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Abstract

The heightened interest in using/ood as asustainablebuilding materialcontributed to an increased
demand forgluedlaminated timber (glulam)Despite thisfundamental research is required on how to

rehabilitate and retrofit deficient structural wooden members to extend the serlife®f the structure.

The research focuses on the effects of reinforcement configurationsisting of glasfbre reinforced
polymer GFRP)arson the flexural behaviour offlulam beams. Of particular interest are the effects of
reinforcement length, adhesive type, and knurling on the failure modes of the reinforced members when
compared to unreinforced glulam. A total of eighteen pullout specimens were tested to invedtigate
effects of adhesive and knurling patteran bond strength, and fourteen fuficale glulam beams were

tested to failure under foupoint static bending, including four unreinforced and ten GFé&iforced.

The pullout test resultshowedthat the texture and density of an adhesikad a critical role othe overall
behaviour withimproved behaviour ispecimensisinga fluid density in comparison to those with dense.
The addition of GFRP reinforcemeatthe glulam beamsontributed toanincrease in strengthfailure
displacement and stiffness by factorsanging between 1.16; 1.30, 1.04¢ 1.24, and 1.13¢ 1.18
respectively, in comparison to unreinforced glulamespective of the failure mode obtainedihe effects

of reinforcementlength and termination point showed that the change from short to long bars resulted
in improvements in maximum resistance and stiffness by factors of 1.10 andrgsi®ectivelyfor the
bent bar reinforced specimens, and insignificant improvements for thagitt bar reinforced specimens.
Additionally, thechangefrom straight to bent bars resulteid improvements in maximum resistance and
stiffness by factors of 1.06 and 1,0&spectivelyfor the specimens with longer lengths of bars, and
insignificant improvements for the specimens with short lengths of behrs. addition of knurling in the
full-scale GFRReinforced beams resulted in increases of 1.07 and 1.03 for the maximum resistance and
stiffness, in comparison to beams without knurlidgiditionally, a change in failure mode from shear to

flexure was observed with the addition of knurling.

A materialmodelwas developed to predict the flexural behaviour of unreinforced and GeiRPrced
glulambeams,and the twoproposedapproaches were shown generally captured theverallbehaviour
with a tendency to overprediadisplacements at initial failurdzinally the improvement in tensile failure
strainsin flexure due to the reinforcementvasnot observed to be presemue to the mixed failure modes
of shear and flexure. Strains frotie digital image correlatiorsystem were observed to be lower than

those measured by localized strain gaugagygesting that measuring strains over a large area is critical
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CHAPTER INTRODUCTION

1.1 General

An increased awareness of the impacts that various industries have on climate change and global
emissions have encouraged change within the Canadian construction ¢Netioral Resources Canada,
2021) As of 2023, the buildings and construction sector accounted for 37% of global emissions, as the
manufacturing of products such as cement, steel and aluminum have a large carbon foQtjritetd
Nations Environment Programme, 2028Yood is a plentiful renewable resource in Canada that is well
suited for various construction practices. In particular, wood products offer two effects towards lowering
carbon emissions: 1. during growth wood absorbs atmospheric carbon and storediit igitftructure of
carbon, and 2. wood products requifewer fossil fuels to manufacture than nemood products
(Bergman et al., 2014By incorporating the use of more wood products into building and construction
practices, strides towards reduced global carbon emissions can be made. To that end, the Canadian
government has supported initiativeimed at growing the mass timber industry, including programs such

as Green Construction through WodNatural Resources Canada, 2023md the Forest Innovation

Program(Natural Resources Canada, 2023a)

The heightened interest in mass timber construction, combined with advancements in manufacturing
technologies and research efforts on the performance of mass timber products and structural systems
has led to major updates in the newest editions of the bladi Building Code of Canada (NB@EOBFC,
2020)and International Building Code (IR@}ternational Code Council, 2020ne of the most significant
changes is that encapsulated mass timber can now be employed in the constructioranfdl1P3storey
buildings in the NBCR020)and I1BG2021) respectively.

Mass timber is a family of engineered wood products (EWPSs) that consist of smaller wood elements (e.qg.,
dimensional lumber, veneers, strands) joined together with adhesives, dowels, nails, or screws to form
larger structural products that can be used inlbings and bridges that were typically reserved for other
materials such as concrete and steel. Examples of mass timber products includéaghusated timber
(glulam), crosgaminated timber (CLT), ndédminated timber (NLT), and dowleiminated timber(DLT).

Mass timber products exhibit superior properties and improved behaviour in comparison to dimensional
lumber and traditional heavy timbefForestry Innovation Investment, 2023)nlike for dimensional

lumber and heavy timber, the crosectional dimensions and lengths of mass timber products do not



depend on the tree trunk size, thus making them suitable for-maidighrise buildingge.g.,Origine, QC,

Apex Plaza, VA, T3 Bayside, ON),-gpanfacilities (e.g., Richmond Oval, BC, Haendel Park, QC, Lenexa
Aquatic Center, KS), and bridges (eMjstissini Bridge, Q@/aicasagi BridgeQC Montmorency Forest
Bridge QQ.

1.2 Research Needs

Despite the increased adoption of mass timber in téldings and construction industry, fundamental
research is required on how to rehabilitate and retrofit deficient structural wooden members to extend
the servicdife of the structure in order to avoid the need for decommissioning or replacing entirely. For
instance, the lack of education on the rehabilitation and repair techniques for timber bridges has
contributed to a 4.9% decrease of bridges with a timber ssipecture in the North American bridge
inventory between 1992 and 2019 due to many of theainly decommissioned and replaced with new

bridges employing other materialtegg & Tingley, 2020)

Design provisions regarding the rehabilitation and repair of glulam beams using fibre reinforced polymers
OCwt &0 | NB OdzNNEB Yy (i f Enginéerigidesigy” iBwoddy(CSA K2624and{the C3AYSE &

& FyFRAFY | A3Kg!l & (CHRDQRSAS 20598 thdughythere &eRs6nge design guidelines

with regards to rehabilitating heavy sawn timber beams in @¢BD(they are prescriptive and offer

f AYAGSR 3IdZARIyOS &dzOK & aGKS NBAYF2NOSYSyd fSy13
LJ2 a & XaBA, 2619)Additional research is required to provide guidance on the reinforcement,
rehabilitation, and repair of glulam beams using FRPs that can be implemented into codes and standards.
Fundamental knowledge is required the effects and implications of varying parameters on the overall
response of FREeinforced glulam members, both in terms of performance and failure modes, prior to

developing general design guidelines.

A common method for strengthening structurally deficient wooden members has been through the use

of FRPs, such as glass (GFRP) and carbon (CFRP), in the form of fabric sheets or bars. R&F fabrics
successfully been employed in the past for the retrofitting and strengthening of old bridges (e.g., Meadow
Lake Bridge 61.4, SK) as well as in new bridge construction (e.g., Lighthouse Bridge, WA). Furthermore,
the use of hybrid FR&ulam girders forma 32m span in a Western Washington University gymnasium
contributed to reductions of 25% and 17% in width and depth of the hybridf&BRi-glulam member,
respectively, compared to a conventional member leading to savings of approximately $17,000 for the

beams alongGilham & Williamson, 2007FRPsave also been observed to reduce the variability in
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strength by delaying crack opening and bridging the natural defects found in (@mtile et al., 2002;
Johns & Lacroix, 2000; Lacroix et al., 2021; Lacroix & Doudak Y20148;Liu, et al., 201&s a result, an
enhancement in wood tensile failure strain in reinforced specimens compared to the unreinforced
specimens is observedohns & Lacroix, 2000; Lacroix & Doudak, 2018, 2020; Vetter, 2022; Yang, Liu, et
al., 2016)

Despite increases in rasance and stiffness up to 50% and2@espectivelye.g., Buell & Saadatmanesh,
2005; Dorey & Cheng, 1996b; Hernandez et al., 1997; Johns & Lacroix, 2000; Plevris & Triantafillou, 1992;
Shrimpton et al., 2023; Vetter, 2022; Yang, Liu, et al., 2@I®) of the main drawbacks of using FRP
fabrics as simple tension reinforcement is the premature debonding of thedaRfed by the wood on

the tensile face failing in flexure and pushing outwards on the FRP reinforcébenaty & Cheng, 1996b;
Hernandez et al., 1997; Johns & Lacroix, 2000; Lacroix & Doudak,R€4&rch has also shown thiag¢

FRP termination poinvhen using fabricean shift the failure from an initial flexural failure of the wood

in the maximum moment region to one that is dominated by stress concentration at the FRP termination
point with no debonding of the FREhe, 2023; Shrimpton et al., 2023; Vetter, 2022was shown that

a change in the FRP termination point fr&2.5mm (Lacroix & Doudak, 2018) 143mm (Shrimpton et

al., 2023)for beams with similar shear span-depth ratios was sufficient to alter the primary failure

mode.

While FRP sheet reinforcement offers a means of external reinforcement, FRP bars are better suited for
internal reinforcement applications. FRP bars offer a wide range of applications as they can be
manufactured m various configurations including bent and straight and have the possibility of use in
hybrid FRRvood products. A common issue with FRP sheets is debonding, whereas studies investigating
the behaviour of FRP bars for reinforcing wood memlerg., Gentile et al., 2002; Yang, Liu, et al., 2016)
have not reported any instances of debonding failures. Despite the results reported on observed failures

modes, the studies have not focused on investigating parameters that could alter the failure mode.

Systematic research investigating the effects of key parameters affecting the behaviour of glulam beams
reinforced with GFRP bars is required to address the lack of existing guidelines in the(CSA,2619)

The observed failure modes the literature warrants further research in the performance of glulam
reinforced with GFRP bars in terms of understanding adequate reinforcement lengths, quantity of
reinforcement,and the development of a material model to predict the strength of these reinforced

members.



1.3 Research Objectives

The overarching aim of the research is to develop fundamental knowledge of the behaviour of glulam
beams when reinforced with GFRP bars experimentally and analytically. The research program focuses on
the flexural behaviour under static loading and theeett of bent versus straight GFRP bars used as simple
tension reinforcement. Of particular interest to the current study are the effects of reinforcement length,
adhesive type, and knurling on the failure modes of the reinforced members when compared to

unreinforced glulam. The specific research objectives are to:
1. Evaluate the performance of different adhesives afffécts of knurling in pullout tests.

2. Determine the influence of reinforcement length and termination point on the flexural behaviour

of glulam beams reinforced with GFRP bars as simple tension reinforcement.

3. Investigate the effects of knurling and profile of bar on the flexural behaviour of-@#fRérced

glulam beams.

4. Develop a material model to predict the flexural behaviour of unreinforced and GFRP bar

reinforced glulam beams.

1.4 Scope

The research objectives above are accomplished through:

- A thorough literature review on the behaviour of wood as a construction material, FRP as a

reinforcing agent and FRBinforced wood members subjected to loading in flexure;
- Testing of wood coupons to establish the properties to be used as inputs in the analytical model,
- Testing a total of eighteen pullout tests to investigate the effects of knurling and adhesive types;
- Testing of four unreinforced glulam beams to establish baseline resistance curves;
- Testing of ten glulam beams with varying reinforcement configurations under static bending;

- Developing an analytical model to generate resistance curves to compare against experimental

test results;

- Adiscussion of the results and proposal of recommendations for future work.
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1.5 Thesis Organization
Provided below is a brief outline of the seven chapters included in this thesis:

Chapter lintroduces the subject and states the research needs, objectives, and scope of the research

program.

Chapter 2oresents a detailed literature review covering the topics of wood as a material, EWPs, FRPs, and

the compressive and flexural behaviour of reinforced wood members.

Chapter Jescribes the experimental methodology used in this research program, including the specimen

descriptions and test setups used for both the sraid fullscale tests.
Chapter 4presents data and observations from both the smatid fullscale experimental tests.

Chapter Sintroduces the material properties and equations used to develop the mornentature and

resistance curve models.
Chapter 6provides a discussion on the experimental and analytical results.

Chapter 7summarizes the key findings of the research and proposes potential future work.



CHAPTER | LTERATURE REVIEW

2.1 General

This chapter is purposed to introduce importdrgckground knowledge pertaining to wood as a building
material and provide a review of the work conducted over the years on wooden members and fibre
reinforced polymers (FRPs). The foundation for understanding the material properties and behaviour of
wood and FRReinforced wood members under applied loading is provided herein. Finally, a brief

introduction to the methods of analysis for unreinforced and f&#Rforced wood members is presented.

2.2 Overview of Wood as a Construction Material

2.2.1 Mass timber products

Mass timber is a family of engineered wood products (EWPSs) that consist of smaller wood elements (e.qg.,
dimensional lumber, veneers, strands) that are joined together with adhesives, dowels, nails, or screws to
form larger structural products. Figure 2.fhosvs examples of EWPs, including gHesdinated timber

(glulam), crosgaminated timber (CLT), parallel strand lumber (PSL), laminated veneer lumber (LVL), and

laminated strand lumber (LSL).

(a) Glulam

| (d)LVL (e) LSL

Figure 21 Mass timber products
Reproduced fronMass Timber Institute (n.d.)



Mass timber is rising in popularity due to its allowance for taller timber buildings, ease of assembly,
strength, ecefriendly nature, and its aesthetically pleasing appearaiNagural Resources Canada, 2021)

Additional advantages of mass timber products include superior strength than the individual boards or
strands used, lower variability compared to dimensional lumber and traditional heavy timber, and larger

sizes not limited by the size of the tree trunk.

Although considered as part of the mass timber family, each product has different properties and ideal
applications given how they are manufactured. It should be noted that both glulam and CLT are made of
dimensional boards whereas PSL, LVL, and LSL rmsiglered structural composite lumber (SCL) and
fabricated using veneers and strands of wood. Despite both using dimensional lumber, glulam and CLT
are fundamentally different in their manufacturing and application. For example, CLT consists of layers of
dimensional lumber that are oriented at right angles with respect to one another and glued together to
form a structural panel. CLT can be used both for walls and floors due to their strength and dimensional
stability. On the other hand, the dimensional luertboards used in the manufacturing of glulam are
aligned in the same direction and generally intended for beam and column applications. The following
section will provide an overview of the manufacturing process of glulam and their properties. For
additional information on other mass timber products, the reader is referred to the report on the state of

mass timber in Canadalatural Resources Canada, 2021)

2.2.2 Manufacturing and properties of glulam

Glulam is a popular product in the mass timber construction industry due to itstilidysand broad
variety of uses (e.g., bridges, buildings, canopies), including-sieaigning and curved shapes,
additionally, it has a high strengti-weight ratio(Yang, Ju, et al., 201&3lulam is an EWP comprised of
pieces of standard dimension lumber glued together in horizontal laminations in accordance with CSA
0122(CSA, 2021A generalized manufacturing process is shown in Figure 2.2 where it can be seen that
the dimensional lumber boards undergo several steps prior to being glued together. Since the individual
pieces of lumber are visually stresged or machinerated, it dlows for a tighter control on the individual
fFYAYFGA2YaQ LINPLISNIASE (G2 | OKAS@S O2yFAIdzNF A2y
in sawn timber(Wood Solutions, 2024)o achieve longer lengths, the individual pieces are connected
using fingefjoints. These fingejoints are distributed throughout the glulam member and must meet
stringent spacing and distribution requiremer{tSSA, 2021)The laminations are then pressed together

using a mechanical or hydraulic press and are bonded together using adhesives



Glulam members are graded based on their strength and appearance, and various grades are available for
use depenént on the members intended use (e.g., flexure, tension, compression). In Canada, glulam is
commonly made from a variety of species such as Dodjtdsarch, Spruc®ineFir, or a combination of
DouglasFir-Larch and Hem HECSA, 2024)

§ 2 = =3

Structural Timber Kiln Drying Strength Grading
P — P p 4
A — | — A
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Finger Jointing Planing Adhesive Application

— —
Pressing and Cutting Planing and Finishing Packaging and Delivery

Figure 22 Glulam production process
Reproduced fronRSB (n.d.)

2.2.3 Physical and mechanical properties of wood

Wood is considered an orthotropic material, meaning it has unique and independent properties in the
three principal axes. Figure 2.3 shows a cr@ggtion representative of a dimensional lumber board that
would be obtained from the log conversion process where three mutually perpendicular axes are seen
relative to the growth rings, namely, longitudinal, tangential, eaxtial(Forest Product Laboratory, 2021)

For design purposes the tangential and radial directions are grouped as one, since they exhibit similar
behaviour and because it is difficult in practice to know the precise cut of a tree that will be used during
construction(Forest Product Laboratory, 202The mechanical properties are thus referred to relative

to their directions respective to the grain in engineering applications: pataligiain and perpendicular

to-grain.



Wood is a composite material composed of celluldgamicelluloseand lignin, with long and hollow cell
structure. The purpose of the cells is to store and transfer water and nutrients. Water can be stored in
either the cell cavities (free water) or the cell walls (bound water). As wood dries, the cell cavitied are firs
drained of their free water, and the fibre saturation point (FSP) occurs once only the bound water is left.
Drying beyond the FSP is when the bound water leaves and therefore changesdipreperties occur,

most notably shrinkagé_egg & Tingley, 2020)

Radial

Longitudinal Tangential

Figure 23 Wood grain orientations

Reproduced fronAzeufack et al. (2019)
The physical properties of wood, such as density, shrinkage, and strength, vary with the species of tree
and their growth procesgYou et al., 2021)Vood is also a viscoelastic material, meaning its mechanical
properties are timedepencent and thereby affected byhe rate of loading, load duratiorgreep, and
fatigue (Forest Product Laboratory, 202The various species of trees can be divided into two categories
hardwoods and softwoods. Hardwood species are deciduous trees, with broad leaves that shed every
year. Softwoods species are coniferous with nedillle leaves and are generally evergreen, they tend to
have tall, straight stems making them ideal for use as structural menfbiarse, 2009) Species used for
structural applications in Canada are divided into 4 categories as provided in the CSA 086 design
guidelines; Douglas Hirarch (D.HL), Hemlockir (HemFir), Sprucé’ineFir (SPF) and Northern species
(NOR)CSA, 2024)

Since wood is a natural mater;dlis subject to defects. Defects can emerge naturally or due to seasoning.
Defects such as knots, compression zones oflimaar grain direction, occur naturally during the growth

of the tree, whereas defects such as checks, splits, warping or bowing, r@sult of seasonin@arte,
2009)



2.2.4 Structural behaviour of wood under applied loading

The following section describes the behaviour of wood in tens@mpression,and flexure. The
description is not meant to be an exhaustive explanation, but rather to provide a brief description to

provide context of the overall behaviour of the specimens tested in the current research program.

In the parallefto-grain direction,wood behaves in a linealastically fashion with strengths of clear
softwoods ranging between 70 to 140 MPa for a moisture content of 1P%rte, 2009) The
perpendiculafsto-grain tensile strength can be as little a8% and %% of the parallelo-grain strength
for the radial and tangential directions, respectivélyarte, 2009) The perpendiculato-grain tensile
capacity of wood is usually considered to be negligible according to the design gui@Bfes2024he

failure mode for both paralleland perpendiculato-grain in tension is brittle.

The compressive strength of clear wood paraitegrain ranges from 30 to 60 MPa for softwoods with a
12% moisture conten{Harte, 2009) The failure modes of clear wood under compression pasaliel

grain, which are shown in Figure 2.4, can be classified into one of six categories: crushing, wedge split,
shearing, splitting, brooming/end rolling, and compression and shearing pamijeain (ASTM, 2022a)

In the perpendiculato-grain direction, the compressive strengths are approximately 10 to 20% of the

paralletto-grain valuegHarte, 2009)

i g 0 i ) e

N\

— ]

(a) Crushing (b) Wedge (c) Shearing (d) Splitting (e) Brooming/end (f) Shearing
split rolling paralletto-grain

Figure 24 Compressive failure modes of wood under paratlgjrain compression
Reproduced fronASTM (2022a)
The stressstrain model used to predict the behaviour of wood in compression paitaligrain is based
on the model proposed by Baz&t©80)for clear wood and modified by Buchan@®90a)o account for
in-grade lumberOver the years, variations of the idealized strsgsin relationship of wood subjected
to compression paralla@b-grain loading were proposed by various researchers as shown in Figure 2.5.

Initially, Neely (1898)proposeda simple elastoplastic model (Fig. 2.5a); however, the model did not
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accurately describe the pogteak behaviour of wood under compressi@ios (1978)nade changes to

the model to quantify the falling branch (Fig. 2.5b), and although this model provided a better
representation of the actual behaviour of figéale wood members in compression paraitegrain, the

parameters required to predict the aclibehaviour neeslcalibration specific to the set of materials. To

arrive at one of the most commonly accepted models used today, Bad2&®)and Buchanar§1990a)

AAYLIE AFTASR Df2aQ Y2RSt G2 0S | o0AfAYSINI NBtlIGA2Yy A
elasticity (Fig. 2.5c)
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(a)Neely (1898) (b) Glos (1978) (c) Bazarf1980)& Buchanan(1990a)

Figure 25 Stressstrain models for wood under compression loading
For wooden beams in flexure, the longitudinal grain is typically parallel to the span, thus engaging both
tension and compression paraHi-grain. The stresstrain model, shown in Figure 2.6a, is described with
the tension behaviour assumed to be lineglastic, having failure occurring at a stré€s and the
compression behaviour havinghdinear relationship, such that beyond maximum compression stf&kss (
and corresponding strain (), the slope of the failing branch follows a ratio (m) of the elastic modulus
(E).The resulting strain and stress distributions for a planar rectangularsgosen are shown in Figure
2.6hb.

Stress A o C e

e, tan'me Ex, ‘ _f.:'-‘_m
! § Centroidal E a ad
i/ SR [BE NN RiY J = — =y
& Strain § l\%—g G d

Lﬂ.,. '_E_rv nfe
Brittle £ .
fracture SECTION STRAIN STRESS
(a) Stressstrain model (b) Strain and stress distributions

Figure 26 Strength models of wood
Reproduced fronBuchanan (1990a)
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The flexural failure modes of wood differ depending on whether or not the member is clear (i.e., free of
defects). For clear wood members, flexural failure is governed by the wrinkling of the fibres on
compression side of the member. Tension failure iscipof lumber with defects in flexure (Fig. 2@

however, other failures such as compression (Fig. 2.7e) and shear (Fig. 2.7f) can also occur in wooden

members.
. 8 | —_—
(a) Simple tension (b) Crossgrain tension
(c) Splintering tension (d) Brash tension
T
(e) Compression (f) Horizontal shear

Figure 27 Failure modes of wood under static bending
Reproduced fronASTM (2022a)

2.3 Fibre Reinforced Polymers as a Strengthening Material for Wood

2.3.1 Overview of FRP materials

Fibre reinforced polymers (FRPs) can be used as a reinforcing agent for timber elements. FRPs are
composite materials consisting of fibres embedded in a resin matrix. Their use for retrofitting steel and
O2yONBGS &0 NHzOGdzNBA R firss dseddor viddd stiutures K $o99Blogeinpo@a | y R
et al., 2018) FRPs are high performance materials, with many advantages, including being lightweight,
non-conductive, having high mechanical strength and stiffness, and having corrosion res{giancet

al., 2022) The effectiveness of FRP as a reinforcing material is depengon the type and volume of

the FRP, as well as the type of wood it is being applied to.

For the purpose of reinforcing wood, FRPs are commonly used in the form of sheets (Fig. 2.8a) or bars
(Fig. 2.8b). Sheet reinforcement offers means of external reinforcement, while bars can be used for
internal reinforcement applications. For their user@habilitation and repair, FRPs are best used in the
form of sheets due to their ease of application in comparison to (@osradi et al., 2017FRP sheets can

be used in one or more layers and are applied by first saturating the sheet with a resin, then adhering the
sheet on the surface of the element to cure. FRP bars, on the other hand, are placed in grooved out

sections of the element and bded to said element through the use of chemical adhesives. FRP bars can

12



be manufactured in various configurations, including straight and bent bars, allowing for their use in a

wide array of reinforcement schemes.

(a) FRP sheets (b) FRP bars

Figure 28 Forms of FRP reinforcement
Reproduced fronMST Rebar Inc. (n.d.)

There are multiple types of FRPs available for structural retrofitting, most notably; carbon fibre reinforced
polymers (CFRPs) and glass fibre reinforced polymers (GFRPs). This experimental program will focus on
the use and behaviour of GFRP bars. GFRPssad in the construction industry because of their high
tensile strength and strong insulating properties while remaining at a low(égsione et al., 2024They

are composed of gladtore filaments and a resin matrix. The lebdaring components are the filaments,
possessing a high tensile strength and a high modulus of elasticity. The matrix is purposed to hold the
fibres together, preventing shearing between them, as well as maintaining the dimensional stability of the
GFRKBenmokrane et al., 1995)

The difference irthe modulus of elasticity between timber and FRPs makes it ideal for strengthening
timber elements, as the FRP contributes to the stiffness and strength of the mdKliger et al., 2016)
Although FRP reinforcement can improve the reliability and strength of timber elements, recent studies
have shown that under freezihaw cycles FRReinforced elements exhibit brittle behaviour compared

to those at room temperatur¢Neale, 2000)It is important to understand the different bonding methods

of FRP to timber as it can influence the mechanical properties of these structural elements. The bonding
methods of FRP to wood structural elements include bottom anchoring, externally bondéatcement

(EBR), vertical near surface mounting (VNSM), horizontal near surface mounting (HNSM) aivdrghieed
(GiR). The bond strength also varies with shape, mechanical properties, boundary conditions and

arrangement of the wood specimddian et al., 2022)
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2.3.2 Bonding of reinforcement to wood using adhesives

When working with FRPs, it is necessary to use an adhesive to bond the FRP to the wood. Commonly used
adhesives for glueih rods are epoxies, polyurethanes (PUR), and phezsaircinofformaldehyde (PRF)

based adhesives. Epoxy adhesives are both britttesarong, thus fillers can be added to decrease cost,
brittleness, and shrinkage, as well as to increase viscosity. PUR adhesives are characterized as ductile,
plastic materials when hardene(Kemmsies, 1999)While PRF adhesives offer similar properties,
regulations and exposure limits regarding the use of them have been implemented due to the presence
of formaldehydeg(APA, 2018)

Previous studies on the performance of various adhesives, given all other parameters are the same (bar
diameter and gludine thickness), show that gludd rods with epoxies exhibited the highest axial
capacity, followed by PU@roughton & Hutchinson, 2001; Lavisci et al., 2088hough PUR adhesives

often exhibit lower of stiffness and strength than epoxi€allée et al., 2017}he gapfilling ability of PUR
adhesives is an important characteristi@onzalez et al., 2016)he choice of adhesive depends on the
application and desired properties. For example, for a bar placed in an oversized hole, an adhesive with
strong gagfilling properties should be used. Other factors affecting the choice of adhesive are the desired
failure type and location of said failure, bearing capacity, geometric properties, and ease of application

(Tlustochowicz et al., 2011)

The bond between the wood, adhesive, and FRP bar can be investigated through tensiletpstigut
wherethe bar is pulled upwards out of the specimen until failure occurs. Possible failure modes are shear,
tensile, tearout, splitting and yielding (Fig. 2.9). A shear failure can occur along the bar due to the shear
forces in the connection in a single meenifFig. 2.9a) or in multiple members (Fig. 2.9¢). It is possible for

a failure to occur behind the top face of the specimen due to tensile stresige2 (#b). A splitting failure

(Fig. 2.9d) can also occur, which is usually caused by tension perpendicular t&gnaino (20013tates

that splitting is the dominat failure mode in specimens where the edge distance 2125 times the
diameter of the bar. The last possible failure mode that can happen is when the bar yields (Fig. 2.9e),
which results in more deformation (i.e., ductility) compared to other failuedes. The latter depends

on the type of bar used, for example, if a steel bar is used, then significant ductility can be used. However,
if GFRP bars are used, the ultimate failure will be sudden and brittle despiteciteased deformations

due to the GFRP behaving in a line&stic fashion.
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(d) Splitting failure (e) Yeilding of bar

Figure 29 Pullout test failures
Reproduced fronTlustochowicz et al. (2011)

2.3.3 Knurling of wood and development lengths

Knurling is the process of creating a textured pattern on a surface to improve grip through friction and is
most commonly done to metals. A previous study by Albers and WIB@6)investigates the effects of
surface treatments on the shear bond strength between epoxy and aluminum. Redupu#sts were
conducted to determine the interfacial shear strengths. The results have shown that surface knurling
caused a 72% increase in tinderfacial shear strength when compared to the untreated specimens.
Although the technique of knurling is commonly usedrfatals, itcan be done to wood as wellohn,

2023) Lyons and Ahme(005)hypothesized that knurling could be beneficial for increasing the bond
strength between the FRP rods and wood surfaces. The effects of the application of composites on a rough
surface versus a smooth surface showed scattered and inconclusive resulntivayfurther research

to be done on the topic.

The bond between the reinforcement and structural members plays an important role in the expected
performance. When determining bond strength, one parameter to consider is the development length.
The development length refers to the length of the rebar edled into the member required to achieve

the desired bond strength between any two types of materials. The bond strength between FRP and

timber can be measured through pullout testing. Pullout testing procedures are specified in ASTM D7913
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FRP to timbef(Kemmsies, 1999; F. Wang & Xiong, 20i9)(2025)performed a series of pullout tests on

FRP bar reinforced timber specimens to investigate the effects of development length on bond strength.

The results showed a change in failure mode from FRP bar pullout to either shear failure of the lumber
around the bomled surface or a combination dfie bar pullout and vertical splitting occurred due to
increased development lengtfLiu et al., 2025)Also, the strain developments remained concentrated

around the loaded end for specimens with longer development lenfithset al., 2025)

2.4 Behaviour of FRReinforced Wood

2.4.1 Overview

Previous research on reinforcing wood products has included an array of reinforcement materials and
configurations The use of steel to reinforce wood members has been studied, including applications of
steel plategDar et al., 2021; Waseem et al., 2022yrs(Bulleit et al., 1989; Gharaibeh & Doudak, 2023;
Soriano et al., 201@nd pre and posttensioned tendongAlHayek & Svecova, 2014; McConnell et al.,
2014; Zhang et al., 202Mut have seen limited commercial success. Since, the use of FRPs have become
a viable and popular option. The use of FRP as a strengthening material for concrete has been studied
vastly(e.g., Ben Ouezdou et al., 2009; Benmokrane et al., 1995; Pellegrino et al., 2008; S. T. Smith, 2011;
Teng et al., 2001; Yao et al., 200&0)d many of the theories of the wodd-FRP relationship stem from

that of the concreteto-FRP.

The following sections will provide a review of the research conducted on the reinforcement of wood
elements in compression and in flexure using FRP fabrics and bars. Different models to predict the flexural

strength of FR¥Peinforced wood is also reviewed

2.4.2 Application of FRPs to reinforce the compression strength

Compression members such as timber colunposts,and bridge piles often times use FRP confinement

as a method of strengthening. Various studies have been conducted to investigate and better understand
the behaviour of FRReinforced wood members under compressive loads. Overall, the effects of
compressn reinforcement are improved pogteak behaviour and loadarrying capacity while the

effects on ductility vary.
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Dong et al(2015)investigated the behaviour of square timbers strengthened with externally bonded FRP
sheets under axial compression. The laadrying capacity of the reinforced members showed
improvements ranging from 68.9 to 100.2%; however, this was accompanied by a decrease in the ultimate
displacement between 46.1 to 56.6%. No proportional relationship was seen between thedogihg
capacity and the reinforcement ratio. Other improvements were seen in the-pesk behaviour and

a0 ATTySaaoh)suidied thel edekts 9f GFRP wraps using unidirectional and bidirectional
fabrics on timber columns on the stressain relationship and failure modes. A total of 36 columns were
tested to failure with results showing that with an adequate thickness G&Ri®rcement can prevent
splitting and shearing failure modes, negate the effects of defects on crushing, and improve tpeg@ost
behaviour. In comparison to the unreinforced specimens, the GFRP reinforced specimens averaged peak
stresses and modulus @lasticity of 1.01:1.39 and 1.141.26 times greater, respectively. Figure 2.10
shows a representative failure for an unreinforced (Fig. 2.10a) and a GFRP reinforced (Fig. 2.10b) beam, it
can be seen that the reinforcement causes the damage to be localized, wharéas unreinforced

specimen the damage has propagated throughout the specimen.

L
(a) Unreinforced member failure (b) GFR¥Peinforced member failure

Figure 210 Effects of GFRP confinement on timber columns
Reproducedfronh Q/ I £ £ I AKIF Yy SiG | f
The effects of FRP reinforcement on the ductility of wood members show contrasting results. Some
studies showed improvements in ductiligghat, 2021; Najm et al., 2007; H. Wang et al., 2023; Xiong &
Su, 2015)while other research observed negative impacts on the ducfilig/lLa Rosa Garcia et al., 2021;

Dong et al., 2015; Li et al., 2018hat(2021)studied the behaviour of CLT columns with FRP sheets and
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found that for both long and short columns the maximum ductility occurred when the specimens were
wrapped with doublecross helix FRP. Najm et @l007)investigated the behaviour of circular timber
columns with CFRP reinforcement, results showed that full FRP confinement increased the ductility. Wang
et al. (2023)saw improvements in the ductility of long timber columns externally wrapped with hybrid
FRP. Li et a2013)conducted a study on the behaviour of short columns with CFRP sheet reinforcement
and found that the improvements in the carrying capacity and stiffness were at the cost of the ductility.
Similarly, Rosa Garcia et @021)found that CFRP sheets could improve the carrying capacity by 96 to
133%; however, it was accompanied by a decrease in ductility ranging from 16% to 25%Klowand
Andrawes (20163tudied the use of FRP fabrics to strengthen timber piles under to uniaxial compression
after being subjected to accelerated aging. Results showed an increase in capacity for the control and
aged specimens of up to 80% and 35%, respectively. Increasestitity of up to 90% were seen in
comparison to the unreinforced specimens, and the accelerated aging was observed to have no effect on

the ductility.

2.4.3 Application of FRPs to reinforce flexural behaviour

Most of the literature on the topic of FRP and wood is directed to study the flexural behaviour of the FRP
reinforced members. The primary objective of flexural reinforcement is often to increase the strength and

stiffness of the member, and in some apations (e.g., impact, blast) to increase the overall ductility.

The use of FRP sheets or plates purposed for simple tension reinforcement of wood members has been
studied extensively. Overall, the effects of simple tension FRP reinforcement on the behaviour of wood
are increased strength, stiffness, and ductility, asl\&s decreased variability in said behavi@lohns &
Lacroix, 2000; Plevris & Triantafillou, 1992; Raftery & Harte, 20hE)increase in strength is attributed

to the local bridging of defects and confining action the FRP proyiddss & acroix, 2000; Raftery &
Harte, 2011)Bridging the effects are captured when modelling the behaviour ofrf€iR®rced members

by using an m factor which accounts for increased wood tensile strain at failure with FRP. The model and
, m factor are discussed further later in this section. However, results can be greatly influenced by the
quantity and properties of the FRP used as well as the wood product. Plevris & Trian{a®les)
conducted research on the FRP area fraction and its significant effects on the behaviour of a structural
member. The FRP area fraction is dependent on three parameters: the ratio of tensile to compressive
failure of the wood, the ratio of FRP ultimateatr to wood compressive strain, and the ratio of the elastic

moduli of FRP and wood. The effects of the FRP area fraction show that with a small increase of 1%
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substantial increases in moment capacity and stiffness are observed. However, a critical FRP area fraction

is observed for the moment capacity, beyond which the bending moment capacity plateaus.
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Figure 211 Dependence of ultimate bending capacity on FRP area fraction
Reproduced froniPlevris & Triantafillou (1992)

A drawback of using simple tension reinforcement in flexure is the pdetigth or fulllength debonding
of the reinforcement that occurs when the outer wood tension layerqfxilrey & Cheng, 1996a, 1996b;
Hernandez et al., 1997; Lacroix & Doudak, 20ERjure 2.12a shows the debonding that occurred in the
experimental program conducted by Lacroix and Dou@@i8) A different failure mode was observed
by Vetter(2022)where instead of premature partiabr full-length debonding of the reinforcement due
to the wood failing and pushing outwards on the FRP, the failure was observed to occur at the termination
of the reinforcement due to stress concentrations (Fig. 2:¢2bAlthough no debonding occurred, this
failure mode is considered undesirable and highlights the importance of reinforcement length on the

behaviour of the reinforced specimeShrimpton et al., 2023, 2024; Vetter, 2022)
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(c) Failure at FRP termination point

Figure 212 Failure modes of simple tension reinfegsawn timbers
Reproduced frontacroix & Doudak (2018nd Vetter (2022)
Another method of using FRP as reinforcement is in the form of padralull-length confinement.
Typically, confinement reinforcement is provided in the form of unidirectional and/or bidirectional FRP
fabrics. The effects of confinement reinforcementtbe behaviour of wood generally causes an increase
in strength and stiffnes@Buell & Saadatmanesh, 2005; De La Rosa Garcia et al., 2013; Lacroix & Doudak,
2020; Vetter, 2022)

Buell et al(2005)studied the behaviour of strengthening timber bridge beams with bidirectional carbon
fabrics. A total of 10 beams were tested under foint loading. Results showed increases in stiffness
from 5 to 27%, ultimate bearing capacity from 40 to 53% and twt@ shear strength from 28 to 68%. It

was also observed that the FRP provided support and confinement to the wood, reducing the effects of

defects which significantly reduce the strength and stiffness of the beams. Rosa Garci261.3).
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conducted a study on the behaviour of timbers reinforced with different grammages of basalt fibre
reinforced polymers (BFRP) and different configurations for CFRP. A total of 26 beams were tested to
failure under threepoint bending where the reinforced bens showed higher fracture loads and
increased rigidity; however, no increases in ultimate displacement were observed. Conclusions were
made that the use of CFRP is optimal compared to the BFRP, due to its higher elasticity modulus. Lacroix
et al. (2021)studied the effects of GFRP on wood studs in terms of flexural performance. A total of 48
unreinforced and GFRinforced members were tested to failure under fegpwint bending. A variety of
reinforcement schemes were investigated. It was observedspatimens with t$haped reinforcement

saw increases in strength ranging between-1.2 and increases in stiffness of up to 1.3. Ductility ratios

of 3.0-3.7 were observed. Compared to the unreinforced specimens, thegesk strength was sustained

for much larger displacements for the-thaped reinforced specimens. The addition of a fully wrapped
layer on top of the kshaped layer showed increases in strength and stiffness e2.4.and 1.31.8,
respectively, compared to the unreinforced members. Dugtititios of 2.8 to 3.9 were reported and can

be attributed to the combined effect of extending the FRP to the side faces of the stud and the

confinement, which prevented delamination of the FRP at the initial wood fracture. In general, the

@ .

——

addition of FRIbcalized the damage, as shown in Figure 2.13

(a) Ushaped failure (localized damage) (b) Full confinement failure (localized damage)

Figure 213 Representative failure modes of FrRihforced wood studs

Reproduced frontacroix et al. (2021)
Lacroix and DoudaR2020)conducted research on the effects of full confinement FRP reinforcement on
the behaviour of glulam beams subjected to blast loading. Increases in maximum resistance and stiffness
by factors ranging from 1.2.7 and 1.61.3, respectively, were observed ihe reinforced members
relative to the unreinforced beams. Representative failures of the beams are shown in Figure 2.14. The
reinforcement was shown to confine the failure to the midspan of the specimens (Fig. 2.14a). Unzipping
failures (Fig. 2.14b) wegresent due to the higistrain rate loadinghowever, the confinement provided

sufficient reinforcement to minimize the wood damage.
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(a) Localized damage (b) Unzipping failure

Figure 214 Full confinement failure modes
Reproduced frontacroix & Doudak (2020)

The use of FRPs in the form of bars as a practice for reinforcing wood members has also been studied. In
general, the effects of FRP bars on the behaviour of the beams are increased strength and §fiffness
Yusof & A. L. Saleh, 2010; Gentile et al., 2002; Yang, Liu, et al., 2016)

Gentile(2002)studied the flexural behaviour of timber beams strengthened with reaface mounted

GFRP bars. Hatind fullscale tests were conducted, and results showed an increase in ultimate load and
modulus of rupture, and increased stiffness, respectively. It was observed that the addition of GFRP bars
caused a change in failure mode from brittle tension to ductile cosgiom. Similar to FRP fabrics, the

bars were able to overcome the effects of defects. Increases in flexural strength were seen between 18
to 46%. A modification factdr  of 1.3 was introduced to account for this strength enhanced in the
model. Yang et af2016)incorporated this modification factor into their model and suggested that further
research be done on this modification factor to account for timber grades. Further research into the use
of modification factor, » was conducted by Lacroix and Doud2R18)where the wood tensile failure
strains of unreinforced and GFRP sheet reinforced glulam beams were measured and used to determine
an| of 1.17. SimilarlyShrimpton et al. (2024)onducted flexural tests on unreinforced and FRP sheet
reinforced glulam beams, and the results were modelled with= 1.17 and 1. In scenarios where non
flexural failures occurred, the modelled results withfactors larger than 1 produced inaccurate results.

The study highlighted the importance of accounting for diverse failure modes and behaviours of
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unreinforced and FREeinforced glulam beams. A study conducted by Yusof & $200)found similar

NBadz Ga (G2 GKFEG 2F DSYdGAftSQaod ¢KS LINRPINIY AyOf dzRS
failure under fourpoint bending. The addition of GFRP rods increased the ultimate load by 20 to 30% and

the stiffness by 24 to 60%. Thame change in failure mode, from brittle to ductile, was seen when the

percentage of GFRP was greatearti9.35%.

Che (2023) conducted research on both sawn timbers and glulam beams reinforced with GFRP bars.
Reinforcement ratios of 2.16% and 1.81% were used for the sawn timber and glulam specimens,
respectively. Failure for both the sawn timber and glulam originated in thedwower in the unreinforced
tension filres but the depth of crack propagation arrested at the GFRP bars as shown in Figures 2.15 and

2.16, respectively.

(d) Ultimate failure

Figure 215 Representative failure mode of a sawn timber member reinforced with GFRP bars
Reproduced fronChe (2023)
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The next component to fail was the epoxy resin encasing and bonding the GFRP bars to the wood, the
failure observed was a sudden shattering of the epoxy with a partial bond remaining, allowing for the
specimens to continue developing pgstak strength asa part of the semcomposite beam. The
behaviour of the sawn timber and glulam specimens began to differ upon further loading. The sawn
timber specimens showed the cracks continuing to propagate across the depth where the initial failure
occurred, creating localized failure (Fig. 2.15). For the glulam specimens, the cracks were observed to

propagate throughout the specimens, following the path of least resistance (Fig. 2.16).

(c) FRP resin failur

(d) Ultimate failure

Figure 216 Representative failure mode of a glulam beam reinforced with GFRP bars

Reproduced fronChe (2023)

Since the GFRP bars were side mounted rather than-s@dace mounted, no debonding of the GFRP

was observed in neither the sawn nor glulam members, unlike in simple tension reinforcement with

fabrics. However, due to the unreinforced wood cover on thesten side, the reinforced specimens

observed little difference in terms of peak strength and stiffness compared to the control specimens. The

reinforcement did contribute to a significant improvement to the ppsik performance and ductility.

Overall, tle beams were then able to redevelop load resistance up to 60% and 95% of the peak load in

the sawn timber and glulam beams, respectiv&pe, 2023)
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2.4.4 Predicting the flexural strength of ARiAforced wood beams

There exists a need for material models to accurately predict the behaviour of reinforced wood members.
Methods of analysis include the transformadea, forceequilibrium, and momenturvature methods. In
this thesis the momenturvature method will be wed as it is capable of including the idealized bilinear

behaviour of wood in compression.

As discussed, a material model was originally developed based on the behaviour of wood being linear
elastic in tension up to a failure stress™@ and bilinear in compression such that beyond maximum
compression stress(d and corresponding straiif)) the slope of the failing branch follows a ratio (m) of

the elastic modulus (EBuchanan, 1990a) ater a modification factor was introduced to the model

by Gentile et al(2002) purposed to account for the higher wood tensile failure strains infeRForced

wood.

Other researchers have adequately modelled their results using thdinear stressstress relationship

and modification factor . Lacroix and Doudaf2018)applied a moment curvature approach in their
investigation to obtain the bending resistance for the timber beams reinforced with FRP in a semi
confined applicationThe program was able to derive resistance curves from the momanvature and
stressstrain relationship. Ah  factor of 1.17 was used in this study to account for the enhancement of
the bending strength. The model was able to accurately predict the maximum resistance and

displacement at maximum resistance, shown in Figure. 2.17.
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Figure 217 Experimental versus modelled results
Reproduced front.acroix & Doudak (2018)
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A numerical study was conducted by Lacf@XL7)to investigate different wood tension and compression

modulus of elasticity ratios and axial loads and their effect on theofylane flexural response. The
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load results in a decrease in moment capacity.
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Figure 218 Moment-curvature analysis
Reproduced from Lacro{2017)

2.5 Summary

The recent uptake in wood structures has led to the need for a more thorough understanding of the
effects reinforcement can have on wood members. Research is needed to further develop design
guidelines and to contribute to code advancements. The use ofcBRIPosites have proven to be a
promising means of reinforcing wood members. In terms of the flexural behaviour of glulam beams, the
strength provided by the FRP, whether that be in the form of sheets or bardewmmsshown to cause
increases in strengtand stiffness of the member, as well as decrease the effects of defects. The behaviour

of FRPreinforced compression members shows improved pusak behaviour and loadarrying
capacity.

Despite the significant progress made towards understanding the effects of FRP as a means for
reinforcement, there is little research directed at the effects of reinforcement configuration, specifically
in terms of reinforcement lengths, adhesives, straigarsus bent bars, and knurling. As such, further

research is needed into the effects of key parameters aforementioned in order to develop design

guidelines for FREeinforced glulam beams with GFRP bars.
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CHAPTER | EXPERIMENTAL PROGRAM

3.1 General

This chapter describes the experimental program investigating the flexural behaviour of both the
unreinforced and FRReinforced glulam beams under static loading. The experimental program can be
divided into three phases, namely the testing of wood cougptm obtain the material properties to be
used as inputs to the material model (i.e., Chapter 5), pullout tests investigating the effects of different
adhesives and knurling on the bond strength, andduoéle tests of unreinforced and reinforced beams
sibjected to static fowpoint bending. A total of sixteen wood coupon tests, eighteen pullout tests and
fourteen fullscale beam tests were completed. The following sections provide descriptions of the test

specimens, experimental test setups, and procedures.

3.2 Materials

3.2.1 Glulam

The glulam used in this study was obtained from a single supplier and consisted of four 137mm x 241mm
x 16,459mm 24fES glulam beams. The glulam was prepared to different sizes, as shown in Figure 3.1 for

the flexural tests and Figure 3.2 for the wood temsand compression coupons as well as-pulitests.

For the purpose of the flexurabsts, the specimen lengths were determined in accordance with ASTM
5 m oStandard Test Methods of Static Tests of Lumber in Structurad G\&EM, 2022b)According to

the standard, a shear span to depth (a/d) ratio between 4 to 6 allows for the evaluation of flexural
properties of uniform rectangular crosection. Furthermore, specimens with a/d ratio near 2.5 would
produce a high percentage of shearldags. Itshould be noted that these ratios are based on the
commonly accepted assumption that the flexussless (i.e., MORis 10 times greater than the shear
stress(_m); however, this depends on the lumber grade and type of product amongst other variables
(ASTM, 2022b)

The use of various a/d ratios have been seen in numerous studies where flexural failures occurred in
unreinforced and reinforced glulam beartGharaibeh & Doudak, 2023; Lacroix & Doudak, 2018; Vetter,

2022) The dimensions, shear spans and a/d ratios from past research are summarized in Table 3.1.
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Table 31: Summary of a/d Ratios

Research Length(mm) Clear Spafimm) Shear Spafmm) Depth(mm) a/d

Gharaibeh &
Doudak (2023) 2,500 2,235 745 191 3.9

(Lacroix &
Doudak, 2018) 2,500 2,235 745 222 34

Vetter (2022) 1,355 1,200 400 100 4.0

Therefore, the specimens intended for fattaleflexural tests were cut in lengths of 2,800mm with a clear
span of 2,500mm. This resulted in an a/d ratio of 3.46 whichlisénwith the previous literature albeit
being smaller than 4 but still was above the ratio of 2.5 that would result in a higlemage of shear
failures. This decision was done to maximize the material. A total of four unreinforced 137mm x 241mm

X 2,800mm 244ES glulam beams were tested to failure.

e

3

Figure 31 Glulam beams

Wood coupons to béested in tension and compression were fabricated in accordance to ASTM D143,
oStandard Test Methods for Small Clear Specimens of Ef#t&FM, 2022a) total of eight compression
coupons were cut to size using a table saw, with final dimensions of 45mm x 54mm x 200mm as it can be
seen in Figure 3.2a. Eight wood tension coupons, shown in Figure 3.2b, were prepared using a bandsaw,
with dimensions of 4m x 54mm x 460mm and a reduced crgsstion of 5mm x 10mm. To evaluate

the bond of the GFRP bar to wood, a total of eightgiiam specimens with dimensions of 137mm x

241mm x 400mm were prepared (Fig. 3.2c).
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(a) Compression (b) Tension (c) Pullout

Figure 3 Wood component specimens

Prior to testing, alglulam specimens were stored in a humidity chamber, allowing for the specimens to
remain at an average moisture content of 11% with a coefficient of variation of 0.12. The average density

of the beams was determined to be 551 kd/with a coefficient of variation of 0.02.

3.2.2FRP

The GFRP bars in this study were obtained from a single supplier. The bars used were all No. 6 bars, having
a diameter of 20mm. Both straight and bent bars were used (Fig. 3.3) in lengths of 2,046.8mm and
2,246.8mm for thdull-scaletests and straight bars of length 1,295mm for the pullout tests. The geometric

and material properties of the GFRP bars are given in Table 3.2 and 3.3, respectively, as provided by the

manufacturer.

R Sy

Figure 33 GFRP bars

Table 32: GFRP Bar Geometric Properties

Bar Bar Diameter Crosssectional Area Weight
Size (mm) (mn) (kg/m)
#6 20 285 0.7
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Table 33: GFRP Bar Material Properties

Property Value
Tensile Strength (MPa) > 1000
Modulus of Elasticity (GPa) > 60
Ultimate Strain >1.7%
Shear Strength (MPa) > 220

3.2.3 Adhesives

Five different adhesives (Adh) were investigated in the pullout tests to determine the best adhesive to
use based omapplication and performance for the ftdtale flexural tests. There is a lack of knowledge in
regard to the properties and workability of various adhesives pertaining to their use in wood applications,
therefore testing was done to evaluate tindbehavious. The material properties obtained from each
manufacturer are shown in Table 3.4. A8llis used in combination with Adh where AdR2 is first used

as a primer, and then AdBiis used at a paste to fill the groove. Alliis divided into two columns akay

are the same adhesive but in two different forms, fluid (Ad¥) and dense (AdbD).

Table 34: Adhesive Material Properties

Propert Adhesive Type
perty Adh-1 Adh-2 Adh-3 Adh-4 Adh-5F  Adh5D
Type of Adhesive Two-part Two-part Two-part Twopart Twopart Twopart
epoxy epoxy (saturant) epoxy (paste) epoxy epoxy epoxy
Density (kg/L) 2.12 1.15 1.44 1.07 1.45 2.00
Tensile Strength (MPa - 36 21 30 30 28
Tensile Modulus (MPa’ - 2,200 4,720 2,000 4,600 6,600
Flexural Strength (MPa 15 63 51 - 38 46
Flexural Modulus (MPa 1,400 3,660 6,340 - 2,600 5,400
GCompressive Strength 100 109 106 ) 85 84
(MPa)
Compressive Modulus 2.990 4.750 i 3.937 3.824
(MPa)

3.3 Description of Test Specimens

3.3.1 Pulloutests

The structural performance of GFRP-tmwood bond was evaluated by conducting pullout tests. The
glulam specimens had dimensions of 137mm x 241mm x 400mm with an embedment depth of 300mm,
which has been shown to be adequate for proper bond length devedop (Kemmsies, 1999; F. Wang &

Xiong, 2019)All the pullout tests were donillowing a modifiedorotocol basedn accordancevith the
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' { ¢a 571 ¢dm cSkandgrah deat Méathod for Bond Strength of FiRemforced Polymer Matrix
Composite Bars t@€oncrete by Pullout Test&©i@g2020) The major difference between the standard
procedure and the modified one is that the batdsated on the surface as opposed to the centre of the

specimenThis was done to reflect the conditions when implemented in thesitdlle flexural tests.

Three different groove patterns were investigated as shown in Figure 3.4. A standard groove of depth
25.4mm (Fig. 3.4a) and compared to grooves with alternating notches of 38.1mm and 25.4mm (Fig. 3.4b)
as well as 44.45mm and 25.4mm (Fig. 3.4c). The aliaghgroove pattern was investigated as a means

to improve the GFRP bar to wood baizhsed on the principles of knurling.
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Due to original embedment length of 300 mm, a single alternating groove length was chosen to replicate
the groove length in the fullcale flexural testdnitially, all of the eighteen specimens were routed with
a 25.4mm x 25.4mm x 300mm straight groove, then for the specimens with the alternating knurling

pattern, the additional depths were routed.

DOM tubes were installed to the end of the FRP bar to prevent crushing of the bar from occurring during
iKS (Sado ¢KS aAl S 2F (GKS 5ha (dzs@rdardiTesiMeth&ddai Sy Ay
Tensile Properties of Fiber Reinforced Polymer Matrix CompositgB2§a) and installed onto the FRP

bars with an expansive grout.

¢tKS SLIEASE 6SNB LINBLI NBR +Fa LISNI §KS YI ydzF I Od dzNB N
As only a small amount of adhesive was needed in this applicationl A4h5F and 5D were applied

through a cartridge (Fig. 3.5b), Adhbeing a singleastridge and Adh, 5F and 5D being twoart

cartridges. Ade and Adlo 6 SNB YAESR & LISNI GKS YI ydzF I-Dits dzZNB N &
components part A and B were mixed at a 2:1 ratio by volume using a mixing drill for 5 minute®. Adh

was gepared by first applying a thin layer of A@hto the grooved wood section and the A8hwas

prepared by combiimg part A and B at a 2:1 ratio by volume and mixing for 5 minutes with a drill and

mixing attachment. For all specimens, the FRP bars were placed in the grooves and left to cure for 48
hours prior to testing (Fig. 3.5c). During the first hours of curingspieeimens were checked regularly to

ensure proper curing and no air bubbles were present.

(a) Routed specimen (b)“Pouring epoxy '(c) Curing

Figure 35 Specimen preparation

Table 3.5 presents the test matrix. The adhesives were first tested with a straight groove, and then, based

on performance, workability and availability, select adhesives were used to test the effects of an
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alternating groove pattern. SpecimenslP through P14, first had a thin layer of Adh applied as a

primer and then were filled with the AdB paste.

Table 35: Pullout Test Matrix

Specimen Adhesive Type Routing Pattern
P-01, RO2 Adh-1 Straight
P-03, RO4 Adh-2 Straight
P-05, RO6 Adh-4 Straight
P-07, RO8 Adh5D Straight
P-09, R10 Adh5F Straight
P-11, P12 Adh2 & Adh3 Straight
P-13, R14 Adh2 & Adh3 Alternating A
gig ﬁ%?}g[; Alternating A
P-17, R18 Adh5F Alternating B

3.3.2Flexure tests

A total of ten 137mm x 2Zdnm x 2800mm glulam beams were reinforced with two GFRP bars along the
tension face resulting in a reinforcement ratio of approximately73%. Spacing requirements are
provided in CSA §8019)for heavy timberas suchthe groove depths and widths were chosen to meet

the requirementswhile the clearspacing of the bars was chosen to be 29mm based spacing observed in
past research(A. Yusof & A. L. Saleh, 2010; Gentile et al., 2002; Gharaibeh & Doudak, &20#8)
standard suggests that should additional reinforcement be required experimental evidence shall be used
to determine the amount(CSA, 2019)The reinforced beam configurations can be divided into two
categories. The firghcluded the testing of beams reinforced with straight rebar, including three different
reinforcement schemes, them being straight grooves of two different lengths and an alternating groove
pattern, and the second included the testing of beams reinforced with bent bars, including two lengths of

reinforcement.Figure3.6 shows the side and crosectional views of the beams tested.
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Figure 36 Reinforcement schemdéar flexuraltests of GFRReinforcedglulambeams

To prepare the beams for the application of the FRP bars, grooves were routed into the beams. Dependant
on the reinforcement scheme of thepecimen, groovewere routed to the required length and specified
knurling pattern along the tension surface of the beam. For the beams with bent bars, grooves were drilled
vertically at the location of the reinforcement end to accommodate for the 120mm bent partibine

I RKSaA@Sa 6SNB YAESR FyR LRdNBR FO0O02NRAY3I (2 GKS

For the specimens bonded with A@) atwo-part process was required. First the wood surface of the
groove for the bar to be bonded to was coated in Adprimer and saturant. To prepare the saturant its
components part A and B were mixed at a 2:1 ratio by volume using a mixing drill for 5 minuies, as

the manufacturer instructions. After the saturant was applied to the grooved section, the epoxygd Adh
epoxy paste and filler, was applied. A8lwvas prepared by combing part A and B at a 2:1 ratio bylume

and mixing for 5 minutes with a drill. A similar process was done for theSRdépecimens. After The
epoxy was prepared by mixing its parts A and B at a 100:50 ratio by volume and mixing with a drill until
homogenous in colour. The routed grooves &éiled with the epoxies, then the bars were placed in and
covered with more epoxy (Fig. 3.7a). The specimens were then left to cure for 48 hours and checked
frequently in the first hours to ensure the specimens were curing properly and no air bubbles wer

forming (Fig. 3.7Db).
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(@) Application of epoxy

(b) Curing
Figure 37 Application of epoxfor full-scale GFRReinforcedglulam beams

Table 3.6 provides a summary of the specimens tested in flexure. The naming conveXibigh) vghere
G&¢ NBTFSNE (2

a0OKSYSE

IAYaR UK S

reinforcement to the start of the plate at the supports.

Table 36: Test Matrixfor FultScale Flexural Test§ GFRHReinforced Glulam Beams

0 K Sfor irreiddreed ANcRAF IAND NBSYETRANG SIROS. NB A Yy F 2 N
ALISOAYSY ydzYo SN ¢KS SyR

RAadGlryOS

Reinforcement Specimen  Adhesive Groove Reinforcement .End .
Distance  Diagram
Type Nomenclature Type Pattern Length(mm) (mm)
Unreinforced U-01-U-04 - - - - -
R11, R:2 Adh2/3 Straight 2,046.8 125 =
Y25
Straight .
Bars R13, R¥4 Adh2/3 Straight 2,246.8 25 =,
8
Adh2/3, :
R15, R16 Adh5E Alternating A 2,246.8 25 o, A
%
R21,R22  AdhS5F  Straight 2.046.8 125
A
Bent Y25
Bars
R23, R24 Ad-5F Straight 2,246.8 25 :||_| R
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3.4 Test Setup and Instrumentation

3.4.1 Wood components

The uniaxial stresstrain relationships of the wood and the GFRPraired as inputs in the moment
curvature analysis. Sixteen coupon tests were done to determine the wood tension and compression
properties. The compression coupons were loaded in compression in a 500 kN hydraulic test frame and
the applied force was recded. The displacements were recorded using a linear variable displacement
transducer (LVDT), as shown in Figure 3.8a. The tension coupons were loaded in a 10 kN electromechanical

frame and the displacements were determined using an extensometer placedispan (Fig. 3.8b).

(a) Compression (b) Tension

Figure 38 Coupon test setups

3.4.2 Pullout specimens

The structural performance of GFRP-bamwood bond was evaluated by conducting pullout tests. A 500
kN hydraulic test frame was used to load the specimens under displacement control at 1 mm/min. The

frame measured the applied load, and the displacemergsawneasured using a string pot (Fig. 3.9).
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Figure 39 Pullout test setup

3.4.3 Flexural tests

¢KS FtSEdzNIf GSaida ¢SNB 02y rsunard Fest Mgfhods 6fSratidIResty O S
of Lumber irStructural Sizé{ASTM, 2022b)here both the unreinforced and reinforced glulam beams

were tested to failure under fodpoint bending with simply supported boundary conditions, as shown in
Figure 3.10Prior to testing, the weight and moisture content of each beam was recorded, and any
potentially critical visual imperfections (e.g., knots, finger joints in areas of high stresses, indentations)

were noted.

A 500 kN hydraulic load frame with load cell was used to load all the beams for the flexural tests. The
beams were loaded under displacement control with loading rates of 5 mm/min, to ensure that failure
occurred within the first five to ten minutg®STM, 2022b)rhe applied load was measured using the load
cell and a string pot was used to measure the deflections. Additionally, strain gauges were used to
measure the strains for the wood and the FRP. For the unreinforced specimens, a total of two strain
gauges wee used to measure the compressive and tensile strains atspash, whereas the reinforced
specimens were instrumented with five strain gauges. The strain gauges were strategically located to
measure the strains at points of interest such as the midspathefeam and at the end and of the

reinforcement. This allows for a better understanding of the failure mechanism in the reinforced beams.
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To determine the effect of the reinforcement configurations on the stiffness, all fourteen glulam beams
were tested nordestructively prior to reinforcing where the midspan deflection was measured for

comparison of the true versus apparent modulus of eddtst (MOE).

Pin threaded
into frame \ / Spreader beam

1l

Glulam beam
o o /

‘\ st . \; Strain gauges J
Bearing nepe \.

plate

Figure 310 Flexural test setup

3.4.4 Digital image correlation

Digital image correlation (DIC) is the process of tracking movement through the analysis of displacements

2F F LI GOSNy f2y3 GKS aLISOAYSYyQa adNFFOSo 5L/ Ol
measure displacements and deformations of staual elements, where previously equipment such as

strain gauges, extensometerand string pots were used. A DIC system can be used in a large array of
applications as it is a neintrusive method of capturing data and can be applied to specimens raiging

size from 16 meters to 18 metres (Correlated Solutions, 2025)

The DIC technique is done by creating a high contrast speckled pattern on an area of interest on the
specimen and taking a series lafh-speedimages during the experimental test. From each image X, Y
and Z coordinates are captured and compared against a reference image to measurdithessional
displacements and then used to calculate strains, surface velocities and curvatures alongrenéedditi

DIC systems have been used for research purposes in structural timber design, including CLT panels
(Kleinhenz et al., 2023; Navaratnam et al., 202%) glulam beaméTimbolmas et al., 2024; Vafadar et

al., 2024)to investigate crack initiation and growth, strain distribution, and failure modes.
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flexural tests. To prepare the specimens, a speckled patterned was applied to the area of interest selected
for each type of test, that being the entire fibface of the specimens for the pullout tests, as the area
could be adequately captured in thmmeras frame (Fig. 3.11a) and for the flexural tests the area was
defined from the midspan to reinforcement end (Fig. 3.1Iyo5 MP cameras with 8 mm lenseve

used to capture images of the speckled area during theaeapproximatelyl.4m from the glulam and

at an angle of 18between the camerad heimages and data were later analyzed to determine the strains

and compared against that of the strain gauges.

- - ®

() Pullout tests
Figure 311 Specimen preparation for digital image correlation

(b) Flexural tests

39

f

Z



CHAPTER | EXPERIMENTAL RESULTS

4.1 General

This chapter presents the results for the coupon, pullout, faiescale tests. A total of eight tension and
eight compression coupon tests, eighteen put tests, and fourteen fulbcale bending tests were
completed. Included in this chapter are the results from each test conducted in addition to the description

of their failure mechanisms and overall behaviour.

4.2 Component Tests

4.2.1 Wood compression coupons

A summary of results is shown in Table 4.1 for the wood compression coupons. Presented in the table are
the compressive yield strength,jfandassociated straio &), the ultimate compressie strength (f) and
associated strairef,), and themodulus of elasticity (MOE), taken as the slope of the stséssn curve

from 10-40% of the maximum stress, for each specimen.

Table 41: Compression Test Results

; K b 4 g d 4
Namber MR ol WMPE) oy MOES(MPa
Go1 42.5 83.3 29.8 405 7,081
G02 39.4 86.3 20.9 383 7,094
GO03 38.4 71.5 24.4 353 6,758
G04 40.4 67.4 28.3 388 7,253
GO05 38.4 68.7 26.8 382 6,591
G06 41.7 69.5 26.5 387 7,320
Go7 34.2 102 21.6 369 6,693
Go08 41.3 75.4 27.6 374 7,376
Average 39.6 78.0 25.7 380 7,021
Std. Dev. 2.5 11.1 3.0 14.4 282.8
cov 0.06 0.14 0.12 0.04 0.04

aCompression yield strength P Compression yield strairf Compression ultimate strength

d Compression ultimate strain € Modulus of elasticity
A representative stresstrain curve for the wood compression coupons is shown in Figurd@Helstress
strain behaviour is initially linear with some softening occurring prior to attaining the maximum
compressive stress (Fig. 4.1), at which point little to no damage is visible. After the maximum load is

attained, the wood begins to fail, and tliamage is increasingly visible at greater strains as evidenced
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with the loss of strength pogteak. The compression coupons were tested under displacement control at
a rate of 0.6 mm/min until the stress reached 50% of the maximum stress, the strain exceeded 0.04
mm/mm, or if the specimen could no longer be loadedeatiue to torsional forces being applied on the
actuator, at which point the test was terminated. The strains for the coupons were obtained by dividing
the linear variable displacement transducer (LVDT) displacements by the initial specimen.lengths

50 -
a0 L
30 4

20 +

Stress [MPa]

10 +

0 I I I | | | Il | |

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Strain [mm,/mm]
Figure 41 Representative stresstrain behaviour
Representative failure modes of the wood compression coupons are shown in Figure 4.2, including

crushing, splitting, and shearing. Detailed failure modes and ssteas# curves for all of the compression

coupons can be found in Appendix A.

(@) Crushing (b) Splitting (c) Shearing
Figure 42 Representative compression failures of glulam coupons
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4.2.2 Wood tension coupons

Table 4.2 presents a summary of the eight wood tension coupons tested to féhesented in the table
are the modulus of elasticity (MOE), taken as the slope of the ssteasim curve from 1810% of the
maximum stress, and the ultimate tensile strength) and corresponding straiti() for each specimen

along with the average of the group.

Table 42: Tension Test Results

Specimen Number fu®(MPa) By P X 10*(Mmm/mm) MOE® (MPa)
T-01 75.0 49.3 16,682
T-02 75.4 77.4 10,220
T-03 75.1 75.4 10,067
T-04 81.0 86.5 11,391
T-05 87.2 61.9 13,695
T-06 119.5 82.0 15,158
T-07 119.9 75.3 14,283
T-08 76.7 67.0 14,080

Average 88.7 71.8 13,197
Std. Dev. 18.3 112 2239
cov 0.21 0.16 0.17

aTensile ultimate strength P Tensile ultimate strain ¢ Tensile modulus of elasticity

A representative failure mode and corresponding stregain diagram for the wood tension coupon tests
are shown in Figure 4.3. Failure of the tenstonpons occurred within the reduced midspan region (Fig.
4.3a), and the wood was observed to behave linearly until failure was attained (Fig. 4.3b). The failures and

stressstrain curves for all the tension coupons can be found in Appendix B.

100 +
80 T+
60 +

40 |

Stress [MPa]

20 +

0 0.001 0.002 0.003 0.004 0.005
Strain [mm/mm]
(a) Failure (b) Stressstrain behaviour

Figure 43 Representative tension coupon
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Load [kN]
B
o

4.2.3 Pullout tests

A summary of the results for the eighteen pullout tests is presented in Table 4.3 along with representative

force-displacement curves in Figure 4.4. Presented in the table is the failure laad (e displacement

displacement curve from 180% of the maximum loadind K was defined asfxRA JA R S0 0 &

provide consistent results between all the curves as some specimens showed high initial stiffness.

[fl

T | Aa), dablIensilé stiffnesses (Kand k), where K was calculated as the slope of lead

Table 43: Pullout Test Results

Specimen Adhesive Type RoutingPattern  Pma? (KN)  pmax”(mm)  Ki€(KN/mm) K4 (KN/mm)
pop AL swaigh T 08 Gl s
poa A2 swaigh o0 00 g
A T ST R
pop  AdMSD w70 gh g
pao  AhSF swaght gl 20 ee 37
p1p A2 A swaigh ooy yg ag7 30,
1, Adh2, Adh3  Attemating A OO - e s
P-15 Adh5D Alternating A 53.9 1.1 48.4 37.1
P-16 Adh5F 96.9 2.9 48.9 33.1
pig  AMSF Aemaing® g1y g5 a0 g

aMaximum Load
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Figure 44 Representative foredisplacement curves
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Figure 45 shows representative failure modes observed during the testing. Most of the failures observed
were either shear along the bar (Fig. 4.5a) and/or splitting of the wood (Fig. 4.5b). In one case, a failure in

the bond between the wood and adhesive was seég. @&5c¢).

(a) Shear failure (Adt) (b) Splitting failure (AdBF) (c) Adhesive failure (Adh)

Figure 45 Representative failure modes of pullout specimens

Figure 4.6 shows thengitudinalstrain distribution captured by the digital image correlation (DIC) system
of the specimens shown in Figure 4.5 moments prior to failure. Depictions of failure mode; force

displacement curve, and strain distribution prior to failure for each specimeneéoumnd in Appendix C.

mm/mm il rriT
0.018 0.021 0.076
2017 0.019 0.071
go1s 0.017 0.065
0.013 0.015 0.059
012 1 0.013 0.054
0.011 0.011 0.049
0.008 0.009 0.043
0.007 0.006 0.038
0.005 0.004 0.032
0.003 4 0.002 0.027
0.002 0.0002 0.021
0.001 -0.0018 0.016
-0.002 -0.002 0.001
-0.003 -0.003 0.0001
-0.005 -0.006 -0.0001
-0.006 -0.009 -0.0007
-0.008 -0.012 -0.0012

(a) Shear failure (Adk) (b) Splitting failure (AdBF) (c) Adhesive failure (Adh)

Figure 46 Representative strain distribution of pullout specimens captured with the DIC
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4.3 Bending Test Results

4.3.1 Overview and general terminology

The following sections describe the observed behaviour and failure modes of tisedldl unreinforced

and reinforced glulam beams. For both the unreinforced and reinforced beams, a summary of key
properties describing the global behaviour along with stsice curves (i.e., loadisplacement) while
representative failure modes, loadnd strainrdisplacement relationships, and strain contours obtained
with the DIC are presented. The failure progression for all the unreinforced and reinforced beams are
included in Appendix D while foreand straindisplacement curves for the beams are included in

Appendix E. Finally, compressive and tensile stigie histories extracted from the DIC are included in

Appendix F.

An idealized resistance curve (Fig. 4.7) shows the bending member behaving elastically up to a maximum
load (Ray) and corresponding displacement.{y), referred to as the peak or maximum resistance. Once

the peak resistance is attained the initial failure occurs, and an increasing or plateauingepkst

behaviour is observed.

-

L +——— Maximum resistance

/ Post-peak resistance

: \
| . /

Ultimate failure

Load (kN)

ﬂI‘\.a"la:-:

Displacement (mm)

Figure 47 Idealized resistance curve
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4.3.2 Unreinforced specimens

The summary of the flexural results for the four unreinforced glulam specimens tested destructively is
presented in Table 4.4. Key information is presented intélide including, Raxthe maximum load, max

the corresponding midspan deflection as measured by the string praixthe largest recorded midpan

tensile strain (i.e., gauge)s, max the largest recorded midpan compressive strain (i.e., gaugemaxoic

and, ¢, maxoicthe largest recorded tensile and compressive strains as measured using the DIC system,
modulus of rupture (MOR), bending stiffness (K) defined as the slope eflispldcement curve from 10

40% of the maximum load , and modulus of elasticity (MOE).

Table4.4: Summary of Flexural Test Results for Unreinforced Beams

, tmax® X , c,maxd X , tmax-DIE X , c,ma)eDIé X

Specimen  Pmad " mad 3 3 3 3 MOR K MOE
Number  (kN)  (mm) (m;ﬂnm) (méﬁnm) (m;ﬂnm) (m;ﬂnm) (MPa)  (N/mm)  (MPa)
u-01 189.2 30.3 3.1 -5.2 4.7 -4.6 594 6,791 11,783
U-02 167.3 28.9 1.7 -3.7 4.9 -4.2 52.6 6,213 10,781
U-03 1440 26.2 3.5 -5.2 4.4 5.1 45.3 5,731 9,945
uU-04 162.4 30.0 55 -9.6 55 -6.6 51.0 5,973 10,365
Average 165.7 28.9 3.5 -5.9 4.9 5.1 52.1 6,177 10,718
Std. Dev.  16.1 1.6 14 2.2 0.4 0.9 51 393 628
cov 0.1 0.06 04 -0.38 0.08 0.17 0.1 0.06 0.06
aMaximum Load b Deflection at maximum load ¢Maximum tensile strain
d Maximum compressive strain ¢ Maximum tensile strain (DIC) fMaximum compressive strain (DIC)
9 Modulus of rupture hBending stiffness iModulus of elasticity

¢KS ahw FYR ah9 LINBaAaSyGdSR Ay ¢Fo6ftS non | NB &l LILI NF
on the global response of the beams and were obtained using Equations 4.1 and 4.2, respectively, which
FNE NBLINBaASYGlFraGA@S 2F GKS o0SIFYaQ t2FRAYy3 a0OSyl NR2
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Where Pnax is the maximum applied loadi,is the clear sparSis the section modulukis the bending
stiffness defined as the slope of lodisplacement curve from 180% of the maximum load, ands the

moment of inertia.
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The resistance curves for the four unreinforced beams are shown in Figure 4.8 whenerd¢ireforced
specimens are observed to behave linearly up to the maximum load followed by a drop in resistance that
is associated with the initial failure. Generally, unreinforced glulam specimens exhibit little to no post
peak resistance as is generatlyidenced in Figure 4.8he drop in resistance paepeak (i.e., after the

initial failure) corresponds to losses of strength in the order 678% of the maximum loaadpplied for
specimens W1, U02, and WO4.
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I %\
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L 4 Wt — =i — . -U-04
/ : \ g = Lo TR— -
40 + - =
T T T -
0 I 1 1 } I |
0 20 40 60 80 100 120

Displacement (mm)

Figure 48 Resistance curves for unreinforced beams

The representative failure modes observed for the four unreinforced beams included splintering, and/or
shear. Figure 4.9 shows splintering tension failure for specimef@2 Bnd W04 where the failures

initiated in the maximum moment region and continuem gropagate via the path of least resistance in
the specimen.

5N
(b) V04
Figure 49 Splintering tension failures of unreinforced beams

Figure 4.10 shows the failure modes for specime#is.ldnd W03 for which splintering and shear failures
were observed. For specimen(l, a combination of splintering tension and shear failure was observed
as shown in Figures 4.10a and 4.10b. As soorhassplintering occurred at a knot (Fig. 4.10a), a

longitudinal shear failure initiated at the splintering location and propagated along the length of the beam
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(Fig. 4.10b). In the case of specimei®3) the initial failure mode observed was shear along the-mid
height of the specimen (Fig. 4.10d) with splintering occurring upon further loading (Fig. 4.10c). For both
beams, the failure was observed to propagateotigh the path of least resistance along the length of the

specimen while moving upwards in the cragtion depth upon further loading.

: x ol
Other face: ‘ i w’ e ' b, '
- - - » : L,
P | r e ot \ B A
B X ) £ > SRR f: -". i X i

—

(c) U03: Failed specimen (d) Shear failure of 03

Figure 410 Unreinforced specimens with shear failures

Representative loadand straindisplacement relationships for two unreinforced specimens are shown in
Figure 4.11. While unreinforced glulam in flexure generally exhibits littleeesk resistance (i.e., Fig.
4.11a), some level of pogpieak resistancenor to the major loss of strength is observed for the specimen
shown in Figure 4.11b. In Figure 4.11a, the maximum tensile strain coincided with the initial splintering
tension failure, after which the strain gauge failed due to being close to the féolcaéon (i.e., Fig. 4.9b).

It can also be seen that upon further loading that the compression strain continued to increase with jumps
coinciding with subsequent layers of wood failing with no significant-peak resistance. In Figure 4.11b,

the maximumtensile strain coincided with the maximum load; however, due to the location of the initial
failure for U03 being halfway between the midspan and loading point (i.e., Fig. 4.10c), the tensile strain
gauge continued to record reading. Similarly, the coesgion strain continued to increase with jumps
coinciding with subsequent layers of wood failing. The unusual levels oppaktresistance displayed

for U-03 (Figs. 4.8 and 4.11b) is attributed to the secondary failure being shear which then resalted in
composite section to behave as two sections sliding relative to another (Fig. 4.10d) prior to failing both

sections (i.e., larger drop in resistance).
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Figure 411 Representative stressrain curves for unreinforced beams

While the strain gauges provide accurate strain readings, they capture the strain at a very small and
discrete location. As stated in Chapter 3, a digital image correlation (DIC) system was used to capture and

understand the global behaviour of the specinse Figure 4.12a shows specime®®at the maximum
tensilelongitudinalstrain.
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Figure 412 Strain data extracted from DIC for specime@3J
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4.3.3 Reinforced specimens with straight bars

A summary of results from the flexural tests for the straight bar reinforced beams are presented in Table
4.5. Key parameters describing the global behaviour are presented in the table, namglas Rhe
maximum load, maxas the corresponding midspan deflection measured by the string peasthe largest
recorded midspan tensile strain (i.e., gaugey,max as the largest recorded misban compressive strain

(i.e., gauge),t, maxpic@nd, ¢, maxbicas the largest recorded tensile and compressitrains using the DIC,

and, rreas the maximum tensile strain of the FRP. The bending stiffnesses (k) anel&calculated as

the slope of loaedisplacement curve from 180% of the maximum load for the reinforced specimen,
where K is the bending stiffness for the reinforced specimens arid #e bending stiffness of the

specimen prior to reinforcement, determined during stress testing.

Table 45: Summary of Flexural Test Results for Straight Bar Reinforced Beams

, t,maxc , c,maxd , FRE , t,max—Dlé s c,max—DICg Kn Kui
x10°% x10% x10% x10% x10%
(mm/mm) (mm/mm) (mm/mm) (mm/mm) (mm/mm) (Nfmm) — (N/mm)

R11 218.3 349 5.36 -3.81 7.02 4.98 -5.08 7,482 6,210
R1-2 203.4 28.2 5.71 -7.13 5.45 3.80 -5.84 7,145 6,057
Average 210.8 31.6 5.54 -5.47 6.24 4.39 -5.46 7,314 6,134
R13 173.1 26.2 2.84 -5.41 6.77 3.89 -3.97 7,076 5,877
R14 229.2 436 4.42 -4.73 5.99 3.32 -8.21 6,987 5,763
Average 201.2 34.9 3.63 -5.07 6.38 3.61 -6.09 7,032 5,820
R15 2059 343 3.94 -4.27 6.83 3.09 -6.71 6,976 5,468
R1-6 2253 37.2 5.05 -14.8 7.12 5.09 -10.8 7,232 5,989
Average 2156 35.8 4.49 -9.54 6.98 4.09 -8.76 7,104 5,729

Specimen  Pma®  mad
Number (kN) (mm)

aMaximum Load b Deflection at maximum load ¢ Maximum tensile strain of wood
d Maximum compressive strain of wood e Maximum tensile strain of FRP fMaximum tensile strain of wood (DIC)
9 Maximum compressive strain of wood (DIC) Bending stiffness i Bending stiffness of unreinforced beam

The resistance curves corresponding to the beams reinforced with straight bar are shown in Figure 4.13.
It can be seen that the beams behave linearly up to initial failure, followed by a significant drop in
resistance, which is observed for all specimersept for R13. The initial failure modes observed for
reinforcement configurations R1 through R316 consisted of splintering (i.e., R1R16) and simple (i.e.,

R15) tension as well as longitudinal shear (i.e;1RR13, R14).
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Figure 413 Loaddisplacement curves for straight bar reinforced beams

Figure 4.14 depicts the splintering and tension failure modes observed in specimens reinforced with
straight bars. For R2 (Figs. 4.148) and R16 (Figs. 4.14d), both failures initiated from a defect in an
area of high bending stress and continued togagate through the path of least resistance with further
loading (displacement control), causing the surface tension laminates to be pushed outwards. For
specimen R&b the failure was one governed by simple tension in the maximum moment régigs.

4.14e). The GFRP bars were not observed to detach from the beams.

(a) R22: initial splintering tension failure

c]

e e, s
(c)R16: initial splintering tension failure

(e) R15: initial simple tension failure 0] R15: end of test

Figure 414 Flexural tension failures for beams with straight bars
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The addition of GFRP bars contributed to a shift from initial failure modes of splintering and simple tension
in unreinforced beams to one dominated by longitudinal shear as shown in Figure 4.15 for specimens R1
1, R13, and R#. Specimen R1 hadsome initial crackingi.e., initiation of splintering failureprior to
reaching its maximum resistance (Fig. 4.15a) after which a longitudinal shaee éaiturred (Fig. 4.15b)
Further loading led to aamplification of the initial splintering failure alomgth the failure continuing to
progress through the specimerSpecimen R3 had an initial shear failure (Fig. 4.15c) causing the
resistance to decrease by 20%, the test continued reaching a secondary peak resistance prior to a simple
tension failure initiating from a defect in an area of high bending stress 4Hi§d). Specimen R
experienced initial cracking and then a longitudinal shear failure (Fig. 4.15e). As tpheogrgissedihe

cracks continued to propagate (i.e., compression wrinkling of wood fibres in Fig. 4.15f) leading to one of
the FRP bars to fall out of the beam at one ¢mak is accompanied with a simple tension failure on the
opposing fac€Fig. 4.15f). The batid not fall out due to bond failure, but rather a wood failure, as the

FRP bar came out encased in a wood block.

(e) R4: shear failure (f) R%4: bar out of beam

Figure 415 Shear failures for beams with straight bars
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Representative loadand straindisplacement relationships for the straight bar reinforced specimens are
shown in Figure 4.16n Figure 4.16a, the maximum wood tensile strain coincided with the initial
splintering tension failure, after which the strain gauge failed due to being close to the failure location
(i.e., Fig. 4.14a). The tensile strain of the FRP bar followed sirahaviour with the maximum strain
corresponding with the maximum load. It can also be seen that upon further loading that theessign
strain continued to increase with jumps coinciding with subsequent layers of wood failing with no
significant posfpeak resistance. In Figure 4.16b it is observed that the maximum wood tensile strain
occurs prior to maximum resistance. After iniitfailure the strain gauges fail due to théocation in

proximity to the failure (Fig. 14e).
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Figure 416 Representative stressrain curves for straight bar reinforced beams

Thelongitudinalstrain behaviour as captudeby the DIC system is presented in Figure 4.17. Figure 4.17a

shows specimen R4 at the maximum tensillngitudinalstrain, occurring prior to failure.
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Figure 417 Longitudinal #rain data extracted from DIC for specimeniR1

4.3.4 Reinforced specimens with bent bars

A summary ofesults from the flexural tests for the bent bar reinforced beams is presented in Table 4.6.
Included in the table is, R the maximum load, maxthe corresponding midspan deflection as measured
by the string pot, «, maxthe largest recorded migpan tensile strain (i.e., gauge),maxthe largest recorded
mid-span compressive strain (i.e., gauge),maxpic and . ¢, maxoic the largest recorded tensile and
compressive strains using the DIC, apgthe maximum tensile strain of the FRP. The bending stiffnesses
(K and k) were calculated as the slope of ledplacement curve from 180% of the maximum load for

the reinforced specimen, where K is the bending stiffness for the reinforced specimens, anth&

bending stiffness of the specimen prior to reinforcement, determined during stress testing.
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Table 46: Summary of Flexural Test Results for Bent Bar Reinforced Beams

. 4 maxC c maxd max- é c ma)eDI(lg i
Specimen  Pnof " me®  fpn i k;?ri VTN AR K K
Number (kN) (mm) (mm/mm) (mm/mm) (mm/mm) (mm/mm) (mm/mm) (Nfmm) — (N/mm)
R21 1940 34.6 5.47 -4.04 5.65 3.99 -6.79 6,816 5,673
R22 191.0 25.7 8.87 -5.27 - 7.27 -5.74 7,324 6,348
Average 1925 30.2 7.17 -4.66 5.65 5.63 -6.27 7,070 6,011
R23 207.6  35.7 5.73 -3.25 11.8 4.68 -9.55 6,832 5,900
R24 2169 36.0 3.73 -12.7 11.3 4.25 -14.0 7,178 6,067
Average 212.3 359 4.73 -7.98 11.6 4.47 -11.8 7,005 5,984
aMaximum Load b Deflection at maximum load ¢ Maximum tensile strain of wood
d Maximum compressive strain of wood e Maximum tensile strain of FRP fMaximum tensile strain of wood (DIC)
9 Maximum compressive strain of wood (DIC)' Bending stiffness i Bending stiffness of unreinforced beam

The resistance curves corresponding to the bent bar beams are shown in Figuri dab8be seen that

the beams behave linearly up to initial failure, followed by a significant drop in resistance. The difference
in behaviour of the R2 curve can be attributed to the beam having an initial failure mode of shear. An
improvement in posfpeak behaviour is seen in comparison to the straight bar reinforced beams. The
initial failure modes observed for reinforcement configurationslRBrough R24 consisted o$plintering

(i.e., R21, R23) and longitudinal shear (i.e., R2 as well as crosgrain tension (i.e., R2).
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Figure 418 Loaddisplacement curves for bent bar reinforced beams

When tested under foupoint bending the majority of theent barreinforced beams failed tension, with
one specimen experiencing a failure governed by horizontal glearR22). Specimens R2 and RZ3
experienced splintering tensidailures (Fig. 4.19). The failures initiated from finger joints on the tension
faces of the beams. After further loading and propagating of failures, the bars in specirlecaR2 out

of the beams, as shown in Figure 4.19c. Both bars fell out at one fetie doeam, the Brs detached

encased in a wood cover, suggesting the failure was not due to the bond strength. Speciheafihe
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only beam to experience a brittle cross grain tension failure, (Fig. 4. Ad9ajgeknot was found on the
tension face of beam and is responsible for the sudden failure mode of this specimen. The bars remained

in the beam for the duration of the test, however experienced some visible deflection.

s o -

(b) R21.: prior to bars come out

(d) R23: failed s‘pecimen

(e) R24: cross grain faire

Figure 419 Bent bars reinforced beams with tension failures

A longitudinal shear failure was observed in specimet2 R2ig4.20). The shear failure occurred at the
height of the bent portion of the rebar across the entire width of the beam. Afterwards a secondary failure

of simple tension failure occurred and continued to propagate for the duration of the test.

Figure 420 Initial shear failure followed by simple tension of bear?R2
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Representative loadand straindisplacement relationships for two bent bar reinforced specimens are
shown in Figure 42 In Figure 4.2a, the maximum tensile strain coincided with the initial splintering
tension failure, after which the strain gauge failed due to being close to the failure location (i.e., Fig.
4.19a). It can also be seen that upon further loading that the compressioim stoatinued to increase

with jumps coinciding with subsequent layers of wood failing. The tensile strain of the FRP bar followed
similar behawur with the maximum strain corresponding with the maximum load. In Figurkb4tBe
maximum tensile strain coincided with the maximum load, due to the location of the failure (i.e., Fig.
4.19e), the tensile strain gauge was interrupted and readings stopped after faiheevood compression

and FRP tensile strains follow the same behaviour, reaching the maximum strain reading coinciding with

peak resistance then failing due to the location of the strain gauge relative to the failure.
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Figure 421 Representative stresstrain curves for straight bar reinforced beams

Thelongitudinalstrain behaviour as captudeby the DIC system is presented in Figur@4Bigure 4.2a

shows specimen R2 at the maximum tensil®ngitudinalstrain, occurring prior to failure.
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CHAPTER | ANALYTICAHODEL

5.1 General

This chapter outlines the theory and methodology behind the development of the material model that
predicts the flexural behaviour of the unreinforced and reinforced glulam beams. Two different
approaches are used to define the idealized wood ststssn curves to be employed in the moment

curvature analysis of the unreinforced and GH&iRforced beams. Both approaches are based on the

material properties obtained from tension and compression coupons that are adjusted fezffazes;

however, there arekey differences in how the wood constitutive relationship is built. For the GFRP,
YEGSNREFE LINRPLISNIASAE AaLISOAFASR Ay (MK Bar,R01gFizaly, O dzNB N.
the details of the methods used to determine the momentrvature and resistance curves for the

unreinforced and reinforced beams are discussed and verified.

5.2 Constitutive StresStrain Relationship

5.2.1 Overview of approaches used for the development of wood stir@ss relationships

The original stresstrain relationship for clear wood was developed by Bad&80)and later modified

to account for defects by Buchan&t990b)i.e.,Fig.2.6)L y . dzOKI yI yQ&a &aAYLI ATFASR |
tensile behaviour of wood can be defined as linear elastic up to an ultimate tensile dtress)d
corresponding strain, «, while the compressive behaviour is assumed to be bilinear, with a linear
response up to the compression yielding stregsand corresponding straingy, and then followed by a

linear falling branch until an ultimate compressive stres$.nd correspondingc.. The slope of the

branch is defined bymE whereEis the modulus of elasticity in the longitudinal directiand m is the

ratio of the slopes in the stresstrain relationshigBuchanan, 1990b)

The values used to define the strestsain relationship of the wood material are size and specie
dependent and can either be extracted from the literatyBarrett & Lau, 19949r experimental data
from coupon testing that is adjusted for size effe@@sichanan, 1990b; Gentile et al., 2002; D. N. Lacroix,
2017; Madsen & Buchanan, 1986)

The first approach relies on parameters obtained from the coupon tests to establish the wood tensile and
compressive stresstrain relationship, includingoth the MOESs fotension and compression. The second

approach replaces the tension and compression MOEs with that of the one reflective of the stiffness on
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the unreinforced beamsas determined from the stress testinbhe purpose of investigating two different
approaches is to evaluate the effects of the MOE on the overall flexural response as previous studies have
highlighted the importance of the tension to compression MOE ratio in predicting the respdeter et

al., 2021)

5.2.2 Adjustment of coupon strength for sefects

Size effect is a concept in which materials with failcaeising defects have a larger probability of having

a critical defect to be present in larger members than smaller memidasisen & Buchanan, 1986)he
tension and compression strength values obtained experimentally were adjusted for size effects using
Equations [5.1] and [5.2fespectivelyBarrett & Lau, 1994; Buchanan, 1990b)

o o U . 5.1]

o o L Q [5.2]

Wheref; andf. are the modified tensile and compressive strengths to be used in the material niagel,
andf; expare the average experimental tensile and compressive strengths obtained from coupon testing,
L exp@and Lc_expare the average length of the coupon specimen in tension and compression, respectively,
di exp @nd dc_expare the average depths of the tensile and compressive coupon specirheissthe
equivalent stressed lengtid is the average depth of the laminates of the gluldmis the size effect

parameter for length, an#: is the size effect parameter for depth.

Since load configuration can influence the beam stren@tchanan, 1990bthe length of the beam
under its tested loading condition is adjusted for uditggiation [5.3]. Foa simply supported beam with
two symmetrically placed point loadks,is determined as follows.

0 Q

P 1]
0 0 ———— 53
v v Q p 53]

WherelLeis the equivalent stressed length, L is the span of the bearns, the distance between point

loads, and; is the length effect parameter.
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Table 5.1presents the parameters used to determine the primary input model strength v aesl f..

The values for length effect parametel, were obtained from Barrett and La(1994) 10.0 for
compression and 5.88 for tension. The compressive yield strength was not modified for depth effects as
the coupons crossection consisted of the entire laminate, and therefore not reduced in 3ikevalue

for depth effect parameterié,, was5.60for tension,as definedn Madsen and Buchangt®986)based on

the coefficient of variation for the tension specimens

Table 51: Model Input Strengths

Properties Compression Tension
Exp. Strengthf; expft exp (MPa) 39.6 90.8
Coefficient of variation 0.06 0.2
Exp length:Le_exp Lt exp(Mmm) 200 460
Length effect parameteik: 10 5.88
Depth effect parameterk, - 3.7
Equivalent stressed length; (mm) 1,103.0 1,119.2
Average lamination deptlul; exp i exp(Mmm) - 9.8
Input model strengthfc, f (MPa) 334 514

5.2.3Stressstrain relationship using experimental coupon test results

The previous section determined that the tensidf énd compressiorfyj adjusted for size effects is less

than the average obtained for the coupon tests reported in Chapter 4. As a result, it is necessary to adjust
the constitutive stresstrain relationships accordingly for use in the momeutvature analysis. Figure

5.1 diows the scaled tension stressrain relationship to reflect the incorporation of the sieffects
relative to the experimental average and individual coupon tests.
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Figure 51 Stressstrain relationship of tension coupons
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While the scaling was simple for the tension coupons, additional considerations are required for the scaled
compression stresstrain relationship given the nelnear behaviour reported in Chapter Bigure 5.2a
shows the stresstrain relationship for all six compression coupons along with an approximation of an
experimental average curve depicting that the overall behaviour observed is closer to that described by
Glos (1978)A closer look at the average ultimate strains achieved in the compression coupon tests (i.e.,
Lk, = -38 x 16 mm/mm) show that they are significantly larger than the maximum compression strains
recorded in the flexural tests, both unreinforceld ax=-9.6 x 1 mm/mm) and reinforced l max=-14.8
X1YYKYYO® ¢KSNBF2NB: (GKS LRNIAZ2Yy 2F GKS O2dz2l2yaq
initial linear portion prepeak and the pospeak response up to strains of 0.0215 nmmh as shown in
Figure 5.2b. The average curve was defined by using the average yield stréggtth¢ slope of
descending branchr), and the stiffnessMOB from the experimental results presented in Chapter 4.

The curve was then scaled to account for @ffects as shown in Figure 5.2b.
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Figure 52 Stressstrain relationship of compression coupons
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5.2.4 Stresstrain relationship using fedlcale test MOE

An alternative stresstrain relationship was investigating using the average flexural MOE of 10,718 MPa
as determined from the fulécale tests on the four unreinforced beams tested to failure in addition to the
ten reinforced beams that were prestressékhe second approach retains the shape of the tension and
compression stresstrain curves; however, they are adjusted by determining new strain values based on
the flexural MOE relative to the tension and compression MOEs from the coupon tests as skagumes

5.3a and 5.3Db, respectivelifor the tension stresstrain curve, this leads to an increased tensile failure
strain since the flexural MOE is lower than the one recorded for the coupon tests. On the other hand, the

strains for the compressive stresrain curve were reduced in aadance to the ratio of the coupon to
flexural MOE.
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Figure 53 Stressstrain curves with flexural MOE
5.3 MomentCurvature Analysis

5.3.1 Analysis of unreinforced beams

The strain and stress profiles, and the resulting forces of a rectangularsgoisn of an unreinforced
member prior to exceeding the compression yield strain (- ) are shown irFigure 5.4A linear

distribution of stresses and strains is observed with the liredastic behaviour of the material.
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Figure %4 Unreinforced glulam: strain, stress, and force diagrams prior to compression yielding

For the unreinforced beams prior to exceeding compression strain, the moment about theeigict can

be calculated usingquations [5.4]5.6].

6 m™O- OO [5.4]
Y mMO- QO [5.5]
O Q0
0 7 o0 — - Y- —— [5.6]
¢ O C o

Where- and-  are the top and bottom strains, representing the compression and tension strains,
'O andO are the compression and tension moduli of elastiaitis the depth to the neutral axi§,is the

width of the member andhis the height of the member.

The strain and stress profiles, and the resulting forces of a rectangularsgotisn of an unreinforced

member having exceeded the compression yield strain are shown irFigure 5.5.
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Figure 55 Unreinforced glulam: strain, stress, and force diagrams post compression yielding

For the unreinforced beams that have exceeded the compressive yielding strain, the moment about the

mid-height can be calculated usif@juations [5.7]5.12].
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5 T@QOOo— 5.7]

0- [5.8]
6 mHR " p — [5.9]
M Qa0 - - [5.10]
Y M0- @©Q & [5.11]
Q . cGe MO @ .00
U 7 0O - o — 0 — —— Y- —— [5.12]
q o ¢ G ¢ o

Where O @ the depth of lineaelastic portion of the compression zone measured from the neutral axis,
fcrand £z are the compressive stresseG, Gare the compressive forces, ailds the tensile force acting

on the crosssection.

The stress distribution factor explains the phenomenon that strength depends on the distribution of
stresses at a given crassction and needs to be accounted for when calculating the bending capacity of
wood members using experimental tensile resiiMadsen & Buchanan, 1986) is accourgd for using

Equation [5.38].

N Q,p 52 [5.13]
Q w
Where fn is the extreme tensile bending stredsjs the uniaxial tensile stresd,is the depth of the

member,ks is the stress distribution factor, aras the depth to the neutral axis.

The momenicurvature modelling was done through a VBA program which was developed to generate
moment resistance curves based on crasstions with predefined dimension and material stref®in
behaviours. The momerdurvature relationship is generatechtil failure by increasing the compressions
strain and recording the moment resistance. The program detects failure as the point at which the
material strains of the FRP and wood in tension and compression are greater that of the experimentally
determinedmaterial limits. There are two main types of failure modes that can be determined through
the model. The first being tensile failure, which occurs when the tensile strain of the wood exceeds the
allowable bending tensile strain, and the second occurringwthe compressive strain of the wood
exceeds the ultimate compressive stralfigure 56 showsrepresentative momenturvature diagrams

for the defined crossection of an unreinforced beam.
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Figure 5 Representative momesdurvature analysis for unreinforced beams

5.3.2 Analysis of reinforced beams

The strain and stress profiles, and tresulting forces for a reinforced member prior to exceeding the

compression yield strain ( - ) are shown ifFigure 5.7.

E"top fc
- T —_— —
Cy ¢——
c \
A
l )
h d — - — — — — k= N.A.
\\
\\
LT
ftFRP —\—p\
__"M T Tere
b — Epot f;
(a) Cross-section (b) Strain (c) Stress (d) Force

Figure 57 Reinforced glulam: strain, stress, and force diagrams prior to compression yielding

For the reinforced beams that have not yet reached the compressivestiglidt, the moment resistance

about themid-heightis calculated usingquations [5.4]-[5.17].
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Where- and-  are the top and bottom strains, representing the compression and tension strains,
‘O and'O are the compression and tension moduli of elastidieis the FRP modulus of elasticitjis

the depth to the neutral axidyis the width of the membet is the height of the membedis the distance

to the reinforcement measured from the toprreis the tension force from the FRP, afgkris the area

of FRP reinforcement.

The strain and stress profiles, and the resulting forces of a rectangularsgossn of a reinforced

member having exceeded the compression yield strain are shown irFigure 5.8.
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Figure 53 Reinforced glulam: strain, stress, and force diagrams post compression yielding

For the reinforced beams that have exceeded the compressive yield strain, the moment resistance about
the midtheight is calculated usirgquations [5.8]-[5.22].
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Where O @ the depth of lineaelastic portion of the compression zone measured from the neutral axis,
fcrandfeare the compressive stress€sandG are the compressive forces, amgdandTerrare the tensile

force acting on the crossection.

Much like the unreinforced specimens, the stress distribution factor in the reinforced specimens must
also be accounted for. It is accounted for using Equation [5.23]. G&@il2)made modifications to the
equation, purposed to account for the added benefits that the addition of FRP reinforcement have on the
tensile behaviour. Higher tensile failure strains are observed in FRP reinforced wood members, this can
be attributed to theFRP minimizing the effects defects in wood meml§@sntile et al., 2002; Johns &
Lacroix, 2000; Raftery & Harte, 2013)

‘9 Q Qp Q [5.23]

Wherefn, is the extreme tensile bending stredsjs the uniaxial tensile stresay, is the modification
factor introduced by Gentile et gR2000) dis the depth of the membeksis the stress distribution factor,

andcis the depth to the neutral axis.

The VBA model runs the same for the reinforced beams as it does the unreinforced beams with the
addition of a possible failure mode. Previously, the failure modes were governed by either the tensile
strain or compressive strain of the wood exceeding thevedble and ultimate strain, respectively. With

the addition of FRP reinforcement and new failure mode the introduced in the model and occurs when
the FRP strain exceeds its limit causing the material to rupkigere 5.%hows a representative moment

curvature diagram for the defined crosection of a reinforced beam.
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Figure 59 Representative momesgurvature analysis for reinforced beams

5.4 Development of Resistance Curves

5.4.1 Derivation of displacement equations for linear elastitrials

The model was developed to present the flexural behaviour of the beams in the form of resistance curves,
such that the results of the modelled and experimental analyses can be compared easily. For a simply
supported beam subjected to foyroint bending ofequal loading at thirds the displacement equations
are derived from firsprincipals (Fig. 5.10By solving the differential equation for the elastic curve, the

displacements for the linear elastic material are calculated uSmgation [5.2].

Cp -
CT

[5.24]
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Figure 510 Beam diagrams for the derivation of the linear material displacements

5.4.2 Derivation of displacement equations for nonlinear materials

As discussed iBection 5.2he compressive behaviour of glulam is assumed to be bilinear, having a linear
response up to the compression yielding stress and corresponding strain, followed by a linear falling
branch until an ultimate compressive stress. Such that once the compresdivstyan is exceeded and

the beam continues to deflect causing nonlinearity in the member. The midspan displacements of the
yielded beams were determined using a VBA program by graphing the double integral of the moment
curvature diagram. The program wdeveloped to generate the curvatures along the length of the beam
based on the assigned midspan curvature and predetermined mowwwature. The program integrates

following the trapezoidal rule to produce the slope and displacement diagreig$(11).
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Figure 511 Beam diagrams for the derivation of the nonlinear material displacements

5.4.3 Generation of resistance curves

To generate the resistance curves the program follows a procedure that converts data points on the

momentcurvature plot into equivalent forcdisplacement points. The force is calculated by determining

the load required to produce the target moment, thercesponding displacement is then calculated by

converting the curvature into a displacemeRigure 5.12a shows a momeaiirvature plot and Figure

5.12b shows the converted loatisplacement curve for representative reinforced glulam beas

predicted wih the model using the coupon determined MOE, as Figures 5.12c and Figure 5.12d for the

model with the flexural MOE
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CHAPTER | DISCUSSION

The following sections discuss the findings of the experimental program presented in Chapter 4,
specifically regarding the effects of adhesive type and knurling pattern on the bond strength of the pullout
specimens, and of the reinforcement length and femement configuration on the behaviour and failure
modes of GFRReinforced glulam beams. Additionally, the predictions from the material model are
presented and compared against those of the experimental restilis.implications of the faolings on

the practical application in design are also discussed.

6.1 Effects of Adhesive and Knurling Pattern on Bond Strength

During the smalscale testing phase, eighteen pullout tests were conducted to investigate the bond
strength of the specimens based on the adhesive used and the knurling pattern. Initially, the purpose was
to find an adequate adhesive and as such, a totdive different adhesives were investigated followed

by three different routing patterns witkthe specific adhesives to be used in the-fdhle tests.

Table 6.1 shows a summary of the results in terms of averages for the maximum applied load,
displacement at maximum load, and stiffness. In general, all adhesives performed reasonably well, except
for Adh1. Additionally, the texture and density of the aflive was observed to be a dominant factor in
affecting the overall performance of the pullout tests compared to the addition of knurling. The following

sections discuss in greater details the global trends that were observed.

Table 61: Summary of Pullout Test Results

Routing Pattern Specimen Adhesive Type  Pma? (kN) ?mm?:]; (kN?ln:m) (kN}jzn:m)
P-01; RO2 Adh1 17.7 0.45 47.6 445
P-03; RO4 Adh2 67.4 1.85 52.1 36.1
Straight P-05; RO6 Adh4 86.5 2.25 43.4 38.2
P-07; RO8 Adh5D 59.6 1.45 59.1 40.0
P-09; R10 Adh5F 84.8 2.45 44.2 34.6
P-11; R12 Adh2, Adh3 55.2 1.50 44.0 394
P-13; R14 Adh2, Adk3 60.6 1.70 54.4 34.2
Alternating A P-15 Adh5D 53.9 1.10 48.4 37.1
P-16 Adh5F 96.9 2.90 48.9 33.1
Alternating B P-17; R18 Adh5F 79.7 2.95 39.2 26.8

aMaximum load b Deflection at maximum load °¢Bending stiffness (280%)  ¢Bending stiffness (R Imax)
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Adh-1 was deemed to be inadequate for structural applications, failing on average at loads 4.03 times less
than that of the other adhesives. Despite achieving comparable stiffness to the other adhesives, this two
part epoxy marketed for anchors and reinfement bars with masonry and concrete is clearly not
compatible in this case. While not specifically marketed for wood applications, the destined use of the
marketed product was similar to the needs of the study, and on paper, its technical data shestedrr

its evaluation for an ofthe-shelf product.

The strongest adhesive was identified as Adhith an average failure load 86.5 kN, which is only 1.02

times larger than the next strongest adhesive (i.e., 8. It also performed well in terms of stiffness;

however, due to the limited availability of Aghin large quantities (i.e., not in tubes), further tests could

not be onducted. Therefore, it is suggested further testing be done to determinerA@hd OF LI 0 A £ A

when used to bond GFRP bars to wood in bending applications.

The results of the different adhesives have also shown that the density and texture of the adhesive affect

the bond strength. Fluid epoxies (e.g., AHMAdh5F) performed better than epoxy pastes (e.q., ZdB,

Adh5D). This increase in strength can ie@ NA&A 6 dzi SR (2 GKS FfdzAR SLREASAQ
create a better bond between reinforcement and the wood. While both -Bdépoxies (i.e., fluid and

dense) have the similar material properties on paper in terms of tensile, flexural angressive

strengths, they performed differently. Figure 6.1a shows the differences between the dense and fluid
adhesives for straight grooves for which the average strength using the fluid epoxy is 1.42 times that of

the dense epoxy. Similarly, increasesrésistance ranging between 1@1.8 were observed for the

specimens with alternating grooves A and B using fluid epoxy, respectively, in comparison to the dense

one with alternating groove A (Fig. 6.1a).

It should be noted that while the maximum applied load for specimé® Bsing Ad¥bD with alternating
grooves (Pmax= 53.9 kN) is significantly lower thafilB using AdbF with alternating groo\s(Prax= 96.9

kN), that the value is in the range of the average for the specimens usingAdlith straight grooves
(Pmax=59.6 kN). A closer look at the specimens using5kditvith alternating routing pattern A (i.e ;18)

and B (i.e., A7, R18) relative to the straight groove specimens using the same sidbgeratios of 1.14

and 0.94 are obtained, respectively. Similarly, the ratio of the maximum load of the specimens using
alternating routing pattern A (i.e.-B3, R14) to the straight groove (i.e.;PL, R12) for the combination

of Adh2 and AdR3 is 110. Therefore, the depth of the alternating notch does not appear to play a critical

role on the maximum load as much as the adhesive itself. On average, the alternating routing patterns
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contributed to displacement at failure of 1.13 for the combination of &dand AdK3, 1.18 for AdbF
with alternating routing pattern A, and 1.20 for A8l with alternating routing pattern B. Figure 6.1b

shows a comparison between specimens with gropattern B compared to straight groove.
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Figure 61 Pullout test loaetlisplacement curves

Due to the limited number of replicas per configurations, the reported averages in Table 6.1 are shown to
highlight the observed trends, and additional testing shall be conducted to confirm the statistical validity
of observations on a larger sample. Fenimore, while two stiffness values are provid&gis consistently

lower thanK;; however, when comparing two adhesives, haviadhigher for one adhesive does not
necessarily guarantee thit will also be higher (e.g., Adhvs Adk4). This is primarilgittributed to some

adhesives exhibiting an unusually high stiffness compared to the failure displacement.

6.2 Behaviour of Unreinforced Beams

Four unreinforced glulam beams were tested to failure under 4maint bending. A summary of the

results is presented in Table 6.2 for the maximum load, displacement at maximum load, stiffness, modulus
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of rupture, modulus of elasticity, and initial failure mode type. The main failure modes observed consisted

of splintering, shear, or a combination thereof as shown in Figure 6.2. Despite the different failure modes

observed, the maximum coefficient of vation (CoV) is 10% or less for all properties reported.

Table 62: Summary of Unreinforced Test Results

Specimen Prnaxd max Ke MOR MOE Initial Failure
Number (kN) (mm) (N/mm) (MPa) (MPa) Mode
U-01 189.2 30.3 6,791 59.4 11,783 Splintering, Shear
uU-02 167.3 28.9 6,213 52.6 10,781 Splintering
U-03 144.0 26.2 5,731 45.3 9,945 Shear, Splintering
uU-04 162.4 30.0 5,973 51.0 10,365 Splintering
Average 165.7 28.9 6,177 52.1 10,718
CoV 0.1 0.06 0.06 0.1 0.06

aMaximum Load P Deflection at maximum load ¢Bending stiffness 4Modulus of rupture €Modulus of elasticity

In general, the resistance curves show that the unreinforced glulam beams behave linearly up to the
maximum load followed by a drop in resistance that is associated with the initial failure. For splintering
tension failures (i.e., 102, U04), the beams stwed little to no postpeak resistance with the failure
propagating through the path of least resistance (Figs. 6.2a and 6.2c). However, for speci@ieand)
U-03, the initial drop in resistance (Fig. 6.2b) is less significant due to the mixed faildes mioserved

involving shear (Fig. 6.2d).
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Figure 62 Behaviour of unreinforced beams
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Figure 6.3 shows specimenddl and W03 before and after the shear failure. In the case dfl)a small
splintering failure at a knot (Fi§.3a) was immediately followed by a longitudinal shear failure in the
lower half of the beam (Fig. 6.3b). For specimef3,J Figure 6.3c shows the specimen before the
longitudinal shear failure while Figure 6.3d highlights the longitudinal shear failtive upper half of the
specimen. These longitudinal shear failures, although they contributed to the highepgaktesistance

prior to attaining the next major break, are not a desirable failure mode and should be avoided.

(a) UO1: Initial splintering failure

(b) U01: Splintering and shear failure

(c) U03: Prior to shear failure

(d) U03: Following initial shear failure

Figure 63 Shear failures of unreinforced beams

The shear failures observed specimens W1 and W03 can partly be attributed to the a/d ratio of the
specimens being 3.5. The standard recommends a sheartepdgpth ratio of at least 4 when evaluating
the flexural behaviour of beams and states that specimens with an a/d raticbabr2ess are likely to
produce more shear failurg®ASTM, 2022b)In the a/d ratios suggested by the standéAE&ETM, 2021h)

it is assumed that the modulus of rupture (MOR) is ten times greater than the shear strempth (
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Therefore, if the a/d ratio is equal to that of MOR{4then the specimen is likely to fail in either shear or

in flexure.

However, previous research conducted by Gharaibeh and Da@2@&8)and Lacroix and Doud#R018)

on similar crossection sizes assuming that the MOR is ten times greater_thand had a/d ratios of 3.9

(i.e., 137mm x 191mm, clear span 2,235mm) and 3.4 (i.e., 137mm x 222mm, clear span of 2,235mm),
respectively, where no shear failures were observed in both unreinforced and reinforced glulam beams.
On the other hand, the specimsinvestigated by Vetter (2022) had a/d ratios of 4.0 (i.e., 69mm x 100mm,
clear span 1,200mm) with the assumption that the MOR is ten times greater thamd while no shea
failures were reported for the unreinforced specimens, the specimens reinforced with GFRP fabrics

resulted in stress concentration failure at the FRP termination point.

In the current study, the unreinforced specimen that initially failed in shear (i-@3)dorresponded to a
shear stress of 3.27 MPa based on the load corresponding to the failkg® Gimilarly, specimen-Qi1
initially experienced a small splintering failure that was immediately followed by a shear failure
corresponding to a shear stress of 4.29 MPa. Based on the average MOR of specifenxilb04 (i.e.,

51.8 MPa), which had ndear failure, this results in ratios of MOR{#dranging 3.02; 3.96.Therefore,

the mixed failure modes can in part be attributed to the lower M@Rhear strength ratio of the glulam

specimens.

6.3 Effects of GFRP Reinforcement

Ten beams were tested to failure under fepoint bending to investigate the behaviour of reinforced
glulam beams with varying reinforcement schemes involving the length of reinforcement, type of bar (i.e.,
straight vs bent), and knurling profile. Tabl@ @rovides a comparison of the average peak loads)(P
corresponding displacements sy, and stiffnesses (K) between the unreinforced and reinforced beams.
Irrespective of the reinforcement configurations investigated and failure modes observedasesrin
maximum load, displacement at maximum load, and stiffness ranging;1L B, 1.04¢ 1.24, and 1.1§

1.18 were obtained, respectively, relative to the unreinforced specimens. The failure modes observed for
the reinforced specimens included simpiension, splintering, crosgrain tension, and shear, or a

combination thereof.
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Table 63: Effects of Reinforcement on Glulam Beams
F’maxa ﬂmaxb KC

Specimen

Number Diagram kN) (mm) (N/mm) Px/Pur NrK pr Ke/Kur Initial Failure Mode
U-01 Splintering, Shear
U-02 Splintering
U-03 i 165.7 28.9 6,177 i i i Shear, Splintering
U-04 Splintering
R11 Shear, Splintering
==, 2108 316 7,314 127 109 118

R12 s Splintering

R13 Shear, Simple Tensio
=, 2012 349 7,032 121 121 114

R14 < Shear, Simple Tensio

R15 Simple Tension
o, . 2156 358 7,104 130 124 115

R16 pe Splintering

R21 Splintering
J = 1925 30.2 7,070 116 104 114

R22 -— Shear, Simple Tensio

R23 Splintering
:ll_l L. 2123 359 7,005 128 124 113

R24 - CrossGrain Tension

25

aMaximum Load P Deflection at maximum load ¢Bending stiffness

The addition of straight bars, which corresponded to 1.73% of GFRP reinforctoneabd area,
contributed to shifting the initial failure to one that is dominated by shear (i.e:1 RR12, and R#)

followed by secondary failure modes upon further loagli

The introduction of knurling has contributed to higher maximum resistances and associated
displacements compared to the other specimens with straight bars and no knurling while also eliminating
the shear failure. Considering this observation, the knuriiogtributed to an enhancement of flexural
performance of the GFRRinforced glulam beams. The disparity between the benefits in the pullout and
flexural tests can partlipe attributed to the pullout specimens having a single groove that had the same
length as the one for the flexural specimens. As such, scaling of the groove size or larger pullout specimens
should be further investigated to comprehend the full effects of knurling on the global performance of

the GFRP reinforcemeib-wood bond.

The introduction of bent GFRP bars was investigated as an alternative to knurling for improving the

performance of GFRiRinforced glulam specimens with respect to premature debonding and stress
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concentration failures observed in simple tension reinforcement using GFRP fi@hiaspton et al.,

2023; Vetter, 2022)From Table 6.3, the overall performance of the glulam beams reinforced with GFRP
bent bars appear to have been influenced by the reinforcement length. Specifically, the shorter bar length
(i.e., R21, R22) had on average a lower resistance and displacement at maximum resistance than the
specimens reinforced with straight bars (i.e.-R4 R16) with one of the specimens having a failure
dominated by a shear failure. The longer bent baesfqrmed better than the shorter bars with the
average resistance and stiffness being in line with those of the specimens reinforced with straight bars

and knurling. No shear failure was observed for the specimens with longer bent GFRP bars.

Figures 6.4a and 6.4b present the resistance curves for the specimens reinforced with straight and bent
GFRP bars, respectively, relative to the average resistance of the unreinforced beams. Due to the limited
postpeak resistance of the unreinforced glodaonly the portion up to peak resistance is included.
Irrespective of the reinforcement, it is clearly seen that the addition of reinforcement improved the global
response albeit in some cases introducing undesirable failure modes. The following sedtielaborate

on the effects of the various reinforcing schemes in more detail.
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Figure 64 Resistance curves relative to average unreinforced beams
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6.5), possibly more common due to the spacing of the of the bars on the tension face of the beam being
less than the standard requires. The flexural fai4uobserved were as expected, occurring in the

maximum moment region and then propagating through the rest of the beam, as described in Chapter 4.
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Figure 656 Tension failure stemming from edge {82

6.3.1 Effects of reinforcement length

A key part of this research was to investigate the effects of the reinforcement length on the flexural
behaviour of GFRReiInforced beams. Table 6.4 facilitates the comparison of the effects of reinforcement
length on the flexural performance while FiguBes shows the flexural resistance curves. Presented in
Table 6.4 is a comparison of the average maximum loagls) (Borresponding displacements.), and
stiffnesses (K) between the specimens with shorter and longer reinforcement lengths for botreibats

and bent bar reinforced beams.

Table 64: Comparison of Short Versus Long Bar Reinforcement

Specimen . Prad Nmad K Initial Failure
Number Diagram (kN) (mm) (N/mm) PLong/PShort NLonK Bhort KLong/KShort Mode
R1*1 Shear
==, 2108 316 7314
R12 T Splintering
0.95 1.10 0.96
R13 Shear
==, 2012 349 7,032
R14 o Shear
R21 Splintering
=“_| . 1925 30.2 7,070
R22 pervas Shear
R23 1.10 1.19 0.99 Solinteri
plintering
=||_| . 2123 359 7,005 CrossGrain
R24 e e Tensi
ension

aMaximum Load P Deflection at maximum load ©Bending stiffness
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For the beams reinforced with straighars, the change in length of reinforcement did not contribute to
AAAYATFAOLIYHD AYLINROSYSyGa Ay (GSN¥Ya 2F NBaradalyoOoS
dominated by shear. Despite the average maximum resistance and associated displacemerit. @&i

and 1.10 times that of the average for beams reinforced with shorter bars, respectively, Figure 6.6a clearly
shows distinct behaviour for R and R#4, thus affecting the overall average. In the case where the
specimen does not fail early (i.e1-B), the longer bars appear to allow for the development of a larger

resistance and displacement at maximum, although ultimately failing in shear.

The effect of providing longer reinforcement length with the bent GFRP bars is evident with increases of
1.10 and 1.19n the maximum resistance and failure displacement, respectively, in comparison to the
specimens with shorter bars. Figure 6.6b shows the improved behaviour of the specimens reinforced with
longer bent bars. As such, three out of the four specimens raiefbwith longer bars (i.e., shorter
distance from end of reinforcement to support) showed overall improved behaviour relative to the
spedmens with shorter bar lengths. This observation is in line with the CHBBE, 2019%hat the

reinforcement termination point should be as close as possible to the supports.
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Figure 66 Comparison of short versus long bar specimens

Past researclfe.g., Shrimpton et al., 202&n glulam beams reinforced with GFRP fabrics as simple
tension reinforcement has shown that insufficient development length of the reinforcement can lead to
stress concentration failures occurring between the support and the end of the FRP reinforcdiment.
failures occurring at the FRP termination points were not observed by Lacroix and Doudak (2018) who
reported debonding of the FRP due to the wood failing in flexure and pushing outwards on the
reinforcement. For comparison, the distance between thepgarpand the end of the FRP reinforcement

was 105.5mm for Shrimpton et al whereas it was 12.5mm for the other study (Lacroix and Doudak 2018).
The current study investigates termination points 125mm and 25mm from the supports, and no initial
failures due o stress concentration at the FRP termination poirtswbserved. Several factors can be

attributed to the observed behaviour, including the reinforcement type (i.e., bars vs fabrics),
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reinforcement installation (i.e., surface mounted for fabrics vs grooves), and finally the aspect ratio of the

beams having lower shear strength in the current study.

6.3.2 Effects of straight versus bent bars

hyS 2F GKS adGddzReQa KelLRiKSaira ¢l a GKFEG f1 NBSNI RAAI
support could result in a failure caused by stress concentrations at the end of the reinforcement akin to

those observed in Shrimpton et §2023) As such, the effect of bent bars was investigated as a atean

provide increased anchoring at the reinforcement termination point. Table 6.5 facilitates the comparison

of the effects of reinforcement type on the flexural performance while Figure 6.7 shows the flexural
resistance curves. Table 6.5 provides a consparof the average maximum load.tR), corresponding
displacements (may), and stiffnesses (K) between the specimens with straight and bent reinforcement for

lengths of reinforcement investiged.

Table 65: Comparison of Straight Versus Bent Bar Reinforcement

Specimen . Prad  NmaxX K Initial Failure
Number Dlagfam (kN) (mm) (N/mm) PBem/PStr _nBentK _ﬂr KBenl/KStr MOde
R11 Shear
——— 210.8 31.6 7,314
R12 e Splintering
0.91 0.96 0.97
R21 Splintering
J = 1925 30.2 7,070
R22 T Shear
R13 Shear
=, 2012 349 7,032
R14 o Shear
R23 1.06 1.03 0.99 Sol _
plintering
2 :ll_lé 212.3 35.9 7,005 CrossGrain
25 Tension

aMaximum Load P Deflection at maximum load ¢Bending stiffness

For the shorter length of bars, the bent bars did not contribute to an improved resistance achieving lower
maximum resistances corresponding to 0.91 times that of the straight bars. However, the longer bent bars
provided slight improvement by factors of06. and 1.03 with respect to the maximum load and failure

displacement, respectively. Additionally, the change from straight to bent bars resulted in a shift in failure

mode from shear to flexure for the longer length of reinforcement.
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Figure 67 Comparison of straight versus bent bar specimens

In general, it can be seen that following the initial failure, that the specimens with bent bars show higher
levels of posipeak resistance (Fig. 6.7). This is particularly true for the specimens with the longer bent
bars (i.e., R3 and R2) where the iitial drops in resistance are less than 10% of the maximum value.
Also, it should be noted that the pepeak behaviour for R2 is attributed to the fact that it failed in
shear, which is not a desirable failure mode. The increase in levels epgalstehaviour can be seen
when comparing the behaviour of the reinforcement ends as shown in Figure 6.7. For the straight bars,
upon initial failure and further loading, it can be seen that the straight bars tend to slip (Fig. 6.8a) creating

a gap in the grooverhere they used to sit. On the other hand, the bent bars are observed to yield (Fig.
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6.8b) due to the additional anchoring provided. The additional force provided with tkleaped bent
bars can be seen in the failure of the wood, which is similar to gteapout in bolted connection§CSA,
2024) ¢ KSNBF2NB>X 6KAES KFEGAy3a NBAYTF2NOSYSyid a Of2

consideration is required in terms of secondary failures modes.
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(@) Stralght bars (6) Bent bars R3

Figure 63 Reinforcement end behaviour
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6.3.3 Effects of groove pattern on FRP reinforced glulam beams

Knurling was investigated as a potential alternative to improve the flexural behaviour of glulam beams
reinforced with GFRP bars with straight grooves only. Table 6.6 facilitates the comparison of the effects
of knurling on the flexural performance whilégggre 6.9 shows the flexural resistance curves. Table 6.6
provides a comparison of the average peak loads.) Pcorresponding displacements n(), and

stiffnesses (K) between the straight bar reinforced beams with and without knurling.

The specimens with an alternating groove pattern (i.e-5RR16) showed increases in peak resistance
and failure displacement of 1.07 and 1.03, respectively, in comparison to those with the same
reinforcement type but no knurling (i.e., B1R4). Interms of failure modes observed, both alternating
groove specimens failed in flexure, suggesting that the alternating groove pattern caused a change in
failure mode from shear to flexure. Although no significant improvements were seen with the varied
groowe pattern when tested in tension, the behaviour in flexure was uncertain and therefore investigated.
The difference in the observed behaviour between the pullout and flexural tests can ipagtyributed

to the pullout specimens having a single groove of additional depth of the same length as the groove for
the flexural specimens. As such, scaling of the groove size or larger mdéuitnens should be further

investigated to better understand the full effects of knurling.
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Table 66: Comparison of Straight Versus Alternating Groove Pattern

Specimen : Pna®  Nmax’ Ke Initial Failure
Number ~ D'agram (kN) (mm) (N/mm) Par/Pse Nak g Kar/Kse Mode
R13 Shear
= 2012 349 7,032
RX4 o< Shear
1.07 1.03 1.01
R15 Simple Tension
Ry A 215.6 358 7,104
R16 ped Splintering
aMaximum Load P Deflection at maximum load ©Bending stiffness
240 T
200 +
/l ——R1-3
160 + ,’ -
: / T4
%120 y %
3 Y --- R15
80 - - )
40 + . %
f-"'.
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0 20 40 60 80 100 120

Displacement (mm)

Figure 89 Comparison of specimens with varied groove pattern

6.3.4 Effects of reinforcement on strain distribution

Through the course of the research on fla#i-scale specimens, a combination of strain gauges and digital
image correlation (DIC) analysis were used to study the effects of strain distribution. For the DIC analysis,
all unreinforced and reinforced glulam beams were speckled from one side afppers up to midspan.

In terms of strain gauges, a total of two and three gauges were used on the unreinforced and reinforced
beams, respectively. The strain at rsiplan of the wood tension and compression face were instrumented
along with one bar for theeinforced specimens. While strain gauges offer a localized measurement, the
maximum strains using the DIC were obtained by taking the average along the tension and compression
faces from miespan to the loading point, where the moment is constant. Inotlye this should provide

average strains.
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Table 6.7 presents a summary of the wood tensile and compressive strains of the unreinforced and GFRP
reinforced beams, includintdpe largest recorded midpan tensile and compressive strains (i.e., gauge),

and the largest recorded tensile and compressive strains determined through the DIC analysis.

Table 67: Summary of Strains

Specimen s t,maxa ) c,maxb s t,max—DI(f ) c,ma)eDIéj R/UR R/UR R/UR R/UR
Number Diagram  x10° x103 x103 x103 Tension Comp Tension Comp
(mm/mm) (mm/mm) (mm/mm) (mm/mm) (Gauge) (Gauge) (DIC) (DIC)
U-01
U-02
U-03 - 3.50 -5.90 4.90 -5.10 - - - -
U-04
RL:1 5.36 -3.81 4.98 -5.08 1.53 0.66 1.02 1.00
=
R12 ‘E'A 571 -7.13 3.80 -5.84 1.63 1.21 0.78 1.15
R13 2.84 -5.41 3.89 -3.97 0.81 0.92 0.79 0.78
T A
R14 Dre 4.42 -4.73 3.32 -8.21 1.26 0.80 0.68 1.61
R15 3.94 -4.27 3.09 -6.71 0.99 0.72 0.63 1.31
T A
R1-6 w 5.05 -14.8 5.09 -10.8 1.44 2.51 1.04 2.11
R21 =,,‘| 5.47 -4.04 3.99 -6.79 1.56 0.68 0.81 1.33
R22 4@3 8.87 -5.27 7.27 -5.74 2.53 0.89 1.48 1.13
R23 |—” 573 -3.25 4.68 -9.55 1.63 0.55 0.96 1.87
R24 o 3.73 -12.7 4.25 -14.0 1.06 2.15 0.87 2.75

Average 1.44 1.11 0.91 1.50

aMaximum tensile strain® Maximum compressive straii Maximum tensile strain (DICyMaximum compressive strain (DIC)

Average increases in maximum tensile and compressive strain by factors of 1.44 and 1.11 for the gauge
data and 0.91 and 1.5 for the DIC data, respectively. Figure 6.10 presents a comparison of the strain gauge
and DIC strain data for an unreinforced andR8Feinforced specimen. On average, the ratio of the
maximum DIC to gauge for the tension and compression wood strains is 0.90 and 1.37, respectively. The
strain distributions (Figs 6.168 show that difference between gauge and DIC strains is likelyodihe

localized readings the strain gauges provide versus the global behaviour the DIC system is able to capture.
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Figure 610 Effects of reinforcement on strain distribution
6.4 Predicting th&lexural Behaviour of Glulam Beams

The material model presented in Chapter 5 was used to create predictive mesuerdture and
resistance curves for both the unreinforced and reinforced glulam beams. The following sections present

comparisondetween the predictions and experimental results.
6.4.1 Determining effects of reinforcement on strain distribution

The use of FRP as means for reinforcing wooden members has been shown to increase the tensile failure
strains in comparison to unreinforced members. As discussed in Chapter 2, Gé#algintroduced the

dzaS 27F | Y2 RAparpoSdd ib/acaglnt i the highbBidtehsile failure strains observed in FRP
reinforced wood members, and since further research has been dbBnd.acroix & Doudak, 2018;

Shrimpton et al., 2023; Yang, Liu, et al., 2016a)
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Strain gauges provide readings limited to a specific point, whereas through conducting a DIC analysis, the
strains across a larger arageavailable. The average tensile failure strains from the strain gauges and DIC
analysis are presented in Table 6.8. Only beams that failed in flexure were considered, and beams failing
in shear were excluded as they did not benefit from the enhanced tessiin provided by the FRP. By
comparing the ratio of reinforced to unreinforced tensile failures strains, an geenacrease of 1.5 is
obtained using the strain gauges while a decrease of 0.8 is observed using the DIC strains. The discrepancy
between the results using strain gauges and DIC warrants further research. It should be noted that strain
gauges have succeallff been used in the past to defife, values (e.g., Lacroix and Doudak 2018, 2020,
Vetter 2022)in the order of 1.1% 1.21 for glulam reinforced with GFRP fabrics. For heavy timber beams
reinforced with GFRP bars, Gentile et al. (2002) calibratedstelé beams to experimental results and
obtained an  factor of 1.3. However, given the discrepancy and the mixed failure modes involving shear

as opposed to clear flexural failures in cited studies! afactor of unity will be used.

Table 68: Wood Tensile Failure Strains

Average Tensile
Failure Strain(DIC)

Average Tensile Failur

Specimens Strain(Strain Gauge) Reinforced /

Unreinforced

Reinforced /
Unreinforced

x10% (mm/mm) x10% (mm/mm)
U-01, u02,
U-04 3.4 - 5.0 -
R12 5.7 1.7 3.8 0.8
R15, R16 4.5 1.3 4.1 0.8
R21 55 1.6 4.0 0.8
R23, R24 4.7 14 4.5 0.9
Average 1.5 0.8

6.4.2 Predicting the behaviour of unreinforced glulam beams

Theflexural behaviour of the unreinforced beams was predicted using the methodology described in
Chapter 5. A momenturvature analysis was initially conducted and then used to determine the resulting
resistances for both models proposed in Chapter 5. Thaltseare presented in Table 6.9 and Table 6.10
for the models with the MOE determined though coupon (i.e., Approach 1) and flexural tests (i.e.,

Approach 2), respectively, while the resistance curves are shown in Figure 6.11.
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Table 69: Comparison of Results for Unreinforced Beams (Coupon Test MOE)

Specimen Experim’ental Mode,zl ModeI/EqurimentaI
Prmax (KN) max (MM) Prax (KN) max (MM) Prmax (KN) max (MM)

U-01 189.2 30.3 0.83 1.02
U-02 167.3 28.9 0.94 1.07
U-03 144.0 26.2 1574 30.9 1.09 1.18
U-04 162.4 30.0 0.97 1.03
Average 0.96 1.08

St. Dev. 0.09 0.06

Ccov 0.09 0.05

Table 610: Comparison of Results for Unreinforced Beams (Flexural Test MOE)

Specimen Experim,ental Modgl ModeI/ExpgrimentaI
Pmax (kN) max (mm) I:)max (kN) max (mm) IDmax (kN) max (mm)

U-01 189.2 30.3 0.87 1.13
U-02 167.3 28.9 0.99 1.18
U-03 144.0 26.2 1655 34.2 1.15 131
U-04 162.4 30.0 1.02 1.14
Average 1.01 1.19

St. Dev. 0.10 0.07

cov 0.10 0.06

For the maximum resistances and corresponding displacements, average ratios of 0.96 and 1.08 were
determined for the model using the adjusted coupon test results, and 1.01 and 1.19 for the model using
the flexural test MOEThe model with inputs determined from the coupons test captures the average
peak load well, and the model with inputs determined from the flexural tests captures the stiffness
accurately (Fig. 6.11)h& discrepancies between the experimental and modelled results for displacement
can beattributed to the variability in the wood properties used as material model inputs and the

adjustments for sizeffects.
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Figure 611 Modelled and experimental resistance curves for unreinforced beams
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6.4.3 Predicting the behaviour of FRmhforced glulam beams

The resistance curves for the FRIMhforced glulam beams were predicted as per the procedure described

in Chapter 5. The results are presented in Table 6.11 and Table 6.12 for the models with the MOE
determined though coupon and flexural tests, respedtivand the resistance curves are shown in Figure
6.12 and Figure 6.13.

Table 611: Comparison of Results for Reinforced Beams (Coupon Test MOE)

Specimen Experim,ental Modclel ModeI/ExpgrimentaI
Prax (kN) max (mm) Prax (kN) max (mm) Prax (kN) max (mm)

RI1 218.8 34.9 0.91 1.21
R12 203.4 28.2 0.97 1.49
R13 173.1 26.2 1.15 1.61
R14 229.2 43.6 0.87 0.96
R15 205.3 34.3 0.97 1.23
R16 225.3 37.2 1983 42.1 0.88 1.13
R21 194.0 34.6 1.02 1.22
R22 191.0 25.7 1.04 1.64
R23 207.6 35.7 0.96 1.18
R24 216.9 36.0 0.91 1.17
Average 0.97 1.30

St. Dev. 0.08 0.21

cov 0.16 0.16

Table 612: Comparison of Results for Reinforced Beams (Flexural Test MOE)

Specimen Experim’ental Modgl ModeI/ExpgrimentaI
Pmax (kN) max (mm) Pmax (kN) max (mm) I:)max (kN) max (mm)
R1}1 218.8 34.9 0.92 1.38
R12 203.4 28.2 0.99 1.71
R13 173.1 26.2 1.16 1.84
R1}4 229.2 43.6 0.81 1.11
R15 205.3 34.3 0.98 1.41
R16 225.3 37.2 2004 48.2 0.89 1.30
R21 194.0 34.6 1.03 1.39
R22 191.0 25.7 1.05 1.88
R23 207.6 35.7 0.97 1.35
R24 216.9 36.0 0.92 1.34
Average 0.98 1.48
St. Dev. 0.08 0.24
Ccov 0.08 0.16

For the maximum resistances and corresponding displacements averageabhfid®7 and 1.30 were
determined for the model using the adjusted coupon test results, and 0.98 and 1.48 for the nsout!

the flexural test MOE. The model with inputs determined form coupon testing (Figure 6.12) capture the
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average failure load well; however, underpredict the stiffness. The model with inputs determined from
the flexural tests (Figure 6.13) represents the stiffness better while still capturing the average failure load
well; however, it is overpredicting theifare displacement. The discrepancies between the experimental
and modelled results can be attributed to the variability in the wood properties used as material model
inputs and sizeffects, as well as the mixed failure modes observed. In general, déispifgedictedto-
experimental displacement ratios ranging &.8.48, the two approaches generally capture the behaviour

of the stronger specimens.
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Figure 612 Modelled and experimental resistance curves for reinforced specimens (coupon MOE)
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Figure 613 Modelled and experimental resistance curves for reinforced specimens (flexural MOE)

6.5Practical Aplications of GFRP Reinfald@lulam Beams

Thereinforcement configurations investigated all requirdtht the beams be upside down during the
fabrication(i.e., routing, installation of FRBuring of adhesivavhile the intended use condisof glulam

beam subjeatdto positive bending momenwith GFRP reinforcement on the tension side. While this may
not be practicain an insitu rehabilitation, the reinforcement configurationsvestigated,and findings

are applicable to hybriFRPreinforced glulam manufactured in the factonhi3 is particurly relevant

to caseswvhere optimization of girder size is required (e.g., Western Washington University Gymnasium)
(Gilham & Williamson, 20071 should be noted thaif the reinforcement configurations studied herein
were to be employed in practice, a wooden bumper layer would be provided to pribieceinforcement

and provide adequate fire protection.
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Furthermore, he current study has highlighted the importance of detailigd influence of key
parameters such as adhesive type, reinforcement lengtimforcement profile and knurling can have on
the failure modes. Currently, the design guidelines provided inctiveent Canadian codgCSA, 2019,
2024)are prescriptive and are not based on mechanics nor materials motlesmixed failure modes
observed herein, which consisted of shear, flexure, or a combin#tiereof, clearly highlight the need

for fundamental research aimed at establishing tineerall interaction between the different failure
modes and what is desired in design. For exanipis,critical to understand the effects of the distance
between the reinforcement termination point and the suppoetd., potential premature failuregroup
tear-out with bent barsin Fig. 6.8). In the case of growgar-out (Fig. 6.8) simply saying that the
reinforcement needs to be as close as possible to the supports, by introducing bent bars, secondary failure
mechanisms are introduce@herefore, fundamental research to establish the baseline performance and

relationships between the different materials need to be accounted for.

For the case of isitu rehabilitation future research should develop reinforcement strated@seraging

the potential of GFRP batsy developing techniques where smaller sections or laminates can be
manufactured irhouse and installed onite. In sum, the research has highlighted the potential of GFRP
bars as flexural reinforcemeiaind further research is requirefdr the development of design guidelines

informed by principles of mechanics and material predictive models
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CHAPTER| CONCLUSIONS

7.1 Conclusions

The currentresearch program included smaltale and fulscale testing, aimed at investigating the effects

of reinforcement configuration on FREinforced glulam beams. The first of three experimental phases

of testing was purposed to determine the material propes, in which wood tensile and compressive
tests were completed. In the second phase, a series of eighteen pullout tests were conducted to
investigate the effects of different adhesives and knurling on bond strength. Fourteen glulam beams were
tested to failure under fouspoint static bending, including four unreinforced beams and ten beams with
varying configurations of GFRP bar reinforcement focused on key parameters such as reinforcement
length, straight versus bent bars, and straight versus alterngtiogves. A predictive material model was
developed and compared to the analytical results. The analytical and experimental results, including the

mechanical properties, failure modes and predicted resistance curves were presented and discussed.
The following conclusions can be drawn from the current study:

- The texture and density of an adhesive used to bond FRP and wood affects the overall behaviour
of the pullout tests, where the observed failure strength was 1.42 times larger for the fluid
adhesives in comparison to the dense specimens.

- Knurling offers the potential for improvements in bond strendtbwever, the alternating pattern
does not appear to play a critical role on the maximum load as much as the adhesive itself.

- Unreinforced glulam beams generally failed in flexure, althotingly were close to the critical
ratio of producing a combination of shear on flexural failures.

- lrrespective of reinforcement configuration, the addition of 1.73% GFRP reinforcement provided
increases in maximum load, displacement at maximum load, and stiffness ranging between 1.16
¢ 1.30, 1.04¢ 1.24, and 1.1% 1.18 relative to the unreinforced spinens.

- The effects of reinforcement length and termination point on the behaviour of beams reinforced
with straight bars did not show significant improvements in resistance or stiffness and did not
prove to have an effect on failure modéowever, for the beams reinforced bent bars
improvements in maximum resistance and stiffness of 1.10 and 1.19, respectively, were observed

with longer reinforcement lengths comparison to the specimens with shorter bars.
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- The effects of bar profile on the behaviour of GF&Rforced glulam beams did not contribute
to improvements in resistance for the shorter length of bars, although for the longer length of
bars the change from straight to bent reinforcement providedhslighprovement by 1.06 and
1.03 with respect to the maximum load and failure displacement, respectively. Additionally, for
the longer length of reinforcement the change from straight to bent bars resulted in a shift in
failure mode from shear to flexure.

- The addition of knurling showed increases in peak resistance and failure displacement of 1.07 and
1.03, respectively, for the GFHRéInforced glulam beams in comparison to those without knurling.
The beams with alternating groove patterns failed in flexuseggesting that the addition of
knurling caused a change in failure mode from shear to flexure.

- The effects of FRP reinforcement on the tensile failure strain of the glulam bearasbserved
to be minimal through the analysis done with digital image correlation in comparison to the strain
gauge results. This can be attributed to the strain gauges providing a localized reading while the
DIC system was able to obtain to capture thastmprofile across a large area.

- A material model capable of predicting the flexural behaviour of unreinforced and -GFRP
reinforced glulam beams was developed with reasonable accuracy based on two different

approaches.

7.2 Recommendations for Future Work

Based on the research that has been conducted in the current thesis, the following recommendations for

future work are made:

- Different patterns and depths of knurling to further investigate the effects on bond strength for
both pullout out and flexural tests.

- Increase sample size for all reinforcement configurations investigated to validate and improve
upon the observations and analysis methods.

- Variation of specimen geometry, crassction, length, and spato-depth ratio, to validate and
improve upon observations and analysis methods.

- Development of analysis methods based on more precise veootpression models to verify if

and to what degree model simplifications are permissible.

96



REFERENCES

A. Yusof, & A. L. Saleh. (2010). Flexural Strengthening of Timber Beams Using Glass Fibre Reinforced
Polymer.  Electronic Journal of Structural Engineering 10, 4%56.
https://doi.org/10.56748/ejse.10124

Albers, R. G., & White, S. R. (1996). Experimental Investigation of Aluminum/Epoxy Interfacial
Properties in Shear and TensionThe Journal of Adhesipn55(3¢4), 303316.
https://doi.org/10.1080/00218469608009954

Al-Hayek, H., & Svecova, D. (2014). Flexural Strength of Posttensioned Timber Baame. of
Composites for Constructipril8(2), 04013036. https://doi.org/10.1061/(ASCE)CC.1943
5614.0000431

Ascione, F., Maselli, G., & Nestico, A. (20Blstainable materials selection in industrial
construction: A lifecycle based approach to compare the economic and structural
performances of glass fibre reinforced polymer (GFRP) and 3teghal of Cleaner Production

475, 143641. https://doi.org/10.1016/J.JCLEPRO.2024.143641

ASTM. (2021a). Standard Test Method for Tensile Properties of Fiber Reinforced Polymer Matrix
Composite Bars. IASTM D7205/D720581. ASTM .

ASTM. (2021b¥tandard Test Methods of Static Tests of Lumb8trurctural Sizes (ASTM D1ZB),
American Society for Testing and Materials. https://doi.org/10.1520/DeAB8

ASTM. (2022a). Standard Test Methods for Small Clear Specimens of TirASarM D 1422 (pp.
1¢32).

ASTM. (2022b). Standard Test Methods of Static Tests of Lumber in Structural Sizes (ASTM D198). In
ASTM D1985. American Society for Testing and Materials. https://doi.org/10.1520/DaI®8

ASTM D7913/D7913M14. (2020).Standard Test Method for Bond Strength of FRemforced

Polymer Matrix Composite Bars to Concrete by Pullout Testing

Azeufack, U. G., Kenmeugne, B., Foadieng, E., Fouotsa, M., Talla, P. K., & Fogue, M. (2019).

Mechanical Characterization and Measurement of the Damage of &amp;lt;i&amp;gt;Pericopsis

97



elata&amp;lt;/i&amp;gt; (Assamela)World Journal of Engineering and Techno)djf(02),
256¢269. https://doi.org/10.4236/wjet.2019.72017

Barrett, D. L., & Lau, W. (19949anadian Lumber Properti¢g. D. Jones, Ed.). Canadian Wood

Council. https://webstore.cwc.ca/product/canadidamber-properties/

Bazan, I. M. M. (198Itimate bending strength of timber beams: Vol. Ph.D.

Ben Ouezdou, M., Belarbi, A., & BaeWs.(2009) Effective Bond Length of FRP Sheets Externally
Bonded to Concretdnternational Journal of Concrete Structures and Materg®y, 12°¢131.
https://doi.org/10.4334/IJCSM.2009.3.2.127

Benmokrane, B., Chaallal, O., & Masmoudi, R. (1@983s fibre reinforced plastic (GFRP) rebars for
concrete  structures. Construction and Building Materials 9(6), 35%364.
https://doi.org/10.1016/09560618(95)0004&8

Bergman, R., Puettmann, M., Taylor, A., & Skog, K. E. (2014). The Carbon Impacts of Wood Products.
Forest Products Journ&l(7¢8), 22@231. https://doi.org/10.13073/FRD-14-00047

Bhat, J. A. (2021). Improved Strength and Stiffness Characteristics ofdbnosted Poplar Timber
Columns. International Journal of Engineering 34(4).

https://doi.org/10.5829/ije.2021.34.04a.06

Broughton, J. G., & Hutchinson, A. R. (2001)-detilbehaviour of steel rods bonded into timber.
Materials and Structure84(2), 10@109. https://doi.org/10.1007/BF02481558

Buchanan, A. H. (1990a). Bending strength of lumbeurnal of Structural Engineering16(5),
1213;1229. https://doi.org/10.1061/(ASCE)07-3345(1990)116:5(1213)

Buchanan, A. H. (1990b). Bending strength of lumBeurnal of Structural Engineering16(5),
1213;1229. https://doi.org/10.1061/(ASCE)07-3345(1990)116:5(1213)

Buell, T. W., & Saadatmanesh, H. (2005). Strengthening timber bridge beams using carbon fiber.
Journal of Structural Engineerind31(1), 173187. https://doi.org/10.1061/(ASCE)0733
9445(2005)131:1(173)

98



.dzAA f SAGET 20 adrX {FYROSNHI [ . dX 3 222Raz DO
Journal of Structural Engineerind@152), 43%444. https://doi.org/10.1061/(ASCE)0733
9445(1989)115:2(433)

CCBFC. (2020ational Building Code of Canada 2020

Che, C. (2023)nvestigating the effects of gladbre-reinforced polymer fabrics and bars on the

flexural behaviour of sawn timber and glulam bealsiversity of Waterloo.

Corradi, M., Borri, A., Righetti, L., & Speranzini, E. (2QiBertainty analysis of FRP reinforced
timber beams.  Composites Part B: Engineering 113 174184.
https://doi.org/10.1016/J.COMPOSITESB.2017.01.030

Correlated Solutions. (202%)igital Image Correlatiarhttps://www.correlatedsolutions.com/
CSA. (2019). Canadian highway bridge design co@SANSEBCSA Group.

CSA. (2021). Structural gluedaminated timber
https://www.csagroup.org/store/product/2424251/?srsltid=AfmBOor_ua_Bv1Gv5WAWECEG
Pmo2xmYe98YLFMGwjFQEfDMOR7CQUD6C

CSA. (2024). Engineering Design in Wood. InCSA Group
https://www.csagroup.org/store/product/CSA_086:24/?srsltid=AfmBOorYkOSMnjYuEhfivLR _
D41ZcUEO00j5ZHQhRUONILEtNIopNA6d3

Dar, M. A., Asce, M., Subramanian, ; N, Asce, F., Anbarasu, ; M, Carvalho, H., & Dar, A. R. (2021).
Effective Strengthening of Timber Beams: Experimental Investig®i@ctice Periodical on
Structural Design and Constructj@®(1), 04020042. https://doi.org/10.1061/(ASCE)SC.1943
5576.0000532

De La Rosa Garcia, P., Escamilla, A. C., & Nieves Gonzalez Garcia, Be(204g)einforcement
of timber beams with composite carbon fiber and basalt fiber materfasnposites Part B:

Engineering55, 528536. https://doi.org/10.1016/J.COMPOSITESB.2013.07.016

99



De La Rosa Garcia, P., Gonzélez, M. de las N., Prieto, M. I., & Gémez, E. (2021). Compressive Behavior
of Pieces of Wood Reinforced with Fabrics Composed of Carbon Fiber and Basaiipipiie.
Sciences 2021, Vol. 11, Page 24406), 2460. https://doi.org/10.3390/APP11062460

Dong, J. F., Jia, P., Yuan, S. C., & Wang, Q. Y. (2015). Compressive behaviours of square timber
columns reinforced by partial wrapping of FRP shelglsterials Research Innovatigns,
S1465S1468https://doi.org/10.1179/1432891715Z.0000000001593

Dorey, A. B., & Cheng, J. J. R. (1996a). Glass Fiber Reinforced Glued Laminated Wood Beams. In
CanadaAlberta Agreement Documentdssue CanadAlberta Partnership Agreement in
Forestry Report 147,). Natural Resources Canada, Canadian Forest Service, Northern Forestry

Centre.

Dorey, A. B., & Cheng, J. J. R. (1996b). The behavior of GFRP glued laminated timber beams. In M. M.
ElBadry (Ed.)Adv. Comp. Mat. in Bridges and Struc{pH. 78%794). The Canadian Society

for Civil Engineering.
Forest Product Laboratory. (202Eprest Product Laboratary
Forestry Innovation Investment. (202%hat is Mass TimberQaturally Wood.

Gentile J., C. (2000). Flexural strengthening of timber bridge beams using ERA.dnd Geological
Engineering: Vol. M.A.Sc.

Gentile, C., Svecova, D., & Rizkalla, S. H. (2002). Timber Beams Strengthened with GFRP Bars:
Development and ApplicationsJournal of Composites for Constructiod(1), 1X20.
https://doi.org/10.1061/(ASCE)1090r68(2002)6:1(11)

Gharaibeh, L., & Doudak, G. (2023). Structural Performance of Reinforced Glulam Béalus.
Conference on Timber EngineeriBg03,3209.

Gilham, P. C., & Williamson, T. (2007, April). New Opportunities for Fiber Reinforced Glued
Laminated Beams History of Developmeé@iTRUCTURE Magazimevw.QuakeWrap.com

100



Glos, P. (1978).Zur Bestimmung des Festigkeitsverhaltens von Brettschichtholz bei
Druckbeanspruchung aus Werkstaffd EinwirkungskenngréRefDoctor of Philosophy].

Technische Universitat Miinchen.

Gonzalez, E., Avez, C., & Tannert, T. (2016). Timber Joints with MultipleirG&tedl RodsThe
Journal of Adhesiq®2(7¢9), 63%651. https://doi.org/10.1080/00218464.2015.1099098

Harte, A. (2009). Introduction to Timber as an Engineering Maté@&. Manual of Construction

Materials

Hernandez, R., Davalds, J., Sonti, S. S., Kim, Y., & Mo@dyR. (19975trength and stiffness of
reinforced yellowpoplar glued laminated beam@ssue FRRR554). U.S. Department of

Agriculture, Forest Service, Forest Products Laboratory.

Hoseinpour, H., Valluzzi, M. R., Garbin, E., & Panizza, M. (20b8jtical investigation of timber
beams strengthened with composite materialSonstruction and Building Material$91,
1242,1251. https://doi.org/10.1016/J.CONBUILDMAT.2018.10.014

International Code Council. (20219021 International Building Code (IBC) | ICC Digital Codes
https://codes.iccsafe.org/content/IBC2021P1

Jian, B., Cheng, K., Li, H., Ashraf, M., Zheng, X., Dauletbek, A., Hosseini, M., Lorenzo, R., Corbi, I.,
Corbi, O., & Zhou, K. (2022). A Review on Strengthening of Timber Beams Using Fiber
Reinforced Polymers. Journal of Renewable Materials 10(8), 20782098.
https://doi.org/10.32604/jrm.2022.021983

John. (2023, February Rnurling Explained Beginners Guilfellowpine .

Johns, K. C., & Lacroix, S. (2000). Composite reinforcement of timber in b&aliaglian Journal
of Civil Engineerin@7(5), 89¢,906. https://doi.org/10.1139/100017

Kemmsies, M. (1999Lomparison of pubbut strengths of 12 adhesives for gldedrods for timber

structures

101



Kim, K. H. E., & Andrawes, B. (2016). Compression behavior of FRP strengthened bridge timber piles
subjected to accelerated agingConstruction and Building Materialsl24, 177185.
https://doi.org/10.1016/j.conbuildmat.2016.07.020

Kleinhenz, M., Viertel, M., Demschner, T., & Frangi, A. (2DE3)ERMINATION OF THE EFFECTIVE
WIDTH OF CROSSMINATED TIMBER RIB PANELS USING DIGITAL IMAGE CQRRELATION
https://doi.org/10.52202/0691790319

Kliger, I. R., Haghani, R., Brunner, M., Harte, A. M., & Schober, K. U. (2016haseddeams
strengthened with FRP laminates: improved performance withgbressed system&uropean
Journal of Wood and Wood Productel(3), 31%330. https://doi.org/10.1007/S0010015
09705/FIGURES/8

Lacroix, D. (2017)nvestigating the behaviour of glulam beams and columns subjected to simulated

blast loadingUniversity of Ottawa]. https://doi.org/10.20381/rue21031

Lacroix, D., & Doudak, G. (2018). Experimental and analytical investigation of FRP retrofitted glued
laminated beams subjected to simulated blast loadidgurnal of Structural Engineering
144(7). https://doi.org/10.1061/(ASCE)ST.19%81X.0002084

Lacroix, D., & Doudak, G. (2020). Towards enhancing theppaktperformance of gluehminated
timber beams using mukiirectional fibre reinforced polymersEngineering Structures
215April), 110680. https://doi.org/10.1016/j.engstruct.2020.110680

Lacroix, D. N. (2017). Investigating the Behaviour of Glulam Beams and Columns Subjected to

Simulated Blast Loading. Givil Engineering: Vol. Ph.D.

Lacroix, D. N., & Doudak, G. (2018). Experimental and Analytical Investigation of FRP Retrofitted
GluedLaminated Beams Subjected to Simulated Blast Loadiogrnal of Structural
Engineering144(7), 04018089. https://doi.org/10.1061/(ASCE)ST.1948X.0002084

Lacroix, D., Viau, C., Battelli, E., & Doudak, G. (2021). Enhancing the performancérahiglatood
studs using glass fibmeinforced polymers. Engineering  Structures 245

https://doi.org/10.1016/J.ENGSTRUCT.2021.112973

102



Lavisci, P., Duchanois, G., De Ciechi, M., Spinelli, P., & Feligioni, L. (2003). Influence of glue rheology
and joint thickness on the strength of bondé@drods.Holz Als Retund Werkstoff61(4), 28X,
287. https://doi.org/10.1007/s0010003-0387-4

Legg, C., & Tingley, D. (2020)nber Bridge Best Practices and the State of the Industry in Atlantic
Canada https://wood-works.ca/wpcontent/uploads/2020/12/TimbeBridgeIndustry.pdf

Li, L., Yuan, S. L., Dong, J. F., & Wang, Q. Y. (2013). An Experimental Study on the Axial Compressive
Behavior of Timber Columns Strengthened by FRP Sheets with Different Wrapping Methods.
Applied Mechanics and Materials 351¢352, 1419;1422.
https://doi.org/10.4028/www.scientific.net/ AMM.354352.1419

Liu, S., Gao, Z., Zhang, J., Li, C., Huang, P., & Zheng, K. (2025). Experimental analysis of bonding
performance between surfacembedded FRP bars and timbéournal of Building Engineering

101, 111823. https://doi.org/10.1016/J.JOBE.2025.111823

Lyons, J. S., & Ahmed, M. R. (2005). Factors Affecting the Bond Between Polymer Composites and
Wood. Journal of Reinforced Plastics and Compagsite24(4), 40%412.
https://doi.org/10.1177/0731684405044898

Madsen, B., & Buchanan, A. H. (1986). Size effects in timber explained by a modified weakest link
theory. Canadian Journal of Civil Engineering3(2), 21&232. https://doi.org/10.1139/186
030

Mass Timber Institute. (n.d.)ALL ABOUT MASS TIMBHRetrieved February 11, 2025, from

https://academic.daniels.utoronto.ca/masstimberinstitute/abeaotasstimber/

McConnell, E., McPolin, D., & Taylor, S. (2014)-tBosioning of glulam timber with steel tendons.
Construction and Building Materials 73, 426:433.
https://doi.org/10.1016/j.conbuildmat.2014.09.079

MST Bar. (2015). MST Bar GFRP Rebar CSA S807 Compliance
https://www.mstrebar.com/_files/ugd/03a23f_77acbb5a684c42969d77261a57ae99d0.pdf

MST Rebar Inc. (n.dNISFBAR Retrieved February 10, 2025, from https://www.mstrebar.com/

103



Najm, H., Secaras, J., Balaguru, P., & Asce, M. (Zaf@iipression Tests of Circular Timber Column
Confined with Carbon Fibers Using Inorganic Mafiaxirnal of Materials in Civil Engineering
19(2), 19&204. https://doi.org/10.1061/(ASCE)089%61(2007)19:2(198)

Natural Resources Canada. (2021e State of Mass Timber in Canada 2021
Natural Resources Canada. (2028ayest Innovation Program
Natural Resources Canada. (2028reen Construction Through Wood

Navaratnam, S., Ngo, T., Christopher, P., & Linforth, S. (2020). The use of digital image correlation
for identifying failure characteristics of creksninated timber under transverse loading.
Measurement154, 107502. https://doi.org/10.1016/J.MEASUREMENT.2020.107502

Neale, K. (2000). FRPs for structural rehabilitation: a survey of recent prd@regsess in Structural
Engineering and Materials 2(2), 13%138. https://doi.org/10.1002/1528
2716(200004/06)2:2<133::AIPSE16>3.0.CO¢2

Neely, S. T. (1898). Relation of compres&ndwise to breaking load of bearRrogress in Timber

Physics1317.

hQ/ FftlF3IKIEYS wod . & [ Expelentdl hvesigation of the dotessed 9 @
behaviour of GFRP wrapped sprpiee-fir square timber columns

https://doi.org/10.1016/j.engstruct.2021.113618

Pellegrino, C., Tinazzi, D., & Modena, C. (2®§)erimental Study on Bond Behavior between
Concrete and FRP Reinforcemedburnal of Composites for Constructid2(2), 18@189.
https://doi.org/10.1061/(ASCE)1090268(2008)12:2(180)/ASSET/8178DB18G4731-
87A33E8501CA9081/ASSETS/IMAGES/LARGE/16.JPG

tf SONRAT bdX g CNRAIFYOGlIFAE(E2dzZz ¢ / & Jaumapdin 0 ® Cw
Materials in Civil Engineering4(3), 30@317. https://doi.org/10.1061/(ASCE)0899
1561(1992)4:3(300)

104



Raftery, G. M., & Harte, A. M. (2011). l.gkade glued laminated timber reinforced with FRP plate.
Composites Part B: Engineering 42(4), 724735.
https://doi.org/10.1016/J.COMPOSITESB.2011.01.029

Raftery, G. M., & Harte, A. M. (2013). Nonlinear numerical modelling of FRP reinforced glued
laminated timber. Composites Part B: Engineering 52, 40¢50.
https://doi.org/10.1016/j.compositesb.2013.03.038

RSB. (n.d.). Laminated Beams Retrieved January 17, 2025, from

https://www.rsbgroup.co.za/laminatedbeams/

Serrano, E. (2001). Gluéd rods for timber structures An experimental study of softening
behaviour.  Materials and Structures 2001 34:4 34(4), 228234,
https://doi.org/10.1007/BF02480593

Shrimpton, C., Chen, H., Vetter, Y., & Lacroix, D. (2024). Analytical Modeling of Short Span FRP

Reinforced Glulam Beam@anadian Society for Civil Engineering

Shrimpton, C., Siciliano, S., Chen, H., Vetter, Y., & Lacroix, D. (2023). An Experimental Investigation
of Failure Modes in SheBpan FRP Reinforced Glulam Beadmestld Conference on Timber

Engineering1¢7.

Smith, S. T. (2011). Strengthening of concrete, metallic and timber construction materials with FRP
composites. Advances in FRP Composites in Civil Engineerfigceedings of the 5th
International Conference on FRP Composites in Civil Engineering, CICEL2Q020
https://doi.org/10.1007/9783-642-174872_2/COVER

Soriano, J., Pellis, B. P., & Mascia, N. T. (2BtEghanical performance of gluddminated timber
beams symmetrically reinforced with steel bar€omposite Structuresl50, 200;207.
https://doi.org/10.1016/j.compstruct.2016.05.016

Teng, J. G., Chen, J. F., & Smith, S. T. (2001). Debonding FailureStier¢@iened RC Beams:
Failure Modes, Existing Research and Future Challe@gagposites in Construction: A Reality
139%148. https://doi.org/10.1061/40596(264)16

105



The Engineered Wood Association. (2018). Formaldehyde and Engineered Wood PrEACts.

www.apawood.org

Timbolmas, C., Bravo, R., Rescalvo, F. J., Ringhofer, A., Sieder, R., & Lorenzana, J. (2024).
Experimental study of hybrid pidgrch gluedlaminated timber beams assisted by digital
image correlation techniqué&uropean Journal of Wood and Wood Prodi82&1), 118¢1199.
https://doi.org/10.1007/S00107024-020635/FIGURES/8

Tlustochowicz, G., Serrano, E., & Steiger, R. (281dfpof-the-art review on timber connections
with gluedin steel rods.Materials and Structures/Materiaux et Constructipdg(5), 99%,
1020. https://doi.org/10.1617/S11528010-9682-9/FIGURES/10

United Nations Environment Programme. (208)ilding Materials and the Climate: Constructing a
New Future United Nations Environment Programme.

https://wedocs.unep.org/xmlui/handle/20.500.11822/43293

Vafadar, F., Jaaranen, J., & Fink, G. (2024). Experimental stiffness investigation of finger joints in
glued laminated timber beams using digital image correlati@onstruction and Building

Materials, 438, 137095. https://doi.org/10.1016/J.CONBUILDMAT.2024.137095

Vallée, T., Tannert, T., & Fecht, S. (2017). Adhesively bonded connections in the context of timber
engineering ¢ A Review. The Journal of Adhesipn 93(4), 25%287.
https://doi.org/10.1080/00218464.2015.1071255

Vetter, Y. (2022Effects of transverse GFRP reinforcement on the flexural behaviour of glulam beams
[Master of Applied Science, University of Waterloo]. http://hdl.handle.net/10012/18457

Vetter, Y., Stakheiko, M., Chen, H., Siciliano, S., & Lacroix, D. @t#flical Investigation of Wood
Material Properties on the Flexural Behaviour of FRP Reinforced GIQBEE 2021 Annual

ConferencelO.

Wang, F., & Xiong, H. (2019). Experimental Study on Influence of Material Parameters on Bond

Behavior of Gluedh Rod ConnectiorAdvances in Civil Engineering Materi8(4).

Wang, H., Chun, Q., Zhang, C., Ma, S., Cao, G., & Dong, Q. (2023). Experimental study on the

compression behavior of long timber column strengthened with the novel hybrid fiber sheets.

106



Journal of Wood Science69(1), 1¢19. https://doi.org/10.1186/S1008623-02077
2/FIGURES/15

Waseem, S. A., Zeeshan Manzoor, ;, & Bhat, J. A. (2022). An Experimental Investigation into the
Behavior of Steelimber Composite Beam®ractice Periodical on Structural Design and
Construction27(1), 04021055. https://doi.org/10.1061/(ASCE)SC.19836.0000636

Wood Solutions. (2024). Glulam Overview Forest and Wood Products Australia.

https://www.woodsolutions.com.au/wooespecies/woodproducts/glulam

Xiong, X. Y., & Su, Z. Y. (20EEperimental study and theoretical analysis of carbon frieiaforced
polymer strengthening timber pier columrMaterials Research Innovatioan$9, S51246
S51254. https://doi.org/10.1179/14328917147.0000000001288

Yang, H., Ju, D., Liu, W., & Lu, W. (2016). Prestressed glulam beams reinforced with CFRP bars.
Construction and Building Materials 109, 7383.
https://doi.org/10.1016/J.CONBUILDMAT.2016.02.008

Yang, H., Liu, W., Lu, W., Zhu, S., & Geng, Q. (2016a). Flexural behavior of FRP and steel reinforced
glulam beams: Experimental and theoretical evaluatiBanstruction and Building Materials

106, 550;563. https://doi.org/10.1016/j.conbuildmat.2015.12.135

Yang, H., Liu, W, Lu, W., Zhu, S., & Geng, Q. (2016b). Flexural behavior of FRP and steel reinforced
glulam beams: Experimental and theoretical evaluatidanstruction and Building Materials

106, 550;563. https://doi.org/10.1016/j.conbuildmat.2015.12.135

Yao, J., Teng, J. G., & Chen, J. F. (2005). Experimental study-torcéitiPete bonded joints.
Composites Part B: Engineering 36(2), 99;113.
https://doi.org/10.1016/J.COMPOSITESB.2004.06.001

You, R., Zhu, N., Deng, X., Wang, J., & Liu, F. (2021). Variation in wood physical properties and effects
of climate for different geographic sources of Chinese fir in subtropical area of Shigeatific

Reports 2021 11;111(1), Ic11. https://doi.org/10.1038/s4159821-83500w

107



Zhang, J., Shen, H., Qiu, R., Xu, Q., & Gao, S. (2020jT&hoffElexural Behavior of Prestressed
Glulam Beams Reinforced with Curved Tenddosirnal of Structural Engineering46(6),
04020086. https://doi.org/10.1061/(ASCE)ST.1:843 X.0002625

108



APPENDIX|ATest Results ofWood CompressiorCoupons

[$2]
[=]
|
1

&

w
(=]
I
T

8
|
T

Stress [MPa]

=
=]
I
T

0 f f f \

0 0.01 0.02 0.03 0.04 0.05
Strain [mm/mm)]
(b) Stressstrain behaviour
Figure Al Experimental results for-@l
50 —
40 =€
& 30 +
Z
&
o 20 +
»
10 +
0 ; : : ; |
{5 0 0.01 0.02 0.03 0.04 0.05
[

Strain [mm/mm]
(b) Stressstrain behaviour
Figure A2 Experimental results for@

(a) Failed specimen

109



(a) Failed specimen (b) Stressstrain behaviour
Figure A3 Experimental results for-@3

(a) Failed specimen (b) Stressstrain behaviour
Figure A4 Experimental results for-G4

(a) Failed specimen (b) Stressstrain behaviour
Figure A6 Experimental results for-@

110



