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Abstract

The emergence of innovative construction materials is dawning a new era of ambition within the civil engineering
community. Among these innovative materials, Basalt Fibre Reinforced Polymer (BFRP) has recently surfaced
with promising potential as a reinforcing material in concrete. Currently, in the Dutch concrete construction
industry, the choice for reinforcement steel has remained unchanged for the past decades. However, the in-
creasing availability of innovative alternatives could help the transition to a more sustainable concrete industry.
Although BFRP has promising potential for application in concrete structures, the global application has not
been established yet. One of the reasons for this limited research into the structural behaviour of concrete
structures reinforced with BFRP-bars. Furthermore, the limited development of codes specifically designed for
concrete reinforced with BFRP-bars and the modest availability compared to reinforcement steel also play into
the unknowns about the material.

BFRP-bars contain certain qualities that reinforcement steel does not. One of the most prominent is resistance
against corrosion due to environmental influences on concrete structures. This eliminates the requirement
for the concrete cover to protect the reinforcement from corrosion. Hence, the concrete cover only serves its
purpose to ensure effective bond action between the reinforcement bars and the concrete. This inherent quality
of BFRP-bars eases the crack width control requirements in the codes for the design of structures reinforced
with BFRP-bars to a range of 0.5 mm to 0.7 mm. Although this is a significant increase in comparison to the
Eurocode for concrete structures (0.2 mm to 0.4 mm), the properties of BFRP-bars cause larger crack width
development.

The aim of the experiment is to investigate the flexural behaviour of concrete beams reinforced with BEFRP-bars
as tensile reinforcement. The flexural behaviour of concrete structures reinforced with BFRP-bars is studied both
experimentally and numerically. The research program contains 6 beams differing in reinforcement material,
concrete covers, reinforcement ratio and bar diameters. To investigate the effects of the concrete cover, 2 beams
are designed with concrete covers of 31 mm and 11 mm containing 3 BFRP-bars with a diameter of 8 mm in
the tension zone. To compare the behaviour of these beams, 2 identical beams with reinforcement steel are
designed. To determine the effects of the reinforcement bar diameter, 1 beam is designed with 2 bars with a
diameter of 10 mm. The reinforcement ratio in beams remains approximately equal, hence the only changing
parameter is the bar diameter. The effects reinforcement ratio is investigated by a beam designed with 2 bars
with a diameter of 8 mm. By keeping the bar diameter and the concrete cover the same, the reinforcement
ratio is the only changing parameter for this beam. By subjecting the beams to a 4-point bending test, a fully
developed crack pattern can be established over a certain length. By using digital image correlation (DIC), the
flexural behaviour is monitored and analysed. This includes both crack width development and overall pattern
forming. The results are verified with linear variable differential transformers (LVDT"‘s) and a laser measuring
vertical displacements. This procedure is devised to evaluate the stiffness behaviour of the beams as well as
the cracking behaviours. In addition, the experimental program includes a series of direct tensile tests with
reinforcement bars to determine the stress-strain behaviour of the reinforcement bars themselves.
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From the performed experiments, it is found that the flexural behaviour of concrete BFRP-reinforced beams
differs compared to concrete beams reinforced with steel. Whereas steel-reinforced beams show a clear re-
inforcement yielding stage, the load-deflection behaviour of the beams containing BFRP-bars appears linear
after the first cracks form. The measured deformation in the beams reinforced with BFRP-bars is generally
significantly larger. Previous studies [Shamass and Cashell, 2020] indicate the reinforcements significantly lower
Young's modulus causing the inferior stiffnesses of the beams reinforced with BFRP-bars. The load-deflection
curves also show that the BERP-reinforced beams show initial flexural cracking at lower load levels (9.82 kN
to 13.00 kN). In contrast, the steel-reinforced beam’s initial cracking phase starts at 15.11 kN and 17.69 kN
respectively. From the cracking patterns, it is found that the BFRP-reinforced beams develop more cracks (7
to 8) in the constant bending moment zone compared to the steel-reinforced beams (5 and 7 respectively). The
crack patterns also show the development of tensile splitting cracks at the reinforcement depth on the side of
the beam for the BFRP-bars with a concrete cover of 31 mm. On the contrary, tensile splitting cracks on the
side of steel-reinforced beams were not observed. The beam reinforced with BFRP-bars and a concrete cover
of 11 mm also did not show tensile splitting cracks emerging at the side of the beam, however, this type of
cracks did appear on the bottom surface. Tensile splitting of the concrete around the reinforcement reduces
the bond strength of the reinforcement bar to the confining concrete, as suggested by Harajli [Harajli et al.,
2004]. The emergence of tensile splitting cracks increases the crack spacing, which in turn increases the crack
width. Based on the cracking patterns, it is found that lower reinforcement ratios in BFRP-beams correlate
with larger tensile splitting crack development over the beam surface. On the contrary, larger bar diameters
together with a larger bar spacing in the cross-section cause smaller tensile splitting crack development. From
the crack width measurements, it is found that the beams reinforced with BFRP-bars show significantly larger
crack width development compared to the steel-reinforced beams. Due to the inherent mechanical properties
of the BFRP-bars, the crack width development is linear. This is contrary to the crack width development of
the steel-reinforced beams, which exhibit a distinct yielding stage of the reinforcement. Although the maxi-
mum allowable crack width in the codes for BFRP-reinforced beams is considerably higher, the crack width
measurements from the DIC-data show that the BFRP-beams reach the limits at earlier load levels than the
steel-reinforced beams. When applying the lower bound limits (0.5 mm for BERP-reinforced beams, 0.2 mm
for steel-reinforced beams), it is found that the BFRP beams reach 0.5 mm crack widths at 14.11 kN to 29.08
kN, whereas the steel-reinforced beams reach 0.2 mm crack width at 28.04 and 37.57 kN respectively. This
disparity is amplified even more when applying the upper bound crack width limits of 0.7 for BFRP-reinforced
beams and 0.4 mm for steel-reinforced beams. The crack width limits are then reached at 21.90 kN to 38.21
kN for BFRP-beams, whereas the 0.4 mm limits for steel-reinforced beams are reached at 42.49 kN and 57.34
kN respectively. Based on the crack width models in the codes, it found that the BFRP-beams display larger
crack widths than the theoretical curves, whereas the steel-reinforced beams generally adhere to the theoretical
curves.

To conclude, the experimental study comparing the flexural behaviour of concrete BFRP-reinforced beams
versus steel-reinforced beams reveals distinct differences in their structural responses to bending loads. While
steel-reinforced beams exhibit an evident yielding stage, the BFRP-beams display a linear load-displacement
behaviour post-initial cracking until failure. Additionally, BFRP-beams exhibit slightly earlier cracking. Con-
trary to the steel-reinforced beams, the BFRP-beams show a sensibility to tensile splitting crack, affecting
the flexural crack formation. Despite a larger allowable crack width according to the codes, the BFRP-beams
reach their limits at earlier load levels compared to steel-reinforced beams. Furthermore, the BFRP-beams
display larger crack widths than predicted by the theoretical models in the codes. This is contrary to the
steel-reinforced beams, which generally align to the theoretical curves. These findings underscore the necessity
for design considerations to effectively accommodate the flexural behaviour of concrete structures reinforced
with BFRP-bars.
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Chapter 1

Introduction

1.1 Background and motivation

With recent concerns about climate change, the construction industry aims to make concrete structures more
sustainable. Expanding on the sustainability of concrete involves delving into alternative materials and methods
that can mitigate the environmental impact of traditional concrete production. One such avenue is exploring
alternative binders, such as geopolymers, as a substitute for Portland cement. Geopolymer concrete offers
promising potential for reducing carbon emissions associated with cement production. However, it is important
to acknowledge the challenges it faces, including the availability of precursors like fly ash and blast furnace slag.
While discussing this, it is crucial to address concerns raised about the complexity of the topic structure. There-
fore, following the exposition of geopolymer concrete challenges, exploring alternative reinforcement avenues like
Basalt Fibre Reinforced Polymer (BFRP) opens doors to advancing sustainability within the construction sector.

For the past centuries, steel has been the most widely used material to reinforce concrete structures. On the
other hand, fibre reinforced polymer (FRP) bars have become commercially available since the late 1980’s
when the market demand for nonferrous reinforcement bars increased. The concept of fibre reinforced polymer
composites originates from an old method of making a material better by combining two materials. FRP‘s
are composed of a reinforcing phase (fibres) and a rigid resin matrix (polymer) where the fibres are embedded
(figure 1.1).

Reinforcement fibre Polymer matrix Fibre reinforced composite

<=

Figure 1.1: Principle of embedded fibres in polymer matrices [Erden and Ho, 2017]

The fibres used in FRP are formed from thin filaments. As fibre reinforced composites are a mixture of at
least two different materials, the combination develops new and superior properties in relation to the individual
materials. The opportunity of combining multiple materials into one brings the possibility of tailoring materials
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to a specific desired application. An example of combining individual material properties is reinforced concrete.
The concrete itself contains a relatively high compressive strength in relation to its tensile strength. Therefore,
a reinforcing material with a high tensile strength (commonly reinforcement steel) is added to the area of the
concrete structure where tensile stresses occur. Combining both materials results in properties that exceed
those of the individual materials, making it superior.

In relation to reinforcement steel, FRP-bars generally contain higher tensile strengths, which could reduce the
required cross-section surface in comparison to reinforcement steel [fib, 2007]. The application of reinforcement
does have some challenges to be faced, especially from a durability point of view. Contrary to reinforcement
steel, FRP-bars embedded in concrete are corrosion-resistant. FRP-bars do not significantly deteriorate when
exposed to ingress of fluids due to weather influences and exposure to chemicals [Busel, 2006]. The emergence of
commercially available FRP-bars also stems from the need to apply non-conductive material as reinforcement,
which could be beneficial for concrete structures in the surrounding of MRI-equipment in hospitals [Busel, 2006].
FRP-bars also contain a limited transfer of heat in relation to reinforcement steel.

However, the application of BFRP-bars also comes with some challenges. for example, flexural cracking in
concrete structures represents a critical concern in structural engineering. When reinforced with BFRP-bars,
concrete structures exhibit different behaviour regarding flexural cracking in comparison to conventional re-
inforcement steel, such as larger crack width and larger displacements [Baena et al., 2013, Busel, 2006]. The
cracking behaviour and crack width development, influenced by factors such as the Young’s modulus of the
reinforcement bars [Busel, 2006, fib, 2007], could significantly differ in BFRP-bar reinforced concrete structures
due to their generally lower Young’s modulus compared to steel (a factor of 3 to 4 [Busel, 2006)).

In addition, the bond behaviour between reinforcement steel and BFRP to the confining concrete could also
vary due to the different characteristics and mechanical properties. Bond strength affects the spacing between
the flexural cracks (noted as S. in figure 1.2) emerging in a structure loaded in bending. Greater tensile
reinforcement bonding correlates with reduced crack spacing in concrete structures.

A,

Neutral axis

Tensile
reinfocement

v T L L
‘ ’{]’1}(—}‘

E racking spacing S_E;, Concrete crack width

Figure 1.2: Model of flexural crack width [Chiu et al., 2018]

In conclusion, the extent to which each factor such as bond strength affects the flexural behaviour poses
challenges. These challenges present a hurdle to take before the application of BERP-bars in concrete becomes
common practice. Hence, it is of utmost importance to gain an understanding of the flexural behaviour of
concrete structures reinforced with BFRP-bars.
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1.2 Scope and limitation of the research

Based on the preliminary but promising reports about BFRP-bars, Van Hattum en Blankevoort decided to
initiate comprehensive research into the prospective substitution of traditional reinforcement steel in concrete
structures. However, the research on the consequences of applying BFRP-bars in concrete on a structural and
environmental level is limited. This study compares the performance of concrete structures reinforced with
BFRP-bars versus reinforcement steel bars under bending loads. Notably, As BFRP has gained significant
interest in the Dutch construction industry, this study focuses on BFRP and deliberately excludes other FRP

types.

Based on an experiment on flexural behaviour, this study delves deeply into two key facets: the stiffness
exhibited by these reinforced concrete structures and their flexural cracking behaviour. This examination aims
to decipher and delineate the differences between concrete structures reinforced both with BFRP-bars and
reinforcement steel bars loaded in bending. By scrutinizing stiffness and flexural cracking behaviours, the study
seeks to elucidate the unique advantages and potential limitations of employing BFRP-bars as a substitute for
traditional steel reinforcement within concrete structures, thereby contributing valuable insights to the realm
of structural engineering and material science.

1.3 Research objectives and methodology

Exploring the potential of BFRP-bars as an alternative to reinforcement steel, the research delves into the
impact on structural integrity, burden to the environment, and cost efficiency. Central to this inquiry is the
fundamental research objective which is presented below. Through an experimental study, the aim is to unveil
the tangible benefits and challenges of applying BFRP-bars in concrete, paving the way for a more informed
and sustainable approach to construction methodologies.

To research the flexural behaviour of concrete reinforced with basalt fibre reinforcement bars

The main inquiry revolves around the efficacy of employing BERP-bars in reinforced concrete structures, specif-
ically assessing the structural behaviour in relation to concrete structures with reinforcement steel. This re-
search unfolds through targeted objectives probing into the properties, comparative characteristics, structural
behaviour, applicability, environmental footprint, and regulatory considerations of embedded BFRP-bars in
concrete design. The research objectives are listed below.

e Compare the structural characteristics of BFRP-bars in relation to steel reinforcement, highlighting their
differences and properties and the effects on structural behaviour;

e Research the structural behaviour variations between concrete structures reinforced with BFRP-bars and
steel-reinforced concrete to establish any distinct structural behaviour differences;

e Address the environmental impact of concrete structures reinforced with BFRP-bars in comparison to
those reinforced with steel bars;

e Review the existing guidelines and regulations governing the design principles of BFRP-reinforced concrete
structures, outlining their applicability and implications in design practices.

In the research, the methodologies encompassed direct tension tests for assessing the tensile characteristics
of BFRP-bars, alongside multiple 4-point bending tests to elucidate crack propagation and patterns. These
investigations were complemented by techniques such as digital image correlation, providing comprehensive
insights into material behaviour and structural responses.
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1.4 Thesis outline

Chapter 2 revolves around the available literature on BERP-bars. Apart from the production process, literature
on the environmental consequences, the behaviour of concrete structures reinforced with BFRP-bars, and the
physical and mechanical properties are addressed. Furthermore, research on applied design guidelines is con-
ducted. Chapter 3 presents the motivation and approach of the experimental study conducted in the concrete
lab at the Delft University of Technology. The experiments concern direct tensile tests with BFRP-bars to
determine the mechanical properties and 4-point bending tests. The results of the experimental program are
presented in Chapter 4. This chapter delineates two primary sections: the direct tensile test and the 4-point
bending test. In Chapter 5, the results are discussed with respect to the expectations and previously performed
experiments. Chapter 6 deals with the conclusions of the main research question and the objectives. This
section provides recommendations for further research as well.
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Chapter 2

Literature study

2.1 Basalt fibre reinforcement bars

Delving into the exploration of BEFRP-bars involves a comprehensive analysis encompassing their composition,
manufacturing process, and physical and mechanical properties. Grasping the intricate methodologies is essential
for accurately determining these defining characteristics.

2.1.1 Constituent materials

The most commonly used fibre materials used are primarily glass, carbon, aramid and basalt [Fiore et al.,
2015]. A matrix resin, when added to the fibres, collectively comprises the composite material. The constituent
materials are discussed in this section.

2.1.1.1 Basalt fibres

Basalt is an igneous rock type, which can be molten in a furnace with a temperature of 1450 to 1500 °C [Nanni
et al., 2014]. The production of basalt fibres uses the same technology as that of other types of fibres used in
the production of FRP-bars, however, it requires less energy [Nanni et al., 2014]. Furthermore, the raw material
basalt rock is available in abundance as approximately 33% of the earth is comprised of this rock type [Prasad
and Talupula, 2018]. This is the largest base material abundance of all fibre types as the abundance of silica
minerals in the earth’s crust is second with 26% [Britannica, 2015].

From the commercially available fibre types (table 2.1), basalt fibres have the highest strength potential as the
tensile strength of a single filament is the highest compared to other fibre types commonly applied as FRP-
reinforcement bars in concrete [Li et al., 2018]. All properties of single fibre filaments of the four mentioned types
are noted in table 2.1. Figure 2.1 presents the stress-strain relation of notable fibre types used in FRP-bars.
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Table 2.1: Typical characteristics of single filament fibres [Nanni et al., 2014, Ji et al., 2009, Kumbhar, 2014, Li
et al., 2018, fib, 2007]

Type of fibre Density Tensile strength (MPa) Young's modulus Ultimate
(kg/m3) (GPa) strain (%)
B500 reinforcement steel 7850 500-600 210 5.0
E-glass 2500 3100-3800 72.5-78 24
S-glass 2500 4020-4650 83-91 3.3
AR-glass 2250 1800-3550 70-80 2-3
High-modulus carbon 1950 2480-4000 300-600 0.5
Low-modulus carbon 1570 2500-3500 200-300 1.1
Aramid K29 1440 2760 70-125 4.4
Aramid K49 1440 3620 124-531 2.2
Aramid K149 1440 3550 124-151 1.4
Basalt 2800 3000-4840 79.3-93.1 3.1

Pa)
-

5000

4000

Tensile stress (M

3000

2000

1000

0
0 1 2 3 4 >

Tensile strain (%)

Figure 2.1: Stress-strain curves of typical reinforcement fibres. a: High-modulus carbon, b: Low-modulus
carbon; ¢: Aramid K49; d: S-glass; e: E-glass f: Basalt. [fib, 2007]

2.1.1.2 Resin matrices

The resin matrix serves two primary functions: firstly, it binds the fibres utilized in the FRP-bars, and secondly,
it safeguards both the individual fibres and the overall fibre structure of the bar [Nanni et al., 2014]. The matrices
used in fibre reinforced polymers consist of thermoset polymeric resins. Thermoset resins are usually solids with
a low-temperature melting point or liquids that are cured with a catalyst and/or heat. Once cured, thermoset
resins cannot be reshaped or reverted to a liquid form. In the production of fibre reinforced polymers, three
common types of matrices are used on an industrial level: epoxies, polyester and vinyl-esters. These 3 resin types
are commonly applied due to their availability and cost-effectiveness, along with their mechanical properties. To
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improve the mechanical properties of the resin, fillers and other additives are added. These added components
also reduce the costs of the matrices [Nanni et al., 2014].

Epoxy is a type of thermosetting matrix containing at least one, but usually more epoxide groups in the
molecule [Benmokrane et al., 2015]. Epoxies provide a high corrosion resistance and are less susceptible to
damage from water or heat than the polyester and vinyl-ester. Epoxy however has a long required curing time
and a relatively high cost. The use of epoxies is mainly in high-performance composites where good mechanical
properties, corrosion resistance and low electricity conductivity are required. Epoxy is compatible with all fibre
types used in the production of pultruded products, however its application is somewhat limited. Together
with vinyl-ester, epoxies are applied in glass fibre reinforced polymers (GFRP‘s) [Fiore et al., 2015, Nanni et al.,
2014].

Polyester resins provide a balanced set of chemical, mechanical and electrical properties, relatively low cost of
production and good handling in the processing. By adjusting the components used in the production, polyester
resins can be tailored chemically to meet various demands for different applications (flexibility, fire resistance,
translucence, corrosion resistance, electrical insulation, heat resistance and UV-radiation resistance). The use
of polyesters as a resin for the production of fibre reinforced polymer bars however is dissuaded because of the
low chemical resistance in relation to the alternatives. Therefore, epoxies and vinyl-esters are applied more
frequently [Nanni et al., 2014].

Vinyl-esters are the preferred choice amongst the matrices in the production of GFRP reinforcement as it has
a good alkali resistance as well as bond with the glass fibres. Furthermore, vinyl-ester possesses the same
advantageous properties as polyesters, as well as a better chemical resistance [Nanni et al., 2014] [Fiore et al.,
2015].

Table 2.2 provides the mechanical properties of three commonly used resin matrices. The different resin types
contain approximately the same density, however, vary slightly in their tensile strengths and moduli of elasticity.
Note that, the physical and mechanical properties of the composite material also depend on the resin content
and properties.

Table 2.2: Typical properties of resin matrices [Nanni et al., 2014, fib, 2007]

Type of matrix Density Tensile strength (MPa) Young'‘s modulus (MPa)
(kg/m?)

Epoxy 1186-1420 34.5-103.40 2070-3445

Polyester 1186-1420 38.2-130.90 2760-4130

Vinyl-ester 1130-1360 68.9-75.80 3000-3445

2.1.2 Production of reinforcement bars

The production of basalt fibre reinforcement bars is generally done using the pultrusion of continuous fibres.
Pultrusion is a continuous production where fibres are pulled through a bath of heated resin matrix. The
production process is schematically shown in figure 2.2. In each step of the production listed below, the
corresponding number indication is mentioned.

5
TUDelft ﬂ Van Hattum en Blankevoort



Chapter 2 — Literature study 28 of 265

Figure 2.2: Simplified schematic overview of a continuous production line [Fiore et al., 2015] Basalt fibre
manufacturing procedure illustrates the following steps: (1) crushed stone silo, (2) loading station, (3) transport
system, (4) batch charging, (5) initial melting zone, (6) secondary heating zone with precise temperature control,
(7) filament forming, (8) sizing applicator, (9) strand formation system, (10) fibre tensioning system, (11)
automated winding system.

The production of basalt fibre reinforcement bars can roughly be distinguished into two main components. The
first component is the production of the continuous fibres which are stored as coils, known as rovings. The
second component is the production of the reinforcement bar itself out of the aforementioned semi-finished
product.

Pultrusion offers a versatile method for creating a wide array of shapes, encompassing circular, H, L, U-profile
sections, and more. The required length of the product is not limited by the pultrusion machine, but by the
maximum transportable length of a pultruded product [Correia, 2013] [Nanni et al., 2014]. The process of
pultrusion is schematically displayed in figure 2.3
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Figure 2.3: Pultrusion process scheme: (1): CBF’s drawn from rovings. (2): CBF’s impregnated with thermoset
resin. (3): Impregnated CBF’s are shaped with a hot mould, and resins are cured. (4): Products cut to the
desired length. [StrauB et al., 2019]
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2.1.2.1 Melting and crushing process

After the raw materials are screened, and the suitable rock types are selected for the production of CBF’s; the
raw material is ready to be melted. The process of melting basalt ore at a high temperature to a stable and
homogeneous liquid is called basalt glass melting. The homogeneity and stability of liquid basalt glass influence
the quality of the continuous basalt fibres and the drawing process.

The melting process of basalt can be divided into four stages [Wu et al., 2020]:

e Comminution (crushing) and homogenization of basalt ores: After crushing, the particle size is within
a certain range to ensure a uniform mix of the basalt ore. This accelerates the melting of basalt and
increases the quality and homogeneity of the liquid basalt glass melt. The required particle size for a good
melting process should not be larger than 3 mm. For a quick melting process, the total surface area of
the basalt rock particles must be as large as possible, hence the small rock particle size. A high melting
speed is beneficial to the homogenization of the liquid basalt glass. To keep the mineral composition
uniform, the crushed particles must be mixed evenly in size. A uniform mixture of particles is beneficial
for ensuring the quality of CBF’s and the physical properties of the desired end product. The crushing
and homogenization of material is done in steps 1 and 2 respectively in figure 2.2.

e Basalt melt formation stage: For the basalt to melt, a continuous heating process is required. This means
the heating of the basalt must be kept constant. At this stage, the basalt melt has a high viscosity, poor
homogeneity and fluidity. At this point, the basalt is not yet liquified and is therefore heterogeneous in
chemical and mineral composition. The temperature for the formation of liquid basalt is approximately
1250 up to 1450°C.

e Basalt melt stage of clarification and homogenization: With increasing temperature, the viscosity decreases
and gasses in the rock such as carbonates and sulfates start to dissolve. To further reduce the viscosity,
the molten basalt substance should be kept at a high temperature for a long time. The clarification and
homogenization of the basalt melt happen in the range of approximately 1500 up to 1700°C. Steps 3 and
4 in figure 2.2 belong to this part of the production process.

e Basalt glass cooling stage: After homogenization, the liquid basalt glass is cooled to the forming tem-
perature for the continuous basalt fibres. During cooling, crystallisation of the basalt glass should be
prevented. The cooling stage is shown as steps 5 and 6 in figure 2.2.

2.1.2.2 Continuous basalt fibre formation

After melting and cooling down to a temperature suitable for continuous fibre formation. The liquid basalt
glass is placed on a platinum-rhodium leakage plate. This plate contains leakage nozzles in a drop shape from
where the liquid viscous basalt glass is drawn and solidified into a continuous basalt fibre (CBF) of the desired
diameter. A cross-section of a nozzle is shown in figure 2.4a. The drawn continuous fibre (filament) is then
caught by a wire drawing machine that is spinning at a continuous speed. The leakage plate determines the
consistency of the diameter of the filaments. Next, the filaments are formed. These filaments are coiled to form
a roving. An example of a roving is shown in figure 2.4b. The leaking plate and the formation of CBF‘s belong
to steps 7 and 9 in figure 2.2. The winding of the rovings is shown in steps 10 and 11. These rovings are used
in the pultrusion process.
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(a) Cross-section nozzle of a leakage plate (b) Roving containing basalt fibres

Figure 2.4: Leakage plate nozzle (a) [Kelly et al., 1968] and CBF roving (b) [Jumaishing, 2022]

2.1.2.3 Bar production through pultrusion

After the CBF rovings are produced, the necessary quantity of rovings is arranged in front of the pultrusion
machine, depending on the bar diameter and the fibre content of the bar. The fibres are then drawn from the
roving into the pultrusion machine (figure 2.5a), through a bath of resin matrices (figure 2.5b). These substances
are hazardous to human health and the environment and require careful handling and storage. Exposure to
elevated temperatures should be avoided in risk of fire [Correia, 2013] [Van de Velde and Kiekens, 2001].

(a) CBF are drawn from the rovings (b) Typical open polymeric resin bath

Figure 2.5: Drawn fibres from CBF rovings and typical resin bath [Vedernikov et al., 2021]

The impregnation of the continuous fibres can be done using either an open resin bath or closed injection system,
the latter is also called the ’straight through system’. The open bath process gives a slightly better result in
terms of mechanical properties and dimensional accuracy of the final product, however, in most cases, this
difference is negligible. Figure 2.6 shows the difference between the two methods. Subfigures a and b describe
the process of the ’straight through’ method and the open bath method, and subfigures c to f show the process
variants of the closed injection system: c: teardrop, d: high-pressure, e: conical, f: siphon [Van de Velde and
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Kiekens, 2001].
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Figure 2.6: Closed injection versus open bath resin impregnation [Strauf et al., 2019]

The second phase starts by pulling the impregnated fibres through forming guides that shape the desired
product. The filaments are pulled through a heated mould in the shape of the cross-section. The resin-
impregnated filaments are then pulled through an oven when the polymeric resin is cured. Before entering this
curing oven, helicoidal wraps are applied, as well as any desired coating. The applied coating forms both a
protection for the bar against early damage of the fibre and resin structure as well as a surface deformation
to form the bond mechanism to the concrete. In figure 2.7 the helicoidal wraps and the sand coating. The
heat activates the resin curing, solidifying the polymeric matrices [Correia, 2013] [Nanni et al., 2014, Van de
Velde and Kiekens, 2001]. After the thermoset resin is cured, the deformation capacity of the pultruded bar
without causing damage is limited. Bending a bar after curing the resin leads to internal shear stresses causing
delamination, and therefore weakening the fibre structure. This causes a loss of both strength and stability.
After curing, the fibres cannot re-orientate within the resin anymore. The production speed of a pultrusion
machine is approximately 900 mm of pultruded product per minute [Nanni et al., 2014].

Figure 2.7: Sand-coated FRP reinforcement bars [Nilforoush and Esfahani, 2012]
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2.1.3 Determination of physical and mechanical properties

The mechanical properties of FRP-reinforcement are influenced by the mechanical and physical properties of the
material. FRP-reinforcement can be tailored to meet specific requirements for the application in a structure. The
composition and selection of the matrix play a role in the strength development of the composite reinforcement.
The combination of the stress-strain relations of the constituent materials is shown in figure 2.8. Other relevant
factors in the production are the bar diameter, production quality control and fibre orientation. The properties
of the reinforcement are also influenced by the loading history, loading duration and factors such as temperature
and humidity [fib, 2007].
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Figure 2.8: Stress strain relations of fibre reinforced polymer and constituent fibres and matrix [Zhang and Hsu,
2005]

An important element for the determination of the physical and mechanical properties is the characterization
of the relative volume and mass content. The relative mass content is easier to determine because the mass of
the fibres is generally better known than the volume. The relative volume (v.) and mass (m.) content of the
constituent materials is determined in equations 2.1 and 2.2:

Ve = Vf + Uy (2.1)

Me = Mg+ My (2.2)

Note that, the subscripts f and m represent the fibres and the matrix respectively.

The volume (Vy, Vy,) and mass (Mg, my,) fractions can now be determined as well. These parameters are
defined equation 2.3 to 2.7:

vs
2.
V= v (2.3)
Um
== 2.4
Vv o (2.4)
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Vit V=1 (2.5)
M; = % (2.6)
My, = % (2.7)
M+ My =1 (2.8)

Note that, these fractions always have to add up to 1. If multiple types of fibre are used in the production of a
bar, equations 2.9 and 2.10 apply. In this case, the reinforcement bar is called a Hybrid fibre reinforced Polymer
bar (HFRP-bar).

Veii+Vea+..+ V=1 (2.9)

Mf71+Mf72+...+Mm:1 (2.10)

From the fractions and the mechanical properties of the individual materials described in table 2.1, physical
and mechanical properties can be derived.

2.1.3.1 Physical properties

2.1.3.1.1 Density The density of the composite reinforcement bar can be determined using the fractures
of the volume or the mass. Equation 2.11 is used to determine the density of a reinforcement bar.

Pc = Pfo + ,Omvm (211)

This formula uses the individual densities of the fibres and the matrix multiplied by the volume of fractions. In
table 2.3 the densities for typical BFRP-bars are determined with a fibre content of 50% to 75% (V¢=0.5-0.75)
and compared with reinforcement steel. Any deviations due to the weight of the selected resin matrix are taken
into account, however, the differences are negligible [Nanni et al., 2014]. The density of BFRP-bars is 70% lower
than that of reinforcement steel.

2.1.3.2 Short-term mechanical properties
2.1.3.2.1 Tensile properties The tensile properties of composite reinforcement depend mainly on the
individual properties of the constituent materials. An analytical method derived from the works of Agarwal and

Broutman [Agarwal and Broutman, 1990] gives the following expression for the longitudinal Young‘'s modulus
Er(2.12) and subsequently, the longitudinal tensile strength frs (2.13)

EL=EgVi+ EnV (2.12)
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Table 2.3: Typical properties of BFRP-bars compared to reinforcement steel, data from: [Nanni et al., 2014] [fib,
2007, Busel, 2006, Brézda et al., 2017]

Steel BFRP
Density (kh/m?) 7850 2020-2420
Longitudinal Young‘s modulus (GPa) 200 50 to 78
Longitudinal yielding tensile strength (MPa) 435 N/A
Longitudinal ultimate tensile strength (MPa)  500-600 1000 to 1800
Yielding tensile strain (%) 2.175 N/A
Rupture tensile strain (%) 5.0 2.0 to 2.6

En

fro=fuVit o=V (2.13)
fL

A hybrid form can be adopted by combining two types of fibres within the same body of resin matrix. Equation
2.14 is used to determine the Young‘'s modulus of two fibre types combined in a reinforcement bar. Indexes 1f
and 2f denote the different types of fibre used.

Er, =EinVii+ Eon,Vor+ Eny(1 = Vg — Vo) (2.14)

Table 2.3 shows typical tensile strength and strain characteristics of common FRP-types. These values have
been derived, assuming that an epoxy resin is applied.

Contrary to steel reinforcement, the maximum tensile force in FRP-reinforcement is not as clear-cut as mul-
tiplying the initial tensile strength with the area. Due to the shear-lag effect, the tensile strength of FRP-
reinforcement decreases as the diameter of the bar increases [fib, 2000]. Figure 2.9 illustrates the shear lag
effect. This makes the tensile strength dependent on the geometry of the bar. The shear lag effect is the de-
crease of strength due to a non-uniform stress distribution over the cross-section of the bar. This occurs due to
the non-homogeneity of the cross-section. As the concrete is bonded to the outer fibres of the bar, the stresses
are transferred gradually to the centre of the bar, inducing shear stresses between the individual fibres.

Axial load imposed by grip mechanism
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Figure 2.9: Stress distribution of tensile stress in FRP-bars subjected to axial load [fib, 2000]

2.1.3.2.2 Shear properties The main factor in the shear force resistance of a fibre reinforced polymer bar
is the properties of the matrix. The domination shear force acting on FRP reinforcement bars is transverse
rather than longitudinal. As the fibres are aligned perpendicular to the transverse shear force, the resistance
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against transverse shear force primarily stems from the resin matrix‘s resistance. Transverse shear forces on the
bar are shown in figure 2.10. The shear modulus Giransverse can be determined with an equation derived from
the works of Tsai [Tsai and Hahn, 1980]. This formula is noted in equation 2.15.

1(L)

Figure 2.10: FRP reinforcement bar subject to a transverse shear force [fib, 2007]

Vf + ntraniversevm
Grraneverse = G : (2.15)
e mntransversevm + Vf%
where:
3 —4dvym + %—T
Tltransverse — W (216)

Note that, the parameters Gy and Gy, are the shear moduli of the fibres and the matrix respectively. Other
parameters have been elaborated upon in previous equations.

In the case of interlaminar (transverse) shear force resistance, the shear strength of the matrix itself is the
dominating factor. As this force acts perpendicular to the fibre direction, the fibres themselves do not contribute
to the shear resistance of the reinforcement bar itself. This means that if the fibre volume V; of the bar increases
(and therefore the matrix volume V,,, decreases), the shear force resistance of the bar reduces. Fibres have a
negative effect on the force distribution within the reinforcement bar as they cause stress concentration in the
matrix [fib, 2007, Barbero, 1999].

2.1.3.3 Long-term mechanical properties

The long-term properties of FRP-reinforcement differ significantly from that of reinforcement steel. The most
prominent causes of loss of strength in the long-term mechanical properties are creep and relaxation of the
FRP-bars [fib, 2007].

2.1.3.3.1 Creep and creep rupture Creep is the increase of tensile strain in the reinforcement under a
constant loading of a long duration. Concerning creep, FRP‘s exhibit different behaviour compared to rein-
forcement steel. In concrete structures reinforced with steel bars, only the concrete shows creep behaviour. This
is not the case for concrete structures reinforced with FRP-bars, as the FRP-bars also show creep behaviour.
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Whereas the fibres exhibit no creep behaviour themselves, it is the FRP-composite as a whole that manifests
creep behaviour, mostly governed by the properties of the resin matrix. The nature of FRP composites’ creep
behaviour often stems from the bonding properties at the interface of the fibres and the matrix resin [fib,
2007, Karbhari et al., 2003].

Figure 2.11 shows a typical strain history curve during creep deformation. This curve is comprised of two
components. The first component is the initial elastic strain imposed directly after the load is applied at t=0.
This component is not time-dependent. The second component consists of three stages of creep. In the first
creep stage that starts at t=0, the strain grows rapidly over a short time, but the increment slope decreases
gradually.
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Figure 2.11: typical strain history curve during creep deformation [fib, 2007]

The secondary creep stage is defined by a continuous increment slope and concerns the period of the structure
being in use. The Tertiary stage of creep is characterized by simultaneous accumulation of creep strain and
material damage [fib, 2007]. The first component is the non-time-dependent part of the total strain. This initial
elastic strain is dependent on the load applied and the tensile stress it imposes on the reinforcement, as well as
the longitudinal Young‘s modulus. The initial elastic strain is determined with equation 2.17.

o o

_9 _ 2.17
EL  EaVi+ EnVnm (2.17)

€0

The total time-dependent strain depends on the creep rate parameter, the parameter time t in hours and the
initial elastic strain. The total strain including creep is determined by the formula noted in equation 2.18.

g(t) = Blog(t) + €0 (2.18)

2.1.4 Characteristics of BFRP

BFRP-bars have different characteristics when compared to reinforcement steel. These differences have some
implications and consequences for designing concrete structures. The section elaborates on the characteristics
of BFRP-bars and compares these characteristics to those of reinforcement steel [Busel, 2006].
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2.1.4.1 Stress-strain behaviour

BFRP-bars contain a different stress-strain behaviour compared to reinforcement steel bars. Unlike reinforce-
ment steel, BFRP-bars showcase a linear stress-strain response, characterized by their elastic behaviour until
failure. The Young‘s modulus for BFRP remains consistent in the elastic region, providing predictable deforma-
tion patterns for the bar itself [Busel, 2006]. The stress-strain behaviour of both BFRP-bars and reinforcement
steel is presented in figure 2.12.

A
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Figure 2.12: Stress-strain diagram comparison [Shamass and Cashell, 2020]

Up until the yielding stress (f, in figure 2.12), the stiffness of reinforcement steel is generally larger than that of
BFRP. However, when the yielding stress is exceeded, reinforcement steel enters its plastic deformation stage.
In this stage, the strain increases rapidly, causing the stiffness to drop significantly as well. For BFRP-bars,
there is no plastic deformation stage. As soon as the rupture stress and its corresponding yielding strain (f, and
ey in figure 2.12 respectively) are reached, brittle failure occurs. As the BFRP-bars do not contain a plastic
deformation stage, no irreversible deformation should occur after a load is removed [Shamass and Cashell,
2020, Busel, 2006].

2.1.4.2 Longitudinal tensile strength

In general, FRP has higher tensile strengths compared to common reinforcement steel. The characteristic tensile
strength of BFRP is approximately 1000 to 1800 MPa, whereas B500 reinforcement steel has a characteristic
tensile strength of 500 MPa. This difference implies that the cross-sectional area needed to achieve the required
tensile force in the reinforcement is theoretically smaller for BFRP-bars than for reinforcement steel. However.
this does not always apply, as serviceability limit state aspects such as crack width and deflection also play a
role in structural design.

2.1.4.3 Transverse strength
The transverse strength of BFRP is relatively low. The transverse strength is dominated by the resin content of

the bar, however, even with a high resin content (e.g. low fibre content), the transverse strength of BFRP-bars
is still insignificant. BFRP-bars mostly serve a tensile reinforcement purpose. Consequently, the fibre content
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is therefore between 70% and 85% to keep the tensile strength high. As a consequence, the resin content is
lower, causing the transverse strength to be lower.

2.1.4.4 Young‘s modulus

The Young‘s modulus of BFRP is significantly lower than that of reinforcement steel. BFRP-bars typically
have a Young‘s modulus of approximately 50 GPa. This is 3 to 4 times lower than that of reinforcement steel.
This has some implications for concrete structures. For example, the lower Young‘s modulus causes concrete
structures to be less stiff and therefore experience larger deformations at the same loads compared to concrete
structures reinforced with steel bars.

2.1.4.5 Corrosiveness

Contrary to reinforcement steel, BFRP is not susceptible to corrosion. The corrosion resistance however is
not limited to specifically BFRP reinforcement bars. Other types of FRP reinforcement, bars such as GFRP,
have equal resistance against corrosion [Brézda et al., 2017]. This is significant because a commonly observed
deterioration process in steel-reinforced concrete structures is the corrosion of the reinforcement steel. When
steel corrodes, it forms expansive products that induce internal stress in the concrete, potentially leading
to cracking and diminishing the structure’s tensile bearing capacity. Applying non-corrosive reinforcement
materials such as BFRP could represent a substantial enhancement in the durability of reinforced concrete
structures.

2.1.4.6 Conductivity

Conductivity can be categorized into two types at most: electrical and thermal. BFRP-bars have a very low
electrical conductivity as basalt fibres do not conduct electricity and the conductivity of the resin matrix is
limited as well. As a result, structures reinforced with BFRP-bars do not create electrical pathways, reducing
the risk of issues related to electrical conduction [Busel, 2006] [Ma et al., 2019]. In contrast, steel reinforcement
bars are highly conductive. While this property is not necessarily a problem in most cases, it can lead to issues
like corrosion in reinforced concrete structures due to the presence of chloride ions and moisture, especially in
harsh environments or in the presence of stray electrical currents [Peet et al., 2011].

Of lesser importance in reinforced concrete is the lower thermal conductivity of BFRP-bars in relation to rein-
forcement steel. This characteristic could be advantageous in certain construction applications, especially where
minimizing heat transfer or preventing temperature fluctuations is required, such as in structures subjected to
extreme temperatures or environments sensitive to thermal changes [Busel, 2006] [Ashrafi et al., 2017, Peet
et al., 2011].

2.1.4.7 Magnetic behaviour
BEFRP is a nonmagnetic type of reinforcement. For some applications where nonmagneticity is required, BFRP-

bars have an advantage over reinforcement steel, which is magnetic. On the other hand, this nonmagnetic
property of BFRP makes it more difficult to separate reinforcement from concrete while recycling.
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2.1.4.8 On-site characteristics

BFRP-bars have limited deformation capacities after production. If a bent bar is designed to be applied in a
concrete structure, the reinforcement bar has to be produced in the required shape. Reinforcement steel can
however be bent on site. BFRP-bars are approximately 4 times lighter than reinforcement steel bars of the
same diameter. This is advantageous for the working conditions on site, as the workers have less burden to
carry compared to steel reinforcement. For lifting by crane on site, reinforcement steel requires a crane with a
larger lifting capacity.

2.2 Reinforced concrete structures with BFRP

The application of basalt fibre reinforced polymer bars in concrete alters the behaviour of reinforced concrete in
comparison to reinforcement steel. BFRP-bars have different characteristics such as a lower Young‘s modulus
and a higher tensile strength in comparison to reinforcement steel. The different characteristics of BFRP
mean that the mechanics of BEFRP-reinforced concrete differ from steel-reinforced concrete. Flexural behaviour
under bending loads, bond behaviour, bond slip and cracking are among these influenced facets. Experimental
studies provide insight into these topics. Available literature containing experimental studies with BFRP-bars
is presented in table 2.4.

Table 2.4: Available literature on conducted experimental studies

Authors Year of Experiment topic
publication
Huang et. al. 2021 Experimental and numerical study on concrete beams reinforced with
Basalt FRP bars under static and impact loads [Huang et al., 2021].
Xiong et. al. 2021 Experimental study on the effects of glass fibres and expansive agent

on the bond behaviour of glass/basalt FRP bars in seawater sea-sand
concrete [Xiong et al., 2021].

Shamass & Cashell 2020 Experimental investigation into the flexural behaviour of basalt FRP
reinforced concrete members [Shamass and Cashell, 2020].

Elgabbas et. al. 2016 Experimental testing of basalt-fiber-reinforced polymer bars in con-
crete beams [Elgabbas et al., 2016].

Pawlowski & Szu- 2015 Flexural behaviour of full-scale basalt FRP RC beams — experimental

migala and numerical studies [Pawlowski and Szumigata, 2015].

Beana et. al. 2013 Analysis of cracking behaviour and tension stiffening in FRP reinforced
concrete tensile elements [Baena et al., 2013]

Tepfers &  De 2003 Bond of FRP reinforcement in concrete - A challenge [Tepfers and

Lorenzis De Lorenzis, 2003].

Kanakubo et. al. 1993 Bond splitting strength of concrete members reinforced with FRP bars

kanakubo [Kanakubo et al., 1993].
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2.2.1 Flexural behaviour

An experimental research by Shamass & Cashell [Shamass and Cashell, 2020] provides insight into the flexural
behaviour of beams reinforced with BFRP-bars compared to the same beam reinforced with reinforcement steel.
This experimental campaign contained 5 beams. In one of the beams, reinforcement steel was applied, whereas
the remaining 4 beams were reinforced with BFRP-bars. The experiment investigates the impact of surface
deformation. To achieve this, 2 beams were coated with sand while the other 2 contained ribs, formed through
helical wrapping, on their surfaces. The beams were subjected to a 4-point bending test (2.13). The concrete
class used in the experiment is C30/37.
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Figure 2.13: experimental study by Shamass & Cashell [Shamass and Cashell, 2020]

Beams labeled ”SA” feature sand-coated BFRP-bars, ”R” denotes ribbed bars with helical wrapping, and ”S”
indicates steel reinforcement. Fach beam type is identified by the abbreviation followed by ”B10” for beam
type and 10 mm for bar diameter, with a serial number denoting the variation. Beams are intended to fail in
the concrete compression zone. Load-deflection curves are depicted in Figure 2.14.
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Figure 2.14: Load-deflection curves experimental study by Shamass & Cashell [Shamass and Cashell, 2020]

5
TUDelft ﬁ Van Hattum en Blankevoort



Chapter 2 — Literature study 41 of 265

After the first crack appears, all beam types reinforced with BFRP-bars show significantly more vertical de-
flection compared to the beam reinforced with steel. According to Shamass & Cashell, this is caused by the
differing Young‘s modulus of the reinforcement bars. Material tests before the 4-point bending test show that
the BFRP-bars used in beams contain a Young’s modulus of 54 to 56 GPa, whereas the reinforcement steel
contains a Young‘s modulus of 200 GPa. After the initial cracking phase, the load-deflection patterns of beams
reinforced with BFRP-bars display an almost linear trend until the concrete compression zone starts to fail. This
behaviour contrasts with that of concrete beams reinforced with steel bars, where there is a plastic deformation
stage notable in the load-deflection curve. The deflection curve (see figure 2.14) indicates noticeable plastic
deformation of the reinforcement steel around 40 kN. This plastic strain in the reinforcement causes a signifi-
cant drop in beam stiffness and a substantial increase in beam deformation. However, the deflection magnitude
observed in the BFRP-reinforced beams is never attained. An experimental study on the flexural behaviour of
BFRP-reinforced beams by Pawlowski & Szumigala in 2015 [Pawlowski and Szumigata, 2015] presents similar
load-deflection behaviour of beams loaded in bending. All beams failed within the concrete compression zone,
aligning with the intended design outcome.

2.2.1.1 Influence of surface deformation

The beams with sand-coated bars demonstrate a slightly higher stiffness than those with ribbed BFRP-bars,
possibly because the sand-coated bars exhibit a superior bond strength development, as noted by Shamass &
Cashell in their experimental study [Shamass and Cashell, 2020]. Since both types of bars have similar Young’s
moduli, this difference is likely to have a minimal impact on the beams’ stiffness.

2.2.1.2 Cracking moment

Shamass & Cashell also claim the cracking moment M, is slightly higher for beams reinforced with steel bars.
This is due to the higher Young's modulus of reinforcement steel, influencing the moment of inertia of the beams.
A higher Young‘s modulus causes the centre of gravity to shift slightly more to the bottom of the cross-section,
requiring a larger load to reach the tensile strength of the concrete and initiating a crack.

2.2.2 Bond behaviour

Bond behaviour is defined as the way the reinforcement bonds to the concrete. The bonding of concrete to the
reinforcement influences the cracking behaviour of the concrete structure in the zones of structures subjected
to tension. Factors that influence the bond behaviour of reinforcement, in general, are listed below [Al-Azzawi
et al., 2018] [Walraven, 2013] [fib, 2000].

The aggregate size in the concrete;

The applied concrete strength class defines the tensile strength of the concrete;
The detailing of the reinforcement bars;

The diameter of the applied reinforcement bars;

The applied concrete cover.

The application of FRP-bars has some implications on the bond behaviour. In addition to the influences listed
above, factors that specifically apply to concrete reinforced with FRP-bars are:

e The surface deformation of the bar to provide bond strength with the confining concrete. The degree and
type of the deformation, either through a sand-coating, helical wrapping or screw thread, provides friction
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or interlocking with the concrete [S6lyom et al., 2018]. When anchoring reinforcement steel bars, the bond
strength is developed through chemical bond and through interlocking. In FRP*‘s, the bond strength is
developed through chemical bond and friction, especially with sand-coated bars [Busel, 2006].

e The shear stiffness of fibre reinforced polymer is significantly lower than that of reinforcement steel. In
FRP-bars, the bond stress is transferred through the resin matrix of the reinforcement bar. If the bond
stress oversteps the shear strength of the matrix resin, bond-shear failure occurs in the bar, causing
the adhesion between the concrete and the FRP-bar to break down and therefore reducing the bond
strength [Busel, 2006];

In the following paragraphs, the influences on the bonding mechanisms are further elaborated upon.

2.2.2.1 Bond strength development

The bond strength development of FRP bars is described by the bond law, which is the relation of the loaded
end slip of the bars versus the bond stress. The bond behaviour develops in stages that depend on the bar
diameter, the concrete class, the properties and detailing of the reinforcement material and the type of surface
shapes and surface deformation of the bar [fib, 2000]. The stages of bond stress development are shown in figure
2.15. The stages of bond strength development are described below.
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=
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Figure 2.15: Typical average bond stress versus bond-slip of FRP bars embedded in concrete [fib, 2000]

Tepfers [fib, 2000] has derived a multi-linear model for the bond-slip curve of FRP-bars, presented in figure 2.15.
This model is divided into several sections with different characteristics in the bond strength development.

Section OA: As the bond stress increases, the first stage does not show any measurable slip of the reinforcement.
The main bond mechanism at this stage is the chemical bonding of the concrete to the reinforcement.

Section AB: At a certain point in the load increment, the chemical bonding starts to fail and the mechanical
interlocking or friction mechanisms begin to take up shear stress. A slope in the graph is now noticeable, which
means the bond stiffness gradually decreases. Deformations in the bars and micro-cracks in the concrete now
start to emerge. Compared to steel reinforcement, the formation of cracks in concrete is delayed because the
FRP bars are more susceptible to local deformation of the bars. At this stage, FRP-reinforcement generally has
better bond properties than ribbed steel reinforcement of equal diameters. [Tepfers and Karlsson, 1997]

Section BC: At this stage of the bond stress development, bearing stresses in the surrounding concrete increase
to concrete splitting level tg,. The principle direction of the bearing stresses is assumed to be under an angle (o)
shown in figure 2.16. The value of angle (o) depends on the properties of both the concrete and the reinforcement
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bars, such as the Young‘s modulus of the bar, the concrete shear strength and the shape and surface deformation
of the bar surface. The radial component of the total bond force is balanced against the ring of tensile stress
developed in the surrounding concrete.
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Figure 2.16: Radial component of the bond forces balanced against the tensile stress ring [fib, 2000]

At this stage, the concrete‘s splitting resistance is key. The ultimate cracking pattern exercises the minimum
splitting resistance and therefore determines the anchoring capacity. The main influences on the splitting
resistance are the confinement by the concrete mass,; applied transverse reinforcement (for example stirrups in
beams), and externally applied pressure in the anchoring zone. If the concrete confinement is not sufficient, the
force in the bar is not properly distributed over the full circumference of the bar, causing the hoop forces to
exceed the tensile strength of the concrete. Cracks will therefore appear over the length of reinforcement.

Section CD: After the concrete splitting stress tqp, is reached, the bond stiffness decreases significantly. If
sufficient resistance to splitting can be reached by the confining concrete mass, the maximum bond strength t*
can be achieved. At this stage in the bond development process, a total of four bond failure modes may occur.

e Shearing off part of or all the surface deformation of the bar: The bond strength is not governed by the
concrete strength in this failure mode, but either by the laminar shear strength between the fibres or by
the shear strength of the bar deformations. Contrary to steel, an increase in concrete strength will not
lead to a higher bond strength for this failure mode, because it‘s not governing for this particular failure
mode. This bond failure mode will yield the highest possible bond strength from the bar.

e Concrete shear failure: Failure occurs in the concrete rather than on the surface of the bar. This bond
failure mode is similar to that of deformed steel reinforcement bars. The concrete is crushed at the bar
deformation due to localized peak stresses. For this bond failure mode, the bond strength is mainly
dependent on the concrete shear strength.

e Combined failure mode: A combination of the above-mentioned failure modes. This is likely to occur for
intermediate concrete classes.

e Squeeze through: Due to the low transverse stiffness of FRP bars, the bars could squeeze through the
concrete. Bond strength is provided by friction through wedging the bar surface deformation on the
confining concrete. The failure mode is therefore ductile, as it concerns the shear resistance of the FRP-
ribs. The bond strength development heavily depends on the geometry of the FRP-bar surface. Bars with
larger deformations such as ribs are therefore less prone to squeeze through bond failure than sand-coated
bars.

Beyond point D: After the peak bond stress is reached, the mechanism that ensures bond strength progres-
sively loses integrity. The residual bond stress comes from friction 1, due to the roughness of the interface of
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the bond failure.

2.2.2.2 Bonding mechanism

In flexural cracking, the manner of bonding and bond strength development plays a considerable role. Research
by Xiong [Xiong et al., 2021] has pointed out the differences in surface deformation type. In general, BFERP-bars
have 4 options in terms of surface deformation. These varieties are listed and elaborated upon below.

Helical wrapping;
Screw thread;
Sand coating;

Combined helical wrapping and sand coating.

Helical wrapping: Bond behaviour is dominated by mechanical interlocking with the surrounding concrete. By
casting the concrete, ribs form in the cavities of the wrapping. When slip occurs, the ribs of the bar containing
the wrapping fibres and the concrete ribs ensure the interlocking. For this type of surface shape, the main
failure modes are the shear failure of the concrete ribs and the deformation of the helical wrapping fibre ribs of
the BFRP-bar. Figure 2.17 presents the bonding mechanism of this surface deformation [Xiong et al., 2021].
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Figure 2.17: Bond mechanism helical wrapping as surface deformation [Xiong et al., 2021]

Screw thread: Bond behaviour is mostly dominated by mechanical interlocking as well. The difference in shape
with the helical wrapping is the smaller width of the ribs of the bars. This makes the concrete less susceptible
to shear failure but makes the ribs of the bars more susceptible to failure. The failure modes of this type of
surface shape and surface deformation remain the same as for the helical wrapping. Figure 2.18 presents the
bonding mechanism of this surface deformation [Xiong et al., 2021].
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Figure 2.18: Bond mechanism screw thread as surface deformation [Xiong et al., 2021]

Sand coating: The primary bonding mechanism for the sand coating is friction. By applying a sand coating, 2
shear faces occur. The first shear face is located at the interface of the bar and the sand coating. The second
shear face concerns the bond of the sand coating to the surrounding concrete. Note that, this type of bar has an
even surface without screw threads, and therefore does not bond by mechanical interlocking. The main failure
modes are shear failure of the sand coating at its interface with the bar, and shear failure of the sand coating at
its interface with the concrete. Figure 2.19 presents the bonding mechanism of this surface deformation [Xiong
et al., 2021].
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Figure 2.19: Bond mechanism sand coating as surface deformation [Xiong et al., 2021]

Screw thread and sand coating combination: This shape incorporates the combined properties of the surface
deformation discussed earlier. A report by Xiong [Xiong et al., 2021] claims the bond behaviour is similar to
the sand-coating without a helical wrapping and is therefore dominated by friction. Failure is therefore likely
to occur in the helical wrapping.

Figure 2.20 shows results from a slip versus bond stress test. The highest bond stresses are reached by the bars
produced with helical wrapping (subfigure 2.20a) and the screwed thread (subfigure 2.20b). The curves of the
helical wrapped and the screwed thread bars initially exhibit elastic characteristics, until the stiffness goes to
zero at the first peak of the curve. This point in the curve signifies the peak value of bond strength. After the
peak is reached, the described failure modes start to occur along the length of the bar and residual bond strength
comes from friction. After the slip distance reached approximately the centre-to-centre distance of the ribs, new
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interlocking arises, hence the second increase in stiffness. This new interlocking, however, does not reach the
same peak bond strength as the initial peak bond strength and is therefore inadvisable to rely on. Figure 2.20a
includes a proposed model curve that does not include the second bond strength development phase. This
proposed model curve shows similarities with the bond stress development curve in figure 2.15 [Xiong et al.,
2021].
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Figure 2.20: Bond-slip test results bar diameter 10 mm with different surface deformations; (a) helical wrapping,
(b) screw thread, (c) sand coating, (d) combined helical wrapping and sand coating [Xiong et al., 2021]

The bond-slip curve of the sand-coated bar specimen is friction-dominated due to the absence of ribs on the
bars. Because of this absence, a second bond stress development due to new interlocking is therefore limited
or non-existent. In the first stage of the bond stress development, stiffness remains relatively constant due to
the limited slip. As the curve reaches its peak, local shear faces are formed over the length of the bar, and the
bond strength reaches a short plateau where the slip increases. According to [Xiong et al., 2021], the surface
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deformation starts to fail due to the internal interaction of the shear force in the reinforcement bar. Lastly, the
curve descends due to the described failure modes emerging in the sand coating and the concrete.

The specimen with the helical wrapping and the sand coating shows features of the curves of the individual
surface shapes and surface deformation. The steep inclination is a characteristic of the sand coating, as well as
the plateau at the peak stress. As the slip increases, the bond stress decreases after the plateau, but due to
new interlocking, the bond stress increases again. This characterizes the ribs of the helical wrapping.

2.2.2.3 Limitations in performed experimental studies

The performed experimental research does however has limitations. Whereas Pawlowski & Szumigala [Pawlowski
and Szumigatla, 2015] and Shamass & Cashell [Shamass and Cashell, 2020] did load-deflection behaviour of beams
reinforced with BFRP-bars, an extensive analysis of cracking patterns and a comparison with steel-reinforced
beams is not performed. Elgabbas [Elgabbas et al., 2016] however does investigate the cracking patterns, but
does not include the effects of the concrete cover. The research by Huang et. al. [Huang et al., 2021] does
contain extensive investigation into cracking patterns, but is more aimed at shear crack development. However,
as a 3-point bending test is performed, a fully developed cracking pattern over a certain length can not be
established.

2.2.2.4 Ambiguity and discussions in bond strength

Extensive research has been performed in the matter of bond strength of FRP-bars to concrete and reinforcement
steel to concrete. However, there is no consensus on whether the ribbed reinforcement steel bars contain better
bond strength than FRP-bars. Some research into bond strength has shown that steel reinforcement develops
a bond strength superior to that of FRP [Benmokrane et al., 1996, Larralde and Silva-Rodriguez, 1993] [Al-
Zahrani et al., 1999, Chaallal and Benmokrane, 1993, Castel et al., 2007]. Other research suggests that the
bond strength of FRP is generally higher than that of ribbed steel reinforcement [S. Solyom, 2017, Nanni et al.,
2014,Nanni et al., 1995, Freimanis et al., 1998].

2.2.3 Cracking behaviour

Bending loads exercised on concrete structures cause various forms of cracking. Concerning the bond charac-
teristics of longitudinal reinforcement, it is pertinent to investigate flexural cracks and tensile splitting cracks.
Vertical flexural cracks tend to appear in spots where the tensile strength of the concrete is exceeded. As the
longitudinal reinforcement is located at the bottom, perpendicular to the direction of the crack, these bars con-
trol the flexural crack width. Tensile splitting cracks emerge parallel to the longitudinal tensile reinforcement.
These cracks tend to appear due to excessive bond stresses at the surface of the reinforcement. This causes
tensile stresses in the concrete, leading to cracking. Excessive formation of tensile splitting cracks could cause
spalling of the concrete cover [Huang et al., 2021].

2.2.3.1 Flexural cracks

As sand-coated BFRP-bars contain higher bond strength than reinforcement steel, more cracks should appear
over the same distance compared to beams reinforced with steel bars [Shamass and Cashell, 2020]. As sand-
coated BFRP-bars contain a high bond strength, the required transfer length (denoted as ls max in figure 2.21)
for the tensile force from the bar to the concrete should be smaller. At the location of the cracks, the tensile
stress peaks, where the stress in the concrete is zero. This is shown in subfigures 2.21(b) and 2.21(c). If the bond
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strength of BFRP-bars is higher, the flexural cracks should occur closer to each other over the length of the
beam compared to steel-reinforced concrete beams. This allows for a larger number of flexural cracks to appear
over the length of a beam, allowing further reduction of the stiffness of the beam. In figure 2.21, the steel,
concrete and bond stress distributions in the cracked area of a deformed concrete member are shown [Walraven,

2013].
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Figure 2.21: Stress distribution in concrete and reinforcement bonded reinforcement bars [Walraven, 2013]

2.2.3.2 Tensile splitting cracks

A study conducted by Tepfers & De Lorenzis in 2003 [Tepfers and De Lorenzis, 2003] claims concrete structures
reinforced with BFRP-bars containing rough surface deformations are more likely to develop tensile splitting
cracks. The rough surface deformation ensures higher bond strength, however, this increases the risk of tensile
splitting cracks. Figure 2.22 presents the bond stress development in the concrete. Cracks start to appear as the
bond stress development exceeds the tensile strength of the concrete. The surface at which the tensile splitting
crack appears depends on the concrete cover to the individual faces of the concrete structure [fib, 2007].

Figure 2.23 presents 3 typical tensile splitting crack shapes common in reinforced concrete structures. A small
cover to the bottom face of the structure likely leads to side-splitting, which can cause spalling of the concrete
cover [Huang et al., 2021]. This failure mode encompasses all reinforcement bars in the tensile reinforcement
layer. Failure modes pertaining to single bars are the V-notch splitting and the corner splitting. Corner splitting
is likely to happen if the cover to either of the faces is not significantly larger than the other [Nagatomo et al.,
1992].

]
TUDelft ﬁ Van Hattum en Blankevoort



Chapter 2 — Literature study 49 of 265

1 2 3

Figure 2.22: Tensile stress distributions in elastic (1), partly cracked elastic (2) and plastic (3) stage [fib, 2007]
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Figure 2.23: tensile splitting crack variations [Nagatomo et al., 1992]

According to a bond-slip model derived by Harajli [Harajli et al., 2004] (figure 2.24), the effect of tensile
splitting is considerable. This bond-slip model presents 3 curves. The curve labelled ”Plain concrete with
splitting failure” does not apply to reinforced concrete structures. However, the other two curves illustrate
variations in bond strength based on whether tensile splitting occurs or not. In cases of splitting failure, the
bond strength decreases sharply with increasing load and slip, leading to a significant increase in the required
transfer length of the reinforcement. In instances where tensile splitting does not occur, the predominant failure
mode is pull-out failure.
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Figure 2.24: Bond-slip model [Harajli et al., 2004]

2.2.4 Crack width control

As BFRP is corrosion resistant, a larger crack width is allowed than Eurocode 2 [European Committee for
Standardization, 2022] prescribes for concrete structures reinforced with steel bars. For this reason, design
codes ACI440 [Busel, 2006] and BRLO0513 [CvD, 2015] allow for larger crack widths. These maximum crack
widths are limited for aesthetic reasons. However, it is important to consider that codes could be subject to
updates in the future due to ongoing research addressing durability and fire concerns in this area. Figure 2.25
shows table 7.1N from Eurocode 2 where the maximum allowable crack width ranged from 0.2 mm to 0.4 mm

depending on the exposure class, the type of loading and the reinforcement type.

Exposure Reinforced members and prestressed Prestressed members with
Class members with unbonded tendons bonded tendons
Quasi-permanent load combination Frequent load combination
X0, XC1 04' 0,2
XC2, XC3, XC4 0,22
I%2) 0,3
AR e A, Decompression
XS1, XS82, X83

Note 1: For X0, XC1 exposure classes, crack width has no influence on durability and
| [¥c)this limit is set to give generally acceptable appearance. In the absence (it
of appearance conditions this limit may be relaxed.
Note 2: For these exposure classes, in addition, decompression should be checked under the
guasi-permanent combination of loads. o

Figure 2.25: Table 7.1N from Eurocode 2 [European Committee for Standardization, 2022]: Maximum allowable
crack width

5
TUDelft ﬁ Van Hattum en Blankevoort



Chapter 2 — Literature study 51 of 265

2.2.4.1 Crack width control to ACI440 [Busel, 2006]

The recommended maximum crack width is 0.7 mm for interior exposure and 0.5 mm for exterior exposure
conditions. According to the ACI440 [Busel, 2006] guideline for the design and construction of structural
concrete with FRP bars, the maximum probable crack width can be determined using equations 2.19 to A.30.
[Busel, 2006]

2
w = 21{%51% de2 + (%) (2.19)

The parameter s is the bar spacing, and f; is the tension in the reinforcement bars. For the factor ky, which is
the bond coefficient, a value of 1.4 is recommended. The parameter d. is the thickness of the concrete cover
measured from the bottom of the beam to the centre of the tensile reinforcement bar. The parameter 3 is the
ratio of the distance from the neutral axis to the extreme tension fibre to the centre of the tensile reinforcement.
The parameter k is the ratio of the depth of the neutral axis to the depth of the reinforcement. The crack width
formulae according to the ACI440 are elaborated upon in the parameter study.

2.2.4.2 Crack width control according to BRL0513

According to Dutch model code BRL0513 [CvD, 2015], which is a guideline code for concrete structures with
GFRP reinforcement bars, the maximum allowed crack width should not exceed 0.5 mm. Depending on the
characteristics of the BFRP-reinforced concrete structure, stricter crack width limits may be applied, for example
for aesthetics or waterproofing. The verification method of crack width control according to the BRL0513 closely
resembles the Eurocode 2 [European Committee for Standardization, 2022] method of crack width control. The
crack width formulae according to the BRL0513 are elaborated upon in the parameter study.

2.2.4.3 Crack width control according to JSCE

According to Japanese modelling code JSCE 1997, a crack width of at most 0.5 mm is allowed.

2.3 Sustainability

Sustainable design has become a more prevalent topic in the recent years. The construction sector account for
approximately 38% of global CO4 emissions [M Sobota, 2022, Bijleveld et al., 2013]. The Dutch Betonakkoord
is an initiative by the Dutch government, suppliers, manufacturers and contractors to collectively work towards
a more sustainable construction sector. One of the goals is to reduce CO4y emission by 30% in 2030 compared
to 1990, and aim to reduce by 49% in the long term [Betonakkoord, 2017].

A study on the environmental impact is performed in Appendix A Parameter Study. The analysis is focused
on comparing the burden on the environment of concrete structures reinforced with BFRP-bars in relation to
reinforcement steel bars.
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2.3.1 CO5 emission

The carbon dioxide emission (CO3) for the production of BFRP reinforcement is 2.96 kg of CO2 per tonne of
reinforcement (for Vi=80%). This is significantly higher compared to the emission attributed to the production
of steel reinforcement, which is 992 kg of COy per tonne. The production per kg of reinforcement steel is
environmentally more favourable, however, BFRP weighs considerably less than steel. Steel reinforcement
weighs 7850 kg/m?, whereas BFRP weighs approximately 2000 kg/m®. The production of a cubic metre of
reinforcement steel equates to 18370 kg of CO5, whereas the production of BFRP equates to 5200 kg of COs.
The production of BERP therefore has a 71.7% lower emission than the production of steel reinforcement [Inman
et al., 2017].

The largest contribution to the CO5 is the matrix resin with a contribution of approximately 86.8% of the total
emission. The remaining 13.2% is comprised of energy consumption (6,7%), mining of basalt ores (6.3%) and
transport (0.1%). The epoxy resin is proportional to the amount of COg emission from production. A higher
resin content in the BFRP reinforcement bar leads to higher COg emissions [Inman et al., 2017] [Pavlovi¢ et al.,
2022).

2.3.2 Life cycle assessment

A life cycle assessment is a mostly standardized tool to determine and compare the ecological impact of the
production, use and disposal of production in the construction sector. The framework of the life cycle assessment
is built up of four interrelated stages: goal and scope definition, inventory analysis, impact assessment and
interpretation. This concept is shown in figure 2.26.

A life cycle analysis considers all stages in the service life of the material. Considering all stages is referred to
as a cradle-to-grave analysis. This starts at the gathering and supply of the raw constituent materials (cradle),
the production, the assembly, transport up to the installation, recycling and the end of service life (grave). For
all stages in the LCA, natural resources are consumed and emissions are released into the environment. For
each product that has been analyzed, the consumption of natural resources and the emission (input and output)
are quantified for numerous categories such as acidification and global warming potential. There are two main
types of LCA‘s [Pavlovié et al., 2022]:

e Attributional LCA
e Consequential LCA

An attributional life cycle assessment aims to describe the environmentally physical flows (such as transport
of materials, energy and emissions throughout the life cycle of the product or material) to and from its life
cycle. The goal for this type of LCA is to assess what the global impacts are that belong to this product. A
consequential life cycle assessment has the aim to describe how environmentally relevant flows will change in
response to possible decisions. Its goal is to assess the influence of the product on the global environmental
impact. This subtle difference in aim and goal has consequences for the overall analysis [Ekvall et al., 2016].

When conducting an LCA, the stages of the examined product to be included can be taken into consideration.
Modules Al to A3 (figure 2.27) only take into account the production of the product itself. If a life cycle
analysis is conducted with only these modules, it is called a Cradle-to-Gate analysis. The life cycle analysis
of the product stops after production is completed. Modules A4 and A5 are the stages of construction. This
includes transport from the factory to the construction site. Stage B is the use phase of the material within
the building. This includes maintenance, repair, replacement and refurbishment. This phase is often ignored
in structural building materials such as reinforcement because the aimed lifetime of the materials is designed
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Figure 2.26: Stages of a life cycle assessment (LCA) [Pavlovié¢ et al., 2022]

the same as the intended lifetime of the building. Stage C is the end-of-life phase of the product. This includes
the demolishing of the building, transport, waste processing and the disposal of the material. If an LCA is
conducted by taking modules Al to C4 into account, this is called a Cradle-to-Grave analysis In addition to
the first 3 phases, stage D focuses on the recovery, reusability and recycle-ability of the disposed material. If
all stages are taken into account in the LCA, this is called a Cradle-to-Cradle analysis. Figure 2.27 shows the
life cycle analysis chart used in the LCA [Pavlovié et al., 2022].
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Product Construction End of Life Beyond the Building
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| Cradle to Grave (Building Life Cycle Information) |
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| Cradle to Cradle (Building Assessment Information) |
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Figure 2.27: Life cycle assessment stages [Pavlovié et al., 2022]

2.3.3 Environmental product declaration

An Environmental product declaration (EPD) is a declaration in which the quantification of environmental
information on the life cycle of a product is declared. One of the goals of an EPD is to enable comparisons
between products that fulfil the same function. The methodology EPD is based on and follows from the life
cycle assessment as described in ISO14040.

As the BFRP and steel reinforcement bars fulfil the same purpose, EPD’s can be compared. Listed in table
2.5, the values for the aforementioned 11 impact categories are compared. These EPD incorporate only the
production stage of the reinforcement bars themselves, which are stages Al to A3. Transport is excluded (stage
A4 in figure 2.27). This is also known as ’Cradle-to-Gate’. The EPD for BFRP reinforcement bars come from
Orlimex based in the Czech Republic [Orlimex CZ s.r.o, 2022]. Values are based on an 8 mm bar diameter.
Some small variations between the values are noticeable depending on the bar diameter, which can lead to slight
inaccuracies. However, the differences are negligible. The values per impact category for steel reinforcement
come from an EPD for ”Wapeningsstaal voor toepassingen in gewapende betonconstructies” from the Dutch
reinforcement steel corporation [VWN, 2021].
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Table 2.5: Impact category values of BFRP and reinforcement steel per kg [Orlimex CZ s.r.o, 2022] [VWN,
2021]

Impact category Unit BFRP Steel
ADPE kg Sb. eq. 2.14E-5 9.66E-6
ADPF kg Sb. eq. 2.18E-2 7.50E-3
GWP kg CO; eq. 2.69E+0 9.92E-1
ODP kg CFC 11 eq. 2.85E-7 8.87E-8
POCP kg ethene eq. 1.40E-3 1.03E-3
AP kg SO eq. 9.96E-3 4.62E-3
EP kg PO4% eq. 1.45E-3 6.42E-4
HTP kg DCB eq. 1.23E+0 6.24E-1
FAETP kg DCB eq. 1.63E-1 2.19E-2
MAETP kg DCB eq. 8.13E+1 4.21E+1
TETP kg DCB eq. 6.28E-3 6.01E-2

Note that, the emissions per kg are significantly less for reinforcement steel than for BFRP reinforcement bars.
However, the steel reinforcement has a density approximately 3.93 times higher. When converted to volumetric
units instead of weight, the advantage of BFRP reinforcement bars is significant, which is shown in table 2.6.
Note that, this is just on an individual product comparison base. Application in design is not incorporated.
This would be needed to assess the sustainability of reinforced concrete structures as LCA‘s prescribe to perform
the analysis on an inclusive level.

Table 2.6: Impact category values of BFRP and reinforcement steel per m® [Orlimex CZ s.r.o, 2022] [VWN,
2021]

Impact category Unit BFRP Steel
ADPE kg Sh. eq. 4.28E-2 7.58E-2
ADPF kg Sh. eq. 4.36E+1 5.89E+1
GWP kg CO3 eq. 5.38E+3 7.79E+3
ODP kg CFC 11 eq. 5.70E-4 6.96E-4
POCP kg ethene eq. 2.80E+0 8.09E+0
AP kg SOs eq. 1.99E+1 3.63E+1
EP kg PO,% eq. 2.90E4-0 5.04E+0
HTP kg DCB eq. 2.46E+3 4.90E+3
FAETP kg DCB eq. 3.26E4-2 1.72E+2
MAETP kg DCB eq. 1.63E+5 3.30E+5
TETP kg DCB eq. 1.26E+1 4.72E+2
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Abbreviations of 11 impact categories:

ADPE Abiotic Depletion Potential for non-fossil resources
ADPF Abiotic Depletion Potential for fossil resources
GWP Global Warming Potential

ODP Depletion potential of the stratospheric ozone layer

POCP Formation potential of tropospheric ozone photochemical oxidants
AP Acidification Potential of land and water

EP Eutrophication Potential

HTP Human Toxicity Potential

FAETP  Freshwater aquatic ecotoxicity potential
MAETP Marine aquatic ecotoxicity potential
TETP Terrestrial ecotoxicity potential

2.3.4 EClI-calculation background

The Environmental Cost Indicator (ECI) calculation offers insight into the hidden expenses imposed on the
environment by a manufactured material or product. It serves as an estimated monetary representation, de-
nominated in euros, illustrating the environmental toll exacted during the production of a specific material or
product. This calculation relies on predefined impact categories to ascertain the shadow cost incurred per unit
of the material or product. Figure 2.28 presents a representation of how an ECI-calculation comes to fruition.

Table 2.7: Al Impact category values and weight factor (€/unit) [Ecochain, 2023]

Impact category Unit weight factor (€/unit)
ADPE kg Sb. eq. €0,16
ADPF kg Sb. eq. €0,16
GWP kg CO; eq. €0,05
ODP kg CFC 11 eq. €30,00
POCP kg ethene eq. €2,00
AP kg SOs eq. €4,00
EP kg PO43 eq. €9,00
HTP kg DCB eq. €0,09
FAETP kg DCB eq. €0,03
MAETP kg DCB eq. €0,0001
TETP ke DCB eq. €0,06

Each impact category is weighed differently with a specific attributed value. This attributed value of the direct
reflection of the severity of the impact category on the environment. The attributed weighing value for each
impact category is noted in table 2.7. The ECI-value per unit (kg or m?®) of the material or product used is the
summation of the total ECI-values of the impact categories.
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Figure 2.28: ECI-calculation process [Ecochain, 2023]

Even though the ECI-value per unit of the material is calculated using the method described above, some
Environmental Product Declarations (EPD‘s) already provide their values on the certificate.

2.3.4.1 Influence of fibre content

A study conducted among the above-mentioned 11 categories shows the influence of the fibre content present in
the reinforcement [Pavlovié et al., 2022]. The fibre content may vary between producers of BFRP reinforcement
bars but is likely to be between 70% and 85%. As the fibre content and the resin content cumulatively should
be equal to 100%, the resin content varies between 15% as a lower bound and 30% as an upper bound. From
this research, it‘s concluded that higher fibre contents, and therefore lower resin content, reduce the score in all
impact categories.

2.3.5 Environmental cost indicator (ECI)

An ECI-score (in Dutch: MKI, Milieukostenindicator) is a single-score indicator expressed in euro. The value
expressed in euro represents the shadow cost of the product or material ’costs’ for the environment. The greater
the ECI-value, the heavier the burden on the environment due to the production and use of a product or
material. A comparison between the ECI-values is shown in table 2.8.
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Table 2.8: ECI-values comparison between BFRP and steel reinforcement bars in €/kg and €/m3

Material ECI (€/m?) ECI (€/kg)
BFRP reinforcement bars 640,00 0.320
Steel reinforcement bars 1114.70 0.142

2.4 Costs

The cost of a type of reinforcement plays a substantial role in the choice of application. Table 2.9 shows the
costs per kilogram of BFRP reinforcement bars in comparison to reinforcement steel.

Table 2.9: Unit prices of reinforcement steel bar and BERP-bars [Upadhyaya and Suntharavadivel, 2018, Barker,
2016, Colombo et al., 2012]

Steel Basalt (BFRP)
Price (€/per kg) 0.43 2.31-2.50

Initially, the cost of BFRP-bars per kilogram is significantly higher, which could be a disadvantage. However,
these are the costs solely for the production and the transport. With the rapidly growing demand for a
sustainable building sector and the rise in climate change awareness, BFRP-bars could provide a discount in
the tender phase or funding for sustainability. In Appendix A Parameter Study, an analysis including costs is
presented.

2.5 Design guidelines and regulations

For reinforced concrete structures with FRP reinforcement bars, there is currently no effectual Eurocode avail-
able. However, there are national design codes, which allow the application of FRP. The available national
guidelines apply to all reinforced concrete structures with FRP reinforcement bars. The materials used in the
production (eg. glass, basalt, aramid, carbon or hybrid variations) are not of influence as these codes generalize
around the use of FRP-bars regardless of the fibre type [Pilakoutas et al., 2011, Rehman and Michler, 2022].

A study on the prominent and effectual codes related to the Dutch concrete market is performed in Appendix A
Parameter Study. The analysis is focused on comparing the design of concrete structures along these codes for
concrete structures reinforced with BFRP-bars and drawing a comparison with concrete structures reinforced
with steel bars according to Eurocode 2. As this thesis focuses on flexural and cracking behaviour, this part
of Appendix A Parameter Study focuses on bending moment capacity and crack width control in the design
codes.
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2.5.1 Available guidelines

The most prominent guidelines used are the international fib model code bulletin 40 by the Federation for
Structural Concrete and the guideline for FRP reinforced concrete by ACI (American Concrete Institute)
commission 440 [Busel, 2006]. Other nationally effectual guidelines are available, however, the use of these
guidelines is limited to the country of origin.

2.5.1.1 Fib model code for FRP-reinforced concrete (International)

Task group 9.3 of the International Federation for Structural Concrete published a guideline for FRP-reinforced
concrete structures in 2007. The report published by fib in bulletin 40 encompasses all aspects of the design of
reinforced concrete with FRP bars and shows resemblances with Eurocode [fib, 2007].

2.5.1.2 ACI commission 440 (United States of America)

ACI Commission 440 produced a design guide for reinforced concrete structures. This design guide does not
only prescribe calculation methodology but also elaborates upon conducted research and overall documentation
of state-of-art research [Busel, 2006].

2.5.1.3 BRLO0513 (the Netherlands)

Dutch BRL0513 [CvD, 2015] is an assessment guideline from the Netherlands which is aimed primarily at the
design of reinforced concrete structures with glass fibre reinforcement bars. As the currently effectual Eurocode
2 [European Committee for Standardization, 2022] does not provide guidelines for concrete structures reinforced
with FRP bars, BRL0513 provides guidance to design FRP-reinforced concrete structures. However, this code
is focused on the design of reinforced concrete structures with GFRP reinforcement bars. For the moment, the
applicability for BFRP reinforced concrete is limited [CvD, 2015].

2.5.1.4 Other guidelines

Other guidelines and model codes of note are:

JSCE guideline for FRP reinforced concrete structures (Japan, 1992, 1993 and 1997)

CSA guideline for FRP reinforced concrete structures (Canada, 1996)

NS3473 design guideline (Norway, 2003)

British Institution of Structural Engineers (BISE) design guideline (United Kingdom, 2015)

2.5.2 Forthcoming Eurocode 2

The forthcoming version of Eurocode 2 [European Committee for Standardization, 2022] (NEN-EN-1992-1-1),
includes guidelines for the design of concrete structures with embedded FRP reinforcement bars. The new
Eurocode 2 however is not yet available to the public. The following themes are noted in Annex R of the
pending Eurocode 2 code.
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2.5.2.1 Partial factors

Table R.1 of Annex R of the forthcoming Eurocode 2 [European Committee for Standardization, 2022] shows
the partial factors for embedded FRP reinforcement applied in concrete structures. This table is shown in
figure 2.29. The partial factor ypgrp for ultimate limit state analysis is 1.5 for FRP reinforcement types. For
reinforcement steel, this remains 1.15 in ULS. A partial factor designated to the design of shear and punching
resistance for concrete structures without shear reinforcement is determined to be 1.5 as well for ULS. The
partial factors for accidental action design situations differ between 1.10 and 1.15 respectively depending on the
type of force. For serviceability limit state analysis, only a partial factor of 1.0 for yprp needs to be taken into
account.

Table R.1 (NDP) — Partial Factors for FRP Reinforcing

yv for shear and
Design Situation Yere pul:ﬁ:::l[:]gult'ess;::;nce
reinforcement
Ultimate Limit States (Persistent and transient design situation) 1,50 1,50
Accidental Actions 1,10 1,15
Serviceahility 1,00 -

Figure 2.29: Table R.1 from forthcoming Eurocode 2 [European Committee for Standardization, 2022], Annex
R (NEN-EN-1992-1-1)

2.5.2.2 Materials

Annex R provides limits for the materials used as embedded reinforcement. These limits are determined to be
the following:

Minimum Young's modulus: Egprp > 40000 MPa;

Ratio of fftk,lOOa/EFRP > 0.005;

Characteristic compressive strength of concrete fo, > 20 MPa;
Pif < 0.05.

A maximum longitudinal reinforcement ratio of 5% indicates the preferred failure mode in reinforced concrete
structures under bending loads: failure in the compression zone instead of failure in the tensile reinforcement
as sudden failure of the tensile reinforcement ought to be avoided. The required Young‘s modulus of the tensile
FRP-bar reinforcement implies a minimum desired stiffness of the reinforced concrete structure. Conducted
experiments by Shamass & Cashell in 2020 [Shamass and Cashell, 2020] on the flexural behaviour of concrete
structures reinforced with BFRP-bars and other FRP types of reinforcement bars show significantly larger
deflection compared to steel-reinforced counterparts.

The design tensile strength of embedded FRP reinforcement bars is determined according to equation 2.20.

Frea = frek,100a (2.20)
YFRP
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Where:

feei,100a is the design tensile strength which can either be specified from the product data or determined using
equation 2.21.

fetk,100a = CtCcCl fitk,0 (2.21)

Cy is a factor considering the effects of temperature. The following values for C; can be applied;

e Cy= 1.0 for indoor and underground environments;
e C;= 0.8 for members if heating due to solar radiation cannot be excluded.

Further detailed information for the determination of C; can be found in fib Bulletin 40 [fib, 2007].

Cc is the coefficient between the strength under sustained load and the strength under short-term load. For
GFRP, this factor is determined to be 0.35. For CFRP, this value is determined to be 0.8. Other values can be
taken in case these values are accurately determined according to ISO-10406-1. Note that, this factor considers
creep within the reinforcement bar itself.

Ce is the coefficient described by the forthcoming Eurocode 2 as the coefficient between the strength before and
after ageing. This pertains to the long-term strength in relation to the short-term strength. The value for C,
must be taken as 0.7 unless more accurate values are determined. This value can be determined according to
the test concept noted in ISO 10406-1.

The stress-strain diagram constitutional relation for embedded FRP reinforcement should be taken as displayed
in figure 2.30. Note that, the material does not enter a plastic stage as soon as the maximum strain is reached.

fftkD
ff‘tk,mﬂa
fftd
EER
1
€iRd €gk 100a Eitko X

Figure 2.30: Stress-strain diagram for embedded FRP reinforcement from forthcoming Eurocode 2, Annex R
(NEN-EN-1992-1-1)
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2.5.2.3 Durability and concrete cover requirements

The determination of the concrete cover in the effectual Eurocode 2 consists of a minimum cover (cpi,) and
an allowance in design for deviation (Acgey). The summation of these components determines the nominal
concrete cover in the design of reinforced concrete structures. The minimum concrete cover is determined as
shown in equation 2.22.

Cmin = mam(cmin,b; Cmin,dur + ACdur,y - ACmin,dur - ACdur,acld; lomm) (222)

In the forthcoming Eurocode 2, the requirement for cpin qur is eliminated and may be assumed to be zero. By
taking this value as zero, the exposure classes do not have an influence anymore on the required concrete cover.

The bond component (Cpin,b) of the equation for the minimum nominal concrete cover in the effectual Eurocode 2
is dependent on the bars being bundled or separated, as well as the maximum aggregate size. In the forthcoming
Eurocode 2, the requirement for (cpinp) solely depends on the bar diameter. If there is no test data available,
this value should be taken as cpin, > 2. If there is test data available, the minimum required value is ¢min,b
> 1.5, with a lower limit value cpin, > 10 mm. This only applies to concrete structures reinforced with
FRP-bars.

The forthcoming Eurocode also states from a durability perspective, direct contact between carbon FRP (CFRP)
bars with reinforcement steel ought to be avoided as corrosion of the reinforcement steel bar is accelerated.
However, as this clause specifically mentions CFRP, this does not apply to BFRP-bars.

2.5.2.4 Ultimate limit state analysis, special rules for FRP reinforcement

Annex R of the forthcoming Eurocode 2 specifies additional rules for the design of members in bending and
with or without axial forces. These rules contain the following:

e Tensile strain in FRP reinforcement shall be limited to the design rupture strain e¢rgq;

e FRP reinforcement cannot be applied as compression reinforcement;

e Unless more rigorous analysis is undertaken, the benefit of the confining effect of FRP reinforcement
should be reduced by the ratio E¢g /Es.

For members loaded in shear, the forthcoming Eurocode 2 also specifies certain rules and formulae. These rules
contain the following most notable changes:

e For concrete members reinforced with longitudinal FRP-bars and no shear reinforcement, the minimum
shear resistance may be taken as shown in equation 2.23.

1 | fo Etr dag (2.23)

v\ frxo Bs d

e The determination of p; in section 8.2.2 of the forthcoming Eurocode 2 should be reduced by the ratio
E¢r /Es.

e The expression for the angle of inclination of the compressive field cot(6) should be replaced with a fixed
value of 0.8.

e The shear resistance for members requiring shear reinforcement may be determined by using expressions
2.24 to 2.26.

TRdc,min =

TRA,f = TRd,f + PwStwrd < 0.17fcq (2.24)
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Where:
frwrd = J o 1008 < etwrd Prwr (2.25)
YFRP
1
£fwRd = 0.0023 + ﬁ/3f1>¢1f1(().53d)21()-15 < 0.007 (2.26)

Agq= longitudinal reinforcement considering for slabs of a width of 1 metre .

Among the changes and provisions listed above, changes to verify punching shear and torsion are included in
Annex R of the forthcoming Eurocode 2 as well.

2.5.2.5 Serviceability limit state analysis, special rules for FRP reinforcement

In the forthcoming version of Eurocode 2, Annex R provides 2 tables (R.2 and R.3) that replace tables 9.1
(NDP) and 9.2 (NDP). Figure 2.31 shows table 9.2 (subfigure 2.31a) in the main section of the Eurocode 2, as
well as replacement table R.2 (subfigure 2.31b) for concrete design with embedded FRP reinforcement. These
tables contain verification limits for stress and crack width for appearance.

Figure 2.33 shows table 9.3 (subfigure 2.32a) from the main section of the forthcoming Eurocode 2 as well as
table R.3 (subfigure 2.33a) from Annex R. Note that, for embedded FRP reinforcement, the allowable crack
width can be relaxed up to 0.7 mm, which is in accordance with other guidelines such as the ACI commission
440 design guideline. Note that, the table for steel-reinforced concrete is significantly more complicated due to
the various exposure classes that need to be taken into account.

5
TUDelft ﬂ Van Hattum en Blankevoort



Chapter 2 — Literature study

64 of 265

Table 9.1 (NDP) — Verifications, stress and crack width limits for appearance

Calculation of

Verification of

. . minimum Verification of crack width reinforcement
Verification . . .
reinforcement according to 9.2.3 stresses to avoid
according to 9.2.2 yielding at SLS
Combination of . . Characteristic
. . Cracking forces Quasi-permanent -
actions for calculating . L . combination of
according to 9.2.2 combination of actions ;
as actions
leltlng value of Wimeal = 0,4 mm os < 0,8/
crack width wyp, ., or s < fyk
stress s 0s = fo Tp < 0,8fpi

NOTE Crack widths are verified at the member surface unless the National Annex gives a different location.

(a) Table 9.1(NDP) from forthcoming Eurocode 2
Table R.2 — Verifications, stress and crack width limits for appearance

Verification

Calculation of
minimum
reinforcement
according to 9.2.2

Verification of crack width
according to 9.2.3

Verification of
reinforcement
stresses to avoid
failure at SLS

Combination of
actions for calculating

Cracking forces
according to 9.2.2

Quasi-permanent
combination of actions

Characteristic
combination of

stress ot

01 < frua

Ot actions
Limiting value of

3 Wiim,cal = 0,4 mm
crack width Wiy, e, or 07 < fia i ¢ < 0,8fra

(b) Table R.2 from forthcoming Eurocode 2, Annex R

Figure 2.31: Verification’s, stresses and crack width limits for appearance from forthcoming Eurocode 2
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Table 9.2 (NDP) — Verifications, stress and crack width limits for durability

Reinforced members and
. prestressed members Prestressed members with bonded tendons
without bonded tendons and . . .
. . with Protection Level 1 according to 5.4.1(4)
with bonded tendons with and tensi d members
E a Protection Levels 2 or 3 nd prefensioned members.
Xposure Liass according to 5.4.1(4)
combination of actions combination of actions
quasi- characteristic quasi- frequent characteristic
permanent permanent
Wiim,cal=
X0, XC1 0,2 mm - keut
XC2, XC3, XC4 becom- Win,cal =
Wimeal = pression 0,2 mm - ksurf
XD1,XD2,XD3 | 0.3 mm - Ksur
XS1,XS2, X583
oc < 0,6fu - Decompression® o: < 0,6fa ¢
XF1,XF3
XF2,XF4

NOTE 1 Crack widths are verified at the member surface unless the National Annex gives a different location..
NOTE 2 The factor ks considers the difference between an increased crack width at the member surface and
the required mean crack width according to durability performance of the minimum cover: 1,0 <
Ksurt = Caﬂf[l[] mm + ['unn,dur] = 1,5

Cact 1§ @ specified actual cover = com due to detailing or execution reasons.

2 This limitation in serviceability conditions is not necessary for stresses under bearings, partially loaded areas
and plates of headed bars.

b The decompression limit requires that all parts of the bonded tendons or duct lie at least 25 mm within
concrete in compression. The decompression check is only relevant in the direction of the prestressed
reinforcement.

¢ The compressive stress o may be increased to 0,66fc if the cover is increased by 10 mm or confinement by
transverse reinforcement is provided.

(a) Table 9.1(NDP) from forthcoming Eurocode 2

5
TUDelft ﬂ Van Hattum en Blankevoort



Chapter 2 — Literature study 66 of 265

Table R.3 — Verifications, stress and crack width limits for durability

Concrete members with FRP reinforcement
Exposure Class combination of actions
quasi-permanent characteristic
XC, XF, XD Wiimcal = 0,4 mme 0. < 0,6fuab

2 No limitation in serviceability conditions is necessary for stresses under bearings, partially loaded areas and
plates of headed bars.

b The compressive stress o. may be increased to 0,66f« if the cover is increased by 10 mm or confinement by
transverse reinforcement is provided.

¢ Inabsence of appearance conditions, fasteners, punctual wheel pressure, lap splice or freeze thaw this limit
may be relaxed to values up to 0,7 mm.

(a) Table R.2 from forthcoming Eurocode 2, Annex R

Figure 2.33: Verification’s, stresses and crack width limits for appearance from forthcoming Eurocode 2

2.6 Conclusions

BFRP reinforcement bars deviate notably from traditional steel bars in several key characteristics, fundamen-
tally impacting the design approach for concrete structures. Their distinct traits include exceptionally high
longitudinal tensile strength, ranging between 1000 to 1800 MPa compared to the 500 MPa of B500 steel rein-
forcement. The transverse strength of BFRP, influenced by resin content, maintains a delicate balance between
tensile strength and lower transverse strength, typically kept at 70% to 85%. With a significantly lower modulus
of approximately 50 to 70 GPa compared to steel, BEFRP causes reinforced concrete structures to be less stiff,
leading to increased deformations and larger crack widths. Unlike steel’s ductile behaviour, BFRP exhibits a
linear elastic behaviour until reaching rupture strain, resulting in a brittle failure mode. Moreover, BFRP’s
resistance to corrosion, low thermal and electrical conductivity, nonmagnetic behaviour, and lighter weight
compared to steel offer both advantages and challenges in various construction scenarios. Understanding these
physical and mechanical properties, influenced by factors like loading history, composition, and environmental
conditions, is crucial for effectively utilizing BFRP in structural design. Beyond their mechanical properties,
BFRP-bars also present distinctive on-site attributes. They cannot be bent on-site, requiring precise pre-
fabrication to match design specifications. Furthermore, the significant reduction in mass of BFRP compared
to steel not only simplifies on-site handling but also requires less lifting capacity during crane operations, thus
enhancing construction logistics.

Determining BFRP’s physical and mechanical properties involves understanding matrix composition, loading
history, production factors, and environmental influences like temperature and humidity. The reinforcement’s
density, tensile, shear, and compressive properties are essential considerations. Creep, fatigue, and long-term
behaviour influenced by factors like load duration and environmental exposure, impact BFRP’s integrity and
durability. Understanding these properties is vital for their effective application in structural design.

The financial aspect possibly impacts the selection of reinforcement types. If the cost of BFRP-bars significantly
surpasses that of steel and any potential discounts during the tender process fail to offset the disparity becomes
questionable. The considerable price difference, as indicated by market rates, portrays a potential challenge in
the widespread adoption of BFRP reinforcement in construction projects.

The application of basalt fibre reinforced polymer (BFRP) bars in concrete significantly alters the behaviour
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of reinforced concrete in comparison to traditional reinforcement steel. BFRP exhibits distinct characteristics,
including a lower Young‘s modulus and higher tensile strength, fundamentally influencing various mechanical
aspects like bond behaviour, bond slip, and cracking in BFRP-reinforced concrete. The bond behaviour, cru-
cial for concrete-reinforcement interaction, diverges between BFRP and steel reinforcement. While factors like
aggregate size, concrete class, reinforcement bar detailing, diameter, and concrete cover affect general reinforce-
ment bonding, BFRP introduces factors like lower Young’s modulus, shear stiffness, and thermal expansion,
influencing bonding mechanisms.

Bond strength development in FRP bars follows distinct stages: initial chemical bonding, gradual transition
to mechanical interlocking, and eventual split and bond failure modes. The phases display varying bonding
mechanisms influenced by surface shapes and deformations. Surface deformations, like helical wrapping or sand
coating, influence friction, mechanical interlocking, and shear failures, impacting bond strength development.
Regarding cracking behaviour, higher bond strengths in BEFRP-bars potentially result in a smaller flexural crack
spacing along concrete beams compared to steel reinforcement, impacting the beam’s stiffness and crack spacing.
Crack width control differs based on standards like Eurocode, ACI440, BRL0513, and JSCE, with variations
in maximum allowable crack widths, ranging between 0.2 mm and 0.7 mm, and specific parameters influencing
crack width calculations.

In the pursuit of sustainable construction practices, the discourse around sustainable design has gained sig-
nificant traction in recent years. The imperative to address the construction sector’s substantial contribution
of approximately 38% to global CO4 emissions has spurred initiatives like the Dutch Betonakkoord. This col-
laborative effort, involving the Dutch government, suppliers, manufacturers, and contractors, aims to curtail
COg3 emissions by 30% by 2030 compared to 1990 levels, with a long-term ambition of reducing emissions by
49%. Central to this movement is the utilization of life cycle assessments (LCAs) in the construction sector,
offering a standardized framework to evaluate and compare ecological footprints. LCAs, comprising stages from
goal definition to impact assessment, delineate the complete journey of materials from production to disposal.
They enable nuanced examinations, such as the distinction between attributional and consequential LCA’s,
elucidating the global impacts and environmental consequences.

A critical case study within this discourse examines the environmental implications of BFRP-bars versus tra-
ditional steel reinforcement. Despite BFRP’s significantly higher COs emissions per unit of weight compared
to steel, the notably lower density unveils a more favourable environmental impact in volumetric terms. En-
vironmental Product Declarations (EPD’s) and Environmental Cost Indicators (ECI) offer valuable insights,
showcasing nuanced comparisons across various impact categories and economic assessments. These findings
underscore the multifaceted nature of sustainability assessments in construction materials. While CO5 emissions
stand out as a crucial factor, considerations about volumetric efficiency, broader environmental impacts, and
economic implications are pivotal in making informed decisions for sustainable construction materials. The jour-
ney toward sustainable design continues to demand comprehensive assessments, considering diverse parameters
to foster environmentally conscious choices in the construction sector.

The realm of reinforced concrete structures employing FRP reinforcement bars lacks a unified and comprehensive
Eurocode design standard. Instead, it relies on diverse national guidelines, each serving specific contexts.
These guidelines, irrespective of the FRP materials used (like glass, basalt, aramid, carbon, or hybrids), are
predominantly applied within respective countries’ boundaries. Prominent globally used guidelines include the
fib model code bulletin 40 by the International Federation for Structural Concrete and the ACI commission
440’s guideline for FRP reinforced concrete. While other national guidelines exist, their applicability extends
only within their country of origin, limiting their widespread use.

The forthcoming version of Eurocode 2 (NEN-EN-1992-1-1) is anticipated to address the lack of standardised
FRP reinforcement guidelines. Annex R of this pending Eurocode delineates various aspects such as partial
factors, material limitations, durability criteria, and design specifics for FRP reinforcement in concrete struc-
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tures. Notable changes include the specification of partial factors for different design situations, criteria for
materials used as embedded reinforcement, and rules for ultimate and serviceability limit state analyses. These
forthcoming provisions in Eurocode 2 mark a significant step towards a standardised and comprehensive frame-
work for designing concrete structures reinforced with FRP bars. The annexed regulations encompass diverse
considerations, aiming to ensure structural safety, durability, and serviceability while navigating the intricacies
of employing FRP reinforcements.
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Chapter 3

Experimental study

The main objective of the experimental research of this thesis is to uncover the differences in the structural
behaviour of concrete structures reinforced with BFRP-bars in comparison to reinforcement steel bars. To es-
tablish this beams with different reinforcement configurations, concrete cover, bar diameters, and reinforcement
materials are designed and subjected to a 4-point bending test. The study also aims to explore the contrast-
ing cracking and flexural behaviour between BFRP-bars and steel reinforcement bars in reinforced concrete
structures, providing an understanding of the interplay between these materials in concrete structures.

3.1 Aim of the experimental research

The main points of interest are the cracking behaviour and the bond strength of BFRP-bars in concrete concrete
structures. The investigation aims to research the effect of the above-mentioned characteristics. The objectives
are:

e To investigate the tensile behaviour of BFRP-bar and compare it to that of reinforcement steel bars;

e To investigate the flexural behaviour of concrete beams reinforced with BFRP-bars in comparison to
reinforcement steel;

e To investigate the crack development and cracking pattern of concrete flexural members reinforced with
basalt fibre reinforcement bars;

e To investigate the influence of the bar diameter;

e To investigate the effects of the reinforcement ratio of BFRP in concrete members in bending;

e To investigate the effect of the concrete cover;

The objectives outlined above aim to investigate both the behaviour of BFRP-bars independently and their
performance as tensile reinforcement within concrete structures subjected to bending loads. These objectives
collectively address the primary research goal.
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3.2 Testing program

The program of the experimental testing consists of 2 parts:

e Direct tensile tests with a single reinforcement bar; To determine the properties of the applied BFRP-bar
and compare their behaviour to reinforcement steel, a number of 3 BFRP reinforcement bars are tested
in uniaxial tension;

e 4-point bending tests with reinforced concrete beams; A total of 6 beams, different by reinforcement
configuration, diameter and concrete cover are subjected to a 4-point bending test to establish a fully
developed cracking pattern.

3.3 Direct tension test

The direct tension test applies an incremental axial tensile load on a single bar to determine the relevant
properties of the reinforcement bar. By determining the characteristic properties, more accurate estimates can
be made in terms of capacity for the beams in the 4-point bending tests. One of the properties to be determined
is the force at failure for a single reinforcement. By determining the maximum force, and therefore the maximum
tensile stress, the bending moment capacity for a beam loaded in bending can be determined. Secondly, the
strain development during the experiment is monitored. By measuring the strain in the single reinforcement
bar, the Young's modulus is determined using the constitutive relations of materials. For both serviceability
and ultimate limit state calculations of structural elements within the scope of the experimental study, these
properties are vital to know.

3.3.1 Test specimen

For the determination of the tensile properties of any type of FRP-bar, the American Concrete Institute (ACI)
published a test standard. This test standard (ACI440.3R [American Concrete Institute, 2012]) provides design
guidelines for the specimen as well as guidelines for the testing procedure. The test specimen design (figure
3.1) consists of 2 tubes in which a BFRP-bar is inserted with sufficient overlapping at both ends. The tubes
are then filled with 2-component epoxy adhesive glue to ensure a stiff connection with the bar.

3.3.1.1 Sample design and preparation

The design of the test specimens consists of 2 tubes of sufficient length in which a BFRP-bar with a diameter
of 8 mm is anchored with an epoxy adhesive. To prevent the bar and the body of epoxy adhesive from sliding
out of the tube, a circular plate with a hole of 10 mm is welded to the tube. The hole is slightly oversized as
the sand cover is not included in the 8 mm diameter.
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Figure 3.1: Design drawing direct tensile test specimen

Before subjecting the specimen to a tensile force, the tubes have been flattened at the ends. The flattened ends
of the tubes are clamped by the beaks of the tensile test machine. The force from the beaks does therefore not
interfere with the tensile force from the direct tensile test. As the steel tube itself has sufficient tensile force
capacity, the weak part remains the BFRP-bar.

As this specimen is designed according to the guidelines of ACI440.3R, the free length between the anchoring
tubes is equal to 40&ep to allow proper failure to occur in the exposed part of the bar, rather than inside the
tubes. For an 8 mm diameter bar, this equates to 320 mm (figure 3.1).

3.3.1.2 Capacity

The projected tensile strength of the reinforcement bar (#8) is expected to be at least 1000 MPa. The specimens
ought to be designed in such a manner that the weakest point in the specimen is the exposed part of the bar
(figure 3.1). A brittle failure is desirable to occur in this location to deduce the maximum stress and strain
at rupture. To determine the tensile stress at rupture, other failure mechanisms have to be prevented. These
failure mechanisms include but are not limited to:

e Failure in steel tube;
e Bond failure of the bar;

The minimum required resistance is determined to be as follows in equation 3.1.

Frapturemin = AbfipTbirp = % % 82 % 1000 = 50.27 kN (3.1)

To prevent the other failure modes, a safety factor of 1.5 is applied. Therefore, the failure load to be taken into
account is 75.40 kN. The minimum resistance for the unfavoured failure loads should therefore be larger than
75.40 kN.

The steel tubes used in the direct tension test specimens consist of S355-grade steel. Externally, the diameter of
the steel tube is 38 mm. The internal diameter changes halfway from 22 mm to 18 mm. The governing internal
diameter is therefore the former. The governing cross-section surface is therefore (equation 3.2):

Awube = %(Dexf — Din?) = %(382 — 222) = 753.98 mm? (3.2)

The design yield stress (o) of steel grade S355 is 355 MPa, therefore the tensile capacity of the steel tubes is
determined as follows (equation 3.3):
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Fiube = Atubeos = 753.98 * 355 = 267.66 kN > 75.40 kN (3.3)

The tensile force capacity of the tubes is significantly higher than the projected force required for a brittle
failure of the bar in tension. Therefore, yielding and subsequent failure of the steel tube is unlikely to occur.

Bond failure in the bar is prevented by the length of the tube. If the tube length is increased, the average bond
stress over the length of the overlap with the tube decreases. Earlier bond stress testing by Sélyom [Sélyom,
2017] has shown results of at least 17.39 MPa. Assuming the upper boundary rupture force of 75.40 kN, the
required tube length is determined in equation 3.4.

Frupture,max _ 75.40 * 1000
Dbarﬂ-’rbond B 8xmx17.39

Liube,min = =172.52 mm < 320 mm (3.4)

A tube length of 320 mm is sufficient for the upper boundary force to be applied. Even though 320 mm overlap
is conservative, the process of applying the epoxy adhesive in the tube cannot be controlled very well, which
might lead to air pockets in the tube. Therefore, a 320 mm overlap is applied.
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3.3.1.3 Test setup

The specimens are inserted into a machine that exerts one-dimensional tension on the item placed (figure3.2a).
The specimen is subjected to a prescribed velocity of 1.0 mm/min (0.0167 mm/sec). To accurately measure
the strain in the bar only, an extensometer is applied to the exposed portion of the bar (figure 3.2b). The
extensometer measures the strain over a distance of 50 mm in the BFRP-reinforcement bar. As BFRP is linear
elastic up to failure, applying the constitutive laws is allowed to determine the Young‘s modulus.

A\

(b) Extensometer applied to the exposed part of the speci-
(a) Specimen loaded in direct tension testing machine men

Figure 3.2: Direct tension test setup
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3.4 4-point bending test

The proposed test is a 4-point bending test, where insights into the structural behaviour of beam specimens
loaded in bending are provided. The emergence and propagation of cracks will be monitored, as well as the
total vertical deflection of the loaded beams. The setup for the 4-point bending test is shown in figure 3.3.

A 4-point bending test is selected because a fully developed crack pattern can be established.

F/2 F/2

; ;

500 500 500
200 1500 200
19200

Figure 3.3: 4-point flexural bending test

3.4.1 Test specimens

6 different beam specimens are included in the test. The beam length, width and height are fixed to be
1900x150x200 (Ixbxh). 4 out of 6 beams contain BFRP-bars as their longitudinal reinforcement. The remaining
2 beam specimens contain reinforcement steel in the longitudinal direction. Please note that shear capacity
and shear crack formation are not included in the scope of this research, hence the stirrups are comprised of
reinforcement steel for all 6 beam specimens.

The beam specimens are abbreviated by their reinforcement material, longitudinal reinforcement composition
and concrete cover. The formulation of the abbreviations is as follows: [Reinforcement materiall-[Longitudinal
reinforcement composition]-[Concrete cover]. The reinforcement material is BFRP (B) or reinforcement steel
(S). The longitudinal reinforcement composition is noted with the number of bars in the cross-section followed
by the diameter in millimetres, for example, 3 longitudinal bars with a diameter of 8 mm is denoted as 3r8.
The concrete cover is noted with the value in millimetre, preceded by the letter ¢. A beam with BFRP-bars
as its reinforcement, containing 3 bars with a diameter of 8 millimetres and a concrete cover of 31 millimetres
is therefore named: B-3r8-c31. Note that the concrete cover is taken from the constant bending moment zone
and does therefore not include the stirrups. Table 3.1 shows a list of the tested specimens. Figure 3.4 shows the
reinforcement configuration of the stirrups applied in the beam specimens, as well as the location of sections
A-A and B-B.
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Table 3.1: Beam specimen list

Specimen Reinforcement material Reinforcement Cover

B-3r8-c31 BFRP 328 31 mm
B-2r10-c31 BFRP 2210 31 mm
B-2r8-¢31 BFRP 208 31 mm
B-3r8-cl1 BFRP 398 11 mm
S-3r8-c31 Reinforcement steel 398 31 mm
S-3r8-cll Reinforcement steel 328 11 mm

For each specimen, only one parameter is changed. B-3r8-c31 has a flexural reinforcement of 328 (Apgp,1~151
mm?). In B-2r10-c31, the flexural reinforcement is 2210, which is approximately the same cross-section area
(Apfp1~157 mm?). For B-3r8-c31 and B-2r10-¢31 Apgp1~Apap 2 applies, therefore the changing parameter
is the bar diameter. B-2r8-c31 is designed with flexural reinforcement 28 (Apgp1~100 mm?). In relation
to B-3r8-c31, the number of bars and subsequently the reinforcement percentage is changed. B-3r8-c31, B-
2r10-c31 and B-2r8-c31 all have an applied concrete cover of 31 mm. B-3r8-c11 however incorporates the same
reinforcement as B-3r8-c31, but with a smaller concrete cover of 11 mm as its differing parameter. Lastly, beam
specimens S-3r8-c31 and S-3r8-c11 have the same geometry as B-3r8-c¢31 and B-3r8-c11 respectively, however,
the reinforcing material is changed from BFRP-bars to reinforcement steel bars. These beam specimens serve
the purpose of comparison with a steel-reinforced concrete structure.

The beam designs are based on experimental studies conducted at the concrete laboratory of Delft University
of Technology. Data from prior experiments is utilized to validate the results of the current experimental
study conducted for this master’s thesis. Consequently, concrete covers of 31 mm and 11 mm were selected for
incorporation into the beam design, taking into account the impact of reduced concrete cover. The validation
process involves referencing the theses authored by Singh in 2019 and Zhekang in 2017.

By AP
L1 1 I T

B> ab L
225 150 150 - 150 ~150 » 225

200 500 500 500 200
1900

Figure 3.4: Reinforcement configuration of the stirrups applied in the beam specimens

3.4.1.1 Reinforcement configuration
As shown in 3.4, stirrups will only be placed between the supports and the loading application points. As

the experimental research is focused on flexural cracking behaviour, the zone of interest is where the bending
moment is constant, which is the part between the loading points. The shear force between the loading points
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is theoretically equal to zero with this test setup, which means any stirrups for shear force resistance would be
unnecessary.

For the top longitudinal reinforcement in the beam specimen, reinforcement steel is used since the simply
supported beam does not include a hogging bending moment, hence is no need for the top reinforcement to
be comprised of BFRP-bars. Since the shear force resistance of stirrups is not a point of interest in this
research, there is no requirement for the stirrups to be BFRP-bars as well. In figure 3.5 every bar is marked
with an ”s” or a ”b” (reinforcement steel (s) and BFRP (b)). The splices located at the ends of the bottom
longitudinal reinforcement are required as BFRP-bars are hard to bend. The added reinforcement provides
improved anchoring for the BFRP-bars. The overlapping of the longitudinal BFRP-bars with the additional
L-shaped bars is 500 mm, which is presented in figure 3.5. To account for the bond strength development,
L-shaped bars are placed on top of the longitudinal bars, rather than between the longitudinal bars.

—(8) [Hs) (s —(s) —s) [Hs) Hs)

R — L

(s)- ~(bls) (s)-
500 500

Figure 3.5: Reinforcement material designation

Based on Eurocode 2 [European Committee for Standardization, 2022], a transfer length of 384 mm is required.
As 500 mm > 384 mm, the provided transfer length is sufficient. The calculation according to Eurocode 2 for
the transfer length is provided in the section ”"resistance estimation.”

3.4.1.2 Cross-sections
In figures 3.6 up to and including 3.11, cross-sections A-A and B-B of the beam specimen are shown. Note that

the reinforcement material is indicated in the respective figures. The beam specimens are too heavy to be lifted
manually, therefore stirrups protrude from the top surface and can be used as anchorage for the crane.
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Figure 3.6: B-3r8-c31 sections A-A and B-B, (b)=BFRP-bar, (s)=Reinforcement steel bar
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Figure 3.7: B-2r10-c31 sections A-A and B-B, (b)=BFRP-bar, (s)=Reinforcement steel bar
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Figure 3.8: B-2r8-c31 sections A-A and B-B, (b)=BFRP-bar, (s)=Reinforcement steel bar
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Figure 3.9: B-3r8-cl1 sections A-A and B-B, (b)=BFRP-bar, (s)=Reinforcement steel bar
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Figure 3.10: S-3r8-¢31 sections A-A and B-B, (b)=BFRP-bar, (s)=Reinforcement steel bar
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Figure 3.11: S-3r8-c11 sections A-A and B-B, (b)=BFRP-bar, (s)=Reinforcement steel bar
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3.4.2 Resistance estimations
With the properties of the constituent material known, an estimation of the bending moment resistance and the

shear resistance can now be made. Figure 3.12 presents the mechanical schematization of the 4-point bending
test, as well as the M-line and the V-line.

Yt@ JF/Z

Structural
model
a=500 500 a=500
1500
M-line
NS
Meq
Veq
L
V-line
I
Ved

Figure 3.12: M-line and V-line beams experiment

Note that the material properties used for the construction of the crack width development prediction curves
are presented in table 3.2. These assumptions are made because, at this point in the research, the strength
properties were not known.

Table 3.2: Materials and properties used in predictive calculations

Material Strength class/property
BFRP-bars:

Tensile strength 1000 MPa

Young'‘s modulus 50 GPa

Rupture strain 2.0%

Reinforcement steel B500

Concrete C30/37
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3.4.2.1 Bending moment capacity

The estimated bending moment capacity Mrq of the beam specimens can be determined by applying the
ACI440 [Busel, 2006] and BRL0513 [CvD, 2015] codes formulae for the bending moment resistance. Another way
of estimating the bending moment resistance is by determining the internal lever arm under the assumption that
the ultimate height of the concrete compression zone x,, is reached. Equation 3.5 and 3.6 are used to determine
the bending moment resistance by determining the internal lever arm. Note that long-term properties were not
taken into account as the beams were tested 28 days after casting. Material factors, partial factors, load factors
and environmental factors pertaining to the BRL0513, ACI440 and Eurocode respectively are not taken into
account. From the tested materials, the mean values are used.

o Abfrpabfrp
T 0750 (3.5)
7
Mga = Abfrpabfrp(d - E:Eu) (36)

For the determination of the respective bending moment resistances, equations provided in Chapter 3 parameter
study are used. The bending moment resistance according to the BRL0513 is determined using equations A.2 to
A.6. The ACI440 used equation A.14 to A.17 in Appendix A to determine bending moment capacity. Table 3.3
presents bending moment resistance estimations succeeded by the corresponding maximum force in parentheses.
The maximum force in kilonewtons is then used in the following subsection to determine the required shear
force.

Table 3.3: Bending moment capacity estimations

ACI440 BRLO0513 Internal lever arm
B-3r8-c31 12.03 kNm (48.10 kN) 11.93 kNm (47.73 kN) 24.71 kNm (98.85 kN)
B-2r10-c31 11.99 kNm (47.96 kN) 11.93 kNm (47.73 kN) 24.71 kNm (98.85 kN)
B-2r8-c31 9.57 kNm (38.30 kN) 10.03 kNm (40.12 kN) 17.00 kNm (67.98 kN)
B-3r8-cl1 14.24 kNm (56.95 kN) 14.20 kNm (56.79 kN) 27.49 kNm (109.97 kN)
S-3r8-c31 - - 13.51 kNm (54.04 kN)
(

S-3r8-cl1 - - 15.32 kNm (61.28 kN)

The upper bound projected required force is 109.97 kN, which is required to reach the ultimate bending moment
resistance Mprq of beam specimen B-3r8-c31. This force is used to determine the required shear reinforcement.

3.4.2.2 Shear reinforcement
Since the point of interest is cracking behaviour, failure should be designed to occur in the constant bending

moment zone of the beam, which is located between the point of load application. Flexural failure should be
governing. The projected maximum force F applied is equal to 109.97 kN on the beam with the highest capacity
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(beam B-3r8-c11). To avoid shear failure, the beam has to be reinforced accordingly. Figure 3.12 presents the
M-line and the V-line for the experimental setup.

The shear force Vgq is determined as follows:

F
VEa = 3= 54.96 kN (3.7)
The shear stress on the section vgq is dependent on the effectual height of the reinforcement and is equal to:

8
dzh—c—§:200—11—§:185mm (3.8)

Vga  54.96 % 103
byd 150 % 185

VEd = = 1.98 MPa (39)

The shear resistance for the concrete section vgrq, is determined as follows:

URd.e = 0.12k(100p; fa)® = 0.12 % 2(100 % 0.00145 * 30)3 = 0.392 MPa (3.10)

Where: p; is the longitudinal reinforcement ratio. For beam B-3r8-c11, this is determined in equation 3.11. As
a concrete class of C30/37 is assumed, fo equals 30 MPa.

o EbfrpAbfrp o 53.46 * 103 * 150.80

- _ — 0.00145 < 0.02 11
1 E.bd 500 = 10° x 150 185 200145 =00 (3.11)
200 200
= _— — < .
k=144 =5 =14/ <2.00 (3.12)

For the parameter k, a maximum value of 2.00 is taken into account. As vrq. < Vid, shear reinforcement is
required to prevent shear failure. The shear crack angle 6 is determined (equation 3.13):

2Veq

_ 3.13
acwvfcdbwz ( )

1
0= iArcsin(

Where aqcw=1.00. f.q=20 MPa. The lever arm between the centres of the concrete compression zone and the
tensile reinforcement is equal to 159.85 mm. The parameter v is determined as follows (equation 3.14):

fcd 20
=0.71 — —) = 0.644 .14
250) 07( 250) 0.6 (3.14)

v=0.7(1 -
The shear crack angle is determined as follows (equation 3.15):

2 % 54.96 * 10°
1 %0.644 % 20 * 150 * 159.85

1
0 = = Aresin(

5 ) = 10.49° (3.15)

Since the calculated crack angle € is smaller than the limiting value of 21.8°,  is assumed to be 21.8°(0.3805
RAD).
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The required steel area per millimetre is determined in equation 3.16. For the yielding stress fywq of the
reinforcement steel of the stirrups, 500 MPa is taken as it is determined as the yielding stress f, in the tensile
test of the reinforcement bar presented in figure 4.2.

Agw VEd 54.96 % 103

= = = 0.2751 mm? 3.16
s fywazcot(f) 500 % 159.85 * cot(0.3805) mm”/mm (3.16)

For a centre-to-centre distance of s=150 mm, the required cross-section of steel Ag, of the stirrups is equal to
41.27 mm?. With 3 2-leg stirrups in each shear zone of the beam specimens, with a diameter is 8 mm, the total
cross-section surface is equal to 301.59 mm?. This is sufficient to prevent shear failure.

Since the crack angle is assumed to be 21.8°, the required distance for the crack to appear is equal to
zcot(0)=384.34 mm > 300 mm. Therefore, all stirrups will fall within this distance. The shear capacity is
determined as follows (equation 3.17):

VRds = Asfywa = 301.59 % 500 = 150.80 kN > 54.96 kN (3.17)

3.4.2.3 Crack width

The bending moment at which cracking occurs M., depends primarily on the properties of the concrete and the
geometry of the beam. As concrete usually has a lower tensile strength than compressive strength, the tensile
strength of the concrete is dominant for the cracking bending moment. equation 3.18 is used to determine the
cracking bending moment of the beams. The assumed tensile strength of the assumed concrete strength class
C30/37 is 2.90 MPa.

M = %hzbfctm = % % 2002 % 150 * 2.90 = 2.90 kNm (3.18)
This equates to an applied force of 11.60 kN. At this point, the first crack should emerge in the concrete
beams. Figure 3.13 presents a prediction of the crack width development according to the cracking models
of the BRL0513 and ACI440 for the beams reinforced with BFRP-bars in relation to the force. In the same
figure, the crack width curves for the beams reinforced with steel bars are presented according to Eurocode 2.
Note that the Young‘'s modulus after yielding of the reinforcement steel is taken into account, which results in
a significant increase in the slope of the curves for the crack width prediction of the beams reinforced with steel
bars.
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B-3r8-c31 Crack width prediction model
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Figure 3.13: Crack width prediction according to BRL0513 [CvD, 2015]
and ACI440 [Busel, 2006] (BFRP) and Eurocode 2 [European Committee for Standardization, 2022].

This approach is based on a rectangular concrete section and neglects the influence of the reinforcement in the
concrete. Using this method, the neutral axis is assumed to be in the centre of the cross-section. In a more
thorough approach, the influence of the reinforcement and its Young‘s modulus is included in the determination
of the moment of inertia I of the gross cross-section. The cracking bending moment M, is determined using
equation 3.19.

I
Mcr = jfctm (319)

Yt

In this equation, y; is the distance from the neutral axis of the gross cross-section to the extreme tension fibres in
the cross-section. As BFRP generally contains a significantly lower Young‘s modulus in relation to reinforcement
steel, the neutral axis in the cross-section containing BFRP-bars is expected to be closer to the centre of the
cross-section. Therefore yy is likely slightly larger. Cross-sections containing BFRP-bars are therefore likely
to have a slightly smaller cracking moment M., the beams with reinforcement steel, which is also claimed by
Shamass and Cashell [Shamass and Cashell, 2020].

3.4.2.4 Transfer length

To ensure proper force transfer from the BFRP-bar to the reinforcement steel bars in the beam designs, the
length of the overlap has to be sufficient. The provided overlapping length is equal to 500 mm. Based on the
methods of determining the minimum required transfer length in Eurocode 2, the base transfer length 1y, ;qq is
determined according to equations 3.20 and 3.21.

lb,rqd = 7 (320)
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Where:

Joa = 2.25mmn2 fetm (3.21)

The factors n; and 79 are taken as 1. As the force transfer concerns the bottom reinforcement, good bond
conditions are assumed, therefore 77 is equal to 1. 77 is also equal to 1 as the the bar diameter is smaller than
32 mm. For the experiment, the mean tensile strength of concrete f.t,, is assumed. For concrete strength class
C30/37, fetm is equal to 2.90 MPa

fbd =2.25%1%1%2.90 = 6.525 (3.22)

Based on an assumed conservative value of 1000 MPa, for the tensile stress in the tensile reinforcement bars and
the largest applied diameter of 10 mm, the base transfer length is determined in equation 3.23

;1o 1000
brad = 7" " 5 595

= 384 mm < 500 mm (3.23)

As the base transfer length is sufficient, any reduction due to factors such as bar geometry and concrete cover,
which is possible according to Eurocode 2, is not necessary.

3.4.3 Casting of the specimens

3.4.3.1 Concrete mixture

The beam specimens are cast with three concrete batches of 165 litres. The utilized concrete is a CEM I concrete
with sand and gravel aggregates of various grain sizes and superplasticizers and water. The mix design and
its ingredients are listed in table 3.4. The batches of concrete are created by firstly mixing the dry sand and
gravel aggregates in order to ensure an equal distribution of the aggregates. After this, the cement is added to
the dry substance and the mixing continues until a uniform mix is achieved. The superplasticizers are mixed
with the water and added to the dry mixture of cement and aggregates. The concrete mixture is further mixed
until all liquids are mixed with the dry substances until a uniform concrete mix is accomplished and ready to
be cast into the moulds. The first batch of 165 litres is used to cast beam specimens B-3r8-¢31 and B-2r10-c31.
Subsequently, the second and third batches are used to cast the remaining beams.

Table 3.4: Concrete mix design

Component Dry weight (kg/m?)
CEM I 52.5R 260
Sand 0.125-0.25 mm 78.83
Sand 0.25-0.5 mm 256.20
Sand 0.5-1 mm 256.20
Sand 1-2 mm 157.66
Sand 2-4 mm 98.54
Gravel 4-8 mm 394.15
Gravel 8-16 mm 729.18
Water 156
Super-plasticizer 0.26
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3.4.3.2 Casting and moulding conditions

2 beams are cast per casting day. As the concrete is poured in parts, a vibrating needle is used to compact
the concrete. After the moulds are filled to the top, the surface is levelled with a putty knife. As all the
required concrete is in, the beam specimens are sealed off with a plastic foil layer (figure 3.14) to retain a moist
environment. After 28 days, the beams are demoulded and prepared for testing the day after.

Figure 3.14: Freshly casted beams specimens 1&2 sealed with plastic layer

3.4.3.3 Sampling of concrete

To verify the material properties of the concrete, additional smaller samples are cast. These smaller samples
consist of several cubes and prisms cast from the same batch. Firstly, the moulds for the cubes and prisms are
cleaned and oiled in. After filling up the beam specimen moulds, the remainder of the concrete is poured into
the prepared moulds and compacted on a vibration table (figure 3.15) to release entrapped air bubbles. The
relevant properties of the concrete batches are the concrete compressive cube strength, the Young‘s modulus
and the tensile strength of the concrete.
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Figure 3.15: Cubes and prisms cast from concrete batch

For the first batch of concrete, 3 concrete cubes of 150x150x150 mm have been cast, as well as an equal number
of prisms of 100x100x400 mm. As for the second and third batches, the remaining concrete volume after the
casting of the beam specimens allowed for 6 cubes where cast, as well as 3 prisms. The excess cubes of batches 2
and 3 are used to determine the tensile splitting strength and subsequently the tensile strength of the concrete.
After 29 days, the cubes and prisms were tested to determine the compressive strength and the Young's modulus
of the concrete.

The cubes are used to determine the compressive cube strength of the concrete batch according to NEN-EN-
12390-3 [Nederlands Normalisatie-instituut, 2019a]. When compressing the cubes from the top and the bottom
sides (Figure 3.17a), the other sides are free to deform. The cubes are subjected to an increasing compression
force with an increment rate of 13.5 kN/s, which equals the prescribed 0.6 MPa/s. The test is stopped when
the concrete cube fails.

The prisms however are used to determine the Young‘s modulus according to the NEN-EN-12390-13 [Nederlands
Normalisatie-instituut, 2020]. By compressing the prisms cyclically between o, and oy,, which is 10% to 33% of
the compressive strength respectively (figure 3.16) and measuring the strain with LVDT‘s, the Young‘s modulus
can be derived. After the loading cycle is completed, the prisms are compressed to failure to determine the
prisms’ strength from which 10% and 33% compressive strengths are taken. The determination of the Young's
modulus utilizes the mean differences of the applied stress and the strain measured by LVDT*s (equation 3.24)
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i ‘ <20s

0 t

Figure 3.16: Cycle for the determination of stabilized secant Young's modulus, method B according to NEN-
EN-12390

Beo=20 %0 (3.24)
€a,3 — Eb,2

To measure the strain uniformly over the full cross-section, all 4 sides of the prisms are equipped with LVDT"s
with a range of 135 mm (Figure 3.17b).
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(a) Cube subjected to compression (b) Prism subjected to compression (c) Cube subjected to tensile split-
test test ting test

Figure 3.17: Cubes and prisms subjected to respective tests

The tensile strength of the concrete can be derived by determining the splitting strength first. Batches 2
and 3 produced 3 cubes that are used to determine the splitting strength according to the NEN-EN-12390-
6 [Nederlands Normalisatie-instituut, 2019b]. The required loading rate (R) for the tensile splitting is determined
by using equation 3.25

swLd

R =
2

(3.25)

Where the parameters L and d are the length and depth of the concrete sample used in the test. The stress rate
s is advised to be between 0.04 MPa/s and 0.06 MPa/s. The upper boundary of 0.06 MPa/s is used, resulting
in a loading rate of 2.12 kN/s. The tensile splitting strength is determined using equation 3.26. The parameter
F represents the maximum load applied to the sample. Figure 3.17c shows one of the concrete cubes in the
compression machine.

2F

fct,sp = m (3.26)

Section 3 of the NEN-EN 1992-1-1 provides a method of determining the axial tensile strength from the tensile
splitting strength (equation 3.27). Taking the mean value out of 3 cubes, f.y, is determined.

fct =0, 9fct,sp (327)

For the tensile strength of the first batch, formulae provided by Eurocode 2 are used to determine the tensile
strength derived from the compressive cube strength.
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3.4.3.4 Results

The properties collected are the concrete cubes’ strength (table 3.5), the concrete Young's modulus (table 3.6),
and lastly the tensile splitting strength (table 3.7). For the batches to be considered valid, the coefficient
of variation should not exceed 10% for each testing group. Further detailed results are shown in Appendix
E, F, and G respectively. The characteristic cube strength fy is determined by subtracting 1.48¢ (Standard
deviation) from the average concrete cube compressive strength (equation 3.28), which is a method provided
in NEN-EN-206+A2 [Nederlands Normalisatie-instituut, 2016]. The factor 1.48 may be applied if the sample
size exceeds 15 cubes. As this concrete mixture has been used numerously in similar experiments at the TU
Delft, and it‘s a well-known mixture within the concrete industry, the sample size tested over the years using
this mixture can be assumed to exceed the threshold of 15 cubes. Therefore, the factor of 1.48 is valid to use.

The cube dimensions used in the test are 150x150x150 mm, which are the standard dimensions for the test.
The measure averages in the test are 44.5, 51.5 and 51.2 MPa (table 3.5).

fck = fcm — 1.480 (328)

Table 3.5: Concrete cube compressive strength results

Cube sample Batch 1 Batch 2 Batch 3
Cube 1 39.9 MPa 50.5 MPa 53.1 MPa
Cube 2 46.6 MPa 54.2 MPa 48.7 MPa
Cube 3 46.9 MPa 49.7 MPa 52.0 MPa
Average cube strength 44.5 MPa 51.5 MPa 51.2 MPa
Standard deviation 3.9 MPa 2.4 MPa 2.3 MPa
Coefficient of variation 8.88% 4.63% 4.46%

The characteristic values for the compressive cube strength of the respective concrete batches are 38.6, 47.9 and
47.9 MPa after applying equation 3.28. The compressive cylindrical strength of the concrete is determined by
applying the relation in equation 3.29.

fck,cylindcr = 0-82fck,cubc (329)

The average compressive cylindrical strength fex cylinder Of the respective concrete batches are 31.7, 39.3 and
39.2 MPa respectively after applying equation 3.29. Note that the concrete force first batch has a significantly
lower concrete compressive strength than the second and third batches. As the coefficient of variation is within
10%, and the strength is within the designed concrete strength class, the effects on the structural behaviour are
expected to be insignificant. As all concrete batches meet the benchmark for the average compressive cylindrical
strength of at least 30 MPa, The concrete batches are classified as C30/37 based on the compressive strength
properties.

The Young's modulus of the concrete batches is tested 29 days after each batch is cast (table 3.6). All full
results are shown in Appendix G. The average moduli of elasticity are 39463 MPa (batch 1), 36106 MPa (batch
2) and 37591 MPa (batch 3). All three concrete batches have significantly larger moduli of elasticity in relation
to their strength classification based on the compressive strength properties.
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Table 3.6: Concrete Young‘s modulus results

Prism sample Batch 1 Batch 2 Batch 3
Prism 1 37727 MPa 36681 MPa 38426 MPa
Prism 2 39950 MPa 36818 MPa 37686 MPa
Prism 3 40390 MPa 35232 MPa 38716 MPa
Average Young's modulus 39355 MPa 36244 MPa 38276 MPa
Standard deviation 1684.58 MPa 878.34 MPa 531 MPa
Coefficient of variation 4.28% 2,42% 1.39 %

The tensile strength of the concrete of batch 1 is determined using the empirical relations provided in Eurocode
2, which is based on the characteristic concrete compressive cube strength. For concrete classes lower than
C50/60, the tensile strength is determined using equation 3.30.

Fotm = 0.3fac? (3.30)

By applying equation 3.30 over the characteristic concrete compressive cube strength of batch 1, the concrete
tensile strength is determined to be 3.43 MPa. For batches 2 and 3, the tensile strength is determined by the
procedure described in the previous section. The average tensile splitting strengths are 3.94 MPa (batch 2) and
3.79 MPa (batch 3), which is shown in table 3.7. This leads to a concrete tensile strength of 3.55 MPa (batch
2) and 3.41 MPa (batch 3) after applying equation 3.27.

Table 3.7: Tensile splitting strength cubes results

Cube sample Batch 1 Batch 2 Batch 3
C2.4 - 3.98 MPa 3.71 MPa
C2.5 - 3.73 MPa 3.84 MPa
C2.6 - 4.13 MPa 3.81 MPa
Average tensile splitting strength - 3.94 MPa 3.79 MPa
Standard deviation - 0,20 MPa 0.067 MPa
Coefficient of variation - 5.10% 1.78%

Note that for batch 1, no cubes were made for testing on tensile splitting strength.

3.4.4 Measuring techniques

To measure the cracking behaviour of the beam specimen subjected to the 4-point bending test, the following
measuring techniques and equipment are used:

e Digital Image Correlation (DIC)
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e Crack width measurements from Digital Image Correlation data
e Linear Variable Differential Transformer (LVDT)
e Optical fibres

3.4.4.1 Digital Image Correlation (DIC)

With Direct Image Correlation, deflections and strain can be identified on a two-dimensional plane. By com-
paring and correlating data captured by a camera setup at a prescribed distance, the relations between the
consecutive images can be identified. The DIC-system correlates 2 images by overlapping and dividing the
overlapping images into sub-images (figure 3.18). The DIC-system then assigns coordinates to the overlapped
sub-images. The deflection and subsequently the strain are found by correlation of of the reference image with
the sub-image [Shih and Sung, 2013].

The correlation of the images is done by determining the correlation coefficient (COF). The correlation coefficient
is the ratio between the sum of the grayscale in a sub-image (gij) in relation to the grayscale in the reference
image (gi;). The calculation of the correlation coefficient is provided in equation 3.31.

COF = — 229595 __ (3.31)

V2 952 Y Gij?

For the correlation process of the sub-images and the reference image or the sub-image with the sub-images, the
plane to which the camera is aimed should have a unique pattern which should be recognisable by the software.
This pattern can be established by spraying a random dot speckle on a plain white background on the side of
the beam specimen. The dots in the pattern should be sized appropriately. Dots of insignificant size will not
be recognized as such by the software. If the dots exceed the appropriate size, data inaccuracy and loss of data
occur. The area of interest for this experiment is the constant bending moment zone between the point of load
application, the stochastic pattern is only applied to this area.
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Figure 3.18: Schematic representation of correlation of the sub-images of deformed and un-deformed images on
a two-dimensional deflection field [Shih and Sung, 2013]
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Since Digital Image Correlation is an optical instrument, its accuracy depends on the lighting conditions in
the surrounding area and also on the stability of the camera. The camera uses flashes to condition the images
taken. By limiting the camera opening through which the image is taken, the influence of the light in the room
is limited. The DIC-system is set up by placing a camera at a certain distance which is operated remotely.
Since the camera has to be in the same position for the full duration of the test, a perimeter is put in place
around the camera. The application of the stochastic pattern to a beam specimen is shown in figure 3.19.

Figure 3.19: Stochastic pattern applied to beam S-3r8-c31 during test preparation

3.4.4.2 Crack width measurements from Digital Image Correlation data

DIC is used to gather deflections and strains from the stochastic pattern in the images taken by the camera.
This deflection and strain field can be analysed and measured over a defined section in the images. This section
in the DIC-images is drawn close to the bottom surface of the beam (approximately 2 mm) to measure the
width of the primary flexural cracks. By determining the principle of Von Mises stresses over the length of the
section, the x-coordinate of the peak values should coincide with the location of the cracks. To eliminate noise
from the data gathered in the section, a threshold of 0.5% is enforced.

The width of the cracks in the section can be determined by calculating the difference in horizontal displacement
in the x-coordinate of the first and the last point in the crack width interval (equation 3.32), which are denoted
as x; and xo respectively.

w(z) = |dxy — dxo| (3.32)

The crack widths are calculated using a MATLAB script. To verify the output of the MATLAB script, crack
widths are manually calculated over the length of the section using the program GOM-correlate as well.

3.4.4.3 Linear Variable Differential Transformer (LVDT)

In addition to Digital Image Correlation, strain measurements using strain gauges are used to validate the
data. These strain gauges in the form of Linear Variable Data Transformers (LVDT’s) are used to measure the
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displacement between 2 defined locations on the beam specimens. Depending on the relative displacements of
these points on the beam specimens, a spring is either compressed or extended. The change in the length of
the spring induces a change in resistance in an electrical circuit. This change in resistance generates a voltage
in the system, which is used to measure the displacement. LVDT‘s are positioned on the beam specimens in
positions relevant to the research goals (figure 3.20).
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Figure 3.20: LVDT-positioning on beam specimens

3.4.4.4 Optical fibre strain gauges

Whereas LVDT*s measure the strain in the concrete externally, Continuous strain measurement by distributed
fibre optical sensors measures the strain in the reinforcement bars internally. Before casting, optical fibre strain
gauges are glued to the bottom side of the bottom reinforcement (figure 3.21). Each beam has 1 optical fibre
strain gauge attached to 1 bar in the bottom reinforcement layer.
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Figure 3.21: Optical fibres glued to reinforcement bar

The length of the glued part of the optical fibre strain gauge spans the constant bending moment zone of the
beam with some excess length (figure 3.22). The advantage of applying this system to the reinforcement bars
is the direct measurement of the strain in the reinforcement.

1 1 Optical fibre in conduit

; {

=

Optical fibre glued to bar

Figure 3.22: Optical fibre strain gauges placement plan, side view

During preparation, the conduits were glued to the bottom of the reinforcement bar and guided upwards along
the innermost stirrups to stick out of the beam at the top surface after casting (figure 3.22). The optical fibre
is then inserted into one of the conduits and pushed through to the exit of the conduit at the bottom section
of the beam. Tensioning the constant bending moment zone, the fibre is inserted into the second conduit and
pushed through the end of the conduit at the opposite side of the beam. The optical fibre is glued to the bottom
side of the reinforcement bar with a thin layer of CN glue. Before applying the glue, the bottom surface of the
BEFRP-bar is processed with sandpaper and cleaned using acetone. At the bottom of the reinforcement bar, the
optical fibre is pulled straight to be parallel to the bar and glued to the reinforcement bar at the ends. This
caused a slight pretension to be present in the optical fibre. Finally, the optical fibre spanning the constant
bending moment zone is carefully glued to the bar to ensure a constant bond for accurate strain measurement.
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After casting, plugs are installed at the ends of the fibres to be inserted into a computer with software to
translate the measured data.

3.4.4.5 Laser measuring vertical displacement at mid-span

To measure the vertical displacement of the concrete beam specimen at mid-span, a laser device is installed.
The laser is mounted to a wooden joist that is supported above the concrete beams support at half-height (figure
3.23). The laser is aimed at a steel plate glued to the bottom of the beam, measuring its relative distance.
The purpose of the laser is to measure the mid-span deflection without the influence of the supports or initial
settlements. As the test is started, the measured displacement is reset to zero and the displacement is measured
as the load increases. To eliminate force in the wooden joist, one side is free to slide horizontally.

Figure 3.23: Laser device mounted to a beam specimen

3.4.5 Test setup

The force required is generated by a hydraulic press with a force capability of 400 kN. The press is attached to
an overarching steel frame (figure 3.24). The force is applied to an intermediate beam, that splits the force over
the desired length of the constant bending moment zone (500 mm). The loading surface of the load spreader
beams is connected to the beam specimens by the loading plates. Of these loading plates, one is a fixed hinge,
whereas the other is a free hinge. The supports of the beam specimens consist of rolling hinges with limited
horizontal movement capacity.
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Figure 3.24: 4-point bending test setup
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Chapter 4

Results

4.1 Direct tension test

This section presents the results of the performed direct tension test. The results of this test are used to outline
the difference in structural behaviour between BFRP-bars and reinforcement steel. Also, the relevant properties
are presented for further incorporation into predictive calculations. The failure modes of the specimens are
presented as well.

4.1.1 Results

From the tensile test, the properties of the BFRP-bars can be determined. These properties are listed below.
The guideline used for determining the relevant properties is the ACI440.3R [American Concrete Institute,
2012] and the ACI440.1R [American Concrete Institute, 2015]. For the determination of the average properties
such as the Young‘s Young‘'s modulus and the average tensile strength and the statistical meaning of the test
results, the ACI440.3R provides methods. For the determination of the characteristic values of the properties,
the ACI440.1R is used. The extracted properties from the direct tensile tests are listed below:

Force at failure

Tensile stress at failure
Strain at failure
Young's modulus

Testing guideline ACI440.3R mentions 2 ways of determining the properties of the BFRP-bar. Method 1 is
based on the composite area that takes into account the gross cross-sectional area of the bar. Method 2 is based
on the fibre content of the composite and does not take into account the resin content of the BERP-bar. As the
resin content does contribute to the tensile strength of the BFRP-bar, method 1 is selected (composite area).
The ACI440.3R requires the average, standard deviation and coefficient of variation to be determined for the
properties listed above. From the maximum tensile force, the tensile strength can be derived.
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Table 4.1: Combined Test Results

Parameter Force at fail- Tensile stress at  Strain at failure  Young's modu-
ure failure lus
Specimen 1 55.90 kN 1112.15 MPa 2.09% 54.16 GPa
Specimen 2 53.85 kN 1071.26 MPa 1.87% 54.86 GPa
Specimen 3 62.23 kN 1238.00 MPa 2.39% 51.44 GPa
Average 57.33 kN 1140.51 MPa 2.12% 53.49 GPa
Standard deviation 3.57 kN 71.01 MPa 0.21% 1.47 GPa
Coefficient of variation 6.23% 6.23% 9.94% 2.75%

The failed specimens (figure 4.1) all show the same failure mode, which is the disintegration of the exposed
part of the bar into smaller bundles of fibres. As the maximum projected force during the direct tensile tests
is approached, individual fibres and small bundles start to fail. As the force increased, more smaller bundles
of fibres failed and the cross-section surface decreased further. At last, the final remaining fibres fail as well
causing the force to decrease.

Figure 4.1: Test specimens after failure direct tension tests

The results of the direct tensile tests show a spread in the stress-strain relation (figure 4.2), which is noticeable
in the standard deviation. As a spread in the rupture strain and the maximum tensile stress cause a larger
standard deviation, this is unfavourable for the determination of the guaranteed properties according to the
ACI440.1R [American Concrete Institute, 2012] as the standard deviation is subtracted 3 times. The slight
deviation may be attributed to intrinsic material imperfections or faulty alignment during the preparation of
the test. From the same batch as the reinforcement steel applied in the beam specimens, one bar is subjected
to a direct tension test. The yielding stress f, is equal to 520 MPa, with a corresponding yielding strain of
approximately 0.26%. The ultimate strength f, of this bar is measured at approximately 600 MPa, with a
corresponding strain of 2.70%. The stress-strain relation is shown in figure 4.2, along with the results from the
direct tensile tests conducted with the BFRP-bars.
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Stress-strain relation direct tensile test
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Figure 4.2: Stress-strain relation direct tensile tests

4.1.2 Conclusion

Direct tensile testing of BEFRP-bars indicates an average tensile strength of 1140 MPa. Contrary to reinforcement
steel, the basalt fibre reinforcement bar shows a linear elastic behaviour throughout the entire tensile tests up
to the moment of failure. The failure occurred at an average tensile strain of 2.12%. The average Young's
modulus of the BEFRP-bars used in the experimental study is determined to be 53.46 GPa. During testing, the
BFRP-bars show linear elastic behaviour up to the failure load, which is consistent with the literature.
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4.2 4-point bending test

During the experiment, the load-deflection behaviour of the beams is monitored, as well as the cracking behaviour
extracted from DIC-data. This section presents the results of the 4-point bending with the 6 tested beams.
The results of the individual beams are presented in Appendix H. This includes the load-deflection curves, the
chronological cracking development of the constant bending moment zone and the data from the LVDT"s.

4.2.1 Performance indicators

Table 4.2 presents performance indicators for all beams tested in the experimental study. The maximum loads
and corresponding deflections are presented, as well as the maximum measured deflection of the beams. The
number of cracks and the corresponding average crack spacing were measured over the constant bending moment
zone.

Table 4.2: Performance summary of all tested beams

B-3r8-c31 B-2r10-c¢31 B-2r8-c31 B-3r8-cll S-3r8-c31  S-3r8-cll
Maximum load 61.89 kN 65.17 kN 59.96 kN 71.05 kN  59.38 kN 64.77 kN
Mid-span vertical deflection at 25.64 mm 2547 mm 32.16 mm 21.90 mm 17.17 mm 17.47 mm
maximum load
Maximum vertical deflection at 46.83 mm 2547 mm 37.76 mm 21.90 mm 21.76 mm 23.87 mm

mid-span

Number of cracks in constant 7 7 7 8 5 7
bending moment zone

Average crack spacing 7143 mm 7143 mm 7143 mm 62.5 mm 100 mm  71.43 mm

The beams containing a concrete cover of 31 mm fail at a load of approximately 60 to 65 kN, whereas the failure
mode of the beams with the smaller concrete cover, and therefore a larger internal lever arm, reach a failure
load of approximately 65 to 70 kN.

With the the exception of B-2r8-c31 and B-3r8-c11, failure of all concrete beams is dictated by the crushing of
the concrete compression zone, as intended by the design. Beam B-2r8-c31 failed in the shear zone of the beam
due to a faulty stirrup. Even though the failure mode was not as expected, the force at which B-2r8-c31 failed is
comparable to the beams that failed in compression. Beam B-3r8-c11 failed in the tensile reinforcement, which
was not expected to occur.

4.2.2 Flexural behaviour
4.2.2.1 Load-deflection curves

A significant distinction of the load-deflection curves is noticeable between the beams according to their re-
spective reinforcement materials. The load-deflection curves of all tested beams are presented in figure 4.3.
The red curves, which depict the beams reinforced with steel bars, show a significantly higher stiffness up to
approximately 17 kN. The blue curves (beams reinforced with BFRP-bars) show an earlier reduction in stiffness
that starts at approximately 12 kN. This part of the load-deflection curves is presented in a close-up in figure
4.3. The load level at which the cracking emerges primarily depends on the properties of the concrete. However,
the reinforcement material and its respective Young‘s modulus influence the initial crack formation as well.
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Load-deflection cuvres beam specimens
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Figure 4.3: Load-deflection curves of all tested beam specimen

From the DIC-data, the deflection level at which the first crack emerges can be determined. The corresponding
load level and bending moment are then determined using the test data from the load-deflection curves. Table
4.3 presents the load level, bending moment and vertical deflection at which the first crack appears in each
beam.

Table 4.3: First crack load level, bending moment and corresponding vertical deflection

Beam Force Bending moment Vertical deflection
B-3r8-c31 10.55 kN 2.64 kNm 0.2335 mm
B-2r10-c31 10.90 kN 2.73 kNm 0.2055 mm
B-2r8-c31 9.82 kN 2.46 kNm 0.2532 mm
B-3r8-cl1 13.00 kN 3.25 kNm 0.2955 mm
S-3r8-c31 15.11 kN 3.78 kNm 0.3269 mm
S-3r8-c11 17.69 kN 4.42 kNm 0.3499 mm

The beams containing BFRP-bars show earlier initial cracking due to their lower Young's modulus as hypoth-
esized by Shamass & Cashell [Shamass and Cashell, 2020]. The beams with the largest reinforcement depth
show the latest cracking in the loading cycle for both reinforcement materials, at the neutral axis is shifted
downwards to most. The earliest cracking in the loading cycle is found in beam B-2r8-c31, as its reinforcement
ratio is the lowest, causing the neutral axis to be shifted downwards the least. Based on the predicted cracking
bending moment of 2.90 kNm with a corresponding force of 11.60 kN appeared to be generally accurate for the
beam containing BFRP-bars, but conservative for the beam reinforced with steel bars. Other deviations may
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be attributed to the real concrete tensile strength of the mixture as this calculation was made with an assumed
concrete class of C30/37.

4.2.2.2 Load-deflection stages

Once cracking initiates, the reinforcement becomes engaged, absorbing the tensile force that was initially borne
by the uncracked concrete. Following cracking, the deflection at the mid-span of steel-reinforced beams is
notably less compared to beams reinforced with BFRP-bars at similar points. This points to a reduction in
stiffness post-cracking in the beam, which is shown in figure 4.3. The beams reinforced with reinforcement steel
show 5 stages in the load-deflection curves. These stages in chronological order are the following:

1. Uncracked stage
2. Crack formation stage

Stabilized cracking stage

= W

Yielding stage

5. Concrete crushing

These stages are noted in order of occurrence in subfigure 4.4a.

The first stage is the uncracked stage for which the deflection is relatively minimal. The stiffness of the beam
is the largest in this stage, hence a relatively steep slope in the load-deflection curve compared to the other
stages. After the first crack appears, the crack formation stage starts. In this stage, cracks form over the length
of the constant bending moment zone. As all cracks have been formed, the stabilized cracking stage starts. In
this stage, the existing cracks will propagate in depth and width. No new cracks emerge in this stage. The next
stage for the beams reinforced with reinforcement steel is the yielding of the reinforcement which causes the
largest drop in stiffness relative to the previous stages. In this stage, the reinforcement steel enters the plastic
deformation stage, causing larger strains and therefore larger and irreversible deformations. The steep drop in
stiffness is visible in figure 4.3 for beam specimens S-3r8-c31 and S-3r8-c11 as at approximately 6 mm in vertical
deflection for both beams. In this stage, the force barely increases with the imposed deformation. At the end
of the stage, the concrete compression zone failed for both beam specimens and the force decreased while the
mid-span deflection was still increasing. As the concrete crushing strain in the compression zone is reached, the
beams start to fail. In this stage, crack width still increases.

For the beams reinforced with BFRP-bars, there is no yielding of the reinforcement, as the reinforcement
material does not have a plastic deformation stage. This makes the order of chronological cracking stages in
the load-deflection curve in subfigure 4.4b as follows:

1. Uncracked stage

2. Crack formation stage

3. Stabilized cracking stage

4. Concrete crushing

Therefore, the beams reinforced with BFRP-bars do not have a yielding stage. The concrete crushing in the
compression zone follows directly after the stabilized cracking stage. Figure 4.4 presents the differences in
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cracking stages between beams containing different reinforcement materials. Note that for the load-deflection
curve of B-3r8-c31, the cycle of unloading and reloading has been removed in subfigure 4.4b.

Load-displacement cuvre S-3r8-c31 Load-displacement cuvre B-3r8-c31
70 70
60 60
50 50
240 £ a0
@ 12/3 4 5 9
530 5301 2 3 4
(N [F5S
20 20
10 10
0 0
0 10 20 30 0 10 20 30 40 50

Displacement in midspan (mm) Displacement in midspan (mm)

(a) S-3r8-c31 (b) B-3r8-c31

Figure 4.4: Cracking stages comparison

The load-deflection curves of the beam specimens where the reinforcement material is changed are compared to
their respective counterparts. Overlays of the load-deflection curve of beams specimens B-3r8-c¢31 and S-3r8-c31
(subfigure 4.5a) as well as B-3r8-c11 and S-3r8-cl11 (subfigure 4.5b).

A notable difference in the load-deflection curves is the larger vertical deflection starting from the end of the
crack formation stage at the same load level. This significant increase in deflection might, at least to some

extent, be attributed to the lower Young's modulus compared to reinforcement steel. However, the concrete
stiffening effect might contribute to this as well.

Load-displacement cuvres beam specimens B-3r8- Load-displacement cuvres beam specimens B-3r8-
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(a) B-3r8-c31 and S-3r8-c31 (b) B-3r8-c11 and S-3r8-cl1

Figure 4.5: Load-deflection curves comparison
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Due to the formation of secondary cracks, it is difficult to estimate the decrease in tension stiffening [Brown and
Bartholomew, 1993]. The vertical deflection at the start of the concrete crushing in beam specimen B-3r8-c31
is approximately 25 mm, which is significantly more than its counterpart at approximately 17 mm.

4.2.3 Cracking patterns

At a load level of approximately 50 kN (figure 4.6), the crack patterns have established in the beams’ constant
bending moment zones. Cracks in the beams reinforced with BFRP-bars (subfigures 4.6a, 4.6b, 4.6¢ and 4.6d)
have a significantly larger crack width than their steel reinforced counterparts (subfigures 4.6e and 4.6f). This
might be caused by the lower Young‘s modulus of the BFRP. Furthermore, secondary cracks branching of the
primary flexural cracks form for the beams with a concrete cover of 31 mm (subfigures 4.6a, 4.6b, 4.6¢). The
crack formation of beam B-3r8-c11 (subfigure 4.6d) does not show this behaviour.

(d) B-3r8-cl1

(e) S-3r8-c31 (f) S-3r8-cl1
Figure 4.6: Contour plots crack pattern from DIC-data comparison at load level ~ 50 kN
Another difference in crack formation is the emergence of tensile splitting cracks on the side surface of beams
with a concrete cover of 31 mm, which does not emerge in beam B-3r8-c11. As the concrete cover of B-3r8-c11

is significantly smaller, tensile splitting cracks are more like to appear on the bottom surface. tensile splitting
cracks also do not appear in the crack width development of S-3r8-c31 and S-3r8-c11.
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4.2.4 Emergence of tensile splitting cracks in beams reinforced with BFRP-bars

Tensile splitting cracks emerge when the bond stress of the reinforcement bar exceeds the tensile strength of
the confining concrete [fib, 2007]. Insufficient development length is unlikely as well as the bars are not spliced
within the constant bending moment zone. The bars are however spliced in the ends of the beam with @8 steel
reinforcement bars bending upwards (figure 3.5 in Chapter 3 Experimental Study) to provide anchorage to the
BFRP-bar in the neutral zone of the concrete.

|

(a) B-3r8-c31 (b) B-2r10-c31

(c) B-2r8-c31 (d) B-3r8-cll

Figure 4.7: Contour plots cracking from DIC-data comparison at load level ~17 kN

At early load stages, tensile splitting cracks emerge in 3 out of 4 beams reinforced with BFRP-bars. These
cracks appear at the depth of the reinforcement in the cross-section. The 3 beam specimens where the tensile
splitting crack emerges are the ones with a concrete cover of 31 mm. Beam specimen B-3r8-c11 does not show
this cracking behaviour on the side of the beam. However, these cracks might have formed at the bottom surface
of this beam.

The contour plots of the crack patterns at a load level of approximately 17 kN for the beam specimens reinforced
with BFRP-bars are presented in figure 4.7. At this load level, the tensile splitting cracks are significantly visible
in the contour plots for each beam type. Upon further inspection of the DIC-data, the tensile splitting cracks
emerge at the load levels indicated in table 4.4. The corresponding vertical deflections at which these cracks
occur are presented as well in table 4.4.

Table 4.4: Force, deflection and tensile stress emergence tensile splitting cracks

Beam specimen Force Vertical deflection
B-3r8-c31 15.16 kN 1.374 mm
B-2r10-c31 15.44 kKN 1.405 mm
B-2r8-c31 13.18 kN 1.295 mm
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The emergence of tensile splitting cracks in beam B-3r8-c11 cannot be determined since these cracks occurred
on the bottom surface of the beam, which was not monitored with DIC-data.

The tensile stress in the reinforcement bars at which the tensile splitting cracks emerge can be determined
using both a fully analytical approach and a hybrid approach using data from the experiment and an analytical
model.

The fully analytical method is based on 2 equilibria of bending moments around a set point and horizontal forces.
The point taken for the moment equilibrium is the top of the cross-section. These equilibria are presented in
equations 4.1 and 4.2. The unknowns in the equations are the height of the concrete compression zone x and
the compressive strain at the top of the cross-section .. As the number of unknowns equals the number of
equations, the system is solvable. A visualisation of the analytical approach is presented in figure 4.8. In this
figure, the influence of the top reinforcement in the cross-section is outlined as well, however, this influence is
neglected in the equilibrium formulation.
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Figure 4.8: Stresses and strains in a rectangular cross-section [Usingeurocode, 2023]
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Having identified the values for x and ¢, the next step involves determining the tensile strain in the reinforcement
using equation 4.3. Subsequently, this tensile strain is utilized to calculate the corresponding stress in the
reinforcement layer, as outlined in equation 4.4.

Epf = Ec (4.3)

Obf = Ebebf (4.4)
The fully analytical approach estimates the height of the concrete compression zone x based on equilibrium.

However, this is a theoretical value which is possibly inaccurate. To verify the accuracy of the estimated concrete
compression zone height, the data from the LVDT's can be utilized. By plotting the strain values based on the
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LVDT"s over the height of the depth of the cross-section (figure 4.9), the height of the concrete compression
zone can be determined more accurately instead of an estimation.

Strain based on LVDT's at tensile splitting crack emerging load levels
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Figure 4.9: Strain in cross-section based on LVDT, tensile splitting crack emerging load levels

The intersection of the curves with the y-axis outlines the height of the concrete compression zone. This
approach eliminates the unknown value for the concrete compression zone height x. Therefore, only 1 equation
is required to solve for the concrete compressive strain at the top of the cross-section .. The remaining
equation to determine this unknown is the moment equilibrium (equation 4.2). Table 4.5 presents the values
for the concrete zone height according to the analytical method and from the LVDT-data.

Table 4.5: Concrete compression zone height x analytical method and LVDT-data

Beam specimen Analytical method Based on LVDT-data
B-3r8-c31 20.743 mm 34.795 mm
B-2r10-c31 21.073 mm 33.886 mm
B-2r8-c31 16.709 mm 34.401 mm

Estimating the concrete compression zone height based on the analytical method considerably underestimates
the value for x compared to the approach based on the LVDT-data. The tensile strains and stresses based on
both approaches are presented in table 4.6.

Table 4.6: Stress and strain in tensile reinforcement, analytical method and experimental values

Beam specimen Strain analytical —Stress analytical Strain experimental Stress experimental
B-3r8-c31 0.296% 158.99 MPa 0.363% 195.07 MPa
B-2r10-c31 0.291% 156.54 MPa 0.346% 186.28 MPa
B-2r8-c31 0.382% 205.58 MPa 0.555% 298.48 MPa
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Fib bulletin 40 [fib, 2007] provides a predictive model by Tepfers about the tensile splitting resistance of concrete
reinforced with FRP-bars. The equations used to describe the predictive model depend on the tensile strength
of the concrete f.;, the bar diameter denoted as d, the concrete cover to either the side surface or the bottom
surface of the beam cy or ¢y (whichever one is decisive), and an angle o which describes the angle under which
the bond stress is distributed to the surrounding concrete (figure 4.10). Fib bulletin 40 [fib, 2007] mentions an
angle of 45° to be assumed for sand-coated GFRP-bars, which is assumed for this analysis. Equation 4.5 is used
for the tensile splitting resistance in the elastic stage of the concrete. At this stage, the concrete has not shown
cracking due to bond stress in the surrounding concrete.

Figure 4.10: Tensile stress distribution in 1 elastic, 2 partly cracked elastic and 3 plastic stages

Equation 4.6 describes the partly cracked elastic stage, in which the concrete directly surrounding the bar starts
to show cracking. Equation 4.7 presents the plastic stage in which cracks have surfaced. Figure 4.10 presents
the stress distributions of each stage.

L (o + 92— (@
T= tan(a) (cy + 2)2 n (§>2 fet (4.5)
cy + &
"= Teotdtan(a) (4.6)
2c
T = W}@ ct (47)

Based on equations 4.5 to 4.7, the tensile splitting resistances of each stage are presented in figure 4.11 and
table 4.7. Note that for all beams, the concrete cover to the side surface cy is equal to 31 mm.
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Figure 4.11: Bond stress resistance tensile splitting for each stage
Table 4.7: Bond stress resistance tensile splitting for each stage

Beam Elastic stage 7¢ Partly cracked elastic stage 7, Plastic stage 7
B-3r8-c31 3.458 MPa 9.334 MPa 16.534 MPa
B-2r10-c31 3.416 MPa 7.680 MPa 13.227 MPa
B-2r8-c31 3.322 MPa 8.966 MPa 15.881 MPa
B-3r8-cl1 2.957 MPa 3.842 MPa 5.636 MPa

According to the predictive model, a bar larger diameter results in a slightly smaller resistance to tensile
splitting. The resistance to tensile splitting should approximately be the same for beams B-3r8-c31 and B-2r8-
c31. However, as the concrete constitutes different batches, the tensile strength f.; differs slightly, which is the
only differing parameter. As beam B-2r8-c31 contains a smaller reinforcement ratio, the bond stress at which
cracking starts is reached earlier. The most prominent influence on the predictive model is the concrete cover
Cy O Cy, as the bond stress resistance to tensile splitting is considerably smaller for beam B-3r8-c11 compared
to the other beams.

Based on the number of cracks and the average crack spacing s,ye from the DIC-data and the tensile stress in
the reinforcement bars, the bond stress can be determined. Equation 4.8 is used to determine the bond stress.

S oAbt (4.8)

nd7TSave

Where parameter n is the number of bars, d is the bar diameter, oy is the tensile stress in the reinforcement
and Ay is the reinforcement area in the cross-section. According to equation 4.8, the bond stress at the load
level of the emerging tensile splitting crack is outlined in table 4.8.
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Table 4.8: Bond stress 7y, at tensile splitting crack emerging load level

Beam Bond stress
B-3r8-c31 5.468 MPa
B-2r10-c31 6.520 MPa
B-2r8-c31 8.357 MPa

For beams B-3r8-c31, B-2r10-c31 and B-2r8-c31 applies 7¢1 < Tpe < Tpe at the load level on which the tensile
splitting cracks start to emerge at the surface. As the bond stress exceeds the elastic bond stress resistance,
tensile splitting cracks are expected to appear according to the predictive model.

Given the relatively low tensile splitting resistance of beam B-3r8-c11, the possibility exists that theoretically,
tensile splitting cracks should appear in an earlier loading stage than the flexural cracking. Based on the load
level of the crack (13.00 kN for B-3r8-c11), the concrete compression zone height can be determined from the
LVDT-data. Right after cracking, the concrete compression zone height is equal to 88.66 mm. Using equation
4.2, the tensile stress ops in the reinforcement is equal to 30.051 MPa based on equation 4.8. This equates to
a bond stress T of 0.962 MPa, which is below the elastic stage bond stress resistance 7.;. Therefore, tensile
splitting cracks are unlikely to emerge before flexural cracks. Due to the small concrete cover to the bottom
surface cy, tensile splitting cracks are likely to emerge at the bottom. Using the predictive models, the tensile
splitting resistance to the side surface of the beam is similar to that of B-2r8-c31, as the cover to the side surface
cx is equal to the other beams. The concrete of these beams belongs to the same concrete batch (batch 3).

After emerging, the tensile splitting cracks propagate further over the length of the beams. Figures 4.12 to
4.14 present crack pattern development comparisons of the beams reinforced with BERP-bars at different load
levels. Note that for comparison containing beam B-3r8-c31, contour plots for load levels 30 kN and 40 kN are
absent as no valid DIC-data was captured for this load level.

Figure 4.12 outlines a comparison between B-3r8-2r10. For this beam, the reinforcement ratio is similar, however
the applied bar diameter differs. Based on the results captured in figure 4.11, beam B-2r10-c31 should have
more propagation over the length of the beam. However, the length of the developed tensile splitting cracks
stays limited on higher load levels. Considering the smaller total circumference of 2 bars with a diameter of 10
mm in comparison to 3 bars with a diameter of 8 mm, the bond stress should be higher. Based on the DIC-data,
this is contrary to the predictive model presented by Burgoyne [fib, 2007].
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SR

(a) B-3r8-c31, F=20 kN

(g) B-3r8-c31, F=60 kN (h) B-2r10-c31, F=60 kN

Figure 4.12: Crack width propagation comparison B-3r8-c31 and B-2r10-c31

A comparison between B-3r8-c31 and B-2r8-c31 in figure 4.13 illustrates the difference in reinforcement ratio
while maintaining the same bar diameter. The higher tensile stress in B-2r8-c31, due to its smaller reinforcement
ratio, leads to increased bond stress between the reinforcement bar and surrounding concrete. This elevated
bond stress suggests that tensile splitting cracks may propagate further. As seen in figure 4.13, these cracks have
fully propagated along the constant bending moment zone, forming a long single crack, which is less evident in
B-3r8-c31. The results are consistent with the predictive model, anticipating further propagation in B-2r8-c31.
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(a) B-3r8-c31, F=20 kN (b) B-2r8-c31, F=20 kN

(g) B-3r8-c31, F=60 kN (h) B-2r8-c31, F=60 kN

Figure 4.13: Crack width propagation comparison B-3r8-c31 and B-2r8-c31

Figure 4.14 presents a comparison between B-3r8-c31 and B-3r8-c11, outlining the effects of a smaller concrete
cover. Based on the DIC-data, the contour plots show little to no tensile splitting crack to the side surface of
beam B-3r8-cl1. At higher load levels, limited tensile splitting cracks start to emerge. Based on the predictive
model, this is expected to happen, as the tensile splitting resistance of the bottom surface is considerably
smaller.
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(a) B-3r8-c31, F=20 kN (b) B-3r8-cl1, F=20 kN

(e) B-3r8-c31, F=

50 kN

(g) B-3r8-c31, F=60 kN (h) B-3r8-c11, F=60 kN

Figure 4.14: Crack width propagation comparison B-3r8-c31 and B-3r8-c11

5
TUDelft ﬂ Van Hattum en Blankevoort



Chapter 4 — Results 115 of 265

At a load level of approximately 50 kN, the tensile splitting cracks have propagated on the side surface of
the beam specimen with cover 31 mm (subfigures 4.15a, 4.15b, 4.15¢ respectively). Beam specimen B-3r8-
cll (subfigure 4.15d) however has not developed these types of cracks on the side surface of the beam. The
propagation of the tensile splitting cracks is relatively minimal in beam B-2r10-c¢31 (subfigure 4.15b) compared
to beams B-3r8-c¢31 and B-2r8-c31. This may be caused by the required transfer length of the different bar
diameters. The tensile splitting cracks in beams B-3r8-c31 (subfigure 4.15a) and B-2r8-c31 (subfigure 4.15¢)
form an almost continuous crack over the length of the constant bending moment zone.

(c) B-2r8-c31 (d) B-3r8-cl1

Figure 4.15: Contour plots cracking from DIC-data comparison at load level F=50 kN

Upon inspection after the failure of the beam, it became apparent tensile splitting cracks did occur in beam
B-3r8-c11. However, the cracking occurred mostly on the bottom side of the beam (figure 4.17). Note that
corner-splitting cracks (highlighted in blue) and v-notch-splitting cracks (red) appear on the beam. Figure 4.16
presents the principles of these types of tensile splitting cracks in a cross-section [fib, 2007]. Note that the
cracking occurred specifically on one side of the bottom surface. These tensile splitting cracks are located at
the bar that failed in tension. After the beam failed, the concrete cover of beam B-3r8-c11 at the cracking was
removed to see the failed bar (figure 4.18).

reoe] e

Side splitting V-notch splitting Corner splitting

Figure 4.16: tensile splitting crack variations [Nagatomo et al., 1992]
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~
Figure 4.17: Tensile splitting cracks bottom side B-3r8-c11

Figure 4.18: Failed bar B-3r8-c11

4.2.5 Maximum crack width

As the studied literature suggested, the crack width development in beams reinforced with BFRP-bars is gener-
ally larger compared to beams reinforced with reinforcement steel. The maximum crack width measured from
DIC-data is projected in figure 4.19. Generally speaking, the maximum crack width of the beams reinforced
with BFRP-bars does indeed exceed its steel-reinforced counterparts. The dots projected in figure 4.19 present
the crack width measurements from the DIC-data. Beam specimens S-3r8-c31 and S-3r8-cl1 initially develop
smaller crack widths. The crack width development in the beams reinforced with reinforcement steel increases
significantly when the yielding stage is reached. As the reinforcement steel reaches the plastic stage, it experi-
ences increased strain, leading to more significant deformations. This is noticeable in figure 4.19 with increased
slopes of the curves of beams S-3r8-c31 and S-3r8-c11. These kinks coincide with the stiffness drops noticeable
in the load-deflection curves of the beams.
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Maximum crack width curves vs. force
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Figure 4.19: Maximum crack width vs. force curves of all tested beam specimen

The crack width limits shown in Figure 4.19 demonstrate the strictest crack width limits as per Eurocode 2
(0.2 mm) for concrete structures reinforced with steel bars. Additionally, the most strict crack width limits
(0.5 mm) outlined by BRL0513 and ACI440 for concrete structures reinforced with BFRP bars are presented.
Upon comparing the maximum crack width curves in relation to the crack width limits, the beams containing
BFRP-bars reach the 0.5 mm limit at an earlier load level compared to the beams with reinforcement steel.

Maximum crack width curves vs. force
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Figure 4.20: Maximum crack width vs. force curves of all tested beam specimen

If the least strict crack width limit is allowed according to Eurocode 2 (0.4 mm) for reinforcement steel and
BRLO0513 and ACI440 (0.7 mm) for BFRP-bars, the difference in load level becomes more apparent. The crack
width curves of S-3r8-c31 and S-3r8-c11 and the crack width limits intersect at an even higher load level relative
to the beams containing BFRP-bars. The load levels at which the crack width limits are presented in figures
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4.19 and 4.20 are presented in table 4.9.

Table 4.9: Load level crack width limits according to ACI440, BRL0513 and Eurocode 2

Lower limits Upper limits

Beam 0.2mm (EC2) 0.5mm (BRL0513/ACI440) 0.4mm (EC2) 0.7mm (BRL0513/ACI440)
B-3r8-c31 14.11 kN 21.90 kN
B-2r10-c31 19.16 kN 24.53 kN
B-2r8-c31 15.37 kN 17.41 kN
B-3r8-cl1 29.08 kN 38.21 kN
S-3r8-c31 28.04 kN 42.49 kN

S-3r8-cl1 37.57 kN 57.34 kN

By comparing beam specimens B-3r8-c31 and B-2r10-c31, approximately the same amount of reinforcement in
the cross-section is utilized, however, the number of bars is different (figure 4.21). Until the crack width limits
are reached, the crack width development is mostly the same and differences are barely noticeable. However,
after these limits are exceeded, the crack width development in beam specimen B-3r8-c31 slows down whereas
the development of beam B-2r10-c31 stays continuous. This might be due to tensile splitting crack propagation
and the type of tensile splitting cracks, which is relatively smaller in beam B-2r10-c31 compared to beam
B-3r8-c31.

Maximum crack width curves beam specimens B-3r8-c31 and B-2r10-c31
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Figure 4.21: Maximum crack width vs. force curves B-3r8-c31 and B-2r10-c31

By comparing beam specimens B-3r8-c31 and B-2r8-c31, the differing parameter in the beams is the reinforce-
ment ratio. Based on the force-maximum crack width curves presented in figure 4.22; the crack width limit of
B-2r8-c31 is reached at a load level of 17.41 kN. The curves of B-3r8-c31 intersect the 0.7 mm crack width limit
at 21.90 kN. Based on the loading history of B-3r8-c31, a comparison at a crack width limit of 0.5 mm is not
fair. Under normal loading circumstances, the curve of B-2r8-c31 is likely to reach the 0.5 mm crack width at
an earlier load level than B-3r8-c31.
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Maximum crack width curves beam specimens B-3r8-c31 and B-2r8-c31
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Figure 4.22: Maximum crack width vs. force curves B-3r8-c31 and B-2r8-c31

Within the model of the BRL0513 and ACI440 codes, the concrete cover plays a significant role in the crack
width control. By comparing B-3r8-c31 and B-3r8-c11, the same reinforcement configuration is utilized in the
cross-section, however the cover differs by 20 mm. The effects of the difference in concrete cover are presented
in figure 4.23.

Maximum crack width curves beam specimens B-3r8-c31 and B-3r8-c11
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Figure 4.23: Maximum crack width vs. force curves B-3r8-c31 and B-3r8-c11

Figures 4.24 and 4.25 present comparisons between beams where the reinforcement materials differ. As the
crack width development of the beams with a concrete cover of 11 mm is slower (figure 4.25), the differences
in load level to reach the crack width limits are significantly more favourable for the beam reinforced with
reinforcement steel bars. It’s important to note that the bottom side of the beam was not monitored, hence the
crack and pattern on the bottom were not checked, potentially influencing the overall assessment.
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Maximum crack width curves beam specimens B-3r8-c31 and S-3r8-c31
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Figure 4.24: Maximum crack width vs. force curves B-3r8-c31 and S-3r8-c31

Maximum crack width curves beam specimens B-3r8-c11 and S-3r8-c11
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Figure 4.25: Maximum crack width vs. force curves B-3r8-c11 and S-3r8-c11

A comparison to the theoretical models is presented in figure 4.26 to put the crack width curves into perspective.
As the models in codes are conservative estimations, the measured crack widths from the experiment should
be consistent with the theoretical curves. The crack width development curves of the experiment of the beams
reinforced with BFRP-bars (subfigures 4.26a tot 4.26d) show superior crack width development in relation to
the theoretical curves, whereas the beams reinforced with reinforcement steel (subfigures 4.26e and 4.26f) are
consistent with their respective theoretical curves.
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Figure 4.26: Crack width comparison experimental versus codes
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The beams reinforced with BFRP-bars have in common that the first few crack width measurements do not
exceed their respective theoretical curve‘s values. However, after the first tensile splitting cracks appear, the
crack width development oversteps the theoretical curves. Based on the principles of Harajli (figure 2.24), the
appearance of tensile splitting cracks leads to a decrease in bond strength and therefore an increase in crack
spacing due to a larger required transfer length. This causes the crack width, at least to some extent, to develop
more quickly.

Beam B-3r8-c11 (4.26d) shows the largest disproportion compared to its theoretical curves according to BRL0513
and ACI440 respectively. As this beam type has the smallest concrete cover, it is most prone to tensile splitting
cracks emergence, according to Tepfers’ model (figure 4.11 and table 4.7). The tensile splitting cracks should
develop the most for this beam, amplifying the decrease in bond strength of the reinforcement bar to the
concrete.

Note that, contrary to figure 3.13, the material properties of the concrete and the reinforcement material tested
before the experiments are used for the construction of the theoretical crack width development curves (figure
4.26) according to BRL0513, ACI440 and Eurocode 2 respectively.

4.2.6 Conclusion

The beams reinforced with basalt fibre reinforcement bars show significantly more vertical deflection after the
first cracks start to appear. This is caused by the difference in Young's modulus of the reinforcement material.
As the BFRP-bars do not display plastic deformation, the vertical deflection has a linear character up to
the moment of failure, as outlined by Shamass & Cashell [Shamass and Cashell, 2020] and Pawlowski and
Szumigala [Pawlowski and Szumigala, 2015]. This is contrary to the behaviour of steel-reinforced beams, which
do show an abrupt decrease in stiffness as the reinforcement steel starts to yield.

The cracking patterns recorded with DIC-data show significant differences in cracking patterns. The beams
reinforced with BFRP-bars show tensile splitting cracks emerging in an early stage of loading, whereas these
cracks are absent in the steel-reinforced beams. Upon emerging and propagation of tensile splitting cracks,
debonding of the concrete cover seems to appear. Based on the principles of Harajli [Harajli et al., 2004] and
Tepfers [fib, 2000], the emergence of tensile splitting cracks causes the bond strength development to decrease.

The number of flexural cracks appearing in the constant bending moment zone however does not seem to differ
significantly between the beams. Although studies report higher bond strength for sand-coated BFRP-bars, the
number of cracks over the constant bending moment zone does not significantly differ in comparison to beams
reinforced with steel bars. As the crack spacing, and therefore the number of cracks, is related to the bond
strength of the reinforcement, the absence of more flexural cracks might be attributed to the tensile splitting.

Based on the predictive model by Tepfers presented in fib bulletin 40 [fib, 2007], a larger bar diameter should
result in a lower tensile splitting resistance. However, the propagation of the tensile splitting crack in beam
B-2r10-c31 suggests otherwise in comparison to B-3r8-c31.

The reinforcement ratio does not directly influence the tensile splitting resistance, as it is based on the geometry
and the tensile strength of the concrete. A lower reinforcement ratio however results in more tensile stress,
causing the tensile splitting cracks to propagate quicker through the loading cycle. Therefore, the propagation
of the tensile splitting cracks in beam B-2r8-c31 exceeds that of B-3r8-c31 significantly.

The influence of the concrete cover on the predictive model is severe as the tensile splitting strength of B-3r8-c11
is considerably lower compared to the beams with a concrete cover of 31 mm. Therefore, beam B-3r8-c11 was
more prone to tensile splitting cracking to the bottom surface than to the sides, as the side surface maintains
a cover of 31 mm. At higher load levels, tensile splitting cracks emerge in a limited capacity to the side of the
beam.
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Larger crack widths are recorded for the beams reinforced with BFRP-bars, caused by the lower Young's
modulus of BFRP-bars. As the cracks propagate to larger widths in the beams reinforced with BFRP-bars, the
stiffness decreases faster, causing larger vertical deflections.

Based on a comparison of the most strict crack width limits (e.g. 0.2 for steel bars, 0.5 for BFRP-bars), the
beams containing BFRP-bars reach the crack width limit at an earlier load level. When comparing the curves
to the least strict limits based on the researched codes (e.g. 0.4 for steel bars, 0.7 for BFRP-bars), the difference
becomes even larger. The difference in crack width development becomes smaller as the reinforcement steel
enters the plastic deformation stage, causing the crack width to develop rapidly.

Whereas the bar diameter does not influence to a large extent as the reinforcement area in the cross-section is
approximately equal, the reinforcement ratio displays its effect as the maximum crack width curve of B-2r8-c31
shows a steeper slope compared to the other beams containing BFRP-bars. The concrete cover of B-3r8-c31
illustrates a significant influence on crack width control. Compared to B-3r8-c31, the curve of B-3r8-c11 shows
a more gentle slope, indicating a slower crack width development, which is expected according to the crack
width models presented in the ACI440 and BRL0513.

Upon comparison with the theoretical models for crack width calculation in the codes BRL0513, ACI440 and
Eurocode 2, it shows the influence of the tensile splitting crack emergence, at least to some extent, is noticeable.
This is likely caused by the decrease in bond strength following tensile splitting crack formation, therefore
increasing the required transfer length of the reinforcement bar to the concrete. Therefore, less flexural cracks
can form over the length of the bending moment zone of the beam, causing the existing cracks to develop larger
widths.
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Chapter 5

Discussion

In preparation of the concrete batches for the experimental study, concrete batch 1 used an insufficient volume of
water in the mixture. This caused the concrete to be more porous. During the determination of the mechanical
properties of this concrete batch, the cubes subjected to compression tests failed at an earlier load stage than
concrete batches 2 and 3, likely due to the porosity and incomplete hydration due to insufficient water content
in the mixture. The measured value of the Young‘s modulus is higher, indicating a higher concrete compressive
strength of this batch. In addition to this, if less water is used, the proportion of the other components in the
mixture becomes relatively larger. As aggregates are considerably stiffer than cement paste, proportion-wise, a
higher Young‘'s modulus is expected compared to mixtures containing more water.

As the concrete beam with a concrete cover of 11 mm to the bottom surface of the beam, in further research
pertaining to cracking behaviour, DIC-data collection from the bottom surface of the beams could provide
insights into tensile splitting crack development. The development of cracks emerging in this surface was not
monitored in this experimental study, causing the cracks to be noticed after the failure of the beam.

To validate the results of the 4-point bending tests, a comparison of the results of beams with the same design
and concrete mix is performed. The results of beams S-3r8-c31 are compared with the results of the same design
from the experimental study conducted by Singh in 2019 and Zhekang in 2017. Figure 5.1 compares the results
of beam S-3r8-c31 and data provided by the thesis from Singh in 2019 and Zhekang in 2017.
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S-3r8-c31: Load-deflection curve and maximum crack width comparison
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Figure 5.1: Load-deflection curve and maximum crack width curve comparison beam S-3r8-c31 with results
Singh (2019) and Zhekang (2017)

The data from the thesis of Singh is provided in blue in figure 5.2. The load-deflection curve of beam S-3r8-
c31 generally follows the same trajectory as the experimental results provided by Singh. The maximum crack
width of beam S-3r8c31 is slightly higher. Upon inspection of the DIC-data provided in Singh’s thesis, 6 cracks
appear, which is 1 more crack that appears in beam S-3r8-c31. This could be an explanation for a slightly larger
maximum crack width in S-3r8c31.

The load-deflection curve and the maximum crack widths from the thesis of Zhekang (2017) are plotted in
figure 5.1 in green. The data provided show the same stiffness behaviour, however, the beam failed with a
smaller vertical displacement. The maximum crack width development is comparable to the beams tested for
this research, as well as that of the beams tested by Singh in 2019. As the results are generally in accordance
with each other, the results are considered valid.

Zhekang (2017) tested a beam with a reinforcement configuration of 3@8 and a concrete cover of 11 mm. Figure
5.2 presents the load-deflection curves and maximum crack width curves of both S-3r8-c11 and the beam tested
by Zhekang. The same concrete mix has been used for this beam as well. The stiffness behaviour of the beam
is, at least for the most part, the same. The maximum load of beam S-3r8-c11 (64.77 kN) is comparable to
that of the beam tested by Zhekang (63.93 kN). At approximately 60 kN, a small drop in stiffness is measured,
which is likely due to the rapid emergence and opening of a newly formed crack. This is also noticeable in the
maximum crack width curve at the same deflection level, where a small reduction in maximum crack width is
measured.
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S-3r8-c11: Load-deflection curve and maximum crack width comparison
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Figure 5.2: Load-deflection curve and maximum crack width curve comparison beam S-3r8-c11 with results
Zhekang (2017)

However, there is a disparity in the maximum crack width development. The maximum crack width in S-3r8-c11
is considerably smaller throughout the loading. Upon reviewing the DIC-data from the beam Zhekang tested,
more cracks seem to appear over the full length of the beam than in beam S-3r8-c11. As more cracks appear,
the maximum crack widths remain smaller, which could be an explanation for this difference. As the results
are generally in accordance with each other, the results are considered valid.

Based on the model devised by Tepfers for tensile splitting cracks, beam B-2r8-c31 should show faster tensile
splitting crack development as its resistance to tensile splitting cracks is lower (figure 4.11 and table 4.7). This,
however, is not the case, as the development of tensile splitting cracks in B-3r8-c31 exceeds that of B-2r10-c31
(figure 5.3).

(a) B-3r8-c31 (b) B-2r10-c31

Figure 5.3: Contour plots crack pattern from DIC-data comparison at load level ~ 50 kN

A possible explanation for this phenomenon can be found in the development pattern of the bond stress in the
reinforcement bar as illustrated in figure 4.10. The Tepfers model does not consider the bar spacing and assumes
the areas of influence do not interfere with each other. Upon applying the Tepfers model to the cross-sections
of the beams (figure 5.4), the bond stress development zones of B-3r8-c31 (figure 5.4a) do interfere with each
other as equation 5.1 applies.
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d s
Cy + 5 < 5 (5.1)
Where the bar spacing and the bar diameter are denoted as parameters s and d respectively. To beam B-2r10-
c31, equation 5.1 does not apply as the radius of the development zone does not exceed half the bar spacing
(figure 5.4b). The interference of the bond stress development zones in the cross-section could cause the cracking
stages described by the Tepfers model to not develop uniformly around the reinforcement bar. Therefore, the
development of tensile splitting cracks could have been accelerated in beam B-3r8-c31.

200
200

/ \,‘ 3058(b) | 20100)

(a) B-3r8-c31 (b) B-2r10-c31
Figure 5.4: Overlapping of bond stress development zones
Although beam B-2r8-c31 (figure 5.5) has bond stress development zones that do not interfere with each other

(figure 5.4b), the rapid development of tensile splitting cracks is more likely due to the reinforcement ratio.
This beam type has a considerably lower reinforcement ratio compared to beams B-3r8-c31 and B-2r10-c31.

Figure 5.5: B-2r8-¢31, Contour plots crack pattern from DIC-data comparison at load level ~ 50 kN

This causes the tensile stress in the reinforcement bars to increase more quickly, which in turn increases the bond
stress. The rapid development can therefore not be attributed to interference, but more likely a consequence of
the lower reinforcement ratio of the beam.
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Chapter 6

Conclusions and recommendations

This chapter provides an overview of the obtained findings. It formulates a response to the primary research
question based on these findings and also offers recommendations for future research endeavours.

6.1 Conclusions

The main research objective is to determine to which extent BFRP-bars can contribute to the design of reinforced
concrete structures. To reiterate, the main research objective is presented below.

To research the flexural behaviour of concrete reinforced with basalt fibre reinforcement bars

Based on the numerical study and experimental research, the findings are summarised as follows:

e Concrete structures reinforced with BFRP bars show significantly larger vertical deflection under bending
loads and a lower cracking bending moment compared to concrete structures reinforced with steel bars.
This could, at least to some extent, be attributed to the Young's modulus of the reinforcement bars. The
linear elastic tensile behaviour of BFRP-bars results in a linear load-deflection curve after the first cracks
have emerged. On the other hand, the studied steel reinforced beams showed a linear load-deflection
behaviour as well until the stress in the reinforcement steel reaches the yielding strength. From this point,
plastic deformations in the reinforcement are reached, causing larger vertical deflections.

e As the studied literature suggests, the bond strength of sand-coated BFRP bars is higher. This should
be visible in the number of emerging cracks in the beams. A higher bond strength should lead to a
smaller crack spacing as the length required to transfer stresses from the tensile reinforcement to the
confining concrete. However, the experimental study supports this assertion, at least to some extent. The
beams reinforced with BFRP-bars contain a smaller average crack spacing, and therefore more cracks,
over the length of the constant bending moment zone (figure 6.1). The emergence and propagation of
tensile splitting cracks at early loading stages prevent the development of bond strength in the sand-coated
BFRP bars, thereby limiting the number of flexural cracks in the bending moment zone. Consequently,
this contributes (along with the lower Young‘s modulus) to the larger crack widths in the flexural cracks
that do emerge. The emergence of tensile splitting cracks is influenced by the bar diameter. It is observed
from the experimental study that a larger bar diameter limits the propagation of tensile splitting cracks
over the length of the reinforcement bar. The influence of the concrete cover on the emergence of tensile
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splitting is considerable as well. It is observed that the reduced concrete cover results in a smaller resistance
against tensile splitting cracks, which is confirmed by predictive models. The reinforcement ratio does not
play a role in the tensile splitting resistance; however, a reduced reinforcement ratio results in higher bond
stresses, causing larger propagation of tensile splitting cracks. No tensile splitting cracks were observed
on the beams containing reinforcement steel.
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Figure 6.1: Comparison of cracks and crack spacing beam specimen

e Concrete structures reinforced with BFRP-bars show a considerably larger crack width under bending load

concerning steel-reinforced concrete structures. When comparing the maximum crack width in beams re-
inforced with BFRP-bars to the crack width limits specified in BRL0513 and ACI440 for BFRP-reinforced
beams, as well as Eurocode 2 for steel-reinforced concrete structures, it is observed that concrete struc-
tures with BFRP-bars reach these crack width limits at an earlier load level. This holds for both the most
and least strict crack width limits dictated by the codes. Based on this, it can be concluded that a larger
permissible crack width does not automatically imply favourability towards the application of BFRP-bars
in concrete. The load levels at which the maximum crack widths are reached are presented in figure 6.2.
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Figure 6.2: Load level at maximum crack width limits are reached

e In analyzing the use of basalt fibre reinforcement (BFRP) versus steel in slabs of similar design, the
Environmental Cost Indicator (ECI) emerges as a pivotal factor. Despite the higher upfront costs linked
to BFRP implementation, its consistently lower ECI across various setups stands out prominently. This
reduction in environmental impact, particularly concerning concrete utilization and global warming po-
tential, is significant. The adjustment of concrete cover thickness notably influences both ECI and costs
in BFRP-reinforced slabs; however, it also increases the tendency for tensile splitting crack development.
Reducing the cover to 1.5 times the BFRP bar diameter not only amplifies the ECI advantage but also
narrows the cost gap between BFRP and steel reinforcement. Remarkably, in concrete structures where
minimal thickness suffices for non-structural purposes, BFRP emerges as superior in both ECI and po-
tential cost savings. These findings underscore the environmental advantages of BFRP, emphasizing its
ability to curtail concrete usage and diminish environmental impact despite initial higher expenses.

In conclusion, the tensile behaviour of BFRP-bars is predominantly linear elastic, contrasting with steel rein-
forcement’s plastic deformation stage. Concrete structures reinforced with BFRP-bars exhibit earlier cracking
and larger deflections due to the lower Young’s modulus of the bar, at least to some extent. Despite the propen-
sity for larger crack widths under bending loads, BFRP-bars offer environmental advantages over reinforcement
steel, highlighted by its consistently lower Environmental Cost Indicator and potential cost savings, especially
when the concrete cover can be minimized. Minimising the concrete cover, however, causes an increasing
probability of the emergence of tensile splitting cracks.
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6.2 Recommendations for further research

From the conclusions, the following recommendations for research for future studies are made:

e As the parameter study is primarily focused on the BFRP-bars as a replacement for reinforcement steel,
a comparison between the other types of FRP reinforcement bars such as CFRP and GFRP could give
insight into the performance of BFRP-bars compared to these FRP types. This study should include but
is not limited to costs, ECI-calculations and implications for structural behaviour of concrete structures
reinforced with FRP-bars.

e As tensile splitting cracks emerged in the early loading stages, further research into the causes of the
emergence of these cracks might provide insight into this phenomenon. This research should also include
the effects on the bond strength of sand-coated FRP-bars for loads increased to SLS-level. In addition,
further research into the tensile splitting cracks, and the effects of transversal reinforcement in the constant
bending moment zone should be researched.

e In this experiment centred on BFRP-bars for flexural reinforcement, the potential of BFRP-bars in shear
reinforcement remains unexplored. Investigating BFRP’s efficacy in shear aspects aims to reveal its
potential comprehensively. While its promise in shear reinforcement is yet uncertain, this study serves as
a starting point to gauge its potential beyond flexural applications.

e The experimental section of the thesis focuses on exploring the immediate effects of BFRP-bars in concrete
structures. However, it is crucial to recognize that a comprehensive understanding of the structural
performance demands an examination of the long-term implications associated with the use of BFRP-
bars.

e One aspect that is untouched upon in this thesis is the consideration of the long-term effects of BFRP-bars
themselves, particularly concerning the phenomenon of creep in the resin. Creep, the gradual deformation
of a material under sustained loading over time, can significantly impact the structural behaviour of
concrete elements reinforced with BFRP-bars. Investigating the extent of creep in the resin, and its
subsequent influence on the overall behaviour of the structure, is required for a complete assessment of
BFRP-bars as an alternative for reinforcement steel.

e This thesis has not delved into the flexural and cracking behaviour of concrete structures reinforced
with BFRP-bars under cyclic loading conditions. Cyclic loading introduces a dynamic element to the
assessment, presenting challenges and responses that may differ from those observed under static loading
conditions. Understanding how concrete structures containing BFRP-bars respond to cyclic loading,
especially in terms of flexural strength and crack formation, is essential for predicting their performance
in applications where structures experience varying and dynamic loads.
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Appendix A

Parameter Study

This section contains research into applicable regulations. By adjusting certain parameters in the design of
concrete structures subject to bending, the effects of those parameters can be measured. The section is split up
into ECI-value and cost parameters, as well as structural parameters. As structural parameters will influence
the ECI-value, a comparison in retrospect is made to determine the overall advantages and disadvantages.

A.1 Background and motivation

This parameter study aims to comprehensively evaluate and compare the performance of BFRP-bars against
reinforcement steel bars concerning various parameters encompassing cost, environmental impact, and structural
considerations such as bending moment resistance, crack width, and crack spacing.

The background for this study is rooted in the growing interest and utilization of alternative materials like
BFRP-bars in concrete structures due to their potential advantages mentioned in the literature study. Notably,
ongoing research focuses on understanding the precise effects of parameters within the formulas provided by
these design codes on structural behaviour.

By conducting a thorough comparison, the aim is to illustrate the strengths and limitations of both materials
under the purview of different design codes used in distinct regions. The comparison will be executed using
three design codes to ensure a comprehensive analysis. The ACI 440 [Busel, 2006], originating from the United
States of America and utilized globally, serves as a benchmark for structures incorporating Fibre Reinforced
Polymer (FRP) bars. The BRL0513 [CvD, 2015], specific to the Dutch concrete market, provides insights
tailored to the Netherlands’ conditions, particularly for FRP bars in concrete structures. Lastly, Eurocode
2 [European Committee for Standardization, 2022], a prominent standard for concrete structures reinforced
with reinforcement steel bars, offers a basis for comparison against the reinforcement steel bars.

This study aims to assess parameters such as cost-effectiveness, environmental sustainability, and structural
performance in terms of bending moment resistance, crack width, and crack spacing. The effects of these
parameters within the design formulas will be considered to ensure a more understanding of their impact.
The findings will contribute valuable insights for engineers, policymakers, and stakeholders in the construction
industry, aiding informed decision-making towards more sustainable and efficient infrastructure development.
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A.2 Assumptions

The ECI-value for concrete is determined according to RTD1033 version 1.1 ”Verduurzaming beton” [Fennis,
2021], which provides upper boundary values put out by the Dutch government for concrete. The values used
depend on the concrete class used in the design as well as the time and date. For the research to be future-
proof, the upper boundary values used for this parameter study are those of the years 2029-2030. These upper
boundary values are noted in table A.1 in €/m?>.

Table A.1: Upper boundary values for ECI-values of concrete for 2029-2030 [Fennis, 2021]

Ci2/15  C20/25  C30/37  C35/45  C45/55  Cb5/67  C70/85  C90/105
€/m® 12.10 13.90 14.70 16.20 18.30 25.20 27.60 28.90

For the price of concrete, €170 per cubic metre is assumed. Note that the price of concrete is dependent on the
market and therefore fluctuates. Furthermore it is assumed concrete has a CO5 emission of 0.9 kg per 1 kg of
concrete [Fayomi et al., 2019]

A.3 ECI and costs parameters

This section evaluates and compares the environmental footprint of reinforced concrete structures utilizing
BFRP-bars and steel bars, along with cost considerations. The focus of the assessment is on slabs due to
their ease of parameterization on a per-square-metre basis. Notably, slabs typically do not necessitate shear
reinforcement, in contrast to beams. Since shear force and shear reinforcement fall outside the scope of this
research, they are excluded from consideration.

Equal geometry, slab with top and bottom reinforcement

A direct comparison between 2 slabs of equal geometry and reinforcement configuration gives insight into the
cost difference and the ECI of a direct replacement of steel reinforcement with basalt fibre reinforcement. A
slab with a thickness of 250 mm with 216-100 in both the first layers is used for the comparison. Distribution
reinforcement in both second layers is @10-100. The reinforcement configuration is shown in figure A.1. A
concrete class of C30/37 is assumed to account for the cost and ECI-values of the concrete volumes. The
applied cover on both sides of the slab is 35 mm. A comparison of costs and ECI-value for this structure is
shown in figure A.2.
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Figure A.1: Double reinforcement mesh slab reinforcement drawing

A slab with the same geometry reinforced with BFRP-bars gets a total ECI value of €7.25, whereas the same
slab reinforced with reinforcement steel results in an ECI value of €9.91. Applying the same bar diameters and
spacing in all layers of reinforcement results in an ECI-value difference of €2.66 per square metre of concrete
slab, which is a reduction of 23.8% (including the concrete part). Table A.2 shows the components of the total
ECI-value and the costs. The construction costs for the identical slab are €9.94 higher when BFRP-bars are
utilized.

€10.00 €70.00
€9.00
€60.00
€8.00
€7.00 €50.00
€6.00
H Top layer 2 €40.00 m Top layer 2
£5.00 M Bottom layer 2 M Bottom layer 2
H Top layer 1 €30.00 W Top layer 1
€4.00 Bottom layer 1 Bottom layer 1
£€3.00 m Concrete £20.00 m Concrete
€2.00
€10.00
€1.00
€0.00 €0.00
ECI BFRP reinforced ECI Steel reinforced Costs BFRP Costs Steel
slab slab reinforced slab reinforced slab
(a) ECI comparison, slab t=250 mm (b) Cost comparison, slab t=250 mm

Figure A.2: Costs and ECI comparison square metre slab t=250 mm, b=1000 mm, equal geometry
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Table A.2: Components of total ECI-score and costs per square metre slab t=250 mm, b=1000 mm, equal
geometry

Reinforcement Bottom Bottom Top layer Top layer Concrete  Total
layer 1 layer 2 1 2
ECI-score BFRP-bars €1.29 €0.50 €1.29 €0.50 €3.68 €7.25
ECI-score Reinforcement steel €2.24 €0.88 €2.24 €0.88 €3.68 €991
ECI-score difference €2.66
Costs BFRP-bars €929 €3.63 €929 €3.63 €42 50 €68.34
Costs Reinforcement steel €6.79 €2.65 €6.79 €2.65 €42 .50 €61.36
Costs difference €6.98

Note how the concrete part is the majority of both the ECI-value and the costs. In the next paragraph. By
reducing the concrete part, a further reduction in ECI-value and costs is still possible. The impact categories used
for the calculations are noted in table 2.5 in Chapter 2 Literature Study. When looking at the impact categories of
BFRP-bars compared to reinforcement steel, in all categories except for freshwater aquatic ecotoxicity potential
(FAETP) BFRP-reinforcement bars have a lower score, hence the lower ECI-value for equal diameter and
geometry. One of the most notable impact categories is the global warming potential (GWP). For this impact
category, the reinforcement steel applied in the slab described above, the score is 43.55 kg CO5 eq. whereas
the same reinforcement layout in BFRP has a 30.91 kg COs eq. This is a difference of 13.46 kg CO4 eq. which
is a reduction of 30.9%. All scores on the 11 impact categories comparing BFRP and reinforcement steel are
presented in figure A.3.

mBFRP HBFRP mBFRP mBFRP
m Reinforcement steel H Reinforcement steel m Reinforcement steel m Reinforcement steel
4.5E-4 3.5E-1 5.0E+1 4.5E-6
: 4.5E+1 .
4.0E-4 3061 4.0E-6
3.5E-4 4.0E+1 3.5E-6
2.5E-1 3.5E+1
3.06-4 * 3.0E6
3.0E+1
2.5E-4 2.0E-1 2.5E-6
2.5E+1
2.0E-4 } 2.0E-6
1561 2.0E+1
1.5E- 1.5E-
SE-4 1.0E-1 1.5E+1 SE-6
1.0E-4 1.0E+1 1.0E-6
5.0E-5 5082 5.0E+0 5.0E-7
0.0E+0 0.0E+0 0.0E+0 0.0E+0
ADPE ADPF GWP oDP
(a) ADPE (kg Sb eq.) (b) ADPF (kg Sb eq.) (c) GWP (kg COzeq.) (d) ODP (kg CFCi; eq.)
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Figure A.3: Impact categories scores of reinforcement materials in slabs with equal geometry

The magnitude of each impact category is measured in the conversion to the ECI-value. A high score of a
product on one of the impact categories does not automatically result in a high contribution to the ECI-score.
Note that the weight factor for each impact category is always subject to change as environmental concerns are
growing rapidly. Most notably the weight factor for Global Warming Potential (GWP) is likely to increase over
the coming years. The weight factors are presented in table 2.7 in Chapter 2 Literature Study.

This however is not the whole story. The serviceability limit state (crack width control in this case) can not
be left out of the equation to adjust for structural parameters. Based on the crack width models in BRL0513,
ACT440 and Eurocode 2, the crack width curves are constructed (figure A.4). The crack width limits used are
0.5 for a BFRP-reinforced slab and 0.2 for a steel-reinforced slab. Herein is shown that the crack width limit of
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0.2 is reached at 137 kNm. As the BFRP-reinforced slabs show an earlier exceeding of the 0.5 mm crack width
limit, the serviceability limit state performance is not equal.

Crack width equal geometry slab

——BRL0513

—---ACl440

------ Eurocode 2

----0.2 mm crack
width limit

—---0.5 mm crack
width limit

0 30 60 90 120 150 180
Bending moment in servicability limit state (kNm)

Figure A.4: Crack width development for slab equal geometry

To adjust for this, the reinforcement configuration of the BFRP-reinforced slab needs to be changed. To reach
a 0.5 mm crack width limit in the BFRP-reinforced slab, the centre-to-centre distance of the BFRP-bars is
adjusted. Using the BRL0513 model, a centre-to-centre distance of 53 mm is required, where 42 mm is required
according to ACI440. The effects of this adjustment are shown in figure A.5 and table A.3

Crack width equal geometry slab adjusted ctc bar m Concrete Bottom layer 1 m Top layer 1
distance
1.0 M Bottom layer 2 m Top layer 2
09 €12.00
0.8 €10.00
. ——BRLO513
g 0.7
<06 A —-ACla40 €8.00
ey
T T T T T T T T ST T T s Eurocode 2 €6.00
H y
é ’ > ----0.2 mm crack €4.00
oY ke width limit
) e —--=0.5 mm crack £2.00
’ width limit
€0.00
ECI BFRP ECI BFRP ECI Steel
0 30 60 90 120 150 180 reinforced slab  reinforced slab  reinforced slab
Bending moment in servicability limit state (kNm) BRLO513 ACl440
(a) Crack width (b) ECI-calculation

Figure A.5: Crack width curves and ECI-score for adjusted for serviceability limit state
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Table A.3: Adjusted EClI-score after adjusted for serviceability limit state

Reinforcement Bottom Bottom Top layer Top layer Concrete  Total
layer 1 layer 2 1 2

ECI-score BFRP-bars BRL0513  €2.47 €0.50 €247 €0.50 €3.68 €9.63

ECI-score BFRP-bars ACI440 €3.06 €0.50 €3.06 €0.50 €3.68 €10.81

ECI-score Reinforcement steel €2.24 €0.88 €2.24 €0.88 €3.68 €991

After adjusting for crack width control, the advantage in the ECI-score becomes minimal or even disappears.
This however is based on a crack width limit of 0.5 for BFRP-bars. If a larger crack width limit for BFRP-bars is
allowed, the advantage in ECI-score could increase as less reinforcement (e.g. a larger centre-to-centre distance)
is then required for the BFRP-reinforced slab.

Reduction of concrete cover

The deterioration resistance of BEFRP eliminates the necessity for determining concrete cover based on durability
factors such as deflection and cracking, as outlined in the SLS criteria according to ACI440. By reducing the
concrete cover to 1.5 times the diameter of the BFRP-bars (24 mm as per forthcoming Eurocode 2 informative
Annex R), the bending moment capacity of the slab is preserved while necessitating less concrete. This reduction
specifically targets the bottom cover to uphold the lever arm, enabling a comparative analysis using the same
slab in figures A.6a and A.Gb.

€10.00 €70.00

€9.00
€60.00
€8.00
£7.00 €50.00
€6.00
M Top layer 2 €240.00 M Top layer 2
M Bottom layer 2 M Bottom layer 2
00 W Top layer 1 £30.00 H Top layer 1
: Bottom layer 1 Bottom layer 1
mC t ]
£€3.00 oncrete €20.00 Concrete
€2.00
€10.00
€1.00
€0.00 €0.00

ECI BFRP reinforced ECI Steel reinforced Costs BFRP Costs Steel
slab slab reinforced slab reinforced slab

€5.00

(a) ECI comparison, slab t=250 mm (t=239 mm for BFRP- (b) Cost comparison, slab t=250 mm (t=239 mm for BFRP-
reinforced slab) reinforced slab)

Figure A.6: Costs and ECI comparison square metre slab t=250 mm, b=1000 mm, equal geometry with reduced
cover of BFRP-reinforced slab
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Table A.4: Components of total ECI-score and costs per square metre slab t=250 mm (t=239 mm for BFRP-
reinforced slab), b=1000 mm, equal geometry

Reinforcement Bottom Bottom Top layer Top layer Concrete  Total
layer 1 layer 2 1 2
ECI-score BFRP-bars €1.29 €0.50 €1.29 €0.50 €3.51 €7.09
ECI-score Reinforcement steel €2.24 €0.88 €2.24 €0.88 €3.68 €9.91
ECI-score difference €2.82
Costs BFRP-bars €9,29 €3.63 €9,29 €3.63 €40.63 €66.47
Cost Reinforcement steel €6.79 €2.65 €6.79 €2.65 €42 .50 €61.36
Cost difference €5.11

This reduced the concrete part of the ECI and the costs significantly. the ECI-value is further reduced from
€7.25 to €7.09, which is €0.16 reduction over a square metre of the slab. This increases the ECI-value difference
between a steel-reinforced slab and a BFRP-reinforced slab from 23.8% to 26.8%. The costs due to the reduction
of concrete cover are from €68.34 to €66.47 per square metre of slab. This reduction in costs reduced the
difference to €5.11 per square metre of the slab.

Figure A.7 presents the crack width development curves according to the models in the codes. for this slab, the
crack width development of the BFRP-reinforced slab also exceeds that of the steel-reinforced slab.

Crack width equal geometry slab (reduced cover)

1.0
0.9
0.8
——BRLO513
€07
S
‘3’ 0.6 —--=ACl440
<
= 0.5
—g »»»»»» Eurocode 2
204
Q
©
so03 0.2 mm crack
0.2 width limit
01 —---0.5 mm crack
’ width limit
0.0

0 30 60 90 120 150 180
Bending moment in servicability limit state (kNm)

Figure A.7: Crack width development for slab equal geometry (reduced cover for BERP-reinforced slab

To adjust for this, the centre-to-centre distance needs to be altered. For this slab type, the required centre-to-
centre distance is 66 mm according to BRL0513 and 61 mm according to ACI440. The centre-to-centre distance
for a slab with reduced cover is therefore allowed to be larger. figure A.8 and table A.5 present the adjusted
crack width curves for ad reduced cover as well as the subsequent ECI-score calculations.
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Crack width equal geometry slab (reduced cover) Concrete Bottom layer 1 W Top layer 1
adjusted ctc bar distance m Bottom layer 2 m Top layer 2
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O —--=0.5 mm crack
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(a) Crack width (b) ECI-calculation

Figure A.8: Crack width curves and ECI-score for adjusted for serviceability limit state, slab with reduced
concrete cover

Table A.5: Adjusted ECI-score after adjusted for serviceability limit state

Reinforcement Bottom Bottom Top layer Top layer Concrete  Total
layer 1 layer 2 1 2

ECI-score BEFRP-bars BRL0513  €1.95 €0.50 €1.95 €0.50 €3.51 €8.42

ECI-score BFRP-bars ACI440 €2.11 €0.50 €1.95 €0.50 €3.51 €8.74

ECI-score Reinforcement steel €224 €0.88 €2.24 €0.88 €3.68 €9.91

After adjusting for crack width control, the advantage in ECI-score is still there if both the BRL0513 and
ACI440 crack width are applied. The reduced slab thickness, as well as the larger required centre-to-centre
distance compared to a slab with constant thickness, ensures a slight ECI-score advantage.

Non-structural slabs

For slabs where structural parameters are not dominant, the slab can be kept as thin as possible. Examples of
these types of structures are interior walls, fire barriers, sound screens and cosmetic concrete elements. In these
elements, only a single reinforcement mesh in the centre of the slab is sufficient to resist small loads and forces
from its self-weight as well as a small wind load.

When an element of such type is designed to be exposed to exterior influences such as freeze-thaw cycles, wetting
and drying cycles and chloride attacks either from seawater or not, the required concrete cover to protect the
reinforcement plays a dominant factor in the required slab thickness. Because of the absence of forces, the
reinforcement can be kept to a minimum. The smallest possible thickness (tmnin) can be determined by using
equation A.1
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tmin =C+ &1+ Ja2+c (Al)

Where @7 and @5 represent the diameters of the reinforcement bars applied in the mesh. According to the
effectual Eurocode 2, concrete cover requirements for steel-reinforced concrete are dependent on the exposure
class (e.g. XC3/XS3) and the structural classes. For example, a slab of a sound barrier next to a highway is
subjected to freezing-thawing cycles (XF4), chlorides from the traffic (XD3) and carbonation due to cyclic wet
and drying cycles (XC4). For replaceable parts of a structure, a cover of 35 mm is required since XD3 is the
dominant exposure class. In the forthcoming Eurocode 2, for concrete elements reinforced with BFRP-bars, the
required concrete cover is equal to 1.52. The cover for concrete structures does not depend on the exposure
class but is determined by bond properties. Figure A.9 shows the reinforcement configuration of a slab with a
single mesh. For comparison, a mesh of 10-100 in both directions is implemented. A concrete class of C30/37
is assumed.

S
@10-100

1000
@10-100

1000

Figure A.9: Single reinforcement mesh slab reinforcement drawing

By using equation A.1, and the bar diameter of 10 mm, the reinforced concrete slab would have a minimum
thickness of 90 mm. For an element reinforced with BERP-bars of the same diameter, the required cover would
be 15 mm, which is significantly smaller. Therefore, according to equation A.1 the minimum thickness is 50
mm. The ECI-calculation and the cost analysis for these elements are shown in figureA.10a and figure A.10b
respectively. Note that in some cases, it is more appropriate to design elements thicker than the minimum
thickness described in this section. Even though the structural demands are met, other factors that influence
the element thickness could still apply.
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Table A.6: Components of total ECl-score per square metre slab minimum required thickness, b=1000 mm

Reinforcement Bottom layer Top layer Concrete Total
ECI-score BFRP-bars €0,50 €0,50 €0,74 €1,74
EClI-score Reinforcement steel €0.88 €0.88 €1.32 €3.07
ECI-score difference €1.33
Costs BFRP-bars €3.63 €3.63 €8.50 €15.76
Costs Reinforcement steel €2.65 €2.65 €15.30 €20.60
Costs difference €4.84

€3.50 €25.00

€3.00

€20.00 .
€2.50

€15.00
€2.00
W Top layer 1 W Top layer 1
€1.50 Bottom layer 1 1000 Bottom layer 1
Concrete : Concrete

€1.00
€5.00
€0.50
€0.00 €0.00
ECI BFRP reinforced ECI Steel reinforced Costs BFRP Costs Steel
slab slab reinforced slab reinforced slab
(a) ECI comparison, minimum slab thickness (b) Cost comparison, minimum slab thickness

Figure A.10: Costs and ECI comparison square metre slab t=250 mm, b=1000 mm, equal geometry with
reduced cover of BEFRP-reinforced slab

The ECI-scores and costs are presented in table A.6 and figure A.10 The ECI-value for the slab with steel
reinforcement is €3.07 for a square metre of slab, whereas the ECI-value for a slab with reinforced with BFRP-
bars is €1.74. This is a reduction of €1.33 if BFRP-bars were to be applied. In the previous examples, the
costs of a BFRP-bar reinforced slab turned out to be higher, even with a reduced concrete cover. However, a
thickness difference of 40 mm is significant. In this example, a slab with a thickness of 50 mm with BFRP-bars
is €15.76, compared to a cost of €20.60 for a steel reinforced concrete slab. This is a cost reduction of €4.84.

Upon adding serviceability to the equation (figure A.11), it is shown that a crack width of 0.2 mm is reached at
a bending moment of 12.5 kNm. The crack width development of this slab with BFRP-bars according to the
models in BRL0513 and ACI440 is exceeded if 0.5 mm is applied.
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Crack width thin slab
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Figure A.11: Crack width development for a thin slab

To adapt to this, the centre-to-centre distance is adjusted to 69 mm and 56 mm for BRL0513 and ACI440
respectively. The results of this are presented in figure A.12 and table A.7 concerning the crack width devel-
opment and the subsequent ECI-scores. Although the advantage in the ECI-score is still there with respect to
a steel-reinforced slab, the adjustment for the serviceability limit state has increased the ECI-score compared
to a configuration with a centre-to-centre distance of 100 mm. The advantage does increase as a larger crack
width is allowed, as subsequently, the required minimum centre-to-centre distance is larger as well. This in turn
reduces the ECI-score.

Crack width thin slab adjusted ctc bar distance m Concrete Bottom layer 1 W Top layer 1
1.0
€3.50
0.9
08 €3.00
——BRL0513
€07 €2.50
S
£ —=ACI440
306 €2.00
% 05 —— == —mm Eurocode 2
3 €1.50
§ e (O — 0.2 mm crack
503 width limit €1.00
—--=0.5 mm crack ‘
0-2 width limit €0.50
0.1
€0.00
0.0 ECI BFRP ECI BFRP ECI Steel
6 2 4 6 8 10 12 14 reinforced slab  reinforced slab  reinforced slab
Bending moment in servicability limit state (kNm) BRLO513 ACl440
(a) Crack width (b) ECI-calculation

Figure A.12: Crack width curves and ECI-score for adjusted for serviceability limit state, thin slab
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Table A.7: Components of total ECl-score per square metre slab minimum required thickness, b=1000 mm

Reinforcement Bottom layer Top layer Concrete Total
ECI-score BFRP-bars BRL0513  €0.73 €0.73 €0.74 €2.20
ECI-score BEFRP-bars ACI440 €0.90 €0.90 €0.74 €2.54
ECI-score Reinforcement steel €0.88 €0.88 €1.32 €3.07
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A.4 Structural parameters

In the structural parameter comparison, the bending moment capacity, bond behaviour subsequently cracking
are subject to research. The bending moment capacity calculations vary among different design guidelines. Slabs
and beams are parametrically designed according to the Dutch BRL0513 [CvD, 2015] code and the American
ACI440 [Busel, 2006] code for reinforced concrete flexural structures. These codes are chosen since the Dutch
BRLO0513 is closest to the Dutch concrete market for concrete structures with embedded FRP-reinforcement
bars, whereas the ACI440 is mostly applied internationally in structural design. A comparison with a slab or
beam with reinforcement steel according to the effectual Eurocode 2 [European Committee for Standardization,
2022] is made.

The cracking behaviour of structures reinforced with BFRP-bars is subject to debate in the thesis. As a
consequence of this, the bond behaviour of the reinforcement bar is subject to research. The crack width
models used in the design guides and the parameters that influence the cracking according to these models are
compared.

Assumptions

The BFRP-bars used in the structural parameter analyses are assumed to have a characteristic tensile strength
of 1000 MPa. The Young's modulus is assumed to 50 GPa. The rupture strain is assumed to be 2.60% These
minimum values are guaranteed by technical approval for the BFRP-bars from manufacturer Orlitech, which in
reality might be higher. Furthermore, the bond factor &,¢ used in the cracking is assumed to be 1.5, however,
this factor differs from the surface deformation of the BERP-bars, as rougher sand-coatings are likely to provide
better bond strength than fine sand coatings [S. Solyom, 2017] [Sélyom, 2017].

Ultimate bending moment resistance

The determination of the bending moment resistance of a concrete structure differs from guideline to guideline.
As the ACI440 [Busel, 2006] is most used globally and the BRL0513 [CvD, 2015] is a Dutch standard applied
for the design of concrete structures reinforced with embedded FRP-bars, these design codes are scrutinized.
To draw a comparison with concrete reinforced with steel bars, the design codes in the Eurocode 2 [European
Committee for Standardization, 2022] are examined as well.

Ultimate bending moment resistance BRL0513 (BFRP)

The formula‘s for the bending moment resistance provided in the BRL0513 depends on a factor ky,, which is
determined in equation A.2.

T 0.0025 E gy

d = ~ 0.0025Evtp + foip

(A.2)

If this prerequisite cannot be met, the bending moment has to be multiplied with 7y,q according to figure A.13.
If kyy oversteps kymax by a factor 1.5, the reduction factor remains limit at 0.8.

For the calculation of the bending moment resistance, 2 formula‘s are provided by the BRL0513. The applica-
bility of the formula‘s depends on the value of ky,. These formulas and its prerequisites for applying are shown
in equations A.3 to A.6.
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Figure A.13: Determination reduction factor ny;q according to BRL0513 [CvD, 2015]

for kyy <1.3Kymax:

A I r
MRd,bfrp = nMrdAbfrpfbfrp (d —0.6 bz;fdbf p> (A?))
C
for kyy>1.3kymax:
2
H1p2 H1 H1 H2 2
M p = — - — bd A4
R, blrp (1040000fcd 100000f.q 402 " 1890> (A-4)
Where:
m1 = Ebfrppbfrp (A5)
p2 = \/Tp® 4 6000 feapna (A.6)

By varying the reinforcement Apgp, in the cross-section from 300 mm? to 3000 mm?, the force per metre width
of slab in the reinforcement bars increases. By differing the effective height of the slab, the lever arm increases of
the reinforcement bars, therefore the ultimate bending moment resistance increases as well. In figure A.14, the
ultimate bending moment resistances according to the BRL0513 for concrete classes C20/25, C30/37 and C40/50
with effective heights deviating from 150 mm to 450 mm with 50 mm increments and varying reinforcement
amounts in the cross-section for a 1000 mm wide slab are shown.

The curves for the bending moment resistance show a steep increment in bending moment resistance as Apgrp
increases. For this part of the curve, the bending moment resistance is located in the first regime of the bending
moment resistance determination (for kyy<1.3kymax), for which equation A.3 is utilized. For this part of the
curve, the increment is almost linear.
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Figure A.14: Bending moment diagrams for parameter Apg,, for concrete classes C20/25, C30/37, C40/50
according to BRL0513

When the height of the concrete compression zone in ULS x,, and the parameter ky, surpass kymax by 1.3 times,
the curve transitions into its second phase. This is dependent on the area of reinforcement in the cross-section.
In practice, this means that the cross-section switches from under-reinforced to over-reinforced and the failure
mode switches from tensile failure in the reinforcement to crushing of the concrete compression zone. In the
second phase, the formula used leads to a brief increase in the bending moment along the curve. The second
phase initiates at the initial deviation in the slope of the curves depicted in figure A.14. Following this decline,
the bending moment resistance sees a subsequent increase, albeit not at the same rate observed in the initial
part of the curve.
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Ultimate bending moment resistance ACI440 (BFRP)

The provisions in the American ACI440 design code for the ultimate bending moment resistance are distin-
guished into three zones depending on the reinforcement ratio. figure A.15 shows these three zones for concrete
sections. The section is either tension-controlled, in a transition zone or compression-controlled. A reduction
factor ¢ is multiplied with the nominal flexural strength M, which has to be greater or equal to the bending
moment on the structure M, (equation A.7). This reduction factor is utilized to provide a conservative value
for the bending moment resistance to account for the non-ductile behaviour of the reinforcement material but
also takes into account long-term effects.

¢My > M, (A7)
4\
Controlled by Controlled by
FRFP mpinre comerete amshing
limit state limnit state
> >

0.65F--------=--=mmmmmem e

0.55

Transition
Zone

Tension-
Controffed

Py L.4py, Pr

Figure A.15: Strength reduction factor according to ACI440 [Busel, 2006]

The strength reduction factor ¢ is determined using a threshold for the reinforcement ratio which is noted as p,.
If the reinforcement ratio pf of the reinforced concrete structure is below pg,, the section is tension controlled.
In this case, the rupture strength of the BFRP reinforcement is governed in the section. The reinforcement
ratio is determined according to equation A.8.

Ay
-t A8
pt bd (A.8)
The balanced reinforcement ratio pg, is determined according to equation A.9
/
E
o = 0.858, Lc Lt (A.9)

ffu Efgcu + ffu

for pr < pm, a reduction factor of 0.55 is applied and the section is classified as tension controlled. For pg, < pg
< 1.4ps,, the value for ¢ is determined according to equation A.10. For pr > 1.4 pg,, the value for ¢ is 0.65.
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¢ =03+ 0.255—; (A.10)

The parameters 31, the design tensile strength of the reinforcement bars fr, and f’. in equation A.9 are deter-
mined by using equations A.11 and A.12. The value for 8; may be taken as 0.85 for design concrete compressive
strengths f’. up to 28 MPa. For concrete classes with higher design compressive strengths, the value is reduced
with a rate of 0.05 for every 7 MPa above 28 MPa, with a minimum value of 0.65. The design tensile strength
of the reinforcement bars fp, is determined according to equation A.11.

ffu = Ceffu* (All)

Where C, is an environmental reduction factor. For concrete structures exposed to weather influences, this
value should be taken as 0.8 [Busel, 2006]. fr,* is the guaranteed tensile strength. This value is defined as the
mean tensile strength of test samples minus three times the standard deviation (according to equation A.12).

ffu* = ffu,ave — 30 (A.12)

When pr exceeds pp, the section falls into either compression control or the transition zone, with the concrete’s
crushing as the governing limit state. Consequently, it necessitates a reduction in the full design tensile strength
fty of the reinforcement material. This specific limit state is illustrated in figure A.16. Instead of employing fs,,
a reduced design tensile strength, denoted as f¢, is determined using equation A.13

Eeeey)?  0.85 !
ff = \/( ch ) -+ fflf CEfECu — 0.5F¢ ey < ffu <A13)

The nominal flexural strength M, can be determined by the height of the concrete compression zone and
subsequently the nominal flexural strength using equations A.14 and A.15.

3 gﬁ 0851 ba

A

}‘L,‘ .

Ar

Ef

{a} Failure governed by concrete crushing

Figure A.16: Stress and strain distribution at ultimate conditions, Failure governed by concrete crushing failure
(compression controlled) [Busel, 2006]
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Figure A.17: Stress and strain distribution at ultimate conditions, balanced failure (Transition zone) [Busel,
20006
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Figure A.18: Stress and strain distribution at ultimate conditions, Failure governed by FRP rupture (tension
controlled) [Busel, 2006]

M, = A¢fi(d - g) (A.14)
Where:
_ Agfy
a= 08570 (A.15)

For cross-sections classified as compression controlled or within the transition zone according to figure A.15 en
equations A.8 and A.9, ACI440 does not require the minimum reinforcement in the cross-section to be checked.

For p¢ < pg, the controlling limit state is the design rupture strength of the FRP reinforcement material. In
this case, the section is tension controlled and the stress in the concrete compression zone is assumed to be
linear, which is presented in figure A.18. Based on the ultimate strain in the concrete, the height of the concrete
compression zone cy, is determined using equation A.17. As the design rupture strength of the reinforcement
material is the determining factor, fr, may be used. The nominal flexural strength M, is determined using
equation A.16

Bicy
5 )

My = Aefra(d — (A.16)

Where the concrete compression zone height cy, is determined as follows:
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Ecu
_ d AT
@ €cu T €fu ( )

For a tension-controlled section, the minimum reinforcement is required to be checked using equation A.18.

A1/ 17 .
A = LIV ey g5 23y 4 (A.18)
ffu ffu

Figure A.19 shows the bending moment resistances for the same concrete strength classes and the differing
effective heights with the reinforcement in the section Apgp varying from 300 mm?/m to 3000 mm?/m.
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Figure A.19: Bending moment diagrams for parameter Apg,, for concrete classes C20/25, C30/37, C40/50
according to ACI440
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Ultimate bending moment resistance Eurocode 2 (Reinforcement steel)

To draw a comparison of the ultimate bending moment capacities of slabs reinforced with BFRP-bars according
to the Dutch BRL0513 and American ACI440, a concrete slab reinforced with reinforcement steel B500B is
designed with the same boundary conditions. The results are shown in figure A.20.
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Figure A.20: Ultimate bending moment diagrams for parameter Ay for concrete classes C20/25, C30/37, C40/50

according to Eurocode 2

Ultimate bending moment resistance comparison
The bending moment resistance of a slab with an effective height of 250 mm and concrete strength class C30/37

is illustrated in Figure A.21. The curves representing the analysis from the selected design codes are juxtaposed
for comparative purposes. Notably, a significant similarity emerges between the ACI440 curve during the
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transition phase of analysis and the second phase of the BRL0513 analysis. These curves show substantial
correspondence, with the second phase of the BRL0513 curves following a similar trajectory. Subsequent graphs
pertaining to these analyses can be found in Appendix B, figure B.1a to figure B.1u.
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Figure A.21: Comparison bending moment resistance BRL0513, ACI440 and EC2 for C30/37, d=250 mm

In subfigure A.21a, a line is drawn at 75 kNm. The required amount of reinforcement required for a bending
moment resistance of 75 kNm is 467 mm?/m according to the BRL0513 code. An analysis according to the
ACIT440 requires 852 mm?/m to reach the same bending moment resistance. The ACI440 analysis is more
conservative than the Eurocode 2 as its curve does not reach greater values than a slab reinforced with steel
bars for this slab design. A slab reinforced with reinforcement steel bars requires 713 mm?/m.

Shown in subfigure A.21b, to achieve a bending moment resistance of 200 kNm, the BRL0513 code requires the
reinforcement amount to be 2800 mm?/m, which approximately coincides with the required amount of 2700
mm?/m. A concrete slab reinforced with reinforcement steel however only requires 2022 mm?/m to achieve
a bending moment capacity op 200 kNm. In this example, the cross-over point of favourability between the
BFRP-bars and the reinforcement steel at approximately 161 kNm. This point is located at the intersection
of the BRL0513 and EC2 curves. Figure A.22 shows curves that indicate the favourability depending on the
required bending moment capacity, the effectual height and the concrete strength class.

For each analysis, for which the resulting curves are shown in Appendix B, figure B.la to figure B.1u, the
ACI440 for concrete structures reinforced with BEFRP-bars curves never reaches greater values than EC2 curves
for reinforcement steel.
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Favourability index bending moment
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Figure A.22: Favourability index BFRP according to BRL0513 and reinforcement steel according to Eurocode
2

At mgq=75 kNm, the ECI-value for the required reinforcement according to the BRL0513 is considerably more
favourable than the ECI-value for the required reinforcement steel to achieve the same bending moment capacity
with €0.30 for BFRP versus €0.79 for reinforcement steel. Although significantly more reinforcement is required
to reach a bending moment capacity of 200 kNm when applying BFRP-bars, the ECI-value remains lower than
that of reinforcement steel, as shown in figure A.24.

€2.50 €2.50
€2.00 €2.00
£1.50 M ECI BFRP reinforced £1.50 M ECI BFRP reinforced

slab BRL5013 slab BRL5013

ECI BFRP reinforced

ECI BFRP reinforced

slab ACI440 slab ACI1440

€1.00 M ECI Steel reinforced €1.00 M ECI Steel reinforced
slab EC2 slab EC2

€0.50 €0.50

€0.00 . €0.00

ECl-value (€)

ECl-value (€)

(a) MRd:75 kNm (b) MRd:200 kNm

Figure A.23: Comparison ECI-value for BRL0513, ACI440 and EC2 for C30/37, bottom reinforcement first
layer, d=250 mm, C30/37
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The costs however generally remain in favour of the reinforcement steel, except for the required reinforcement
according to the BRL0O513 at 75 kNm. As the required bending moment capacity exceeds the cross-over point
of the BRL0513 and the EC2 curves, the cost advantage of the reinforcement steel becomes apparent, which is
presented in figure A.24. The costs for the required reinforcement steel to reach a 200 kNm bending moment
resistance is €6.83, which is considerably less than €12.94 and €12.47 according to the BRL0513 and ACI440
respectively.

€14.00 €14.00
€12.00 €12.00
€10.00 €10.00
M Costs BFRP reinforced M Costs BFRP reinforced
€8.00 slab BRL5013 €8.00 slab BRL5013
Costs BFRP reinforced Costs BFRP reinforced
slab ACI440 slab ACI440
€6.00 €6.00
M Costs Steel reinforced M Costs Steel reinforced
slab EC2 slab EC2

€4.00 €4.00
I I ;
€0.00

)

Costs (€
(a) MRd:75 kNm

€2.00

€0.00
Costs (€)

(b) MRd:200 kNm

Figure A.24: Comparison ECI-value for BRL0513, ACI440 and EC2 for C30/37, bottom reinforcement first
layer, d=250 mm, C30/37

The results for the required reinforcement, the ECI-values and costs are compiled in table A.8. Note that
these results only account for the structural reinforcement in the bottom layer. In relation to the required
reinforcement, the ECI-score of a slab reinforced with BFRP-bars is consistently lower than a steel-reinforced
slab. However, the production cost remains higher. As table A.8 only outlines tensile reinforcement in bottom
layer 1, these differences will only widen if the distribution reinforcement and the top reinforcement layers are
taken into account.

Table A.8: Required reinforcement and corresponding ECI-values and Costs slab d=250 mm for Mrq=75 kNm
and Mrq=200 kNm

MRd:75 kNm MRd:200 kNm
Code Appp ECI Costs Apsp ECI Costs
BRL0513 (BFRP) 467 mm? €0.30 €2.16 2800 mm? €1.79 €12.94
ACT440 (BFRP) 852 mm? €0.55 €3.94 2700 mm? €1.73 €12.94
EC2 (Reinf. steel) 713 mm? €0.79 €241 2022 mm? €2.25 €6.83
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Serviceability, crack width

The serviceability limit state of reinforced concrete from a standpoint of durability is often the determining
factor in reinforced concrete structural elements. One of these aspects of the SLS-analysis is the crack width
control. According to Eurocode 2, the crack width cannot exceed a certain threshold to ensure the durability
of the concrete structure and prevent the deterioration of the reinforcement steel. As the deterioration of the
reinforcement is less of a problem, a larger crack width is allowed up to 0.70 mm according to the ACI440. This
limit requirement does not stem from a durability requirement, but rather from aesthetics.

Crack width BRL0513 (BFRP)

The approach to crack width control the BRL0513 has is largely identical to the Eurocode 2 except for a bond
factor &¢, which influences the crack spacing, as well as the limiting factor for the crack spacing. The formulae
used in crack width control according to BRL0513 are shown in equations A.19, A.20 and A.21.

Wk = sr,max,bf(gbf - Ecm) (A].g)
Where: ;
obr — ke 2T (1 aepperr)
Pp eff ’ Obf
—&cm — : >0.6— A2
Ebf — € o >0 6Ebf (A.20)
k1koky B ue Obt Dbt
Sr,max = ksc + A21
bl 3 pp,cff 3~6£bffctm ( )
Where:
ki = 08 (A.22)
bt

In Eurocode 2, the value for k; is to be taken as 0.8 for bonded bars. In the BRL0513, this parameter in the
crack spacing formula is adapted by means of bond factor £¢ to account for the difference in bond strength.

Parameters of note are the tensile strength of the concrete fg og, the effective reinforcement percentage pp o,
the bar diameter @, the concrete cover ¢ and the tensile stress op¢ in the reinforcement in SLS. The effects of
these parameters are researched in this section.

Figure A.25 shows the crack width curves for concrete cover ¢=15 mm up to c= 45 mm with increments of
5 mm for a concrete slab with a concrete strength class of C20/25, a set effective height of d=250 mm and a
reinforcement of Apgp=1500 mm? /m. The running variable is the bending moment in the serviceability state,
which drives the tensile stress in the reinforcement. The curves show an exponential increase in crack width
development until a limit value for which the crack spacing does not increase anymore. This causes the crack
width development to increase linearly according to the model used in the BRL0513.
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Crack width BRL5013, d=250 mm, C20/25, Abfrp=1500
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Figure A.25: Crack width development curves according to BRL0513 for various concrete cover ¢ values, C20/25,
d=250 mm, Apsp=1500 mm?/m

The relevance of crack width control becomes apparent when the maximum bending moment is limited by the
maximum allowable crack width wy,.c. According to the curve for concrete cover ¢=30 mm in figure A.25,
the maximum bending moment is 76.70 kNm in SLS for the maximum allowable crack width of 0.50 mm. For
comparison, the ultimate bending moment resistance in ULS for this slab design is 135.38 kNm, which is a factor
of 1.77 difference. This renders the influence of crack width control significant, where this aspect is regularly the
decisive factor in the design of concrete structures reinforced with BFRP-bars. By increasing the reinforcement
from 1500 mm?/m to 2500 mm?/m, the reinforcement percentage is increased significantly. Crack width curves
for this slab design are shown in figure A.26a. The maximum bending moment in SLS corresponding to a
crack width of 0.50 mm is 128 kNm. For comparison, the ultimate bending moment according to the BRL0513
guideline is 166.67 kNm. By increasing the reinforcement percentage, the factor between the maximum allowable
bending moments in SLS and ULS is now reduced to 1.30 instead of 1.77.

Increasing the concrete strength class from C20/25 to C30/37 does not have a significant effect on the crack
width development according to the BRL0513. The corresponding curves are shown in figure A.26. The increase
in tensile strength of the concrete does not influence the crack width significantly. The bending moment in SLS
corresponding to the maximum allowable crack width of 0.50 mm is 83.3 kNm, which is only slightly higher
than the same slab with C20/25. The increase in concrete strength however does influence the ultimate bending
moment in ULS. The ultimate bending moment is increased to 173.79 kNm.
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Figure A.26: Crack width development curves according to BRL0513 for various concrete cover ¢ values with
increased properties

Crack width ACI440 (BFRP)

Whereas the BRL0513 limits the crack width to 0.50 mm, the ACI440 allows a crack width of 0.7 mm if not
subjected to aggressive environments, otherwise, the maximum allowable crack width is 0.50 mm. The crack
width analysis according to the ACI440 is relatively less elaborate than the BRL0513 and Eurocode 2. The
formula used for the crack width control is based on the maximum concrete cover from the bottom of the
concrete to the centre of the tensile reinforcement bar, denoted as d.. Equation A.23 is used to determine the
upper bound of the parameter d..

d. < Efwmax

S Bk (A.23)

Note that this formula is based on the maximum allowable crack width. By rearranging equation A.23, the
crack width can be noted as the unknown as a function of the tensile stress in the reinforcement fg. The formula
is rearranged in equation A.24.

_ ffsﬁdckb
w= 22

< Wmax A24
Fot<w (A.21)

The parameters in equation A.24 are determined in equation A.25 to A.31

b= (A.25)
frs = M nfd(ll —k) (A.26)
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Where:

k= 2pene + (pfnf)2 — png (A.27)
de=h—d (A.28)

Ay

= -_— A.c2

pr= (A.29)

FE
ne = Ef (A.30)

bd3 3 2 2

The computation of the other parameters has been established previously. The parameter Mg represents the
bending moment at serviceability level, which is required to determine the tensile stress in the reinforcement
ffu. The parameter ns is the factor of the Young‘s modulus of the BFRP-bar over that of the concrete. The
parameter d. represents the thickness of the concrete cover measured from extreme tension fibre to the centre
of the bar. I, is the moment of inertia of a cracked section. Lastly, the parameter k represents the ratio of the
depth of the neutral axis to the reinforcement depth.

Crack width ACI440, d=250 mm, C20/25, Abfrp=1500
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Figure A.27: Crack width development curves according to ACI440 for various concrete cover ¢ values, C20/25,
d=250 mm, Ay=1500 mm?/m

Figure A.27 shows the crack width curves of the various concrete covers as described previously. Due to the
simple formula for crack width, crack width development according to this model is linear, contrary to the
BRLO0513 curves. For a wy,ax of 0.50 mm, a slab with a concrete cover of 30 mm, has a maximum serviceability
bending moment of 83.33 kNm, which is comparable to the result of the BRL0513 analysis (76.70 kNm). The
ultimate bending moment for this slab is 135.24 kNm, which again is comparable to the bending moment capacity
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in ULS according to the BRL0513 analysis (135.35 kNm). The bending moment capacity in serviceability is a
factor of 1.62 lower than the bending moment capacity.

The advantage of the ACI440 is the permission of a maximum crack width of 0.70 mm, provided there is no
aggressive environment. The serviceability bending moment for this slab limited by crack width is 116.67 kNm,
which is only a factor 1.16 lower than the ultimate bending moment capacity of 135.24 kNm. Therefore, crack
width is less likely to be governing in the design.

By increasing the properties similar to the previous section, the same trends are noticeable. By increasing the
reinforcement in the cross-section At to 2500 mm?, the crack width development is significantly smaller, shown in
figure A.28a. An increase in concrete strength class to C30/37 (figure A.28b) only marginally reduced the crack
width development, however, these differences are negligible. Both options provide higher bending moment
capacities, however, only the increase of the reinforcement ensures a a more favourable crack development.
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Figure A.28: Crack width development curves according to ACI440 for various concrete cover ¢ values with
increased properties

Crack width Eurocode 2 (Reinforcement steel)
The Young's modulus of the reinforcement bars significantly influences crack width development, typically
resulting in smaller crack widths for steel-reinforced structures compared to those reinforced with BFRP-bars

in concrete. Given that BFRP-bars exhibit a Young‘s modulus approximately one-fourth of that of reinforcement
steel, the curves in Figure A.29, depicting various concrete covers c, are expected to reveal smaller crack widths.
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Crack width Eurocode 2, d=250 mm, C20/25, As=1500
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Figure A.29: Crack width development curves according to Eurocode 2 for various concrete cover ¢ values,
C20/25, d=250 mm, Ay=1500 mm?/m

For example, a slab with a concrete cover ¢c=30 mm as described previously has a maximum bending moment
in SLS of 85.88 kNm for a wyax of 0.2 mm. The ultimate bending moment capacity in ULS is 161,80 kNm,
which is a factor of 1.88 higher. Therefore, the crack width is likely to be a governing and limiting aspect
in the general design. Figure A.30 outlines the same trends as previous analyses with increased parameters.
To effectively reduce the crack width development, adding reinforcement seems the most effective rather than
increasing the concrete strength class.
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Figure A.30: Crack width development curves according to ACI440 for various concrete cover ¢ values with
increased properties
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Crack width comparison

All graphs pertaining to comparing the crack width development are shown in Appendix C, figures C.la to
C.1u. The Eurocode 2 curves consistently remain below both ACI440 and BRLO0513 curves. The BRL0513
starts at approximately the same slope as the Eurocode 2 curves but increases exponentially up to a point of
a constant slope which is larger than the ACI440 curve slopes. The BRL0513 curve is more favourable until
the exponential section of the curve intersects the ACI440 curve, which is roughly at the crossover point of the
BRLO0513 curve entering its linear section. After this crossover point, the BRL0513 crack width model is more
conservative than the ACI440 model. Figure A.31 shows a comparison of the aforementioned slab design for
both the most and least strict crack width limits in the researched codes. For concrete structures reinforced
with BFRP-bars, this ranges from 0.5 mm to 0.7 mm. For steel-reinforced concrete structures, 0.2 mm to 0.4
mm is the interval for crack width.
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Figure A.31: Crack width comparison with code limits

The favourability of the ACI440 curves rapidly declines as the concrete cover increases, and the intersection
moves further to the right. The exponential section of the BRL0513 curves becomes relatively larger, increasing
its favourability.

In terms of favourability towards reinforcement steel, the greater maximum allowable crack width for the BFRP-
bars ensures comparability in bending moments in permissible serviceability bending moments. The most strict
maximum allowable crack width of 0.5 mm is reached for concrete structures reinforced with BFRP-bars is
reached earlier than the 0.2 mm limit for steel-reinforced structures according to Eurocode. As this trend is
visible in all comparative graphs in Appendix C (figures C.1a to C.1u), a larger maximum allowable crack width
does not necessarily grant favourability towards concrete structures reinforced with BFRP-bars. However, the
differences are still relatively small. For the upper boundaries of the allowable crack width (0,4 and 0.7 mm
respectively) the difference becomes more apparent. Despite the greater maximum allowable crack width for
BFRP-bars ensuring comparability in bending moments, the earlier attainment of the most restrictive crack
width limit in BFRP-reinforced concrete challenges the presumed favorability, emphasizing the importance of
thoughtful material selection for concrete structures.
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Serviceability, bond factor

According to the provisions in the BRL0513, the crack width in the serviceability limit state is determined
using equation A.21. The equation is a convolution of the crack spacing and the strain difference in the basalt
fibre and the concrete. The crack spacing (equation A.21) is dependent on the bond factor &y¢, the effective
reinforcement percentage p, g, the bar diameter @s and the cover c.

By varying these parameters between certain boundaries, the significance of the individual parameters on the
crack spacing can be visualized. These visualisations are shown in Appendix D, figures D.1a to D.lo. Figure
A.32 shows one of these graphs. This graph shows the relation between the crack spacing and the bond factor
for various effective reinforcement percentages.

Bond factor and crack spacing relation
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Figure A.32: Bond factor crack spacing relation for g,;=12 mm, ¢=30 mm

As the bond factor increases, the crack spacing decreases. However, the curves for the crack spacing seem to be
converging to a bottom limit depending on the curve and its input parameters. For a bond factor smaller than
1.0, the crack spacing grows exponentially.

A.5 Conclusions

The comparison between steel reinforcement and basalt fibre reinforcement in slabs of equal geometry and various
cover thicknesses reveals intriguing trends. When substituting steel with BFRP-bars in slabs, BFRP exhibits
a consistently lower Environmental Cost Indicator across different configurations. Despite the initial higher
construction costs associated with BFRP, the reduced environmental impact, particularly in terms of concrete
usage and global warming potential, is noteworthy. The adjustment of cover thickness significantly impacts
both the ECI and costs of BFRP-reinforced slabs. Reducing the cover to 1.5 times the BFRP bar diameter
amplifies the ECI advantage and narrows the cost disparity between BFRP and steel reinforcement. Notably,
in slabs requiring minimum thickness for non-structural purposes, BFRP demonstrates a clear advantage in
both ECI and potential cost savings. These findings highlight the potential environmental benefits of BFRP,
especially in minimizing concrete usage and lessening environmental impact, despite initial higher costs. The
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adaptability of BFRP in thinner, non-structural slabs underscores its promising role in sustainable construction
practices.

The crack width analysis across the assessed design codes shows varied crack width approaches. Eurocode 2
sets strict limits, while ACI440 allows wider cracks for aesthetics. BRL0513 aligns with Eurocode 2 but adapts
for BFRP reinforcement using a bond factor and allows for a larger maximum crack width. The impact of
parameters like concrete cover and reinforcement percentage on crack widths is evident. Increasing reinforcement
significantly reduces crack widths, affecting serviceability bending moments. Changes in concrete strength
minimally affect crack width in BRL0513 but substantially impact ultimate bending moments.

While the greater maximum allowable crack width for BFRP-bars ensures comparability in bending moments in
permissible serviceability bending moments, the earlier attainment of the most restrictive crack width limit in
BFRP-reinforced concrete challenges the presumed favorability over steel reinforcement according to Eurocode
standards. The observed trend, illustrated in all comparative graphs in Appendix C, indicates that a larger
maximum crack width does not necessarily grant an advantage to concrete structures reinforced with BFRP-
bars. Thus, careful consideration of material selection is crucial for optimizing the performance and durability
of concrete structures. ACI440 allows wider cracks initially but becomes more conservative than BRL0513 after
a certain point. The higher the applied concrete strength of a concrete structure reinforced with BFRP-bars,
the more likely it is for the SLS-analysis to be decisive. If the crack width has to be reduced, according to
the graphs in figure A.26, it is more effective to increase the reinforcement percentage ep e, rather than the
concrete strength class.
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Bending moment resistance MRd C20/25, d= 250 mm Bending moment resistance MRd C30/37, d= 250 mm
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Bending moment resistance MRd €20/25, d= 350 mm Bending moment resistance MRd C30/37, d= 350 mm
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Bending moment resistance MRd C20/25, d= 450 mm Bending moment resistance MRd C30/37, d= 450 mm
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Figure B.1: Bending moment diagrams comparison for varying effective heights and concrete strength classes
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Figure D.1: Bond factor crack spacing relation for varying diameter, concrete cover, and bar diameter
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Appendix E — Results cube compression test

Table E.1: Concrete batch 1 cubes results

Cube Loading speed Load (kN) Stress (MPa) Concrete  age
number (kN/s) (days)

C1.1 13.50 898.2 39.9 29

C1.2 13.50 1049.6 46.6 29

C1.3 13.50 1054.4 46.9 29

Average stress: 44.5 MPa
Standard deviation: 3.9 MPa
Coefficient of variation: 8.88%

Casting date: 05/07/2023
Testing date: 03/08/2023

Table E.2: Concrete batch 2 cubes results

Cube Loading speed Load (kN) Stress (MPa) Concrete  age
number (kN/s) (days)

C2.1 13.50 1135.7 50.5 29

C2.2 13.50 1219.1 54.2 29

C2.3 13.50 1119.1 49.7 29

Average stress: 51.5 MPa
Standard deviation: 2.4 MPa
Coefficient of variation: 4.63%

Casting date: 10/07/2023
Testing date: 08/08/2023
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Appendix E — Results cube compression test

Table E.3: Concrete batch 3 cubes results

Cube Loading speed Load (kN) Stress (MPa) Concrete  age
number (kN/s) (days)

C3.1 13.50 1193.7 53.1 29

C3.2 13.50 1095.2 48.7 29

C3.3 13.50 1169.8 52.0 29

Average stress: 51.2 MPa
Standard deviation: 2.3 MPa
Coefficient of variation: 4.46%

Casting date: 17/07/2023
Testing date: 15/08/2023
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Appendix F — Results cubes tensile splitting test

Table F.1: Concrete batch 2 cubes tensile splitting results

Cube Loading speed Load (kN) Tensile splitting Concrete age
number (kN/s) strength (MPa)  (days)

C2.4 2.12 1135.7 3.98 29

C2.5 2.12 1219.1 3.73 29

C2.6 2.12 1119.1 4.13 29

Average tensile splitting strength: 3.94 MPa
Standard deviation: 0,201 MPa
Coefficient of variation: 5.10%

Casting date: 10/07/2023
Testing date: 08/08/2023

Table F.2: Concrete batch 3 cubes tensile splitting results

Cube Loading speed Load (kN) Tensile splitting Concrete  age
number (kN/s) strength (MPa)  (days)

C3.4 2.12 131.1 3 3.71 29

C3.5 2.12 135.6 3.84 29

C3.6 2.12 134.7 3.81 29

Average tensile splitting strength: 3.94 MPa
Standard deviation: 0.067 MPa
Coefficient of variation: 1.780%

Casting date: 17/07/2023
Testing date: 15/08/2023
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Appendix G — Results prisms compression test

Table G.1: Concrete batch 1 prisms results

Prism Loading (L) and wunload- Prisms strength Young's modu- Concrete age
number ing(U) speed (kN/s) (kN) lus (MPa) (days)

P1.1 1.0(L)/ 2.0(U) 429.92 37727 29

P1.2 1.0(L)/ 2.0(U) 434.91 39950 29

P1.3 1.0(L)/ 2.0(U) 453.48 40390 29

Average Young'‘s modulus: 39355 MPa
Standard deviation: 1684.58 MPa
Coefficient of variation: 4.28%

Casting date: 05/07/2023
Testing date: 03/08/2023

Table G.2: Concrete batch 2 prisms results

Prism Loading (L) and wunload- Prisms strength Young's modu- Concrete age
number ing(U) speed (kN/s) (kN) lus (MPa) (days)

P2.1 1.0(L)/ 2.0(U) 431.99 36681 29

P2.2 1.0(L)/ 2.0(U) 407.55 36818 29

P3.2 1.0(L)/ 2.0(U) 407.33 35232 29

Average Young's modulus: 36244 MPa
Standard deviation: 878.34 MPa
Coefficient of variation: 2.42%

Casting date: 10/07/2023
Testing date: 08/08/2023
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Table G.3: Concrete batch 3 prisms results

Prism Loading (L) and wunload- Prisms strength Young's modu- Concrete age
number ing(U) speed (kN/s) (kN) lus (MPa) (days)

P3.1 1.0(L)/ 2.0(U) 388.98 38426 29

P3.2 1.0(L)/ 2.0(U) 393.73 37686 29

P3.3 1.0(L)/ 2.0(U) 422.19 38716 29

Average Young'‘s modulus: 38276 MPa
Standard deviation: 531 MPa
Coefficient of variation: 1.39%

Casting date: 17/07/2023
Testing date: 15/08/2023
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Appendix H — Crack width development DIC-data

H.1 Results B-3r8-c31

The load-deflection curve for beam B-3r8-¢31 is shown in figure H.1. In the same figure, a curve containing the
maximum crack width measured from DIC-data is presented. Table H.1 indicates the performance of the beam.
The chronological crack pattern propagation from the DIC-data is presented in figure H.2.

B-3r8-c31: Load-deflection curve and maximum crack width
70 N 1.0

0.9
0.8
0.7
0.6
—— Load-deflection curve
0.5

0.4 -+ Maximum crack width

Crack width (mm)

0.3
0.2
0.1

0.0
0 10 20 30 40 50
Deflection at midspan (mm)

Figure H.1: B-3r8-c31, load-deflection curve versus maximum crack width measured from DIC-data

Table H.1: B-3r8-c31, summarized performance parameters

Performance parameters

Maximum load 61.89 kN
Mid-span vertical deflection at maximum load 25.64 mm
Maximum vertical deflection at mid-span 46.83 mm
Number of cracks in constant bending moment zone 7

Average crack spacing 71.43 mm

The crack width development in beam B-3r8-c31 is displayed using a Von Mises contour plot from the DIC-
data. The base colour is dark blue indicating no strain. Ranging from turquoise to red, strain concentrations
are indicated from the DIC-data, which indicates cracks in the concrete. The first cracks appear at 12.11 kN as
presented in figure H.2a. At a load of 17.49 kN, horizontal cracks also emerge at the depth of the reinforcement
(figure H.2d). As the load increases, more cracks start to emerge and develop in the constant bending moment
zone of the beam. Eventually, 7 primary cracks develop, however, more secondary cracks appear at mid-height,
where the cracking is not limited by reinforcement (figure H.2f). The beam failed in the concrete compression
zone, near one of the points of load application.
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(f) CB-3r8-¢31: F=26.37 kN

Note that during the test, the test was stopped and resumed as the jack increased force from approximately 20
kN to 40 kN within seconds, which is visible in the load-deflection curve (figure H.1) as well as the DIC-images.

After the test was resumed, the trajectory of the load-deflection curve resumed in accordance with the initial
curve.
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Figure H.2: Crack widths contour plots B-3r8-c31 from DIC-data

By comparing the DIC-data to the data from the LVDT‘s used during the test, some significant differences can
be noticed. This is likely due to the loading history of the beam. As the DIC-data relies on images taken every
5 seconds, the data gathered during the vastly increased loading speed part of the cycle is not accurate. As the
compression zone started to fail, LVDT 3 failed as well and overstepped its reach. After the reach of an LVDT is
exceeded, the curve flat-lines, which is noticeable in subfigure H.3c. Upon inspecting the DIC-data for LVDT 2,
limited data of sufficient accuracy could be gathered to make a sound comparison. In general, the data gathered
from the first loading cycle is usable up to a load level of 17.10 kN, as the sudden acceleration of the load has
not occurred at this point yet. The data from the second load cycle is generally accurate except for LVDT 2,
which is located in the concrete compressive zone at 30 mm from the top edge of the beam. As LVDT‘s 1 and
3 are located in the compression zone as well at 10 mm and 50 mm from the top edge respectively, valid data
about the concrete compression zone can still be used. The DIC-data is therefore accepted with the exception
of the aforementioned parts.
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Figure H.3: B-3r8-c31: Load-displacement curves LVDT’s and comparison with DIC-data
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Appendix H — Crack width development DIC-data

H.2 Results B-2r10-c31

The load-deflection curve for beam B-2r10-c¢31 is shown in figure H.4, as well as the maximum crack width
curve. The maximum crack width according to the ACI440 and BRLO0513 are shown as well. The chronological
crack pattern propagation from the DIC-data is presented in figure H.5.

B-2r10-c31: Load-deflection curve and maximum crack width
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Figure H.4: B-2r10-c31, load-deflection curve versus maximum crack width measured from DIC-data

Table H.2: B-2r10-c31, summarized performance parameters

Performance parameters

Maximum load 65.17 kN
Mid-span vertical deflection at maximum load 25.47 mm
Maximum vertical deflection at mid-span 25.47 mm
Number of cracks in constant bending moment zone 7

Average crack spacing 71.43 mm

Beam B-2r8-c31 failed in the shear zone of the beam due to a faulty stirrup. Although the failure mode was
not as expected, the force at which B-2r8-c31 failed is comparable to the beams that failed in compression.
Initial cracks emerged at 10.90 kN (figure H.5a). Similar to beam B-3r8-c31, it exhibited horizontal cracks at
the depth of reinforcement (figure H.5d), suggesting tensile splitting.
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Figure H.5: Crack widths contour plots B-2r10-¢31 from DIC-data
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Appendix H — Crack width development DIC-data

By comparing the DIC-data (figure H.6) to the data of the LVDT‘s, small differences are found between the
DIC-data and the LVDT-data. The largest difference is found in LVDT 2 which is located in the concrete
compression zone. As the force reached the load level of concrete crushing, DIC-data could become less accurate.
The differences can be explained as the LVDT‘s are placed on the opposite side of the beam as the DIC-data is
taken. The DIC-data is accepted as it is generally accurate.
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Figure H.6: B-2r10-c31: Load-displacement curves LVDT’s and comparison with DIC-data
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Appendix H — Crack width development DIC-data

H.3 Results B-2r8-c31

Figure H.7 presents the load-deflection curve as well as the cracking curve of beam B-2r8-c31. Some performance
indicators are noted in table H.3. The beam failed in the compression zone. The chronological crack pattern
propagation from the DIC-data is presented in figure H.8.

B-2r8-c31: Load-deflection curve and maximum crack width
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Figure H.7: B-2r8-c31, load-deflection curve versus maximum crack width measured from DIC-data

Table H.3: B-2r8-c31, summarized performance parameters

Performance parameters

Maximum load 59.96 kN
Mid-span vertical deflection at maximum load 32.16 mm
Maximum vertical deflection at mid-span 37.76 mm
Number of cracks in constant bending moment zone 7

Average crack spacing 71.43 mm

As this beam specimen contains the least amount of reinforcement cross-section area of the 4 BFRP-reinforced
beam specimens, this beam has the lowest stiffness, expecting the deflection to be comparatively larger at
the same load levels after cracking. Figures H.8a to H.8t present the crack width propagation and pattern
development in the constant bending moment zone of beam B-2r8-c31, combined with strain measurements
from the optical strain fibre. The strain development in the reinforcement measured with the optical fibre is
aligned below the contour plots. A peak in the strain development indicates the location of a crack, which aligns
with the DIC-images. At higher load levels, the deformation of the beam causes the curves to be constantly
above zero.
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Appendix H — Crack width development DIC-data

The first crack starts to appear at a load level of 10.87 kN, which is located approximately in the centre of
the beam zone of constant bending moment. At the next load level of approximately 15 kN, 3 more flexural
cracks have now developed where tensile splitting cracks emerge at the depth of the reinforcement. The crack
width development is expected to be the largest as the reinforcement in the bottom is the least in terms of
cross-sectional area, and therefore provides the least crack width control.
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Figure H.8: Combined crack widths contour plots B-2r8-c31 from DIC-data and corresponding strain graphs
optical fibre from optical fibre data

At load levels 59.62 kN and 56.32 kN, the data from the optical fibre does not provide strain development at the

constant bending moment zone of the beam. This is likely due to the excessive elongation, causing the breaking
of the fibre.

Upon inspecting the data of the optical fibre, the fibre broke at a load level of approximately 55 kN. Figure H.9
presents the strain development over the full length of the fibre. The constant bending moment zone begins
at 0 mm in this figure. At load level 59.62 kN, and -150 mm at load level 56.31 kN, the optical fibre does not
convey data anymore for strain measuring. Probable causes for this are breaking of the fibre or extensive slip
with respect to either its coating or the adhesive.

The highest strain measured in the gauge is equal to 1.65%, which is located at approximately 600 mm, which
is located outside the constant bending moment zone. The real maximum strain is likely higher if the is not the
maximum load level. For the higher load levels, the strain gauge did not capture any useful data.
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Figure H.9: Full optical fibre gauge length strain development beam B-2r8-c31

Figure H.10 present the stress development over the length of the strain gauge. As the stress-strain behaviour
of the BFRP-bars is linear-elastic, the stress in the reinforcement is determined by multiplying the strain with

the Young's modulus. Therefore, the measured maximum stress in the tensile reinforcement is equal to 880.95
MPa.
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Figure H.10: Full optical fibre gauge length stress development beam B-2r8-c31
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By comparing the DIC-data (figure H.11) to the data of the LVDT"s, small differences are found between the
DIC-data and the LVDT-data. The differences can be explained as the LVDT"s are placed on the opposite side
of the beam as the DIC-data is taken. The DIC-data is accepted as it is generally accurate.
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Figure H.11: B-2r8-c31: Load-displacement curves LVDT’s and comparison with DIC-data
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H.4 Results B-3r8-cl11

Figure H.12 presents the load-deflection curve for beam B-3r8-c11. This graph includes the maximum crack
width curve for which the corresponding load level can be determined. The chronological crack pattern propa-
gation from the DIC-data is presented in figure H.13. The beam failed as one of the reinforcement bars failed
in tension at a load of 71.05 kN.
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1.0

0.9
0.8
0.7
0.6
——Load-deflection curve

0.5

0.4 ) )
-+ - Maximum crack width

Crack width (mm)

0.3
0.2
0.1

0.0

10 20 30
Deflection at midspan (mm)

Figure H.12: B-3r8-c11, load-deflection curve versus maximum crack width measured from DIC-data

Table H.4: B-3r8-c11, summarized performance parameters

Performance parameters

Maximum load 71.05 kN
Mid-span vertical deflection at maximum load 21.90 mm
Maximum vertical deflection at mid-span 21.90 mm
Number of cracks in constant bending moment zone 8
Average crack spacing 62.5 mm

Some performance indicators are noted in table H.4. From the contour plots from the DIC-data, it is shown
that the first cracks appear at 15.08 kN (figure H.13a).
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Figure H.13: Crack widths contour plots B-3r8-c11 from DIC-data
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By comparing the DIC-data (figure H.14) to the data of the LVDT"s, small differences are found between the
DIC-data and the LVDT-data. The differences can be explained as the LVDT"s are placed on the opposite side
of the beam as the DIC-data is taken. The DIC-data is accepted as it is generally accurate.
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Figure H.14: B-3r8-c11: Load-displacement curves LVDT’s and comparison with DIC-data
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H.5 Results S-3r8-c31

Beam specimen S-3r8-c31 serves as a comparison beam for its counterpart reinforced with BFRP-bars (B-
3r8-c31), as it contains the same reinforcement configuration and concrete cover. Figure H.15 presents the
load-deflection curve for this beam and also includes the maximum crack width curve. The chronological crack
pattern propagation from the DIC-data is presented in figure H.16.

S-3r8-c31: Load-deflection curve and maximum crack width
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Figure H.15: S-3r8-c31, load-deflection curve versus maximum crack width measured from DIC-data

Table H.5: S-3r8-c31, summarized performance parameters

Performance parameters

Maximum load 59.38 kN
Mid-span vertical deflection at maximum load 17.17 mm
Maximum vertical deflection at mid-span 21.76 mm
Number of cracks in constant bending moment zone 5
Average crack spacing 100 mm

Table H.5 presents performance indicators of the beam. The beam specimen failed in the compression zone
with a maximum force of 59.38 kN. The first cracks emerge at 15.11 kN as displayed in figure H.16a. At a load
of 17.49 kN, all 5 cracks have already formed and proceed to propagate. These 5 cracks are the ones that have
emerged in the 500 mm constant bending moment zone, however, another crack formed just outside of this zone
and entered the zone from the left. This is visible in figure H.16g from a load level of 30.04 kN.

5
TUDelft ﬂ Van Hattum en Blankevoort



Appendix H — Crack width development DIC-data

]
TUDelft

200

150

Height (mm)
=)
o

50

200

150

Height (mm)
=
(=]

50

200

150

Height (mm)
=
o

50

150 200 250 300 350 400 450 500
Length (mm)

(a) S-3r8-c31: F=15.11 kN

T =

150 200 250 300 350 400 450 500
Length (mm)

(b) S-3r8-c31: F=17.49 kN

150 200 250 300 350 400 450 500
Length (mm)

(c) S-3r8-c31: F=20.01 kN

ﬂ Van Hattum en Blankevoort



Appendix H — Crack width development DIC-data

200

150

Height (mm)
=)
o

50

0 50 100 150 200 250 300 350 400 450 500
Length (mm)

(d) S-3r8-c31: F=22.71 kN

200

150

Height (mm)
=
(=]

50

0 50 100 150 200 250 300 350 400 450 500
Length (mm)

(e) S-3r8-c31: F=25.10 kN

200

150

Height (mm)
=
o

50

0 50 100 150 200 250 300 350 400 450 500
Length (mm)

(f) S-3r8-c31: F=27.47 kN

5
TUDelft ﬂ Van Hattum en Blankevoort
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Figure H.16: Crack widths contour plots S-3r8-c31 from DIC-data
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Appendix H — Crack width development DIC-data

By comparing the DIC-data (figure H.17) to the data of the LVDT"s, small differences are found between the
DIC-data and the LVDT-data. The differences can be explained as the LVDT"s are placed on the opposite side
of the beam as the DIC-data is taken. The DIC-data is accepted as it is generally accurate.
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Figure H.17: S-3r8-c31: Load-displacement curves LVDT’s and comparison with DIC-data
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Appendix H — Crack width development DIC-data

H.6 Results S-3r8-cl11

Beam specimen S-3r8-cl1 serves as a comparison beam for its counterpart reinforced with BFRP-bars (B-
3r8-cll), as it contains the same reinforcement configuration and concrete cover. Figure H.18 presents the
load-deflection curve for this beam and also includes the maximum crack width curve. The chronological crack

pattern propagation from the DIC-data is presented in figure H.19.

S-3r8-c11: Load-deflection curve and maximum crack width
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Figure H.18: S-3r8-c11, load-deflection curve versus maximum crack width measured from DIC-data

Table H.6: S-3r8-c11, summarized performance parameters

Performance parameters

Maximum load

Mid-span vertical deflection at maximum load
Maximum vertical deflection at mid-span

Number of cracks in constant bending moment zone
Average crack spacing

64.77 kN
17.47 mm
23.87 mm
7

71.43 mm
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Appendix H — Crack width development DIC-data
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Figure H.19: Crack widths contour plots S-3r8-c11 from DIC-data
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Appendix H — Crack width development DIC-data

By comparing the DIC-data (figure H.20) to the data of the LVDT"s, small differences are found between the
DIC-data and the LVDT-data. The differences can be explained as the LVDT"s are placed on the opposite side
of the beam as the DIC-data is taken. The DIC-data is accepted as it is generally accurate.
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Figure H.20: S-3r8-c11: Load-displacement curves LVDT’s and comparison with DIC-data
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