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Abstract

Glass fibre reinforcing polymer (GFRP) bars are becoming a more comparable alternative to steel rebar
used as tensile reinforcement for concrete, due to their cost effectiveness compared to other
alternatives. GFRP has material characteristics of being corrosion-resistant and low-impact to
electromagnetic field interference. GFRP bars are also stronger but less stiff than traditional steel rebar.
However, the biggest drawback of GFRP bars acting as reinforcement for concrete members is their
brittle nature, where there is little-to-no warning of failure of a structural reinforced concrete element.
As a result, it is crucial to successfully identify the tensile strength of such material prior to installment in
construction projects. The most direct way to measure this quality is to perform a uniaxial, direct tensile
test on GFRP bars. This test involves clamping the ends of the GFRP bar in a testing machine and pulling
the bar apart with tensile force until failure. From this, the tensile stress and tensile elastic modulus of a
GFRP bar can be obtained from the recorded force and displacement values.

The tensile test requires large capacity test frames. Typically, the bigger sized GFRP bars are very difficult
to test to their ultimate tensile stress due to lack of access of a testing machine strong enough to break
the GFRP bar. Another critical consideration that needs to be made is adequately preparing steel
anchorages tubes at the ends of the GFRP bar such that the grips of the testing machine would not crush
the GFRP material. A common problem with this setup is that the GFRP could de-bond from the steel
tube mid-way through the test, if they are not properly bonded together. As a result, there needs to be
ample anchorage length and threading of the insides of the anchorage tubes to promote bonding
between the GFRP material and the steel anchorage tube. If an anchorage tube length is very long, this
can cause the specimen to be quite heavy and difficult to maneuver when placing it inside of the testing
machine. This test is direct in obtaining key parameters, but it involves significant time and effort to
conduct, discouraging the completion of quality control tests for GFRP bars, which are needed to ensure
the tensile strength of the reinforcement used in concrete.

An alternative test that has been investigated to obtain the tensile strength of a GFRP bar is conducting
a flexural test, where the specimen is subjected to compressive and tensile stresses. Since the goal is to
observe the tensile strength of the GFRP bar, the only preparations for this test that are required is
having access to the proper flexural apparatus, and cutting the GFRP specimen to length and
longitudinally in half to ensure tensile failure occurs first. From this test, the loading at which the tensile
fibres first rupture can be converted into a rupture stress. Using Weibull’s Weakest Link model to
describe the failure distribution of the GFRP material based on its flaws, the rupture stress can be
related to its tensile strength. To provide a more accurate result, the GFRP material is modelled as a bi-
moduli material, where its compressive and tensile elastic moduli are different. Through these set of
calculations, the flexural test of the GFRP material is an efficient method in obtaining the tensile
strength.

This research investigates 3-point and 4-point bending tests of GFRP bars of size 8 mm, 13 mm, 16 mm,
20 mm, 25 mm, and 32 mm in diameter, to be used to determine tensile strength of these bars. Testing
with two different flexural tests will examine if one of the tests yield a more accurate result for
calculating the tensile strength of the GFRP bars compared to the other. Using varying sizes of GFRP bars
will confirm whether the set of correlation calculations work for all sizes. Tensile testing of GFRP bars of
sizes 8 mm, 13 mm, and 16 mm in diameter was completed, in order to validate the results from the
flexural testing.



It was found that both 3-point and 4-point bending tests can be used to determine tensile strength. Both
methods are comparably accurate, with 3-point bending being slightly faster to do. In comparison with
results from tensile testing (for smaller specimens) and prior research, it was found that the correlated
tensile capacities from the flexure tests had minor discrepancies, having an error of less than 19%. The
flexural test holds great potential to be a successful standardized test that yields accurate results to
determine the ultimate tensile strength of a GFRP bar. The purpose for such testing is for quality control
and quality assurance of different batches of GFRP bars to be installed in concrete infrastructure.
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Chapter 1 - Introduction

Glass fibre reinforced polymers (GFRP) bars are the most common and the cheapest alternative to
convention steel reinforcing bars (rebar) in structural concrete elements. GFRP bars have been used in
numerous structures and application (Balendran et. al, 2002) due to several of its unique benefits. Some
of these include an increased lifespan of the structural element as a result of the GFRP’s corrosion
resistant nature, and low electromagnetic interference since it is not metallic. GFRP can also achieve
higher tensile capacity while having a cost more comparable to steel rebar.

Despite these benefits of using GFRP bars as opposed to the convention steel rebar, there are a few
downsides. One of the primary drawbacks of using a GFRP bar is its brittle failure behaviour. GFRP
reinforced concrete members must rely on concrete compressive behaviour to provide any warning of
failure. Therefore, it is paramount that the tensile strength and the quality of GFRP bars can be easily
tested and verified. The current direct tensile method cannot be easily implemented for quality
assurance testing of the GFRP bars. Therefore, an alternative test method for assessing the tensile
capacity of a GFRP bar that is fast and simple, is needed. Such a method, namely flexural testing of GFRP
bars, is proposed and presented in this thesis.

1.1 Research Motivation

The most direct way to determine tensile strength is to perform a uniaxial direct tension test on a
sample of the same batch of GFRP rods. This method exists in current testing standards such as CSA
S806-12 (Annex B & C) (CSA, 2012), ASTM D7205/D7205M-06 (ASTM Committee D30, 2016), ASTM
D7264/D7264M-15 (ASTM Committee D30, 2015) , and ACI 440.3R-12 (Appendix A) (ACI Committee 440,
2012), and is utilized by other researchers (Johnson, 2014; Tripathi, 2003; Castro & Carino, 1998). This
test involves placing the specimen in a testing machine used for a uniaxial direct tension test, but is
quite cumbersome to setup. It requires both ends of the GFRP bar to be cast properly into steel tubes
that are long enough and have adequate bonding, so slippage does not occur during testing. Before the
testing phase is reached, it is challenging to maneuver and setup the specimen in the testing apparatus
itself, since the specimen is long and slender. Even before overcoming the challenges of preparing and
setting up the specimen, there is a need to have a strong enough, and high enough, testing machine to
complete the uniaxial direct tension tests of the GFRP bars. This type of a bar can endure a high tensile
capacity, achieving over 1000 kN for bars with a diameter of approximately 30 mm or larger. Conducting
the actual test will take quite a significant amount of time per specimen (Arczewska, 2017).

An alternative to the tensile test can be using a flexure test to determine the tensile stress in GFRP bars,
using the ASTM D4476/D4476M-14 (ASTM Committee D20, 2014) standard. Since a beam-element is
subjected to compressive and tensile stresses while bending, the behaviour near failure of the specimen
can be observed and analyzed to help look at the tensile strength of a material. Slicing the GFRP bar in
half longitudinally to have cross section very similar to a semicircle ensures that the GFRP bar will fail in
tension during the flexural test. Setting up and conducting this test is much quicker and more efficient
since specimens do not require difficult preparation. A low capacity machine, up to a load of no more
than 25 kN, with the appropriate testing apparatus can be used to conduct the testing (Arczewska,
Polak, & Penlidis, 2019).

Once the flexure test has been completed and the critical load at which the GFRP specimen’s tensile
fibres rupture has been identified, calculating the flexural-tensile stress (will be referred to as “rupture



modulus” throughout this thesis) can be completed, and correlated to the GFRP bar’s tensile capacity.
This correlation is based on several concepts in material science and mechanics. One of these includes
observing the relationship in fracture mechanics of brittle materials - specifically Weibull’s weakest link
model, which is the distribution that the tensile strength in GFRP bars. Another model that forms this
correlation is the flexure formula for a beam, used to calculate stress based on the moment that the
beam endures. It is also important to note that this method will be derived using the assumption that
the GFRP material behaves linearly as a bi-moduli material, where the modulus of elasticity for tension
and compression are not the same.

1.2 Research Scope & Objectives
The objectives of this research are as follows:

e To investigate correlating the rupture modulus to the tensile capacity of GFRP bars using a 3-
point-bending flexural test.

e To seek options determining failure load from load-displacement responses of flexure tests.

e To verify the correlations work for larger GFRP bar sizes.

e To analyze the results of the 4-point-bending test to see if this test is more accurate and
desirable compared to a 3-point-bending test to determine the tensile strength of a GFRP bar.

This research work follows on Paulina Arczewska’s work (2017), completed at the University of
Waterloo. Arczewska’s scope of research only observed GFRP bars of 12mm (M12) and 16mm (M16) in
diameter in 3-point bending (2019), whereas this research looks at the following GFRP bar sizes (length
in diameter): 8mm (M8), 13mm (M13), 16mm (M15), 20mm (M20), 25mm (M25) and 32mm (M32) in
both 3-point and 4-point bending.

1.3 Structure of Research Work & Methodology

This research will utilize the parameters obtained from a flexural test of GFRP bars, which can be
correlated to the actual tensile strength of the GFRP bar. The steps in the presented thesis are outlined
in Figure 1.1.
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Refining the procedures from a 3-point bending test is an essential part of this research work, following
the work of Arczewska (2017). To expand on this research testing method, examining the results from a
4-point bending test was completed to see if it produces more accurate results compare to a 3-point
bending test. In both methods, finding the maximum flexure load corresponding to cracking of the
tensile fibres is a crucial task for the determination of the tensile strength. The rupture modulus versus
tensile strength correlation calculations are provided afterwards. The first set of these calculations are
to find the location of the neutral axis and the rupture modulus, which are calculated using equilibrium
of forces and moments, and appropriate stress-strain relationships. The location of the neutral axis
needed also to calculate the effective volumes of tensile stress in a GFRP bar when subjected to bending
and direct tensile loads. These effective volume values are related to each other since they both
represent the GFRP in a tensile failure state and they are linked using Weibull’s “Weakest Link” Theory.

Figure 1.1: Structure of Research Work

1.4 Thesis Outline
This thesis is formed into six chapters:

e Chapter 1 serves as the introduction to the thesis and provides a brief introduction for the
importance of GFRP, the reason for seeking a new standardize testing for GFRP and the
structure, scope and objectives of this research.

e Chapter 2 contains background information about what GFRP is and how it is manufactured and
used, as well as what research work has been done to assess the quality and observe the tensile
capacity of GFRP bars.

e Chapter 3 describes the lab testing procedures and observations of the GFRP specimens in the
flexural tests and the uniaxial direct tension testing.



Chapter 4 explains the methods used to identify the critical load point of tensile failure for the
GFRP specimens in flexural testing.

Chapter 5 analyzes the mechanics and statistical models used to form the set of correlation
calculations use to rupture modulus to find the tensile capacity of the GFRP bars. Towards the
end of this chapter, a comparison and discussion of the results is provided.

Chapter 6 goes over the conclusion from this research and gives future recommendations for
further research.



Chapter 2 - Background & Literature Review

This chapter provides a brief overview of the composite of GFRP bars, its use in civil engineering
applications, and prior research completed to evaluate the tensile capacity.

2.1 GFRP Rebar Composition & Production

GFRP bars are composed of 2 main components: the glass fibres and the matrix. These glass fibres are
produced through the extrusion of molten glass through a metal bushing and then rapidly cooled, where
their strength is affected based on flaws and defects formed during this process. The main composition
of glass fibres is silica (SiO,), which what gives strength to these fibres. Although silica is a reactive
compound, it is protected by the matrix of the GFRP material. The matrix of the material is a polymer,
which not only does the matrix limit the damage done to the fibres, but it helps distribute the load
between the fibres while keeping them in place. This serves a crucial function in the tensile capacity of
the FRP bars (Arczewska, 2017); (Gardiner, 2020).

The product is formed through pultrusion: the process used for making straight GFRP bars. This involves
glass fibers being pulled from their roving configuration, grouped together and are bathed in a resin
tank, where the fibres are impregnated with the appropriate resin substance. The fibres are then
squeezed through a bushing to be group in form of a bar, and outer-surface material may be applied as
necessary (i.e. sand) (Benmokrane et. al, 1995). The material is pulled through a heated die, which forms
the matrix of the bar as it is dried and hardened from the resin bath (Gardiner, 2020; Arczewska, 2017).
The bar undergoes any other additional outer-surface alteration as needed (i.e. forming ribbed surface)
and is cut to length. Figure 2.1 shows an image of the pultrusion process.

Resin tank
Fibers

Figure 2.1: Pultrusion Process of GFRP Bar (Arczewska, 2017)

Being an anisotropic material, the tensile strength of the GFRP bar is the strongest in the longitudinal
axis (Benmokrane et. al, 1995). This is attributed to the alighment of the glass fibres during the
pultrusion process, in addition to the polymer matrix that consolidates the material. Imperfections
during the formation of the glass fibres or pultrusion process directly affects the tensile capacity of the
GFRP bar.

2.2 GFRP Used in Civil Engineering Applications
GFRP bars are used as tensile reinforcement of concrete structures, and is the most common alternative
to traditional steel rebar due to their material properties. The availability and development of FRP can



be noted back to the 1940s (Gardiner, 2020; ACI Committee 440, 2015), but use of GFRP material as a
rebar has been present since the 1970s and 1980s, due to demand of non-conductive and non-corrosive
reinforcement in concrete (Arczewska, 2017; ACI Committee 440, 2015). The primary used for GFRP due
to its corrosion-resistant nature of GFRP are in areas where reinforced concrete elements can be
exposed to moisture such as bridges, parking garages, pedestrian platforms and other marine structures
(Arczewska, 2017; ACI Committee 440, 2015). Examples of GFRP bars in used specifically for its benefit
of having minimal electromagnetic interference are in such places as hospital rooms equipped with a
magnetic resonance imaging (MRI) equipment, or power plants (ACI Committee 440, 2015). Figure 2.2
and Figure 2.3 show practical uses of GFRP installed in places where moisture will be present and could
seep into concrete elements.

(from Tub-Bar case study, htts:vwww.tiuf—bar.comw—

content/uploads/2017/08/ASCE JCC La Chanceliere Parking.pdf)

- ~

— ’-4—' L"i‘ e

——

(from Tub-Bar case study, upleads/2017/08/\Water=Treatment-
“ " Plant-Case-Study.pdf)

Figure 2.3: GFRP Installation for Water Treatment Plant Walls (Mohamed & Benmokrane, 2013)
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Despite all these applications, further adoption of GFRP rebar use is hindered by the methods used to
test the quality and strength of the product. One of the most commonly used methods to assess the
quality and strength is through a uniaxial direct tension test.

2.3 Tensile Testing on GFRP Bars
Uniaxial tensile testing of the GFRP bars requires placing a specimen under uniform tensile stress as it is
being pulled from both ends. This test is documented in testing standards such as:

e ASTM D7205 - Standard Test Method for Tensile Properties of Fiber Reinforced Polymer Matrix
Composite Bars (ASTM Committee D30, 2016)

e (CSA S806-12 Annex C - Test method for tensile properties of FRP reinforcements (CSA, 2012)

e and ACI 440.3 — Guide Test Method for Fiber-Reinforced Polymers (FRPs) for Reinforcing of
Strengthening Concrete Structures (ACl Committee 440, 2012)

The tensile capacity of the GFRP bar can be found directly from testing based on the size of the bar and
its failure load. As mentioned in 1.1 Research MotivationSection 1.1 of this thesis as a part of the
motivation for this research work, there have been several studies done with this test method, such as
observing the properties of GFRP bars prior to using as reinforcement in concrete elements (Johnson,
2014; Tripathi, 2003), and observing variables with the test setup itself to determine accurate results
(Castro & Carino, 1998).

The test is conceptually simple; however, several issues exist which make the test impractical for
repeated quality control testing. These are as follows:

e The specimens are long, slender, and heavy. It takes a substantial amount of time and effort to
setup the GFRP specimens before testing, since it involves installing proper grips on the ends of
the GFRP bars, as advised by testing procedures CSA S806-12 (Annex C) (CSA, 2012), ASTM
D7205/D7205M-06 (ASTM Committee D30, 2016), and ACI 440.3R-12 (Appendix A) (ACI
Committee 440, 2012). This installation involves ensuring that the end grip, which is usually
specified as a steel drawn-over mandrel (DOM) tube, is long enough so that there is proper
development length for the GFRP bar to bond to the tube. This task is difficult due to the long
length of the GRFP bar, generally requiring to be anywhere from 800 mm up to 3000 mm (ASTM
Committee D30, 2016). Also, since the specimens are slender and heavy, it increases the
difficulty in maneuvering the specimen and properly setting it up in the testing machine.

e The specimens require specially constructed end grips. To aid with the bonding of the steel tube
and the GFRP bar, the tube’s inner surface should be roughened (i.e. threaded), to increase
surface area of the bonding with the proper grout.

o The capacity of GFRP specimens are very high, requiring large capacity testing frames. The GFRP
bars are much stronger than steel bars. The nominal strength of GFRP is around 1000 MPa
which results in the capacity of (i.e. 30M bars of minimum of 700 kN). The actual capacities are
in usually higher. This, combined with the fact that the specimens are long and heavy, prevents
routine testing of these bars when quality control is an issue.



2.4 Flexural Testing on GFRP Bars

Past research that focused on the flexural properties of FRP bars using a 3-point or 4-point bending test
(Benmokrane et. al, 2017; Maranan et. al, 2014; Benmokrane et al., 2006; Tripathi, 2003). These
laboratory tests were based on one of the following testing procedures:

e ASTM D790-17 — Standard Test Methods for Flexural Properties of Unreinforced and Reinforced
Plastics and Electrical Insulating Materials (ASTM Committee D20, 2017).

e ASTM 4476 — Standard Test Method for Flexural Properties of Fiber Reinforced Pultruded Plastic
Rods (ASTM Committee D20, 2014)

e (CSA S807-10 — Specification for fibre-reinforced polymers (CSA, 2010)

In these experiments, specimens with full cross-sections were tested which resulted in failures that were
not consistently tension-driven. Figure 2.4 shows an example of a flexural test with an FRP specimen
with the full cross section. In such testing, the compressive strength of the specimen (which is lower
than tensile strength for GFRP bars) or debonding of the fibres from the matrix prompted the specimen
failure (Maranan et. al, 2014).

Figure 2.4: FRP Specimen with Full Cross-section Tested in 3-Point Bending Test (Maranan et al., 2014)

Arczewska (2017) completed flexural testing of GFRP specimens where the cross section was cut into
two parts, with almost half cross section present for each piece (half the cross section, minus the blade
thickness), to enable failure of the tensile fibres before the compressive fibres. Figure 2.5 and Figure 2.6
shows an example of a flexural test of a GFRP specimen cut longitudinally in half.
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2.5 Work by Arczewska (2017)

The research described in this thesis relates to testing GFRP bars in flexure to determine tensile
strength. It is a continuation of the work initiated by Arczewska (2017). Arczewska’s work involved
several experiments observing the mechanical properties of GFRP bars, such as the tensile strength,
compression strength, shear strength, and flexural strength, both with and without decay of the bars.
She conducted flexural tests in 3-point bending on GFRP bars that were cut longitudinally to ensure that
the bar failed under tensile stress, as shown in Figure 2.7, where rupture occurs in the bottom fibres
placed under tension. These flexural tests specifically examined the determination of the rupture
modulus (tensile stress at which the GFRP bar will fail), which is used for calculating the tensile strength
of GFRP via calculations derived from: the brittle characteristics of GFRP, stress-strain equations, and

relationships describing equilibrium for stress on a beam.
L ‘ s

Figure 2.7: 3-Point Bending Test of GFRP Specimen (Arczewska, 2017)

Equations for stresses in the beam using equilibrium of forces and moments, along with stress-strain
relationships along the cross section of the specimen were observed and used to isolate the tensile
strength from the flexural test (i.e. rupture modulus). A critical assumption that was made to enhance
the accuracy of the results from the calculations is modelling the GFRP as a bi-moduli material, meaning
the material possesses different tensile and compressive elastic moduli. Arczewska clearly explains this
phenomenon and concludes that if this was not accounted for, the correlation calculation (require to
calculate the actual tensile strength) could have an error from about 0.5% to 9% (2017). Implementing
the bi-moduli model was done by altering the stress-strain relationship, where the both elastic moduli
for tensile and compression are required (i.e. it cannot be assumed that the elastic modulus in the
compression and tension zone of the specimen’s cross section will be the same value).

Utilization of Weibull’'s weakest link model was another crucial concept required to relate the rupture
modulus to the tensile capacity of the GFRP bar. This is based on the brittle nature of the material
represented by a failure distribution. Recognizing the probability of material failure from a flexure and
tensile test is the same, the correlation between the rupture modulus and tensile capacity had been
established. The details of this portion of the correlation calculations are presented in this thesis, and is
further discussed in Chapter 5.

Arczewska compared the results of the correlated tensile capacity of the flexural-tested specimens to
direct-tensile specimens of the same size and type of GFRP bar, which included: #4 (14 mm diameter)
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and #5 (18 mm diameter) straight sand-coated bars, and M12 (12 mm diameter) and M16 (16 mm
diameter) straight ribbed bars. This was accomplished by finding the ratio of the rupture modulus
(denoted as o) to the tensile capacity (denoted as o) via correlation calculations, and comparing it to
the ratio of rupture modulus and tensile capacity obtained from direct tensile tests. These ratios are
listed in Table 2.1Table 2.1: Relative Error for Tensile-Flexure Strength Correlation, along with the
percent error of the calculated ratio to the ratio of test parameters.

Table 2.1: Relative Error for Tensile-Flexure Strength Correlation (Arczewska, 2017)

on/o:from on/ofrom
GFRP Bar calculations tested valued % Error
#4 1.35 1.39 2.8
#5 1.39 1.40 0.7
M12 1.66 1.64 1.0
M16 1.58 1.51 4.0

From Table 2.1, it was concluded that using the correlation calculations from 3-point bending tests
results were effective in determining the tensile capacity of a GFRP bar because the error between the
two ratios were very low, less than 5%. The research work presented in this thesis (discussed in Chapter
5) reviews the correlation calculations used, and observes if these correlations show similar results for
bigger GFRP bar sizes and specimens subjected to 4-point bending.

Chapter 3 - Laboratory Testing

This chapter discusses details pertaining to the laboratory testing in this research program. Information
for the specimens used in the tests are provided, followed by necessary preparations needed prior to
testing. Test observations and results are then reported and discussed.

3.1 Specimen Details

The specimens used for the flexural and tensile testing are ComBAR, provided by Fiberline Composites
(partnered with Schock), where the GFRP bars are ribbed bars. The tested GFRP bars are of 8 mm (M8),
13 mm (M13), 16 mm (M15), 20 mm (M20), 25 mm (M25), and 32 mm (M32) in diameter. It should be
noted that these specimens are not all from the same batch.
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Table 3.1 indicates the dimensions of the GFRP used in this research program. All these bars were
provided in lengths of 2 metres and were later cut to length required for flexural testing based on ASTM
D7205/D7205M-06 (ASTM Committee D20, 2014). Appendix A contains important various parameters
from the manufacturer’s technical information brochure, as well as specification sheets for the M13,
M15 and M20 bars, as those were the only ones available for the provided GFRP bars.
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Table 3.1: Dimensions and Characteristics of GFRP Bars Used (Fiberline Composites, 2017)

Bar Core Diameter Exterior Cross-Section
Designation (mm) Diameter (mm)  Area (mm?)
M8 8 9 50.3
M13 13 14.5 132
M15 16 18 201
M20 20 22 314
M25 25 27 491
M32 32 34 804

For the flexure tests, 10 specimens of all GFRP bar sizes were tested in both types of flexure tests: 3-
point and 4-point bending. However, due to limitations of the available testing machinery’s capacity,
only the M8, M13 and M15 GFRP bars were tested in direct tension. Due to testing errors, only 4
specimens have been tested for the M13 GFRP bars. For the M8 and M15 bars, 5 specimens were
tested. Table 3.2 summarizes the number of specimens for each size of GFRP that were used in each
test.

Table 3.2: Number of Specimens per Laboratory Test

Bar 3-Point 4-Point Direct Tensile
Designation  Bending Test Bending Test Test
M8 10 10 4
M13 10 10 5
M15 10 10 5
M20 10 10 -
M25 10 10 -
M32 10 10 -

The labelling convention used for the specimens were based on the order of which they were measured,
per each bar size. Appendix B has the full specifications and information on each of the flexure
specimens, as identified and sorted by their individual specimen number (i.e. M13-20). Specimens for
the direct tensile test are labelled in a similar fashion as the flexure specimens, but denoted with a “T”
before associating a number to it, in order to distinguish the specimens used among the two types of lab
testing (i.e. M15-T1). Appendix C provides specifications and information of each of the direct tensile
specimens.

No other conditioning has been done on the specimens for these tests, other than the ones listed in the
subsequent Sections of 3.2 Procedures for Laboratory Tests and 3.3 Specimen Preparation of this thesis
(i.e. tests were completed at room temperature; corrosion or decay of the material is not within the
scope of this research).
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3.2 Procedures for Laboratory Tests

3.2.1 Flexure Tests

The procedure used for both 3-point and 4-point is based on ASTM D4476 — “Standard Test Method for
Flexural Properties of Fiber Reinforced Pultruded Plastic Rods” (ASTM Committee D20, 2014) and CSA
$807-10 — “Specification for fibre-reinforced polymers” (CSA, 2010). For the 4-point bending tests, ASTM
D7264 — “Standard Test Method for Flexural Properties of Polymer Matrix Composite Materials” (ASTM
Committee D30, 2015) was also consulted for reference. ASTM D4476 specifies the testing equipment
required for a 3-point bending test, as shown in Figure 3.1, the parameters to set to administer the test,
as well as the specifications to prepare the specimen for testing.

{ily Daa76/Da476M - 14

SPECIMEN
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VIEW A LOADING NOSE
1/4" DIA.
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L=Tx16 TO Tx24
Figure 3.1: 3-Point Bending Testing Apparatus from ASTM 4476 (ASTM Committee D20, 2014)
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The testing equipment used for this research is the same equipment used in previous work completed at
the University of Waterloo by Arczewska (2017), and is composed of several parts as shown in Figure 3.2
for the 3-point bending tests and Figure 3.3 for the 4-point bending tests.

— 4 Loading Nose
T ; G R
Support o bl s ﬁ
Anvils - 5 3 N Lower
5 Apparatus
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| : Support Abutments (1 '

Figure 3.2: Flexural Testing Equipment Used for 3-

Upper
Apparatus

Support

Anvils
Lower

Apparatus

Figure 3.3: Flexural Testing Equipment Used for 4-Point Bending Tests
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The bottom apparatus, which is the same one used for both 3-point and 4-point bending tests, is made
from solid steel and is mounted in place on the machine. It allows the steel abutments to be adjusted to
the desired location. These abutments hold the “anvil” supports for the specimen during the testing
without inducing unwanted stress on the specimen as it bends. The top apparatus is attached to an MTS
hydraulic machine, which is displacement-controlled and applies a downward force situated at the
midspan of the specimen that is held in a stationary position by the bottom apparatus. The top
apparatus for a 3-point bending test is a loading nose made of solid steel with a diameter of 34”.
Although this is contrary to what was outlined in ASTM D4476, this was used to carry out the test in
order to remain consistent with the previous research work of Arczewska’s (2017), as well as to prevent
the loading nose from pre-emptively cutting into the GFRP specimen with a smaller diameter. The top
apparatus that was used for the 4-point bending tests was an MTS apparatus that holds two adjustable
loading noses, that can change the position and size of the loading nose tip. The loading nose tip sizes
that were used for the 4-point bending tests are 34&” in diameter, to maintain consistency with the rest
of the completed lab tests. The locations of these loading noses are situated at one-third of the
specimen’s clear span length.

The anvil supports are also made from steel, and has the appropriate curved dimensions to hold the
specimen of the correct size without inducing unnecessary additional stresses on it as the test is being
done. ASTM D4476 specifies the dimensions and specifications for these supports as indicated in Figure
3.4. From Arczewska’s previous work (2017), two pairs of these were used for the M13 and M15 bars.
However, for the M8, M25, and M32 bars, new support pairs needed to be fabricated, following the
specifications as outlined in ASTM D4476 (ASTM Committee D20, 2014). Certain dimensions based on
ASTM D4476 (ASTM Committee D20, 2014) were altered to allow the support to be compatible for the
available apparatus, such as the notch size for sitting on the abutments, and the length of the supports.
Figure 3.5 and Figure 3.6 show the CAD drawings for the M8 and M32 bars, respectively.
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Figure 3.4: Specified Dimensions for “Anvil” Supports (ASTM Committee D20, 2014)
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Figurg 3.5: CAD Drawing for Figure 3.6: CAD Drawing for
“Anvil” Support for M8 Bars “Anvil” Support for M32 Bars

The parameters recorded during testing include the load and displacement for both the 3-point and 4-
point bending tests. These readings are based on the downward displacement of the machine’s
crosshead, and the amount of force it exerts on the specimen. However, for the 4-point bending test,
the actual loading and displacement information is different from the outputted values. Since there are
two loading noses that distributed the applied force to the specimen, the recorded loading was divided
by 2, as indicated in Equation 3.1.

F

Floading nose = P Equation 3.1

For the displacement, Equation 3.2 was used to convert the machine’s crosshead displacement to
represent the midspan displacement of the specimen, since the crosshead displacement is
representative of the point of contact between the crosshead and the specimen are ends of the loading
noses that apply loading to the specimen. The full derivation for this equation is found in Appendix D.

9

A4ptf,mid= g Acrosshead Equation 3.2

For uniformity and simplicity of all flexure tests done in this program, a consistent loading rate of
3mm/min was used. This is slightly different from specifications outlined in the ASTM D4476 (ASTM
Committee D20, 2014) standard, since it mentions to use a loading rate of: 3 mm/minute where the
sample width falls between 6.35mm and 9.525 mm, or 6 mm/minute where the sample width falls
between 9.525 mm and 12.7 mm. ASTM D4476 (ASTM Committee D20, 2014) also mentions that if the
testing time is less than 20 seconds, the loading rate should be reduced, and vice versa, where the
loading rate should increase if the testing time is greater than 20 seconds.

The test was completed until failure of the specimen, which complies with ASTM D4476 (ASTM
Committee D20, 2014). The test was also stopped when the maximum applied load in dropped by 90%
from peak loading.

3.2.2 Tensile Tests
The procedure for tensile testing is based off of ACl 440.3R-12 (Appendix A) (ACI Committee 440, 2015),
ASTM D7205-06 (ASTM Committee D30, 2016), CSA S806-12 (Annex B & C) (CSA, 2012). Figure 3.7 from
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CSA S806-12 shows a schematic of the test specimens that will be used to place the GFRP under tensile
stress, where the GFRP bar is bonded to steel anchors, which are then placed between V-grips in the
tensile testing machine.

V-grip of machine

/ FRP specimen anchor (///']

Figure 3.7: Required Testing Setup for Uniaxial Tensile Testing from CSA S806-12 (CSA, 2012)

Based on ASTM D7205-06 (ASTM Committee D30, 2016) and CSA S806-12 (CSA, 2012), the length of the
GFRP specimen should be 40 times the bar diameter plus the length of the DOM tubes on both sides of
the GFRP bar. The length of the DOM tubes vary from 300 mm (for smallest diameter of 6.4 mm) to 800
mm (for largest diameter of 800 mm), depending on the GFRP bar size. Figure 3.8 shows an image of the
test apparatus used for the tensile tests, with zoomed in view of the crosshead on the left, and load cell
and V-grips on the right.

5

| B

4

Crosshead

Load Cell

Figure 3.8: View of Direct Tensile Testing Machine

Tests were completed in a 500 kN capacity machine, with a loading rate of 300 MPa/min (same loading
rate used by Arczewska (2017)). This translates to the following loading rates per bar size: 15kN/min for
the M8 bars, 40 kN/min for the M13 bars, and 60 kN/min for the M15 bars. The recorded data are the
force exerted by the machine, and the displacement of the specimen at midspan being tracked by an
extensometer, and the displacement of the testing machine’s crosshead. It should be noted that the
extensometer was removed at 60% of the expected ultimate loading for the first test of a given bar size,
and 75% after measuring the ultimate load of the first specimen.
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3.3 Specimen Preparation

3.3.1 Flexure Tests

As specified in ASTM D4476 (ASTM Committee D20, 2014), the GFRP bars itself were cut longitudinally in
half, via waterjet cutting, along the length to ensure that the specimen first fails in tension as it is being
subjected to bending stresses. Due waterjet cutting, the heights of the specimen slightly vary by 1-2
mm. All specimens were measured before testing. The standard requires the specimen to have a clear
span length between 16 times and 24 times the depth of the specimen, which is less than the radius of
the bar. ASTM D4476 (ASTM Committee D20, 2014) also recommends that the specimen should have an
overhang of about 10% of the specimen’s length on each side of the bar. The method used to determine
the length of the specimens in these tests was taking the average of the minimum and maximum clear
lengths for the bar and rounding to the nearest 10mm, for ease of calculation. Afterwards, 20% of this
clear span length was added to obtain the total specimen length, for testing purposes. However, due to
the limitations of the waterjet cutting procedure, the maximum length of the bar that was permissible
was 300mm. Figure 3.9 indicates the locations of the point load application and support placements for
the specimens, while Table 3.3 presents the specified lengths of the specimens based on GFRP bar size.
Figure 3.10 and Figure 3.11 show the GFRP bars cut to length, both before being cut longitudinally, while
Figure 3.12 and Figure 3.13 show afterwards.

Placement of Supports

Application of 4-Point Bending Loads
Application of 3-Point

Bending Load h
J ! Rl

— L = specimen length - T
; il

Lt = total specimen length

Figure 3.9: Point Load and Support Placement along Length of GFRP Specimen

Table 3.3: Length of GFRP Specimens

Bar
Designation L (mm) Liot (mm)

M8 80 96
M13 130 156
M15 160 192
M20 200 240
M25 250 300
M32 320 384
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Figure 3.10: All GFRP Bars Cut to Length Prior to Longitudinal Cut
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Figure 3.11: Close-up View of GFRP Bars Prior to Longitudinal Cut

Figure 3.12: Cut-to-Length GFRP Bars Cut Post-Longitudinal Cut

20




Figure 3.13: Close-up View of GFRP Bars Post-Longitudinal Cut

The locations of loading application and placement of supports were indicated on the specimens
directly, for ease and time efficiency of setting up the specimen for testing, as seen in Figure 3.9, Figure
3.12 and Figure 3.13. For the 3-point bending tests, the load will be applied at the midspan of the
specimen. For the 4-point bending tests, the load will be applied at one-third of the length from the
support toward the midspan of the specimen, from each end.

It should be noted that, due to the availability of various “anvil” support sizing, a few of the specimens
sizes that were unable to fit “snugly” without inducing unnecessary stresses to the specimen needed to
have its width slightly reduced by a few millimetres to ensure this. This was completed using a Dremel
rotary hand tool used as a sander, to remove a bit of the outer portion of the specimen that will be
resting on the supports. This alteration mainly applied to the M25 and M32 bars. Since the failure did
not occur at the support, this alteration did not influence the final test results.

3.3.2 Tensile Tests

The free length of the specimens used in the tensile test need to be about 40 times its diameter size,
The total length includes the length of the DOM tubes that act as anchors on both ends of the specimen
(ASTM Committee D30, 2016; CSA, 2012). The purpose of using steel DOM tubes as anchors are to
enclose the GFRP specimen, so that the V-grips will not crush the GFRP fibres, as the test is being
conducted. However, a common issue with casting steel DOM tube to the GFRP bar is de-bonding,
where the specimen fails due to slipping out of the anchor. To address this, the longer length of 500 mm
for all specimens was used, as opposed the recommended length of the anchorage listed in ASTM D7205
(ASTM Committee D30, 2016). Table 3.4 presents the GFRP bar length, anchorage length, and total
length of the specimen. Additional details and key parameters to determine specimen dimensions are
indicated in Appendix E.
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Table 3.4: Direct Tensile Specimen Length

Bar Free Length DOM Tube Total Length of
Designation (mm) Length (mm) Specimen (mm)
M8 320 500 1320
M13 520 500 1520
M15 640 500 1640

The chosen diameters of the DOM tubes were based on the recommended dimensions listed in ASTM
D7205 (ASTM Committee D30, 2016) per GFRP bar size. The wall thickness of the DOM tubes was set to

6.35 mm (1/4”), which satisfies having a minimum thickness of 5 mm listed by ASTM D7205 and CSA
S806-12.

Table 3.5 indicates the dimensions for DOM tubes. To promote stronger bonding between the two
materials, the inner surface of the DOM tubes were roughened in order to create a more suitable
bonding surface. Further specifications of the DOM tubes used are provided in Appendix E.

Table 3.5: DOM Tube Anchorage Dimensions

Bar Outer Diameter  Wall Thickness

. . Length (mm)
Designation (mm) (mm)

M8 35 6.35 500

M13 42 6.35 500

M15 42 6.35 500

To bond the DOM tube and GFRP bar together, demolition expansive grout (Dexpan) was chosen
bonding agent. While the DOM tube and GFRP bar were set in place on a wooden vertical casting stand,
the grout was poured between the two materials, and was left to cure for at least 2-3 days. Wooden
“washers” were machined to fit within the DOM tube to ensure that the GFRP bar stays aligned during
the casting process. Silicon caulking was applied between the GFRP bar, wooden washer, and DOM tube
to ensure that the expansive grout will not leak out of the DOM tube. Figure 3.14 shows the cross
section of a specimen before casting.
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Figure 3.14: Cross-section of M8 GFRP Specimen Preparation Before Casting Expansive Grout

Figure 3.15 shows the cross section of a specimen after casting, where the wooden washer popped out
of place after the expansive grout cured.

y

M15 Specimen

Figure 3.15: Cross-section of M15 GFRP Specimen Preparation After Casting Expansive Grout
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Figure 3.16 displays GFRP bars held in place within casting stand, while the grout cures.
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Figure 3.16: Tensile GFRP Specimens in Casting Stand
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Figure 3.17 shows a GFRP specimen placed in the tensile testing machine prior to the beginning of
testing, while Figure 3.18 shows the placement of a GFRP specimen being held by the bottom V-grips.

Figure 3.18: V-Grips of Testing Machine

Figure 3.17: Tensile GFRP Specimens Testing Machine

3.4 Test Observations

3.4.1 Flexure Tests

Similar general observations were noticed for both 3-point and 4-point bending tests. As the test starts,
the specimen gradually bends due to the applied loading from the testing machine. Between 3-point
and 4-point bending of the specimen, the deflected shape is different due to the locations of applied
loading. Figures 3.19 to 3.22 show the examples of the specimens’ deflected shapes in 3-point and 4-
point bending near the begin and ends of the respective test. Figure 3.23 and Figure 3.24 show the
failure GFRP specimen for the 3-point and 4-point bending tests, respectively. Figure 3.25 and Figure
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3.26 show the theoretical deflected shape and bending moment diagram of a 3-point and 4-point
bending test respectively. These are presented for ease of comparison between the theoretical
behaviour and the different stages of the specimen testing.

Figure 3.19: Deflected M20 Bar Shortly After
Start of 3-Point Bending Test

Figure 3.21: M20 Bar in 3-Point Bending Test
Before Failure

Figure 3.23: M20 Bar in 3-Point Bending Test
After Failure

Deflected Shape M ax (3pt bend.)

Figure 3.25: M20 Bar in 3-Point Bending Test
After Failure
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Figure 3.20: Deflected M20 Bar Shortly After
Start of 4-Point Bending Test

Figure 3.22: Deflected M20 Bar in 4-Point
Bending Test Before Failure

Figure 3.24: M20 Bar in 4-Point Bending Test
After Failure
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Figure 3.26: M20 Bar in 3-Point Bending Test
After Failure

26



From Figures 3.19 to 3.26, it is evident that the deflected shapes are not similar, due to the variation in
the point load positions. Transitioning from Figures 3.21 & 3.22 to Figures 3.23 & 3.24, the specimens
can no longer hold their deflected shape without significant breakage. The segments between the point
of rupture to the ends of the specimen appear to be quite linear in shape post-failure. However, a
notable characteristic of the deflected shape is that between the point loads, the segment has entirely
deformed into a non-linear shape. This indicates that this region of the specimen endures the most
bending stress, clearly resembling the bending moment diagram for beam experiencing 4-point bending,
as shown in Figure 3.26.

Signs of failure can be identified when tensile fibres fractures are visible, as shown in Figure 3.27 and
3.28. During the test, cracking noises (i.e. similar to cracking of ceramic material) can be heard from the
specimen itself. Generally, subtle cracking noises were heard prior to visible damage. As the test
proceeds past the point of first signs of tensile failure, pieces of the bottom of the GFRP specimen
appear to break or peel off since the tensile fibres are being stretched out and cannot maintain its form.
These pieces are usually the ribbed portions (outer diameter of the GFRP). Based on Figure 3.28, it is
evident that these fractures of tensile fibres can be more easily seen in specimens for 4-point bending as
opposed to 3-point bending.

Figure 3.27: Close-up View of Tensile Fibre Figure 3.28: Close-up View of Tensile Fibre
Rupture in M20 Bar in a 3-Point Bending Test Rupture in M20 Bar in a 4-Point Bending Test

Since these tests have been conducted until the specimen reaches total failure, it can be seen in Figure
3.23 and Figure 3.24 that both the compressive and tensile fibres rupture. After the specimen were
taken out of its position in the testing apparatus, signs of rupture were still evident on the specimen
itself, even though it mostly reverts to its undeflected shape. This can be seen in Figures 3.29 to 3.34.
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Figure 3.29: Close-up View of Bottom (Tensile-Stressed) Figure 3.30: Close-up View of Bottom (Tensile-
Side of M20 Specimen Subjected to 3-Point Bending Stressed) Face of M20 Specimen in 4-Point Bending

e

Figure 3.31: Close-up View of Side Face of M20 Figure 3.32: Close-up View of Side Face of
Specimen Subjected to 3-Point Bending M20 Specimen Subjected to 4-Point Bending

Figure 3.33: Close-up View of Top Figure 3.34: Close-up View of Top
(Compressive-Stressed) Face of M20 (Compressive-Stressed) Face of M20
Specimen Subjected to 3-Point Bending Specimen Subjected to 4-Point Bending

Similar to the comparison of Figure 3.23 and Figure 3.24 of the total failure of the specimen in the
testing apparatus, it is evident that more damages are seen in specimens subjected to the 4-point
bending test from Figures 3.29 to 3.30. In both cases, it appears that the signs of rupture are the same
where delamination and breakage of fibres are notable, specifically with the missing pieces of ribs on
the bottom, and the fractures along the sides and top of the specimen.

Although Figures 3.19 to 3.24 and Figures 3.29 to 3.34 only show a 20M specimen, the same failure
behaviours were exhibited in the other bar sizes used in this test. The difference between tests with the
smaller to larger bar sizes were that larger bars could endure more loading and undergo more
deflection. An obvious observation was that the failure of larger bars more closely represented the
nature of the GFRP material — being a brittle and sudden failure. Figures 3.35 to 3.44 display the side
view of other GFRP bar sizes, post-failure.
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Figure 3.35: Close-up View of Side Face of Figure 3.36: Close-up View of Side Face of
M8 Specimen Subjected to 3-Point Bending M8 Specimen Subjected to 4-Point Bending

Figure 3.37: Close-up View of Side Face of Figure 3.38: Close-up View of Side Face of
M13 Specimen Subjected to 3-Point Bending M13 Specimen Subjected to 4-Point Bending

Figure 3.39: Close-up View of Side Face of

M15 Specimen Subjected to 3-Point Bending Figure 3.40: Close-up View of Side Face of

M15 Specimen Subjected to 4-Point Bending

Figure 3.41: Close-up View of Side Face of Figure 3.42: Close-up View of Side Face of
M25 Specimen Subjected to 3-Point Bending M25 Specimen Subjected to 4-Point Bending

Figure 3.43: Close-up View of Side Face of Figure 3.44: Close-up View of Side Face of
M32 Specimen Subjected to 3-Point Bending M32 Specimen Subjected to 4-Point Bending
It is evident that the 4-point bending test is more destructive as opposed to a 3-point bending test,
based on the appears of the GFRP bars displayed in Figures 3.35 to 3.44, regardless of size. In all cases, it
is quite notable that the tensile fibres rupture and usually appear to have more damage compared to
the compressive fibres, despite the GFRP specimens mostly reverting to their undeflected shape.
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3.4.2 Tensile Tests

While conducting the tensile tests, the extensometer was removed approximately at 60% of the
predicted ultimate load for the first 1-2 specimens, and at 75% for the rest of the specimens, after
discovering the actual ultimate load. The gage length of the extensometer that was used is 165.8 mm.

As the loading increased and the GFRP specimen stretched, it was seen that the cross section of the
diameter decreased. For most specimens, cracking was heard as the test approached its predicted
failure load. There were a few specimens that showed minimal warning just before failure. Failure of a
specimen was abrupt, where the glass fibre strands of the GFRP bar quickly tore apart from the rest of
the cross section, until the entire cross section was severed. Using precaution and proper safety
equipment is crucial when disposing the material in this condition.

None of the tests failed through pull-out, proving that using 500 mm long DOM tubes to act as
anchorage on both ends of the GFRP bars is more than sufficient for ribbed GFRP bars. However, due to
errors in test setup, only 4 specimens have been tested for the M13 bars. Due to data recording errors,
one of the four specimens did not have the extensometer displacement recorded. However, for the M8
and M15 GFRP bar sizes, 5 specimens have been tested.

Figures 3.45 to 3.47 are three sets of 4 images of a M8, M13, and M15 tensile test specimen,
respectively. The first image (a) shows the specimen at the beginning of the test. The second image (b)
shows the specimen just before the first sign of rupture. The third image (c) shows the first sign of
specimen rupture. The last image (d) shows the specimen post-failure.
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Figure 3.47: Stages of testing for Specimen M15-T2

Based on Figures 3.45 to 3.47, the elongation of the GFRP bar is more evident as the bar size is larger,
and can be seen when comparing image (a) and (b) to each other. The amount of damage is more
profound with the bigger sized specimens as well, where the glass fibres are very scattered as the GFRP
bar fails for the M15 bar, unlike the M8 bar where the failure is more subtle. Rupture of the GFRP bars
start with a portion of the cross section breaking off from the rest of it, which is indicated in Figures
3.46¢ and 3.47c.
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3.5 Test Results and Discussion

3.5.1 Flexure Tests

A majority of the specimens exhibit a fairly linear-elastic trend for most of the duration of testing, which
immediately turns non-linear when peak loading is about to be reached. When the load-displacement
curve appears to be curved, it meant that the specimen was approaching its ultimate load. The
nonlinearity was initiated by cracking of the fibres on the tensile side of the specimens, followed by
crushing of fibres on the compressive side. The determination of this onset of nonlinearity is one of the
important aspects studied in this research and described in detail in Chapter 4. The point represents the
tensile rupture strength of bars in bending.

Figure 3.48 shows an example of a 3-point and 4-point bending load-displacement plot for a small
diameter M8 specimens. Figure 3.49 shows an example of a 3-point and 4-point bending load-
displacements plot for M32 specimens. The data for smaller diameters has more “noise” than the
obvious linear behaviour of the larger diameters.
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Figure 3.48: Load-Displacement Plot for M8-1 (in 3-Point Bending) & M8-17 (in 4-Point Bending)
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Figure 3.49: Load-Displacement Plot for M32-3 (in 3-Point Bending) & M32-14 (in 4-Point Bending)

The overall behaviours are quite similar for both 3-point and 4-point bending tests. It should be noted
that the bars showed a variety of load-displacement behaviours. While some showed very clear linearity
where the peak load corresponds to fibres cracking, others had more complex behaviour before
cracking. However, the overall behaviour was always the same; initial linearity (or almost linearity)
followed by more or less abrupt stiffness change. Figures 3.50 to 3.53 display examples of load-
displacement plots for M13, M15, M20, and M25 specimens, respectively.
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Figure 3.50: Load-Displacement Plot for M13-20 (in 3-Point Bending) & M13-16 (in 4-Point Bending)
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Figure 3.51: Load-Displacement Plot for M15-29 (in 3-Point Bending) & M15-10 (in 4-Point Bending)
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Figure 3.52: Load-Displacement Plot for M20-12 (in 3-Point Bending) & M20-7 (in 4-Point Bending)
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Figure 3.53: Load-Displacement Plot for M25-8 (in 3-Point Bending) & M25-4 (in 4-Point Bending)
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The peak load varies depending on the size of the GFRP, as well as the type of testing. As noted in
Section 3.2.1, the loading and displacement values provided from testing need to be altered to
accurately represent 4-point bending. Even between the different specimens of the same size and
flexure test, there are slightly differences; due to specimens being of different batches and different
dimensions, which depend on longitudinal cutting. Table 3.6 displays the average maximum load per
loading nose and the displacement value at maximum loading. These are the absolute maximum loads
recorded during testing, which are not the ones used for calculation of cracking load.

Table 3.6: Average Maximum Loading per Loading Nose and Corresponding Displacement

3-Point Bending 4-Point Bending
:;; Parameter AT Star.mda}rd Coeffi.cie.nt VARG Star.mdajrd Coeffi_cie_nt
Deviation of Variation Deviation of Variation
VIS Epax (KN) 0.903 0.111 0.123 0.690 0.060 0.086
A at Epq, (mm) 9.792 0.649 0.066 13.439 0.885 0.066
M13 Epax (KN) 2.542 0.119 0.047 1.815 0.103 0.057
A at E, 4, (mm) 14.243 0.318 0.022 19.967 0.589 0.029
M5 Epax (KN) 3.960 0.083 0.021 2.782 0.107 0.038
A at E, 4, (mm) 17.313 0.707 0.041 24.109 1.685 0.070
M20 Epax (KN) 6.183 0.246 0.040 4.495 0.138 0.031
A at Ep g, (mm) 20.044 0.562 0.028 28.963 0.927 0.032
M25 Epax (KN) 8.759 0.359 0.041 6.602 0.293 0.044
A at Ep g, (mm) 22.300 1.003 0.045 34.084 1.511 0.044
M32 Frax (kN) 14.132 0.511 0.036 10.634 1.400 0.132
A at g, (mm) 26.652 1.519 0.057 38.315 2.756 0.072

The individual specimen maximum loads and deflections are provided in Appendix B. The individual
load-displacement plots for each specimen are provided in Appendix C. For the correlation calculations
that will be outlined in Chapter 5, the maximum loading will not be used. The primary reason for this is
that the maximum load corresponds to the highest loading which the specimen can take before it
completely fails. This research examines tensile strength of the bar, as opposed to its flexural strength;
therefore, the loading which corresponds to the first potential sign of rupture of the tensile fibres will be
used the calculations. Chapter 4 of this thesis will go through the methodology and procedures
completed to identify this loading.

3.5.2 Tensile Tests

The displacement from the extensometer represents the displacement of the specimen, unlike the
displacement of the testing machine’s crosshead. However, since the extensometer had to be removed
before the ultimate load of the specimen was reached to avoid damage, the load-displacement plots
using the crosshead displacement are provided as reference to observe characteristics of the specimen
throughout the entire duration of the test.
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The total gage length for each test was the base gage length of the extensometer, in addition to
accounting for any offset in distance imposed between contact blades of extensometer if there was
slight movement before testing began. The strain for the specimen was calculated by dividing this total
length by the sum of the total length and the displacement during testing, which is represented in
Equation 3.3.

_ Lext—base + Lext—off
6+ (Lext—base + Lext—off)

c Equation 3.3

The stress is calculated from taking the load data and dividing it by the specimen’s cross section, as
shown in Equation 3.4.
o= E Equation 3.4
A
All the specimens exhibit a linear-elastic behaviour, until they approach their respective ultimate load
where it becomes more non-linear in nature. For all specimens, there is a notable point of slope change

that occurs at approximately 30% of the ultimate load of the specimen. This phenomenon is shown in
plots for the M8 and M13 specimens, and less evident in the M15 specimens.

For all plots, the region which corresponds to the portion of stress-strain plot used to calculate the
tensile elastic modulus is displayed. The starting and ending points for this region corresponds to strain
values of 0.001 and 0.003, respectively (ASTM Committee D30, 2016). The load-crosshead displacement
plots also show the display the maximum load, point when the extensometer was removed during the
test. This is noted in Figures 3.54 to 3.62, where one specimen of each size has its load-crosshead
displacement, load-extensometer displacement, and stress-strain plots displayed.
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Figure 3.54: Load-Crosshead Displacement Plot for M8-T1
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Figure 3.55: Load-Extensometer Displacement Plot for M8-T1
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Figure 3.56: Stress-Strain Plot for M8-T1
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Figure 3.57: Load-Crosshead displacement Plot for M13-T2
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Figure 3.58: Load-Extensometer Displacement Plot for M13-T2
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Throughout all plots in Figure 3.54 to 3.62, all the corresponding graphs are quite similar in behaviour,
where they have linear slopes, and a sudden specimen failure. Table 3.7 shows a summary of averages
for the maximum loads, ultimate tensile capacities, and tensile elastic modulus for each specimen size.
Outliers have been identified as two specimens with either: defects during casting the DOM tube
anchors and testing errors, or omission of specimens with the lowest and highest load. Averages that
were made excluding outliers include three specimens.

Table 3.7: Summary of Tensile Testing Information

All Specimens Excluding Outliers
Bar Size Parameter N Standard  Coefficient VARG Standard Coefficient
Deviation of Variation Deviation of Variation
Fpax (kN) 65.83 5.79 0.09 67.57 1.66 0.02
M8 o: (MPa) 1309.67 115.28 0.09 1344.35 33.04 0.02
E; (MPa) 79897.19 1918.43 0.02 80874.23 1891.31 0.02
Frax (kN) 162.27 3.43 0.02 163.42 3.11 0.02
M13 oy (MPa) 1222.57 25.81 0.02 1231.23 23.45 0.02
E, (MPa)  76847.85 471.23 0.01 76847.85 471.23 0.01
Frnax (kN) 247.07 14.92 0.06 243.10 4.50 0.02
M15 ot (MPa) 1228.82 74.19 0.06 1209.08 22.39 0.02
E, (MPa)  75243.02 849.08 0.01 74968.56 488.08 0.01

From Table 3.7, it is evident that the smaller the GFRP bar, the more stiff it is and the higher the ultimate
stress it can endure. Even though the M8 specimens have the smallest ultimate load average, its tensile
stress capacity is the highest. For the M13 and M15 specimens, the tensile capacities and elastic moduli
are similar, although the M15 bars can endure much more tensile load.

Appendix E contains more details for each of the tensile specimens, while Appendix F display relevant
plots from tensile testing data. The average ultimate stress values that exclude outliers will be used in
comparison to the results from the flexural test. This will be further discussed in Chapter 5 of this thesis.
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Chapter 4 - Identifying Cracking Flexure Load for Tested Specimens
Determination of the correct maximum flexure load considered for the tensile strength calculations is
presented in this chapter. This load corresponds to the end of the linear response of the load-
displacement curve (see Figure 4.5 for an example of this). The maximum point load is higher, as there is
a portion of nonlinear response after cracking of the bottom tensile fibres before crushing of the top
compressive fibres, which results in errors in the correlations to the tensile capacity. Therefore, the
maximum loading at which the tensile fibres of the specimen break needs to be determined in order to
calculate the correlated tensile capacity with minimal errors. This is considered to be the maximum load
along the linear portion of the load-deflection graph, right before a significant change in slope. This
indicates that the tensile fibres of the specimen are starting to rupture, which results in a change of the
load-displacement trend exhibited by the specimen, due to having less of the cross-section intact to
resist bending stresses.

Three methods were used to determine this maximum loading point, known as “cracking load” herein.
These methods are 1) visual inspection, 2) lines-of-best-fit, and 3) numerical differentiation. For each of
these methods to be properly conducted, the data sets must be filtered to reduce the noise within the
data set. Tables and figures presented in this chapter use the following specimens: M8-30, M15-25, and
M32-16. These specimens will be referred to as: M8, M15, and M32, respectively. These are used to
show example on how the calculations are done. The described procedures were applied to all bars to
calculate flexure cracking load.

4.1 Filtering Data using Single & Double Exponential Filtering

Filtering is commonly used for signal processing applications, where a substantial amount of noise is
present in the signal (i.e. data set). By filtering data, noise in the data set is reduced, decreasing the
variability of the response. Since all the flexural testing data has some noise present, albeit minimal, it is
difficult to define a relationship for the data set such that the slope can be found.

One of the most common methods used for filtering is “single exponential filtering” (addressed as SES
onward). However, this filtering method is not ideal for representing data that follows a trend
(Performity LLC/Greg Stanley and Associates, n.d.). Therefore, a closely related filtering method that is
more suited to filter data following trends is “double exponential filtering” (addressed as DES onward).
To understand how DES works, it is important to understand how SES operates, which will be briefly
described in Subsection 4.1.1.

4.1.1 Background
SES is represented by Equation 4.1:

fnew(xi) =(1- a)fnew(xi—1) + af(xi_l) Equation 4.1

where:

o  fnew(X) = new, filtered y-value (i.e. filtered loading)

e f(x) = old, unfiltered y-value (i.e. raw loading from lab testing results)

e « = exponential filter factor for estimated value of f(x), also called the “smoothing constant”; a
value between 0 and 1

e x; =represent the currently observed x-value (i.e. displacement)

e Xx;_q =represent the previous observed x-value (i.e. displacement)

44



This filtering method works by applying a smoothing factor, which can be thought of as a weighted
average factor, to the previous unfiltered data point, while adding the previous “smoothed” data value
multiplied by the remaining weight from the factor (out of 100%). The term that observes the previous
filtered data is also be influenced by similar weighed factors; hence, making this equation exponential.
The higher (i.e. closer to 1) the exponential filter constant, the closer the filtered value will be based off
the actual value. Inversely, the lower the exponential filter constant (i.e. closer to 0), the closer it will be
to the previous filtered value and less based on the actual value.

DES is very similar to SES, except it includes a function to account for the trend that the data set follows.
DES is represented by Equation 4.2 and Equation 4.3:

fnew(xi) = [1 - a] [fnew(xi—l) + g(xi—l)] + af(xi) Equation 4.2
g(xi) = [1 - V]g(xi—l) + V[fnew(xi) - fnew(xi—l)] Equation 4.3

where:

e g(x;) = equation that represents estimated trend at x-values (i.e. displacement)
e y =asecond exponential factor to estimate the trend that the data set follows; a value between
Oand1

Equation 4.2 is the smoothing function, where it still has an exponential factor that behaves as a
weighed factor between the previous actual value and involves summing the filtered valued and
previous estimated trend value, much like SES. However, it differs from SES since it utilizes the previous
value of the estimated trend and adjusts it with the previous value of the filtered value
(NIST/SEMATECH, 2013). This estimated trend value, represented in Equation 4.3, also has its own
exponential factor, where is applies to the difference between adjacent filtered values (i.e. most recent
estimated trend of filtered data) (Performity LLC/Greg Stanley and Associates, n.d.), and the previously
estimated trend.

Since the initial values of the data cannot be applied to these formulae since they depend on prior data,
there are a few recommendations to set for them as follows in Equation 4.4 and Equation 4.5. For
filtering calculations used in this research, the first condition in Equation 4.5 is used.

frew(x1) = f(x1) Equation 4.4
fx2) = f(xq)
1
U G) = FGOl + [FG) = FODT+ U ) = FO] guanon 4
fGen) — f(x1)

n—1

g(x1) =

where:
e n =total number of points

The values of a and y can be assigned any value between and including, 0 to 1. The higher y is, the more
the filtered data set remains close to trend of the original data set. The smaller y is, the further the
filtered data is from the trend of the original data set. Regarding «, higher value it is, the closer the
filtered data represents the shape of the original data. It is also an indication that it has more influence
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(than y) over the general shape and trend of the filtered data. The smaller « is, the smoother the
function is as a result of the degree of filtering on the filtered data set.

4.1.2 Methodology & Application

In all the following calculations, DES filtering has been applied to the raw lab data for loading, since the
load-displacement data sets follows a trend. The chosen values for the exponential factors are 0.1 for
both a and y. This means that there heavy filtering applied to the data, which may result in some slight
misrepresentations around points in the data set that represent breakage in the specimen during
testing. For example, Figure 4.1 and Figure 4.2 shows data for specimen M32 not being represented
correctly due to heavy filtering of data. However, since the cracking load will not be a minima value, this
has minimal effect on the analyses from utilizing the three different methods.
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Figure 4.1: Load-Displacement Plot for Specimen M32
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Figure 4.2: Zoomed in Load-displacement Plot for Specimen M32 with Heavy-Over-Filtered Data (a = 0.7)

It should be noted that for the filtering of the differentiated load data of the first and second order
(from numerical differentiation, which is the third method outlined in this chapter), SES was used to
filter the results, since the numerical differentiated data points have values that are approximately the
same (i.e. constant value trend). The value of the alpha exponential factor used in both cases is 0.01.
More details of the procedure for completing numerical differentiation and filtering will be discussed
later in Section 4.4.
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4.2 Visual Inspection

Generally, using visual inspection to determine the maximum loading point for the tensile stress is not
recommended due to its high subjectivity. However, it is described herein and compared to
computerized methods. It requires finding the region of where this maximum loading point can be
identified, which is based on the viewer’s judgement to choose an adequate region that represents the
end segment of linear portion of the load-displacement graph. Once the region has been selected along
the graph, the view is then zoomed in on that region, so that point can be visually identified. To conduct
this method, data was imported into MATLAB, where the unfiltered loading was plotted against the
recorded deflected data. From this plot, the cracking load was found by visual inspection. An example of
this is shown in Figure 4.3, where it shows the load-deflection curve for a M15 specimen with the
highlighted region being the estimated portion of the graph that best represents the ending of the linear
trend. This highlight region is determined by visual inspection, since there is slight peak located here.
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Figure 4.3: Maximum Load Region for Linear Portion of Load-Displacement Graph of M15 Specimen

The peak data point is selected and identified for this region. From its place in the data set, the
corresponding point is found on the filtered load data, which can then be identified and included on the
plot that MATLAB generates, as shown in Figure 4.4.
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Figure 4.4: Zoomed-in View of Maximum Load Region for Linear Portion of Load-Displacement Graph of M15
Specimen

From Figure 4.4, it is evident that the lab data is noisy, since there are numerous localized peaks on the
plot. Right before the specimen reaches a displacement of approximately 15.4 mm, there is a slight
downward response present. This is an indication that the tensile fibre for this specimen has endured its
maximum load just before it broke. The maximum load is taken at the point before this decline, as
indicated by the cyan marker in Figure 4.4. This corresponds to a displacement of about 15.4 mm and
loading of about 3.77 kN.

Figure 4.5 and Figure 4.6 are examples where the cracking load is easier to point out, using a M32
specimen, where the plots appears to be quite linear.
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Figure 4.7 and Figure 4.8 shows an example of a lab data specimen where it is not as clear to identify
where the cracking load is located be due to the plot’s non-linear nature, using a M8 specimen.
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As shown in Figure 4.8, there are several potential cracking loads. Using visual inspection to identify the
cracking load depends on the user’s decision on which one to use point to use.
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In conclusion, while identifying the region at the end of the linear segment of this load-displacement
graph from Figure 4.6 was not difficult, other regions may not be as easily identifiable for other lab data.
This process is simple and straight-forward, but it requires input and judgement from the viewer of the
load-deflection graphs, especially in selecting the end-region of the linear trend. Since there are over
100 specimens for all flexure tests (3-point-bending & 4-point-bending), applying this for all data sets
will be quite time-consuming and might not be objective. If all the load-displacement curves had
minimal noise and it were obvious where the maximum load of the linear portion of the data set is, this
method could have been utilized for efficiency in identifying the cracking loads.

4.3 Lines-of-Best-Fit

4.3.1 Background

The method of lines-of-best-fit uses lines that best represent the filtered lab data from specimen testing.
Once lines have been formed, observations of their slopes relative to one another are made to identify
the cracking load. If there is a significant reduction in slope between each of the line segments, the
cracking load is identified as the point between the line segments.

4.3.2 Methodology & Application

A MATLAB script was created to go through the data set and to form a line-of-best-fit through a series of
points. It does so by enabling the user to specify a minimum number of points required for the program
to form a line of best fit, then looks at all the possible lines of best fit using every successive point
afterward. The line with the highest coefficient of determination value, R?, is chosen by the MATLAB
program to be included as an “established trend line segment” representing the series of points for the
rest of the analysis. The starting point of the next line will be the last point of the previous line segment.

There needs to be a minimum number of points to represent a line segment for this analysis in the
MATLAB script. This is to ensure that the program correctly forms a line with multiple points, instead of
establishing a line segment between two consecutive ones, since the lab data points can be made
entirely of 2-pointed line segments. The chosen minimum number of points to use for this method is
100 points, because average of the R? values for established line segments were higher compared to
lower minimum number of points (i.e. 10 points), after testing several values. An example comparison of
using different number of minimum points to form a line will be made with Figures 4.10 to 4.12.

The MATLAB script forms a short list of potential cracking loads corresponding to the starting point of a
line segment that meets all the specified conditions mentioned below. The desired cracking load is the
first occurrence of a point that meets the conditions, since this will be the first sign that indicates the
load-displacement plot exhibits a non-linear response. These conditions are as follows:

e The R?value for the targeted line segment must be higher than 0.9, indicating that the current
line segment is correctly representing data points with high accuracy.

e The percent change must be lower (greater negative value) than -10% (since the slopes between
the established line segments are decreasing between each other). Observation of the percent
change between slopes can be completed since non-linear trends can still be represented by
smaller lines-of-best-fit with different slopes, just at different slopes. Percent change was used
to characterize this criterion since it is primarily used to compare an old value to a new one, as
represented by Equation 4.6.
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(new — old)

% change = ( abs(old)

) X 100% Equation 4.6

e The starting point of a line-of-best-fit segment must be within 75% of the maximum loading of
the data set. The reason for this is to limit the analysis to regions close to maximum loading

e Automatically considering the last point of a line-of-best-fit segment, if there is discontinuity (i.e.
a break, with significant and sudden decrease in loading) in the data set. This enables the
MATLAB script to neglect the above conditions for points that are after a break, so they are not
considered. This condition specifically applies to the M32 plots (refer to Figure 4.5 and Figure
4.6). There are several sub-conditions that are used to represent this current condition, which
include:

o Identifying a discontinuity (i.e. break) in the data to be a load difference of 0.2 kN
between two consecutive points. This value was determined via calibration using the
filtered loading data for the M8, M15, and M32 specimens.

o Using a R? value of 0.99 or higher for the current line segment (where the program is
looking for the end point) in consideration. Since this condition was made for the data
for M32 specimens where the trends are fairly linear, the strict threshold for the R?
value is to ensure that the line segment follows the linear trend that already exists
within the data set.

o The percent change of the slope of the current line segment must be less than 10%.

o The R?value for the next line segment must be less than 0.99, to indicate that there is a
break or change in slope, since the new line segment uses the last point of the previous
line segment, which should be before the discontinuity. Since this next line segment will
have a severe change in trend, the, R? value will be less than 0.99.

The following example using lines-of-best-fit will be demonstrated below with two different analyses.
Figure 4.9 shows the raw and filtered lab data for the M15 specimen. Figure 4.10 shows the lines-of-
best-fit the program has formed using a minimum of 5 points to form a line-of-best-fit, which will be
considered Analysis 1 for the purpose of this comparison. Figure 4.11 shows the lines-of-best-fit formed
from using a minimum of 100 points per line segment, and will be identified as Analysis 2. In both
Figures 4.10 and 4.11, the line segments have been labelled for ease of identification, and all potential
cracking loads that the program has identified has been displayed. The first potential cracking load in
this shortlist is the “chosen” cracking load the program decides, as represented by the larger data point
marker. Tables 4.1 and 4.2 present the potential cracking loads identified by the respective analysis.

It should be noted that the vertical lines between each of the lines-of-best-fit are not line segments
generated by the program; they are only shown to connect each of the lines-of-best-fit together. Also,
the potential cracking loads identified on the graphs correspond to the filtered load, as opposed to the
actual starting point of the line-of-best-fit to which it belongs.
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Table 4.1: Potential Points-of-Interest & Accuracy from Analysis 1

Line Segment # with Potential Displacement Filtered

. . . Point #
Cracking Load (Starting Point) (mm) Load (kN)
5 3069 15.344 3.759
26 3420 17.100 3.365
38 3468 14.340 2.397
R? Average 0.9548
R? Average (without last line segment) 0.9578
45
5
4t 4 6
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Figure 4.11: Load-Displacement Plot for M15 Specimen as Represented by Minimum of 5 Points per Lines-of-Best-Fit

Table 4.2: Potential Points-of-Interest & Accuracy from Analysis 2

Line Segment # with Potential Displacement Filtered

Point #

Cracking load (Starting Point) (mm) Load (kN)
5 3069 15.344 3.759
7 3322 16.609 3.681
R? Average 0.9565
R? Average (without last line segment) 0.9531
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To easily compare these analyses on how well they work, Figure 4.12 shows them plotted over top the
raw and filtered lab data.
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Figure 4.12: Zoomed-in Load-Displacement Plot for M15 Specimen with Lines-of-Best-Fit using 5 (Analysis 1) and
100 (Analysis 2) Data Points

From Figure 4.12, it is evident that the lines-of-best-fit from Analysis 1 (green line) follows filtered
loading (orange line) more closely compared to Analysis 2 (magenta line), since the line segments are
smaller. It should also be noted that the chosen cracking load points from Analysis 1 and 2 are the same,
which is the first instance of a cracking load meeting all conditions, as specified above. This proves that
both analyses are accurate, despite using different minimum number of points. The larger number of
points required to form a line is a more accurate analysis to identify the cracking load correctly because
it will return less potential cracking points due to requiring a greater number of points to form a line-of-
best-fit. This is shown more clearly in Table 4.1 and Table 4.2, where Analysis 1 returned three potential
cracking loads, versus Analysis 2 only outputting two.

The average R? value for all lines-of-best-fit is presented as well, to check the accuracy of each line. It is
advised to consider the R? value of all the lines except for the last one, since the formation of the last
line-of-best-fit is forced due to lack of remaining data points to form a line-of-best-fit as accurate as the
previous segments (i.e. it is all dependent on what the last point was to form the second-to-last line of
best fit used). It is evident that both analyses are quite accurate, as their R? values are very similar.
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4.3.3 Conclusion

The method of using lines-of-best-fit is much better than visual inspection since it eliminates a
significant amount of subjectivity but requires numerous computations. However, since the
experimental data sets are large, these computations have a long processing time with the MATLAB
script — especially with the M32 specimen data. There are still numerous decisions that need to be made
in the formation of the MATLAB script to run this program, such as: changing the specified minimum
number of points the programs uses to make lines-of-best-fit, altering the required value for R? for any
corresponding conditions it pertains to, modifying the value of percent change the program looks for to
identify a potential cracking load, and changing the value of load difference to indicate what the
program considers to be a discontinuity in the data set.

4.4 Numerical Differentiation

4.4.1 Background

Numerical differentiation can be used to provide the values for the slope (from 1% derivative of the data
set), as well as the rate of change of the slope and the behaviour of the trend which the data follows (2"
derivative of data set). A simple and efficient way to find potential cracking loads using numerical
differentiation is by taking the 2" derivative of the filtered data set, and finding all the results that are
very close to zero. Values of the 2" order derivative that are very close to zero indicate that the trend of
the load-displacement data points is linear. The reason for this is that for linear trends, the first
derivative should be a constant non-zero value, whereas the second derivative should be zero.
Therefore, the cracking load should simply be last point which is very close to zero. To determine what
“very close to zero” is, a threshold range needs to be defined, which is explained in the following
Subsection 4.4.2.

4.4.2 Methodology & Application

A MATLAB program was made to complete the numerical differentiation. The raw data was filtered
using DES (refer to the Section 4.1 that discusses the filtering methodology), and the first derivative of
the filtered data was taken using MATLAB’s gradient function. This gradient function applies forward
difference approximation, backward difference approximation, and centre difference approximation, all
represented by Equation 4.7, Equation 4.8, Equation 4.9 respectively. Forward difference approximation
requires the input of two consecutive points, where the second point succeeds the first targeted point.
Backward different approximation is the opposite, where two consecutive points are also required, but
the second point precedes the first targeted point. Centre difference approximate requires two input
points as well, but uses one-point immediately before and after the targeted point. Using all three of
these equations for differentiation utilizes all points of a filtered data set.

fivn) = f(x)

f’(xl.) = Equation 4.7
Xi+1 — Xi
x;) — f(x;_
') = fxi) = f (%) Equation 4.8
Xi — Xi—1
X; — f(x;_
f'x) = [(iva) = (i) Equation 4.9
Xi+1 — Xij-1
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Figure 4.13 and Figure 4.14 shows regular and zoomed view for slope of load (1** derivative)-
displacement plot for filtered and unfiltered data for specimen M15.
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Figure 4.13: 15t Numerical Derivative of Load-Displacement Plot for M15 Specimen with Unfiltered and Filtered Data
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Figure 4.14: Zoomed-in View of 15t Numerical Derivative of Load-Displacement Plot for M15 specimen with Unfiltered
and Filtered Data
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Values toward end of data set for 1 derivative are very large negative values, which signify significant
slope changes compared to the rest of the data set, since the specimen experiences complete failure of
the cross section. Since the first numerical differentiation of the filtered loading data has much more of
a constant trend as opposed to a linear, SES was used to filter these values to reduce the noise, so that
the second numerical derivative can be completed with accuracy.

The program finds the cracking load within the second-order differentiated data set using a set of
criteria, as follows:

e The cracking load must be within 75% of the maximum loading, so the analysis does not
consider points of interest near the beginning of the data set.

e The cracking load must not be past a discontinuity (i.e. break) in the data with a load difference
of 0.2 kN between two consecutive points. This value was determined via calibration using the
filtered loading data for the M8, M15, and M32 specimens

e The cracking load must be within the threshold of +0.02 of the second order numerically
differentiated filtered load data. The values +0.02 were determined by calibration using
specimens M8, M15, and M32.

Figure 4.15 & Figure 4.16 show all the points of the unfiltered and filtered change of slope of load (2"
derivative) that are within the specified threshold.
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Figure 4.15: 2nd Numerical Derivative of Load-Displacement Plot for M15 Specimen with Unfiltered and Filtered Data
and Threshold of Potential Cracking Loads

59



06 Unfiltered
Filtered
@® Potential Crack Loads
[ Threshold
® 04f
(o]
|
Y-
o]
¢ \
- / \ | A
£ 021 [\ ( N\
.2 . | I| II || \ }
E ‘/vl /"\__,-— / ~ : | ‘4 Iu |l I| |
(=] (\ | T | \ | | | |
E [\ ‘1 N & j \ | 1‘ | \
2 0 mag DS NS e oo 20 008U ‘1’*’:“?(”1"(“‘(‘ ) 0 5 e eI e e 2 o 2 5 5 5 2 )
- o 33 T Faii:anen e S | \ I iZaiail @ e s Y
g |l \'\I" ‘ll I| I| A\ “ \ ‘ “ f ki -
=1 | | | N ol i | | \/ \ |
z l| | 'l | | V Ji
- ,' | a |
e -0.2 L‘ | [ 7N }
b \ ,',
w ‘ )
I‘ ‘
-04 'v‘ |
\‘ :‘
\“‘ II
I \/ I I I I I I
14.75 14.8 14.85 14.9 14.95 15 15.05

Displacement (mm)

Figure 4.16: Zoomed-in View of 2nd Numerical Derivative of Load-Displacement Plot for M15 Specimen with
Unfiltered and Filtered Data and Threshold of Potential Cracking Loads

In Figure 4.16, there are multiple “gaps” in the data that do not lie within the threshold, as indicated by
the yellow zone between -0.02 and +0.02. This means that there are changes in the curvature of the

filtered load-displacement plot.

The cracking load is normally the first occurrence of the last point of a series of points inside the
threshold, which corresponds to the last point of a linear portion of the in the load-displacement plot
before an abrupt slope change. However, since this is test data, the first occurrence of a series of points
inside the threshold (i.e. before a gap that is present in the threshold) does not necessarily correlate to
the correct cracking load. To avoid the MATLAB program from returning an incorrect cracking load, a set
of conditions were made as MATLAB checks the various series of points within the threshold. The
program checks if there are a specific amount of points behind the last point in the series (i.e. checking
that there are 10 points behind a potential cracking load that fall within the threshold) that are within
the specified range behind the last point in the series (i.e. in a 20-point range/window behind potential
cracking load) to ensure that the data trend has an abrupt change in. The reason that the number of
required points preceding potential cracking load and the search-range are not the same value is to
account for some points trend that are outside of the threshold zone (i.e. “gaps” in the series of data

points that are within the threshold).

Determination of number of points preceding the cracking load, and search-range of preceding points
involved using trial-and-error to see what the best combination of the calibrated conditions is. The more
preceding points that are involved in these conditions validates that the MATLAB script is returning a
cracking load that follows a linear trend, while also making this check more stringent since it requires a
bigger region of the data set to fall within the threshold. Having a bigger “tolerance” between the
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required preceding points and the search-range for counting the number of preceding points makes it
easier for the program to pass this check. Alternatively, seeking to minimize this “tolerance” between
the required number of preceding points and search-range for this check could potentially be another
way to validate that the required points involved in the check does exhibit a linear-behaviour. However,
it was found that the search-range will be minimized as well; therefore, effectively minimizing the
required number of points that MATLAB script seeks for this check. The chosen number of preceding
points that MATLAB looks for behind a potential points-of-interest are 150, and the range to look for
behind this point is 175, allowing for a 25-data point “tolerance” in the check. These values were found
after calibrating and analyzing results for M8, M15, and M32 specimens.

Figure 4.17 and Figure 4.18 show the chosen cracking load on the 2nd derivative plot for the M15
specimen, as indicated by a red square marker.
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Figure 4.17: 2nd Numerical Derivative of Load-Displacement Plot for M15 Specimen with Chosen Cracking Load

61



e '“*Wv\lﬂ"—
(1]

bl Unfiltered |
0o 5| Filtered
.,__l B Chosen Crack Load
> [ |Threshold
2 10 [
L]
2
™
@
=
[v]
2
)
£
5-20r
=z
o
=
-2t
QD
w

-30

_35 i ] ] ] ] ] ] ] ]

0 2 4 6 8 10 12 14 16 18

Displacement (mm)

Figure 4.18: Zoomed-in view of 2nd Numerical Derivative of Load-Displacement Plot for M15 Specimen with Chosen
Cracking Load

Similarly, and Figure 4.20 show the chosen cracking load on the load-displacement graph.
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Figure 4.19: Chosen Cracking Load on Load-Displacement Plot for M15 Specimen
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Figure 4.20: Zoomed-in View of Chosen Cracking Load on Load-Displacement Plot for M15 Specimen

4.4.3 Conclusion

This method is quite compact and efficient, as it does not require a lot of computations. There are also
less decisions that need to be made, reducing the subjectivity and bias of this method. The only
decisions that needed to be made are determining the threshold limit and figuring out the number of
required preceding points and the search-range for these points, that need to be considered to
determine the cracking load. The threshold limit could be narrower, but risks making the targeted
cracking load lower than it actually is. The number of preceding points to the cracking load and the
search-range for these points could be altered to provide a potentially more accurate result, but should
be noted that poor selection of these values for the condition leads to an improper check that MATLAB
completes for this method. Both of these alterations can be completed via trial and error.

4.5 Conclusion & Chosen Method of Determining the Cracking load on Methods

4.5.1 Summary

To compare the results of all the methods with the three bar sizes of M8, M15, and M32, Figure 4.21
and Figure 4.22 display all the chosen points of interest laid out over top the load-displacement data for
specimen M15. The points of interest for each method are summarized in Table 4.3.
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Figure 4.21: Load-Displacement Plot of M15 Specimen with Cracking Loads from All Methods

3.86
Unfiltered
Filtered
3.84 + () Crack Load from Visual Inspection
Crack Load from Lines-of-Best-Fit
B Crack Load from Numerical Differentiation
3.82
15.400, 3.7745
15.369, 3.7613
38
z
= 15.344,3.7588
R 378t
o
-]
3.76
3.74
3.72 ;\Z\
1 1 1 1 1 1 1 1

1545 15.2 15.25 15.3 15.:35 15.4 15.45 15.56
Displacement (mm)

Figure 4.22: Zoomed-in View of Load-Displacement plot of M15 Specimen with Cracking Loads from All Methods
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Table 4.3: Summary and Comparison for Cracking Loads from All Methods for M15 Specimens

Point # Method Used Displacement Filtered Load
(mm) (kN)
3080 Visual Inspection 15.400 3.767
3069 Lines-of-Best-Fit 15.344 3.759
3074 Numerical Differentiation 15.369 3.761

From Figure 4.22 and Table 4.3, it is evident that all three methods yield similar results. The cracking
load from the lines-of-best-fit method is the lowest cracking-point. This is based on how the MATLAB
script broke up the data for the analysis — which does not mean this method is the most restrictive. The
cracking load from visual inspection returns the highest cracking load, indicating that this method is the
possibly the least restrictive. The chosen cracking load from numerical differentiation is in between the
two other chosen points-of-interest from the other alternatives.

For other specimens, these analyses do not return the exact same patterns between chosen points-of-
interest, but are close to each other. Data for the M8 specimen is examined and shown in Figure 4.23 &
Figure 4.24 and Table 4.4; data for the M32 specimen is shown in Figure 4.25 & Figure 4.26 and Table
4.5,
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Figure 4.23: Load-Displacement Plot of M8 Specimen with Cracking Loads from All Methods
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Figure 4.24: Zoomed-in View of Load-Displacement Plot of M8 Specimen with Cracking Loads from All Methods

Table 4.4: Summary and Comparison for Cracking Loads from All Methods for M8 Specimen

Point # Method Used Displacement Filtered Load
(mm) (kN)
1884 Visual Inspection 9.420 0.702
1850 Lines-of-Best-Fit 9.250 0.699
1852 Numerical Differentiation 9.260 0.688

The important characteristic to note between Figure 4.23 and Figure 4.21 is that the M8 load-
displacement plot follows a linear-behaviour to a lesser extent compared to the M15 plot. Despite this,
the results from M15 outlined in Figure 4.21 & Figure 4.22 and Table 4.3, the results for M8 in Figure
4.23 & Figure 4.24 and Table 4.4 exhibit similar patterns. The cracking load chosen from lines-of-best-fit
is the “earliest” of the three options, and inversely, the cracking load chosen from visual inspection is
the “latest”. The chosen cracking load from the numerical differentiation is between the two other

chosen points-of-interest, but it is evident in Figure 4.24 that this

point is very close to the chosen point

from the lines-of-best-fit method. This indicates that both these methods are accurate and reliable on

successfully identifying the true cracking load.

For a final comparison of these methods, Figure 4.25 & Figure 4.26 and Table 4.5 displays the results for
M32 specimen, which also has a different load-displacement behaviour compared to M8 and M15.
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Table 4.5: Summary and Comparison for Cracking Loads from All Methods for M32 Specimen

Point # Method Used Displacement Filtered Load
(mm) (kN)
4820 Visual Inspection 24.100 13.847
4820 Lines-of-Best-Fit 24.100 13.847
4637 Numerical Differentiation 23.240 13.386

The behaviour of the M32 specimen as it is being loaded is quite linear, as seen in Figure 4.25. From
using visual inspection and the MATLAB program for lines-of-best fit methods, the identification of the
same point was made, which is the first notable peak before there is a break in the specimen (identified
by the drop in load right after this point). This shows the feasibility and effectiveness of using both
methods for a graph that clearly exhibits a linear behaviour. However, with the numerical differentiation
method, it identified an “earlier” point, which matches the results from the M8 and M15 specimens, and
shown in Figure 4.24 and Figure 4.22, respectively. Since the lab data for this M32 specimen is not truly
linear, this “earlier” point should not be disregarded. It should also be noted that these points are still
close together, as noted on Figure 4.25, proving the usefulness for all methods.

4.5.2 Chosen Method of Determining the Cracking load on Methods

The chosen method to determine the cracking load is numerical differentiation, after consideration of
filtering the data and using the three different test methods. This method requires the least amount of
bias and decision making and was the easiest method to automate, compared to the other two
methods. While visual inspection is quick to complete for one test, it is very time consuming to do for all
tests, and is highly subjective. The lines-of-best-fit technique requires several inputs from the user to
implement and is not the easiest to automate, relative to numerical differentiation. Table 4.6 shows the
chosen cracking load for each of the specimens used in this chapter. Appendix B indicates the critical
load that was used for each individual specimen.

Table 4.6: Chosen Cracking Load for Each GFRP Size

GFRP Size Displacement (mm) Filtered Load (kN)

M8 9.260 0.688
M15 15.369 3.761
M32 23.240 13.386
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Chapter 5 - Calculation of Tensile Strength from Rupture Modulus

In this section, the relationships and equations that are used to correlate the rupture modulus from the
flexural test, to the tensile strength of the GFRP bars are provided and discussed.

5.1 Bi-Moduli Behaviour

The proposed testing method is based on ASTM D4476-14 (ASTM Committee D20, 2014). However, the
relationships and procedures derived in this standard assume that the GFRP material exhibits a uni-
modular elastic behaviour in both tension and compression.

Research has shown that, while GFRP can be modelled in this manner, there is a small error in strength
because of the difference in its tensile and compressive elastic moduli (Medri, 1982; Jones, 1978; Jones,
1977). Researchers have shown that the ratio of tensile to compressive elastic moduli is typically 1.2 to
1.25 (Jones, 1978; Jones, 1977), although exact values will vary due to the variations of batches during
manufacturing. One possible explanation for this is due to the differences in the fibre stiffness versus
the matrix stiffness where if the fibres tend to contact each other or buckle, it results in a more or less
stiff composite, respectively (Jones, 1977). Figure 5.1 shows the differences between using a single
elastic modulus to dual elastic moduli compared to the actual stress-strain behaviour of GFRP (Jones,
1977).

Ao

Uni-Modulus Behaviour: E=E=E; = =
Bi-Moduli Model: E; # Ec _—

Actual Behaviour

Vo

Figure 5.1:Comparison of Uni and Bi-Moduli vs. Actual Stress-Strain Behaviour of GFRP

When using the incorrect model to analyze the stress-strain behaviour of GFRP, the rupture modulus
found from the load-displacement data of a flexural test can be inaccurately calculated, ending in
skewed results. Due to this, new relationships need to be derived to incorporate the bi-moduli
behaviour of the GFRP material.
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5.2 Flexural/Bending Moment Relationships
5.2.1 Determining Rupture Modulus

The basis for equations and relationships shown is the bi-elastic moduli behaviour. The equilibrium of

forces and moments is used along with stress-strain relationships to describe the stresses that develop
along the specimen’s cross section as it is being bent, represented as Equations 5.1 to 5.3 respectively

(Beer et al., 2012). Figure 5.2 provides a graphical representation of the stress and strain distributions

along the cross-section of a typical specimen in bending (Arczewska, 2017).

Strain Distribution Stress Distribution
—_— Ec Oc

NN\ —
N

hl—c F,

&t Ot

Figure 5.2: Distribution of Bending Stresses and Strains of GFRP Material Along Height of Cross-section

f o, dA + j o.dA =0 Equation 5.1
Ay Ac
f -yo,dA + f -yo.dA =M Equation 5.2
Ae Ac
O _ Oc .
E[(lz-c) = Fc Equation 5.3

where:

e g; and g, refers to the peak tensile and compressive stress produced from bending, respectively
e A, and A_refers to tensile and compressive areas from bending, respectively

e F, and E_. refer to the tensile and compressive elastic modulus, respectively

e M represents the bending moment

e hrepresents the height/depth of the specimen

e represents the location of the neutral axis from the top surface of the specimen

It should be noted from Figure 5.2 that because of the different elastic moduli, the slope of the stress
distribution are different for tension and compression, and is appropriately adjusted in Equation 5.3.
The height, h, the radius r, and the length of the specimen must be measured prior to testing. It should
be mentioned that slight variations in measurements for the height, radius and length of the specimens
were noted, have minimal effects on the results since the differences are a few millimetres apart. The
moment produced by the cracking load in Equation 5.2 (expressed as M) is calculated based on the test
results and procedures outlined in Chapter 4.

The elastic moduli should be measured via the appropriate testing (i.e. direct tension or compression),
or obtained from the GFRP manufacturer, if available. However, it is more common for a GFRP
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manufacturer to provide only the tensile elastic modulus for the material, which is insufficient on its
own for the completion of these calculations. More importantly, it is noted that the two different elastic

moduli can be represented as a ratio E—t, signifying that the distinct values of the tensile and compressive
c
stiffness do not need to be known explicitly. To represent this in the calculations, Equation 5.3 is

simplified into Equation 5.4, where n represents the ration = %

[

o 0,
—CC Equation 5.4

n(h-0)
The importance of Equation 5.4 is that this relationship is dependent on the ratio between the tensile
and compressive elastic moduli of the GFRP material, as opposed to their actual values. Based on Jones’

research (1977; 1978), this ratio be assumed to be between 1.2 and 1.25, if the tensile and compressive
elastic moduli are both unavailable.

This leaves three parameters that remain unknown for Equations 5.1 to 5.3, which are: flexural-tensile
stress, the flexural-compressive stress, and the location of the neutral axis. Solving for these unknowns
is not a trivial task because the cross section is similar, but not exact, to a semi-circular shape (for each
specimen, exact dimensions must be used) and the calculations need to include the bi-modular material
behaviour. The equilibrium of forces and sum of moment relationships both require the use of the cross-
sectional area in order to calculate forces and moments. Similarly, with calculating other areas of typical
cross sections, an integral equation was developed, but required use of a software to calculate the
result, as hand calculations are difficult to complete.

From here onward, the tensile stress due to bending will be referred to as the “rupture modulus” o, to
avoid confusion with the overall tensile capacity, o;, of the GFRP bar. Appendix G contains derivations
and descriptions on how the unknowns were solved with Equations 5.1 to 5.3.

5.2.2 Rupture Modulus from Testing

Due to the lack of information on the compressive stiffness of the tested GFRP material and for the
purposes of this research work, the correlation calculations have been carried out using two different n
values. Using the extremes of the range provided from Jones’ research (1977; 1978), n = 1.25and 1.2
are used for Method 1 and Method 2 of the calculations, respectively.

Provided for reference, the tensile elastic moduli provided from the manufacturer and calculated from
tensile testing (refer to Section 3.5.2, using tensile elastic moduli calculated from excluding outliers) are
provided in Table 5.1. The manufacturer’s specification sheets for M13, M15 and M20 bars are found in
Appendix A. It should be noted that not all the bars from the M13 specimens are of the same batch. The
M15 and M20 bars are of the same batch, and its properties should be accurately represented by their
corresponding specification sheet.

Table 5.1: Tensile Elastic Modulus (MPa) of GFRP Specimens

Source M8 M13 M15 M20 M25 M32

Fiberline
Specification Sheets

= 62220 65300 60900 = =

Uniaxial Direct

. . 80874.23 76847.85 74968.56 - - -
Tensile Testing
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From Table 5.1, there Is a notable difference in the tensile stiffness between the specification sheets and
the direct tensile testing for the M13 and M15 specimens, where it is apparent they are stiffer from the
tensile testing conducted within this research. Reasons for this could be the result of having specimens
from various batches for the M13 and M15 bars that were specifically used in the direct tensile testing,
or discrepancies in stiffness measuring methods. It should be noted that these values are not directly
used in the calculations in this work. The value used is the tensile to compressive elastic moduli ratio
E

= E_Z
From here onward, important calculated parameters will indicate a percentage difference between the
values, just to provide an ease of comparing the calculations between the two methods, although this is
not a primary objective of this research. The percent difference calculation used is as follows in Equation
5.5.

|Value 1 — Value 2|

% Difference = G p T Vale 2, < 100% Equation 5.5

2

Due to the complexity of calculating the areas of the compressive and tensile regions of the cross-
section by integration, and the computations to find the rupture modulus, MATLAB was used for this
process. The results from these computations provides three values of the tensile stress due to bending
(rupture modulus), compressive stress due to bending, and the location of the neutral axis. A full
derivation of these equations is found in Appendix G.

Table 5.2 shows a summary of the averages of all the specimens’ dimensions and physical properties,
along with the computed values for the rupture modulus, the compressive stress, and the location of
the neutral axis, based on their corresponding test method. Appendix B displays the full list of
specimens, their properties, and the results from the calculations.
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Table 5.2: Summary of Specimen Variable Averages of 10 Specimens

Average for Specimen Variables Type of M8 M13 M15 M20 M25 M32
Bending Test
3-Point 4 6.5 8 10 12.5 16
Radius, r (mm)
4-Point 4 6.5 8 10 12.5 16
) 3-Point 3.40 6.02 7.58 9.56 11.87 15.42
Measure Height, h (mm) )
Vellies (R 4-Point 3.38 5.98 7.51 9.53 11.74 15.39
Testing and Unsupported 3-Point 80 130 160 200 250 320
During Testing) Length, L (mm) 4-Point 80 130 160 200 250 320
Critical Point Load 3-Point 877.13 2392.35  3790.41  5732.04  8387.49  13390.03
per Loading nose, ]
For (N) 4-Point 655.92 1707.41  2521.89  3852.06 6045.81  9673.32
Location of Neutral 3-Point 1.51 2.69 3.40 4.29 5.32 6.92
Axis, ¢ (mm) 4-Point 1.50 2.67 3.36 4.27 5.26 6.90
3-Point 2228.23  1887.74 187555 177418  1688.31  1591.46
Post-Testing ~ Rupture (Tensile) 4-Point 2257.15 182835  1697.76  1604.67  1664.93  1539.79
Calculations - Stress, or (MPa)
Method 1 % Difference 1.29% 3.20% 9.95% 10.03% 1.39% 3.30%
(n=1.25) Compressive 3-Point 1428.17  1221.73  1217.20  1152.89  1096.10  1035.15
Stress, oc (MPa) 4-Point 1445.76 118221  1100.62  1042.19  1079.41  1001.29
Maximum Bending 3-Point 1.75E+04 7.78E+04 1.52E+05 2.87E+05 5.24E+05 1.07E+06
Moment, M (Nmm) 4-Point 1.75E+04  7.40E+04 1.35E+05 2.57E+05 5.04E+05 1.03E+06
Location of Neutral 3-Point 1.50 2.67 3.36 4.24 5.26 6.84
Axis, ¢ (mm) 4-Point 1.49 2.64 3.33 4.22 5.20 6.83
3-Point 2203.25  1866.51  1854.44 175425  1669.28  1573.53
Post-Testing ~ Rupture (Tensile) 4-Point 2231.84  1807.80  1678.67  1586.65 164621  1522.40
Calculations - Stress, or (MPa)
Method 2 % Difference 1.29% 3.20% 9.95% 10.03% 1.39% 3.30%
(n=1.2) Compressive 3-Point 144357  1234.89  1230.30  1165.27  1107.92  1046.29
Stress, oc (MPa) 4-Point 1461.35  1194.94 111246  1053.37  1091.02  1012.09
Maximum Bending 3-Point 1.75E+04 7.78E+04 1.52E+05 2.87E+05 5.24E+05 1.07E+06
Moment, M (Nmm) 4-Point 1.75E+04  7.40E+04 1.35E+05 2.57E+05 5.04E+05 1.03E+06
% Difference Between Rupture 3-Point 1.13% 1.13% 1.13% 1.13% 1.13% 1.13%
Modulus from Method 1 & 2 4-Point 1.13% 1.13% 1.13% 1.13% 1.13% 1.14%

Upon examining the rupture modulus from Table 5.2, it is evident that as the GFRP bar size increases,

the rupture modulus generally decreases, as expected from a material with a brittle nature. This

phenomenon can be explained by the larger number of flaws introduced in a higher volume (size) of

GFRP material.

Another observation that is made about the rupture moduli between the flexural tests are that the
average rupture modulus is smaller for all sizes, except for the M8 specimens, for the 4-point bending

values relative to the 3-point bending values. This is because the 4-point bending test subjects more of
the material to maximum bending moment, engaging more flaws in the material, which ultimately
lowers the rupture modulus. Despite this difference, the rupture moduli between the 3-point to 4-point
bending tests are quite close to each other, having about 10% difference (4% difference for all
specimens, excluding M15 and M20 specimens). Such a small percentage difference between the
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rupture moduli is a possible indication that a 4-point bending test is not much more effective compared
to a 3-point bending test, when correlating the rupture modulus of a GFRP to its tensile strength.
However, using a 4-point bending test will yield a more conservative (lower) correlated tensile value,
which will be further explained in this chapter.

Lastly, the percentage difference between the rupture moduli using Method 1 and 2 are very small, less
than 2%, and are almost the same for both the 3-point and 4-point bending tests. It shows that the

difference in the n (which is the ? ratio) between Method 1 and 2 show little impact on the results. This
c

is also reflected in yielding the same percentage differences between the 3-point and 4-point bending
tests in Method 1 and 2.

5.3 Relationship between Rupture Modulus and Tensile Strength of GFRP using Weibull’s

“Weakest Link” Model
The rupture modulus of the GFRP specimens is larger than its direct tensile strength. This is a known
phenomenon for brittle materials since the strength is related to the number of flaws in the tested cross
section.

Studies completed by Griffith (1921) and Irwin (1956) suggest that the size of the crack, or flaw in the
material, will end up dictating the strength of the material. This is represented in form of Equation 5.6.

KIC
g,

- Ya+/ Criaw

Equation 5.6

where:

® oy represents the fracture stress

e K, represents the resistance to crack propagation
ey, represents the stress density factor (dimensionless)
®  Ciqw depends on the flaw size

Flaws are introduced into a material based on the impurities in the material’s composition and size due
to processing; they are distributed throughout the material’s volume. From Equation 5.6, it is evident
that the larger the flaw size, the lesser the fracture stress is for the material. Therefore, the material’s
strength depends on its “weakest link”, and will be described as the Weibull’s “Weakest Link” model.

5.3.1 Utilizing Weibull's “Weakest Link” Model to Describing Tensile Stress of GFRP

This model statistically describes the failure distribution of brittle materials, such as like GFRP, where the
strength of the material is determined by the size of flaws in the specimen (Quinn & Quinn, 2010; Weil &
Daniel, 1964). The probability of brittle material failure is described in the form of Equation 5.7.
o — o, \™ )
Pr=1-exp —J ( ) dv Equation 5.7
v a,

o

where:

eV represents the volume of the specimen
e ¢ represents the applied stress
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e g, represents the zero-strength stress where no failure occurs below this stress (which is usually
assumed to be zero)

e 0, is the normalizing factor (the scale parameter)

e misthe Weibull modulus (shape parameter), which will be discussed in Section 5.3.2

Since GFRP is a brittle material, this model is applied to determine its tensile strength in both the
flexural and tensile tests, enabling the correlation of the tensile strength of a GFRP specimen to its
rupture modulus. To reflect this, Equation 5.7 is altered to describe the failure of the GFRP specimens in
flexure and direct tension as shown in Equation 5.8 and Equation 5.9 respectively, where g, refers to
tensile stress from direct tension (which will be equated to the tensile strength of GFRP material, g;) and
oy, refers to tensile stress from bending (which will be equated to rupture modulus, a,.).

oy — oy \™ .
Pr=1—exp —f ( ) dV; Equation 5.8
o

14 o

op — oy, \™ .
Pr=1-—exp —J- ( o ) dv, Equation 5.9
14 o

where:

e I, and V}, represent the volume experiencing tensile stress in exerted from uniaxial direct tensile
test and a flexural test, respectively. Figure 5.3 presents a visual representation of V; and V,
where red regions shows the tensile stressed area, and the blue region shows the compressive
stressed area.

Tensile Stress based on Direct Tensile
Test (considered for V; and Vg;)

Tensile Stress based on Flexure Test
(considered for V,, and Vi)

Figure 5.3: Direct Tensile and Flexure Tensile Stress Distribution on a Flexure Specimen

Considering the probability of failure for both of these tests are the same, equating Equation 5.8 and
Equation 5.9 and simplifying, forms Equation 5.10.

gy — o, \™ gy — o, \™
f( : “) th=f ( b “) dv, Equation 5.10
v Oo v Oo
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Since g, is assumed to be zero, and after the completing integration over the specimen for either
tension or flexure, Equation 5.10 is reduced to Equation 5.11 and Equation 5.12, which represents the
left and right sides of Equation 5.10 respectively. The form of Equation 5.12 was derived for the failure
of brittle materials for a 3-point and 4-point flexural test as shown (Quinn, et al., 2009; Quinn G. D.,
2003; Weil & Daniel, 1964). Finally, Equation 5.11 and Equation 5.12 are substituted back into Equation
5.10, which results in Equation 5.13.

oy — oy \™ o \™ .
f < > dv, =V, (—) Equation 5.11
14 Oo

Oo

Equation 5.12

o — o\ {Vb (Z—Z)m (Z(m—i—1)2> « for 3pt.bending
f,,( ) vy = (@)m( (m + 3)
O, 6(m + 1)?

0o

U/b ) « for 4pt.bending

v, (2 ! for 3pt.bending
J— — | «
v <0't)” Jb(ffo) (2(m+1)2) or Spt.bendl
“\o, V(b)(( 3)) 4pt. bendi
J— — | « .
kb - & 1?2 for 4pt.bending

Equation 5.13

Rearranging Equation 5.13 to solve for the ratio between the rupture modulus and the tensile strength
gives Equation 5.14. Equation 5.15 introduces a new term, describing the effective tensile volume
experience by a material following the “weakest link” model that is subjected to bending (Quinn, et al.,
2009; Quinn G. D., 2003). The effective tensile volume subjected to direct tension is simply the volume
of a flexure specimen subjected to pure tension. Equation 5.14 can then be simplified into Equation
5.16, which provides a general form describing the ratio between two different stresses of materials
that follow Weibull’s weakest link model (Quinn, et al., 2009; Quinn G. D., 2003; Weil & Daniel, 1964).
This will be described as the “tensile stress ratio” herein.
2V, (m + 1)2 o _
o (T) « for 3pt.bending .
—= 1 Equation 5.14
Gt 6V,(m + 1)?
( Vy(m+ 3)
Vb
2(m + 1)?
Vy(m + 3)
6(m + 1)2

m
) « for 4pt.bending

« for 3pt.bending

Vep = Equation 5.15

« for 4pt.bending

1
% _ (ﬁ)m Equation 5.16
Ot Vep

where:

e Vg and Vg, refer to the effective volumes of tensile stress in a uniaxial direct tensile test and a
flexural test, respectively.

The tensile strength of GFRP bars is found after obtaining the rupture modulus from flexural testing and
calculating Weibull modulus and the effective volumes, noted in Equation 5.16.
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5.3.2 Determining Weibull Modulus

The Weibull modulus, m, also known as the shape parameter, is used to describe the distribution of
GFRP material failure, which is linked to the flaws present in the material. The higher this value, the
more uniformly the material defects are distributed throughout the volume (Arczewska, Polak, &
Penlidis, 2019). This parameter’s value is obtained by using the Weibull strength distribution graph,
where the natural logarithm of the rupture modulus is taken and plotted against the double natural
logarithm of its respective probability of failure in the list of samples, using Equation 5.17, where “n”
represents the total number of specimens and “i” represents the rank of the specimen’s strength

relative to the others, in order from least to greatest.
i—0.5
Pf =

Equation 5.17
nS

From these transformed points of data, a line of best fit is plotted against the dataset, from which the
Weibull modulus is found by simply finding the slope of the line of best fit. It should be noted that this
value becomes more accurate with having more sample data, as well as eliminating any outliers that
may skew the line of best fit. Figure 5.4 shows the Weibull strength distribution graph for M13
specimens in the 3-point bending tests, while Table 5.3 shows the sorted data with its strength and
appropriate transformations to form the graph (from Method 1). Likewise, Figure 5.5 represents the
information in Table 5.4 for the M13 specimens in 4-point bending (from Method 1). The remaining
Weibull graphs and related tables are displayed in Appendix D.

Table 5.3: Data for Weibull Strength Distribution Graph for M13 Data in 3-Point Bending (All Specimens)

. Rupture ,
Rank, i 1|-\Iest Spels:)men Modulus, Pf = ﬂ x=1n (O-r) y=1In (ln (1 —1P >>
) ) o, (MPa) n f

1 42 M13-14 1760.66 0.05 7.47 -2.97
2 45 M13-11 1760.96 0.15 7.47 -1.82
3 10 M13-20 1799.78 0.25 7.50 -1.25
4 41 M13-10 1884.86 0.35 7.54 -0.84
5 7 M13-3 1889.01 0.45 7.54 -0.51
6 9 M13-15 1907.54 0.55 7.55 -0.23
7 44 M13-20 1909.38 0.65 7.55 0.05
8 43 M13-13 1953.11 0.75 7.58 0.33
9 6 M13-1 1973.10 0.85 7.59 0.64
10 M13-18 2039.01 0.95 7.62 1.10

m= 24.00 b= -181.56 R2= 0.9139

77



2.00

1.50

1.00

0.50

0.00

-0.50

-1.00

In(In(1/(1-Py)))

-1.50

-2.00

-2.50

-3.00

-3.50
7.46

y = 24x - 181.56
R?=0.9139

7.48 7.50

7.52

A
--'A..'
A
7.54 7.56
In(o,)

7.58

7.60

7.62

7.64

Figure 5.4: Weibull Strength Distribution Graph for M13 Specimens in 3-Point Bending (All Specimens)

Table 5.4: Data for Weibull Strength Distribution Graph for M13 Data in 4-Point Bending (All Specimens)

. Rupture ,
Rank, i T::t SpeNCIOmen Modulus, Py = ﬂ x=In(o,) y=In (ln(1 —1P >>
) ) o, (MPa) n f

1 76 M13-12 1647.30 0.05 7.41 -2.97
2 78 M13-16 1665.56 0.15 7.42 -1.82
3 74 M13-4 1697.21 0.25 7.44 -1.25
4 75 M13-8 1811.85 0.35 7.50 -0.84
5 77 M13-17 1822.47 0.45 7.51 -0.51
6 79 M13-5 1844.93 0.55 7.52 -0.23
7 81 M13-9 1860.01 0.65 7.53 0.05
8 73 M13-7 1935.90 0.75 7.57 0.33
9 82 M13-19 1961.16 0.85 7.58 0.64
10 80 M13-6 2037.11 0.95 7.62 1.10

m= 16.51 b= -124.55 = 0.9242
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Figure 5.5: Weibull Strength Distribution Graph for M13 Specimens in 4-Point Bending (All Specimens)

While the data and plots shown in the above tables and figures are accurate, as indicated by the
coefficient of determination, R?, they include all specimens where none are treated as outliers. A
second analysis of the Weibull moduli was conducted to exclude potential outliers among the 10
specimens for each size per flexural test. These outliers were the specimens had the lowest and highest
rupture moduli. For comparison, Table 5.5, Figure 5.6, Table 5.6, and Figure 5.7 display the same data
and plots as above, except the inclusion of the first and last data points of the Weibull graph (which
have not been removed from the respective table, but has be indicated in red), where the following
plots use 8 specimens, instead of all 10.
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Table 5.5: Data for Weibull Strength Distribution Graph for M13 Data in 3-Point Bending (Except First and Last Data

Points)
. Rupture ,
—-0.5 1
Rank, i .Le:t sPe':Lmen Modulus, Pf = u x=1In (a'r) y=In (ln (1 —p >>
: : o (MPa) n f
1 42 M13-14 1760.66 0.05 7.47 -2.97
2 45 M13-11 1760.96 0.15 7.47 -1.82
3 10 M13-20 1799.78 0.25 7.50 -1.25
4 41 M13-10 1884.86 0.35 7.54 -0.84
5 7 M13-3 1889.01 0.45 7.54 -0.51
6 9 M13-15 1907.54 0.55 7.55 -0.23
7 44 M13-20 1909.38 0.65 7.55 0.05
8 43 M13-13 1953.11 0.75 7.58 0.33
9 6 M13-1 1973.10 0.85 7.59 0.64
10 8 M13-18 2039.01 0.95 7.62 1.10
m= 20.74 b= -156.82 RZ= 0.9436
1.00
)
0.50 e
y = 20.736x - 156.82 o
R? = 0.9436 L7
0.00 e .7
= Ry
o -
< -0.50 e
= gl
£ JPied °
-1.00 JPiad
o .-~
-1.50 ,/"
-~
-2.00
7.46 7.48 7.50 7.52 7.54 7.56 7.58 7.60
In(o,)

Figure 5.6: Weibull Strength Distribution Graph for M13 Data in 3-Point Bending (Except First and Last Data Points)
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Table 5.6: Data for Weibull Strength Distribution Graph for M13 Data in 4-Point Bending (Except First and Last Data

Points)
. Rupture ,
-0.5 1
Rank, i .Le:t sPe':Lmen Modulus, Pf = u x=1In (a'r) y=In (ln (1 —p >>
) ) o (MPa) n f
1 76 M13-12 1647.30 0.05 7.41 -2.97
2 78 M13-16 1665.56 0.15 7.42 -1.82
3 74 M13-4 1697.21 0.25 7.44 -1.25
4 75 M13-8 1811.85 0.35 7.50 -0.84
5 77 M13-17 1822.47 0.45 7.51 -0.51
6 79 M13-5 1844.93 0.55 7.52 -0.23
7 81 M13-9 1860.01 0.65 7.53 0.05
8 73 M13-7 1935.90 0.75 7.57 0.33
9 82 M13-19 1961.16 0.85 7.58 0.64
10 80 M13-6 2037.11 0.95 7.62 1.10
m= 14.11 b= -106.42 R?>= 0.9560
1.00
e
0-50 y = 14.114x - 106.42 /"
R? = 0.956 ‘e
0.00 ® //
= 9'/
o et
o) .
< -0.50 ,-’®
= ol
]
/”’ .
-1.00 //
(] ’//
-1.50 /"
e
-2.00
7.40 7.42 7.44 7.46 7.48 7.50 7.52 7.54 7.56 7.58 7.60
In(o,)

Figure 5.7: Weibull Strength Distribution Graph for M13 Data in 4-Point Bending (Except First and Last Data Points)
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Based on Table 5.5 to Table 5.6 (or Figure 5.6 to Figure 5.7) and for other specimens (shown in Appendix
D), the coefficient of determination increases for most of the specimens when excluding the first and
last data points used in the Weibull graph. Regardless of the coefficient of determination for these
specimens, the variance among the rupture modulus from the different specimens are lower, making
the values more reasonably comparable with each other.

Since there is a difference in the Weibull modulus based on the data points in the Weibull graph, the
decision to use the 8-specimen plot and analysis was made for the rest of the calculations presented in
this research. Using these 8-specimens in the Weibull strength distribution graph to find the Weibull
modulus will be known as Variation B for the set of calculations. Variation A will include the calculations
for using all 10 specimens to determine the Weibull modulus. The Variation A calculations and
associated graphs are provided in Appendix B and C respectively, displaying the calculated results for
each set of test specimens; the corresponding Weibull graphs and Weibull modulus found are provided
in Appendix D.

Table 5.7 contains the summary of the calculated Weibull moduli for both Variations A & B. It should be
noted that the displayed Weibull moduli have been rounded to the nearest fifth of a tenth (i.e. “0.5”),
for the ease of completing the following numerical computations for the equations displayed in this
section.

Table 5.7: Weibull Modulus for Each Specimen Size Per Flexure Test

Point Load

Variation . M8 M13 M15 M20 M25 M32
for Testing
A 3 22 24 18 26 30.5 17
(all specimens) 4 16,5 165 145 15 175 20
B 3 20.5 205 15 22 235 21
(excluding outliers) 4 18 14 17 13 155 215

It is evident that, for both Variations displayed in Table 5.7, the Weibull moduli are not drastically
different. However, it is obvious that almost all the Weibull moduli are unique, which means the spread
of the flaws throughout the material vary considerably.

It should also be noted Method 1 and Method 2 yield the same results for the Weibull moduli
calculation. This is because the Weibull modulus depends on the distribution of failure loads and not the
subsequent calculations of the rupture strengths.

5.3.3 Effective Volume Under Tensile Stress

The calculation for the effective volume for direct tensile testing is the volume of the entire flexure
specimen, as mentioned in Section 5.3.1 for the description of Equation 5.14 and Equation 5.16. The
calculation of the cross-sectional area for a flexure specimen is shown in Equation 5.18. The volume is
calculated by multiplying the cross-sectional area by the length of the specimen, as shown in Equation
5.19. The parameters represented in Equation 5.19 and Equation 5.19 are shown in Figure 5.8 and
Figure 5.9 displaying the length and cross-section of the flexure specimen, respectively.
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Figure 5.9: Cross Section of Flexure GFRP Specimen

-1 d d2
A=r|rxcos (;) —dx |1- =z Equation 5.18

Whered =r—h

(@]

Vege =V =AXL Equation 5.19
where:

e L isthe length of the specimen,
e 1 isthe original radius of the specimen

The calculation for effective volume for flexural testing, is not as trivial. Similar to the concerns in
Section 5.2.1 addressed with solving for the unknown expressions with Equation 5.1 to Equation 5.3, the
bounds of the cross-section are not easy to work with, due to its “semi-circular-like” nature where the
width varies non-linearly along the depth. In addition, the stress distribution is not perfectly linear,
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which complicates formulating an equation to represent the effective tensile volume due to bending for
the shape of the specimen used in this research.

Starting with Equation 5.12, factors that contribute to the stress calculation are substituted in for the
maximum tensile stress achieved in a flexural test, g;,. The tensile bending stress on the bottom portion
of the cross-section, along the length of the specimen is represented as Equation 5.20, which describes
the bending moment diagram for the respective flexural loading. This is represented in Figure 5.7, where
x represents the length of the flexure specimen.
x 2x )

(m) Otmax = (T) Ot max < for 3pt bending

L 2L
Oemax fOT3 <X <= Equation 5.20
« for 4pt bending

Op,bottom x) =

X L 2L
/(L) at,maxfor0<x<§;?<x<L

(\

Equation 5.21 builds off of Equation 5.19, where a linear function factor for the bending stress
distribution along the depth of the cross section is introduced (not the same linear slope as compressive
stress, due to the bi-moduli behaviour of the material) from zero at the neutral axis, until the
bottommost fibre of the GFRP specimen. This is represented in Figure 5.8, where y represents depth
along the cross-section of the GFRP specimen, respectively.

—( 4 )(Z—X)a « for 3pt bendin

h—c L t,max p 9
( L 2L

op(x,y) = ! )Jtmax for3<x<-5 Equation 5.21
| —

| 3x L 2L « for 4pt bending
| ( ) cf”,mxf0r0<x<3 3<x<L

This bending stress expressions represented in Equation 5.21 are then substituted into the left-side of
Equation 5.12 for flexural tensile stress to form Equation 5.22 (because there are two functions at
different bounds for a 4-point bending test, the corresponding integral splits into two, as shown in
Equation 5.21). Expanding the equation further via integration presents Equation 5.23, which enables
solving for effective volume experiencing tensile stress for a 3-point and 4-point bending test. Appendix
G displays the full derivation, complete with steps, for formulating the equation for the effective tensile
volume for 3-point bending and 4-point bending tests.

(Y (3 "
a) Vebaptbna = 2[ (h — C) ( L )Ut‘max vy = -2 fv <(h }_] c) (Z_x))m dVy
b

Vp Ot max
m .
<Ut,max)> dA.dx Equation 5.22
— t

L
6
o2 ]
Eb,4ptbnd . At( Tt max
L
el (-G )] an
0 JA; h—c L Ot,max ¢
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om+1 L/2 p~(h=c) ~(v- (r (h- c>)
) . _ f f f ™ dzdyd
Eb,3ptbnd ( ((h—C)L)m> my X zayax
2=y (o) ()’ Equation 5.23
Vb aptbna = ((h — c)m)J- f f y"dzdydx quation
) m
2(-1D)™(3)™ (h—0) (T (h— C))
N f f f My iz dydx
(o) WY ’
where:

e L isthe length of the specimen,

e 1 isthe original radius of the specimen,

e z-coordinate refers to the width of the cross section,

e y-coordinate refers to the height/depth of the cross-section, and the
e x-coordinate refers to the length of the cross-section.

Due to the complexity of Equation 5.23, the calculations were completed using software (MATLAB and
Maple) to evaluate the integral after all the cross-sectional parameters were measured directly from the
specimens, and the location of the neutral axis was obtained after completing the testing. Table 5.8
indicates a summary of the average effective volumes under tensile stress due to flexural and direct
tensile testing.

Table 5.8: Average Effective Volumes for 8 Specimens Per Test

Effective Type of
Tensile Volume Bending Test M8 M13 M15 M20 M25 M32
Direct Tension, 3-Point 1661.63  7780.40 15018.34 29758.95 57388.77 121885.50
Vet (mm?) 4-Point 1608.78  7766.74 14745.19 29539.18 56581.33 122876.59
Bending, Veb 3-Point 0.49 2.29 7.41 7.42 12.24 33.92
(mm?) 4-Point 4.44 31.41 44.80 133.75 197.61 264.59

From Table 5.8, the effective volumes under tensile stress due to bending from the 3-point bending and
4-point bending tests are quite different; the effective volumes for 4-point bending are much larger. This
is obvious, since the amount of the GFRP specimen’s volume subjected to the maximum bending
moment is greater compared to a 3-point bending test, and therefore, the volume of tensile stress
increases as a result.

It should also be noted that the effective volumes are the essentially same for both Methods 1 and 2 of
the calculation; it is slightly off due to the minimal variations for the flexural specimen dimensions. Since

the difference in the =L ratios between the two Methods is very small, it has minimal impact on the

c

. . E . . .
results for effective volume (calculations were completed for E—t = 1, and the difference in the effective

c

volume results were more notable). This indicates that a % ratio between 1.2 and 1.25 (Jones, 1978;

[

Jones, 1977) will produce similar results.

85



While the effective volumes describe how much of the material is experiencing tensile stress, they are
directly used in the few final calculations for obtaining the tensile strength of the GFRP material.
Appendix B displays all the specimens’ information pertaining to their effective volumes.

5.4 Determining Tensile Strength

Equation 5.16 is used to solve the tensile stress ratio of GFRP bars, once the effective volumes are
calculated. Table 5.9 displays a summary of the averages for the tensile stress ratio of a flexure test to a
direct tensile test.

Table 5.9: Average ow/ot = (Ve/Vep)Y™ for 8 Specimens Per Test

Type of

Bending Test M13 M15 M20 M25 M32
3-Point 1.49 1.49 1.64 1.46 1.43 1.48
4-Point 1.39 1.48 1.41 1.51 1.44 1.33

% Difference  6.97% 0.31% 15.22% 3.81% 0.53% 10.41%

From Table 5.9, there is little difference in tensile stress ratio values between a 3-point and 4-point
bending test, since all percent differences are about 15% or less. This is another indication that there is
no significant difference between using 3-point or 4-point bending test to determine the tensile capacity
of a GFRP bar. Table 5.9 also presents the results for both Methods 1 and 2, as there is no difference
since the effective volumes presented in Table 5.8 do not change between the two Methods as well.

To calculate the tensile strength, the rupture modulus found in the flexural testing divided by the tensile
stress ratio, outlined from Section 5.2.2. Table 5.10 presents a summary of the correlated tensile
strength for each specimen, based on their respective flexural test.

Table 5.10: Average Tensile Strength for (Eight) Specimen Per Test

Method Type of M8 M13 M15 M20 M25 M32
Bending Test
3-Point 150851 127124 114689 121469 1176.08  1088.80
e 11.25) 4-Point 162339  1231.10 1217.12  1062.09 1150.69  1199.34
% Difference  7.34% 3.21% 5.94%  13.41%  2.18% 9.66%
3-Point 149158 125330 1133.97 1201.04 1162.82 107651
" =21_2) 4-Point 1605.19  1217.26 120344  1050.14  1137.73  1185.81
% Difference  7.34% 2.92% 5.94%  13.41%  2.18% 9.66%
% Difference 3-Point 1.13% 1.42% 1.13% 1.13% 1.13% 1.14%
Mft‘;;”;ele:; 5 4-Point 1.13% 1.13% 1.13% 1.13% 1.13% 1.13%

From Table 5.10, it is evident that the correlated tensile capacity generally decreases as the size of the
GFRP bar increases, which is an indication that the correlation calculations work for large-sized GFRP
bars. This trend is not observed for the correlated tensile capacities for the M15 and M20 specimens for
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both 3-point and 4-point bending tests. A possible reason for this is that the batch for these specimens
could be stronger (i.e. less flaws present) than they usually are.

It should also be noted that the resulting tensile strength values from the 3-point bending and 4-point
bending calculations are not drastically different, since the percent difference between the two flexural
tests for both methods are under 10%, with the exception of the M20 specimens for both methods of
the calculations being slightly above 13%. Overall, this indicates minor differences of the correlated
tensile strength between 3-point bending test to a 4-point bending test, showing that there is no
obvious benefit of one test over the other.

Much similar to the percent difference trends between Methods 1 and 2 noticed in Table 5.2 for the
rupture modulus, the percent differences between the two Methods for the respective flexural test are
almost the same.

5.5 Discussion and Comparison of Results
This section of the thesis will focus on the comparison of the correlated tensile results between other
sources within and outside of this research, to show the effectiveness of the correlation calculations.

5.5.1 Comparison of Correlated Tensile Capacities to Tensile Strength Obtain from Direct Tensile
Tests & Specification Sheets

Other sources within this research have provided tensile strength values of some of the GFRP specimens
used in the flexural tests, which will be used for comparison to the correlated tensile capacities.
Fiberline has provided the specification sheets for the M13, M15, and M20 bars, while direct tensile
testing was completed for M8, M13, and M15 bars. Figure 5.10 provides a visual comparison of
correlated tensile capacities of the relevant GFRP bar sizes compared to their corresponding tensile
capacities reported from tensile testing or specification sheets. This graph is further discussed below, in
which the presented tables display differences in the results.
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Figure 5.10: Comparison of Correlated Tensile Capacities versus Internal Sources

Table 5.11 shows a summary of the tensile stiffness and the tensile strength of the GFRP bars from the
respective source.

Table 5.11: Summary of Average Tensile Elastic Modulus & Capacity from Direct Tensile Tests and Specification

Sheets
Source Parameter M8 M13 M15 M20 M25 mM32
Direct Tensile E: (MPa) 80874.23 76847.85 74968.56 - - -
Tests o:(MPa) 1344.347 1231.229 1209.08 - - -
Specification E: (MPa) - 62220 65300 60900 - -
Sheets o: (MPa) - 1487.4 1219.4 1278.8 - -

As noted in Table 5.11, there are some discrepancies between the tensile elastic moduli and tensile
strength between the M13 and M15 specimens from the specification sheets and the tensile tests. The
tensile test specimens are stiffer compared to the reported values in the specification sheets. However,
the ultimate tensile strength values for the M13 and M15 values are quite similar, where values the
manufacturer’s specification sheets are higher in comparison with the results from testing. Reasons for
this could lie with deviations in testing methods completed by the manufacturer versus the direct tensile
tests completed in this research.

Table 5.12 displays the tensile strength ratios ? from the calculations shown in this work, from tensile
t

testing done in this work and form the specification sheets supplied by the manufacturers.
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Table 5.12: Comparison of on/ot from Correlated and Test Values

oiValues  \rethod ~ POf g M1z M1s mM20 m25  M32
Used Bending Test
Calculated 3-Point 149 149 164 146 143 1.48
Ratios 1&2 4-Point 139 148 141 151 144 1.33
1 3-Point 140 1.52 1.47 - - -
From Test 4-Point 136 1.38 1.33 - - -
Values 5 3-Point 1.39 1.51 1.45 = = -
4-Point 134 136 131 - - -
1 3-Point - 1.27 154 1.39 - =
Specification 4-Point - 1.23 139 1.25 - -
Sheets 5 3-Point - 1.25 152 1.37 = =
4-Point - 1.22 138 1.24 - -

It is evident that the tensile stress ratio values from the Method 1 using tensile capacities from the
tensile testing results and specification sheets are slightly closer to the correlated stress ratios calculated
from the flexural test. This indicates using an elastic moduli ratio of 1.25 is more accurate.

Table 5.13 provides a summary of the tensile capacities from the correlation calculations, direct tensile
testing, and specification sheets. Table 5.14 and Table 5.15 present the percentage difference of the
tensile strengths from the tensile testing and specification sheets to the correlation calculations,
respectively.

Table 5.13: Comparison of Tensile Capacities from Correlations, Testing and Specification Sheets

Method/ Type of

Source Flexural Test m8 mi3 M15 m20 m25 M32
3-Point 1508.51 1271.24 1146.89 1214.69 1176.08 1088.80
! 4-Point 1623.39 1231.10 1217.12 1062.09 1150.69 1199.34
3-Point 1491.58 1253.30 1133.97 1201.04 1162.82 1076.51
2 4-Point 1605.19 1217.26 1203.44 1050.14 1137.73 1185.81
Direct Tensile Testing 1344.35 1231.23 1209.08 - - -
Specification Sheets - 1487.40 1219.40 1278.80 - -

Table 5.14: Percentage Difference of Tensile Capacity from Direct Tensile Tests

Method/ Type of

M8 mM13 M15 M20 M25 mM32
Source Flexural Test
1 3-Point 11.51% 3.20% 5.28% - = =
4-Point 18.81% 0.01% 0.66% - - -
5 3-Point 10.38% 1.78% 6.41% - = =
4-Point 17.69% 1.14% 0.47% - - -
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Table 5.15: Percentage Difference of Tensile Capacity from Specification Sheets

Method/ Type of

M8 mM13 M15 M20 M25 mM32
Source Flexural Test
1 3-Point - 15.67% 6.13% 5.14% = =
4-Point - 18.86% 0.19% 18.52% - -
5 3-Point - 17.08% 7.26% 6.27% = =
4-Point - 19.98% 1.32% 19.64% - -

As noted from Table 5.14, the differences are low, less than 7% across both Methods, excluding the
results from the M8 specimens, having a difference up to 19%. This proves that flexural test can yield
adequate results for obtaining the tensile capacity of a GFRP specimen. The differences are lower for the
M13 and M15 specimens placed under 4-point bending compared to 3-point bending, indicating that a
4-point bending is more accurate than a 3-point bending test.

From Table 5.15, there is a significant percentage difference between the tensile capacities from the
correlation calculations and the specification sheets, up to 20%. Such a large difference could be a result
of deviations and imperfections in testing methods, or specimens belonging to different batches (like for

the M13 specimens). Also, since the differences are lower in the Method 1 calculations (i.e. % = 1.25),

c

compared to Method 2 (i.e. ? = 1.2), this could mean that the assumed elastic moduli ratio is slightly
(o4

incorrect, and could be higher than anticipated within these two Methods,. It is also evident that the
difference of the tensile capacities from the specimens under 3-point bending are generally lower than
the results from the specimens of the 4-point bending test, with the exception of the M15 specimens.
Since there are only three specimens for this comparison, it is difficult to make a definite conclusion, but
it is seen that the 3-point bending tests yields a stronger correlation than the 4-point bending test.

5.5.2 Comparison with Arczewska’s (2017) Work

Tensile and flexural tests were completed for M12 and M16 bars by Arczewska (2017), which allows for
comparison with the tests in this research for the M13 and M15 bars. Since the M12 bar from
Arczewska’s research is very close to the M13 bars in size, the sets of parameters and results will be
compared. Table 5.16 to Table 5.23 shows the comparisons between the M13 bars from this research
and the M12 bars from Arczewska’s research, and the M15 bars from both research works (in
Arczewska’s work, the bars with the designation of M16 actually had the same dimensions as the M15
bars in this research), using both Methods 1 and 2 of correlated calculations. Figure 5.11 provides a
visual comparison of correlated tensile capacities of the relevant GFRP bar sizes compared to
Arczewska’s results, which is further discussed below, in which the presented tables display differences
in the results.

90



1300 S R
S ™ S
n
[a\]
—
0 ”
12
>0 8 5 8 ~ <
= 3 S - = 3 3
[ — o~
E —
= 1200
b=
o
2 S
o pa 3
@ 1150 pa
‘»
c
)
[
1100
1050
M12/M13 M15/M16
Bar Size
H 3pt Bend., Method 1 H 3pt Bend., Method 2 B 4pt Bend., Method 1
H 4pt Bend., Method 2 W Arczewska's Correlated Values W Arczewska's Tested Values

Figure 5.11: Comparison of Correlated Tensile Capacities versus Arczewska’s (2017) Results

Table 5.16 to Table 5.19 show a summary of key parameters, the percentage difference between those
key parameters, percentage difference between the tensile stress ratio from correlations and tests, and
tensile strengths from correlations and tests, respectively. Arczewska tested bars only in 3-point
bending. For completeness of the comparison, both 3-point and 4-point bending results from this
research are presented.
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Table 5.16: Comparison of Key Parameters from Current Researched M13 and Previously Researched M12 GFRP
Bars

Specimen Size Type of M13 - Method 1 M13 - Method 2 Arczewska's M12
Flexural Test
Rupture (Tensile) 3-Point 1887.74 1866.51 2010.00
Stress, o, (MPa) 4-Point 1828.35 1807.80 -
Ves (mm?) 3-Po?nt 2.29 2.29 1.28
4-Point 31.41 31.41 -
Vee(mm?) 3-Point 7780.40 7780.40 54259.20
4-Point 7766.74 7766.74 -
Weibull Modulus, 3-Point 20.50 20.50 21
m 4-Point 20.50 20.50 -

- 3-Point 1.49 1.49 1.66
0b/0t = (Vee/ Ven) 4-Point 1.48 1.48 -
Correlated Tensile 3-Point 1271.24 1253.30 1209.39

Stre?l\g/lts;)o Gt 4-Point 1231.10 1217.26 -
slotein (el 3—Po!nt 1.52 1.51 1.64
4-Point 1.38 1.36 -

Table 5.17: Difference for Key Parameters Between based on Current Research Work and Arczewska (2017) and
Previous Research for M13 GFRP Bars

Type of

Parameters M13 - Method1 M13 - Method 2
Flexural Test

Rupture (Tensile) 3-Point 6.27% 7.40%
Stress, o, (MPa) 4-Point 9.46% 10.59%
3-Point 11.00% 11.00%
0u/0v= (Ve Vo) " 4-Point 11.31% 11.31%
Correlated Tensile 3-Point 4.99% 3.57%
Strength, o cac (MPa) 4-Point 1.78% 0.65%
. 3-Point 7.38% 8.51%
ov/0tfrom testing 4-Point 17.30% 18.42%

(Calculated based on % differences between values by Arczewska (2017) and
3-Point or 4-Point Bending using Method 1 or Method 2 Calculations from
this research work)
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Table 5.18: Percentage Difference for on/or Between Current and Previous Research for M13 GFRP Bars

o: values used from Type of M13 - M13 -
Arczewska’s Research  Flexural Test Method1 Method 2

3-Point 11.00% 11.00%

Correlated 4-Point 1131%  11.31%

Tested 3-Point 9.79% 9.79%

4-Point 10.10% 10.10%

(Calculated based on % differences between values by
Arczewska (2017) and 3-Point or 4-Point Bending using Method
1 or Method 2 Calculations from this research work)

Table 5.19: Percentage Difference for Tensile Capacities Between Current and Previous Research for M13 GFRP

Bars
o: values used from Type of M13 - M13 -
Arczewska’s Research  Flexural Test Method1l Method 2
Correlated 3-Point 4.99% 3.57%
4-Point 1.78% 0.65%
Tested 3-Point 3.87% 2.45%
4-Point 0.66% 0.47%

(Calculated based on % differences between values by
Arczewska (2017) and 3-Point or 4-Point Bending using Method
1 or Method 2 Calculations from this research work)

From Tables 5.17 to 5.19, it is evident that the difference is small for all compared values for the M12/13
specimens, indicating the results are very similar, further proving the accuracy of the correlation
calculations. With the correlated tensile capacities for the M13 specimens from this research, it is shown
that they are close to Arczewska’s M12 correlated tensile strength values, having a difference of almost
less than 5%. It is important to note that in Arczewska’s correlation calculations, the effective volume of
a direct tensile test was calculated using a GFRP bar size used as a direct tensile test specimen, where
the full cross-section is intact. This varies with the effective volume of a direct tensile test calculation
presented in this thesis, where the volume was calculated modelling the volume of a flexure specimen.
Even when comparing to Arczewska’s tested M12 strength from direct tensile testing, the percentage
difference below 4% as well.

It is evident that results from 3-point bending for all parameters are closer to Arczewska’s results
compared to 4-point bending. This could be an indication that 3-point bending yields better correlations
to 4-point bending. However, for the comparison of the correlated values, it should be noted that
Arczewska only completed 3-point bending tests, which could be why the corresponding percentage
differences in correlated tensile capacities are very small.

Discrepancies between Arczewska’s results and the results presented in this research is the result of
notable difference in procedure such as:
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e Using different effective volume of tensile stress of direct tensile calculations, where Arczewska
uses the typical volume of the free length of tensile specimen, based on ASTM D7205
specifications (ASTM Committee D30, 2016). This research uses the volume of the flexure
specimen, based on ASTM D4476 (ASTM Committee D20, 2014).

e The GFRP bar sizes that were compared are of different batches that are formed years apart, in
addition to having different core diameters. The M12 bars tested by Arczewska had a core
diameter of 12 mm, and the M13 bar tested in this research program has a core diameter of 13
mm.

Table 5.20 to Table 5.23 also has a similar comparison of parameters and results for the M15 specimens
to Arczewska’s M16 specimens.

Table 5.20: Comparison of Key Parameters from Current Researched M15 and Previously Researched M16 GFRP

Bars
T f
Specimen Size ype 0 M15 - Method 1 M15 - Method 2 Arczewska's M16
Flexural Test
Rupture (Tensile) 3-Point 1875.55 1854.44 1923.00
Stress, o, (MPa) 4-Point 1697.76 1678.67 -
g 3-Point 7.41 7.41 2.08
Vi (mm?) .
4-Point 44.80 44.80 -
g 3-Point 15018.34 15018.34 128614.40
Ve (mm?) .
4-Point 14745.19 14745.19 -
Weibull Modulus, 3-Point 15 15 24
m 4-Point 15 15 -
3-Point 1.64 1.64 1.58
= (Ver/Ve) /™
0/0t= (Ver/Veo) 4-Point 1.41 1.41 -
Correlated Tensile 3-Point 1146.89 1133.97 1214.02
Strength, Ot,calc .
(MPa) 4-Point 1217.12 1203.44 -
04/Gx from testin 3-Point 1.47 1.45 1.51
b/ Ot . 4-Point 1.33 1.31 -
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Table 5.21: Difference for Key Parameters Between based on Current Research Work and Arczewska (2017) and
Previous Research for M15 GFRP Bars

T f
Parameters Flex‘tl;rr’:l?l'est M15 - Method1 M15 - Method 2
Rupture (Tensile) 3-Point 2.50% 3.63%
Stress, o, (MPa) 4-Point 12.44% 13.57%
3-Point 3.60% 3.60%
= 1/m
0b/0¢= (Ver/Veb) 4-Point 11.63% 11.63%
Correlated Tensile 3-Point 5.69% 6.82%
Strength, Ocac (MPa) 4-Point 0.25% 0.88%
0u/Gt from testin 3-Point 2.86% 3.99%
e & 4-Point 12.89% 14.01%

(Calculated based on % differences between values by Arczewska (2017) and
3-Point or 4-Point Bending using Method 1 or Method 2 Calculations from
this research work)

Table 5.22: Difference for ov/or Between Current and Previous Research for M15 GFRP Bars

o: values used from Type of M15 - M15 -
Arczewska’s Research  Flexural Test Method1 Method 2

3-Point 3.60% 3.60%

Correlated 4-Point 11.63%  11.63%

3-Point 8.13% 8.13%

Tested 4-Point 711%  7.11%

(Calculated based on % differences between values by
Arczewska (2017) and 3-Point or 4-Point Bending using Method
1 or Method 2 Calculations from this research work)

Table 5.23: Percentage Difference for Tensile Capacities Between Current and Previous Research for M15 GFRP

Bars
o: values used from Type of M15 - M15 -
Arczewska’s Research  Flexural Test Method1 Method 2
3-Point 5.69% 6.82%
Correlated 4-Point 0.25%  0.88%
3-Point 10.19% 11.32%
Tested 4-Point 425%  5.38%

Calculated based on % differences between values by
Arczewska (2017) and 3-Point or 4-Point Bending using Method
1 or Method 2 Calculations from this research work)

The differences are higher than with the comparison of the M13 specimens to Arczewska’s M12.
However, this could be attributed to the different batch of each type of specimen. The percentage
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differences of the tensile capacities are not drastically different from one another, since the percentage

difference between both results are no more than 12%. It is evident that the 4-point bending test results
and correlations for the M15 bars have a less percentage difference when compare to Arczewska’s M16

correlated tensile strength, indicating that 4-point bending is more accurate than 3-point bending.

5.5.3 Comparison with Others’ Research Work

Due to the lack of present data for the tensile capacity of GFRP bars to be compared to this research,
data from other researchers were sought out. However, due to lack of similarity between tensile tests
from these researchers, only the straight 15mm diameter bars from Johnson (2014) was suitable to
compare this research work to. The dimensions and specifications of this bar are listed in Table 5.24.
Figure 5.12 provides a visual comparison of correlated tensile capacities of the relevant GFRP bar sizes
compared to Johnson’s results, which is further discussed below, in which the presented tables display
differences in the results.
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Figure 5.12: Comparison of Correlated Tensile Capacities versus Johnson’s (2014) Results

Table 5.25 contains a summary of the tensile stiffness and strength of the M15 bars and Johnson’s
specimens.
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Table 5.24: Dimensions of GFRP Specimens from Johnson’s (2014) Research Work

Type of Bar .Bar . Inner Diameter Outer Diameter Area
Designation (mm) (mm) (mm?)

Ribbed M15 16.3 18 200
Sand-Coated #5 B1 17.5 19.2 197.9

Table 5.25: Comparison of Tensile Elastic Modulus and Capacity from Current Researched M15 and Johnson’s M16

Specimens
Modulus of Tested Tensile Correlated Correlated
Specimen Elasticity Strength Tensile Strength - Tensile Strength -
(MPa) (MPa) Method 1 (MPa) Method 2 (MPa)
M;irfz;:;’)'nt 1146.89 1133.97
M15 (4-Point 74968.56 1209.08
. 1217.12 1203.44
Bending)
Johnson's M16 61000 1234
Johnson's #5 B1 71000 1264

From Table 5.24, it should be noted that the M15 bars are ribbed, much similar to the M15 bars
contained in this research, which makes a desirable comparison. For the other set of bars however, they
are sand-coated and have slightly different inner diameters than 16mm. Despite these two changes,
comparisons will be made with the M15 bars from this research, which will provide insight on how well
the correlation calculations work for bars that are clearly not the same type. Table 5.26 provides the
percentage difference between the tensile stiffnesses and tensile capacities from both research works.

Table 5.26: Percentage Error Between Tensile Strength from Johnson’s (2014) Research

Method 1 Method 2
Specimen M16 (3-Point M16 (4-Point M16 (3-Point M16 (4-Point
Bending) Bending) Bending) Bending)
Johnson's M16 7.32% 1.38% 8.45% 2.51%
Johnson's #5 B1 9.72% 3.78% 10.84% 4.91%

It is evident that there is a correlation between the tensile strength of the M15 specimens from this
research in both methods compared to the M15 and #5 B1 specimens from Johnson’s research, as the
errors are less than 11% overall. These percentage differences are about the same from Table 5.23 with
Arczewska’s M16 bars, indicating that the comparisons are very similar; the correlated calculations work
are comparable to values from direct tensile tests, showing this method works, albeit with minor errors.
Between 3-point and 4-point bending, the percentage errors indicate that the 4-point bending tests are
slightly more accurate compared to 3-point bending.

This comparison provides further indication that the correlations from the rupture modulus can apply
not only to different batches of the similar type of GFRP (i.e. ribbed) bar of the same size, but to other
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types as well (i.e. sand-coated). More research and testing should be completed for GFRP bars of
different batches and different types to further investigate and valid the effectiveness of the correlation
calculations from flexural testing to obtain the tensile strength.

Chapter 6 - Conclusion

The primary purpose of the presented work is to find an efficient and easy method of quality control
testing of GFRP bars to assess their tensile capacity. This is necessary to enable more frequent usage of
the material in practice. While completing a uniaxial direct tension test is the most direct and reliable
way of getting tensile strength, it requires a lot of time and intricacies to set up the test properly, while
having limitations based on the testing machine’s capability to test a GFRP bar up to a certain size.

6.1 Summary and Conclusions

The research presented herein involves flexural testing of GFRP bars. The bars are cut longitudinally into
two half sections to ensure tensile failure during flexural testing. Accurate measurements of the
specimens’ dimensions are crucial to capture the rupture modulus of the specimen, which is obtained
after identifying the cracking load. The bi-moduli behaviour of the material is considered through the
elastic moduli ratio of the specimens, which is also required to calculate the rupture modulus. Two

. . . N E
methods of calculation were completed based on having a elastic moduli ratio ofE—t =1.25and 1.2

c

respectively, to demonstrate the accuracy of using these ratio values from prior research (Jones, 1978;
Jones, 1977), as well as showing the difference in results.

The resulting rupture moduli of each specimen size are analyzed using Weibull’s weakest link theory,
which considers the probability of failure and flaw distribution in the GFRP bars. Using this statistical
model, this enabled linking the failure of a GFRP bar from a flexural test to a tensile test, based on the
effective volume of the specimen placed under tensile stress. The effective volume of a specimen
subjected to bending is less for uniform tension, which is also reflected by the rupture modulus being
larger than the direct tensile strength of a bar. Less volume means a smaller number of internal
imperfections, and thus the discrepancy. This is a well-known phenomenon for brittle materials (Quinn
& Quinn, 2010; Weil & Daniel, 1964).

The calculations of the effective volume vary based on the type of test, specimen dimensions and
material flaw distribution based on the results of the Weibull plots. The resulting statistical relationship
results in the formation of the ratio between rupture modulus to the tensile capacity of a GFRP bar.
Calculating the correlated tensile capacity is the product of this ratio and the rupture modulus.

The results of comparing the correlated tensile capacities (from flexure tests) to the direct tensile tests
conducted on available specimens of M8, M13 and M15 GFRP bar sizes shows a difference of 7% for the
M13 and M15 specimens. Since this difference is low, this validates the accuracy in using a flexural test
to seek a GFRP bar’s tensile strength. However, for the difference between the correlated and tested
tensile capacities for the M8 specimens reach up to 19%, which could be a result of variations and errors
in test methods. All results from 3-point bending calculations were noted to have lower differences
compared to results from 4-point bending.

Due to the lack of available information and resources to obtain the measured tensile capacity of the of
larger sized GFRP bars like the M25 and M32, comparisons to the correlated tensile strengths presented
in this thesis have not been made. However, in comparison to Fiberline’s technical information (2017),
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the correlated strength of these bars are confirmed to be over 1000 MPa, as listed. Furthermore, it is
clearly shown that the correlated tensile capacity of these larger bars is less than the smaller sized bars,
which appeals to the nature of brittle of materials and validates the application of the correlation
calculations for bigger sized GFRP bars. Additional research should be done to compare and validate the
correlated tensile strengths of these bars to measured tensile strengths. It should be noted that direct
tensile testing of these large diameter bars is difficult because the bars are very strong, which require
high capacity testing frames. Also, for large bar diameters, the length of the tensile specimens must be
very long, which required very tall testing frames.

Examining the tensile capacities from other sources, the following observations are made:

In comparison with the specification sheets (indicated in Table 5.15) provided from Fiberline,
the percentage differences between the reported tensile capacity of the GFRP bars compared to
the correlated tensile strengths are no greater than 20%, for both results from 3-point and 4-
point bending tests.

In comparison with Arczewska’s (2017) correlated tensile capacities (indicated in Table 5.19 and
Table 5.23), the percentage differences are low. There is a 4.99% difference between the
correlated tensile strength of the M13 bars in this research to the correlated and tested tensile
capacities from the M12 specimens (2017). Likewise, there is a 11.32% difference between the
corelated strengths of the M15 bars in this research to the correlated and tested tensile
capacities of from the M16 specimens. In the comparisons of the Arczewska’s M12 specimens to
the M13 specimens (2017). The differences with the correlated tensile capacities from 4-point
bending tests are lower than the correlated tensile capacities from 3-point bending for all
comparisons.

The percentage difference between Johnson’s (2014) M16 specimens in direct tension testing
versus the correlated tensile capacity of the M15 GFRP bars are about 11%. The percentage
difference of the 4-point bending correlated tensile strengths is lower compared to the 3-point
bending.

Based on the researched conducted in this thesis, the following conclusions can be offered:

The flexure testing of GFRP bars is a simple and efficient methodology for determination of
tensile strength of GFRP bars.

o The advantage in using flexure tests instead of direct tensile tests is its simplicity and
cost. Computation procedures based on the Weibull’s Weakest Link Model are used to
determine the tensile strength. It can be successfully used for quality control of the
GFRP bars; allowing for safer utilization of the bars in concrete construction.

o As outlined in this research, the difference between the correlated tensile capacities to
tested tensile capacities are generally low, proving the accuracy for bars of the same
size, as well as different types and batches potentially.

Both 3-point and 4-point bending tests can be used for correlating rupture moduli with the
corresponding tensile strength of the GFRP bars.

o The results from both a 3-point and 40point bending tests prove to exceed the
manufacturer’s guaranteed tensile capacity of 1000 MPa, indicating that the
correlations from both types of test are accurate.
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o The 4-point bending tests of GFRP bars have a larger volume under tensile stress
compared to 3-point bending. Also, the area of maximum stresses is larger. For this
reason, it is often preferred over the 3-point bending test, for the determination of
tensile strength of brittle materials. The results of the correlated tensile strength of a
GFRP bar from 4-point bending to 3-point bending are similar, having a percent
difference of less than 10% (shown in Table 5.10).

o In comparison with GFRP tensile strengths from other sources, there this no clear
indication on whether the correlated tensile capacities of a 3-point bending test is
better than a 4-bending test. This is based on the varying differences being larger for 3-
point in comparison to results from other research works (Arczewska, 2017; Johnson,
2014), but lower in comparison to the results from direst tensile tests and specification
sheets. It should also be noted that the discrepancies from results of 3-point bending
are consistently lower compared to the results from 4-point bending.

o A 3-point bending test is an adequate configuration for the determination of tensile
strength of GFRP bars. It can be argued that it is easier to conduct than 4-point bending,
and thus can be preferable without jeopardizing the accuracy of results.

Proper adoption of the ratio of elastic moduli in tension and compression is important for
accuracy of the results.

o In comparing results from the two different methods of calculation of tensile capacity
from the flexural test, Methods 1 and 2, various sets of data outlined in Chapter 5
indicate that it is unclear on which Method of calculation is more accurate. Method 1
has a lower differences in some of the comparisons with the direct tensile results (Table
5.14), specification sheets (Table 5.15), and a part of some external sources (Johnson,
2014), while displaying a higher difference with all other comparisons (Arczewska,
2017).

6.2 Future Work, Comments & Recommendations
There are several recommendations that should be considered for future work to further validate and
improve testing. Some of these recommendations are as follows:

Include LVDTs for more accurate displacement values of GFRP specimen in flexural tests. This
could enable more accurately analyses utilizing the displacements in the flexural tests.

Test as many sizes as possible in direct tension, especially with the larger bars, in order to
validate the results.

Test GFRP bars from other manufacturers and different sizes, others than ones specified in this
thesis— in order to see if the correlation calculations, hold true for all types of GFRP bars,
regardless of manufacturer. The ratio of the tensile and compressive elastic moduli should be
the same among the tested GFRP bars, to maintain consistency.

Test straight segments from curved or hooked GFRP bars, since those bars are formed in a
different manner compared to straight GFRP bars.

Complete testing with the same size and batch of bar, to eliminate the variability.

Complete testing on different bar sizes to validate the correlation calculations working for
various types of GFRP bars.

Compressive testing could be completed to see the actual ratio of tensile to compressive elastic
moduli.

100



e For tensile testing, ensure that alignment rings are well fastened and snugged-tightly in the
anchor, to ensure no expansive grout leaks after pouring, and the GFRP bar will not misalign due
to alignment ring displacement due to curing of expansive grout (pushing alignment ring out).

. . . . . . .. E E
e Complete correlation calculations using a tensile elastic moduli ratio ofE—t > 1.25 and E—t < 1.2,
c c

and compare it to other results.

e Complete comparisons using the maximum possible loading from the flexure test, while
modifying correlation calculations necessary to minimize errors in the correlation.

e Complete comparisons and analyzes of the GFRP strengths observing the 95" percentile of the
tests, since this is reliability threshold used in engineering design work.

Another possible improvement could be utilizing the deflection equations of the GFRP bars in the
flexural testing to calculate the elastic moduli ratio. Completing this task would enable an easier method
of obtaining the elastic moduli, and would make the flexural testing a self-contained method to obtain
all required variables for this set of correlation calculations. In addition to correlation concepts outlined
in this thesis, this method of using deflection uses findings from other research work to relate the
flexure elastic modulus to the elastic moduli ratio of GFRP (Mujika et al., 2006). This task was a possible
objective of this research work; however, an issue arose where the returned values from the elastic
moduli appeared to be too different that what a normal GFRP bar would exhibit.

The result of this is due to oversimplification in the calculations from the flexural test setup and lack of
information. One assumption made was that the supports are frictionless, which in reality is not true,
and directly affects the deflections. Also, the assumption of small deflections does not apply to bending
of half section of GFRP bars. Further development of capturing the realistic characteristics of the flexural
test may lead to the improvement of using this method to calculate the rupture modulus. Appendix G
outlines the set of equations used in to describe this analysis. These equations are provided for
information only, as they would lead to determination of correct equations to conduct this analysis. In

. S . . E
the calculations presented in this thesis, a constant ratio of n = E—t was used.

[
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A.1 GFRP Bar Specification from Fiberline Composite Brochure

Product description

ComBAR® was conceptualized as internal reinforcement in concrete members. The mechanical properties and
bond properties are comparable to those of steel rebar. The material properties were determined for predomi-
nantly static loads in central European and North American climates. They are certified for a design service life of
100 years.

ComBAR® bars are linearly elastic up to failure. For all bar diameters it occurs at stresses well above 1,000 MPa.
As a result of the comparatively low modulus of elasticity of ComBAR® (> 60 GPa), the failure of ComBAR®
reinforced concrete members is preceded by large deflections. When the load is removed the deflection

returns to near zero.

ComBAR® bars with end heads can be installed where geometric constraints require reduced development
lengths. Double headed bars are ideally suited as shear and punching shear reinforcement in beams and slabs.

ComBAR® bars can not be permanently deformed or bent. If a straight bar is bent it returns to its original shape
as soon as the applied force is removed. Bars with small diameters can be bent elastically (circular tunnel cross-
sections). Customised bent bars and stirrups are prefabricated at the shop.

ComBAR® bent bars have been durability-tested for a service life up to 100 years.

Material characteristics Fields of application
e high corrosion resistance => open and underground parking garages, bridge caps,

barrier walls, curbs, sidewalks, approach slabs, wing

walls, slim facade elements, shore line stabilization,

hydraulic engineering

industrial floors, industrial containers, sewage-treatment

plants, agricultural facilities

transformers, reactors / inductors, machinery with high
field-strengths, non ballasted rail slabs (signals and

switches of railways)

sensitive electronic equipment, structural biology,

nano technology, quantum physics, MRIs, non

ballasted rail slabs

shaft walls in tunnelling, formwork anchors, temporary structures
energy conservation in housing construction

e high chemical resistance =>

e glectrically non-conductive =>

® non-magnetic =>

e ease of machining =>
e very low thermal conductivity =>

Comparison reinforcement materials

property steel rebar stainless steel rebar Fiberline ComBAR®
ultimate tensile strength (MPa) > 500" 655 > 1,000
ultimate elongation (%o) > 25" 50 >16.7
elastic modulus E (GPa) 200 190 > 60
bond strength (MPa) 138.7 138.7 12.22
min. required concrete cover (mm) 3?)0(32522222) <30 d, + 10 mm
density (g/cm3) 7.85 7.92 2.2
thermal conductivity (W/mK) 60 16 <0.5

coefficient of thermal expansion

0.6 x 10°° (axial)

0.8t0o1.2x10°% 1.73x10°%
(1/K) o hex X 2.2 x 10° (radial)
specific resistance (uQcm) 1-2x10° 7.2x10° >10%
magnetism yes slightly no

Yfor grade 400R steel rebar

2values for 16 mm ComBAR® bars (certification of compliance with ISIS specifications/CSA S807, University of Toronto)

Sources for material values of steel and stainless steel on request.
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Product data sheet of straight bars

Bar sizes, dimensions, weights, ultimate tensile strength

ComBAR® designated diameter core diameter exterior diameter (mm) cross-sectional area” specific weight
bar (ACI/CSA) (mm) (mm?) (kg/m)
08 M8 8 9 50.3 0.13
213 M13 13 14.5 132 0.34
216 M15 16 18 201 0.53
220 M20 20 22 314 0.80
225 M25 25 27 491 1.22
232 M32 32 34 804 1.93
Material properties of straight bars
properties terms values comments
ultimate tensile strength f, > 1,000 MPa all bar diameters
1,000 hour tensile strength " Fr000n 950 MPa 5th percentile
logarithmic temporal slope " R, <15 % 5th percentile
modulus of elasticity E > 63.5 GPa 8,12,16,25 mm 2
ultimate elongation g, 1.67% @ 16mm bar 2
bond strength T 12.2 MPa @ 16mm bar
bar surface profile factor (bond) k5 <1.0 (CSA S806 9.3)
bond coefficient . 0.6 ¥ (CHBDC 16.8.2.3)
bar surface factor K, <0.8 (CHBDC 16.8.4.1)
transverse shear strength # t > 180 MPa acc. CSA / ACI
min. concrete cover min. ¢ d+ 10 mm/d + 5 mm (pre-cast) | min. cover for load transfer
fibre content - > 75% (vol.) no secondary fibres or fillers
void ratio - <1% -

The Quiality of all components of the ComBAR® reinforcement system is continuously tested as part of the Quality

Control program of Fiberline Composites
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" Determination of load-bearing
cross-sectional area:
The load bearing cross-sectional
area of COmBAR® bars is the
area of the core. The ribs are
not included, as they do not
contribute to the tensile capacity
of the bars. To determine the
load-bearing core cross-
sectional area of the perfectly
round ComBAR® bars the
exterior diameter is measured
using callipers. Twice the depth
of the ribs, measured with
callipers, is subtracted from
this value to determine the core
diameter.

" values for determination of
design value of tensile strength
according to durability concept
of fib defining time-to-failure lines
(see page 15)

2 values for 16mm ComBAR®
bars (certification of compliance
with ISIS specifications/CSA
S807, University of Toronto);
certifications for 8, 12, 16, 25
mm bars completed

3 value determined for ComBAR®
bars of all diameters

4 values in tests according to CSA
/ ACI not for design of dowels.
Ongoing test series show
substantially higher values.



A.2 Specification Sheets Provided by Fiberline Composites
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FIBERLINE COMPOSITES

Quality Control Certificate - ComBAR GFRP

GFRP Reinforcement, supplied by Fiberline Composites Canada Inc.

Diameter (mm)

Grade

Type of Resin

Primary Fibre Type

Fibre Content (by Volume)
Type of Manufacturing Process
Lot Identification

13

Straight

1
Vinyl-Ester
EC-R Glass
275%
Pultrusion

Change of Resin/Additive...

GFRP Lot No.: 8033245
Resin Lot. No.: 8033246
Production Period: 07-02-2016 to 16-03-2016
Total Length in this Lot (m) 25,000
Cross-Sectional Area (Core Area Measurement)
Specimen Area (mmz ) Min. Value |Ave. Value |St. Dev.
1 140.10
1 2 139.10
3 139.40 138.40 139.30 0.620
4 139.50
5 138.40
Longitudinal Tensile Strength ( CSA-S806 Annex C)
Specimen Tensile Strength (MPa) Min. Value |Ave. Value |St. Dev.
1 1,566.00
2 2 1,497.00
3 1,544.00 1,363.00 1,487.40 79.63
4 1,467.00
5 1,363.00
Longitudinal Tensile Modulus ( CSA-S806 Annex C)
Specimen Longitudinal E (GPa) Min. Value |Ave. Value |St. Dev.
1 63.50
3 2 61.30
3 61.70 61.20 62.22 1.139
4 63.40
5 61.20
Longitudinal Ultimate Elongation (CSA-S806 Annex C)
Specimen Ultimate Elongation (%) Min. Value |Ave. Value |St. Dev.
1 2.50
4 2 2.40
3 2.50 2.20 2.38 0.130
4 2.30
5 2.20
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Transverse Shear Strength (CSA-S806 Annex N)

Specimen Shear Strength (MPa) Min. Value |Ave. Value |St. Dev.
1 261.00
5 2 239.00
3 215.00 215.00 244.80 25.36
4 230.00
5 279.00
Fibre Content (by weight, ASTM D2584)
Specimen Fibre Content (%) Min. Value |Ave. Value |St. Dev.
1 86.40
6 2 86.40
3 86.40 86.30 86.36 0.055
4 86.30
5 86.30
Void Content (ASTM D2734)
Specimen Void Content (%) Max. Value |Ave. Value |St. Dev.
1 0.5
7 2 0.9
0.9 0.9 0.82 0.179
0.9
3 0.9
0.96
Water Absorption (ASTM D570)
Specimen Water Absorption (%) Max. Value |Ave. Value |St. Dev.
1 £ -
2l 5 = =
3 ¢ & 0.02 0.03 0.014 0.013
4 2 T 0.03
8 5| 0.02
1 0.01
2| £ 3 0.01
3| % 8 0.02 0.38 0.09 0.162
4§ 0.03
5 0.38
Cure Ratio (CSA-S807 Appendix A)
Specimen Cure Ratio (%) Min. Value |Ave. Value |St. Dev.
1 99.7
9 2 99.4
3 99.1 97.9 99.2 0.787
4 97.9
5 99.9
Wet Glass Transitition Temperature (ASTM E1640)
Specimen WGTT (°C) Min. Value |Ave. Value |St. Dev.
1 168.00
10 2 164.00
3 169.00 158 164.2 4.494
4 162.00
5 158.00
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FIBERLINE COMPOSITES

Quality Control Certificate - ComBAR GFRP

GFRP Reinforcement, supplied by Fiberline Composites Canada Inc.

Diameter (mm) 16 Straight
Grade I
Type of Resin Vinyl-Ester
Primary Fibre Type EC-R Glass
Fibre Content (by Volume) >75%
Type of Manufacturing Process Pultrusion
Lot Identification Change of Resin/Additive...
GFRP Lot No.: 8051973
Resin Lot. No.: 8051974
Production Period: 01-11-2016 to 22-11-2016
Total Length in this Lot (m) 85,055
Cross-Sectional Area (Core Area Measurement)
Specimen Area (mmz ) Min. Value |Ave. Value |St. Dev.
1 207.91
1 2 208.67
3 206.12 204.09 206.43 1.866
4 205.36
5 204.09
Longitudinal Tensile Strength ( CSA-S806 Annex C)
Specimen Tensile Strength (MPa) Min. Value |Ave. Value |St. Dev.
1 1,190.00
2 2 1,246.00
3 1,209.00 1,187.00 1,219.40 34.67
4 1,187.00
5 1,265.00
Longitudinal Tensile Modulus ( CSA-S806 Annex C)
Specimen Longitudinal E (GPa) Min. Value |Ave. Value |St. Dev.
1 61.06
3 2 64.69
3 66.72 61.06 65.30 2.626
4 67.84
5 66.17
Longitudinal Ultimate Elongation (CSA-S806 Annex C)
Specimen Ultimate Elongation (%) Min. Value |Ave. Value |St. Dev.
1 1.90
4 2 1.90
3 1.80 1.70 1.84 0.089
4 1.70
5 1.90
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Transverse Shear Strength (CSA-S806 Annex N)

Specimen Shear Strength (MPa) Min. Value |Ave. Value |St. Dev.
1 251.00
5 2 234.30
3 245.20 234.30 250.74 12.65
4 254.40
5 268.80
Fibre Content (by weight, ASTM D2584)
Specimen Fibre Content (%) Min. Value |Ave. Value |St. Dev.
1 87.01
6 2 86.78
3 86.70 86.70 86.88 0.134
4 86.98
5 86.93
Void Content (ASTM D2734)
Specimen Void Content (%) Max. Value |Ave. Value |St. Dev.
1 0.39
7 2 0.44
0.30 0.95 0.50 0.257
0.42
3 0.95
0.96
Water Absorption (ASTM D570)
Specimen Water Absorption (%) Max. Value |Ave. Value |St. Dev.
1 £ 0.06
2 E = 0.07
3 ¢ & 0.02 0.07 0.044 0.021
8 4 § - 0.03
5 0.04
1 0.21
2| £ 3 0.11
3| % 8 0.06 0.21 0.102 0.064
4§ 0.06
5 0.07
Cure Ratio (CSA-S807 Appendix A)
Specimen Cure Ratio (%) Min. Value |Ave. Value |St. Dev.
1 99.27
9 2 99.80
3 98.38 98.38 99.12 0.533
4 99.30
5 98.85
Wet Glass Transitition Temperature (ASTM E1640)
Specimen WGTT (°C) Min. Value |Ave. Value |St. Dev.
1 159.82
10 2 162.69
3 159.70 159.7 162.52 3.193
4 162.83
5 167.56
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FIBERLINE COMPOSITES

Quality Control Certificate - ComBAR GFRP

GFRP Reinforcement, supplied by Fiberline Composites Canada Inc.

Diameter (mm)

Grade

Type of Resin

Primary Fibre Type

Fibre Content (by Volume)

Type of Manufacturing Process
Lot Identification

GFRP Lot No.:

Resin Lot. No.:

Production Period: Bars: 23-03-2012 to

Total Length in this Lot (m)

Straight

1l
Vinyl-Ester
EC-R Glass
75%
Pultrusion

Change of Resin/Additive...

032012
232912
29-03-2012

29,000

Cross-Sectional Area (Core Diameter Measurement)

Specimen Area (mm?) Min. Value Ave. Value

St. Dev.

323.50
322.22
328.29
324.61
326.69

322.22 325.06

nibsfwiN|f-

2.44

Longitudinal Tensile Strength ( CSA-S806 Annex C)

Specimen Tensile Strength (MPa) Min. Value Ave. Value

St. Dev.

1,278.00
1,264.00
1,280.00
1,284.00
1,288.00

1,264.00 1,278.80

NipHlwWiN|=

9.12

Longitudinal Tensile Modulus ( CSA-S806 Annex C)

Specimen Longitudinal E (GPa) Min. Value Ave. Value

St. Dev.

61.20
60.80
60.65 60.65 60.90
61.00
60.85

NI |WIN| =

Longitudinal Ultimate Elongation (CSA-S806 Annex C)

Specimen Ultimate Elongation (%) Min. Value Ave. Value

St. Dev.

2.00
2.10
2.20 2.00 2.08
2.10
2.00

NipHlwWiN|=

0.08

Transverse Shear Strength (CSA-S806 Annex N)

Specimen Shear Strength (MPa) Min. Value Ave. Value

St. Dev.

190.00
180.00
184.00 180 188
195.00
191.00

NIB|WIN| =

6.0

Fibre Content (by weight)

Specimen Fibre Content (%) Min. Value Ave. Value

St. Dev.

88.50
88.40
88.40 88.4 88.6
88.90
88.70

NIH|IWIN| =

0.2
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FIBERLINE COMPOSITES

Quality Control Certificate - ComBAR GFRP

GFRP Reinforcement, supplied by Fiberline Composites Canada Inc.

Diameter (mm) 20 Straight
Grade 1]
Type of Resin Vinyl-Ester
Primary Fibre Type EC-R Glass
Fibre Content (by Volume) 75%
Type of Manufacturing Process Pultrusion
Lot Identification Change of Resin/Additive...
GFRP Lot No.: 032012
Resin Lot. No.: 232912
Production Period: Bars: 23-03-2012 to 29-03-2012
Total Length in this Lot (m) 29,000
Void Content (ASTM D2734)
Specimen Void Content (%) Max. Value Ave. Value St. Dev.
1 0.41
7 2 037
3 0.67 0.67 0.48 0.12
4 0.50
5 0.44
Water Absorption (ASTM D570)
Specimen Water Absorption (%) Max. Value Ave. Value St. Dev.
1 0.09
2 § _ 0.11
3 ; E 0.08 0.11 0.09 0.015
8 4] S8 = 0.08
5| 0.07
1 0.11
A 0.12
3 ':o 3 0.39 0.39 0.17 0.124
4 5> 0.11
5| ~ 0.11
Cure Ratio (CSA-S807 Appendix A)
Specimen Cure Ratio (%) Min. Value Ave. Value St. Dev.
1 98.7
9 2 97.9
3 99.2 97.9 98.7 0.515
4 99.1
5 98.6
Wet Glass Transitition Temperature (ASTM E1640)
Specimen WGTT (°C) Min. Value Ave. Value St. Dev.
1 133.00
10 2 130.00
3 134.00 130.00 133.6 2.302
4 135.00
5 136.00
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B.1 M8 Specimens in 3-Point Bending

GFRP Parameters and Information

GFRP Admin Info

Specimen Number

Variation A — Parameters calculated using all 10 specimens
Variation B — Parameters calculated usi|ng 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

M8 Specimens

Using All Specimens

Test Number

Type of Flexural Test

3-point bending

Date of Test

September 25, 2020

October 2, 2019

Batch

All specimens cut from single bar, batch dated March 10, 2010

Avg.

Additional Notes

Std Dev.

C.0.V.

Avg.

Std Dev.

C.0.V.

Measured Height (excluding rib End 1 3.66 3.55 3.44 3.28 3.48 3.61 3.26 3.27 3.33 3.25
thickness; top of specimen to End 2 3.62 3.44 3.41 3.02 3.59 3.73 3.06 3.27 3.54 3.25
core; mm) Avg. 3.64 3.495 3.425 3.15 3.535 3.67 3.16 3.27 3.435 3.25 3.403 0.188 6% 3.453 0.176 5%
Specimen Dimensions Measured Total Length (mm) 96 96 95 96 96 96 95 95 96 98 95.9 0.876 1% 95.75 0.463 0%
Orginial Radius of GFRP, r (mm) = 4 4 4 4 4 4 4 4 4 4
Height of Specimen, h (mm) = 3.64 3.495 3.425 3.15 3.535 3.67 3.16 3.27 3.435 3.25 3.403 0.188 6% 3.4525 0.176 5%
Length of Specimen, L (mm) = 80 80 80 80 80 80 80 80 80 80
Maximum Load per Loading Nose (kN) 0.996 0.973 0.925 0.735 1.028 1.009 0.791 0.847 0.970 0.753 0.903 0.111 12% 0.935 0.099 11%
Deflection at M im Load (mm) 9.640 9.955 9.780 9.510 9.915 8.142 10.510 10.195 10.110 10.165 9.792 0.649 7% 9.656 0.653 7%
. Data Point of Maximum Loading 1928 1991 1956 1902 1983 1628 2102 2039 2022 2033
Test Data Information - S
Maximum Deflection (mm) 9.910 36.280 18.035 24.425 12.675 8.582 16.690 13.615 16.150 16.225 17.259 8.027 47% 17.459 9.089 52%
Total Data Points 1982 7256 3607 4885 2535 1717 3338 2723 3230 3249
Chosen Filtered Critical Point Load, P, (N) 982.940 941.208 902.467 708.162 1005.689 998.814 771.150 826.656 936.009 698.223 877.132 117.890 13% 912.743 101.204 11%

Location of Neutral Axis from top of specimen, ¢ (mm) = 1.626 1.557 1.524 1.395 1.576 1.640 1.400 1.451 1.529 1.442 1.514 0.089 6% 1.537 0.083 5%

Calculation of Unknown -
Values Rupture (Tensile) Stress, o, (MPa) = 2136.627 2252.595 2266.121 2170.702 2342.856 2129.441 2345.914 2317.596 2334.128 1986.366 2228.234 119.339 5% 2243.758 87.750 4%
Compressive Stress, o, (MPa) = 1379.811 1447.862 1453.322 1380.424 1507.818 1376.535 1492.326 1479.191 1497.409 1267.013 1428.171 76.109 5% 1440.296 54.602 4%
N\ n Bending Moment, M (Nmm) = 1.97E+04 1.88E+04 1.80E+04 1.42E+04 2.01E+04 2.00E+04 1.54E+04 1.65E+04 1.87E+04 1.40E+04 1.75E+04 2.36E+03 13% 1.83E+04 2024.086 11%

Chosen Weibull Modulus, m 22 22 22 22 22 22 22 22 22 22
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mma) 0.441 0.417 0.405 0.359 0.423 0.446 0.361 0.379 0.406 0.376 0.401 0.032 8% 0.410 0.030 7%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 1780.531 1688.280 1643.891 1470.742 1713.691 1799.659 1476.997 1546.026 1650.225 1533.447 1630.349 119.067 7% 1661.631 111.392 7%
0,/0, = (VEt/VEb)um 1.458 1.459 1.459 1.459 1.459 1.458 1.459 1.459 1.459 1.459 1.459 0.000 0% 1.459 0.000 0%
Tensile Strength, ot (MPa) 1464.956 1544.164 1553.290 1487.341 1606.126 1460.089 1607.417 1588.244 1599.926 1361.217 1527.277 81.762 5% 1538.017 60.053 4%

Chosen Weibull Modulus, m 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mms) 0.523 0.493 0.479 0.426 0.501 0.529 0.427 0.449 0.481 0.445 0.475 0.037 8% 0.485 0.035 7%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 1780.531 1688.280 1643.891 1470.742 1713.691 1799.659 1476.997 1546.026 1650.225 1533.447 1630.349 119.067 7% 1661.631 111.392 7%
0,/0,= (VB/VE,,)II"' 1.487 1.487 1.487 1.488 1.487 1.487 1.488 1.488 1.487 1.488 1.488 0.000 0% 1.487 0.000 0%
Tensile Strength, o, (MPa) 1436.873 1514.542 1523.483 1458.764 1575.321 1432.103 1576.534 1557.745 1569.226 1335.075 1497.967 80.191 5% 1508.507 58.894 4%

Calculation of Unknown
Values

Location of Neutral Axis from top of specimen, ¢ (mm) 1.609 1.541 1.508 1.380 1.560 1.623 1.385 1.436 1.513 1.427 1.498 0.088 6% 1.521 0.082 5%
Rupture Stress, o, (MPa) 2112.623 2227.331 2240.687 2146.431 2316.583 2105.513 2319.705 2291.611 2307.915 1964.105 2203.250 118.009 5% 2218.587 86.768 4%

Compressive Stress, o, (MPa) 1394.668 1463.458 1469.005 1395.322 1524.049 1391.353 1508.416 1495.173 1513.576 1280.699 1443.572 76.928 5% 1455.825 55.197 4%

Maximum Bending Moment, M (Nmm) 19658.797 18824.157 18049.332 14163.250 20113.783 19976.280 15423.001 16533.111 18720.179 13964.452 17542.634 2357.796 13% 18254.861 2024.086 11%

Chosen Weibull Modulus, m 22 22 22 22 22 22 22 22 22 22
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm?®) 0.441 0.417 0.405 0.359 0.423 0.446 0.361 0.379 0.406 0.376 0.401 0.032 8% 0.410 0.030 7%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm°) 1780.531 1688.280 1643.891 1470.742 1713.691 1799.659 1476.997 1546.026 1650.225 1533.447 1630.349 119.067 7% 1661.631 111.392 7%
o,/0, = (Vﬂ/VEb)ll'“ 1.458 1.459 1.459 1.459 1.459 1.458 1.459 1.459 1.459 1.459 1.459 0.000 0% 1.459 0.000 0%
Tensile Strength, ot (MPa) 1448.498 1526.846 1535.857 1470.711 1588.115 1443.682 1589.459 1570.436 1581.959 1345.962 1510.152 80.850 5% 1520.763 59.381 4%

Variation B
Chosen Weibull Modulus,

20.5

20.5

20.5

20.5

20.5

20.5

20.5

20.5

20.5

20.5

Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mm®) 0.523 0.493 0.479 0.426 0.501 0.529 0.427 0.449 0.481 0.445 0.475 0.037 8% 0.485 0.035 7%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vi, (mm®) 1780.531 1688.280 1643.891 1470.742 1713.691 1799.659 1476.997 1546.026 1650.225 1533.447 1630.349 119.067 7% 1661.631 111.392 7%
0,/0:= (VEJVEb)llm 1.487 1.487 1.487 1.488 1.487 1.487 1.488 1.488 1.487 1.488 1.488 0.000 0% 1.487 0.000 0%

Tensile Strength, o, (MPa) 1420.724 1497.543 1506.397 1442.444 1557.635 1416.002 1558.912 1540.297 1551.625 1320.124 1481.170 79.296 5% 1491.583 58.241 4%
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Variation A — Parameters calculated using all 10 specimens

B . 2 M 8 S pEC| mens | N 4' P 0 | nt Be n d | ng Variation B — Parameters calculated usi|ng 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

GFRP Parameters and Information M8 Specimens Using All Specimens

Specimen Number
Test Number 87 | 88
Type of Flexural Test 4 -point bending

GFRP Admin Info Dute of Test e Avg. Std Dev. C.O.V. Avg. Std Dev. C.O.V.

Batch All specimens cut from single bar, batch dated March 10, 2010

Additional Notes

Measured Height (excluding rib End 1 3.35 3.39 3.34 3.33 3.39 3.45 3.44 3.29 3.54 3.42
thickness; top of specimen to End 2 3.39 3.34 3.37 3.29 3.55 3.51 3.4 3.18 3.47 3.25
core; mm) Avg. 3.37 3.365 3.355 3.31 3.47 3.48 3.42 3.235 3.505 3.335 3.385 0.084 2% 3.369 0.088 3%
Specimen Dimensions Measured Total Length (mm) 96 96 96 96 95 96 97 96 96 96 96 0.471 0% 96 0 0%
Orginial Radius of GFRP, r (mm) = 4 4 4 4 4 4 4 4 4 4
Height of Specimen, h (mm) = 2257 3.365 3.355 Sl 3.47 3.48 3.42 3.235 3.505 B35 3.385 0.084 2% 3.369375 0.087522956 3%
Length of Specimen, L (mm) = 80 80 80 80 80 80 80 80 80 80
M n Load per Loading Nose (kN) 0.733 0.667 0.652 0.619 0.667 0.747 0.775 0.595 0.741 0.708 0.690 0.060 9% 0.683 0.058 9%
Deflection at Maximum Load (mm) 13.909 13.472 13.820 13.707 13.706 11.979 13.092 14.561 11.897 14.244 13.439 0.885 7% 13.449 0.990 7%
Test Data Information Data Point of Maximum Loading 2198 2129 2184 2166 2166 1893 2069 2301 1880 2251 2123.7 139.844 7% 2125.25 156.3912219 7%
Maximum Deflection (mm) 14.393 14.267 16.229 15.320 16.902 12.343 13.714 16.532 12.039 14.408 14.615 1.661 11% 14.441 1.628 11%
Total Data Points 2275 2255 2565 2421 2166 1951 2168 2301 1903 2277 2228.2 197.564 9% 2243.5 221.0100192 10%
Chosen Filtered Critical Point Load, P, (N) 676.049 607.392 622.779 583.246 613.685 720.735 762.841 594.969 712.290 665.183 655.917 61.042 9% 647.830 53.179 8%

Location of Neutral Axis from top of specimen, ¢ (mm) = 1.498 1.496 1.491 1.470 1.545 1.550 1.522 1.435 1.562 1.482 1.505 0.040 3% 1.498 0.041 3%
Calculation of Unknown —
Values Rupture (Tensile) Stress, o, (MPa) = 2352.230 2120.852 2189.999 2117.981 1991.947 2323.498 2562.900 2281.866 2257.620 2372.635 2257.153 161.128 7% 2252.085 99.742 4%
Compressive Stress, o, (MPa) = 1505.946 1357.564 1401.428 1353.453 1279.309 1492.720 1643.395 1454.835 1451.557 1517.357 1445.756 103.333 7% 1441.857 64.600 4%
Maximum Bending Moment, M (Nmm) = 1.80E+04 1.62E+04 1.66E+04 1.56E+04 1.64E+04 1.92E+04 2.03E+04 1.59E+04 1.90E+04 1.77E+04 1.75E+04 1.63E+03 9% 1.73E+04 1.42E+03 8%
Chosen Weibull Modulus, m 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mms) 5.064 5.053 5.032 4.936 5.279 5.300 5.171 4.778 5.354 4.989 5.096 0.180 4% 5.063 0.187 4%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mma) 1609.093 1605.933 1599.615 1571.219 1672.414 1678.759 1640.724 1524.021 1694.630 1586.988 1618.340 53.318 3% 1608.782 55.329 3%
o,/0, = (VEt/VEb)llm 1.418 1.418 1.418 1.418 1.418 1.418 1.418 1.418 1.418 1.418 1.418 0.000 0% 1.418 0.000 0%
Tensile Strength, ot (MPa) 1658.970 1495.770 1544.512 1493.604 1405.118 1639.022 1807.709 1608.966 1592.621 1673.259 1591.955 113.646 7% 1588.341 70.384 4%
Chosen Weibull Modulus, m 18 18 18 18 18 18 18 18 18 18
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mms) 4.443 4.434 4.415 4.331 4.631 4.650 4.537 4.192 4.698 4.378 4.471 0.158 4% 4.442 0.164 4%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mma) 1609.093 1605.933 1599.615 1571.219 1672.414 1678.759 1640.724 1524.021 1694.630 1586.988 1618.340 53.318 3% 1608.782 55.329 3%
0,/0,= (VEt/VEh)llm 1.387 1.387 1.387 1.387 1.387 1.387 1.387 1.388 1.387 1.387 1.387 0.000 0% 1.387 0.000 0%
Tensile Strength, o, (MPa) 1695.580 1528.780 1578.600 1526.577 1436.107 1675.168 1847.589 1644.503 1627.738 1710.192 1627.083 116.154 7% 1623.392 71.934 4%

Location of Neutral Axis from top of specimen, ¢ (mm) 1.482 1.480 1.475 1.455 1.529 1.534 1.506 1.420 1.546 1.466 1.489 0.039 3% 1.482 0.041 3%
Calculation of Unknown
Nalnes Rupture Stress, o, (MPa) 2325.863 2097.050 2165.454 2094.251 1969.597 2297.426 2534.157 2256.317 2232.281 2346.047 2231.844 159.324 7% 2226.836 98.626 4%
Compressive Stress, o, (MPa) 1522.190 1372.226 1416.545 1368.056 1293.101 1508.812 1661.117 1470.540 1467.202 1533.727 1461.352 104.446 7% 1457.412 65.292 4%
Maximum Bending Moment, M (Nmm) 18027.969 16197.109 16607.429 15553.222 16364.944 19219.597 20342.418 15865.838 18994.404 17738.214 17491.114 1627.790 9% 17275.473 1418.102 8%
Chosen Weibull Modulus, m 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm°) 5.064 5.053 5.032 4.936 5.279 5.300 5.171 4.778 5.354 4.989 5.096 0.180 4% 5.063 0.187 4%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mmg) 1609.093 1605.933 1599.615 1571.219 1672.414 1678.759 1640.724 1524.021 1694.630 1586.988 1618.340 53.318 3% 1608.782 55.329 3%
0,/0, = (Ve/ Vi) ™ 1.418 1.418 1.418 1.418 1.418 1.418 1.418 1.418 1.418 1.418 1.418 0.000 0% 1.418 0.000 0%
Tensile Strength, ot (MPa) 1640.374 1478.983 1527.201 1476.870 1389.352 1620.630 1787.436 1590.951 1574.746 1654.508 1574.105 112.374 7% 1570.533 69.597 4%
Chosen Weibull Modulus, m 18 18 18 18 18 18 18 18 18 18
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mms) 4.443 4.434 4.415 4.331 4.631 4.650 4.537 4.192 4.698 4.378 4.471 0.158 4% 4.442 0.164 4%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mmg) 1609.093 1605.933 1599.615 1571.219 1672.414 1678.759 1640.724 1524.021 1694.630 1586.988 1618.340 53.318 3% 1608.782 55.329 3%
0,/0:= (Ver/ Veo) " 1.387 1.387 1.387 1.387 1.387 1.387 1.387 1.388 1.387 1.387 1.387 0.000 0% 1.387 0.000 0%
Tensile Strength, o, (MPa) 1676.574 1511.623 1560.907 1509.473 1419.993 1656.370 1826.869 1626.090 1609.469 1691.028 1608.840 114.853 7% 1605.192 71.129 4%
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Variation A — Parameters calculated using all 10 specimens

B.3M135S pec imens in 3-Point Bendin g Variation B — Parameters calculated using 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

GFRP Parameters and Information M13 Specimens Using All Specimens

Specimen Number
Test Number
Type of Flexural Test 3 -point bending

GFRP Admin Info Date of Test September 25, 2019 | October 10, 2019 Avg. Std Dev. C.O.V. Avg. Std Dev. C.O.V.

All specimens (for 3 and 4-point bending) cut from 2 bars of different batch.
Batch First bar batch no.: 8033245
Second bar batch no.: unknown

Additional Notes

Measured Height (excluding rib End 1 6.04 5.87 5.79 5.88 6 6.27 6.53 5.96 5.78 6.09
thickness; top of specimen to End 2 5.97 5.93 6 6.08 5.82 6.12 6.19 5.88 6.01 6.27
core; mm) Avg. 6.005 5.9 5.895 5.98 5.91 6.195 6.36 5.92 5.895 6.18 6.024 0.164 3% 5.998125 0.123257498 2%
Specimen Dimensions Measured Total Length (mm) 157 157 157 158 157 157 157 157 157 157 157.1 0.316 0% 157.125 0.353553391 0%
Orginial Radius of GFRP, r (mm) = 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5
Height of Specimen, h (mm) = 6.005 5.9 5.895 5.98 5.91 6.195 6.36 5.92 5.895 6.18 6.024 0.164 3% 5.998125 0.123257498 2%
Length of Specimen, L (mm) = 130 130 130 130 130 130 130 130 130 130
Maximum Load per Loading Nose (kN) 2.554 2.528 2.491 2.519 2.458 2.737 2.753 2.427 2.395 2.561 2.542 0.119 5% 2.522 0.106 4%
Deflection at Maximum Load (mm) 13.821 14.275 13.865 14.690 14.145 14.346 14.260 14.670 14.479 13.880 14.243 0.318 2% 14.288 0.328 2%
Test Data Information Data Point of Maximum Loading 2764 2855 2773 2938 2829 2869 2852 2934 2896 2776 2848.6 63.708 2% 2857.625 65.62869037 2%
Maximum Deflection (mm) 16.319 15.642 14.549 15.024 15.615 14.698 15.111 14.797 15.023 15.140 15.192 0.530 3% 15.282 0.541 4%
Total Data Points 3264 3129 2910 3005 3123 2940 3023 2960 3005 3029 3038.8 106.004 3% 3056.875 108.020418 4%
Chosen Filtered Critical Point Load, P, (N) 2483.947 2281.039 2457.238 2377.873 2182.009 2553.585 2537.290 2377.383 2301.027 2372.150 2392.354 118.049 5% 2366.127 116.313 5%

Location of Neutral Axis from top of specimen, ¢ (mm) = 2.685 2.635 2.633 2.673 2.640 2.776 2.855 2.644 2.633 2.769 2.694 0.078 3% 2.682 0.059 2%
Calculation of Unknown n
Values Rupture (Tensile) Stress, o, (MPa) = 1973.104 1889.009 2039.008 1907.536 1799.781 1884.860 1760.663 1953.111 1909.384 1760.957 1887.741 91.453 5% 1884.718 71.881 4%
Compressive Stress, o, (MPa) = 1276.550 1219.531 1316.236 1233.498 1162.161 1224.288 1147.639 1261.426 1232.561 1143.445 1221.734 56.712 5% 1219.183 45.471 4%
Maxil n Bending Moment, M (Nmm) = 8.07E+04 7.41E+04 7.99E+04 7.73E+04 7.09E+04 8.30E+04 8.25E+04 7.73E+04 7.48E+04 7.71E+04 7.78E+04 3.84E+03 5% 7.69E+04 3.78E+03 5%
Chosen Weibull Modulus, m 24 24 24 24 24 24 24 24 24 24
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mma) 1.573 1.534 1.533 1.564 1.538 1.644 1.705 1.542 1.533 1.638 1.580 0.061 4% 1.571 0.046 3%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 7791.858 7615.041 7606.627 7749.737 7631.870 8112.338 8391.017 7648.701 7606.627 8087.017 7824.083 276.121 4% 7780.399 207.783 3%
0,/0, = (VEt/VEb)um 1.425 1.426 1.426 1.425 1.426 1.425 1.425 1.426 1.426 1.425 1.425 0.000 0% 1.425 0.000 0%
Tensile Strength, ot (MPa) 1384.192 1325.089 1430.304 1338.168 1262.508 1322.481 1235.500 1370.076 1339.377 1235.532 1324.323 64.054 5% 1322.178 50.381 4%
Chosen Weibull Modulus, m 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mma) 2.291 2.235 2.232 2.277 2.240 2.393 2.483 2.245 2.232 2.385 2.301 0.088 4% 2.287 0.066 3%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 7791.858 7615.041 7606.627 7749.737 7631.870 8112.338 8391.017 7648.701 7606.627 8087.017 7824.083 276.121 4% 7780.399 207.783 3%
0,/0,= (VB/VE,,)II"' 1.487 1.487 1.487 1.487 1.487 1.487 1.486 1.487 1.487 1.487 1.487 0.000 0% 1.487 0.000 0%
Tensile Strength, o, (MPa) 1327.011 1270.333 1371.200 1282.885 1210.340 1267.880 1184.514 1313.465 1313.465 1184.518 1272.561 62.849 5% 1271.237 50.785 4%

Location of Neutral Axis from top of specimen, ¢ (mm) 2.657 2.608 2.605 2.645 2.612 2.747 2.826 2.617 2.605 2.740 2.666 0.078 3% 2.654 0.058 2%
Calculation of Unknown
Vs Rupture Stress, o, (MPa) 1950.916 1867.781 2016.095 1886.089 1779.554 1863.643 1740.829 1931.160 1887.928 1741.134 1866.513 90.436 5% 1863.526 71.079 4%
Compressive Stress, 6. (MPa) 1290.297 1232.668 1330.415 1246.782 1174.680 1237.462 1159.978 1275.014 1245.838 1155.751 1234.888 57.327 5% 1232.311 45.962 4%
Maximum Bending Moment, M (Nmm) 8.07E+04 7.41E+04 7.99E+04 7.73E+04 7.09E+04 8.30E+04 8.25E+04 7.73E+04 7.48E+04 7.71E+04 7.78E+04 3.84E+03 5% 7.69E+04 3.78E+03 5%
Chosen Weibull Modulus, m 24 24 24 24 24 24 24 24 24 24
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm?°) 1.573 1.534 1.533 1.564 1.538 1.644 1.705 1.542 1.533 1.638 1.580 0.061 4% 1.571 0.046 3%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm°) 7791.858 7615.041 7606.627 7749.737 7631.870 8112.338 8391.017 7648.701 7606.627 8087.017 7824.083 276.121 4% 7780.399 207.783 3%
o,/0, = (Vﬂ/vﬂ,)”’“ 1.425 1.426 1.426 1.425 1.426 1.425 1.425 1.426 1.426 1.425 1.425 0.000 0% 1.425 0.000 0%
Tensile Strength, ot (MPa) 1368.626 1310.198 1414.231 1323.123 1248.319 1307.595 1221.583 1354.678 1324.326 1221.624 1309.430 63.342 5% 1307.311 49.819 4%
Chosen Weibull Modulus, m 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V,, (mm°) 2.291 2.235 2.232 2.277 2.240 2.393 2.483 2.245 2.232 2.385 2.301 0.088 4% 2.287 0.066 3%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm°) 7791.858 7615.041 7606.627 7749.737 7631.870 8112.338 8391.017 7648.701 7606.627 8087.017 7824.083 276.121 4% 7780.399 207.783 3%
o,/0, = (VR/VH,)”'“ 1.487 1.487 1.487 1.487 1.487 1.487 1.486 1.487 1.487 1.487 1.487 0.000 0% 1.487 0.000 0%
Tensile Strength, o, (MPa) 1312.087 1256.058 1355.791 1268.460 1196.737 1253.607 1171.166 1298.703 1269.601 1171.184 1255.339 60.711 5% 1253.304 47.754 4%
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Variation A — Parameters calculated using all 10 specimens

B4 M13S pec imens in 4-Point Ben d in g Variation B — Parameters calculated usi‘ng 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

GFRP Parameters and Information M13 Specimens Using All Specimens

Specimen Number
Test Number 77 | 78
Type of Flexural Test 4 -point bending

Date of Test January 10,2019 Avg. StdDev. C.O.V. Avg. StdDev. C.O.V.

All specimens (for 3 and 4-point bending) cut from 2 bars of different batch.
Batch First bar batch no.: 8033245
Second bar batch no.: unknown

GFRP Admin Info

Additional Notes

Measured Height (excluding rib End 1 5.89 6.01 5.85 5.83 6.34 6.09 6.22 5.88 5.89 6.2
thickness; top of specimen to End 2 6.13 5.75 5.89 5.99 5.71 6.24 6.05 5.98 5.69 5.89
core; mm) Avg. 6.01 5.88 5.87 5.91 6.025 6.165 6.135 5.93 5.79 6.045 5.976 0.121 2% 5.99 0.132449451 2%
Specimen Dimensions Measured Total Length (mm) 157 157 157 157 157 157 156 157 158 158 157.1 0.568 0% 157.125 0.640869944 0%
Orginial Radius of GFRP, r (mm) = 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5
Height of Specimen, h (mm) = 6.01 5.88 5.87 5.91 6.025 6.165 6.135 5.93 5.79 6.045 5.976 0.121 2% 5.99 0.132449451 2%
Length of Specimen, L (mm) = 130 130 130 130 130 130 130 130 130 130
Maximum Load per Loading Nose (kN) 1.926 1.705 1.735 1.676 1.803 1.866 1.942 1.883 1.703 1.909 1.815 0.103 6% 1.824 0.100 5%
Deflection at Maximum Load (mm) 19.776 20.332 20.401 18.927 19.794 19.541 19.553 20.876 20.641 19.831 19.967 0.589 3% 19.984 0.416 2%
Test Data Information Data Point of Maximum Loading 3125 3213 3224 2991 3128 3088 3090 3299 3262 3134 3155.4 93.088 3% 3158 65.77667845 2%
Maximum Deflection (mm) 21.255 24.577 23.109 23.832 23.608 25.495 26.072 23.253 27.844 25.174 24.422 1.835 8% 24.642 2.007 8%
Total Data Points 3359 3884 3652 3766 3731 4029 4121 3675 4401 3979 3859.7 290.223 8% 3894.5 317.4640587 8%
Chosen Filtered Critical Point Load, P, (N) 1831.424 1524.790 1621.245 1497.859 1734.317 1673.137 1832.156 1867.151 1611.158 1880.913 1707.415 142.365 8% 1713.642 126.869 7%

Location of Neutral Axis from top of specimen, ¢ (mm) = 2.687 2.625 2.621 2.640 2.694 2.762 2.747 2.649 2.583 2.704 2.671 0.058 2% 2.678 0.063 2%
Calculation of Unknown n
Values Rupture (Tensile) Stress, o, (MPa) = 1935.897 1697.213 1811.853 1647.300 1822.474 1665.562 1844.929 2037.109 1860.056 1961.157 1828.355 129.464 7% 1824.893 103.090 6%
Compressive Stress, o, (MPa) = 1252.607 1095.266 1169.011 1063.701 1179.613 1081.162 1196.844 1315.944 1198.123 1269.868 1182.214 83.657 7% 1180.312 66.579 6%
Maxil n Bending Moment, M (Nmm) = 7.94E+04 6.61E+04 7.03E+04 6.49E+04 7.52E+04 7.25E+04 7.94E+04 8.09E+04 6.98E+04 8.15E+04 7.40E+04 6.17E+03 8% 7.43E+04 5.50E+03 7%
Chosen Weibull Modulus, m 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mma) 24.785 24.033 23.975 24.206 24.872 25.688 25.513 24.322 23.514 24.988 24.590 0.699 3% 24.671 0.768 3%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 7800.284 7581.390 7564.568 7631.870 7825.564 8061.700 8011.073 7665.535 7430.089 7859.277 7743.135 203.107 3% 7766.743 223.098 3%
0,/0, = (VEt/VEb)um 1.417 1.417 1.417 1.417 1.417 1.417 1.417 1.417 1.417 1.417 1.417 0.000 0% 1.417 0.000 0%
Tensile Strength, ot (MPa) 1366.133 1197.527 1278.401 1162.347 1286.115 1175.562 1302.117 1437.430 1312.295 1384.012 1290.194 91.352 7% 1287.770 72.738 6%
Chosen Weibull Modulus, m 14 14 14 14 14 14 14 14 14 14
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mma) 31.555 30.599 30.525 30.819 31.666 32.703 32.480 30.966 29.939 31.814 31.307 0.889 3% 31.410 0.976 3%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 7800.284 7581.390 7564.568 7631.870 7825.564 8061.700 8011.073 7665.535 7430.089 7859.277 7743.135 203.107 3% 7766.743 223.098 3%
0,/0,= (VB/VE,,)II"' 1.482 1.483 1.483 1.482 1.482 1.482 1.482 1.482 1.483 1.482 1.482 0.000 0% 1.482 0.000 0%
Tensile Strength, o, (MPa) 1306.023 1144.809 1222.121 1111.183 1229.529 1123.868 1244.852 1374.163 1254.504 1323.123 1233.417 87.331 7% 1231.103 69.536 6%

Location of Neutral Axis from top of specimen, ¢ (mm) 2.659 2.598 2.593 2.612 2.667 2.733 2.719 2.622 2.556 2.676 2.643 0.057 2% 2.650 0.063 2%
Calculation of Unknown
Values Rupture Stress, o, (MPa) 1914.125 1678.169 1791.514 1628.786 1802.001 1646.813 1824.166 2014.211 1839.141 1939.097 1807.802 128.004 7% 1804.378 101.924 6%
Compressive Stress, 6. (MPa) 1266.097 1107.048 1181.593 1075.159 1192.301 1092.799 1209.727 1330.118 1211.050 1283.541 1194.943 84.561 7% 1193.020 67.300 6%
Maximum Bending Moment, M (Nmm) 7.94E+04 6.61E+04 7.03E+04 6.49E+04 7.52E+04 7.25E+04 7.94E+04 8.09E+04 6.98E+04 8.15E+04 7.40E+04 6.17E+03 8% 7.43E+04 5.50E+03 7%
Chosen Weibull Modulus, m 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm°) 24.785 24.033 23.975 24.206 24.872 25.688 25.513 24.322 23.514 24.988 24.590 0.699 3% 24.671 0.768 3%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm°) 7800.284 7581.390 7564.568 7631.870 7825.564 8061.700 8011.073 7665.535 7430.089 7859.277 7743.135 203.107 3% 7766.743 223.098 3%
o,/0, = (Vﬂ/vﬂ,)”’“ 1.417 1.417 1.417 1.417 1.417 1.417 1.417 1.417 1.417 1.417 1.417 0.000 0% 1.417 0.000 0%
Tensile Strength, ot (MPa) 1350.769 1184.090 1264.051 1149.284 1271.667 1162.330 1287.463 1421.273 1297.539 1368.444 1275.691 90.322 7% 1273.294 71.916 6%
Chosen Weibull Modulus, m 14 14 14 14 14 14 14 14 14 14
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V,, (mm°) 31.555 30.599 30.525 30.819 31.666 32.703 32.480 30.966 29.939 31.814 31.307 0.889 3% 31.410 0.976 3%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 7800.284 7581.390 7564.568 7631.870 7825.564 8061.700 8011.073 7665.535 7430.089 7859.277 7743.135 203.107 3% 7766.743 223.098 3%
o,/0, = (VR/VH,)”'“ 1.482 1.483 1.483 1.482 1.482 1.482 1.482 1.482 1.483 1.482 1.482 0.000 0% 1.482 0.000 0%
Tensile Strength, o, (MPa) 1291.338 1131.948 1208.392 1098.697 1215.721 1111.223 1230.849 1358.719 1240.384 1308.240 1219.551 86.347 7% 1217.262 68.752 6%
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Variation A — Parameters calculated using all 10 specimens

B . 5 M 1 5 S pec | mens | N 3- PO| r']‘t B en d | n g Variation B — Parameters calculated usi‘ng 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

GFRP Parameters and Information M15 Specimens Using All Specimens

Specimen Number
Test Number
Type of Flexural Test 3-point bending

GFRP Admin Info Date of Test September 24, 2019 | October 2, 2019 Avg. Std Dev. C.O.V. Avg. Std Dev. C.O.V.

All specimens cut from multiple bars of the same batch.
Batch Batch No.: 8051973
Batch Date: November 11 to 22, 2016

Additional Notes

Measured Height (excluding rib End 1 7.41 7.45 7.41 7.5 7.51 7.5 7.63 7.72 7.45 7.67
thickness; top of specimen to End 2 7.68 7.45 7.39 8.06 7.86 7.58 7.49 7.64 7.57 7.63
core; mm) Avg. 7.545 7.45 7.4 7.78 7.685 7.54 7.56 7.68 7.51 7.65 7.580 0.117 2% 7.583125 0.116708963 2%
Specimen Dimensions Measured Total Length (mm) 192 192 191 193 195 192 193 193 193 194 192.8 1.135 1% 192.625 0.916125381 0%
Orginial Radius of GFRP, r (mm) = 8 8 8 8 8 8 8 8 8 8 8 0 0% 8 0 0%
Height of Specimen, h (mm) = 7.545 7.45 7.4 7.78 7.685 7.54 7.56 7.68 7.51 7.65 7.580 0.117 2% 7.583125 0.116708963 2%
Length of Specimen, L (mm) = 160 160 160 160 160 160 160 160 160 160 160 0 0% 160 0 0%
M n Load per Loading Nose (kN) 4.027 4.036 3.919 3.909 3.902 4.047 3.824 3.935 3.921 4.083 3.960 0.083 2% 3.958 0.086 2%
Deflection at Maximum Load (mm) 17.654 17.025 16.939 17.884 17.804 17.394 16.005 16.449 17.664 18.314 17.313 0.707 4% 17.288 0.772 4%
Test Data Information Data Point of Maximum Loading 3531 3405 3388 3577 3561 3567 3201 3290 3533 3663 3471.6 145.206 4% 3468.75 159.135836 5%
Maximum Deflection (mm) 17.698 17.061 17.073 18.000 18.250 17.832 17.349 16.622 17.736 18.944 17.656 0.669 4% 17.657 0.689 4%
Total Data Points 3540 3413 3415 3601 3650 3567 3470 3329 3552 3789 3532.6 133.051 4% 3532.875 136.9227493 4%
Chosen Filtered Critical Point Load, P, (N) 3899.202 3976.041 3822.763 3651.754 3515.429 3718.967 3761.346 3722.872 3836.959 3998.738 3790.407 148.421 4% 3801.575 111.604 3%

Location of Neutral Axis from top of specimen, ¢ (mm) = 3.378 3.333 3.309 3.491 3.446 3.376 3.386 3.443 3.362 3.429 3.395 0.056 2% 3.397 0.056 2%
Calculation of Unknown —

Values Rupture (Tensile) Stress, o, (MPa) = 1947.524 2046.099 1998.719 1697.010 1681.501 1860.405 1869.903 1783.452 1937.543 1933.316 1875.547 122.426 7% 1878.484 98.620 5%
Compressive Stress, o, (MPa) = 1263.275 1325.092 1293.325 1105.227 1093.327 1206.662 1213.234 1159.517 1256.057 1256.308 1217.202 77.413 6% 1219.201 62.011 5%
Maximum Bending Moment, M (Nmm) = 1.56E+05 1.59E+05 1.53E+05 1.46E+05 1.41E+05 1.49E+05 1.50E+05 1.49E+05 1.53E+05 1.60E+05 1.52E+05 5.94E+03 4% 1.52E+05 4.46E+03 3%

Chosen Weibull Modulus, m 18 18 18 18 18 18 18 18 18 18
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mms) 5.956 5.851 5.795 6.217 6.111 5.950 5.972 6.106 5.917 6.072 5.995 0.130 2% 5.998 0.130 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mma) 14920.783 14678.064 14550.396 15521.825 15278.763 14908.004 14959.123 15265.973 14831.339 15189.240 15010.351 299.283 2% 15018.335 298.368 2%
o,/0, = (VEt/VEb)llm 1.545 1.545 1.545 1.544 1.544 1.545 1.545 1.544 1.545 1.544 1.545 0.000 0% 1.545 0.000 0%
Tensile Strength, ot (MPa) 1260.832 1324.546 1293.821 1098.863 1088.735 1204.426 1210.595 1154.741 1254.334 1251.742 1214.264 79.161 7% 1216.169 63.751 5%

Chosen Weibull Modulus, m 15 15 15 15 15 15 15 15 15 15
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mms) 9.104 8.944 8.859 9.504 9.342 9.096 9.130 9.333 9.045 9.282 9.164 0.199 2% 9.169 0.198 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mma) 14920.783 14678.064 14550.396 15521.825 15278.763 14908.004 14959.123 15265.973 14831.339 15189.240 15010.351 299.283 2% 15018.335 298.368 2%
0,/0,= (VEt/VEh)llm 1.638 1.638 1.638 1.638 1.638 1.638 1.638 1.638 1.638 1.638 1.638 0.000 0% 1.638 0.000 0%
Tensile Strength, o, (MPa) 1189.036 1249.059 1220.076 1036.290 1026.723 1135.800 1141.621 1088.969 1182.859 1180.440 1145.087 74.637 7% 1146.886 60.107 5%

Location of Neutral Axis from top of specimen, ¢ (mm) 3.343 3.298 3.275 3.455 3.410 3.341 3.350 3.408 3.327 3.393 3.360 0.056 2% 3.362 0.055 2%
Calculation of Unknown

VEINES Rupture Stress, o, (MPa) 1925.607 2023.024 1976.312 1677.890 1662.565 1839.469 1848.858 1763.368 1915.742 1911.550 1854.438 121.057 7% 1857.349 97.533 5%
Compressive Stress, 6. (MPa) 1276.874 1339.397 1307.209 1117.117 1105.092 1219.652 1226.293 1171.994 1269.579 1269.826 1230.303 78.250 6% 1232.318 62.674 5%
Maximum Bending Moment, M (Nmm) 1.56E+05 1.59E+05 1.53E+05 1.46E+05 1.41E+05 1.49E+05 1.50E+05 1.49E+05 1.53E+05 1.60E+05 1.52E+05 5.94E+03 4% 1.52E+05 4.46E+03 3%

Chosen Weibull Modulus, m 18 18 18 18 18 18 18 18 18 18
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm°) 5.956 5.851 5.795 6.217 6.111 5.950 5.972 6.106 5.917 6.072 5.995 0.130 2% 5.998 0.130 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm°) 14920.783 14678.064 14550.396 15521.825 15278.763 14908.004 14959.123 15265.973 14831.339 15189.240 15010.351 299.283 2% 15018.335 298.368 2%
04/0,= (Vee/ Ves) ™ 1.545 1.545 1.545 1.544 1.544 1.545 1.545 1.544 1.545 1.544 1.545 0.000 0% 1.545 0.000 0%
Tensile Strength, ot (MPa) 1246.643 1309.608 1279.316 1086.482 1076.474 1190.872 1196.970 1141.737 1240.220 1237.650 1200.597 78.276 7% 1202.486 63.049 5%

Chosen Weibull Modulus, m 15 15 15 15 15 15 15 15 15 15
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mm°) 9.104 8.944 8.859 9.504 9.342 9.096 9.130 9.333 9.045 9.282 9.164 0.199 2% 9.169 0.198 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm®) 14920.783 14678.064 14550.396 15521.825 15278.763 14908.004 14959.123 15265.973 14831.339 15189.240 15010.351 299.283 2% 15018.335 298.368 2%
op/0, = (VE./VE,,)I/'" 1.638 1.638 1.638 1.638 1.638 1.638 1.638 1.638 1.638 1.638 1.638 0.000 0% 1.638 0.000 0%
Tensile Strength, o, (MPa) 1175.612 1235.009 1206.375 1024.613 1015.159 1123.018 1128.772 1076.704 1169.549 1167.130 1132.194 73.802 7% 1133.971 59.435 5%
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Variation A — Parameters calculated using all 10 specimens

B . 6 M 1 5 5 pec| mens | n 4_ POl n‘t B en d | N g Variation B — Parameters calculated usi|ng 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

GFRP Parameters and Information M15 Specimens Using All Specimens

Specimen Number
Test Number 67 | 68 |
Type of Flexural Test 4-point bending

Date of Test December 18, 2019 | January 8, 2020 Avg. Std Dev. C.O.V. Avg. Std Dev. C.O.V.

All specimens cut from multiple bars of the same batch.
Batch Batch No.: 8051973
Batch Date: November 11 to 22, 2016

63 |

GFRP Admin Info

Additional Notes

Measured Height (excluding rib End 1 7.29 7.39 7.36 7.47 7.72 7.62 7.76 7.61 7.5 7.46
thickness; top of specimen to End 2 7.4 7.54 7.4 7.43 7.42 7.4 7.97 7.56 7.62 7.36
core; mm) Avg. 7.345 7.465 7.38 7.45 7.57 7.51 7.865 7.585 7.56 7.41 7.514 0.148 2% 7.47625 0.092842032 1%
Specimen Dimensions Measured Total Length (mm) 190 193 193 193 193 191 190 193 192 193 192.1 1.287 1% 192.25 1.164964745 1%
Orginial Radius of GFRP, r (mm) = 8 8 8 8 8 8 8 8 8 8 8 0 0% 8 0 0%
Height of Specimen, h (mm) = 7.345 7.465 7.38 7.45 7.57 7.51 7.865 7.585 7.56 7.41 7.514 0.148 2% 7.47625 0.092842032 1%
Length of Specimen, L (mm) = 160 160 160 160 160 160 160 160 160 160 160 0 0% 160 0 0%
Maximum Load per Loading Nose (kN) 2.805 2.920 2.648 2.818 2.694 2.871 2.587 2.818 2.880 2.777 2.782 0.107 4% 2.789 0.081 3%
Deflection at Maximum Load (mm) 25.143 24.763 25.040 22.958 25.527 24.027 19.851 25.090 23.780 24913 24.109 1.685 7% 24.560 0.876 4%
Test Data Information Data Point of Maximum Loading 3973 3913 3957 3628 4034 3797 3137 3965 3758 3937 3809.9 266.259 7% 3881.125 138.3757178 4%
Maximum Deflection (mm) 25.789 25.335 25.897 27.542 26.119 24.445 33.581 25.753 26.708 25.815 26.698 2.549 10% 26.008 0.883 3%
Total Data Points 4075 4004 4093 4353 4128 3883 5307 4070 4221 4080 4221.4 400.996 9% 4112.875 134.7860076 3%
Chosen Filtered Critical Point Load, P, (N) 2267.665 2743.958 2353.522 2465.253 2469.742 2553.462 2335.446 2702.885 2780.322 2546.611 2521.887 177.681 7% 2517.433 168.989 7%

Location of Neutral Axis from top of specimen, ¢ (mm) = 3.283 3.340 3.299 3.333 3.390 3.362 3.532 3.398 3.386 3.314 3.364 0.071 2% 3.345 0.044 1%
Calculation of Unknown -
Values Rupture (Tensile) Stress, o, (MPa) = 1608.942 1873.839 1651.150 1691.516 1631.946 1719.223 1410.644 1777.733 1842.934 1769.669 1697.759 133.739 8% 1711.639 81.059 5%
Compressive Stress, o, (MPa) = 1040.154 1213.839 1068.154 1095.457 1059.063 1114.526 920.091 1153.922 1195.736 1145.303 1100.624 85.603 8% 1109.039 53.419 5%
Maxil n Bending Moment, M (Nmm) = 1.21E+05 1.46E+05 1.26E+05 1.31E+05 1.32E+05 1.36E+05 1.25E+05 1.44E+05 1.48E+05 1.36E+05 1.35E+05 9.48E+03 7% 1.34E+05 9.01E+03 7%
Chosen Weibull Modulus, m 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mma) 55.425 56.703 55.800 56.543 57.827 57.183 61.002 57.986 57.718 56.117 57.230 1.588 3% 56.825 0.991 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 14410.030 14716.376 14499.345 14678.064 14984.685 14831.339 15739.371 15023.031 14959.123 14575.925 14841.729 378.550 3% 14745.193 237.147 2%
0,/0, = (VEt/VEb)um 1.467 1.467 1.467 1.467 1.467 1.467 1.467 1.467 1.467 1.467 1.467 0.000 0% 1.467 0.000 0%
Tensile Strength, ot (MPa) 1096.457 1277.133 1125.264 1152.851 1112.387 1171.806 961.827 1211.777 1256.189 1206.068 1157.176 91.086 8% 1166.600 55.303 5%
Chosen Weibull Modulus, m 17 17 17 17 17 17 17 17 17 17
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mma) 43.697 44.705 43.993 44.579 45.592 45.085 48.099 45.718 45.507 44243 45.122 1.253 3% 44.802 0.782 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 14410.030 14716.376 14499.345 14678.064 14984.685 14831.339 15739.371 15023.031 14959.123 14575.925 14841.729 378.550 3% 14745.193 237.147 2%
0,/0,= (VB/VE,,)II"' 1.406 1.406 1.406 1.406 1.406 1.406 1.406 1.406 1.406 1.406 1.406 0.000 0% 1.406 0.000 0%
Tensile Strength, o, (MPa) 1143.959 1332.440 1174.008 1202.778 1160.543 1222.544 1003.425 1264.234 1310.572 1258.307 1207.281 95.040 8% 1217.118 57.690 5%

Location of Neutral Axis from top of specimen, ¢ (mm) 3.249 3.305 3.265 3.298 3.355 3.327 3.496 3.362 3.350 3.279 3.329 0.070 2% 3.311 0.044 1%
Calculation of Unknown
Vs Rupture Stress, o, (MPa) 1590.852 1852.760 1632.725 1672.427 1613.610 1699.879 1394.745 1757.723 1822.192 1749.802 1678.672 132.234 8% 1692.401 80.128 5%
Compressive Stress, 6. (MPa) 1051.357 1226.908 1079.568 1107.291 1070.442 1126.524 929.984 1166.342 1208.607 1157.614 1112.464 86.530 8% 1120.968 54.001 5%
Maximum Bending Moment, M (Nmm) 1.21E+05 1.46E+05 1.26E+05 1.31E+05 1.32E+05 1.36E+05 1.25E+05 1.44E+05 1.48E+05 1.36E+05 1.35E+05 9.48E+03 7% 1.34E+05 9.01E+03 7%
Chosen Weibull Modulus, m 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm?®) 55.425 56.703 55.800 56.543 57.827 57.183 61.002 57.986 57.718 56.117 57.230 1.588 3% 56.825 0.991 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm’) 14410.030 14716.376 14499.345 14678.064 14984.685 14831.339 15739.371 15023.031 14959.123 14575.925 14841.729 378.550 3% 14745.193 237.147 2%
o,/0, = (Vﬂ/VEb)ll'“ 1.467 1.467 1.467 1.467 1.467 1.467 1.467 1.467 1.467 1.467 1.467 0.000 0% 1.467 0.000 0%
Tensile Strength, ot (MPa) 1084.129 1262.766 1112.708 1139.841 1099.889 1158.621 950.987 1198.137 1242.051 1192.528 1144.166 90.061 8% 1153.488 54.668 5%
Chosen Weibull Modulus, m 17 17 17 17 17 17 17 17 17 17
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V,, (mm°) 43.697 44.705 43.993 44.579 45.592 45.085 48.099 45.718 45.507 44.243 45.122 1.253 3% 44.802 0.782 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm°) 14410.030 14716.376 14499.345 14678.064 14984.685 14831.339 15739.371 15023.031 14959.123 14575.925 14841.729 378.550 3% 14745.193 237.147 2%
o,/0, = (VR/VH,)”'“ 1.406 1.406 1.406 1.406 1.406 1.406 1.406 1.406 1.406 1.406 1.406 0.000 0% 1.406 0.000 0%
Tensile Strength, o, (MPa) 1131.097 1317.451 1160.907 1189.205 1147.504 1208.788 992.116 1250.003 1295.829 1244.181 1193.708 93.971 8% 1203.439 57.029 5%
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B.7 M20 Specimens in 3-Point Bending

GFRP Parameters and Information

GFRP Admin Info

Specimen Number

M20 Specimens

Variation A — Parameters calculated using all 10 specimens

Variation B — Parameters calculated usi‘ng 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

Using All Specimens

Test Number

23

25 | 56

58

Type of Flexural Test

3-point bending

Date of Test

September 26, 2020

October 17,2019

Batch

All specimens cut from multiple bars of the same batch.

Batch No.: 032012
Batch Date: March 23 to 29, 2012

Avg.

Additional Notes

Std Dev.

C.0.V.

Avg.

Std Dev.

C.0.V.

Measured Height (excluding rib End 1 9.69 9.43 9.47 9.36 9.87 9.65 9.65 9.45 9.61 9.48
thickness; top of specimen to End 2 9.55 9.45 9.46 9.41 9.56 9.53 9.67 9.54 9.59 9.52
core; mm) Avg. 9.62 9.44 9.465 9.385 9.715 9.59 9.66 9.495 9.6 9.5 9.547 0.106 1% 9.566875 0.108888459 1%
Specimen Dimensions Measured Total Length (mm) 239 240 240 239 239 238 239 239 239 239 239.1 0.568 0% 239 0.534522484 0%
Orginial Radius of GFRP, r (mm) = 10 10 10 10 10 10 10 10 10 10
Height of Specimen, h (mm) = 9.62 9.44 9.465 9.535 9.715 9.59 9.66 9.495 9.6 9.5 9.562 0.089 1% 9.585625 0.082912928 1%
Length of Specimen, L (mm) = 200 200 200 200 200 200 200 200 200 200
Maximum Load per Loading Nose (kN) 6.019 6.048 6.297 6.717 6.274 6.048 6.430 5.904 6.024 6.070 6.183 0.246 4% 6.235 0.248 4%
Deflection at M im Load (mm) 19.709 19.779 19.834 21.144 19.424 19.396 19.864 20.244 20.704 20.344 20.044 0.562 3% 20.053 0.624 3%
Test Data Information Data Point of Maximum Loading 3942 3956 3967 4229 3885 3879 3973 4049 4141 4069 4009.0 112.377 3% 4010.625 124.9159003 3%
Maximum Deflection (mm) 19.759 20.467 20.425 21.237 19.489 19.742 19.953 23.002 20.757 20.454 20.528 1.017 5% 20.227 0.593 3%
Total Data Points 3952 4094 4086 4248 3898 3949 3991 4601 4152 4091 4106.2 203.559 5% 4045.875 118.82693 3%
Chosen Filtered Critical Point Load, P, (N) 5626.147 5971.304 5500.525 6067.140 5813.629 5926.133 5881.950 5301.595 5521.839 5710.125 5732.039 242.922 4% 5755.936 201.425 3%

Calculation of Unknown
Values

Location of Neutral Axis from top of specimen, ¢ (mm) = 4.314 4.227 4.239 4.273 4.359 4.299 4.333 4.254 4.304 4.256 4.286 0.043 1% 4.297 0.040 1%
Rupture (Tensile) Stress, o, (MPa) = 1716.520 1904.616 1743.563 1890.106 1733.241 1821.277 1777.151 1668.034 1692.959 1794.381 1774.185 79.505 4% 1771.150 63.847 4%
Compressive Stress, o, (MPa) = 1116.312 1235.591 1131.494 1227.765 1128.669 1184.067 1156.381 1082.922 1100.686 1164.982 1152.887 51.185 4% 1151.295 41.099 4%

N\ n Bending Moment, M (Nmm) = 2.81E+05 2.99E+05 2.75E+05 3.03E+05 2.91E+05 2.96E+05 2.94E+05 2.65E+05 2.76E+05 2.86E+05 2.87E+05 1.21E+04 4% 2.88E+05 1.01E+04 3%

Chosen Weibull Modulus, m 26 26 26 26 26 26 26 26 26 26
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mma) 5.011 4.879 4.897 4.948 5.080 4.989 5.040 4.919 4.996 4923 4.968 0.065 1% 4.986 0.061 1%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 29896.292 29177.098 29276.948 29556.597 30276.081 29776.386 30056.189 29396.785 29816.353 29416.760 29664.549 357.336 1% 29758.951 331.362 1%
0,/0, = (VEt/VEb)um 1.397 1.397 1.397 1.397 1.397 1.397 1.397 1.397 1.397 1.397 1.397 0.000 0% 1.397 0.000 0%
Tensile Strength, ot (MPa) 1228.651 1363.171 1247.917 1352.846 1240.675 1303.618 1272.073 1193.875 1211.775 1284.308 1269.891 56.888 4% 1267.733 45.684 4%

Chosen Weibull Modulus, m 22 22 22 22 22 22 22 22 22 22
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mma) 7.455 7.260 7.287 7.363 7.558 7.423 7.499 7.319 7.433 7.325 7.392 0.097 1% 7.418 0.090 1%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 29896.292 29177.098 29276.948 29556.597 30276.081 29776.386 30056.189 29396.785 29816.353 29416.760 29664.549 357.336 1% 29758.951 331.362 1%
0,/0,= (VB/VE,,)II"' 1.458 1.458 1.458 1.458 1.458 1.458 1.458 1.458 1.458 1.458 1.458 0.000 0% 1.458 0.000 0%
Tensile Strength, o, (MPa) 1177.250 1306.123 1195.695 1296.240 1188.780 1249.078 1218.859 1143.917 1161.078 1230.567 1216.759 54.504 4% 1214.693 43.770 4%

Calculation of Unknown
Values

Location of Neutral Axis from top of specimen, ¢ (mm) 4.269 4.184 4.195 4.228 4.314 4.255 4.288 4.210 4.260 4.212 4.241 0.042 1% 4.253 0.039 1%
Rupture Stress, o, (MPa) 1697.208 1883.259 1724.014 1868.825 1713.712 1800.920 1757.092 1649.333 1673.934 1774.235 1754.253 78.617 4% 1751.242 63.136 4%

Compressive Stress, 6. (MPa) 1128.311 1248.842 1143.626 1240.979 1140.811 1196.713 1168.848 1094.529 1112.505 1177.487 1165.265 51.734 4% 1163.660 41.540 4%

Maximum Bending Moment, M (Nmm) 2.81E+05 2.99E+05 2.75E+05 3.03E+05 2.91E+05 2.96E+05 2.94E+05 2.65E+05 2.76E+05 2.86E+05 2.87E+05 1.21E+04 4% 2.88E+05 1.01E+04 3%

Chosen Weibull Modulus, m 26 26 26 26 26 26 26 26 26 26
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm?®) 5.011 4.879 4.897 4.948 5.080 4.989 5.040 4.919 4.996 4.923 4.968 0.065 1% 4.986 0.061 1%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm’) 29896.292 29177.098 29276.948 29556.597 30276.081 29776.386 30056.189 29396.785 29816.353 29416.760 29664.549 357.336 1% 29758.951 331.362 1%
64/, = (Vee/ Vi)™ 1.397 1.397 1.397 1.397 1.397 1.397 1.397 1.397 1.397 1.397 1.397 0.000 0% 1.397 0.000 0%
Tensile Strength, ot (MPa) 1214.827 1347.885 1233.925 1337.614 1226.696 1289.047 1257.715 1180.490 1198.157 1269.889 1255.625 56.252 4% 1253.484 45.175 4%

Chosen Weibull Modulus, m 22 22 22 22 22 22 22 22 22 22
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mm?) 7.455 7.260 7.287 7.363 7.558 7.423 7.499 7.319 7.433 7.325 7.392 0.097 1% 7.418 0.090 1%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mm®) 29896.292 29177.098 29276.948 29556.597 30276.081 29776.386 30056.189 29396.785 29816.353 29416.760 29664.549 357.336 1% 29758.951 331.362 1%
o,/0, = (VR/VH,)”'“ 1.458 1.458 1.458 1.458 1.458 1.458 1.458 1.458 1.458 1.458 1.458 0.000 0% 1.458 0.000 0%
Tensile Strength, o, (MPa) 1164.005 1291.477 1182.288 1281.646 1175.385 1235.117 1205.102 1131.093 1148.030 1216.751 1203.089 53.896 4% 1201.040 43.282 4%
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Variation A — Parameters calculated using all 10 specimens

B ; 8 M 20 S p'ECi mens | N 4— PO | Nt B en d | N g Variation B — Parameters calculated using 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

GFRP Parameters and Information M20 Specimens Using All Specimens

Specimen Number
Test Number 117 | 118
Type of Flexural Test 4-point bending

Date of Test January 16,2020 Avg. StdDev. C.O.V. Avg. StdDev. C.O.V.

All specimens cut from multiple bars of the same batch.
Batch Batch No.: 032012
Batch Date: March 23 to 29, 2012

GFRP Admin Info

Additional Notes

Measured Height (excluding rib End 1 9.5 9.5 9.65 9.45 9.36 9.51 9.64 9.42 9.53 9.57
thickness; top of specimen to End 2 9.57 9.6 9.55 9.46 9.41 9.68 9.44 9.43 9.68 9.55
core; mm) Avg. 9.535 9.55 9.6 9.455 9.385 9.595 9.54 9.425 9.605 9.56 9.525 0.077 1% 9.530625 0.082654077 1%
Specimen Dimensions Measured Total Length (mm) 240 239 238 239 239 239 240 239 240 238 239.1 0.738 0% 239.125 0.83452296 0%
Orginial Radius of GFRP, r (mm) = 10 10 10 10 10 10 10 10 10 10
Height of Specimen, h (mm) = 9.535 9.55 9.6 9.455 9.385 9.595 9.54 9.425 9.605 9.56 9.525 0.077 1% 9.530625 0.082654077 1%
Length of Specimen, L (mm) = 200 200 200 200 200 200 200 200 200 200
M n Load per Loading Nose (kN) 4.664 4.715 4.633 4.440 4.318 4.320 4.460 4.136 4.500 4.404 4.459 0.178 4% 4.429 0.175 4%
Deflection at Maximum Load (mm) 29.785 30.348 29.349 28.931 29.551 28.375 27.241 28.121 29.108 27.830 28.864 0.961 3% 28.670 0.911 3%
Test Data Information Data Point of Maximum Loading 4707 4796 4638 4572 4670 4484 4305 4444 4600 4398 4561.4 151.919 3% 4530.75 143.9491478 3%
Maximum Deflection (mm) 30.247 30.780 30.346 29.670 35.449 28.407 29.038 33.611 30.293 28.848 30.669 2,212 7% 30.780 2.476 8%
Total Data Points 4780 4864 4796 4689 5602 4490 4589 5312 4787 4559 4846.8 349.468 7% 4864.375 391.24013 8%
Chosen Filtered Critical Point Load, P, (N) 3636.403 3359.959 3519.093 4216.590 3999.864 4043.766 3968.045 3651.164 4063.072 4062.624 3852.058 285.520 7% 3868.004 225.710 6%

Location of Neutral Axis from top of specimen, ¢ (mm) = 4.273 4.280 4.304 4.234 4.201 4.302 4.275 4.220 4.306 4.285 4.268 0.037 1% 4.271 0.040 1%
Calculation of Unknown —

Values Rupture (Tensile) Stress, o, (MPa) = 1510.473 1390.494 1438.574 1786.548 1724.648 1655.081 1646.197 1558.601 1658.915 1677.152 1604.668 126.663 8% 1608.705 96.592 6%
Compressive Stress, o, (MPa) = 981.165 903.415 935.296 1159.232 1118.006 1075.986 1069.402 1010.913 1078.627 1089.809 1042.185 81.861 8% 1044.901 62.445 6%
Maximum Bending Moment, M (Nmm) = 2.42E+05 2.24E+05 2.35E+05 2.81E+05 2.67E+05 2.70E+05 2.65E+05 2.43E+05 2.71E+05 2.71E+05 2.57E+05 1.90E+04 7% 2.58E+05 1.50E+04 6%

Chosen Weibull Modulus, m 15 15 15 15 15 15 15 15 15 15
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mms) 108.339 108.578 109.375 107.067 105.956 109.295 108.418 106.590 109.455 108.737 108.181 1.227 1% 108.271 1.315 1%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mma) 29556.597 29616.534 29816.353 29237.006 28957.478 29796.370 29576.576 29117.195 29836.337 29656.495 29516.694 308.297 1% 29539.175 330.192 1%
op/0, = (VEt/VEb)llm 1.453 1.453 1.453 1.454 1.454 1.453 1.453 1.454 1.453 1.453 1.453 0.000 0% 1.453 0.000 0%
Tensile Strength, ot (MPa) 1039.254 956.715 989.835 1229.125 1186.473 1138.803 1132.641 1072.275 1141.450 1153.957 1104.053 87.122 8% 1106.836 66.439 6%

Chosen Weibull Modulus, m 13 13 13 13 13 13 13 13 13 13
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V¢, (mms) 133.834 134.129 135.113 132.264 130.894 135.014 133.933 131.677 135.211 134.326 133.640 1.515 1% 133.750 1.622 1%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mma) 29556.597 29616.534 29816.353 29237.006 28957.478 29796.370 29576.576 29117.195 29836.337 29656.495 29516.694 308.297 1% 29539.175 330.192 1%
0,/0,= (VEt/VEh)llm 1.515 1.515 1.515 1.515 1.515 1.515 1.515 1.515 1.515 1.515 1.515 0.000 0% 1.515 0.000 0%
Tensile Strength, o, (MPa) 997.237 918.038 949.824 1179.422 1138.487 1092.769 1086.850 1028.911 1095.310 1107.307 1059.415 83.597 8% 1062.087 63.751 6%

Location of Neutral Axis from top of specimen, ¢ (mm) 4.229 4.236 4.259 4.191 4.157 4.257 4.231 4.176 4.262 4.241 4.224 0.037 1% 4.227 0.039 1%
Calculation of Unknown

VElTES Rupture Stress, o, (MPa) 1493.526 1374.880 1422.394 1766.515 1705.267 1636.485 1627.734 1541.100 1640.266 1658.335 1586.650 125.246 8% 1590.638 95.510 6%
Compressive Stress, 6. (MPa) 991.687 913.110 945.348 1171.662 1130.026 1087.538 1080.865 1021.770 1090.213 1101.495 1053.371 82.738 8% 1056.118 63.115 6%
Maximum Bending Moment, M (Nmm) 2.42E+05 2.24E+05 2.35E+05 2.81E+05 2.67E+05 2.70E+05 2.65E+05 2.43E+05 2.71E+05 2.71E+05 2.57E+05 1.90E+04 7% 2.58E+05 1.50E+04 6%

Chosen Weibull Modulus, m 15 15 15 15 15 15 15 15 15 15
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm®) 108.339 108.578 109.375 107.067 105.956 109.295 108.418 106.590 109.455 108.737 108.181 1.227 1% 108.271 1.315 1%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm°) 29556.597 29616.534 29816.353 29237.006 28957.478 29796.370 29576.576 29117.195 29836.337 29656.495 29516.694 308.297 1% 29539.175 330.192 1%
o,/0, = (VH/VE,,)”’“ 1.453 1.453 1.453 1.454 1.454 1.453 1.453 1.454 1.453 1.453 1.453 0.000 0% 1.453 0.000 0%
Tensile Strength, ot (MPa) 1027.594 945.973 978.702 1215.343 1173.140 1126.007 1119.938 1060.235 1128.617 1141.010 1091.656 86.148 8% 1094.405 65.695 6%

Chosen Weibull Modulus, m 13 13 13 13 13 13 13 13 13 13
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mm°) 133.834 134.129 135.113 132.264 130.894 135.014 133.933 131.677 135.211 134.326 133.640 515 1% 133.750 1.622 1%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm®) 29556.597 29616.534 29816.353 29237.006 28957.478 29796.370 29576.576 29117.195 29836.337 29656.495 29516.694 308.297 1% 29539.175 330.192 1%
op/0, = (VE./VE,,)I/'" 1.515 1.515 1.515 1.515 1.515 1.515 1.515 1.515 1.515 1.515 51’5 0.000 0% 1.515 0.000 0%
Tensile Strength, o, (MPa) 986.010 907.701 939.141 1166.117 1125.712 1080.491 1074.613 1017.329 1082.976 1094.838 1047.493 82.655 8% 1050.139 63.039 6%
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Variation A — Parameters calculated using all 10 specimens

B ] 9 M 2 5 S pec | mens | N 3_ PO| nt B en d | N g Variation B — Parameters calculated usi‘ng 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

GFRP Parameters and Information M25 Specimens Using All Specimens

Specimen Number
Test Number
Type of Flexural Test

16

20 | 46
3-point bending

17 18 19 47 48

Date of Test Septmeber 25, 2019 Septmeber 26, 2019 October 10, 2019
GFRP Admin Info P | P | Avg. StdDev. C.0.V. Avg. StdDev. C.O.V.
Batch All specimens (from 3 and 4-point bending) cut from multiple bars of the same batch. Batch number and date are unknown.
Additional Notes grinded ends a bit grinded ends a bit
Measured Height (excluding rib End 1 11.84 12.02 11.47 11.8 11.74 12.17 11.76 11.59 11.94 11.75
thickness; top of specimen to End 2 12.04 12.06 11.52 11.9 11.97 11.98 12.06 11.7 11.97 12.14
core; mm) Avg. 11.94 12.04 11.495 11.85 11.855 12.075 11.91 11.645 11.955 11.945 11.871 0.177 1% 11.864375 0.198843756 2%
Specimen Dimensions Measured Total Length (mm) 299 299 299 299 298 299 300 299 299 299 299 0.471 0% 299.125 0.353553391 0%
Orginial Radius of GFRP, r (mm) = 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
Height of Specimen, h (mm) = 11.94 12.04 11.495 11.85 11.855 12.075 11.91 11.645 11.955 11.945 11.871 0.177 1% 11.864375 0.198843756 2%
Length of Specimen, L (mm) = 250 250 250 250 250 250 250 250 250 250
Maximum Load per Loading Nose (kN) 8.569 9.599 8.488 8.640 8.904 8.850 8.855 8.407 8.379 8.900 8.759 0.359 4% 8.765 0.396 5%
Deflection at Maximum Load (mm) 21.474 22.934 22.691 21.939 23.489 21.059 22.239 20.984 24.024 22.164 22.300 1.003 4% 22.254 0.995 4%
Test Data Information Data Point of Maximum Loading 4295 4587 4538 4388 4698 4212 4448 4197 4805 4433 4460.1 200.510 4% 4451 199.0405558 4%
Maxil n Deflection (mm) 21.742 23.789 22.830 22.049 23.613 21.995 22.262 22.896 26.322 22.538 23.004 1.347 6% 23.085 1.430 6%
Total Data Points 4349 4758 4566 4410 4723 4400 4453 4580 5265 4508 4601.2 269.368 6% 4617.5 285.9740248 6%
Chosen Filtered Critical Point Load, P, (N) 8169.722 9084.514 8126.482 8333.259 8813.248 8505.074 8225.344 7920.059 8232.270 8464.954 8387.493 345.495 4% 8361.494 346.453 4%

Location of Neutral Axis from top of specimen, ¢ (mm) = 5.351 5.399 5.138 5.308 5.310 5.416 5.337 5.210 5.358 5.354 5.318 0.085 2% 5.315 0.095 2%
Calculation of Unknown —

Values Rupture (Tensile) Stress, o, (MPa) = 1622.069 1768.672 1764.597 1684.261 1779.505 1644.604 1642.807 1667.936 1629.668 1679.032 1688.315 60.479 4% 1685.197 53.636 3%
Compressive Stress, o, (MPa) = 1053.901 1150.417 1140.974 1093.233 1155.118 1070.132 1067.025 1080.237 1059.013 1090.971 1096.102 38.599 4% 1094.000 34.038 3%
Maximum Bending Moment, M (Nmm) = 5.11E+05 5.68E+05 5.08E+05 5.21E+05 5.51E+05 5.32E+05 5.14E+05 4.95E+05 5.15E+05 5.29E+05 5.24E+05 2.16E+04 4% 5.23E+05 2.17E+04 4%

Chosen Weibull Modulus, m 30.5 30.5 30.5 30.5 30.5 30.5 30.5 30.5 30.5 30.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mms) 6.617 6.695 6.272 6.547 6.551 6.722 6.594 6.388 6.629 6.621 6.563 0.137 2% 6.558 0.154 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mma) 57860.403 58484.881 55084.755 57298.563 57329.771 58703.493 57673.101 56019.651 57954.061 57891.622 57430.030 1104.698 2% 57388.766 1240.640 2%
op/0, = (VEt/VEb)llm 1.347 1.347 1.347 1.347 1.347 1.347 1.347 1.347 1.347 1.347 1.347 0.000 0% 1.347 0.000 0%
Tensile Strength, ot (MPa) 1204.571 1313.483 1310.226 1250.719 1321.449 1221.359 1219.959 1238.514 1210.220 1246.874 1253.737 44.887 4% 1251.419 39.800 3%

Chosen Weibull Modulus, m 235 235 235 235 235 235 235 235 235 235
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V¢, (mms) 12.350 12.495 11.707 12.219 12.227 12.546 12.306 11.923 12.372 12.357 12.250 0.256 2% 12.241 0.288 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mma) 57860.403 58484.881 55084.755 57298.563 57329.771 58703.493 57673.101 56019.651 57954.061 57891.622 57430.030 1104.698 2% 57388.766 1240.640 2%
0,/0,= (VEt/VEh)llm 1.433 1.433 1.433 1.433 1.433 1.433 1.433 1.433 1.433 1.433 1.433 0.000 0% 1.433 0.000 0%
Tensile Strength, o, (MPa) 1132.058 1234.425 1231.303 1175.418 1241.890 1147.850 1146.517 1163.927 1137.369 1171.815 1178.257 42.178 4% 1176.078 37.397 3%

Location of Neutral Axis from top of specimen, ¢ (mm) 5.295 5.343 5.085 5.253 5255 5.360 5.281 5.156 5.303 5.298 5.263 0.084 2% 5.260 0.094 2%
Calculation of Unknown

Nalnes Rupture Stress, o, (MPa) 1603.705 1748.751 1744.681 1665.317 1759.491 1626.078 1624.257 1649.210 1611.318 1660.018 1669.283 59.811 4% 1666.204 53.026 3%
Compressive Stress, . (MPa) 1065.307 1162.796 1153.310 1104.991 1167.540 1081.646 1078.543 1091.845 1070.409 1102.781 1107.917 39.010 4% 1105.790 34.412 3%
Maximum Bending Moment, M (Nmm) 510607.651 567782.125 507905.111 520828.697 550827.970 531567.126 514083.982 495003.690 514516.868 529059.610 5.24E+05 2.16E+04 4% 5.23E+05 2.17E+04 4%

Chosen Weibull Modulus, m 30.5 30.5 30.5 30.5 30.5 30.5 30.5 30.5 30.5 30.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm°) 6.617 6.695 6.272 6.547 6.551 6.722 6.594 6.388 6.629 6.621 6.563 0.137 2% 6.558 0.154 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mmg) 57860.403 58484.881 55084.755 57298.563 57329.771 58703.493 57673.101 56019.651 57954.061 57891.622 57430.030 1104.698 2% 57388.766 1240.640 2%
04/0, = (Ve/ Vi) ™ 1.347 1.347 1.347 1347 1.347 1.347 1.347 1.347 1.347 1.347 1.347 0.000 0% 1.347 0.000 0%
Tensile Strength, ot (MPa) 1190.934 1298.689 1295.438 1236.651 1306.587 1207.601 1206.184 1224.610 1196.593 1232.755 1239.604 44.391 4% 1237.315 39.348 3%

Chosen Weibull Modulus, m 23.5 23.5 23.5 23.5 23.5 23.5 23.5 23.5 23.5 23.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mms) 12.350 12.495 11.707 12.219 12.227 12.546 12.306 11.923 12.372 12.357 12.250 0.256 2% 12.241 0.288 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mmg) 57860.403 58484.881 55084.755 57298.563 57329.771 58703.493 57673.101 56019.651 57954.061 57891.622 57430.030 1104.698 2% 57388.766 1240.640 2%
04/0,= (Veu/ Veo) ™™ 1.433 1.433 1.433 1.433 1.433 1.433 1.433 1.433 1.433 1.433 1.433 0.000 0% 1.433 0.000 0%
Tensile Strength, o, (MPa) 1119.242 1220.521 1217.406 1162.198 1227.923 1134.919 1133.571 1150.860 1124.562 1158.546 1164.975 41.712 4% 1162.823 36.972 3%

135



B.10 M25 Specimens in 4-Point Bending

GFRP Parameters and Information

GFRP Admin Info

Specimen Number

Variation A — Parameters calculated using all 10 specimens
Variation B — Parameters calculated usi‘ng 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

Using All Specimens

M25 Specimens

Test Number

Type of Flexural Test

4-point bending

Date of Test

January 13, 2020

Batch

All specimens (from 3 and 4-point bending) cut from multiple bars of the same batch. Batch number and date are unknown.

Additional Notes

Avg.

Std Dev.

C.0.V.

Avg.

Std Dev.

C.0.V.

Measured Height (excluding rib End 1 11.68 11.78 11.73 11.77 11.88 11.61 11.62 11.73 11.83 11.89
thickness; top of specimen to End 2 11.93 11.96 11.73 11.44 12.07 11.42 11.72 11.62 11.47 11.95
core; mm) Avg. 11.805 11.87 11.73 11.605 11.975 11.515 11.67 11.675 11.65 11.92 11.742 0.147 1% 11.735 0.164924225 1%
Specimen Dimensions Measured Total Length (mm) 299 299 299 300 300 300 299 299 299 298 299.2 0.632 0% 299.25 0.707106781 0%
Orginial Radius of GFRP, r (mm) = 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
Height of Specimen, h (mm) = 11.805 11.87 11.73 11.605 11.975 11.515 11.67 11.675 11.65 11.92 11.742 0.147 1% 11.735 0.164924225 1%
Length of Specimen, L (mm) = 250 250 250 250 250 250 250 250 250 250
Maximum Load per Loading Nose (kN) 6.703 6.449 6.917 5.995 6.641 6.337 6.580 6.606 6.790 7.004 6.602 0.293 4% 6.550 0.302 5%
Deflection at Maximum Load (mm) 33.988 35.354 34.790 33.031 30.442 36.005 34.024 34.391 34.245 34.575 34.084 1.511 4% 34.008 1.690 5%
Test Data Information Data Point of Maximum Loading 5371 5587 5498 5220 4811 5690 5377 5435 5412 5464 5386.5 238.748 4% 5374.5 267.0425327 5%
Maximum Deflection (mm) 34.140 37.947 38.116 43.058 35.253 36.198 35.252 35.039 35.043 34.605 36.465 2.673 7% 36.550 2.832 8%
Total Data Points 5395 5997 6024 6805 5571 5720 6319 5538 5924 5469 5876.2 438.020 7% 5917.875 456.6118819 8%
Chosen Filtered Critical Point Load, P, (N) 5593.056 6121.504 6768.294 5737.117 6222.149 5483.079 5720.084 6404.663 6304.476 6103.665 6045.809 405.638 7% 6012.092 326.194 5%

Calculation of Unknown
Values

Location of Neutral Axis from top of specimen, ¢ (mm) = 5.286 5.318 5.250 5.191 5.368 5.148 5.222 5.224 5.212 5.342 5.256 0.070 1% 5.253 0.079 2%
Rupture (Tensile) Stress, o, (MPa) = 1520.722 1643.113 1868.214 1624.106 1635.880 1580.939 1598.092 1787.558 1768.515 1622.199 1664.934 107.611 6% 1657.550 77.151 5%
Compressive Stress, o, (MPa) = 986.700 1066.757 1211.039 1051.368 1063.283 1022.480 1035.255 1158.039 1145.390 1053.755 1079.407 69.532 6% 1074.541 49.859 5%

Maximum Bending Moment, M (Nmm) = 4.66E+05 5.10E+05 5.64E+05 4.78E+05 5.19E+05 4.57E+05 4.77E+05 5.34E+05 5.25E+05 5.09E+05 5.04E+05 3.38E+04 7% 5.01E+05 2.72E+04 5%

Variation A
Chosen Weibull Modulus,

173

17.5

75

17.5

17.5

17.5

17.5

17.5

17.5

17.5

Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mma) 166.398 167.676 164.904 162.436 169.760 160.669 163.718 163.815 163.322 168.668 165.137 2.910 2% 165.008 3.261 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 57017.721 57423.399 56549.777 55770.265 58078.946 55209.359 56175.546 56206.727 56050.829 57735.533 56621.810 918.073 2% 56581.325 1028.916 2%

o,/0, = (VEt/VEb)llm 1.396 1.396 1.396 1.396 1.396 1.396 1.396 1.396 1.396 1.396 1.396 0.000 0% 1.396 0.000 0%

Tensile Strength, ot (MPa) 1089.433 1177.151 1338.314 1163.366 1172.036 1132.391 1144.771 1280.496 1266.837 1162.200 1192.699 77.076 6% 1187.406 55.258 5%

Chosen Weibull Modulus, m 15.5 15.5 15.5 15.5 15.5 15.5 15.5 15.5 15.5 15.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mms) 199.272 200.802 197.484 194.532 203.296 192.417 196.066 196.182 195.591 201.988 197.763 3.483 2% 197.609 3.903 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mms) 57017.721 57423.399 56549.777 55770.265 58078.946 55209.359 56175.546 56206.727 56050.829 57735.533 56621.810 918.073 2% 56581.325 1028.916 2%
0,/0,= (VB/VE,,)II"' 1.440 1.440 1.440 1.441 1.440 1.441 1.441 1.441 1.441 1.440 1.440 0.000 0% 1.440 0.000 0%
Tensile Strength, o, (MPa) 1055.752 1140.762 1296.932 1127.384 1135.813 1097.361 1109.369 1240.897 1227.658 1126.277 1155.820 74.691 6% 1150.690 53.548 5%

Calculation of Unknown
Values

Location of Neutral Axis from top of specimen, ¢ (mm) 5.232 5.262 5.196 5.137 5.312 5.094 5.168 5.170 5.158 5.286 5.202 0.070 1% 5.198 0.078 2%
Rupture Stress, o, (MPa) 1503.715 1624.610 1847.258 1605.828 1617.459 1563.127 1580.133 1767.472 1748.630 1603.866 1646.210 106.409 6% 1638.891 76.300 5%

Compressive Stress, o, (MPa) 997.254 1078.243 1224.036 1062.696 1074.725 1033.514 1046.389 1170.492 1157.716 1065.140 1091.020 70.276 6% 1086.114 50.386 5%

Maximum Bending Moment, M (Nmm) 466088.017 510125.329 564024.483 478093.075 518512.395 456923.268 476673.637 533721.951 525373.026 508638.717 503817.390 33803.170 7% 501007.675 27182.802 5%

Variation A
Chosen Weibull Modulus,

17.5

17.5

17.5

17.5

17.5

17.5

17.5

17.5

17.5

17.5

Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm?) 166.398 167.676 164.904 162.436 169.760 160.669 163.718 163.815 163.322 168.668 165.137 2.910 2% 165.008 3.261 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mm’) 57017.721 57423.399 56549.777 55770.265 58078.946 55209.359 56175.546 56206.727 56050.829 E77/E5.55E 56621.810 918.073 2% 56581.325 1028.916 2%

o,/0, = (Vﬂ/VEb)llm 1.396 1.396 1.396 1.396 1.396 1.396 1.396 1.396 1.396 1.396 1.396 0.000 0% 1.396 0.000 0%

Tensile Strength, ot (MPa) 1077.250 1163.895 1323.302 1150.273 1158.838 1119.632 1131.907 1266.108 1252.593 1149.065 1179.286 76.214 6% 1174.039 54.648 5%

Variation B
Chosen Weibull Modulus,

15.5

15.5

15.5

15.5

15.5

15.5

15.5

15.5

15.5

15.5

Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mm°) 199.272 200.802 197.484 194.532 203.296 192.417 196.066 196.182 195.591 201.988 197.763 3.483 2% 197.609 3.903 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mm®) 57017.721 57423.399 56549.777 55770.265 58078.946 55209.359 56175.546 56206.727 56050.829 57735.533 56621.810 918.073 2% 56581.325 1028.916 2%

o,/0, = (VEJVEb)llm 1.440 1.440 1.440 1.441 1.440 1.441 1.441 1.441 1.441 1.440 1.440 0.000 0% 1.440 0.000 0%

Tensile Strength, o, (MPa) 1043.926 1127.916 1282.384 1114.712 1123.023 1085.063 1096.864 1226.904 1213.833 1113.548 1142.817 73.847 6% 1137.733 52.935 5%
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B.11 M32 Specimens in 3-Point Bending

GFRP Parameters and Information

GFRP Admin Info

Specimen Number

M32 Specimens

Variation A — Parameters calculated using all 10 specimens

Variation B — Parameters calculated usi‘ng 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

Using All Specimens

Test Number

28

Type of Flexural Test

3-point bending

Date of Test

September 30, 2019

October 10, 2019

Batch

All specimens (from 3 and 4-point bending) cut from multiple bars of the same batch. Batch number and date are unknown.

Avg.

Additional Notes

grinded sides of location of support placements

Std Dev.

C.0.V.

Avg.

Std Dev.

C.0.v.

Measured Height (excluding rib End 1 15.67 15.1 15.11 15.59 15.54 15.61 15.05 15.04 15.51 15.14
thickness; top of specimen to End 2 15.44 15.04 14.91 15.53 15.6 15.64 15.21 15.15 15.52 15.12
core; mm) Avg. 15.555 15.07 15.01 15.56 15.57 15.625 15.13 15.095 15.515 15.13 15.326 0.255 2% 15.33625 0.248420007 2%
Specimen Dimensions Measured Total Length (mm) 384 383 384 384 384 383 383 384 384 383 383.6 0.516 0% 383.5 0.534522484 0%
Orginial Radius of GFRP, r (mm) = 16 16 16 16 16 16 16 16 16 16
Height of Specimen, h (mm) = 15.555 15.07 15.96 15.56 15.57 15.625 15.13 15.095 15.515 15.13 15.421 0.298 2% 15.33625 0.248420007 2%
Length of Specimen, L (mm) = 320 320 320 320 320 320 320 320 320 320
M n Load per Loading Nose (kN) 14.687 13.334 14.055 14.720 14.241 14.632 14.231 13.526 14.361 13.532 14.132 0.511 4% 14.068 0.530 4%
Deflection at M im Load (mm) 27.400 25.363 27.649 24.968 24.198 25.758 29.113 27.458 26.888 27.723 26.652 1.519 6% 26.738 1.553 6%
Test Data Information Data Point of Maximum Loading 5480 5073 5530 4994 4840 5152 5823 5492 5378 5545 5330.7 303.872 6% 5347.875 310.6672255 6%
M n Deflection (mm) 27.454 26.595 28.644 26.767 24.679 27.338 29.174 28.312 27.377 27.896 27.424 1.257 5% 27.353 1.324 5%
Total Data Points 5491 5319 5729 5354 4936 5468 5835 5663 5476 5580 5485.1 251.500 5% 5471 264.8460469 5%
Chosen Filtered Critical Point Load, P, (N) 13386.447 13283.660 12274.745 14698.646 13243.459 13278.656 13385.543 13416.465 13751.143 13181.575 13390.034 594.056 4% 13365.868 175.304 1%

Calculation of Unknown
Values

Location of Neutral Axis from top of specimen, ¢ (mm) = 6.980 6.747 7.176 6.983 6.987 7.014 6.776 6.759 6.961 6.776 6.916 0.143 2% 6.875 0.119 2%
Rupture (Tensile) Stress, o, (MPa) = 1556.380 1663.877 1343.659 1707.654 1536.144 1527.661 1661.022 1673.964 1608.479 1635.712 1591.455 106.669 7% 1607.905 60.161 4%
Compressive Stress, o, (MPa) = 1013.596 1079.104 878.182 1112.162 1000.712 995.499 1077.800 1085.876 1047.160 1061.377 1035.147 67.453 7% 1045.140 36.995 4%

Maximum Bending Moment, M (Nmm) = 1.07E+06 1.06E+06 9.82E+05 1.18E+06 1.06E+06 1.06E+06 1.07E+06 1.07E+06 1.10E+06 1.05E+06 1.07E+06 4.75E+04 4% 1.07E+06 1.40E+04 1%

Chosen Weibull Modulus, m 17 17 17 17 17 17 17 17 17 17
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mms) 56.823 54.355 58.900 56.848 56.905 57.181 54.659 54.482 56.618 54.659 56.143 1.520 3% 55.710 1.265 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mma) 124123.423 119161.800 128270.036 124174.603 124276.965 124839.987 119775.227 119417.379 123713.996 119775.227 122752.864 3049.509 2% 121885.500 2541.553 2%
op/0, = (VEt/VEb)llm 1.572 1.572 1.572 1.572 1.572 1.572 1.572 1.572 1.572 1.572 1.572 0.000 0% 1.572 0.000 0%
Tensile Strength, ot (MPa) 990.112 1058.273 854.939 1086.349 977.251 971.872 1056.485 1064.700 1023.238 1040.386 1012.361 67.759 7% 1022.790 38.163 4%

Chosen Weibull Modulus, m 21 21 21 21 21 21 21 21 21 21
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm’) 34.596 33.091 35.862 34.611 34.645 34.814 33.277 33.168 34.471 33.277 34.181 0.927 3% 33.917 0.771 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Ve, (mm’) 124123.423 119161.800 128270.036 124174.603 124276.965 124839.987 119775.227 119417.379 123713.996 119775.227 122752.864 3049.509 2% 121885.500 2541.553 2%
6/0: = (Vee/ Vi) T 1.477 1.477 1.476 1.477 1.477 1.477 1.477 1.477 1.477 1.477 1.477 0.000 0% 1.477 0.000 0%
Tensile Strength, o, (MPa) 1053.993 1126.595 910.070 1156.439 1040.300 1034.571 1124.686 1133.434 1089.259 1107.548 1077.689 72.149 7% 1088.798 40.646 4%

Calculation of Unknown
Values

Location of Neutral Axis from top of specimen, ¢ (mm) 6.908107112 6.677092266 7.102044415 6.910495022 6.91527139 6.941552462 6.705672339 6.689004229 6.88852226 6.705663659 6.844 0.142 2% 6.804 0.118 2%
Rupture Stress, o, (MPa) 1538.842976 1645.123657 1328.505608 1688.412436 1518.963806 1510.444498 1642.321864 1655.107285 1590.234291 1617.293989 1573.525 105.463 7% 1589.792 59.464 4%

Compressive Stress, 6. (MPa) 1024.500068 1090.738758 887.6224671 1124.12638 1011.397443 1006.207662 1089.405228 1097.575696 1058.503712 1072.806348 1046.288 68.191 7% 1056.392 37.416 4%

Maximum Bending Moment, M (Nmm) 1.07E+06 1.06E+06 9.82E+05 1.18E+06 1.06E+06 1.06E+06 1.07E+06 1.07E+06 1.10E+06 1.05E+06 1.07E+06 4.75E+04 4% 1.07E+06 1.40E+04 1%

Chosen Weibull Modulus, m 17 17 17 17 17 17 17 17 17 17
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm’) 56.823 54.355 58.900 56.848 56.905 57.181 54.659 54.482 56.618 54.659 56.143 1.520 3% 55.710 1.265 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm°) 124123.423 119161.800 128270.036 124174.603 124276.965 124839.987 119775.227 119417.379 123713.996 119775.227 122752.864 3049.509 2% 121885.500 2541.553 2%
op/0, = (VH/VE,,)”’“ 1.572 1.572 1.572 1.572 1.572 1.572 1.572 1.572 1.572 1.572 1.572 0.000 0% 1.572 0.000 0%
Tensile Strength, ot (MPa) 978.956 1046.345 845.298 1074.109 966.321 960.919 1044.591 1052.707 1011.631 1028.672 1000.955 66.992 7% 1011.268 37.721 4%

Chosen Weibull Modulus, m 21 21 21 21 21 21 21 21 21 21
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mm°) 34.596 33.091 35.862 34.611 34.645 34.814 33.277 33.168 34.471 33.277 34.181 0.927 3% 33.917 0.771 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mm?) 124123.423 119161.800 128270.036 124174.603 124276.965 124839.987 119775.227 123713.996 119417.379 119775.227 122752.864 3049.509 2% 121885.500 2541.553 2%
op/0, = (VE./VE,,)I/'" 1.477 1.477 1.476 1.477 1.477 1.477 1.477 1.477 1.477 1.477 1.477 0.000 0% 1.477 0.000 0%
Tensile Strength, o, (MPa) 1042.112 1113.830 899.805 1143.412 1028.655 1022.883 1111.958 1076.991 1120.599 1095.013 1065.526 71.320 7% 1076.505 40.151 4%
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Variation A — Parameters calculated using all 10 specimens
B . 1 2 M 3 2 S p ecimens In 4' P oint Be N d | ng Variation B — Parameters calculated usi‘ng 8 specimens (omitting outliers)

Orange text denotes outliers

Excluding

GFRP Parameters and Information M32 Specimens Using All Specimens

Specimen Number
Test Number
Type of Flexural Test

| 107 | 108
4-point bending

Date of Test 15-Jan-20 16-Jan-20
GFRP Admin Info | Avg. Std Dev. C.0.V. Avg. Std Dev. C.0.V.
Batch All specimens (from 3 and 4-point bending) cut from multiple bars of the same batch. Batch number and date are unknown.
Additional Notes grinded sides of location of support placements
Measured Height (excluding rib End 1 15.35 15.64 15.15 15.13 15.4 15.44 15.7 15.59 15.67 15.02
thickness; top of specimen to End 2 15.37 15.46 15.09 15.02 15.58 15.76 15.08 15.5 15.72 15.04
core; mm) Avg. 15.36 15.55 15.12 15.075 15.49 15.6 15.39 15.545 15.695 15.03 15.386 0.236 2% 15.433125 0.224879928 1%
Specimen Dimensions Measured Total Length (mm) 383 383 384 384 383 383 383 383 383 384 383.3 0.483 0% 383.25 0.46291005 0%
Orginial Radius of GFRP, r (mm) = 16 16 16 16 16 16 16 16 16 16
Height of Specimen, h (mm) = 15.36 15.55 15.12 15.075 15.49 15.6 15.39 15.545 15.695 15.03 15.386 0.236 2% 15.433125 0.224879928 1%
Length of Specimen, L (mm) = 320 320 320 320 320 320 320 320 320 320
Maximum Load per Loading Nose (kN) 6.703 11.130 10.578 11.232 11.014 11.345 11.065 10.993 11.360 10.916 10.634 1.400 13% 11.090 0.250 2%
Deflection at Maximum Load (mm) 33.988 39.281 37.946 43.869 36.332 37.079 40.782 36.314 37.842 39.712 38.315 2.756 7% 38.681 2.581 7%
Test Data Information Data Point of Maximum Loading 5371 6208 5997 6933 5742 5860 6445 5739 5980 6276 6055.1 435.626 7% 6113 407.8375027 7%
Maxil n Deflection (mm) 34.140 42.079 44,582 44.685 39.982 38.790 45.494 42.218 42.938 39.964 41.487 3.411 8% 42.596 2.347 6%
Total Data Points 5395 6650 7046 7062 6319 6130 7189 6672 6786 6316 6556.5 539.051 8% 6731.75 370.8210003 6%
Chosen Filtered Critical Point Load, P, (N) 5593.056 10248.646 10233.853 9873.529 10095.275 10370.130 9833.466 10248.303 9894.354 10342.598 9673.321 1447.237 15% 10099.694 206.888 2%

Location of Neutral Axis from top of specimen, ¢ (mm) = 6.886 6.978 6.771 6.749 6.949 7.002 6.901 6.976 7.048 6.728 6.900 0.120 2% 6.922 0.108 2%
Calculation of Unknown —
Values Rupture (Tensile) Stress, o, (MPa) = 893.122 1589.951 1695.788 1647.637 1580.441 1596.719 1563.062 1591.099 1501.914 1738.146 1611.640 71.474 4% 1595.826 57.152 4%
Compressive Stress, o, (MPa) = 580.667 1035.412 1100.373 1068.682 1028.684 1040.271 1016.494 1036.114 979.316 1126.914 1048.029 44.498 4% 1038.168 35.537 3%
Maximum Bending Moment, M (Nmm) = 5.97E+05 1.09E+06 1.09E+06 1.05E+06 1.08E+06 1.11E+06 1.05E+06 1.09E+06 1.06E+06 1.10E+06 1.08E+06 2.24E+04 2% 1.08E+06 2.21E+04 2%
Chosen Weibull Modulus, m 20 20 20 20 20 20 20 20 20 20
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mms) 292.378 297.460 286.001 284.799 295.853 298.800 293.180 297.326 301.349 283.598 293.152 6.657 2% 294.346 5.998 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mma) 122127.783 124072.243 119672.980 119212.914 123458.120 124584.062 122434.749 124021.063 125556.624 118752.923 122418.409 2553.716 2% 122876.594 2300.822 2%
op/0, = (VEt/VEb)llm 3.343 3.342 3.344 3.345 3.343 3.342 3.343 3.342 3.342 3.345 3.343 0.001 0% 3.343 0.001 0%
Tensile Strength, ot (MPa) 267.139 475.701 507.044 492.612 472.813 477.762 467.543 476.041 449.460 519.635 482.068 21.218 4% 477.372 16.962 4%
Chosen Weibull Modulus, m 21.5 215 215 215 215 215 215 215 215 215
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V¢, (mms) 262.818 267.387 257.083 256.002 265.943 268.592 263.538 267.267 270.884 254.922 263.513 5.986 2% 264.587 5.394 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, Vg, (mma) 122127.783 124072.243 119672.980 119212.914 123458.120 124584.062 122434.749 124021.063 125556.624 118752.923 122418.409 2553.716 2% 122876.594 2300.822 2%
0,/0,= (VEt/VEh)llm 1.331 1.331 1.331 1.331 1.331 1.331 1.331 1.331 1.330 1.331 1.331 0.000 0% 1.331 0.000 0%
Tensile Strength, o, (MPa) 671.208 1194.975 1274.330 1238.126 1187.803 1200.083 1174.699 1195.836 1128.866 1306.117 1211.204 53.620 4% 1199.340 42.873 4%

Location of Neutral Axis from top of specimen, ¢ (mm) 6.815 6.906 6.701 6.679 6.877 6.930 6.829 6.903 6.975 6.658 6.829 0.119 2% 6.850 0.107 2%
Calculation of Unknown
VEINES Rupture Stress, o, (MPa) 882.994 1572.032 1676.681 1629.021 1562.643 1578.701 1545.455 1573.169 1484.885 1718.466 1593.451 70.665 4% 1577.824 56.525 4%
Compressive Stress, 6. (MPa) 586.960 1046.554 1112.232 1080.234 1039.748 1051.477 1027.434 1047.263 989.913 1139.123 1059.331 44.990 4% 1049.357 35.916 3%
Maximum Bending Moment, M (Nmm) 596592.662 1093188.951 1091610.937 1053176.424 1076829.343 1106147.225 1048902.999 1093152.339 1055397.737 1103210.411 1.08E+06 2.24E+04 2% 1.08E+06 2.21E+04 2%
Chosen Weibull Modulus, m 20 20 20 20 20 20 20 20 20 20
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, Vg, (mm®) 292.378 297.460 286.001 284.799 295.853 298.800 293.180 297.326 301.349 283.598 293.152 6.657 2% 294.346 5.998 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm°) 122127.783 124072.243 119672.980 119212.914 123458.120 124584.062 122434.749 124021.063 125556.624 118752.923 122418.409 2553.716 2% 122876.594 2300.822 2%
o,/0, = (VH/VE,,)”’“ 1.352 1.352 1.352 1.352 1.352 1.352 1.352 1.352 1.352 1.352 1.352 0.000 0% 1.352 0.000 0%
Tensile Strength, ot (MPa) 653.0015571 1162.650381 1239.849751 1204.585273 1155.680092 1167.604819 1142.925088 1163.488828 1098.257798 1270.702899 1178.416 52.161 4% 1166.880 41.721 4%
Chosen Weibull Modulus, m 21.5 21.5 21.5 21.5 21.5 21.5 21.5 21.5 21.5 21.5
Effective Tensile Volume Effective Tensile Volume Under Bending Stress, V., (mm°) 262.818 267.387 257.083 256.002 265.943 268.592 263.538 267.267 270.884 254.922 263.513 5.986 2% 264.587 5.394 2%
Calculations Effective Tensile Volume Under Direct Tensile Stress, V¢, (mm®) 122127.783 124072.243 119672.980 119212.914 123458.120 124584.062 122434.749 124021.063 125556.624 118752.923 122418.409 2553.716 2% 122876.594 2300.822 2%
op/0, = (VE./VE,,)I/'" 1.331 1.331 1.331 1.331 1.331 1.331 1.331 1.331 1.330 1.331 1.331 0.000 0% 1.331 0.000 0%
Tensile Strength, o, (MPa) 663.596 1181.508 1259.972 1224.137 1174.426 1186.541 1161.467 1182.360 1116.067 1291.405 1197.543 53.030 4% 1185.810 42.403 4%

138



Appendix C - Flexural Load-Displacement Graphs
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Load (kN)

Load (kN)

This section of the papers includes the load-displacement plots of all the flexural specimens using the
raw data and the filtered data, which have been plotted using MATLAB. The chosen load used (i.e. point-
of-interest; refer to Chapter 4) is also indicated on the graphs, for reference. These plots are organized
by the sequence of their testing number order, not their specimen number.

C1.0 Load-Displacement Graphs for GFRP Specimens Subjected to 3-Point Bending
C1.1 M8 Specimens

Load vs. Displacement for Specimen M8-10 Load vs. Displacement for Specimen M8-9
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Figure C1.1: Load-displacement plot for Specimen M8-10 Figure C1.2: Load-displacement plot for Specimen M8-9
Load vs. Displacement for Specimen M8-33 Load vs. Displacement for Specimen M8-24
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Figure C1.3: Load-displacement plot for Specimen M8-33
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Figure C1.4: Load-displacement plot for Specimen M8-24
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Figure C1.5: Load-displacement plot for Specimen M8-1

Load vs. Displacement for Specimen M8-7
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Figure C1.7: Load-displacement plot for Specimen M8-7
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Figure C1.6: Load-displacement plot for Specimen M8-25
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Figure C1.8: Load-displacement plot for Specimen M8-21



Load vs. Displacement for Specimen M8-3 Load vs. Displacement for Specimen M8-30
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Figure C1.9: Load-displacement plot for Specimen M8-3 Figure C1.10: Load-displacement plot for Specimen M8-30
C1.2 M13 Specimens
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Figure C1.11: Load-displacement plot for Specimen M13-1 Figure C1.12: Load-displacement plot for Specimen M13-3
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Figure C1.13: Load-displacement plot for Specimen M13-18 Figure C1.14: Load-displacement plot for Specimen M13-15
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Load (kN)

Load (kN)

1.8

1.6

=
~

nEY
av]

=

o
co

o
o

o
~

0.2

1.6

1.4

1.2

e

o
ce

o
=)

o
'S

0.2

C2.0 Load-Displacement Graphs for GFRP Specimens Subjected to 4-Point Bending

C2.1 M8 Specimens

Load vs. Displacement for Specimen M8-6

Unfiltered
Filtered
B POl from Numerical Differentiation

Displacement (mm)
Figure C2.61: Load-displacement plot for Specimen M8-6

Load vs. Displacement for Specimen M8-15

Unfiltered
= Filtered
B POl from Numerical Differentiation

0 5

Displacement (mm)
Figure C2.3: Load-displacement plot for Specimen M8-15

10

15

1.6

1.4

1.2

Load (kN)
=) o
(e} oo -

o
S

0.2

0 2 4 6 8
Displacement (mm)

Figure C2.2: Load-displacement plot for Specimen M8-4

15+

Load (kN)

o
o

155

Load vs. Displacement for Specimen M8-4

Unfiltered
Filtered
B POI from Numerical Differentiation

Load vs. Displacement for Specimen M8-8

Unfiltered
Filtered
B  POI from Numerical Differentiation

10

12

14

Displacement (mm)
Figure C2.4: Load-displacement plot for Specimen M8-8




Load vs. Displacement for Specimen M8-17

Load vs. Displacement for Specimen M8-32

16 181
Unfiltered Unfiltered
i Filtered 16 F Filtered
1.4 B POI from Numerical Differentiation B POl from Numerical Differentiation
14 |
1.2/
L2
g N —~
-4 4
= = 1t
B208F T
S Sost
0.6 [
06
04 04l
0.2 02+
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12
Displacement (mm) Displacement (mm)
Figure C2.5: Load-displacement plot for Specimen M8-17 Figure C2.6: Load-displacement plot for Specimen M8-32
Load vs. Displacement for Specimen M8-27 Load vs. Displacement for Specimen M8-11
18| Unfiltered 14 Unfiltered
Filtered Filtered
16} B POl from Numerical Differentiation 45 B POl from Numerical Differentiation
14
1 .
gt 12
] 1L Los|
o °
< {©
] o
408+ o6t
06 [
041
047
0.2
021
0 I : L \ \ L | 0 i A )
0 2 4 6 8 10 12 14 0 5 10 15

Figure C2.7: Load-displacement plot for Specimen M8-27

Displacement (mm)

156

Displacement (mm)

Figure C2.8: Load-displacement plot for Specimen M8-11



Load (kN)

Load (kN)

Load vs. Displacement for Specimen M8-23 Load vs. Displacement for Specimen M8-14

1.8
Unfitered Sl U.nﬁltered
16 Filtered - Filtered . . -
B POl from Numerical Differentiation ial B POI from Numerical Differentiation
14 '
T2
{ S
17 g
T
0.8 3 0.8
0.6 0.6
0.4 0.4
0.2 021
0 . . | | \ i 0 : I \ I . :
0 2 4 6 8 10 12 0 2 <4 6 8 10 12
Displacement (mm) Displacement (mm)
Figure C2.9: Load-displacement plot for Specimen M8-23 Figure C2.10: Load-displacement plot for Specimen M8-14
C2.2 M13 Specimens
Load vs. Displacement for Specimen M13-7 Load vs. Displacement for Specimen M13-4
45+ Unfiltered 4r Unfiltered
Filtered Filtered
4 | ® POIfrom Numerical Differentiation 35| |__® POIfrom Numerical Differentiation
35F g |
3 .
Z 25T
25 =
© 2r
o
2 -
1.5
15T
1+ Ui
05 05
0 | 0 . . : L
0 2 4 6 8 10 12 14 16 18 20 0 5 10 15 20
Displacement (mm) Displacement (mm)
Figure C2.11: Load-displacement plot for Specimen M13-7 Figure C2.12: Load-displacement plot for Specimen M13-4

157



Load (kN)

Load (kN)

Load vs. Displacement for Specimen M13-8

Unfiltered
4r Filtered
B POl from Numerical Differentiation

35T

3 -
25

ot
18T

1+
0.5

0 . . . | |

0 5 10 15 20 25
Displacement (mm)

Figure C2.13: Load-displacement plot for Specimen M13-8

o Load vs. Displacement for Specimen M13-17
Unfiltered
4 r Filtered
B POl from Numerical Differentiation

35}

3 =
25

2 -
151

1+
05

0 . . | | |

0 5 10 15 20 25

Displacement (mm)
Figure C2.15: Load-displacement plot for Specimen M13-17

3.5

Load (kN)

Load (kN)

158

w

N
o

N

=S
4]

4.5

w
o

w

N
o

N

(2%
(&)

Load vs. Displacement for Specimen M13-12

Unfiltered
Filtered
B POI from Numerical Differentiation

5 10 15 20 25
Displacement (mm)
Figure C2.14: Load-displacement plot for Specimen M13-12

Load vs. Displacement for Specimen M13-16

Unfiltered

Filtered

B POl from Numerical Differentiation

5 10 15 20 25

Displacement (mm)
Figure C2.16: Load-displacement plot for Specimen M13-16



Load (kN)

Load (kN)

Load vs. Displacement for Specimen M13-5

Unfiltered
Filtered
B POI from Numerical Differentiation

4.5

A~

w
w [&)]

N
5

Load (kN)

N

10 15
Displacement (mm)

Figure C2.17: Load-displacement plot for Specimen M13-5

20

Load vs. Displacement for Specimen M13-9

Unfiltered
Filtered
B POl from Numerical Differentiation

N
o

N
Load (kN)

1.5

! L

10 15
Displacement (mm)

20

Figure C2.19: Load-displacement plot for Specimen M13-9

159

Load vs. Displacement for Specimen M13-6
4.5

Unfiltered
Filtered
B POl from Numerical Differentiation

N o
N o w o

o
[&]

20

10 15
Displacement (mm)

Figure C2.18: Load-displacement plot for Specimen M13-6

25

Load vs. Displacement for Specimen M13-19

4.5

Unfiltered
Filtered
B  POI from Numerical Differentiation

N
N &

25
(4]

10 18
Displacement (mm)

Figure C2.20: Load-displacement plot for Specimen M13-19

20

25



C2.3 M15 Specimens

Load vs. Displacement for Specimen M15-9 Load vs. Displacement for Specimen M15-31

Load (kN)

Load (kN)

S

w

S

w

25

25

Unfiltered TR Unfiltered
Filtered Filtered
i B POI from Numerical Differentiation 6L B POI from Numerical Differentiation
L ol
L i al
k]
S
o
- 3
2 -
1+
. . \ I ) 0 \ . s . .
5 10 15 20 25 0 5 10 15 20
Displacement (mm) Displacement (mm)
Figure C2.21: Load-displacement plot for Specimen M15-9 Figure C2.22: Load-displacement plot for Specimen M15-31
Load vs. Displacement for Specimen M15-7 Load vs. Displacement for Specimen M15-20
7 -
Ulnﬁltered Unfiltered
fltlared Filtered
B POI from Numerical Differentiation 6 B POl from Numerical Differentiation
5 -
24
k]
T
Sat
2 -
1 =
. . L . i 0 . \ . . j
5 10 15 20 25 0 5 10 15 20
Displacement (mm) Displacement (mm)
Figure C2.23: Load-displacement plot for Specimen M15-7 Figure C2.24: Load-displacement plot for Specimen M15-20

160



Load (kN)

Load (kN)

Load vs. Displacement for Specimen M15-10

25

Unfiltered
61 Filtered
B POI from Numerical Differentiation

5 -

4 +

3 -

2 |

1 -

0 1 1 1 1 1]

0 5 10 15 20

Figure C2.25: Load-displacement plot for Specimen M15-10

Displacement (mm)

Load vs. Displacement for Specimen M15-27

6| Unfiltered
Filtered
B POl from Numerical Differentiation

5 -

4+

3 -

ot

1 -

D 1 1 1 1 1 ]

0 5 10 15 20 25

Figure C2.27: Load-displacement plot for Specimen M15-27

Displacement (mm)

Load (kN)

Load (kN)

161

Load vs. Displacement for Specimen M15-4

7k
Unfiltered
Filtered
6 | ® POIfrom Numerical Differentiation
5|
4
3 ke
2|
1 8
0 . A | \ i
0 5 10 15 20 25
Displacement (mm)
Figure C2.26: Load-displacement plot for Specimen M15-4
Load vs. Displacement for Specimen M15-13
7t
Unfiltered
Filtered
6 B POl from Numerical Differentiation
5 K
ot
3t
2 Ll
1+
0 I . . 1 J
0 5 10 15 20 25

Figure C2.28: Load-displacement plot for Specimen M15-13

Displacement (mm)



Load vs. Displacement for Specimen M15-21

Load vs. Displacement for Specimen M15-15

Unfiltered
Filtered
B POI from Numerical Differentiation

| !

Figure C2.32: Load-displacement plot for Specimen M20-26

7 -
Unfiltered
Filtered 6
6 B POl from Numerical Differentiation
5 -
5 -
—_— —y 4 -
47 =
© k-]
© T
b B9 28
2t 20
1 1r
0 Il I I 1 J 0
0 5 10 15 20 25 0
Displacement (mm)
Figure C2.29: Load-displacement plot for Specimen M15-21
C2.4 M20 Specimens
Load vs. Displacement for Specimen M20-18
Unfiltered
Filtered
10 B POI from Numerical Differentiation 10
8r 8
z z
2, aulk -5
o 6 5 6
© ©
o o
- -]
4 4
2 2
0 ) \ \ ) \ | 0
0 5 10 15 20 25 30
Displacement (mm)
Figure C2.31: Load-displacement plot for Specimen M20-18

162

5 10

Displacement (mm)
Figure C2.30: Load-displacement plot for Specimen M15-15

15

20

Load vs. Displacement for Specimen M20-26

Unfiltered
Filtered
B  POI from Numerical Differentiation

25

5 10 15

20

Displacement (mm)

25

30



Load (kN)

Load (kN)

Load vs. Displacement for Specimen M20-5

Load vs. Displacement for Specimen M20-11

Unfiltered Unfiltered
Filtered 10 Filtered
R B POl from Numerical Differentiation B POI from Numerical Differentiation
8 -
8 k=
z
6f £ 67
°
©
o
=1
4+ 4+
2 i 2 L
0 . . . . I J 0 i | \ : I j
0 5 10 15 20 25 30 0 5 10 15 20 25

Displacement (mm)
Figure C2.33: Load-displacement plot for Specimen M20-5

Load vs. Displacement for Specimen M20-24

Displacement (mm)

Figure C2.34: Load-displacement plot for Specimen M20-11

Load vs. Displacement for Specimen M20-7

30

10+ Unfiltered 10 F Unfiltered
Filtered Filtered
9l B  POI from Numerical Differentiation 9t B  POI from Numerical Differentiation
8r 8r
7r r
6 Z 6}
kS
5 S 5T
-
4+ 4+
37 31
2 27
1t r
0 5 10 15 20 25 30 35 0 5 10 15 20 25

Displacement (mm)
Figure C2.35: Load-displacement plot for Specimen M20-24

Displacement (mm)
Figure C2.36: Load-displacement plot for Specimen M20-7

163

30



Load (kN)

Load (kN)

10

(2]

Load vs. Displacement for Specimen M20-20

Unfiltered
Filtered
B POI from Numerical Differentiation

Figure C2.37: Load-displacement plot for Specimen M20-20

5 10 15

20

Displacement (mm)

25

Load vs. Displacement for Specimen M20-23

30

Unfiltered
10 Filtered
B POl from Numerical Differentiation

8

6

4

2

0 L L : L : i

0 5 10 15 20 25
Displacement (mm)
Figure C2.39: Load-displacement plot for Specimen M20-23
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Figure C2.38: Load-displacement plot for Specimen M20-3
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Figure C2.40: Load-displacement plot for Specimen M20-17
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Figure C2.41: Load-displacement plot for Specimen M25-6
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Figure C2.49: Load-displacement plot for Specimen M25-16

C2.6 M32 Specimens

Load vs. Displacement for Specimen M32-19

16

Unfiltered
Filtered
B POI from Numerical Differentiation

14 r

12

Je S
o
T

[e-]
T

35

0 . L . . . .
15 20 25 30

Displacement (mm)

Figure C2.51: Load-displacement plot for Specimen M32-19
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Figure C2.52: Load-displacement plot for Specimen M32-7
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Figure C2.53: Load-displacement plot for Specimen M32-2
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Figure C2.55: Load-displacement plot for Specimen M32-18
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Figure C2.54: Load-displacement plot for Specimen M32-10
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Figure C2.56: Load-displacement plot for Specimen M32-13
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Figure C2.57: Load-displacement plot for Specimen M32-17
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Figure C2.59: Load-displacement plot for Specimen M32-6
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Figure C2.58: Load-displacement plot for Specimen M32-14
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In Section 5.3.3 of this thesis, Variation B of the data analysis was presented, where the specimens with
the lowest and highest rupture modulus for each size of specimens per flexural test has been omitted.
The reason for this is to reduce the variance of the specimens’ rupture modulus, as specimens with the
lowest and highest rupture moduli can alter the results from the Weibull graph, which directly affect the
Weibull modulus used in the correlation calculations. Variation A will be utilizing all the specimens to
form the Weibull strength distribution graph and calculate the Weibull modulus, m.

Throughout the main parts of the thesis, the results from Variation B are used in comparisons and
conclusions. The outliers and any parameters and calculated values associated with Variation B are
highlighted in red in the following graphs and tables in this section.

D1.0 Weibull Graphs for Method 1 of the Correlation Calculations
D1.1 3-Point Bending

Table D1.1: Data for Weibull Strength Distribution Graph for M8 Data in 3-Point Bending

. Rupture i
Rank, i Le(:t Spel\jlomen Modulus, P; = ﬂ x=In(s,) y=In (ln (1 —1P >>
) ) o (MPa) n !
1 35 M8-30 1986.37 0.05 7.59 -2.97
2 31 M8-25 2129.44 0.15 7.66 -1.82
3 11 M8-10 2136.63 0.25 7.67 -1.25
4 14 M8-24 2170.70 0.35 7.68 -0.84
5 12 M8-9 2252.59 0.45 7.72 -0.51
6 13 M8-33 2266.12 0.55 7.73 -0.23
7 33 M8-21 2317.60 0.65 7.75 0.05
] 34 M8-3 2334.13 0.75 7.76 0.33
9 15 M8-1 2342.85 0.85 7.76 0.64
10 32 M8-7 2345.95 0.95 7.76 1.10
Trendline for Al m= 2177 b= -168.38 R2=  0.9541
Specimens
Trendline with No m= 20.29 b= -156.98 R?= 0.9364
Outliers
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Figure D1.1: Weibull Strength Distribution Graph for M8 Specimens in 3-Point Bending
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Table D1.2: Data for Weibull Strength Distribution Graph for M8 Data in 3-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, Pf = w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 42 M13-14 1760.66 0.05 7.47 -2.97
2 45 M13-11 1760.96 0.15 7.47 -1.82
3 10 M13-20 1799.78 0.25 7.50 -1.25
4 41 M13-10 1884.86 0.35 7.54 -0.84
5 7 M13-3 1889.01 0.45 7.54 -0.51
6 9 M13-15 1907.54 0.55 7.55 -0.23
7 44 M13-20 1909.38 0.65 7.55 0.05
8 43 M13-13 1953.11 0.75 7.58 0.33
9 6 M13-1 1973.10 0.85 7.59 0.64
10 8 M13-18 2039.01 0.95 7.62 1.10
Trendline for Al m= 24.00 b= -181.56 R2=  0.9139
Specimens
Trendline with No m= 20.74 b= -156.82 R2= 0.9436
Outliers
2.00 . . . . .
Weibull Graph for M13 Specimens in 3-Point Bending
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Figure D1.2: Weibull Strength Distribution Graph for M13 Specimens in 3-Point Bending
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Table D1.3: Data for Weibull Strength Distribution Graph for M15 Data in 3-Point Bending

. Rupture i
Rank, i .Il-\f:t SpeNaomen Modulus, = w x=In(o,) y=In (l" (1 —1P >>
) ) o: (MPa) n f

1 5 M15-29 1681.50 0.05 7.43 -2.97
2 4 M15-19 1697.01 0.15 7.44 -1.82
3 38 M15-30 1783.45 0.25 7.49 -1.25
4 36 M15-18 1860.40 0.35 7.53 -0.84
5 37 M15-25 1869.90 0.45 7.53 -0.51
6 40 M15-8 1933.32 0.55 7.57 -0.23
7 39 M15-14 1937.54 0.65 7.57 0.05
8 1 M15-5 1947.52 0.75 7.57 0.33
9 3 M15-26 1998.72 0.85 7.60 0.64

10 2 M15-3 2046.10 0.95 7.62 1.10
Trendline for Al m= 17.9 b= -135.86 R2=  0.9515

Specimens
Trendline with No m= 15.05 b= -113.88 R?= 0.9560
Outliers

1.50 Weibull Graph for M15 Specimens in 3-Point Bending
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Figure D1.3: Weibull Strength Distribution Graph for M15 Specimens in 3-Point Bending

174



Table D1.4: Data for Weibull Strength Distribution Graph for M20 Data in 3-Point Bending

. Rupture i
—0 1
Rank, i 1;:t SPeNCIOmen Modulus, ;= w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 58 M20-8 1668.03 0.05 7.42 -2.97
2 59 M20-14 1692.96 0.15 7.43 -1.82
3 21 M20-1 1716.52 0.25 7.45 -1.25
4 25 M20-12 1733.24 0.35 7.46 -0.84
5 23 M20-22 1743.56 0.45 7.46 -0.51
6 57 M20-6 1777.15 0.55 7.48 -0.23
7 60 M20-10 1794.38 0.65 7.49 0.05
8 56 M20-9 1821.28 0.75 7.51 0.33
9 24 M20-19 1890.11 0.85 7.54 0.64
10 22 M20-21 1904.62 0.95 7.55 1.10
Trendline for Al m= 25.88 b= -194.12 R2= 0.8893
Specimens
Trendline with No m= 21.97 b= -164.78 R2=  0.9062
Outliers
2.00 . . . . .
Weibull Graph for M20 Specimens in 3-Point Bending
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Figure D1.4: Weibull Strength Distribution Graph for M20 Specimens in 3-Point Bending
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Table D1.5: Data for Weibull Strength Distribution Graph for M25 Data in 3-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, Pf = w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 16 M25-1 1622.07 0.05 7.39 -2.97
2 49 M25-9 1629.67 0.15 7.40 -1.82
3 47 M25-15 1642.81 0.25 7.40 -1.25
4 46 M25-20 1644.60 0.35 7.41 -0.84
5 48 M25-19 1667.94 0.45 7.42 -0.51
6 50 M25-18 1679.03 0.55 7.43 -0.23
7 19 M25-12 1684.26 0.65 7.43 0.05
8 18 M25-13 1764.60 0.75 7.48 0.33
9 17 M25-2 1768.67 0.85 7.48 0.64
10 20 M25-8 1779.51 0.95 7.48 1.10
Trendline for Al m= 3043 b= -226.71 R2= 0.7848
Specimens
Trendline with No m= 23.58 b= -175.61 R2= 0.8121
Outliers
1.50 Weibull Graph for M25 Specimens in 3-Point Bending
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Figure D1.5: Weibull Strength Distribution Graph for M25 Specimens in 3-Point Bending
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Table D1.6: Data for Weibull Strength Distribution Graph for M32 Data in 3-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, Pf = w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 28 M32-4 1343.66 0.05 7.20 -2.97
2 51 M32-9 1527.66 0.15 7.33 -1.82
3 30 M32-5 1536.27 0.25 7.34 -1.25
4 26 M32-16 1556.38 0.35 7.35 -0.84
5 54 M32-3 1608.48 0.45 7.38 -0.51
6 55 M32-8 1635.71 0.55 7.40 -0.23
7 52 M32-15 1661.02 0.65 7.42 0.05
8 27 M32-12 1663.88 0.75 7.42 0.33
9 53 M32-20 1673.96 0.85 7.42 0.64
10 29 M32-11 1707.65 0.95 7.44 1.10
Trendline for Al m= 16.80 b= -12435 R?= 0.9313
Specimens
Trendline with No m= 21.17 b= -156.72 R2= 0.9335
Outliers
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Figure D1.6: Weibull Strength Distribution Graph for M32 Specimens in 3-Point Bending
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D1.2 4-Point Bending

Table D1.7: Data for Weibull Strength Distribution Graph for M8 Data in 4-Point Bending

Rupture

T . i—0.5 1
Rank, i Ne:t SpeNC|omen Modulus, Pf = w x =1In (0,) y=1In (ln (1 —p >>
) ) o, (MPa) n f
1 87 M8-17 1991.95 0.05 7.60 -2.97
2 86 M8-8 2117.98 0.15 7.66 -1.82
3 84 M8-4 2120.85 0.25 7.66 -1.25
4 85 M8-15 2190.00 0.35 7.69 -0.84
5 91 M8-23 2257.62 0.45 7.72 -0.51
6 90 M8-11 2281.87 0.55 7.73 -0.23
7 88 M8-32 2323.50 0.65 7.75 0.05
8 83 M8-6 2352.23 0.75 7.76 0.33
9 92 M8-14 2372.63 0.85 7.77 0.64
10 89 M8-27 2562.90 0.95 7.85 1.10
frendline for Al m= 16.65 b= -129.10 R=  0.9460
Specimens
Trendline with No m= 18.09 b= -140.05 R?=  0.9580
Outliers
2.00 Weibull Graph for M8 Specimens in 4-Point Bending
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Figure D1.7: Weibull Strength Distribution Graph for M8 Specimens in 4-Point Bending
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Table D1.8: Data for Weibull Strength Distribution Graph for M13 Data in 4-Point Bending

. Rupture i
- 0.5
Rank, i 1;:t SPeNCIomen Modulus, Pf = w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 76 M13-12 1647.30 0.05 7.41 -2.97
2 78 M13-16 1665.56 0.15 7.42 -1.82
3 74 M13-4 1697.21 0.25 7.44 -1.25
4 75 M13-8 1811.85 0.35 7.50 -0.84
5 77 M13-17 1822.47 0.45 7.51 -0.51
6 79 M13-5 1844.93 0.55 7.52 -0.23
7 81 M13-9 1860.01 0.65 7.53 0.05
8 73 M13-7 1935.90 0.75 7.57 0.33
9 82 M13-19 1961.16 0.85 7.58 0.64
10 80 M13-6 2037.11 0.95 7.62 1.10
Trendline for Al m= 16.51 b= -124.55 R2=  0.9242
Specimens
Trendline with No m= 14.11 b= -106.42 R2=  0.9560
Outliers
1.50 . . . . .
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Figure D1.8: Weibull Strength Distribution Graph for M13 Specimens in 4-Point Bending
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Table D1.9: Data for Weibull Strength Distribution Graph for M15 Data in 4-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, ;= w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 69 M15-27 1410.64 0.05 7.25 -2.97
2 63 M15-9 1608.94 0.15 7.38 -1.82
3 67 M15-10 1631.95 0.25 7.40 -1.25
4 65 M15-7 1651.15 0.35 7.41 -0.84
5 66 M15-20 1691.52 0.45 7.43 -0.51
6 68 M15-4 1719.22 0.55 7.45 -0.23
7 72 M15-15 1769.67 0.65 7.48 0.05
8 70 M15-13 1777.73 0.75 7.48 0.33
9 71 M15-21 1842.93 0.85 7.52 0.64
10 64 M15-31 1873.84 0.95 7.54 1.10
Trendline for Al m= 14.70 b= -109.87 R2=  0.9675
Specimens
Trendline with No m= 17.03 b= -127.26 R2=  0.9501
Outliers
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Figure D1.9: Weibull Strength Distribution Graph for M15 Specimens in 4-Point Bending
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Table D1.10: Data for Weibull Strength Distribution Graph for M20 Data in 4-Point Bending

. Rupture i
—-0.5
Rank, i 1;:t SPeNCIomen Modulus, Pf = w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 114 M20-26 1390.49 0.05 7.24 -2.97
2 115 M20-5 1438.57 0.15 7.27 -1.82
3 113 M20-18 1510.47 0.25 7.32 -1.25
4 120 M20-3 1558.60 0.35 7.35 -0.84
5 119 M20-20 1646.20 0.45 7.41 -0.51
6 118 M20-7 1655.08 0.55 7.41 -0.23
7 121 M20-23 1658.92 0.65 7.41 0.05
8 122 M20-17 1677.15 0.75 7.42 0.33
9 117 M20-24 1724.65 0.85 7.45 0.64
10 116 M20-11 1786.55 0.95 7.49 1.10
Trendline for Al m= 14.89 b= -110.43 R2=  0.9651
Specimens
Trendline with No m= 13.07 b= -96.92 R?= 0.9456
Outliers
1.50 . . . . .
Weibull Graph for M20 Specimens in 4-Point Bending
A
1.00 .
y =14.894x - 110.43
R2=0.9651 e
0.50 A
y = 13.068x - 96.917 o .i°
R? = 0.9456 g
e’
0.00 s
l" e
¢0
—~ -0.50 L2t e
0 o
< -1.00 Pt
= sy
£ e .
= /"."'.
= -1.50 Lo
9".
-2.00 A All Specimens
-2.50 @ Excluding Outliers
--------- Linear (All Specimens)
-3.00 A
----- Linear (Excluding Outliers)
-3.50
7.20 7.25 7.30 7.35 7.40 7.45 7.50 7.55
In(o,)

Figure D1.10: Weibull Strength Distribution Graph for M20 Specimens in 4-Point Bending
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Table D1.11:; Data for Weibull Strength Distribution Graph for M25 Data in 4-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, Pf = w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 93 M25-6 1520.72 0.05 7.33 -2.97
2 98 M25-3 1580.94 0.15 7.37 -1.82
3 99 M25-10 1598.09 0.25 7.38 -1.25
4 102 M25-7 1622.20 0.35 7.39 -0.84
5 96 M25-17 1624.11 0.45 7.39 -0.51
6 97 M25-4 1635.88 0.55 7.40 -0.23
7 94 M25-11 1643.11 0.65 7.40 0.05
8 101 M25-16 1768.51 0.75 7.48 0.33
9 100 M25-5 1787.56 0.85 7.49 0.64
10 95 M25-14 1868.21 0.95 7.53 1.10
Trendline for Al m= 17.47 b= -130.11 R2=  0.8265
Specimens
Trendline with No m= 15.68 b= -116.65 R2= 0.7550
Outliers
2.00 Weibull Graph for M25 Specimens in 4-Point Bending
1.50
y=17.471x - 130.11
R? = 0.8265 .
1.00
y = 15.676x - 116.65
R?=0.755 270
0.50 _a?t
27
0.00 P
& -0.50 e .-
=
3 .
£ -1.00 g
£ - "...'
-1.50
e
-2.00 A All Specimens
250 @® Excluding Outliers
--------- Linear (All Specimens)
-3.00 A
----- Linear (Excluding Outliers)
-3.50
7.30 7.35 7.45 7.55
In(o,)

Figure D1.11: Weibull Strength Distribution Graph for M25 Specimens in 4-Point Bending
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Table D1.12; Data for Weibull Strength Distribution Graph for M32 Data in 4-Point Bending

. Rupture i
Rank, i .Il-\f:t SpeNaomen Modulus, pf — ﬂ x=In(s,) y=In (ln (1 —1P >>
) ) o: (MPa) n f
1 103 M32-19 893.12 0.05 6.79 -2.97
2 111 M32-6 1501.91 0.15 7.31 -1.82
3 109 M32-17 1563.06 0.25 7.35 -1.25
4 107 M32-18 1580.44 0.35 7.37 -0.84
5 104 M32-7 1589.95 0.45 7.37 -0.51
6 110 M32-14 1591.10 0.55 7.37 -0.23
7 108 M32-13 1596.72 0.65 7.38 0.05
8 106 M32-10 1647.64 0.75 7.41 0.33
9 105 M32-2 1695.79 0.85 7.44 0.64
10 112 M32-1 1738.15 0.95 7.46 1.10
frendline for Al m= 530 b= -39.37 R’=  0.6879
Specimens
Trendline for Al m= 20.16 b= -149.15 R2=  0.9150
Specimens
Trendline with No m= 2172 b= -160.66 R?= 0.8876
Outliers
200 Weibull Graph for M32 Specimens in 4-Point Bending
1.00 ”.-"A
Jo
y =20.161x - 149.15 ¥
= 0.00 R?=0.915 ot
o] y = 21.724x - 160.66 rd
< -1.00 R? = 0.8876 7
2
= All Specimens "'
= -2.00 A Excluding Lowest Rup. Mod.
@® Excluding Outliers
-3.00 Linear (All Specimens)
--------- Linear (Excluding Lowest Rup. Mod.)
----- Linear (Excluding Outliers)
-4.00
6.70 6.80 6.90 7.00 7.10 7.20 7.30 7.40 7.50
In(c,)

Figure D1.12: Weibull Strength Distribution Graph for M32 Specimens in 4-Point Bending

Note that the Weibull graph and data for the M32 specimen in 4-point bending, points correspond to
using all specimens in the Weibull (grey triangle data points) , whereas the red triangular data
correspond to using all the specimens except the first data point (which is the specimen with the lowest
rupture modulus). The reason for distinguishing between the two data sets are to show that the first
data point heavily skews the results from the Weibull graph for the for the gray square data points.
Therefore, the red triangular data points are treated as the primary data set, similar to the rest of the
graphs, even though it does not contain all data points.
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D2.0 Weibull Graphs for Method 2 of Correlation Calculations

D2.1 3-Point Bending

Table D2.1: Data for Weibull Strength Distribution Graph for M8 Data in 3-Point Bending

Rupture

T i i—0.5 1
Rank, i |\T§t SpeNaomen Modulus, ;= Q x=In(o,) y=In (ln (1 —p >>
) ' o, (MPa) n f
1 35 M8-30 1964.11 0.05 7.58 -2.97
2 31 M8-25 2105.51 0.15 7.65 -1.82
3 11 M8-10 2112.62 0.25 7.66 -1.25
4 14 M8-24 2146.43 0.35 7.67 -0.84
5 12 M8-9 2227.33 0.45 7.71 -0.51
6 13 M8-33 2240.69 0.55 7.71 -0.23
7 33 M8-21 2291.61 0.65 7.74 0.05
8 34 M8-3 2307.91 0.75 7.74 0.33
9 15 M8-1 2316.58 0.85 7.75 0.64
10 32 M8-7 2319.71 0.95 7.75 1.10
Trendline for Al m= 21.77 b= -168.14 R2=  0.9542
Specimens
Trendline with No m= 20.29 b= -156.75 R?= 0.9365
Outliers
1.50 Weibull Graph for M8 Specimens in 3-Point Bending
1.00 4
y=21.775x - 168.14
R? = 0.9542 e
0.50 -
y = 20.288x - 156.75 e
R? = 0.9365 e
0.00 I
.-;‘;.‘”
= -0.50 P
] e .-;';}’
2 100 ol
i .’-'
= pradl
£ -1.50 el
e
-2.00
A All Specimens
-2.50
@® Excluding Outliers
-3.00 AT e Linear (All Specimens)
----- Linear (Excluding Outliers)
-3.50
7.56 7.58 7.60 7.62 7.64 7.66 7.68 7.70 7.72 7.74 7.76
In(c,)

Figure D2.1: Weibull Strength Distribution Graph for M8 Specimens in 3-Point Bending
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Table D2.2: Data for Weibull Strength Distribution Graph for M13 Data in 3-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, ;= w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 42 M13-14 1740.83 0.05 7.46 -2.97
2 45 M13-11 1741.13 0.15 7.46 -1.82
3 10 M13-20 1779.55 0.25 7.48 -1.25
4 41 M13-10 1863.64 0.35 7.53 -0.84
5 7 M13-3 1867.78 0.45 7.53 -0.51
6 9 M13-15 1886.09 0.55 7.54 -0.23
7 44 M13-20 1887.93 0.65 7.54 0.05
8 43 M13-13 1931.16 0.75 7.57 0.33
9 6 M13-1 1950.92 0.85 7.58 0.64
10 8 M13-18 2016.10 0.95 7.61 1.10
Trendline for Al m= 24.00 b= -181.27 R?=  0.9139
Specimens
Trendline with No m= 20.73 b= -156.58 R2= 0.9436
Outliers
2.00 . . . . .
Weibull Graph for M13 Specimens in 3-Point Bending
1.50
y =23.997x - 181.27
R2=0.9139 A
1.00
y =20.734x - 156.58
050 R? = 0.9436 Q.-
) (’/,
0.00 e 4‘44-*"
= /.‘-"".
& .0.50 /',';-"'
c ”,.'._..
) e
£ -1.00 ool
£ .,r”’ U
-1.50 //’
e
-2.00 A All Specimens
-2.50 @® Excluding Outliers
--------- Linear (All Specimens)
-3.00 A
----- Linear (Excluding Outliers)
-3.50
7.44 7.46 7.48 7.50 7.52 7.54 7.56 7.58 7.60 7.62
In(o,)

Figure D2.2: Weibull Strength Distribution Graph for M13 Specimens in 3-Point Bending
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Table D2.3: Data for Weibull Strength Distribution Graph for M15 Data in 3-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, ;= w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 5 M15-29 1662.56 0.05 7.42 -2.97
2 4 M15-19 1677.89 0.15 7.43 -1.82
3 38 M15-30 1763.37 0.25 7.47 -1.25
4 36 M15-18 1839.47 0.35 7.52 -0.84
5 37 M15-25 1848.86 0.45 7.52 -0.51
6 40 M15-8 1911.55 0.55 7.56 -0.23
7 39 M15-14 1915.74 0.65 7.56 0.05
8 1 M15-5 1925.61 0.75 7.56 0.33
9 3 M15-26 1976.31 0.85 7.59 0.64
10 2 M15-3 2023.02 0.95 7.61 1.10
Trendline for Al m= 17.9 b= -135.65 R2=  0.9515
Specimens
Trendline with No m= 15.05 b= -113.68 R?= 0.9561
Outliers
1.50 Weibull Graph for M15 Specimens in 3-Point Bending
A
1.00
y =17.957x - 135.65
R?=0.9515 e
0.50 e
y = 15.046x - 113.68 e .-
R? = 0.9561 57
0.00 2
’/
<~ e
= _050 ”-‘{.f..
E /’."""
- PO |
< -1.00 PGt
=) LA
= L
E _150 ’,’ td ....-
.//'
-2.00 ‘
A All Specimens
-2.50 @® Excluding Outliers
300 A e Linear (All Specimens)
----- Linear (Excluding Outliers)
-3.50
7.40 7.45 7.50 7.55 7.60 7.65
In(c,)

Figure D2.3: Weibull Strength Distribution Graph for M15 Specimens in 3-Point Bending
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Table D2.4: Data for Weibull Strength Distribution Graph for M20 Data in 3-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, Pf = w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 58 M20-8 1649.33 0.05 7.41 -2.97
2 59 M20-14 1673.93 0.15 7.42 -1.82
3 21 M20-1 1697.21 0.25 7.44 -1.25
4 25 M20-12 1713.71 0.35 7.45 -0.84
5 23 M20-22 1724.01 0.45 7.45 -0.51
6 57 M20-6 1757.09 0.55 7.47 -0.23
7 60 M20-10 1774.23 0.65 7.48 0.05
8 56 M20-9 1800.92 0.75 7.50 0.33
9 24 M20-19 1868.83 0.85 7.53 0.64
10 22 M20-21 1883.26 0.95 7.54 1.10
Trendline for Al m= 25.87 b= -193.81 R2=  0.8892
Specimens
Trendline with No m= 21.97 b= -164.53 R2= 0.9063
Outliers
2.00 Weibull Graph for M20 Specimens in 3-Point Bending
1.50
y = 25.875x - 193.81
R?=0.8892 N
1.00
y =21.972x - 164.53 e
0.50 R? = 0.9063 ““9.,.-;'
L4
0.00 o .=
= .,'f"".‘.
n;:__O.50 @ ”a::....
:'— ”/ . .
: "’4'.....-
£-1.00 el
E Lol
-1.50 7
-2.00 A All Specimens
-2.50 @ Excluding Outliers
~~~~~~~~~ Linear (All Specimens)
-3.00 A
----- Linear (Excluding Outliers)
-3.50
7.40 7.42 7.44 7.46 7.48 7.50 7.52 7.54 7.56

In(c,)

Figure D2.4: Weibull Strength Distribution Graph for M20 Specimens in 3-Point Bending
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Table D2.5: Data for Weibull Strength Distribution Graph for M25 Data in 3-Point Bending

. Rupture i
Rank, i .Il-\f:t SpeNaomen Modulus, = w x=In(o,) y=In (l" (1 —1P >>
) ) o: (MPa) n f
1 16 M25-1 1603.71 0.05 7.38 -2.97
2 49 M25-9 1611.32 0.15 7.38 -1.82
3 47 M25-15 1624.26 0.25 7.39 -1.25
4 46 M25-20 1626.08 0.35 7.39 -0.84
5 48 M25-19 1649.21 0.45 7.41 -0.51
6 50 M25-18 1660.02 0.55 7.41 -0.23
7 19 M25-12 1665.32 0.65 7.42 0.05
8 18 M25-13 1744.68 0.75 7.46 0.33
9 17 M25-2 1748.75 0.85 7.47 0.64
10 20 M25-8 1759.49 0.95 7.47 1.10
Trendline for Al m= 30.43 b= -22636 R2= 0.7851
Specimens
Trendline with No m= 23.58 b= -175.37 R?= 0.8122
Outliers
1.50 Weibull Graph for M25 Specimens in 4-Point Bending
100 y = 30.434x - 226.36 A
R?=0.7851 :;/.

0.50

0.00

-0.50

-1.00

In(In(1/(1-Py)))

-1.50

-2.00

-2.50

-3.00

-3.50
7.36

y = 23.58x - 175.37

R*=0.8122

7.38

7.40

7.42

In(o,)

A All Specimens

@® Excluding Outliers

--------- Linear (All Specimens)

----- Linear (Excluding Outliers)

7.44

7.46 7.48

Figure D2.5: Weibull Strength Distribution Graph for M25 Specimens in 3-Point Bending
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Table D2.6: Data for Weibull Strength Distribution Graph for M32 Data in 3-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, ;= w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 28 M32-4 1328.51 0.05 7.19 -2.97
2 51 M32-9 1510.44 0.15 7.32 -1.82
3 30 M32-5 1518.96 0.25 7.33 -1.25
4 26 M32-16 1538.84 0.35 7.34 -0.84
5 54 M32-3 1590.23 0.45 7.37 -0.51
6 55 M32-8 1617.29 0.55 7.39 -0.23
7 52 M32-15 1642.32 0.65 7.40 0.05
8 27 M32-12 1645.12 0.75 7.41 0.33
9 53 M32-20 1655.11 0.85 7.41 0.64
10 29 M32-11 1688.41 0.95 7.43 1.10
Trendline for Al m= 16.80 b= -124.16 R2= 0.9313
Specimens
Trendline with No m= 21.17 b= -156.47 R2= 0.9335
Outliers
1.50 Weibull Graph for M32 Specimens in 4-Point Bending
1.00 A
y=16.797x - 124.16
R?=0.9313 e
0.50
y = 21.168x - 156.47 P
R2=0.9335 o
0.00 7@
7o
-0.50 8
—_ et
= [ 2
o -1.00 R
= R
< -’.,I
() 4
€ -1.50 e
=
= e
-2.00
-2.50 A All Specimens
3.00 A @® Excluding Outliers
--------- Linear (All Specimens)
-3.50
----- Linear (Excluding Outliers)
-4.00
7.15 7.20 7.25 7.30 7.35 7.40 7.45
In(o,)

Figure D2.6: Weibull Strength Distribution Graph for M32 Specimens in 3-Point Bending
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D2.2 4-Point Bending

Table D2.7: Data for Weibull Strength Distribution Graph for M8 Data in 4-Point Bending

Rupture

T . i—0.5 1
Rank, i Ne:t SpeNC|omen Modulus, Pf = w x =1In (0,) y=1In (ln (1 —p >>
) ' o, (MPa) f
1 87 M8-17 1969.60 0.05 7.59 -2.97
2 86 M8-8 2094.25 0.15 7.65 -1.82
3 84 M8-4 2097.05 0.25 7.65 -1.25
4 85 M8-15 2165.45 0.35 7.68 -0.84
5 91 M8-23 2232.28 0.45 7.71 -0.51
6 a0 M8-11 2256.32 0.55 7.72 -0.23
7 88 M8-32 2297.43 0.65 7.74 0.05
8 83 M8-6 2325.86 0.75 7.75 0.33
9 92 M8-14 2346.05 0.85 7.76 0.64
10 89 M8-27 2534.16 0.95 7.84 1.10
frendline for Al m= 16.65 b= -12891 R=  0.9460
Specimens
Trendline with No m= 18.09 b= -139.84 R?=  0.9579
Outliers
2.00 Weibull Graph for M8 Specimens in 4-Point Bending
y = 16.652x - 128.91
100 R?=0.946 A
y = 18.085x - 139.84 .
R? = 0.9579 JRERCE
/‘.'"'-
0.00 o
/"'.'
= &
< 100 /_?-"'
) 25
T e
=
* .
-2.00
A All Specimens
@® Excluding Outliers
-3.00 A
~~~~~~~~~ Linear (All Specimens)
----- Linear (Excluding Outliers)
-4.00
7.55 7.60 7.65 7.70 7.75 7.80 7.85 7.90
In(o,)

Figure D2.7: Weibull Strength Distribution Graph for M8 Specimens in 4-Point Bending
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Table D2.8: Data for Weibull Strength Distribution Graph for M13 Data in 4-Point Bending

. Rupture i
- 0.5
Rank, i 1;:t SPeNCIomen Modulus, Pf = w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 76 M13-12 1628.79 0.05 7.40 -2.97
2 78 M13-16 1646.81 0.15 7.41 -1.82
3 74 M13-4 1678.17 0.25 7.43 -1.25
4 75 M13-8 1791.51 0.35 7.49 -0.84
5 77 M13-17 1802.00 0.45 7.50 -0.51
6 79 M13-5 1824.17 0.55 7.51 -0.23
7 81 M13-9 1839.14 0.65 7.52 0.05
8 73 M13-7 1914.12 0.75 7.56 0.33
9 82 M13-19 1939.10 0.85 7.57 0.64
10 80 M13-6 2014.21 0.95 7.61 1.10
Trendline for Al m= 16.51 b= -124.37 R2=  0.9242
Specimens
Trendline with No m= 14.12 b= -106.27 R2= 0.9560
Outliers
120 Weibull Graph for M13 Specimens in 4-Point Bending
..A
100 |y - 16.514x-124.37
R2=0.9242
@
0.50 2
y = 14.115x - 106.27 ey
R? = 0.956 P
0.00 ®
8
__-0.50 ,,‘_‘-".'
T
- o0 e
< -1.00 R
- P
£ e .77
z PP
= -1.50 L’
o .
-2.00 A All Specimens
@® Excluding Outliers
-2.50
--------- Linear (All Specimens)
-3.00 A
----- Linear (Excluding Outliers)
-3.50
7.35 7.40 7.45 7.50 7.55 7.60 7.65
In(o,)

Figure D2.8: Weibull Strength Distribution Graph for M13 Specimens in 4-Point Bending
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Table D2.9: Data for Weibull Strength Distribution Graph for M15 Data in 4-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, ;= w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 69 M15-27 1394.75 0.05 7.24 -2.97
2 63 M15-9 1590.85 0.15 7.37 -1.82
3 67 M15-10 1613.61 0.25 7.39 -1.25
4 65 M15-7 1632.73 0.35 7.40 -0.84
5 66 M15-20 1672.43 0.45 7.42 -0.51
6 68 M15-4 1699.88 0.55 7.44 -0.23
7 72 M15-15 1749.80 0.65 7.47 0.05
8 70 M15-13 1757.72 0.75 7.47 0.33
9 71 M15-21 1822.19 0.85 7.51 0.64
10 64 M15-31 1852.76 0.95 7.52 1.10
Trendline for Al m= 14.70 b= -109.70 R2=  0.9675
Specimens
Trendline with No m= 17.01 b= -127.10 R2= 0.9501
Outliers
1.50 Weibull Graph for M15 Specimens in 4-Point Bending
A
1.00 .
y = 14.704x - 109.7 o
R? =0.9675 e
0.50 o
y=17.038x - 127.1 ..
R? = 0.9501 <&
0.00 ,e“
— -0.50 @’
< e
< -1.00 o
= Kt
£ -1
z e
= -1.50 .
e
-2.00 A All Specimens
250 @® Excluding Outliers
--------- Linear (All Specimens)
-3.00 A
S eeea—. Linear (Excluding Outliers)
-3.50
7.20 7.25 7.30 7.35 7.40 7.45 7.50 7.55
In(o,)

Figure D2.9: Weibull Strength Distribution Graph for M15 Specimens in 4-Point Bending
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Table D2.10: Data for Weibull Strength Distribution Graph for M20 Data in 4-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, Pf = w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 114 M20-26 1374.88 0.05 7.23 -2.97
2 115 M20-5 1422.39 0.15 7.26 -1.82
3 113 M20-18 1493.53 0.25 7.31 -1.25
4 120 M20-3 1541.10 0.35 7.34 -0.84
5 119 M20-20 1627.73 0.45 7.39 -0.51
6 118 M20-7 1636.48 0.55 7.40 -0.23
7 121 M20-23 1640.27 0.65 7.40 0.05
8 122 M20-17 1658.33 0.75 7.41 0.33
9 117 M20-24 1705.27 0.85 7.44 0.64
10 116 M20-11 1766.52 0.95 7.48 1.10
Trendline for Al m= 14.89 b= -110.26 R2=  0.9651
Specimens
Trendline with No m= 13.07 b= -96.76 R2= 0.9455
Outliers
2.00 Weibull Graph for M20 Specimens in 3-Point Bending
1.50
y =25.875x - 193.81
R2=0.8892 A
1.00 e
y =21.972x - 164.53 FSvta
= il e
0.50 R? = 0.9063 L
L4
0.00 e .o
= .,'f"".‘.
n;:__O.50 @ ”a::....
:'— ”/ o
= Q- .
£-1.00 el
E Lol
-1.50 7
-2.00 A All Specimens
-2.50 @ Excluding Outliers
~~~~~~~~~ Linear (All Specimens)
-3.00 A
----- Linear (Excluding Outliers)
-3.50
7.40 7.42 7.44 7.46 7.48 7.50 7.52 7.54 7.56

In(c,)

Figure D2.10: Weibull Strength Distribution Graph for M20 Specimens in 4-Point Bend
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Table D2.11:; Data for Weibull Strength Distribution Graph for M25 Data in 4-Point Bending

. Rupture i
—-0.5 1
Rank, i 1;:t SPeNCIomen Modulus, ;= w x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 93 M25-6 1503.72 0.05 7.32 -2.97
2 98 M25-3 1563.13 0.15 7.35 -1.82
3 99 M25-10 1580.13 0.25 7.37 -1.25
4 102 M25-7 1603.87 0.35 7.38 -0.84
5 96 M25-17 1605.83 0.45 7.38 -0.51
6 97 M25-4 1617.46 0.55 7.39 -0.23
7 94 M25-11 1624.61 0.65 7.39 0.05
8 101 M25-16 1748.63 0.75 7.47 0.33
9 100 M25-5 1767.47 0.85 7.48 0.64
10 95 M25-14 1847.26 0.95 7.52 1.10
Trendline for Al m= 17.47 b= -129.89 R2=  0.8262
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Figure D2.11: Weibull Strength Distribution Graph for M25 Specimens in 4-Point Bending
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Table D2.12; Data for Weibull Strength Distribution Graph for M32 Data in 4-Point Bending

. Rupture i
- 0.5 1
Rank, i .:-\Ie:t SPeNCIOmen Modulus, Pf = u x=1In (a'r) y=1In (ln (1 —p >>
] ' o, (MPa) n f
1 103 M32-19 882.99 0.05 6.78 -2.97
2 111 M32-6 1484.88 0.15 7.30 -1.82
3 109 M32-17 1545.45 0.25 7.34 -1.25
4 107 M32-18 1562.64 0.35 7.35 -0.84
5 104 M32-7 1572.03 0.45 7.36 -0.51
6 110 M32-14 1573.17 0.55 7.36 -0.23
7 108 M32-13 1578.70 0.65 7.36 0.05
8 106 M32-10 1629.02 0.75 7.40 0.33
9 105 M32-2 1676.68 0.85 7.42 0.64
10 112 M32-1 1718.47 0.95 7.45 1.10
frendiine for Al m= 530 b= -39.30 R2=  0.6879
Specimens
Trendline for Al m= 20.16 b= -148.12 R2=  0.9150
Specimens
Trendline with No m= 21.72 b= -160.35 R2= 0.8875
Outliers
2:00 Weibull Graph for M32 Specimens in 4-Point Bending
1.00 A
o
y =20.161x - 148.92 '3
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Figure D2.12: Weibull Strength Distribution Graph for M32 Specimens in 4-Point Bending

Note that the Weibull graph and data for the M32 specimen in 4-point bending, points correspond to
using all specimens in the Weibull (grey triangle data points) , whereas the red triangular data
correspond to using all the specimens except the first data point (which is the specimen with the lowest
rupture modulus). The reason for distinguishing between the two data sets are to show that the first
data point heavily skews the results from the Weibull graph for the for the gray square data points.
Therefore, the red triangular data points are treated as the primary data set, similar to the rest of the

graphs, even though it does not contain all data points.
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Appendix E — Tensile Specimen Parameters
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E.1 M8 Specimens

GFRP Parameter & Info

M8 Tensile Specimens

Using All Specimens

Excluding

Specimen Number M8-T1 M8-T2 M8-T3 M8-T4 M8-T5
Test Number 10 11 12 13 14 Std. Std.
GFRP Admin Info Date of Test January 13, 2021 Avg_ C.O.V. Avg.
Batch number & Date Batch info unavailable Dev. DeV.
Additional Notes
Outer Diameter (mm) 8.00 8.00 8.00 8.00 8.00 8.00 0.00 0.00 8.00 0.00 0.00
Specimen Area (mmz2) 50.27 50.27 50.27 50.27 50.27 50.27 0.00 0.00 50.27 0.00 0.00
Dimensions Free Length (mm) 314.00 314.00 313.00 314.00 316.00 314.20 1.10 0.00 314.00 0.00 0.00
Gage Length (mm) 165.74 170.27 165.52 166.51 164.46 166.50 2.23 0.01 167.51 2.42 0.01
Outer Diameter (in) 1.375
Wall Thickness (in) 0.25
DOM Tube Length (mm) 500.00
Dimensions
Thread Specification 15/16 - 12 (thread full length)
Assembly Number 47-641-604
Used MTS V-Grips
Info
Allowable Clamping Size (mm) 33.0-42.4
Test Data Max Loading (kN) 69.35 66.06 70.50 67.31 55.94 65.83 5.79 0.09 67.57 1.66 0.02
Calculations Ultimate Stress (MPa) 1379.71 1314.26 1402.47 1339.07 1112.81 1309.67 115.28 0.09 1344.35 33.04 0.02
Elastic Modulus (MPa) 79296.01 82970.62 78883.17 80356.07 77980.09 79897.19 1918.43 0.02 80874.23 1891.31 0.02

*Orange text denotes outliers
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E.2 M13 Specimens

RF ameter & Infa ensile Specime 0 :
Specimen Number M13-T4 M13-T5 M13-T2 M13-T3 M13-T1
Test Number 1 2 3 - 4
Date of Test January 12, 2021 January 13, 2021
# 8033245 # 8033215 . . U o
GFRP Admin Info Batch number & Date Date: Feb.9,2016 | Date: Feb. 3, 2016 atch info unavailable a\'/: o AVE o
e JE
. Not tested due to Extensometer data
Additional Notes )
machine error was not recorded
Outer Diameter (mm) 13.00 13.00 13.00 13.00 13.00 13.00 0.00 0.00 13.00 0.00 0.00
Specimen Area (mmz2) 132.73 132.73 132.73 132.73 132.73 132.73 0.00 0.00 132.73 0.00 0.00
Dimensions Free Length (mm) 523.00 518.00 518.00 517.00 513.00 517.80 3.56 0.01 516.33 2.89 0.01
Gage Length (mm) 166.01 165.33 165.33 - 166.23 165.72 0.46 0.00 165.63 0.52 0.00
Outer Diameter (in) 1.625
b Wall Thickness (in) 0.25
DOM Tube Length (mm) 500.00
Dimensions
Thread Specification M30 x 3.5 (thread full length)
Used MTS V-Grips Assembly Number 47-641-605
Info Allowable Clamping Size (mm) 41.9-51.3
Test Data Max Loading (kN) 158.83 159.92 165.88 N/A 164.47 162.27 3.43 0.02 163.42 3.11 0.02
Ultimate Stress (MPa) 1196.60 1204.86 1249.73 N/A 1239.09 1222.57 25.81 0.02 1231.23 23.45 0.02
Calculations
Elastic Modulus (MPa) N/A 76846.72 76377.19 N/A 77319.64 76847.85 471.23 0.01 76847.85 471.23 0.01

*Orange text denotes outliers
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E.3 M15 Specimens

s pte s 0 s P Spe€E s 0 p
Specimen Number M15-T4 M15-T2 M15-T5 M15-T1 M15-T3
Test Number 5 6 7 8 9
0 0
GFRP Admin Info A\\V/O [ ] A\Y/. [ ]
Date of Test January 13, 2021 January 13, 2021 January 13, 2021 January 13, 2021 January 13, 2021 N )E - )E
Batch number & Date # 8051973 # 8051973 Batch info Batch info # 8051973
Additional Notes
Outer Diameter (mm) 16.00 16.00 16.00 16.00 16.00 16.00 0.00 0.00 16.00 0.00 0.00
Specimen Area (mm2) 201.06 201.06 201.06 201.06 201.06 201.06 0.00 0.00 201.06 0.00 0.00
Dimensions Free Length (mm) 637.00 640.00 652.00 639.00 640.00 641.60 5.94 0.01 638.67 1.53 0.00
Gage Length (mm) 166.02 165.89 165.28 166.40 165.92 165.90 0.41 0.00 166.11 0.25 0.00
Outer Diameter (in) 1.625
DOM Tube Wall Thickness (in) 0.25
Dimensions
Length (mm) 500.00
Thread Specification M30 x 3.5 (thread full length)
Used MTS V-Grips Assembly Number 47-641-605
Info Allowable Clamping Size (mm) 41.9-51.3
Test Data Max Loading (kN) 246.82 233.90 272.15 238.09 244.39 247.07 14.92 0.06 243.10 4.50 0.02
Ultimate Stress (MPa) 1227.57 1163.32 1353.54 1184.18 1215.48 1228.82 74.19 0.06 1209.08 22.39 0.02
Calculations
Elastic Modulus (MPa) 74988.65 76614.48 74694.94 75446.29 74470.74 75243.02 849.08 0.01 74968.56 488.08 0.01

*Orange text denotes outliers
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Appendix F — Tensile Testing Graphs
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This appendix includes the load-displacement and stress-strain plots derived from the direct tensile
testing data. Since the extensometer (device used to track the GFRP displacement) was removed at
approximately 60% to 75% of the predicted ultimate load capacity of the specimen, load-displacement
plots based on the crosshead displacement data have been provided for reference for specimen
behaviour during the full duration of testing. Despite this, the crosshead displacement is not used in
further calculations since it does not accurately represent the displacement of the GFRP specimen.
These plots are organized by the sequence of their testing number order, not their specimen number.

F1.0 M8 Specimens

Load vs. Crosshead Displacement for Specimen M8-T1
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Figure F1.1: Load-displacement of Crosshead for Specimen M8-T1
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Figure F1.2: Load-displacement of Extensometer plot for Specimen M8-T1
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Figure F1.3: Stress-strain of Specimen M8-T1
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Load vs. Crosshead Displacement for Specimen M8-T2

Load vs. Extensometer Displacement for Specimen M8-T2
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Figure F1.4: Load-displacement of Crosshead for Specimen M8-T2
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Figure F1.5: Load-displacement plot of Extensometer for Specimen
M8-T2
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Figure F1.6: Stress-stra

20

in of Specimen M8-T2

3



Load (kN)

Load vs. Crosshead Displacement for Specimen M8-T3

Load vs. Extensometer Displacement for Specimen M8-T3
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Figure F1.8: Load-displacement plot of Extensometer for Specimen M8-

Figure F1.7: Load-displacement of Crosshead for Specimen M8-T3 T3
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Figure F1.9: Stress-strain of Specimen M8-T3
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Load vs. Crosshead Displacement for Specimen M8-T4

Load vs. Extensometer Displacement for Specimen M8-T4
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. . . Figure F1.11: Load-displacement plot of Extensometer for Specimen
Figure F1.10: Load-displacement of Crosshead for Specimen M8-T4 9 P MSF-)T4 P
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Figure F1.12: Stress-strain of Specimen M8-T4
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Load vs. Crosshead Displacement for Specimen M8-T5 Load vs. Extensometer Displacement for Specimen M8-T5
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Figure F1.14: Load-displacement plot of Extensometer for Specimen

Figure F1.13: Load-displacement of Crosshead for Specimen M8-T5 M8-T5
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Figure F1.15: Stress-strain of Specimen M8-T5
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F2.0 M13 Specimens

Load vs. Crosshead Displacement for Specimen M13-T4
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Figure F2.1: Stress-strain of Specimen M13-T4

Due to testing errors, the data from the extensometer for this specimen was not recorded. As a result,
the load-displacement plot using extensometer data cannot be produced, along with the associated
stress-strain plot.
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Figure F2.4: Stress-strain of Specimen M13-T5
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Figure F2.7: Stress-strain of Specimen M13-T2
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Figure F2.10: Stress-strain of Specimen M13-T1
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Figure F3.1: Load-displacement of Crosshead for Specimen M15-T4

F3.0 M15 Specimens
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Figure F3.3: Stress-strain of Specimen M15-T4
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Figure F3.2: Load-displacement plot of Extensometer for Specimen M15-
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Figure F3.6: Stress-strain of Specimen M15-T2
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Load vs. Crosshead Displacement for Specimen M15-T5 Load vs. Extensometer Displacement for Specimen M15-T5
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Figure F3.9: Stress-strain of Specimen M15-T5
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Load vs. Crosshead Displacement for Specimen M15-T1
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Figure F3.11: Load-displacement plot of Extensometer for Specimen
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Appendix G — Derivations
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G1.0 Procedure for Calculating the Rupture Modulus

Since the analysis used in this research work considers GFRP to exhibit a bi-moduli behaviour, typical
equations used in solid mechanics for beams will need to be modified accordingly. The equations
outlined in section G1.0 represented the equations used in calculations from sections 5.1 to 5.2 in the
main body of the thesis.

G1.1 Modified Stress-Strain Relationship

This directly affects the linear stress-strain relationship of the GFRP, where the material is assumed to
be elastic. Using the linear relationship for the strain distribution of the GFRP specimen along the
depth of the cross-section:

h—c Equation G1.1
Where:

e & =tensile strain in outermost fibre at bottom edge of the GFRP

e &, =compressive strain in outermost fibre at top edge of the GFRP

e h =height of the GFRP specimen

e ¢ =location of neutral axis of the GFRP (measured from the top edge of the GFRP cross section
depth)

Turning this relationship from the strain distribution to represent the stress distribution by substituting
Hooke’s Law for the respective portions of the different stresses in the GFRP cross section:
Ot Oc
E((h —c) - E_CC Equation G1.2

Where

e g, = tensile stress experienced by GFRP subjected to bending

e g, =compressive stress experienced by GFRP subjected to bending
e [E; =tensile elastic modulus for GFRP

e E_.=compressive elastic modulus for GFRP

Note that both elastic moduli for the GFRP are represented here by two distinct value

Since the specimen will be subjected to tensile and compressive stresses due to bending, resultant
forces. The equilibrium of the sum of forces must equal zero, since there is no axial displacement
present. As such, the follow equations can be applied:

Z F;=0 Equation G1.3

Fe+F. =0 Equation G1.4

_[ opdA + f ocdA=0 Equation G1.5
A¢ Ac

0tAr + 0 A =0 Equation G1.6
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Where:

e F; =resultant tensile force

e F.=resultant compressive force

e A, = portion of cross-sectional area under tensile stress

e A_ =portion of cross-sectional area under compressive stress

The next equation that will be utilized will equilibrium of sum of moments. The sum of the product of
the resultant forces and their represent distance between a targeted point along the depth of the cross
section - in this case, the location of the neutral axis at y = 0 — will be equal to the bending moment
that the specimen is subjected to: calculates this as follows:

z M=0 Equation G1.7

Mi+M, =M Equation G1.8

f —yo,dA + f —-yo,dA=M Equation G1.9
A¢ Ac

OtAry {_(ho_ 2 + oAy {(C) =M Equation G1.10

Where:

e M, = moment produced by resultant tensile force and lever arm between resultant force and
neutral axis

e M. =moment produced by resultant compressive force and lever arm between resultant force
and neutral axis

e M =total bending moment experienced by GFRP specimen

ey =variable for depth of the GFRP specimen

G1.2 Important Integrals to Solve

These integrals have been solved using Maple to evaluate the close-formed, indefinite integral. The anti-
derivative expression presented from the Maple computation is used in the appropriates calculations
(these antiderivatives are not indicated here due to the length and complexity of the equations).

?

Jo (R2 — (y — (R —(h— c)))2> dy — (INTy) {S Equation G1.11
| 5 (R = (= R=h= ) )ty » v {] Equation G1.12
| 52 |(r2 = (3= (R = k=) )ay — avr ] Equation G1.13
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G1.3 Sum of Forces

As noted in Equation G1.6 and Equation G1.10, both equations involved using the compressive and
tensile area. The computation for the area is not as simple since the cross-sectional area does not
maintain the radius of the its original circular cross-section prior to being longitudinally cut; it is less due
to accounting for the width of the waterjet cut. As a result, the areas for tensile and compressive areas
are derived as using the neutral axis as the point of reference/origin, where:

e x is the width co-ordinate of the cross-section (i.e. left side of y-axis will be considered
“negative”)

e yisthe height/depth co-ordinate of the cross-section (i.e. below x-axis will be considered
“negative”)

The expressions for of A; and A, will be shown below in Equation G1.14 and Equation G1.17,
respectively.

Starting with Equation G1.4 and Equation G1.5:

f thA+f o, dA=0
A

t Ac
Ft+FC=0

Developing expression for A;:

dxdy Equation G1.14

a .L—(h—c) jJRZ—(y—(R—(h—c)))Z

- —\/R2—(y—(R—(h—c)))2 —(h—o0)
Then substituting it into F;:

Fy = (A)(0y) Equation G1.15

_ —(h—c) JRZ—(y—(R—(h—c)))z y
([ rt

2 (y-(r-(n-0)))’ ~(h =€)

e O R ke
- (%) (fo—(h—c) <y\/R2 ~(y-(R-(r- c)))2> dy>

Fy = (%) ((INT1) {_(ho_ C)) Equation G1.16

dxdy | (o)

Developing expression for A,:

I

>=dxdy Equation G1.17

—\/RZ—(y—(R—(h—c))) ¢
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Then substituting it into F:

Fe = (A (ac) Equation G1.18
c \/RZ_(y—(R—(h—c)))z y
Nl :

—JRZ—(y—(R—(h—c)))2

(L%(ZJ R = (y—(R—(h~ c)))2> dy) (00)
- (%) <f0 <y\/R2 ~(r-(R- - C)))2> dy>

k. = (%) ((INTl) {(C)) Equation G1.19

Starting with Equation G1.4 and substituting expressions for F; and F,:

0 = Ft + FC
0= (=) (v {TE= D) 4 (F) (v ) equation c1.20
—h—0) 0 c 0 quation G1.
0=0,A+0.B Equation G1.21

G1.4 Sum of Moments
Starting with Equation G1.8 and Equation G1.9:

f—yatdA+f —yo.,dA=M
A

t Ac
M, +M, =M
Developing expression for M,:
M = —y(A¢)(0r) Equation G1.22

B —(h—c) JRz_(y—(R—(h—c)))z y?
Y

2—(y-(r-(n-0)))’ (A=)

- _ <f0—(h—0)_(21—z_c)<2\/1e2 — (y —(R—-(h— c)))2> dy) (or)
= ((hzj-tc)> <fo—(h—c) (yZJRZ - (y —(R-(h- c)))2> dy)

M, = ( (hzjtc)) (anTy) {_(ho_ C)) Equation G1.23

dxdy | (o)

Developing expression for M.
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M. =—-y(Ac) (o) Equation G1.24

_ LCJ-JRZ—(y—(R—(h—c)))Z y2

z_d d ( c)
\/RZ—(y—(R—(h—c))) ¢ e

= _(focy;<2\/R2 _ (y ~(R—(h- c)))2> dy> (00)
[ {rfeo-o-0-7)e)

M. = (‘i%) ((INTZ) {(C)) Equation G1.25

Starting with Equation G1.8 and substituting expressions for M; and M_:

M=M,+M,
M= ( 20t ) (INT) {_(h —9) 4 (ﬁ) ((INTz) {C) Equation G1.26
=) 0 p 0 quation G1.
M =o0.C+o.D Equation G1.27

G1.5 Solving System of Equations
Using Equation G1.21, Equation G1.27, Equation G1.2 as a system of equations, the remaining unknowns
can be solved for:

0=0,A+0.B-> (1 Equation G1.21

M =o0,C+0.D - (2) Equation G1.27
Ot Oc

m = E - ® Equation G1.2

Solving for o} by elimination:

@2 xB—-(1)xD: MB = 0,BC + 6.BD
0 =0:AD + 0.BD
MB = 6,(BC — AD)

MB
Ot =BCc_A4D Equation G1.28
Substituting o, into (1):
( MB )A +0.B=0
BC—4p) " T 7" T
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MA

g, — ———— .
c BC — AD Equation G1.29

c is found using Excel’s Solver using @ as a constraint. ¢, o, o, all must be positive values (i.e. distance
and magnitude of stress values would be positive; negatives should be accounted for within equation)

G1.6  Moment Equations for Flexure Testing

For 3-point and 4-point (where loading is placed as g ), respectively:

FL

M = T Equation G1.30
FL

M = ? Equation G1.31

G2.0 Calculating Equations for Effective Volume of Flexure Specimen Under Tensile Stress
The equations and derivations shown in this section G2.0 represent the equations used for calculations
from in section 5.3.3 in the main body of the thesis. Section G2.1 will show the derivations for a 3-point
bending, and section G2.2 will show the derivations for 4-point bending. For both demonstrations, the
equations will be shown in application for a rectangular bar for simplicity, like as shown in Figure G2.1.

AY

-I;a;h-

Figure G2.1: Effective Volume Analysis of Rectangular Bar
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G2.1 Effective Volume for 3-Point Bending
Starting with the equation for Weibull’s Effective Volume (Quinn & Quinn, 2010) (related to Equation 5.7
in main body of thesis):

gy m
Vg = ( ) avy Equation G2.1
vy ‘\Omax

Formatting this equation for a 3-point bending test:

L
2 Op m

Vg = Zf f ( ) dA; dx Equation G2.2
0 Ja,

Gmax

Where:
e x =length of specimen

Considering the variations of stress within a specimen subjected for 3-point bending along the length of
the specimen:

X 2x
(L /2 )Gt""“" - (T) Itmax Equation G2.3

Considering the stress variations along the height/depth of the cross section (i.e. axial stress, in
reference to tensile stress only):

h—c y
o, o
max t y Equation G2.4
Op Ut__(h_c)amax
Combining these stress equations:
y 2x
Op = — (h _ C) (T) Omax Equation G2.5
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Substituting these stress equations into the 3-point bending effective volume equation for a rectangular

bar:
% y 2X\ (Omax " Equation G2.6
N EERICTES) e
0 JA; h—c L Omax
L
7 (~(h=0) ra y 2\
_ 7 f f f <_ (—)> dzdydx

L
2(-)m@m (5 ("0
ZWLL (y™x™a) dy dx

3 2m+1(_1)m ym+1 {—(h _ C) xm+1 {L/Z
S (h=omIm\\m+1 0 m+1/L0
m+1
2m+1(_1)ma (_1)m+1(h _ C)m+1 (7)
~ (h=c)mLm % m+1 Xm+1
x (—=1)2m*+1 x (h — c)™*+1 x X a
X (h—c)"x (m+1)2%x
(1)1 x (h—c)xLxa
B (m+1)?

. L . 14 . h .
Since a rectangular bar is being considered: L X a X (h — ¢) = S, assuming ¢ = -. Also, the negative can

be ignored since volume is never “negative”:

(1)1 x (h—c)xXLxa 14
VEb,3ptbnd = (m T 1)2 - Z(m T 1)2 Equation G2.7

This expression for a rectangular section has been proven in other research for brittle materials that
follow the Weibull Weakest’s Link Model (Quinn, 2003).

G2.2 Effective Volume for 4-Point-Bending
Note that these calculations correspond to a 4-point bending test where the 2 point loads are placed at

% of the clear span length of the flexure specimen.

Similar to calculating the effective volume for 3-point bending, Equation G2.1 is used to as a starting
point (related to Equation 5.8 in main body of thesis):

Op m
VE :-[ ( ) dVb
Vp \Omax
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Formatting this equation for a 4-point bending test, where the point loads are placed at one-third of the
length from both ends of the specimen:

L L
6 Op m 3 Op m

Vg = 2f f ( ) dA; dx + Zf f ( ) dA;dx Equation G2.8
0 Ja, 0 Ja,

Gmax Jmax

Where:

e x =length of specimen
e First term (left side of plus sign) is accounting for inner one-third of length of specimen
e Second term (right side of plus sign) accounts for outer one-third of length of specimen

Considering the variations of stress within a specimen subjected for 4-point bending along the length,
they can be represented as follows:

2L
Op = Omax fOT§ <x< 3 Equation G2.9
X L 2L
op = k% %me0<x<§&?<x<L Equation G2.10
3

For the stress variations along the height/depth of the cross section (i.e. axial stress, in reference to
tensile stress only), it is the same linear relationship as a 3-point bending flexure test, as represented by
Equation G2.4:

h—c vy
O-max O-t
Yy
Op = 0¢ = _(h_c)o-max
Combining these stress equations:
L 2L y
f0T§ <x< ? - 0p = — (h — C) Omax Equation G2.11
L 2L y 3x
fOT 0<x< § &? <x<L- op = — (h — C) (T) Omax Equation G2.12
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Substituting these stress equations into the 4-point bending effective volume equation:

L m
6 Equation G2.13
VE=2f6f -2 )(M) dA, dx
0 Ja, h—c

O-max

2fff (L) (=) o

Gm ax

L f( () s
+2 fjfo_( -0) foa (_ (h 3_/ C) (?’L_x)> dzdydx

2(-1)" (& [~0=O
_ Wf f (y™a) dy dx
L2EDme)T =)
(h —oymim j f y™x™ady dx
_2a=D™ (Y™ —(h=¢)\ (. (L/6
() o)t
, 260" <<y"’“ ) (0~ c)> << X ) {L/S)
(h —cymLm m+1 0 m+1/L0
La 1 \" m+1
:3(m+1)(_h—c) (=(h =) 1
2a 3 \"/ Lth—=o)\™"
+(m+1)2<_L(h—c)> <_ 3 >
La(h—c) 2La(h—c)
" 3(m+1)  3(m+1)?
B La(h —¢) 2
T 3(m+1) <1+m+1>

La(h —c)(m + 3)
~ 3(m+ 1)2

. v . h _h . .
For rectangular cross section: L X a X (h —¢) = 2, assuming - = - The negative can also be ignored

Lath—c)(m+3) V(m+3)
Eb =T 3(m +1)? - 6(m+ 1)2 Equation G2.14

This expression for a rectangular section has been proven in other research for brittle materials that
follow the Weibull Weakest's Link Model (Quinn, 2003).
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These derivations have been shown for a rectangular bar for ease of demonstration. Please refer to
equations in main body of thesis for the derivation of the cross-section of GFRP specimen of a flexure
test, as shown in Figure G2.2.

AY
)r( - II\
- \
\- - Yy
i ) \ 1] i
c
Z
A L
T h
(h-c))-y
OR
! 1 abso\uteof’(y-(r-(h-c)))‘
7
- d -t ——Note that these are—
AN /

/ the samel

I '/ -
d=V(rF-(y-(r-(h-¢)))?*)

This equation for "d", or width (i.e.
half-chord of circle) is using Pythagorean
Theorem, given the height (i.e. the
y-coordinate) and hypotenuse (i.e. radius)

Figure G2.2: Effective Volume Analysis of GFRP Flexure Specimen

G3.0 Converting Load and Displacement for 4-Point Bending Tests

Since the testing machine used for the flexure tests have outputted the load and displacement exhibited
on the crosshead of the machine, the following calculations have been used to covert the load from the
crosshead to each of the loading noses, and the deflection of the crosshead to midspan of the specimen.

G3.1 Loading for 4-Point Bending Tests
The load transmitted through each loading nose is half the load recorded and applied by the testing
machine’s crosshead.

F applied

Floading nose — 2 Equation G3.1
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G3.2 Displacement for 4-Point Bending Tests

Assuming the deflected shape of the flexural specimen is a parabolic shape, it can be represented by the

following equation and figure:

y=ax’+px+y

Where:

e q, B,y are coefficients for the parabolic equation

Equation G3.2

e x and y are the established co-ordinates to describe points along the specimen, and variables in

the equation

A

| D%

E

Derosshead Amig

Acrosshead

aL 3L
jL iL iL
y-coordinate
Point Location x-coordinate (represented
as positive)
Leftmost support/end of L 0
specimen clear span length 2
Leftmost application of L
B point-load on specimen & —z Acrosshead
left one-third of specimen
C Midspan of specimen 0 A
Rightmost application of L
D point-load on specimen & 3 Acrosshead
right one-third of specimen
Rightmost support/end of L 0
specimen clear span length 2
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Using Points A & E:

From Point A From Point E
0=a(-3) +4(-5)+ 0-a(3) +4(3)+
=al~z) tAl~z)t =alz) TAZ) Y
al? PBL al? PBL
~ 7 2 7Y ~ Y
Equating these two expressions:
al? PBL al? PBL
7 T tYEg gty
Simplifying these equations:
~B =5
The only way for this above equation to work, is:
Substituting f = 0 into one of the simplified equations from using Point A/E:
0 al? (0)L
T4 2
0= al? +
Rearranging for y:
al?
>y =——
Y 4

Using Points B & D, and substituting 8 = 0:

From Point B

From Point D

L\? L
Acrossheaa= @ (_ g) + (0) <_ g) +y

al?
Acrosshead= % +y

L L
Acrossheaa= @ (g) + (0) (g) +y
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al?
Acrosshead= % +y

Equation G3.3

Equation G3.4

Equation G3.5

Equation G3.6

Equation G3.7

Equation G3.8

Equation G3.9



2
Substituting y = —% into Equation G3.9 one of the simplified equations for Points B & D (since they

result in the same equation):

2 2
al® alL Equation G3.10

Acrosshead= % 4

> 9I?
Acrosshead= A\ 57— 57

36 36
—812

Acrosshead= @ 36

a=— 9Acrosshead
212
. . al?
Substituting a intoy = — - to solve fory
= — (_ %m’ﬂ) L_Z Equation G3.11
Y 202 )4

Y = §Acrosshead

Finally, substituting expressions for «, f & ¥, and co-ordinates for Point C into parabolic equationto r
solve for Aypt_mia:

9A head 9 _
Aspt-mia= (— %) (0)2 + (0)(0) + §Acrosshead Equation G3.12

9
A4pt—mid = 5 Acrosshead

G4.0 Method Utilizing Deflection of Flexural Specimen to Calculate Tensile Elastic

Modulus
Noted in section 6.2 of the thesis: since this research primary focuses on using flexural tests, the
recorded outputs for the test are the loading and displacement on the specimen. The loading is used to
calculate the rupture modulus, what the displacement is unused, as it is not a required parameter. An
improvement to the correlation calculation could be to utilize the deflection it in order to find one of the
two elastic moduli of a GFRP specimen (assuming bi-moduli behaviour of GFRP), based on beam
equations in bending for deflection. The following calculations are used in the proposed method:

Based on research (Jones 1977, 1978):

t
7= 1.2 to 1.25 Equation G4.1
c

Based on research on determining tensile and compressive elastic moduli from flexural tests (Mujika et
al., 2006):

Epena = BE:, where f =
. 1+ % Equation G4.2
c

Since the deflection equations from the flexural tests are going to be used, this splits the calculations up
into two sections:
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4-Point Bendi Iculati loadi |
Description 3-Point Bending Calculations oint Bending Calculations (loading placed

atL/3)
Deflection FL3 FL , 4 _
. - 7 . = == Equation
Equations for Amiaspan= 48Ep,nql Amidspan 72E,onal (3L 9L ) ‘ G4.3
Appropriate
Flexural Test
Substituting FL? FL < ; 4 2) ,
. — . e — —— Equation
Equation G4.2 Amidspan= 48BE,I Amiaspan 72BE,l 3L —gh q G4.4
to have in
terms of E,
q 3
Re-arranging E, = FL E, = i (3L3 - EL2> Equation
to solve for E, 48BAmiaspan! 72BAmiaspan! 9 G4.5
Substituting B E, i 1+ 2] g e 1+ B <3L3 4L2> S
ubstituting = - Ty ore— = -3 G4.6
" 1920miaspan! E, " 288Amiaspan! E, 9

Equations have been derived for the tensile elastic modulus. However, the issue that arose was that
there was missing information in the calculations that accurately represent the testing in environment.
For example, these calculations assume the supports for the flexural test are frictionless, when they are
not. Therefore, the equations involved with deflection should be altered to accurately model the testing
environment.
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Glossary

Term Definition First References In
Set of arithmetic used to calculate the correlated tensile
Correlation strength from the rupture modulus calculated from flexural .
. . . . Section 1.3
Calculations  tests. The following equations used (in order of reference):
6.1t06.3,6.16, 6.20, 6.15
The first iteration of the results from the correlation ‘
Method 1 calculations that used % = 1.25. Section 5.2.2
c
The first iteration of the results from the correlation _
Wit 2 calculations that used % = 1.2. SREHE S
c
. Point of maximum load on the linear portion of load-
Cracking Load . P Chapter 4
displacement graph of a flexural test
Rupture The bending stress at which the tensile fibres begin to Section 1.1
Modulus rupture —i.e. tensile failure of GFRP flexural specimen )
A variation in the correlation calculations where all
Variation A specimens were used to compute the Weibull modulus, and Section 5.3.2
used in the average calculations.
A variation in the correlation calculations where the flexural
specimens (per size and type of test) with the lowest and
Variation B highest rupture modulus were not used to compute the Section 5.3.2

Weibull modulus, and were not used in the average
calculations.
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