulting in greater deflection under service loads (ACI 440, 2015). Compressive and shear capacities are also lower because polymer matrices deform or buckle under compression (Zhang et al., 2025). Bond behaviour depends on surface treatment and resin adhesion rather than mechanical ribs. Consequently, FRP design relies on strain limits rather than stress redistribution, demanding a shift in design philosophy from ductility to strength and serviceability control.
[bookmark: _Toc228891828]1.6.4 Basalt Fibre Reinforced Polymer (BFRP)
Basalt fibre reinforced polymer is a more recent addition to the FRP family. Basalt fibres are produced by melting naturally occurring volcanic rock at approximately 1450 °C and drawing the melt into continuous filaments. These are coated with resin to form bars or sheets. Because basalt is abundant and requires no additives, BFRP offers favourable economics and low embodied carbon (Inman et al., 2017). Mechanically, BFRP bars exhibit tensile strengths of 800-1200 MPa and moduli of 40-50 GPa, with density around 2600 kg/m³ (Mohamed et al., 2021). It possess excellent corrosion resistance, high thermal stability up to 200 °C, and good compatibility with cementitious materials. However, like other FRPs, it lacks ductility and has relatively low compressive strength (20–25 % of tensile capacity). Bond performance depends on surface textures and coated or ribbed bars provide higher adhesion and improved load transfer (Al-Hamrani et al., 2023). Research has also shown that BFRP retains most of its strength after exposure to alkaline or saline environments, demonstrating its suitability for marine and water-retaining structures (Zhang et al., 2025). Environmental assessments further highlight BFRP’s advantages. Life-cycle analyses indicate that substituting steel with BFRP can reduce embodied carbon by 20-30 % when maintenance and corrosion repair are considered (Inman et al., 2017). These attributes align with sustainable-construction priorities under the UK Government’s Net Zero 2050 strategy (ICE, 2020).

[bookmark: _Toc228891829]1.6.5 Comparison between Steel and BFRP
	Property
	Steel
	BFRP

	Density
	~7,850kg/m3
	~2,600kg/m3

	Tensile Strength
	500-600 MPa
	800-1,200 MPa

	Elastic Modulus
	~200 GPa
	~45 GPa

	Corrosion Resistance
	Poor
	Excellent


[bookmark: _Toc228887581]Table 1 - Mechanical properties of Steel and BFRP

The key contrasts between steel and BFRP reinforcement can be summarised across mechanical, durability and sustainability dimensions.
• Mechanical properties: Steel exhibits yielding and ductility, allowing redistribution of stresses; BFRP behaves linearly up to brittle failure. Although BFRP’s tensile strength is higher, its modulus is approximately one-quarter that of steel, necessitating larger reinforcement ratios for similar stiffness (Wydra et al., 2024).
• Durability: Steel corrodes in aggressive environments, while BFRP is immune to electrochemical attack. Bond degradation in BFRP occurs mainly through resin softening or surface damage rather than chemical corrosion (Al-Hamrani et al., 2023).
• Thermal and fire behaviour: Steel retains strength at high temperatures, whereas BFRP loses stiffness beyond 250 °C because of resin softening (Wydra et al., 2024).
• Sustainability: BFRP production emits less CO₂ and consumes less energy than steel manufacture (Inman et al., 2017).
These comparisons reveal clear trade-offs: BFRP eliminates corrosion and reduces environmental impact but sacrifices stiffness and ductility. The challenge lies in quantifying these differences under controlled conditions to inform appropriate design factors.
2 [bookmark: _Toc228891830]Literature Review 
[bookmark: _Toc228891831]2.1 Reinforced concrete durability and corrosion challenges
Reinforced concrete (RC) remains the world’s most widely used construction material because it couples the compressive strength of concrete with the tensile capacity of embedded steel reinforcement (Neville, 2011; Mehta and Monteiro, 2014). Despite its effectiveness, the principal durability limitation of RC is the corrosion of steel bars, which progressively undermines both serviceability and structural safety. Two mechanisms dominate: carbonation and chloride ingress. Carbonation occurs when atmospheric carbon dioxide diffuses through the pore network of concrete and reacts with calcium hydroxide to form calcium carbonate, lowering the pH from around 13 to below 9. Once alkalinity falls, the passive ferric-oxide layer protecting the steel becomes unstable, permitting corrosion initiation (BRE, 2001). Chloride attack, common in marine and de-icing environments, depassivates steel locally even when the pore solution remains alkaline (Shi et al., 2012). The volumetric expansion of corrosion products generates tensile stresses in the surrounding concrete, leading to cracking, delamination, and eventual spalling. Loss of bond further accelerates deterioration and shortens design life. The global cost of corrosion repair runs into tens of billions annually, accounting for a large proportion of infrastructure maintenance budgets (Alexander and Beushausen, 2019). Traditional protection strategies such as increased cover depth, surface coatings, or cathodic protection extend service life but do not eradicate the electrochemical process. Consequently, researchers have investigated alternative non-metallic reinforcement systems capable of providing equivalent tensile performance without susceptibility to corrosion. This pursuit has led to extensive research into fibre-reinforced polymers (FRPs).
[bookmark: _Toc228891832]2.2 Fibre reinforced polymers in concrete structures
Fibre-reinforced polymers are composite materials formed from high-strength fibres, glass, carbon, aramid, or basalt embedded in a polymeric matrix, typically epoxy or vinyl ester. They exhibit very high tensile strength-to-weight ratios, electromagnetic neutrality, and total immunity to electrochemical corrosion (Bertolini, 2008; Mohamed et al., 2021). However, compared with conventional steel, FRPs possess lower elastic moduli (30–60 GPa versus steel ~200 GPa), limited compressive strength, and fail in a linear-elastic manner without ductility. The relatively brittle nature of FRPs demands careful consideration of serviceability limits such as crack width and deflection.

Nassif et al. (2024) conducted a global review of FRP durability, identifying environmental degradation of the fibre matrix interface as a key challenge. Moisture ingress, ultraviolet exposure, and thermal cycling can weaken interfacial bonding, ultimately reducing tensile capacity. Nevertheless, FRPs have gained increasing adoption in bridge decks, retaining walls, and coastal defences where corrosion resistance outweighs their stiffness limitations. Design guidance is now formalised through documents such as ACI 440 (2015) encouraging use under defined service environments but recognising the need for long-term field data.
[bookmark: _Toc228891833]2.3 Basalt fibre reinforced Polymer (BFRP): Material, properties, and applications
Basalt fibre is manufactured by melting naturally occurring volcanic rock at about 1450 °C and drawing the melt into continuous filaments. These fibres are impregnated with resin to form bars, sheets, or tendons. Basalt is abundant, inert, and non-toxic, giving BFRP a strong sustainability profile. Its production consumes less energy than carbon or aramid fibre, and no additives are required during melting (Inman et al. 2017). Mechanically, BFRP exhibits tensile strengths between 800 and 1200 MPa and an elastic modulus of 40-50 GPa, with a density of approximately 2600 kg/m³ (Mohamed et al., 2021). Although its tensile strength exceeds that of mild steel, the modulus is roughly one quarter, producing higher deflections for equivalent loads. FRP materials also have relatively poor compressive capacity, typically 15–25 % of their tensile strength because the resin matrix buckles under compression. This limitation requires higher reinforcement ratios or hybrid designs in flexural members.

The chemical composition of basalt fibres governs their mechanical, thermal, and durability properties. Basalt fibres are primarily a silicate glass system rich in silicon dioxide (SiO₂), generally comprising 51-59 wt % of the total mass. This high silica content provides chemical inertness and contributes to fibre rigidity. Aluminium oxide (Al₂O₃) typically accounts for 14-18 wt %, improving viscosity control and thermal stability, while iron oxides (Fe₂O₃ + FeO) range from 9-14 wt %, influencing both colour and heat resistance (Jia et al., 2023; Don et al., 2024). Minor constituents include magnesium oxide (MgO) ≈ 4 – 6 wt %, calcium oxide (CaO) ≈ 5-9 wt %, and small amounts of sodium (Na₂O), potassium (K₂O), and titanium dioxide (TiO₂). These alkali and alkaline-earth oxides act as network modifiers, slightly opening the silicate structure and influencing moisture uptake and chemical durability (Jia et al., 2023).

Because basalt deposits vary regionally, oxide ratios differ between fibre producers. Experimental work by Don et al. (2024) and Li et al. (2023) demonstrated that fibres drawn from basalts with higher SiO₂ + Al₂O₃ contents (> 70 wt %) exhibited superior tensile strength and reduced degradation in alkaline pore solution. In contrast, elevated alkali oxides or CaO levels correlated with marginally higher mass loss after prolonged immersion. Such variability highlights the importance of compositional certification when specifying BFRP for structural use.

The predominance of silica and alumina makes basalt fibres chemically compatible with cementitious materials, limiting interfacial reactions and contributing to long-term durability of BFRP bars embedded in concrete (Zhang et al., 2025). In addition, iron-bearing oxides improve resistance to softening at elevated temperature, an advantage over E-glass FRP (Mohamed et al., 2021). Overall, the chemical composition underpins BFRP’s combination of high tensile strength (800-1200 MPa), moderate modulus (40-50 GPa), and excellent corrosion resistance, positioning it as a sustainable alternative reinforcement material.

Inman et al., (2017) compared concrete beams reinforced with BFRP and with steel, reporting similar ultimate strengths when BFRP reinforcement ratios were increased, though deflections were greater and post-cracking stiffness lower. A subsequent study by Hassan et al. (2021) confirmed that hybrid BFRP–steel reinforcement improved crack control and delayed yielding while providing corrosion protection. The potential of BFRP in coastal and water-retaining structures is therefore considerable, particularly where maintenance access is limited. However, researchers continue to investigate its long-term performance and variability between manufacturers, which remain barriers to full-scale structural adoption.
[bookmark: _Toc228891834]2.4 Mechanical Performance: Tensile, Bond and flexural comparisons
[bookmark: _Toc228891835]2.4.1 Tensile behaviours of reinforcing bars
Steel reinforcement demonstrates a clear yield plateau and ductile strain hardening that allows redistribution of internal stresses after cracking. BFRP bars, by contrast, exhibit a linear-elastic stress–strain relationship until sudden rupture, with no plastic deformation. Typical ultimate strains range between 1.8 % and 2.2 %, compared with ~0.25 % for steel (Wydra et al., 2024). This characteristic provides high tensile capacity but eliminates warning before failure, making design control of deflection and cracking essential. Temperature sensitivity is another factor. Wydra et al. (2024) observed that BFRP strength declines markedly beyond 250 °C as resin softens, whereas steel retains most of its strength until ~500 °C. Consequently, FRP-reinforced structures require explicit fire protection measures. El Refai et al. (2014) outlined the correct testing methodology per ASTM D7205, emphasising the need for end-tabbing and precise strain measurement to avoid premature grip failures.
[bookmark: _Toc228891836]2.4.2 Bond behaviour between bar and concrete
Effective stress transfer between reinforcement and concrete is critical for composite action. Steel achieves this through mechanical interlock of deformations and chemical adhesion, whereas FRPs depend primarily on surface treatment and resin–cement paste friction. Bao et al. (2025) demonstrated that sand-coated BFRP bars can match or exceed the bond strength of deformed steel under monotonic loading but show slightly higher slip under cyclic loads. Al-Hamrani et al. (2023) found that ribbed BFRP bars maintained over 80 % of their initial bond strength after immersion in saline and alkaline environments, outperforming smooth bars. Bond strength is therefore greatly dependent on surface geometry, resin type, and bar length. Kazemi et al. (2023) noted that environmental conditioning primarily affects the outer resin layer rather than the internal fibre structure, implying that proper surface design can offset durability concerns.
[bookmark: _Toc228891837]2.4.3 Flexural and structural behaviour of beams
Flexural testing provides the most direct means of comparing industry wide structural performance. Belay et al. (2024) tested beams reinforced with steel, glass, and basalt-FRP and observed that BFRP beams displayed greater mid-span deflection and wider cracks but similar ultimate loads when reinforcement ratios were adjusted. Hassan et al. (2021) reported comparable ultimate capacities between steel and BFRP beams yet noted that failure in BFRP beams was brittle once the bar reached rupture strain. Elbawab et al. (2025) identified a linear relationship between reinforcement modulus and service deflection, reinforcing the need for stiffness correction factors in BFRP design. Overall, BFRP-reinforced concrete can achieve adequate ultimate strength and crack control provided design accommodates its lower modulus and brittle nature.
[bookmark: _Toc228891838]2.4.4 Durability and environmental performance 
Durability is the defining advantage of FRP reinforcement. Unlike steel, FRPs are electrochemically inert and therefore immune to corrosion caused by carbonation or chloride ingress. Nevertheless, long-term exposure to moisture, alkalinity and elevated temperature can weaken the fibre-matrix interface, leading to gradual reductions in strength and stiffness. Zhang et al. (2025) exposed FRP bars to saline and alkaline solutions for one year and recorded a modest decrease in tensile capacity of less than 10 %, confirming good resistance when high-quality resins are used. Heshmat et al. (2025) similarly reported minor bond deterioration of BFRP bars after immersion in aggressive solutions, while the internal fibres remained unaffected. These findings suggest that the durability of BFRP is governed more by resin stability and surface treatment than by the fibres themselves.
Basalt fibres are formed from a single natural mineral source and contain no additives that could leach into the environment. Consequently, BFRP has a smaller ecological footprint than either glass or carbon-based FRPs (Inman et al., 2017). Life-cycle assessments demonstrate that replacing steel reinforcement with BFRP can reduce embodied carbon by approximately 20-30 % when full maintenance cycles are considered. A comparative assessment by ResearchGate (2023) of FRP versus steel reinforced beams found that FRP alternatives achieved lower global-warming potential and energy demand indices, despite higher material costs per kilogram. When combined with reduced corrosion-related maintenance, BFRP therefore represents a credible option for sustainable construction, particularly in marine or water retaining environments where durability demands are high.
[bookmark: _Toc228891839]2.4.5 Methodological approaches and best practices
Laboratory evaluation of BFRP and steel reinforcement follows international and European testing standards. Tensile strength of FRP bars is measured in accordance with ASTM D7205/D7205M and BS EN ISO 10406-1 (2025), which specify gauge length, strain measurement and tabbed end anchorage. Steel bars are tested to BS EN ISO 15630-1. Concrete compressive and splitting-tensile strengths are determined following BS EN 12390-3 and -6. Bond behaviour is typically assessed using pull-out tests based on ASTM D7913, where embedment length ranges from 5 to 10 times the bar diameter.

Flexural beam testing remains the most common method for comparing global industry structural performance. Most researchers, including Belay et al. (2024) and Hassan et al. (2021), adopt four-point bending with spans of 1.6–1.8 m, measuring load, mid-span deflection and surface strain through linear variable displacement transducers (LVDTs) and foil strain gauges. Recorded data include cracking load, service deflection, and ultimate capacity. Common shortcomings in previous work include inconsistent specimen geometry, variable concrete mixes, and differing reinforcement ratios between steel and BFRP samples. These inconsistencies complicate direct comparison of results. The methodology proposed in the present study addresses these gaps by employing a single mix design (C35 concrete, w/c ≈ 0.5), identical beam geometry (100×100×500mm) and equal reinforcement ratios for both steel and BFRP. This approach isolates reinforcement type as the single variable, providing a fair and transparent comparison of mechanical performance.
[bookmark: _Toc228891840]2.4.6 Summary and research gap
Existing literature demonstrates growing interest in replacing steel with non-corrosive FRPs for enhanced durability and sustainability. Yet despite promising mechanical and environmental performance, BFRP remains under-represented in design codes and structural applications. Few studies directly compare BFRP and steel reinforcement within identical concrete mixes and geometries. The absence of consistent experimental data limits engineers’ ability to calibrate design guidelines and predict service life performance.

This research therefore aims to fill that gap through a controlled laboratory testing programme comparing the mechanical behaviour of steel and BFRP reinforced concrete beams. The results will contribute to an improved understanding of stiffness, cracking, and strength differences between the two reinforcement types, supporting the potential inclusion of BFRP in future UK design standards.

This dissertation directly addresses these shortcomings by conducting controlled mechanical tests on concrete beams reinforced with steel and with BFRP under identical conditions. The results will clarify stiffness, strength, and serviceability trade-offs, contributing to the wider understanding of BFRP’s structural potential within the framework of modern sustainable design.



3 [bookmark: _Toc228891841]Methodology
[bookmark: _Toc228891842]3.1 Experimental Philosophy and Design Framework
The experimental programme was developed to investigate the short-term flexural behaviour of reinforced concrete beams containing conventional steel reinforcement and basalt fibre reinforced polymer (BFRP) reinforcement. The primary objective was to isolate the influence of reinforcement material and bar diameter on structural response while maintaining control over all other variables. Concrete strength class, aggregate grading, water–cement ratio, specimen geometry, curing conditions and loading configuration were therefore kept constant throughout the investigation.

A laboratory based batching and casting approach was adopted in preference to ready mix supply. This ensured accurate proportioning of materials, reduced variability between batches and enabled consistent replication of specimens. This approach aligns with established experimental methodologies used in FRP-reinforced concrete beam research (Shamass and Cashell, 2020). The experimental design therefore allows meaningful comparison between steel-reinforced concrete (SR-RC) beams and BFRP-reinforced concrete (BFRP-RC) beams under identical structural conditions.

The laboratory work was carried out at the University of Wales Trinity St David’s (UWTSD), SA1 campus, Swansea, at the school of Engineering. Careful consideration was taken to ensure that there were no conflicts with the (28day) cure and demoulding dates. Below is a table outlining the dates of batching, casting and testing for the beams:

	Specimen Casting Dates
	Demoulding & Testing

	BFRP beams & Plain Concrete (PC) beams – 12/11/25
	10/12/25 (28 day)

	Steel beams & sample cubes – 21/01/26
	18/02/26 (28 day)


[bookmark: _Toc228887582]Table 2 - Specimen casting & testing dates
[bookmark: _Toc228891843]3.2 BFRP procurement 
The BFRP reinforcement used in the study was procured from Bastech, a UK based supplier of basalt fibre reinforced polymer products. The bars were supplied in nominal diameters of 8mm, 10mm and 12mm and were accompanied by manufacturers documentation, including BBA certification and material test data. A site visit was undertaken, during which the production process was observed and discussed with technical staff. This provided insight into the manufacturing process and the quality control measures associated with the material.

The use of a commercially available, certified product ensures that the material properties adopted are representative of those used in practical construction applications.

[bookmark: _Toc228891844]3.3 Laboratory Health and Safety
All laboratory activities were undertaken in accordance with institutional safety procedures and relevant UK health and safety regulations. Personal protective equipment including safety boots, gloves, eye protection and dust masks was worn during batching and mixing operations.

Care was exercised when handling and cutting BFRP reinforcement. Unlike steel, BFRP bars consist of fibre bundles embedded within a polymer matrix and may release fine fibres during cutting. Cutting was therefore carried out using an abrasive disc under controlled conditions with appropriate respiratory protection.

During flexural testing, safety barriers were positioned around the loading frame. BFRP reinforcement exhibits linear elastic behaviour until brittle rupture and does not provide the ductile warning associated with steel yielding (Ortiz et al., 2023). Appropriate exclusion zones were therefore maintained during loading.

No ethical approval was required as the study involved materials testing only.
[bookmark: _Toc228891845]3.4 Materials Characterisation
[bookmark: _Toc228891846]3.4.1 Cement
Ordinary Portland cement conforming to BS EN 197-1 was used throughout.
[bookmark: _Toc228891847]3.4.2 Aggregates and Sieve Analysis
Fine and coarse aggregates complied with BS EN 12620. Prior to batching, sieve analysis was conducted in accordance with BS EN 933-1 to determine particle size distribution. The grading curve confirmed suitability for structural concrete and compatibility with the selected beam geometry.

A maximum aggregate size of 20 mm was selected. Given the relatively small beam cross-section (100 mm depth), this reduced the risk of compaction difficulties and ensured adequate bond interaction between reinforcement and surrounding concrete.
[bookmark: _Toc228787664][bookmark: _Toc228887593]Figure 1- Sieve analysis equipment (Author, 2026)














	Sieve Size (mm & µm)
	Mass (g)
	% On sieve
	% Passing

	3.35
	3.71
	0.00371
	99.629

	2.00
	7.20
	0.0072
	98.909

	1.18
	15.05
	0.01505
	97.404

	600µm
	103.80
	0.1038
	87.024

	425µm
	445.72
	0.44572
	42.452

	300µm
	239.85
	0.23985
	18.467

	<300µm (Pan)
	184.47
	0.18447
	0.02


[bookmark: _Toc228887583]Table 3 - Sieve analysis data


[bookmark: _Toc228891848]3.5 Reinforcement Materials
Steel reinforcement (SR) bars of nominal diameters 10 mm and 12 mm were used as the control reinforcement. These bars exhibit elastic plastic behaviour with a yielding plateau prior to strain hardening.

Basalt fibre reinforced polymer (BFRP) reinforcement bars of nominal diameters 8 mm, 10 mm and 12 mm were selected as the alternative reinforcement material. BFRP reinforcement is characterised by linear elastic behaviour until tensile rupture, without yielding (Mohamed et al., 2021). This fundamental difference influences crack development, stiffness degradation, and failure mechanism, as discussed in chapter 2.

Testing procedures for FRP reinforcement generally align with ISO 10406-1, which defines methods for determining tensile properties of FRP bars.
	Specimen ID
	Reinforcement type
	Bar diameter (mm)
	Number of beams

	Plain concrete
	N/A
	N/A
	3

	BFRP 8
	Basalt FRP
	8
	3

	BFRP 10
	Basalt FRP
	10
	3

	BFRP 12
	Basalt FRP
	12
	3

	STEEL 10
	Steel
	10
	3

	STEEL 12
	Steel
	12
	3


[bookmark: _Toc228887584]Table 4 - Specimen list


[bookmark: _Toc228891849]3.5.1 BFRP Material Properties
The mechanical properties of the BFRP reinforcement used in this study were obtained from the manufacturer’s BBA certified documentation. The bars exhibit characteristic tensile strengths in the range of approximately 1390–1430 MPa, with a modulus of elasticity between 53–56 GPa depending on bar diameter. While the tensile capacity is significantly higher than conventional steel, the lower modulus of elasticity results in reduced stiffness under loading.

Bond strength values of approximately 18-19 MPa were reported, along with flexural tensile strengths exceeding 1300 MPa. The material demonstrates linear elastic behaviour up to failure, with no yielding phase, and failure occurs in a brittle manner once the ultimate tensile strength is reached. These properties are consistent with typical fibre reinforced polymer behaviour and form a key basis for comparison within this study.


[image: ][bookmark: _Toc228787665][bookmark: _Toc228887594]Figure 2 - Cross section of BFRP reinforcement (Bastech, 2024)
















[bookmark: _Toc228891850]3.5.2 Steel material Properties
The steel reinforcement used in this study is assumed to conform to Grade B500B in accordance with BS 4449:2005 + A3:2016. This grade is widely used in reinforced concrete construction within the UK and provides a characteristic yield strength of 500 MPa, with an ultimate tensile strength typically ranging between 550-650 MPa.

In contrast to BFRP, steel exhibits a significantly higher modulus of elasticity of approximately 200 GPa, resulting in greater stiffness and improved resistance to deflection under loading. Steel reinforcement also demonstrates ductile behaviour, characterised by a distinct yielding plateau prior to strain hardening. Due to limitations in available laboratory equipment, direct tensile testing of the steel reinforcement was not undertaken, and standardised material properties were adopted.
[image: ]
[bookmark: _Toc228787666][bookmark: _Toc228887595]Figure 3 - Cross section of Steel reinforcement (Bastech, 2024)











[bookmark: _Toc228891851]
3.5.3 Material comparison
A comparison of the material properties highlights the fundamental differences between BFRP and steel reinforcement. While BFRP provides significantly higher tensile strength and improved corrosion resistance, its lower stiffness and brittle failure behaviour contrast with the ductility and higher modulus of steel. These differences are expected to influence crack development, load deflection response, and overall structural performance, forming the basis for the comparative analysis undertaken in this study.

	Property
	BFRP – (8-12MM)
	Steel (B500B)

	Tensile Strength (MPa)
	1390-1430
	500-650

	Modulus of Elasticity (GPa)
	53-56
	200

	Bond Strength (MPa)
	18-19
	~12-20*

	Behaviour
	Linear Elastic
	Elastic-Plastic

	Yielding
	No
	Yes

	Failure Mode
	Brittle
	Ductile

	Corrosion Resistance
	High
	Low

	*Typical range depending on concrete and rib profile


[bookmark: _Toc228887585]Table 5 - Manufacturers mechanical properties of BFRP & Steel reinforcement
[bookmark: _Toc228891852]3.6 Concrete Mix Design and Batching
A target strength class of C35 was selected in accordance with BS EN 206. This grade reflects typical structural concrete used in UK beams and slabs and aligns with compressive strength ranges adopted in FRP beam research (Mohamed et al., 2021).

Concrete mix design was carried out using the BRE method (Building research establishment, 1997), which provides a structured approach for determining appropriate mix proportions based on target strength, workability, and material characteristics. The BRE method is widely adopted within UK practice and builds upon earlier DOE guidance, offering improved accuracy and workability for normal weight concrete.

[bookmark: _Toc228891853]3.6.1 Mix Proportions (per mix)

15dm3 x 2.5g/cm3 (density of concrete) = 37.5kg
=37.5 Rounded to 40 due to the slump (workability) test
∴ per mix 40kg of concrete is needed
Using the ratio, 1+1.5+3.0=5.5

40kg/5.5 = 7.27kg of cement per mix
7.27 x 1.5 = 10.9kg of sand per mix
7.27 x 3.0 = 21.81kg of course aggregate per mix
Which means per mix, 39.98kg of aggregates will be used per mix

∴ Using a w/c ratio of 0.5=7.27x0.5=3.635 litres of water per mix
[bookmark: _Toc228891854]3.6.2 Selection of Concrete Strength and specimen geometry
The selection of a target compressive strength of C35 was considered appropriate for this study as it represents a commonly used structural concrete grade in reinforced concrete construction. This strength class provides a realistic balance between workability and mechanical performance, ensuring that the behaviour observed during testing is representative of practical engineering applications. Furthermore, the use of a consistent and moderately high strength concrete reduces variability in material performance, allowing the influence of reinforcement type to be more clearly isolated.

The beam dimensions of 500 mm × 100 mm × 100 mm were selected to enable controlled laboratory testing while maintaining structural relevance. This size allows for effective handling, uniform casting, and compatibility with available testing equipment, whilst still providing sufficient span and depth to observe flexural behaviour and crack development under three-point bending. The chosen geometry therefore offers a suitable balance between experimental control and structural realism.

[bookmark: _Toc228891855]3.7 Mixing Procedure
[bookmark: _Toc228891856]3.7.1 Weighing and batching of raw materials
All constituent materials were weighed individually using calibrated digital laboratory scales prior to mixing. The scales were checked for zero error before each batching operation to ensure measurement accuracy. Cement, fine aggregate, and coarse aggregate were weighed separately in clean containers to avoid cross-contamination.

Aggregates were brought to a surface-dry condition prior to weighing. Where necessary, moisture content was visually assessed and adjustments to effective water content were made to maintain the target water cement ratio. Water was measured using a graduated container.

The batching process for each mix followed a strict sequence:

• Coarse aggregate weighed and recorded
• Fine aggregate weighed and recorded
• Cement weighed and recorded
• Mixing water measured and recorded

All measured quantities were documented in a laboratory batching sheet to ensure traceability and repeatability.

The decision to weigh materials individually, rather than rely on volumetric batching, was made to minimise variability and ensure consistency between specimens. Precise control of material proportions is particularly important in comparative experimental studies where small differences in mechanical behaviour are being evaluated (Shamass and Cashell, 2020).

	[image: ]
[bookmark: _Toc228887596]Figure 4 - Portland cement batching on calibrated scales (Author, 2026)
	[image: ]
[bookmark: _Toc228887597]Figure 5 – Aggregates (Author, 2026)


[bookmark: _Toc228891857]3.7.2 Mixing of concrete
The Concrete was mixed using a laboratory drum mixer following a consistent sequence.
Coarse and fine aggregates were introduced first and dry-mixed for approximately one minute. Cement was then added and mixed dry with the aggregates for a further minute to ensure even distribution. Water was gradually introduced while mixing continued for an additional two to three minutes until a homogeneous consistency was achieved.
Maintaining a consistent mixing sequence and duration was essential to reduce variability between batches and ensure uniform mechanical properties across specimens.

	[image: ]
[bookmark: _Toc228887598]Figure 6 - Water being added to mix (Author, 2026)
	[image: ]
[bookmark: _Toc228887599]Figure 7 - Aggregates being added to mix (Author, 2026)





[bookmark: _Toc228891858]3.7.3 Batch verification & error
During initial batching a discrepancy was identified whereby a double batch was prepared without the full quantity of aggregate being added. This was detected during the casting stage through routine checks of the labelled containers and expected batch weights. In accordance with the laboratory quality control procedure, the batch was immediately discarded and not used for beam preparation. Subsequent batches were verified prior to mixing to ensure all constituent materials were correctly proportioned.

[bookmark: _Toc228891859]3.7.4 Slump Testing
The workability of fresh concrete was assessed using the slump test in accordance with BS EN 12350-2:2009. This test provides an indication of the consistency and flowability of the mix, which is critical for ensuring adequate compaction and effective encapsulation of reinforcement within the beam moulds.
The slump cone was placed on a level, non-absorbent surface and filled in three approximately equal layers. Each layer was compacted with 25 strokes of a standard tamping rod to ensure uniform consolidation. After filling, the cone was lifted vertically and the resulting reduction in height of the concrete was measured to the nearest 5 mm.
The recorded slump for each batch was:
· BFRP Mix 1 - 75mm
· BFRP Mix 2 – 70mm
· Steel Mix 1 – 75mm
· Steel Mix 2 – 75mm

The slump test confirmed that the concrete possessed adequate workability to flow around reinforcement without segregation, which is particularly important in small-scale reinforced specimens.
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[bookmark: _Toc228787671][bookmark: _Toc228887600]Figure 8 - Slump testing (Author, 2026)


[bookmark: _Toc228891860]3.7.5 Beam Casting and Reinforcement Placement
Beam moulds measuring 500 mm × 100 mm × 100 mm were prepared and coated with release agent (Sika Release Oil) prior to casting.
The Concrete was placed in two approximately equal lifts. Each lift was compacted using a tamping bar to remove entrapped air and ensure complete coverage within the moulds. 25 tamps per layer was completed per mould.
Reinforcement was positioned at one third of the total beam depth from the soffit, corresponding to an effective depth of ~33mm. A wooden former was created and utilised to ensure that the reinforcement position was regulated to the correct depth. Under three-point bending, tensile stresses develop at the bottom third of the beam. Positioning reinforcement at this depth ensures that tensile forces are resisted following first cracking, thereby governing post-cracking stiffness and ultimate flexural capacity (Shamass and Cashell, 2020).

Each beam contained two longitudinal bars. Bar positioning was maintained without the use of any equipment as the concrete mix was stiff enough to maintain the reinforcement depth.
	[image: ]
[bookmark: _Toc228887601]Figure 9 - Former for bar depth (Author, 2026)
	[image: ]
[bookmark: _Toc228887602]Figure 10 - Beam casting (Author, 2026)


Concrete was placed in two lifts and compacted using light internal vibration to minimise entrapped air without disturbing reinforcement alignment. The surface of each beam was struck off and lightly finished using a steel trowel.
[image: ]
[bookmark: _Toc228887603]Figure 11 - Bar depth being measured (Author, 2026)
[bookmark: _Toc228891861]3.7.6 Demoulding and Curing Regime
Specimens were demoulded after approximately 24 hours and transferred to a water-curing tank. Curing was conducted for 28 days in accordance with BS EN 12390-2. The 28-day curing period represents the standard benchmark for assessing structural concrete strength in UK practice. The temperature in the curing tank was maintained at 18°c by a thermostat.

[image: ]
[bookmark: _Toc228887604]Figure 12 - Beams and cubes in curing tank (Author, 2026)
[bookmark: _Toc228891862]3.7.8 Cube Compression Testing
Companion 100 mm cube specimens were cast from each batch. Compressive strength testing was conducted at 28 days in accordance with BS EN 12390-3 using a Matest calibrated compression testing machine.

The average compressive strength recorded was 43.31 MPa, confirming that the target C35 strength class had been achieved.
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[bookmark: _Toc228887605]Figure 13 - Matest compression and three-point bending equipment (Author, 2026)





[bookmark: _Toc228891863]3.7.9 Three-Point Bending Test Procedure
Flexural testing was performed using a three-point bending configuration with a simply supported span of 400 mm.  The machine used was the Matest three point bending machine.

Three categories of beams were tested:

· Steel-reinforced concrete beams (SR-RC)
· Basalt fibre reinforced polymer reinforced concrete beams (BFRP-RC)
· Plain concrete control beams

Load and mid-span deflection were recorded continuously to produce load–deflection response curves.

The following parameters were identified:

· First cracking load (The load at which the first visible crack forms, indicating that the tensile strength of the concrete has been exceeded).
· Post-cracking stiffness (The stiffness of the beam after cracking, reflecting the ability of the reinforcement to carry tensile forces and limit deflection)
· Ultimate flexural capacity (The maximum load sustained by the beam before failure, representing its overall bending strength)
· Observed failure mechanism (The mode of failure, such as reinforcement yielding, rupture, or concrete crushing, indicating the structural behaviour at collapse).

Steel-reinforced beams were expected to exhibit ductile flexural behaviour due to yielding of reinforcement prior to concrete crushing. In contrast, BFRP-reinforced beams were anticipated to demonstrate linear elastic behaviour until brittle tensile rupture or concrete crushing (Ortiz et al, 2023; Shamass and Cashell, 2020).
[bookmark: _Toc228891864]3.8 Data Interpretation Framework
Results were analysed by comparing average ultimate flexural capacity, stiffness characteristics and failure mechanisms across reinforcement types and diameters. Behaviour was interpreted in the context of the mechanical differences between elastic–plastic steel reinforcement and linear elastic BFRP reinforcement discussed in Chapter 2.

The flexural testing programme provides direct insight into the structural performance of reinforced concrete beams and allows comparison between reinforcement types under controlled conditions.

By evaluating differences in cracking behaviour, stiffness, and ultimate flexural capacity, the results contribute to assessing whether BFRP reinforcement can be considered a viable alternative to steel in specific structural applications.












4. [bookmark: _Toc228891865]Results 
[bookmark: _Toc228891866]4.1 Introduction
This chapter presents the experimental results obtained from the concrete cubes compressive strength testing and flexural testing of the BFRP and steel reinforced concrete beam specimens. Results are presented in tabulated and graphical form for each specimen group, including plain concrete, steel – reinforced concrete (SR-RC), and basalt fibre reinforced polymer reinforced concrete (BFRP – RC) beams.
[bookmark: _Toc228891867]4.2 Concrete Compressive strength results
Concrete compressive strength was determined using 100mm x 100mm x 100mm cube specimens tested at 28 days in accordance with BS EN 12390-3.

	Cube ID
	Failure load (KN)
	Compressive strength (MPa)

	CUBE-1
	443.013
	44.301

	CUBE-2
	441.659
	44.166

	CUBE-3
	435.744
	43.574

	CUBE-4
	441.018
	44.102

	CUBE-5
	429.402
	42.940

	CUBE-6
	468.167
	46.817

	CUBE-7
	431.256
	43.126

	CUBE-8
	454.415
	45.441


[bookmark: _Toc228887586]Table 6 - Cube compressive strength results
The average compressive strength achieved was 43.31 MPa.
[bookmark: _Toc228891868]4.3 Beam flexural test results
Flexural testing was conducted using a three-point bending configuration. The following sections present results for each specimen group

[bookmark: _Toc228891869]4.3.1 Plain concrete beams (No reinforcement)



[bookmark: _Toc228887587]Table 7 - Plain concrete beam results

	Beam ID
	First crack load (kN)
	Ultimate Load (kN)

	PC1
	10.326
	6.196

	PC2
	12.186
	7.312

	PC3
	9.132
	5.479

	Average
	10.548
	6.329




[bookmark: _Toc228891870]4.3.2 Steel reinforced concrete beams (SR-RC)
[bookmark: _Toc228891871]SR-RC 10mm 
	Beam ID
	First crack load (kN)
	Ultimate Load (kN)

	SR-RC 10mm 1
	30.664
	13.398

	SR-RC 10mm 2
	35.420
	21.252

	SR-RC 10mm 3
	36.260
	21.756

	SR-RC 10mm Average
	34.114
	18.802


[bookmark: _Toc228887588]Table 8 - Steel reinforced (10mm) beam results
[bookmark: _Toc228891872]SR-RC 12mm 
	Beam ID
	First crack load (kN)
	Ultimate Load (kN)

	SR-RC 12mm 1
	34.520
	20.712

	SR-RC 12mm 2
	46.074
	27.645

	SR-RC 12mm 3
	35.423
	21.254

	SR-RC 12mm Average
	38.672
	23.203


[bookmark: _Toc228887589]Table 9 - Steel reinforced (12mm) Beam results
[bookmark: _Toc228891873]4.3.3 BFRP Reinforced concrete beams (BFRP-RC)
[bookmark: _Toc228891874]BFRP    reinforcement 8mm
	Beam ID
	First crack load (kN)
	Ultimate Load (kN)

	BFRP8mm 1
	17.671
	10.602

	BFRP8mm 2
	33.981
	20.389

	BFRP8mm 3
	24.994
	14.996

	BFRP 8mm Average
	25.548
	15.329


[bookmark: _Toc228887590]Table 10 - BFRP (8mm) Beam results
[bookmark: _Toc228891875]BFRP reinforcement 10mm
	Beam ID
	First crack load (kN)
	Ultimate Load (kN)

	BFRP10mm 1
	33.773
	20.264

	BFRP10mm 2
	26.559
	15.936

	BFRP10mm 3
	21.781
	13.069

	BFRP 10mm Average
	27.371
	16.423


[bookmark: _Toc228887591]Table 11 - BFRP (10mm) Beam results
[bookmark: _Toc228891876]BFRP reinforcement 12mm
	Beam ID
	First crack load (kN)
	Ultimate Load (kN)

	BFRP12mm 1
	25.018
	15.011

	BFRP12mm 2
	23.328
	13.997

	BFRP12mm 3
	23.432
	14.059

	BFRP 12mm Average
	23.926
	14.355


[bookmark: _Toc228887592]Table 12 - BFRP (12mm) Beam results
5. [bookmark: _Toc228891877]Analysis & Discussion
[bookmark: _Toc228891878]5.1 Introduction
This chapter presents a detailed analysis of the experimental results obtained from compressive strength testing of concrete cubes and flexural testing of reinforced concrete beams. The primary aim is to evaluate the structural performance of basalt fibre reinforced polymer (BFRP) reinforcement in comparison to conventional steel reinforcement.

The discussion focuses on compressive strength consistency, flexural capacity, cracking behaviour, and failure mechanisms, with results interpreted in the context of the theoretical framework established in Chapter 2. Emphasis is placed on assessing whether BFRP can provide a viable alternative to steel reinforcement, not only in terms of strength but also regarding ductility, reliability and structural behaviour.
Where appropriate, the findings are compared with both classical reinforced concrete theory and more recent research (post-2018), enabling a critical evaluation of how emerging materials such as BFRP perform under controlled experimental conditions.
[bookmark: _Toc228891879]5.2 Compressive strength of concrete
The average compressive strength achieved across the cube specimens was 43.31 MPa, with individual values ranging from 42.94 MPa to 46.82 MPa. This represents a variation of less than 10%, indicating a high degree of consistency in batching, mixing and curing. The achieved strength significantly exceeds that expected for a standard C35 mix, suggesting that the concrete provided a robust and reliable basis for structural testing.
Maintaining this level of consistency was important in isolating the effects of reinforcement type on flexural behaviour. As discussed in Chapter 2, Neville (2011) identified curing conditions, compaction, and water cement ratio as the dominant factors influencing compressive strength. The low variability observed in this study confirms that these factors were well controlled, ensuring that differences in beam performance can be attributed primarily to reinforcement behaviour.

Recent studies, including those by Alexander & Beushausen (2016), further emphasise that consistent compressive strength is critical when evaluating alternative reinforcement materials, as variability in concrete properties can obscure the true structural contribution of reinforcement. The results obtained here therefore provide a reliable foundation for comparative analysis.

[bookmark: _Toc228891880]5.3 Flexural behaviour of concrete beams
[bookmark: _Toc228891881]5.3.1 Plain concrete beams
The plain concrete beams exhibited an average first crack load of 10.55 kN, with an ultimate load of 6.33 kN, representing a reduction of approximately 40% following crack initiation. This immediate loss of load-carrying capacity highlights the brittle nature of unreinforced concrete, which lacks the ability to redistribute tensile stresses once cracking occurs.
This behaviour aligns with classical reinforced concrete theory, as outlined by Mosley et al. (2012), where concrete is considered ineffective in tension and reliant on reinforcement to provide structural integrity. These results provide a clear baseline for comparison, demonstrating the necessity of reinforcement in flexural members.

[bookmark: _Toc228887302][bookmark: _Toc228887389][bookmark: _Toc228887476]
[bookmark: _Toc228887606]Figure 14 - Plain concrete average

[bookmark: _Toc228891882]5.3.2 Steel Reinforced Concrete beams
The steel reinforced beams demonstrated a substantial improvement in performance compared to plain concrete. The 10 mm steel reinforcement increased the first crack load to 34.11 kN, representing an increase of approximately 223%, while the 12 mm reinforcement further increased this value to 38.67 kN (~266% increase). Similarly, ultimate load capacity increased from 6.33 kN in plain concrete to 18.80 kN and 23.20 kN, representing increases of approximately 197% and 266% respectively.

This clear relationship between reinforcement diameter and load capacity is consistent with Eurocode 2 design principles (BS EN 1992-1-1), where flexural strength is directly proportional to the area of tensile reinforcement. As discussed in Chapter 2, Mosley et al. (2012) highlight that increasing reinforcement area enhances both moment capacity and crack control.

Furthermore, the steel reinforced beams exhibited ductile behaviour, with the ability to sustain load beyond initial cracking due to stress redistribution and yielding of the reinforcement. This behaviour aligns with the findings of more recent studies, such as Belay et al. (2024), which confirm that steel reinforcement provides predictable and stable structural performance under flexural loading.



[bookmark: _Toc228887607]Figure 15 - SR-RC 10mm


[bookmark: _Toc228887608]Figure 16 - SR-RC 12mm
[bookmark: _Toc228891883]5.3.3 BFRP Reinforced Concrete Beams
The BFRP reinforced beams demonstrated improved performance relative to plain concrete, with first crack loads ranging from 23.93 kN to 27.37 kN, representing increases of approximately 127% to 160%. Ultimate load capacities ranged from 14.36 kN to 16.42 kN, corresponding to increases of approximately 127% to 159%.

However, unlike steel reinforcement, the BFRP specimens did not exhibit a consistent increase in strength with increasing bar diameter. The 12 mm BFRP bars produced lower ultimate loads than the 10 mm bars, indicating that reinforcement area alone does not govern structural performance in these systems.

This behaviour reflects the material characteristics discussed in Chapter 2, where BFRP reinforcement was identified as having a lower modulus of elasticity and bond-dependent behaviour. Recent studies, including Elgabbas et al. (2018) and Zhang et al. (2021), have similarly reported that FRP-reinforced members do not always demonstrate proportional increases in strength with increased reinforcement area, due to limitations in bond performance and stress transfer mechanisms. Figure 17 shows delamination of a 12mm BFRP specimen occurring.

The results suggest that, while reinforcement area influences performance, it is not the sole factor in BFRP reinforced systems. Instead, structural behaviour appears to be strongly influenced by bond characteristics and the lower modulus of elasticity of the material.


[bookmark: _Toc228887609]Figure 17 - BFRP 8mm



[bookmark: _Toc228887610]Figure 18 - BFRP 10mm



[bookmark: _Toc228887611]Figure 19 - BFRP 12mm
[bookmark: _Toc228891884]5.3.4 Failure Modes and Structural Behaviour
The failure modes observed in this study highlight a fundamental difference between steel and BFRP reinforcement. Steel reinforced beams exhibited ductile failure behaviour, characterised by gradual crack propagation and increasing deformation prior to failure. This behaviour provides structural warning and is a key consideration in design, as discussed in Chapter 2.

[image: ]
[bookmark: _Toc228887612]Figure 20 - Thermal imaging of 12mm SR-RC beam
Thermal imaging of the 12 mm steel-reinforced beam shows a clear localised temperature increase adjacent to a visible crack zone on the left-hand side of the span. The thermal “hot spot” coincides with an area where the concrete cover has fractured and partially spalled, exposing a zone of concentrated strain. This indicates that, as loading progressed, cracking localised and the internal forces were increasingly carried by the reinforcement, with energy dissipation occurring through plastic deformation and frictional processes within the cracked region. This behaviour is consistent with the expected ductile response of steel-reinforced concrete, where cracking develops progressively and is accompanied by localised energy absorption prior to ultimate failure.

[image: ]
[bookmark: _Toc228887613]Figure 21 - Failure mode of SR-RC beam
Visual inspection of the 12 mm steel-reinforced beam following testing shows the formation of a dominant crack initiating at the underside and propagating diagonally towards the loading point. The crack pattern is indicative of combined flexural and shear behaviour, with tensile stresses causing cracking at the bottom fibre and subsequent propagation as loading increased. Localised spalling of the concrete cover is evident along the crack path, suggesting concentrated strain and loss of concrete contribution in this region. Despite this damage, the beam remains intact, indicating that the steel reinforcement continued to sustain tensile forces after cracking. This behaviour is consistent with the ductile response of steel-reinforced concrete, where cracking develops progressively and is accompanied by redistribution of stresses prior to ultimate failure.

In contrast, the BFRP reinforced beams demonstrated brittle failure behaviour, with limited deformation prior to failure. Once the tensile capacity of the reinforcement was reached, failure occurred suddenly. This observation is consistent with recent research by Guo et al. (2020), which identifies the absence of a yielding phase as a defining characteristic of FRP materials. 
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[bookmark: _Toc228887614]Figure 22 - Failure mode of BFRP beam
The BFRP-reinforced beam exhibited in figure 22 a predominantly brittle failure mechanism, characterised by sudden cracking and rapid loss of load-carrying capacity. As shown in Figure 22, a major flexural crack has formed at the soffit directly beneath the applied load, propagating vertically towards the compression zone. Unlike steel-reinforced specimens, there is no evidence of significant crack distribution or progressive widening, indicating limited stress redistribution prior to failure. The failure appears localised, with a pronounced fracture zone and visible concrete spalling near the tensile face, suggesting that once the tensile capacity of the BFRP reinforcement was exceeded, the beam failed abruptly. This behaviour is consistent with the linear elastic response of fibre-reinforced polymer materials, which do not exhibit yielding. Consequently, the absence of ductility results in minimal warning prior to failure, reinforcing the inherently brittle nature of BFRP-reinforced concrete systems observed in experimental studies.
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[bookmark: _Toc228887615]Figure 23 – Delamination on failure of BFRP 12mm beam

The post-failure condition of the BFRP-reinforced beam, shown in Figure 23, provides further insight into the failure mechanism. The exposed reinforcement and surrounding fracture surface indicate signs consistent with bond deterioration between the BFRP bar and the concrete matrix. Unlike ribbed steel reinforcement, which promotes strong mechanical interlock, BFRP bars rely on surface treatment and adhesion, which can result in comparatively weaker bond performance. The relatively clean separation and limited concrete adherence observed along the reinforcement interface suggest that partial debonding may have occurred prior to ultimate failure. This would have reduced the efficiency of stress transfer between the concrete and reinforcement, contributing to the sudden and localised brittle failure observed. However, it is important to note that this behaviour is likely coupled with the inherently linear elastic response of BFRP, and therefore the failure mechanism should be interpreted as a combination of bond limitations and the absence of a yielding phase, rather than bond failure alone.

The implications of this behaviour are significant. While steel allows for redistribution of stresses and increased structural resilience, BFRP requires more conservative design approaches to ensure safety. This reinforces the conclusions drawn in the literature review that FRP-reinforced structures must be designed with a greater emphasis on serviceability and failure control.

From a structural design perspective, the brittle failure observed in BFRP-reinforced beams presents a significant limitation. Unlike steel reinforcement, which provides a degree of plastic deformation and energy absorption prior to failure, BFRP exhibits minimal warning. This has important implications for structural safety, particularly in applications where progressive collapse must be avoided. As a result, design approaches incorporating BFRP must adopt more conservative assumptions, with increased emphasis on serviceability limits and redundancy within the structural system

[bookmark: _Toc228891885]5.4 Comparative Performance of Steel and BFRP Reinforcement
A direct comparison of the experimental results highlights clear differences in the structural behaviour of steel and basalt fibre reinforced polymer (BFRP) reinforcement under flexural loading. While both materials significantly improved the performance of concrete compared to unreinforced specimens, their effectiveness varied in terms of load capacity, stiffness and consistency.

Steel reinforced beams consistently achieved higher cracking and ultimate loads, with the 12 mm steel specimens reaching 23.20 kN, compared to a maximum of 16.42 kN for BFRP, representing a difference of approximately 40%. This reflects the higher modulus of elasticity of steel and its ability to effectively transfer tensile stresses within the composite section. The results also demonstrated a clear and predictable relationship between reinforcement diameter and structural performance for steel, with increased bar size resulting in increased load capacity. This behaviour aligns with the principles outlined in BS EN 1992-1-1 and discussed in Chapter 2, where flexural resistance is related to the area of tensile reinforcement.

In contrast, the BFRP reinforced beams did not exhibit a consistent relationship between bar diameter and performance. While an increase from 8 mm to 10 mm resulted in a modest improvement, the 12 mm specimens showed a reduction in both cracking and ultimate loads. This suggests that reinforcement area alone does not govern the structural behaviour of BFRP systems. As discussed in the literature review, BFRP reinforcement is more dependent on bond performance and material stiffness, which can limit the effective utilisation of larger diameter bars.

The difference in stiffness between the two materials also plays a significant role in their structural response. Steel reinforcement contributes to a stiffer composite section, resulting in improved crack control and more stable post-cracking behaviour. In contrast, the lower modulus of elasticity of BFRP leads to reduced stiffness and a greater reliance on the surrounding concrete to resist deformation. This behaviour supports the findings presented in Chapter 2, where FRP-reinforced members were identified as being governed more by serviceability considerations than ultimate strength. Ductility represents a further key distinction. The steel reinforced beams exhibited a progressive response following crack initiation, allowing for redistribution of stresses within the section. In contrast, the BFRP reinforced beams demonstrated a more brittle response, with limited capacity for stress redistribution. This difference reflects the fundamental material properties outlined in the literature review, where steel is characterised by a yielding phase, while BFRP behaves in a linear elastic manner up to failure.

Overall, the results indicate that while BFRP reinforcement can enhance the flexural performance of concrete relative to unreinforced specimens, its behaviour is less predictable and more dependent on material-specific characteristics than steel. The absence of a consistent relationship between reinforcement size and performance, combined with reduced stiffness and ductility, highlights the need for alternative design considerations when using BFRP reinforcement. 


[bookmark: _Toc228887616]Figure 24 – Comparison of average ultimate loads
[bookmark: _Toc228891886]5.5 Results conclusion
The lack of a proportional increase in flexural capacity with increasing BFRP bar diameter suggests that structural performance is governed by more complex mechanisms than reinforcement area alone. Unlike steel, which benefits from mechanical interlock and yielding behaviour, BFRP relies heavily on bond characteristics between the bar surface and surrounding concrete. As bar diameter increases, the force carried by the reinforcement increases proportionally, resulting in higher bond stress demand between the reinforcement and the concrete. If this demand exceeds the bond capacity, localised slip or partial debonding may occur, reducing the effective mobilisation of tensile capacity.

[bookmark: _Toc228891887]5.6 Sustainability and service life implications
While the experimental programme focused primarily on short-term mechanical behaviour, the findings have important implications for long-term durability and sustainability. Steel reinforcement is highly susceptible to corrosion in aggressive environments, leading to increased maintenance requirements and reduced service life. In contrast, BFRP reinforcement is inherently resistant to electrochemical corrosion, offering the potential for significantly extended structural lifespan.

The improved durability of BFRP has implications beyond structural performance, particularly in terms of whole-life carbon. Reduced maintenance and repair interventions can lead to lower embodied carbon over the life of a structure, aligning with current sustainability objectives within the UK construction sector. However, this benefit must be balanced against the mechanical limitations identified in this study, particularly reduced stiffness, and brittle failure behaviour.

These findings suggest that BFRP may be most suitable in applications where durability governs design, such as marine structures or infrastructure exposed to de-icing salts. In such environments, the long-term benefits of corrosion resistance may outweigh the limitations in mechanical behaviour, provided appropriate design measures are adopted.









6. [bookmark: _Toc228891888]Conclusion & Further work
[bookmark: _Toc228891889]6.1 Overview of Research & Objectives
This dissertation set out to investigate whether basalt fibre reinforced polymer (BFRP) can be considered a viable alternative to conventional steel reinforcement in reinforced concrete applications. The study was motivated by the well-established durability limitations associated with steel reinforcement, particularly corrosion in aggressive environments, and the increasing interest in fibre reinforced polymer materials as a potential long-term solution.

To address this, a controlled experimental programme was developed, combining compressive strength testing of concrete cube specimens with flexural testing of reinforced concrete beams under three-point bending. The primary objective was to compare the structural performance of steel-reinforced concrete (SR-RC) and BFRP-reinforced concrete (BFRP-RC) specimens, focusing on cracking behaviour, load deflection response, ultimate flexural capacity, and failure mechanisms. A secondary objective was to assess the influence of reinforcement diameter on performance within each material group.

These objectives were achieved through a consistent and repeatable methodology, with careful control of mix design, specimen preparation and curing conditions. As a result, variations in structural behaviour can be attributed primarily to the reinforcement type rather than inconsistencies in the concrete itself.

[bookmark: _Toc228891890]6.2 Summary of Experimental Findings
The compressive strength results confirmed that the concrete achieved an average strength of approximately 43 MPa, exceeding the target C35 classification. This provided a reliable baseline for evaluating the structural performance of the beam specimens.

Flexural testing revealed clear and consistent differences between steel and BFRP reinforcement. Steel-reinforced beams achieved higher first cracking loads and greater ultimate flexural capacity across all tested configurations. The 12 mm steel specimens produced the highest average performance, demonstrating the expected relationship between increasing reinforcement area and load capacity.

BFRP-reinforced beams also demonstrated a significant improvement in performance compared to plain concrete; however, they did not match the capacity achieved by steel. A particularly notable observation was the non-linear relationship between BFRP bar diameter and structural performance. While steel exhibited a predictable increase in strength with increasing bar diameter, this trend was not replicated in the BFRP specimens. The 10 mm BFRP beams achieved the highest performance within that group, while the 12 mm specimens did not provide a corresponding improvement. This suggests that bond behaviour and stiffness play a more dominant role in BFRP systems than cross-sectional area alone.

The load–deflection behaviour further highlighted the fundamental differences between the two materials. Steel-reinforced beams exhibited a nonlinear response characterised by gradual stiffness reduction and ductile behaviour, providing visible warning prior to failure. In contrast, BFRP-reinforced beams demonstrated a predominantly linear response up to failure, followed by sudden brittle collapse.

[bookmark: _Toc228891891]6.3 Interpretation in the context of literature
The experimental findings of this study are consistent with the literature reviewed in Chapter 2. Previous research has established that BFRP reinforcement provides high tensile strength and strong resistance to corrosion but is limited by reduced stiffness and brittle failure behaviour compared to steel. The results obtained in this study reinforce these observations.

The linear elastic response observed in the BFRP-reinforced beams aligns with established material behaviour reported by Mohamed et al. (2021), who highlighted the absence of yielding in fibre reinforced polymer systems. In contrast, the nonlinear response exhibited by steel-reinforced beams reflects the ductile behaviour associated with yielding, which remains a fundamental advantage in structural design.

The reduced stiffness and increased sensitivity to cracking observed in the BFRP specimens are also consistent with findings reported by Shamass and Cashell (2020), who identified serviceability performance as a key limitation in FRP-reinforced members. Similarly, the inconsistent relationship between bar diameter and structural performance observed in this study supports more recent work by Belay et al. (2024), which suggests that bond behaviour and reinforcement interaction play a critical role in determining flexural capacity.

Overall, the findings of this study confirm that while BFRP can enhance the structural performance of concrete compared to unreinforced specimens, its behaviour differs significantly from steel and requires alternative design considerations.

[bookmark: _Toc228891892]6.4 Final Evaluation: Viability of BFRP as a Reinforcement Material
The central aim of this dissertation was to determine whether BFRP can be considered a viable alternative to steel reinforcement. Based on the results obtained, BFRP cannot currently be regarded as a direct replacement for steel in conventional reinforced concrete design.

Steel continues to offer a combination of strength, stiffness, and ductility that is essential for structural reliability. The ability of steel to yield prior to failure provides an important safety mechanism, allowing for stress redistribution and reducing the likelihood of sudden collapse.

In contrast, BFRP reinforcement exhibits fundamentally different behaviour. While it provides high tensile strength and excellent resistance to corrosion, its lack of ductility and lower stiffness introduce limitations that must be carefully considered in design. The brittle nature of failure observed in this study highlights the potential risks associated with relying solely on BFRP in structural applications where warning prior to failure is critical.

However, this does not diminish the value of BFRP as a material. Rather, it suggests that its use should be selective and tailored to specific applications. In environments where durability is the governing factor such as marine structures, bridge decks exposed to de-icing salts, and chemically aggressive conditions. The corrosion resistance of BFRP may provide significant long-term benefits.

[bookmark: _Toc228891893]6.5 Practical Implications for Engineering practice
The findings of this study have important implications for engineering practice, particularly in the selection and application of reinforcement materials in concrete structures. While BFRP reinforcement demonstrates clear advantages in terms of corrosion resistance, its mechanical behaviour differs fundamentally from conventional steel, requiring a shift in design approach.

In structural applications, the lower modulus of elasticity of BFRP leads to increased deflections and earlier crack development under service loads. As a result, designs incorporating BFRP are likely to be governed by serviceability limit states rather than ultimate strength. To address this, engineers may need to adopt higher reinforcement ratios, reduced bar spacing, or alternative detailing strategies to control deflection and cracking. In addition, the absence of yielding in BFRP introduces a brittle failure mode, meaning that structures must be designed with greater conservatism and, where possible, redundancy to mitigate the risk of sudden collapse.

Despite these limitations, BFRP reinforcement offers significant advantages in durability-critical applications. One of the most relevant uses is in marine and coastal infrastructure, where conventional steel reinforcement is highly susceptible to chloride-induced corrosion. In such environments, BFRP can provide a longer service life and reduce the need for costly maintenance and repair. Similarly, BFRP is well suited to bridge decks and highway structures exposed to de-icing salts, where corrosion of steel reinforcement is a primary cause of deterioration.

BFRP reinforcement is also increasingly considered for use in water-retaining structures, such as reservoirs and treatment facilities, where resistance to chemical attack is beneficial. In addition, its non-corrosive and non-magnetic properties make it suitable for specialised applications, including tunnel linings, precast elements, and structures requiring electromagnetic neutrality, such as those near sensitive equipment or railway signalling systems (Bastech UK, 2023).

Further practical applications include thin concrete elements and architectural panels, where the high tensile strength of BFRP can be utilised to reduce section thickness and overall weight. There is also potential for use in modular construction and precast systems, where durability and handling advantages are beneficial.

Overall, the results of this study indicate that BFRP should not be considered a direct replacement for steel reinforcement in all applications. Instead, it should be applied selectively, particularly in environments where durability governs design. When used appropriately, BFRP has the potential to extend service life, reduce maintenance requirements and contribute to more sustainable construction practices.

[bookmark: _Toc228891894]6.6 Limitations of the study
While the findings provide valuable insight into the behaviour of BFRP-reinforced concrete, several limitations must be acknowledged. The study was based on small-scale beam specimens, which may not fully represent the behaviour of full-scale structural elements.

The experimental programme also focused on short-term mechanical behaviour and did not consider long-term effects such as creep, fatigue, or environmental degradation. These factors are particularly relevant for BFRP reinforcement and may influence long-term performance.

In addition, the number of specimens tested for each configuration was limited, which may introduce variability in the results. A larger sample size would improve the statistical reliability of the findings.

[bookmark: _Toc228891895]6.7 Recommendations for further Research
Further research is required to fully understand the potential of BFRP reinforcement in structural applications. Future studies should focus on full-scale testing to better replicate real-world conditions and loading scenarios.

Long-term durability testing is also essential, particularly in aggressive environments where BFRP is expected to provide the greatest benefit. Investigation into bond behaviour and surface treatment of BFRP bars would help to address the inconsistencies observed in this study.

The development of hybrid reinforcement systems represents another promising area of research, as does the refinement of design guidance and standards for BFRP-reinforced structures.

[bookmark: _Toc228891896]6.8 Concluding Statement
In conclusion, this study demonstrates that while BFRP reinforcement offers clear advantages in terms of durability and resistance to corrosion, it does not currently provide the structural performance required to replace steel in general reinforced concrete applications. Its use should therefore be considered carefully and applied selectively, with a clear understanding of its limitations and appropriate design considerations.

[bookmark: _Toc228891897]6.9 Achievement of Aims and Objectives
The aim of this study, to evaluate and compare the mechanical performance of BFRP and conventional steel reinforcement in concrete through laboratory testing, has been achieved. The experimental programme provided a direct comparison of load–deflection behaviour, failure characteristics and ultimate capacities, allowing the structural performance of both materials to be critically assessed.

The first objective, relating to the review of existing literature, was addressed through a comprehensive analysis of current research on the mechanical and durability properties of both steel and BFRP-reinforced concrete. The second objective was met through controlled laboratory testing, which enabled the identification of key behavioural differences, particularly in terms of stiffness, cracking behaviour and failure mechanisms.

The third objective, concerning sustainability and service-life implications, was achieved through interpretation of the experimental results in the context of durability and practical application. The findings highlight that while BFRP is not a direct replacement for steel in all applications, it offers clear advantages in durability-critical environments and has potential for targeted use within structural design.
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PC AVERAGE	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9	1.95	2	2.0499999999999998	2.1	2.15	2.2000000000000002	2.25	2.2999999999999998	2.35	2.4	2.4500000000000002	2.5	2.5499999999999998	2.6	2.65	2.7	2.75	2.8	2.85	2.9	2.95	3	3.05	3.1	3.15	3.2	3.25	3.3	3.35	3.4	3.45	3.5	3.55	3.6	3.65	3.7	3.75	3.8	3.85	3.9	3.95	4	4.05	4.0999999999999996	4.1500000000000004	4.2	4.25	4.3	4.3499999999999996	4.4000000000000004	4.45	4.5	4.55	4.5999999999999996	4.6500000000000004	4.7	4.75	4.8	4.8499999999999996	4.9000000000000004	4.95	5	5.05	5.0999999999999996	5.15	5.2	5.25	5.3	5.35	5.4	5.45	5.5	5.55	5.6	5.65	5.7	5.75	5.8	5.85	5.9	5.95	6	6.05	6.1	6.15	6.2	6.25	6.3	6.35	6.4	6.45	6.5	6.55	6.6	6.65	6.7	6.75	6.8	6.85	6.9	6.95	7	7.05	7.1	7.15	7.2	7.25	7.3	7.35	7.4	7.45	7.5	7.55	7.6	7.65	7.7	7.75	7.8	7.85	7.9	7.95	8	8.0500000000000007	8.1	8.15	8.1999999999999993	8.25	8.3000000000000007	8.35	8.4	8.4499999999999993	8.5	8.5500000000000007	8.6	8.65	8.6999999999999993	8.75	8.8000000000000007	8.85	8.9	8.9499999999999993	9	9.0500000000000007	9.1	9.15	9.1999999999999993	9.25	9.3000000000000007	9.35	9.4	9.4499999999999993	9.5	9.5500000000000007	9.6	9.65	9.6999999999999993	9.75	9.8000000000000007	9.85	9.9	9.9499999999999993	10	10.050000000000001	10.1	10.15	10.199999999999999	10.25	10.3	10.35	10.4	10.45	10.5	10.55	10.6	10.65	10.7	10.75	10.8	10.85	10.9	10.95	11	11.05	11.1	11.15	11.2	11.25	11.3	11.35	11.4	11.45	11.5	11.55	11.6	11.65	11.7	11.75	11.8	11.85	11.9	11.95	12	12.05	12.1	12.15	12.2	12.25	12.3	12.35	12.4	12.45	12.5	12.55	12.6	12.65	12.7	12.75	12.8	12.85	12.9	12.95	13	13.05	13.1	13.15	13.2	13.25	13.3	13.35	13.4	13.45	13.5	13.55	13.6	13.65	13.7	13.75	13.8	13.85	13.9	13.95	14	14.05	14.1	14.15	14.2	14.25	14.3	14.35	14.4	14.45	14.5	14.55	14.6	14.65	14.7	14.75	14.8	14.85	14.9	14.95	15	15.05	15.1	15.15	15.2	15.25	15.3	15.35	15.4	15.45	15.5	15.55	15.6	15.65	15.7	15.75	15.8	15.85	15.9	15.95	16	16.05	16.100000000000001	16.149999999999999	16.2	16.25	16.3	16.350000000000001	16.399999999999999	16.45	16.5	16.55	16.600000000000001	16.649999999999999	16.7	16.75	16.8	16.850000000000001	16.899999999999999	16.95	17	17.05	17.100000000000001	17.149999999999999	17.2	17.25	17.3	17.350000000000001	17.399999999999999	17.45	17.5	17.55	17.600000000000001	17.649999999999999	17.7	17.75	17.8	17.850000000000001	17.899999999999999	17.95	18	18.05	18.100000000000001	18.149999999999999	18.2	18.25	18.3	18.350000000000001	18.399999999999999	18.45	18.5	18.55	18.600000000000001	18.649999999999999	18.7	18.75	18.8	18.850000000000001	18.899999999999999	18.95	19	19.05	19.100000000000001	19.149999999999999	19.2	19.25	19.3	19.350000000000001	19.399999999999999	19.45	19.5	19.55	19.600000000000001	19.649999999999999	19.7	19.75	19.8	19.850000000000001	19.899999999999999	19.95	20	20.05	20.100000000000001	20.149999999999999	20.2	20.25	20.3	20.350000000000001	20.399999999999999	20.45	20.5	20.55	20.6	20.65	20.7	20.75	20.8	20.85	20.9	20.95	21	21.05	21.1	21.15	21.2	21.25	21.3	21.35	21.4	21.45	21.5	21.55	21.6	21.65	21.7	21.75	21.8	21.85	21.9	21.95	22	22.05	22.1	22.15	22.2	22.25	22.3	22.35	22.4	22.45	22.5	22.55	22.6	22.65	22.7	22.75	22.8	1.2083333333333335	1.2083333333333335	1.2073333333333334	1.204	1.2003333333333333	1.1946666666666665	1.1923333333333332	1.1900000000000002	1.1873333333333334	1.1843333333333332	1.1830000000000001	1.1806666666666665	1.1779999999999999	1.1759999999999999	1.1736666666666666	1.1736666666666666	1.1736666666666666	1.1736666666666666	1.1736666666666666	1.1736666666666666	1.1783333333333335	1.1830000000000001	1.1896666666666667	1.1966666666666665	1.2083333333333333	1.22	1.2386666666666668	1.2549999999999999	1.2689999999999999	1.2839999999999998	1.3023333333333333	1.3186666666666669	1.3326666666666667	1.3476666666666668	1.369	1.3873333333333333	1.4033333333333333	1.4183333333333332	1.4406666666666668	1.4603333333333335	1.4813333333333334	1.502	1.5229999999999999	1.5463333333333333	1.5696666666666665	1.5903333333333334	1.611	1.6356666666666666	1.6623333333333334	1.681	1.7006666666666668	1.726	1.7496666666666669	1.7729999999999999	1.7936666666666667	1.8203333333333334	1.8460000000000001	1.8689999999999998	1.8933333333333333	1.9203333333333334	1.9456666666666667	1.9723333333333333	1.998	2.0223333333333331	2.0480000000000005	2.0756666666666668	2.1036666666666668	2.1266666666666665	2.154666666666667	2.1826666666666665	2.2116666666666664	2.2406666666666668	2.2673333333333332	2.3010000000000002	2.3276666666666666	2.3539999999999996	2.3800000000000003	2.411	2.4403333333333332	2.470333333333333	2.4983333333333335	2.5260000000000002	2.5539999999999998	2.5843333333333334	2.6106666666666665	2.6376666666666666	2.6686666666666667	2.6989999999999998	2.7280000000000002	2.7546666666666666	2.7836666666666665	2.8130000000000002	2.8443333333333332	2.871	2.9009999999999998	2.9336666666666669	2.9696666666666669	3.0066666666666664	3.0436666666666667	3.0820000000000003	3.1216666666666666	3.16	3.1993333333333336	3.2436666666666665	3.2866666666666666	3.327	3.3653333333333335	3.4013333333333335	3.438333333333333	3.4769999999999999	3.5139999999999998	3.5510000000000002	3.5883333333333334	3.6243333333333339	3.6603333333333334	3.6986666666666665	3.734666666666667	3.7730000000000001	3.8113333333333332	3.8473333333333333	3.8810000000000002	3.9156666666666666	3.9530000000000007	3.9876666666666671	4.0203333333333333	4.0536666666666665	4.0863333333333332	4.1190000000000007	4.1536666666666671	4.1896666666666667	4.2256666666666662	4.2606666666666664	4.2926666666666664	4.3243333333333327	4.3566666666666665	4.3930000000000007	4.4266666666666667	4.4589999999999996	4.4889999999999999	4.5226666666666668	4.5576666666666661	4.5893333333333333	4.6219999999999999	4.6539999999999999	4.6879999999999997	4.7226666666666661	4.7536666666666667	4.7886666666666668	4.8226666666666667	4.8559999999999999	4.8896666666666668	4.9176666666666664	4.95	4.9823333333333339	5.0136666666666665	5.0426666666666664	5.0743333333333327	5.1066666666666665	5.1380000000000008	5.1693333333333333	5.1996666666666664	5.2343333333333328	5.2646666666666659	5.2923333333333336	5.3213333333333326	5.3540000000000001	5.3843333333333332	5.4119999999999999	5.442333333333333	5.4690000000000003	5.4976666666666674	5.5236666666666663	5.5549999999999997	5.5839999999999996	5.6139999999999999	5.6420000000000003	5.669999999999999	5.698666666666667	5.7286666666666664	5.7570000000000006	5.7860000000000005	5.8150000000000004	5.8403333333333336	5.8673333333333337	5.8913333333333329	5.9206666666666665	5.948666666666667	5.9776666666666669	6.0066666666666668	6.030666666666666	6.0586666666666664	6.0843333333333334	6.1123333333333347	6.1386666666666665	6.166666666666667	6.1909999999999998	6.2176666666666662	6.242	6.2689999999999992	6.2943333333333333	6.3186666666666662	6.3433333333333337	6.3696666666666664	6.3956666666666671	6.4219999999999997	6.4480000000000004	6.4766666666666666	6.5	6.5263333333333335	6.5533333333333337	6.5776666666666666	6.6033333333333344	6.6286666666666667	6.6523333333333339	6.676333333333333	6.7006666666666668	6.7263333333333337	6.7519999999999998	6.7786666666666662	6.8073333333333332	6.8353333333333337	6.8606666666666669	6.8936666666666673	6.924666666666667	6.9549999999999992	6.9816666666666665	7.0120000000000005	7.0406666666666666	7.069	7.1000000000000005	7.1326666666666663	7.1636666666666668	7.1916666666666673	7.2183333333333337	7.2510000000000003	7.2823333333333338	7.3159999999999998	7.3463333333333338	7.3763333333333323	7.405333333333334	7.4296666666666669	7.4563333333333333	7.4856666666666669	7.5130000000000008	7.5433333333333339	7.5666666666666664	7.59	7.6156666666666668	7.6409999999999991	7.6676666666666664	7.6953333333333331	7.7236666666666665	7.7453333333333338	7.7700000000000005	7.7953333333333328	7.8233333333333333	7.8453333333333326	7.8719999999999999	7.8963333333333336	7.9186666666666667	7.9426666666666677	7.9669999999999996	7.9939999999999998	8.0196666666666676	8.0449999999999999	8.0716666666666654	8.0969999999999995	8.1216666666666661	8.1446666666666676	8.168000000000001	8.1923333333333321	8.2156666666666656	8.2366666666666664	8.2620000000000005	8.2830000000000013	8.3073333333333341	8.3303333333333338	8.3549999999999986	8.3770000000000007	8.4003333333333341	8.4233333333333338	8.4480000000000004	8.4723333333333333	8.4933333333333323	8.5163333333333338	8.5393333333333334	8.560666666666668	8.5849999999999991	8.6079999999999988	8.6310000000000002	8.6519999999999992	8.673	8.6986666666666679	8.7206666666666663	8.7463333333333324	8.7683333333333326	8.7916666666666661	8.8146666666666658	8.8376666666666672	8.859	8.8823333333333334	8.9039999999999999	8.924666666666667	8.9446666666666648	8.9633333333333329	8.9853333333333332	9.0076666666666654	9.0293333333333337	9.048	9.0693333333333328	9.0873333333333335	9.1046666666666667	9.1233333333333331	9.1423333333333332	9.1606666666666658	9.1456666666666653	9.2169999999999987	9.2394999999999996	9.2605000000000004	9.2815000000000012	9.3040000000000003	9.3249999999999993	9.349499999999999	9.3719999999999999	9.3925000000000001	9.4169999999999998	9.4400000000000013	9.4604999999999997	9.4834999999999994	9.5060000000000002	9.527000000000001	9.5444999999999993	9.5685000000000002	9.5909999999999993	9.6140000000000008	9.6314999999999991	9.6539999999999999	9.6735000000000007	9.6974999999999998	9.7220000000000013	9.7424999999999997	9.7635000000000005	9.7859999999999996	9.8055000000000003	9.8279999999999994	9.8559999999999999	9.8734999999999999	9.891	9.911999999999999	9.9310000000000009	9.9535	9.974499999999999	9.9984999999999999	10.019500000000001	10.044	10.061500000000001	10.085999999999999	10.1065	10.132999999999999	10.153500000000001	10.1715	10.192499999999999	10.212999999999999	10.231999999999999	10.250999999999999	10.2705	10.295	10.314	10.327999999999999	10.347000000000001	10.370000000000001	10.387	10.401	10.4115	10.518000000000001	10.539	10.553000000000001	10.573	10.590999999999999	10.612	10.632999999999999	10.657	10.678000000000001	10.695	10.715999999999999	10.737	10.755000000000001	10.775	10.795999999999999	10.814	10.831	10.852	10.87	10.894	10.911	10.929	10.95	10.974	10.994999999999999	11.016	11.032999999999999	11.051	11.071999999999999	11.089	11.11	11.127000000000001	11.151999999999999	11.166	11.183	11.207000000000001	11.231999999999999	11.253	11.28	11.301	11.326000000000001	11.35	11.381	11.406000000000001	11.43	11.448	11.468999999999999	11.493	11.513999999999999	11.542	11.57	11.587	11.608000000000001	11.629	11.657	11.683999999999999	11.709	11.73	11.754	11.775	11.795999999999999	11.817	11.840999999999999	11.869	11.89	11.911	11.932	11.96	11.98	12.007999999999999	12.026	12.05	12.068	12.085000000000001	12.102	12.127000000000001	12.144	12.157999999999999	12.169	12.186	12.172000000000001	Time (s)


Load (kN)
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Load (kN)
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Load (kN)
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Load (kN)
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Load (kN)




BFRP 12 AVERAGE	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1	1.05	1.1000000000000001	1.1499999999999999	1.2	1.25	1.3	1.35	1.4	1.45	1.5	1.55	1.6	1.65	1.7	1.75	1.8	1.85	1.9	1.95	2	2.0499999999999998	2.1	2.15	2.2000000000000002	2.25	2.2999999999999998	2.35	2.4	2.4500000000000002	2.5	2.5499999999999998	2.6	2.65	2.7	2.75	2.8	2.85	2.9	2.95	3	3.05	3.1	3.15	3.2	3.25	3.3	3.35	3.4	3.45	3.5	3.55	3.6	3.65	3.7	3.75	3.8	3.85	3.9	3.95	4	4.05	4.0999999999999996	4.1500000000000004	4.2	4.25	4.3	4.3499999999999996	4.4000000000000004	4.45	4.5	4.55	4.5999999999999996	4.6500000000000004	4.7	4.75	4.8	4.8499999999999996	4.9000000000000004	4.95	5	5.05	5.0999999999999996	5.15	5.2	5.25	5.3	5.35	5.4	5.45	5.5	5.55	5.6	5.65	5.7	5.75	5.8	5.85	5.9	5.95	6	6.05	6.1	6.15	6.2	6.25	6.3	6.35	6.4	6.45	6.5	6.55	6.6	6.65	6.7	6.75	6.8	6.85	6.9	6.95	7	7.05	7.1	7.15	7.2	7.25	7.3	7.35	7.4	7.45	7.5	7.55	7.6	7.65	7.7	7.75	7.8	7.85	7.9	7.95	8	8.0500000000000007	8.1	8.15	8.1999999999999993	8.25	8.3000000000000007	8.35	8.4	8.4499999999999993	8.5	8.5500000000000007	8.6	8.65	8.6999999999999993	8.75	8.8000000000000007	8.85	8.9	8.9499999999999993	9	9.0500000000000007	9.1	9.15	9.1999999999999993	9.25	9.3000000000000007	9.35	9.4	9.4499999999999993	9.5	9.5500000000000007	9.6	9.65	9.6999999999999993	9.75	9.8000000000000007	9.85	9.9	9.9499999999999993	10	10.050000000000001	10.1	10.15	10.199999999999999	10.25	10.3	10.35	10.4	10.45	10.5	10.55	10.6	10.65	10.7	10.75	10.8	10.85	10.9	10.95	11	11.05	11.1	11.15	11.2	11.25	11.3	11.35	11.4	11.45	11.5	11.55	11.6	11.65	11.7	11.75	11.8	11.85	11.9	11.95	12	12.05	12.1	12.15	12.2	12.25	12.3	12.35	12.4	12.45	12.5	12.55	12.6	12.65	12.7	12.75	12.8	12.85	12.9	12.95	13	13.05	13.1	13.15	13.2	13.25	13.3	13.35	13.4	13.45	13.5	13.55	13.6	13.65	13.7	13.75	13.8	13.85	13.9	13.95	14	14.05	14.1	14.15	14.2	14.25	14.3	14.35	14.4	14.45	14.5	14.55	14.6	14.65	14.7	14.75	14.8	14.85	14.9	14.95	15	15.05	15.1	15.15	15.2	15.25	15.3	15.35	15.4	15.45	15.5	15.55	15.6	15.65	15.7	15.75	15.8	15.85	15.9	15.95	16	16.05	16.100000000000001	16.149999999999999	16.2	16.25	16.3	16.350000000000001	16.399999999999999	16.45	16.5	16.55	16.600000000000001	16.649999999999999	16.7	16.75	16.8	16.850000000000001	16.899999999999999	16.95	17	17.05	17.100000000000001	17.149999999999999	17.2	17.25	17.3	17.350000000000001	17.399999999999999	17.45	17.5	17.55	17.600000000000001	17.649999999999999	17.7	17.75	17.8	17.850000000000001	17.899999999999999	17.95	18	18.05	18.100000000000001	18.149999999999999	18.2	18.25	18.3	18.350000000000001	18.399999999999999	18.45	18.5	18.55	18.600000000000001	18.649999999999999	18.7	18.75	18.8	18.850000000000001	18.899999999999999	18.95	19	19.05	19.100000000000001	19.149999999999999	19.2	19.25	19.3	19.350000000000001	19.399999999999999	19.45	19.5	19.55	19.600000000000001	19.649999999999999	19.7	19.75	19.8	19.850000000000001	19.899999999999999	19.95	20	20.05	20.100000000000001	20.149999999999999	20.2	20.25	20.3	20.350000000000001	20.399999999999999	20.45	20.5	20.55	20.6	20.65	20.7	20.75	20.8	20.85	20.9	20.95	21	21.05	21.1	21.15	21.2	21.25	21.3	21.35	21.4	21.45	21.5	21.55	21.6	21.65	21.7	21.75	21.8	21.85	21.9	21.95	22	22.05	22.1	22.15	22.2	22.25	22.3	22.35	22.4	22.45	22.5	22.55	22.6	22.65	22.7	22.75	22.8	22.85	22.9	22.95	23	23.05	23.1	23.15	23.2	23.25	23.3	23.35	23.4	23.45	23.5	23.55	23.6	23.65	23.7	23.75	23.8	23.85	23.9	23.95	24	24.05	24.1	24.15	24.2	24.25	24.3	24.35	24.4	24.45	24.5	24.55	24.6	24.65	24.7	24.75	24.8	24.85	24.9	24.95	25	25.05	25.1	25.15	25.2	25.25	25.3	25.35	25.4	25.45	25.5	25.55	25.6	25.65	25.7	25.75	25.8	25.85	25.9	25.95	26	26.05	26.1	26.15	26.2	26.25	26.3	26.35	26.4	26.45	26.5	26.55	26.6	26.65	26.7	26.75	26.8	26.85	26.9	26.95	27	27.05	27.1	27.15	27.2	27.25	27.3	27.35	27.4	27.45	27.5	27.55	27.6	27.65	27.7	27.75	27.8	27.85	27.9	27.95	28	28.05	28.1	28.15	28.2	28.25	28.3	28.35	28.4	28.45	28.5	28.55	28.6	28.65	28.7	28.75	28.8	28.85	28.9	28.95	29	29.05	29.1	29.15	29.2	29.25	29.3	29.35	29.4	29.45	29.5	29.55	29.6	29.65	29.7	29.75	29.8	29.85	29.9	29.95	30	30.05	30.1	30.15	30.2	30.25	30.3	30.35	30.4	30.45	30.5	30.55	30.6	30.65	30.7	30.75	30.8	30.85	30.9	30.95	31	31.05	31.1	31.15	31.2	31.25	31.3	31.35	31.4	31.45	31.5	31.55	31.6	31.65	31.7	31.75	31.8	31.85	31.9	31.95	32	32.049999999999997	32.1	32.15	32.200000000000003	32.25	32.299999999999997	32.35	32.4	32.450000000000003	32.5	32.549999999999997	32.6	32.65	32.700000000000003	32.75	32.799999999999997	32.85	32.9	32.950000000000003	33	33.049999999999997	33.1	33.15	33.200000000000003	33.25	33.299999999999997	33.35	33.4	33.450000000000003	33.5	33.549999999999997	33.6	33.65	33.700000000000003	33.75	33.799999999999997	33.85	33.9	33.950000000000003	34	34.049999999999997	34.1	34.15	34.200000000000003	34.25	34.299999999999997	34.35	34.4	34.450000000000003	34.5	34.549999999999997	34.6	34.65	34.700000000000003	34.75	34.799999999999997	34.85	34.9	34.950000000000003	35	35.049999999999997	35.1	35.15	35.200000000000003	35.25	35.299999999999997	35.35	35.4	35.450000000000003	35.5	35.549999999999997	35.6	35.65	35.700000000000003	35.75	35.799999999999997	35.85	35.9	35.950000000000003	36	36.049999999999997	36.1	36.15	36.200000000000003	36.25	36.299999999999997	36.35	36.4	36.450000000000003	36.5	36.549999999999997	36.6	36.65	36.700000000000003	36.75	36.799999999999997	36.85	36.9	36.950000000000003	37	37.049999999999997	37.1	37.15	37.200000000000003	37.25	37.299999999999997	37.35	37.4	37.450000000000003	37.5	37.549999999999997	37.6	37.65	37.700000000000003	37.75	37.799999999999997	37.85	37.9	37.950000000000003	38	38.049999999999997	38.1	38.15	38.200000000000003	38.25	38.299999999999997	38.35	38.4	38.450000000000003	38.5	38.549999999999997	38.6	38.65	38.700000000000003	38.75	38.799999999999997	38.85	38.9	38.950000000000003	39	39.049999999999997	39.1	39.15	39.200000000000003	39.25	39.299999999999997	39.35	39.4	39.450000000000003	39.5	39.549999999999997	39.6	39.65	39.700000000000003	39.75	39.799999999999997	39.85	39.9	39.950000000000003	40	40.049999999999997	40.1	40.15	40.200000000000003	40.25	40.299999999999997	40.35	40.4	40.450000000000003	40.5	40.549999999999997	40.6	40.65	40.700000000000003	40.75	40.799999999999997	40.85	40.9	40.950000000000003	41	41.05	41.1	41.15	41.2	41.25	41.3	41.35	41.4	41.45	41.5	41.55	41.6	41.65	41.7	41.75	41.8	41.85	41.9	41.95	42	42.05	42.1	42.15	42.2	42.25	42.3	42.35	42.4	42.45	42.5	42.55	42.6	42.65	42.7	42.75	42.8	42.85	42.9	42.95	43	43.05	43.1	43.15	43.2	43.25	43.3	43.35	43.4	43.45	43.5	43.55	43.6	43.65	43.7	43.75	43.8	43.85	43.9	43.95	44	44.05	44.1	44.15	44.2	44.25	44.3	44.35	44.4	44.45	44.5	44.55	44.6	44.65	44.7	44.75	44.8	44.85	44.9	44.95	45	45.05	45.1	45.15	45.2	45.25	45.3	45.35	45.4	45.45	45.5	45.55	45.6	45.65	45.7	45.75	45.8	45.85	45.9	45.95	46	46.05	46.1	46.15	46.2	46.25	46.3	46.35	46.4	46.45	46.5	46.55	46.6	46.65	46.7	46.75	46.8	46.85	46.9	46.95	47	47.05	47.1	47.15	47.2	47.25	47.3	47.35	47.4	47.45	47.5	47.55	47.6	47.65	47.7	47.75	47.8	47.85	47.9	47.95	48	48.05	48.1	48.15	48.2	48.25	48.3	48.35	48.4	48.45	48.5	48.55	48.6	48.65	48.7	48.75	48.8	48.85	48.9	48.95	1.1806666666666665	1.1806666666666665	1.1806666666666665	1.1769999999999998	1.1723333333333334	1.1700000000000002	1.1666666666666665	1.163	1.1596666666666666	1.1596666666666666	1.1563333333333332	1.1539999999999999	1.1513333333333333	1.1503333333333332	1.147	1.147	1.1446666666666665	1.1436666666666666	1.1436666666666666	1.1409999999999998	1.1399999999999999	1.1399999999999999	1.1399999999999999	1.1399999999999999	1.1413333333333333	1.1513333333333333	1.1639999999999999	1.1806666666666665	1.1956666666666667	1.2110000000000001	1.2213333333333334	1.2296666666666667	1.2409999999999999	1.2549999999999999	1.2676666666666667	1.2826666666666666	1.3003333333333333	1.32	1.335	1.3543333333333332	1.3746666666666669	1.399	1.421	1.4416666666666667	1.4696666666666667	1.494	1.5186666666666666	1.5429999999999999	1.5683333333333334	1.5976666666666668	1.6256666666666668	1.6516666666666666	1.68	1.7089999999999999	1.7380000000000002	1.7646666666666668	1.7923333333333333	1.8226666666666667	1.8526666666666667	1.8803333333333334	1.9073333333333331	1.9366666666666665	1.9676666666666669	1.9966666666666668	2.0246666666666666	2.0539999999999998	2.0846666666666667	2.1153333333333335	2.1456666666666666	2.170666666666667	2.2010000000000001	2.23	2.2590000000000003	2.2869999999999999	2.3160000000000003	2.3463333333333334	2.3753333333333333	2.4033333333333333	2.4286666666666665	2.4586666666666668	2.4940000000000002	2.524	2.5539999999999998	2.5866666666666664	2.6213333333333333	2.6546666666666665	2.6863333333333337	2.7203333333333339	2.7556666666666665	2.7870000000000004	2.8196666666666665	2.8543333333333329	2.8906666666666667	2.9279999999999995	2.9673333333333329	3.0046666666666666	3.0366666666666666	3.0740000000000003	3.1086666666666667	3.1436666666666668	3.1786666666666665	3.218	3.2563333333333335	3.2936666666666667	3.3306666666666662	3.3679999999999999	3.4049999999999998	3.4420000000000002	3.4780000000000002	3.5129999999999999	3.5476666666666667	3.5836666666666663	3.6163333333333334	3.65	3.6819999999999999	3.7150000000000003	3.7463333333333337	3.78	3.8126666666666669	3.8460000000000001	3.8800000000000003	3.91	3.9423333333333335	3.9760000000000004	4.0086666666666666	4.04	4.0713333333333335	4.1049999999999995	4.1363333333333339	4.1686666666666667	4.1990000000000007	4.2336666666666671	4.2649999999999997	4.2930000000000001	4.325333333333333	4.3579999999999997	4.3906666666666672	4.423	4.4543333333333335	4.4859999999999998	4.5136666666666665	4.5439999999999996	4.5703333333333331	4.6020000000000003	4.6333333333333329	4.6619999999999999	4.6949999999999994	4.7236666666666665	4.7526666666666664	4.7816666666666663	4.8153333333333324	4.8456666666666663	4.8746666666666671	4.9059999999999997	4.9359999999999999	4.9653333333333336	4.9929999999999994	5.0209999999999999	5.0520000000000005	5.0823333333333336	5.1070000000000002	5.1360000000000001	5.1670000000000007	5.198666666666667	5.2286666666666664	5.2576666666666663	5.2893333333333326	5.3203333333333331	5.3483333333333336	5.3773333333333335	5.4083333333333341	5.44	5.4669999999999996	5.4956666666666658	5.5213333333333336	5.5503333333333336	5.5770000000000008	5.605666666666667	5.6336666666666666	5.6639999999999988	5.6920000000000002	5.7173333333333334	5.7476666666666674	5.7756666666666669	5.8023333333333333	5.8310000000000004	5.863666666666667	5.8950000000000005	5.9239999999999995	5.9553333333333329	5.9856666666666669	6.0150000000000006	6.0436666666666667	6.0740000000000007	6.105999999999999	6.1366666666666667	6.1676666666666664	6.1953333333333331	6.2236666666666665	6.251666666666666	6.2796666666666665	6.3056666666666672	6.3290000000000006	6.3536666666666664	6.3813333333333331	6.4089999999999998	6.4323333333333332	6.4603333333333337	6.4883333333333333	6.5153333333333343	6.5403333333333329	6.5650000000000004	6.5916666666666659	6.6193333333333335	6.6460000000000008	6.6726666666666672	6.6983333333333333	6.7263333333333337	6.7519999999999998	6.7783333333333333	6.8096666666666676	6.8376666666666663	6.867	6.8953333333333333	6.9223333333333334	6.9480000000000004	6.9736666666666665	6.9989999999999997	7.0256666666666661	7.0526666666666671	7.0756666666666668	7.1023333333333332	7.1280000000000001	7.1526666666666658	7.1813333333333338	7.2069999999999999	7.2323333333333331	7.2593333333333332	7.2846666666666664	7.312666666666666	7.3369999999999997	7.362333333333333	7.3890000000000002	7.4146666666666663	7.4390000000000001	7.4646666666666661	7.4913333333333334	7.5179999999999998	7.5459999999999994	7.5726666666666667	7.6003333333333343	7.6269999999999998	7.6573333333333338	7.6853333333333333	7.7119999999999997	7.7409999999999997	7.7686666666666673	7.793333333333333	7.8213333333333326	7.8453333333333326	7.8706666666666676	7.8990000000000009	7.9256666666666655	7.9509999999999996	7.9776666666666669	8.0066666666666659	8.0343333333333344	8.0563333333333329	8.0813333333333333	8.1100000000000012	8.1333333333333346	8.1576666666666657	8.1820000000000004	8.2086666666666659	8.234	8.2573333333333334	8.2796666666666656	8.3076666666666679	8.3303333333333338	8.352666666666666	8.3783333333333321	8.4016666666666655	8.4236666666666675	8.4476666666666684	8.4700000000000006	8.4933333333333341	8.5119999999999987	8.5383333333333322	8.559333333333333	8.5813333333333333	8.6033333333333335	8.6266666666666669	8.6506666666666661	8.6739999999999995	8.6963333333333335	8.7206666666666663	8.7430000000000003	8.766	8.7879999999999985	8.8126666666666669	8.8343333333333334	8.8566666666666674	8.8759999999999994	8.9006666666666661	8.9239999999999995	8.947000000000001	8.9690000000000012	8.9933333333333341	9.0176666666666652	9.038666666666666	9.0596666666666668	9.0830000000000002	9.1063333333333336	9.1280000000000001	9.1466666666666665	9.1676666666666673	9.1896666666666658	9.2093333333333334	9.2326666666666668	9.2550000000000008	9.2793333333333337	9.2999999999999989	9.3209999999999997	9.3430000000000017	9.3686666666666678	9.3883333333333336	9.4090000000000007	9.4313333333333329	9.4533333333333331	9.472999999999999	9.4939999999999998	9.5150000000000006	9.5370000000000008	9.5586666666666673	9.5776666666666674	9.5996666666666659	9.6183333333333341	9.6403333333333325	9.6609999999999996	9.6839999999999993	9.7043333333333326	9.7236666666666665	9.7433333333333341	9.7620000000000005	9.7840000000000007	9.8036666666666665	9.8226666666666649	9.8446666666666669	9.8616666666666664	9.8826666666666654	9.902333333333333	9.923	9.9433333333333334	9.9639999999999986	9.9849999999999994	10.004666666666667	10.025666666666666	10.043999999999999	10.066333333333333	10.085666666666667	10.106999999999999	10.127666666666666	10.147333333333334	10.170999999999999	10.193666666666667	10.216999999999999	10.238000000000001	10.256666666666666	10.284333333333334	10.305333333333333	10.323	10.344666666666667	10.366666666666667	10.386666666666667	10.405333333333333	10.426	10.449333333333334	10.471333333333334	10.491	10.512	10.530666666666667	10.552666666666667	10.573333333333332	10.598999999999998	10.624666666666668	10.645666666666665	10.668666666666667	10.693	10.714999999999998	10.737333333333334	10.761666666666665	10.786000000000001	10.810333333333332	10.833666666666668	10.857999999999999	10.882333333333333	10.904333333333334	10.926333333333332	10.950666666666665	10.975333333333333	10.994	11.012333333333332	11.033000000000001	11.053000000000003	11.069000000000001	11.083999999999998	11.099333333333334	11.118	11.129666666666667	11.103000000000002	11.098333333333334	11.117666666666667	11.161	11.211999999999998	11.271000000000001	11.327	11.379333333333335	11.424333333333331	11.459000000000001	11.483666666666666	11.503333333333332	11.525333333333334	11.543999999999999	11.563666666666668	11.585999999999999	11.604333333333335	11.627333333333334	11.647333333333334	11.669666666666666	11.692666666666668	11.714333333333334	11.737666666666668	11.76	11.783333333333333	11.808666666666667	11.834333333333333	11.859666666666667	11.882	11.905000000000001	11.933	11.955	11.976666666666667	12.003666666666666	12.023333333333333	12.048	12.069666666666668	12.096333333333334	12.119666666666667	12.144333333333334	12.169666666666666	12.192999999999998	12.214999999999998	12.240333333333332	12.266333333333334	12.287000000000001	12.313333333333333	12.335666666666667	12.357999999999999	12.377666666666668	12.402666666666667	12.428333333333335	12.447333333333333	12.472666666666667	12.496	12.520333333333333	12.542333333333334	12.567666666666668	12.593666666666666	12.615333333333334	12.636333333333333	12.658333333333331	12.679333333333332	12.700333333333333	12.723666666666666	12.747666666666667	12.769666666666668	12.792	12.813000000000001	12.835999999999999	12.861333333333333	12.884	12.906999999999998	12.929	12.952	12.972	12.996333333333332	13.019666666666668	13.041333333333332	13.063666666666668	13.084666666666669	13.106666666666667	13.127333333333333	13.151666666666666	13.174000000000001	13.198666666666666	13.219000000000001	13.241	13.262333333333336	13.287666666666667	13.306333333333333	13.329666666666666	13.350333333333333	13.373666666666665	13.399000000000001	13.421333333333331	13.447666666666665	13.469666666666667	13.495333333333333	13.522	13.551000000000002	13.575666666666665	13.600999999999999	13.628	13.65	13.673	13.695333333333332	13.719333333333333	13.747333333333335	13.770666666666665	13.795999999999999	13.820333333333332	13.845333333333334	13.869333333333335	13.895666666666665	13.922666666666666	13.949666666666667	13.974000000000002	13.998333333333335	14.022666666666666	14.047000000000002	14.072333333333333	14.095999999999998	14.121	14.145333333333333	14.171000000000001	14.198	14.228	14.257	14.287333333333335	14.314	14.337333333333333	14.362666666666668	14.389333333333333	14.418333333333335	14.446333333333333	14.472999999999999	14.498666666666665	14.521666666666667	14.546999999999999	14.575000000000001	14.603	14.629333333333335	14.657666666666666	14.681666666666667	14.706333333333333	14.734333333333334	14.761000000000001	14.786333333333333	14.811	14.837333333333333	14.861666666666665	14.887333333333336	14.910333333333332	14.938666666666668	14.964999999999998	14.989666666666666	15.015333333333333	15.045333333333334	15.068333333333333	15.093999999999999	15.116999999999999	15.141666666666666	15.168000000000001	15.191000000000001	15.210999999999999	15.217333333333334	15.228333333333333	15.243	15.266333333333334	15.296333333333331	15.331000000000001	15.367666666666667	15.405999999999999	15.444000000000001	15.477333333333334	15.504	15.531666666666666	15.558333333333332	15.580333333333334	15.606999999999999	15.632	15.657666666666666	15.683	15.709666666666669	15.738666666666667	15.765000000000001	15.789	15.816000000000001	15.841999999999999	15.866666666666667	15.890333333333333	15.918666666666667	15.942333333333332	15.966000000000001	15.99	16.016666666666666	16.044	16.068666666666669	16.093666666666667	16.120666666666665	16.145666666666667	16.169999999999998	16.197666666666667	16.221999999999998	16.246333333333336	16.270666666666667	16.294666666666668	16.318999999999999	16.340999999999998	16.364999999999998	16.390666666666664	16.414999999999999	16.441333333333333	16.467666666666666	16.495999999999999	16.521000000000001	16.548666666666666	16.572999999999997	16.596999999999998	16.621666666666666	16.648	16.674666666666667	16.699666666666662	16.724333333333334	16.750666666666664	16.771666666666665	16.795666666666666	16.817666666666668	16.843999999999998	16.863666666666663	16.885666666666665	16.906333333333336	16.922666666666668	16.921666666666667	16.920333333333332	16.933	16.956999999999997	16.992000000000001	17.028666666666666	17.066666666666666	17.105999999999998	17.146666666666665	17.187000000000001	17.222666666666665	17.256333333333334	17.288666666666668	17.317333333333334	17.343	17.367000000000001	17.392666666666667	17.419	17.445333333333334	17.470666666666666	17.498666666666665	17.526333333333337	17.554333333333336	17.580333333333332	17.607333333333333	17.638333333333332	17.665000000000003	17.689	17.715666666666667	17.742333333333331	17.767333333333333	17.790666666666667	17.818333333333332	17.844999999999999	17.867000000000001	17.892333333333333	17.917666666666666	17.945	17.971	17.997	18.025000000000002	18.050333333333331	18.074666666666669	18.099666666666668	18.128	18.155333333333331	18.181666666666668	18.205000000000002	18.233999999999998	18.259333333333334	18.283666666666665	18.311	18.34	18.364000000000001	18.387333333333334	18.412000000000003	18.437999999999999	18.465666666666667	18.491333333333333	18.517333333333333	18.543333333333333	18.563666666666666	18.590333333333334	18.617999999999999	18.645666666666667	18.668666666666667	18.695333333333334	18.720666666666666	18.744	18.763666666666666	18.781000000000002	18.798333333333336	18.815666666666665	18.828333333333333	18.840999999999998	18.857000000000003	18.883333333333329	18.915000000000003	18.954333333333334	18.988666666666671	19.021000000000001	19.056666666666668	19.087999999999997	19.117999999999999	19.144333333333336	19.172000000000001	19.198666666666668	19.226333333333333	19.255333333333336	19.286333333333332	19.315000000000001	19.340666666666664	19.364666666666668	19.392666666666667	19.422333333333331	19.451333333333334	19.481666666666669	19.513999999999999	19.544	19.567	19.594666666666665	19.626000000000001	19.655999999999999	19.684999999999999	19.710999999999999	19.740000000000002	19.767666666666667	19.797999999999998	19.828999999999997	19.858999999999998	19.886333333333337	19.912000000000003	19.941000000000003	19.967333333333332	19.996333333333332	20.021666666666665	20.048333333333336	20.071333333333335	20.093	20.118333333333332	20.145	20.172666666666668	20.198333333333334	20.224666666666664	20.248666666666665	20.272333333333332	20.298333333333332	20.325333333333333	20.352999999999998	20.378	20.401333333333334	20.424333333333333	20.451000000000001	20.476666666666667	20.502666666666666	20.528333333333332	20.552333333333333	20.577999999999999	20.596333333333334	20.622000000000003	20.64833333333333	20.671666666666667	20.694666666666667	20.716666666666665	20.738333333333333	20.760333333333335	20.783666666666665	20.806333333333331	20.830666666666669	20.853999999999999	20.876999999999999	20.899000000000001	20.921666666666667	20.945	20.965999999999998	20.989000000000001	21.009666666666668	21.032666666666668	21.053666666666668	21.075666666666667	21.099666666666668	21.120333333333331	21.143666666666665	21.167666666666666	21.193333333333332	21.215999999999998	21.239666666666668	21.264666666666667	21.287666666666667	21.309666666666665	21.332666666666665	21.353666666666669	21.378	21.39833333333333	21.421666666666667	21.443333333333332	21.468999999999998	21.488666666666671	21.511666666666667	21.534666666666666	21.555666666666667	21.570333333333334	21.587999999999997	21.607333333333333	21.632999999999999	21.656000000000002	21.680333333333333	21.701999999999998	21.725333333333335	21.749333333333336	21.775000000000002	21.801333333333332	21.827999999999999	21.852	21.875	21.901666666666667	21.928333333333331	21.951333333333338	21.978999999999999	22.007000000000001	22.031000000000002	22.055333333333333	22.081666666666667	22.108666666666664	22.136333333333329	22.161333333333335	22.189000000000004	22.215666666666664	22.237666666666666	22.263000000000002	22.291666666666668	22.318666666666669	22.341666666666669	22.367000000000001	22.392333333333337	22.415333333333336	22.439666666666668	22.462666666666667	22.489666666666665	22.516999999999999	22.541333333333331	22.565666666666669	22.58966666666667	22.614999999999998	22.643000000000001	22.668333333333333	22.692333333333334	22.718	22.745333333333335	22.77	22.794	22.820666666666668	22.847333333333335	22.871333333333329	22.894666666666666	22.921000000000003	22.946333333333332	22.97066666666667	22.995000000000001	23.018999999999995	23.042333333333332	23.064999999999998	23.091999999999999	23.112666666666666	23.137	23.161000000000001	23.184333333333331	23.210666666666668	23.232333333333333	23.255666666666666	23.27633333333333	23.298333333333332	23.320333333333334	23.343666666666664	23.361666666666665	23.283666666666665	22.979666666666663	22.677333333333333	22.435999999999996	22.242666666666668	20.957666666666665	22.295000000000002	23.542999999999999	23.571000000000002	23.594999999999999	23.623000000000001	23.65	23.678000000000001	23.702000000000002	23.734000000000002	23.765000000000001	23.789000000000001	23.812999999999999	23.841000000000001	23.869	23.896000000000001	23.923999999999999	23.954999999999998	23.978999999999999	24.007000000000001	24.035	24.059000000000001	24.09	24.120999999999999	24.146000000000001	24.166	24.193999999999999	24.218	24.242999999999999	24.27	24.297999999999998	24.321999999999999	24.35	24.370999999999999	24.395	24.422999999999998	24.454000000000001	24.478000000000002	24.506	24.53	24.558	24.577999999999999	24.603000000000002	24.63	24.658000000000001	24.678999999999998	24.7	24.727	24.751999999999999	24.776	24.8	24.824000000000002	24.844999999999999	24.859000000000002	24.88	24.896999999999998	24.914000000000001	24.939	24.959	24.98	24.994	25.010999999999999	25.018000000000001	25.015000000000001	24.481999999999999	23.518999999999998	23.166	23.096	23.172999999999998	23.37	23.646999999999998	23.893000000000001	24.114000000000001	24.280999999999999	24.283999999999999	21.870999999999999	Time (s)
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2 Manufacture
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22 45 par oftheasassment and angoingsuneilance ofproduct qualy,the 884 has:

agresd with he the qualty control and product tastin to be
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3 Delivery and site handling
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.10 st cuting s permitted by means o grinders withcarbide, diamond-<oated biadesor by hand with
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concrete n addition, when cuting the producr, botheye nd ace protection mast be worn.

e s ofte ana Carried out an Sastech P8P Rebar.

aUse
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7 Behaviour in relation to fire.

7.1 Where th product i intos that requies e or combustibiey e
nouidbe by 2 sutably quaiied nd
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73 Tess camied utin with GosT 31938 2012 indictetht the
o the product s 144

8 Thermal behaviour
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9 Maintenance
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10 Durability
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11 Reuse and recyclability

The productcanberecycled

12 General

{nstalsionofsastech ebars s 0 tha o tharrinforcement brs and it st b caied ot by sdequitely
and rined operaties, sy in with the certfcata hoders ndthe
reinforcement detaingdrauingsfothe Structure. Typcal instlaion detas are shown n Fures 33nd &

13 Procedure

131 The ba must e hld frmly during th pouring and seting of concree, wit the use of tie.Sars hould be i
2t vy intersecion when he pacing ismr than 30 cm inany irection. Whers thespacing s than tis, the bars.
Should be ed atevery inersecionor at aherate intersecions.

132 s essentialthat bars do ot oatupwards and out of posion during concrete placement and consolidation.
movement i detecte,the pou houid e hlted whilst addtional support orftures are dded

133 1 the barsbecome contaminated,thy should be deaned prio o nstalstion

3.4 The product can be used an ted i withstel bars. The same ting method as tael houid b used i orderto
achiee the best peformance

135 shape codes cannot bebent on-site—al hape codes refctorymade and delvered t et specicatons.

136 Nicks, scrapes and cuts hat do ot exceed % f thedepth f the bar ae aceptable. Beyond 5%, th bar should
e eplaced, ora1ap pie wihthe 3ppropriate 3p angth ethr s f the amage may be apped.

137 The product may be jinted with ap jotsor Couplings 2 hown on the engineer/it plans. Unles shown
otheruiseon the lans,th product shoud b ap spiced using a ar of the same dameter. Lap lengths and barcover
“houid 50 b 3 ndicated on the plans.

rigures orRp nebar installation
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18 Tests
st ware carrid out snd theresuls sszesad o determing:

‘Crosssectional propertes and mass
ensie srength and modulus

Short-and long term bond strength

Tensie tatgue

Durabiy: corrosion and alkaline emironment
creep aire

Transvers shese swength

Fenurltesile properies

The coeficient flongitucinal therml expansion
Dimensions o s

Efecof e slevated temperature.

15 Investigations.

‘The manufacturin proces was evalated,incudin the methods adoptedfo qualt contrl, and detls were
btained ofth quaity and composiionofthe materil used.
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