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Abstract

The broader availabilityof engineered wood products has generategbargence of woodsedas a
construction materialver the past fewatadesTo further promote the use of timbarsolution aimed

at increasing the structural capacity ajng or deficientmembers rast be developedrhe use of
externally bonded fibre reinforcqablymer (FRP) sheets has been the subject of various studies that
haveproduced encouraging results.

This studywas conducted to determine tféects of the reinforcemenquantity and orientatioan the
flexural responsef shortspanFRR-reinforced gllam beamsSpecial consideration was given to the
depthto-spanratio and the effect gbartially and fullyconfinedreinforcement configurations on the
observed failure mode#. total of thirty glulam beamsvere tested under foynoint loadingwith the

load at failure midspan deflectionstrain distributiorand failure mode being recorded and used to
guantify the effect of the reinforcemeim. addition to the experimental programp@rlinear model
was developed to predict thHkexural resistance of unreinforced and reinforced bedmdividual
component testing was performed to determinech@acteristic strengths of the materials needed as

input for the model.

Resultsfor the simple tension and-thaped reinforced glulam beams denti@ted increases in
resistance and stiffness compared to the control specitenwsver, thecombination of thespanto-
depthratio and insufficientlevelopmentength caused shear failures. The undesired failure mode was
addressed through the use of trarsely applied FRP sheefhe addition of FRP hoops located in the
shear regions of the bending membelped increase the resistancefdgtors rangingup to1.17and
contained the failure to allow for some pgstk resistanceFRP sheets providing teion
reinforcement at the midspandaconfinement in the shear spans were also investigated as means of
partially confined beams aimed at addressing dliestion of retrofitting members that have
accessibility issuesnd has shown to prevent undesirabilerfa modes while also providing some level

of postpeak resistance compared to conventional retrofitting sch&muksconfined beams were also
the subject of this investigation to better understancttieet of the quantity of reinforcement and to
usea comparison to unconfined bearnbe effect of beam depth was considereddmjicating certain
reinforcement configurations on larger crsgstional beamswith results demonstratingpnsistent
results. The material model usedgeneratehe resistanceurves was shown tgeneratea model to
experimentabtrength valueatio of 0.92.
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Chapter 1

l ntroducti on

1.1 General

The resurgence of timber within the construction industry has been heavily influenced by the
development and commercialization of mass timber products, such adaghiadted timber (glulam),
dowellaminated timber (GLT), and cro¢mminated timber (CLT)These mass timber products have
allowed for the use of wood to move away from conventional -iigimhe lowrise residential and
commercial structures to much larger structures typically reserved to concrete and steel. Initiatives from
the Government of @eda encouraging the use of wood, such as the Green Construction through Wood
(GCWood) program(Canada, 2020have contributed to an uptake in mass timber bridges (e.g.,
Mistissini Bridge, Albanel Bridge) and tall mass timber buildings (e.g., Brock Caran@rigine,

Wood Innovation and Design Centre) across Canada, and globallyMjsgtarne The Tree Forte).

Other means of promoting the use of the material have been carried out, with the province of British
Columbia, Canada, and some European casgbing as far as requiring the consideration of the
material in any new government funded struct{kedson, 2020; Province of British Columbia, 2009)

In comparison to dimensional lumber (i.e., stickme), engineered wood and mass timber products
have more reliable strength properties and good fire performance (i.e., predictable charring rate), in
addition to being aenvironmentally friendly alternative tmncrete and steel. With the buildings and
construction industry accounting for near 40%hef global energyelated carbon emissiofisei Win,

2021) there is a growing shift of focus in the industry being placed on reducing emissions and general
pollution, thereby contributing to further interest into incorporating mass timber products in the
Canadian infrastructure. Wood is a renewable construction material which absorbs and stores carbon
dioxide (CQ) during its growth Incorporating more wood in our infrastructure contributes to a
reduction in global emissions through its smaller carbotpfint and carbon sequestrati@@reen &
Taggart, 2017)

The newest editions of the National Building Code of Canada (NBCC) and International Building Code
(IBC) brought forward significant updates related to the use of woctudingthe construction of
encapsulated mass timber buildings up teal®l 18storeys, respectivelynternational Code Council,
2021; NRCC, 2022)which was previously limited to-§toreys. The latter has been possible due to

significant research efforts leiad to design provisions for CLT used in platform construction in the



Canadian wood design cofféanadian Standards Association, 2018ayl new design guides for CLT
structuregKaracabeyli & Gagnon, 201@nd mass timber bridgésloses & Brown and Co., 2017)

1.2 Research Needs

Despite the significant progress towards the development of design provisions and guides for mass
timber buildings, one area that has been trailing is the adoption of hybrid gludams beinforced with
fibre-reinforced polymers (FRPs) in buildings and mass timber bridges. Since 2007, more than 50 mass
timber bridges have been built across Canl&tRC, 2021) The high tensile strength and stiffness of

the FRPs can contribute to a wetlon of the glulam beam sizan increase in span lengthasd can be

usedas a reinforcing materiah the case of rehabilitation. To this date, there are no design guidelines

in the CSA 086 AENngi neer i ngCabagianiHgmvaBridge Mésiond 6 nor
C o dfer@glulam beams reinforced with FRE&anadian Standards Association, 2019a, 2018khe

CSA S6, the guidelines related to FRP and waddresthe rehabilitation of timber stringers, which
fundamentally, behave differently frontugam. Furthermore, the existing design guidelines relate to

the retrofitting of iRsitu members, rather than the design of hybrid Fétfforced wood products.

The use of FRP sheets or bars as tension reinforcement has been studied over the lastefewardkecad
stems from the encouraging results gathered through experimental tests done on concrete specimens
(e.g., El-Hacha & Rizkalla, 2004; Ritchie et al., 1990; Schober et al., 2@Afmmising results,
demonstrating significant strength and stiffnessréases, have been reported by researchers
investigating the flexural behaviour of FR&nforced timber specimens (e.Gentile et al., 2002;

Johns & Lacroix, 2000; D. Lacroix & Doudak, 2020a; Plevris & Triantafillou, 1992; Raftery & Harte,
2011).

Although simple tension reinforcement has shown potential to improve the strength and stiffness of
timber and glulam beams, it does not contribute to increased ductility with the failure being sudden and
brittle (Dorey & Cheng, 1996b; Hernandez et al., 199R&cently, Lacroix and Doudak (2020)
investigated the effects of using bidirectional glass FRP (GFRP) in various arrangements providing
confinement on the pegieak behaviour of glulam beams under simulated blast loading and have shown
that ductility ratos up t03.6 can be attained. Furthermoresearchers havemployed a material
predictive modethatreliesonthemomentcurvature analysis to determine the force displacement (i.e.,
resistance curves) of the FRéInforced glulam bean(&entile et al.2002 Lacroix & Doudak, 2018
Lacroix & Doudak, 2020)Finite element models have also been employed successfully to predict the
2



global response of FRfginforced glulam bean{&lisovic et al., 2017)Despite the significant research
efforts regarding the behaviour of FRétnforced glulam beams, the limited information regarding the
bond behaviour between the two materials has resulted in the majority of material models assuming a
perfect bond. Furdégrmore, full confinement of a beam to provide additional ductiligcoix, 2017)

is not always possible due to the overall cost of the material and installation for larger members or in
the event where there is restricted access to the member theesteyting the application of full

confinement Figure1.1).

Figurel.1 - Example of Confinement Accessibility Restidns for Glulam Beams

With an increasing number of mass timber bridges, it is not unreasonable to foresee that some of these
bridges will require rehabilitation or retrofitting near the end of their design service life. While several
research programmes the behaviour of FRReinforced glulam beams have been undertaken (e.g.,
Buell & Saadatmanesh, 2005; Gengteal, 2002; Johns & Lacroix, 2000b; Yang et al., 2016¢re is

a lack of research in the behaviour of FRhforced glulam beams and haavincrease the overall
behaviour to eliminate undesirable failure modes whencfuifinement is not an option. There are
several limitations with the current approaches to modelling. In order to promote the adoptiorn of FRP
reinforced wood (i.e., timbeglulam) beams as feasible retrofitting options, additional research is
required to investigate the effects of providing FRP to enhance the flexural strength and stiffness as

well as ductility on the global behaviour and undesired failure modesK&B @-bonding, shear).

Currently, the Canadiardighway Bridge CodéCanadian Standards Association, 201&txounts for

the FRP reinforcement of timber stringers by increasing the allowable bending stress used in design
calculations. The lack of available literature on the topic has required authorities to conservatively
increase the bending capacity of renced timber, while completely omitting the stiffness increase of

FRRreinforced glulam bending members.



1.3 Research Objectives

The overarching aim of the research program is to investigate the behaviour of unreinforced-and FRP

reinforced glulam beams as wab to understand the limitations of the reinforcement configurations

experimentally and analytically. Of particular interegis study aims to develg reinforcement

schemes that will providenprovedductility in cases where there is restricted accadscampare it to

the behaviouof traditional reinforcement schemes as welwagn fully confined. More specifically,

the goals of the current thesis are to:

1.

Investigate the effects of providing simple tension amshdiped GFRP reinforcement as well
as tle effect of varying the reinforcement thickness on the flexural response of reinforced

glulam beamselativeto unreinforced glulam beams.

Develop and implement reinforcement schemes that eliminate undesirable failure modes using
a combination of unidirenal and bidirectional GFRP fabrics when providing tension
reinforcement only for beams with restricted access and to experimentally investigate their

performance.

Evaluate the performance of the reinforcement schemes for beams with restricted access and
to compare it to that of fully confined beams using unidirectional and bidirectional GFRP

fabrics.

Develop a nodinear material model capable of predicting the complete flexural resistance
curve of unreinforced and reinforced glulam beams by improvimg existing approaches.
Validate the developed material model using published experimental data and compare the

numerical values to the experimental curves.

Provide guidance on the assumptions related to the development of analytical resistance curves
for FRRreinforced glulam beams and limitations depending on the reinforcement scheme, FRP
fabric utilized, beam crossection size, and span. The findings from the current research
program will be compared to existing design guidelines and, where appropriate,

recommendations for analysis and design will be provided.



1.4 Scope

These research objectives are met through the following steps:

A Detailed literature reviewn the behaviour ahe wood materiahnd FRRreinforced glulam
specimens subjected to bending;

Wood and FRP coupon testing to establishstrengthvalues tdoe used in the material model;

> >

Testingof five unreinforcedylulam beams to establishe baselineesistance curves;

>\

Tesing of nine glulam beams reinforcedith simple tension and-shaped reinforcement to
determine theffect of varying GFRP thickness the flexural response;

A Testing ofsixteen FRReinforcedbeams containing some level of transverse reinforcement to
comparehe flexural response twoth the unreinforced and unconfined beams

A Analytically generating thaesistance curveand comparing them to the experimental test

results

A Discussing the results of the failed beams by comparing their resistance and stiffhess

proposing future work recommendations.

1.5 Thesis Organization

This thesis is organized into the followisgverchapters:

Chapter lintroduces the topic of mass timber. A brief introduction of the material explaining its
rel evance i n t wddsayyisdpresentad fadlawedby theirasaarch needs and objectives

set forth in this research program

Chapter 2 presentsdeetailedliterature review.The main topics covered in this section include the
use of wood as a construction material, a detagdeiw of mass timber, FRPs, the need for reinforced
glulam,compressionshear and flexural strengthening of timber, and proposed models used to predict

the flexural behaviour.

Chapter 3 discusses the experimental program and the methods used. Tdés ittedudescription
of the glulam specimens and the instrumentation, the procedure followed to apply the FRP

reinforcement, and a summary of the test matrix.



Chapter 4 presents the experimental results of the coupon anabiatibending tests introduced
Chapter 3. It includes a section characterizing the failure modes observed during-ierfbbending
tests.

Chapter 5 introduces the material properties and equations used to develop the-coovatunte

and resistance curve models.
Chapter 6 discises the resultsf both the experimental and analytical programs.

Chapter 7 summarizes the findings and proposes potential future work.



Chapter 2

Literature Revi ew

2.1 General

The purpose of this chapter is to introduce the background information pertaining to wood, specifically
when used as a building material. As a shift in focus is being placed on reducing the amount of pollution
created by the construction industry, sustali@anaterials (e.g., wood) are picking up steam amidst
growing environmental consciousness. Trees have been used in construction for centuries, and the
natural behaviour of the material needs to be well understood if timber is to stand a chance when
compaed to the more conventional building materials. Wood mechanics, the benefits of mass timber,
and research from literaturare presented in this section to help validate the growing interest

surrounding the material in the construction industry.

2.2 Wood as a Construction Material

Trees are biologically produced, and they are one of the oldest structural materials. Wood is an
orthotropic material, meaning that the mechanical properties are dependent on the direction of the load
relative to the orientation of thggain. Three main axes are established when lookikggate2.1, the
longitudinal axis is referred to as the paraitefrain direction, while both the radial atahgential

axes are referred to as perpendictibagrain direction. The variability of the material, in terms of size

and strength, stems from the fact that trees are naturally growing in different environments and require
different needs. Needs such aev, nutrients, and the structural strength required to resist the imposed

environmental forces all affect the overall growth.

Grain
Orientation

Longitudinal

Tangential

Figure2.1 - Three Main Axes of Wood

*Reproduced fronhegg & Bradley (2016



The material is composed of wood fibres, which are made up of cellulose and resemble a bundle of
small, elongated hollow straws. The fibres run parallel to the length of the tree and are held together
through the help of lignin found retween the woodlres(Ramage et al., 2017y he idealized cellular
structure is depicted iRigure2.2, showing the fibre walls having different densities representing the
heartwoodand sapwood layers. The heartwood, representing the period of slow growth where the tree
is not requiring as much water, is characterized by the thicker cell fibres while the sapwood is
characterized by the thin celled fibres, representing a period tofjfasth where the wider fibres

facilitate the transportation of wattRamage et al., 2017)

Wood is also hygroscopic, meaning that it will absorb and release moisture to maintain equilibrium
with its surrounding environment. Moisture is stored in tldvas bound water within the fibre cell

walls and as free water within the cell cavities which are held together through capillary forces. When
the wood material is subjected to a change in moisture content, it is the free water that initially regulates
the change (i.e., leaves or enters the cells) thereby allowing the material to reach its equilibrium
moisture content. The change in moisture causes shrinkage or expansion in the perpéndi@irar
direction in the order of 1% for every 5% deviatiomnisture conteniGreen & Taggart, 2017)

Bound Water

Heartwood

Sapwood

Free Water

Figure2.2 - Cellular Structure of Wood

*Reproduced fronRamage et al. (2017

Natural and seasoning defects are other factors that play a rolerrategals variability and their

type, size, and location are crucial to the damage they can cause. Natural defects such as knots,
compression zones, and nlimear grain direction occur during the growth of the material and are
associated with the envirommtal conditions present during the growth of the tree. Natural defects can

induce stress concentrations in the membeisarh not always visible on the exterior faces.
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Seasoning defects are the result of the variability associated with milling prazicgis,g dimensional

defects on both the cressctional (e.g., checks and splits) and longitudinal (e.g., warping or bowing)
faces of the dressed members. Milling defects can result in dimensional variations and based on their
orientation can be furthenglified once the members are loaded.

In order to provide guidance to engineers and simplify the member selection process, a list of stress
grades was developed based on the different species and defects. In Canada, all lumber is graded in
accordance witthe National Lumber Grades Authority (NLG&)andard Grading Rules for Canadian
Lumber(NLGA, 2017)whereas the United States has multiple grading agencies based on geographical

location.

The design strength of structural timber is calculated in accordance with design standards (e.g., CSA
086, NDS, Eurocode 5), which set forth the equations used to determine the member capacities
(Canadian Standards Association, 201J&ese design staaris provide reference design values for

the modulus of elasticity and stresses (paradietl perpendiculaio-grain direction) obtained by full

scale experimental tests conducted on the species reBeedtt & Lau, 1994)Wood experiences

the highest resistance when loaded axially in the paratiejrain direction. Conversely, wood is
weakest when loaded perpendicttiaigrain, with design standards omitting the perpendietalarain

tension stress values for solid timber members.

2.3 Mass Timber

Advances in technology have allowed for the development of various engineered wood products
(EWPs), which have revolutionized the use of dimensional lumber in the construction industry. These
relatively new products aim to address some of the disadvantagmsasling conventional lighrame

timber when compared to concrete and steel. Examples of EWPs includdaghieated timber
(glulam), crosdaminated timber (CLT), dowel laminated timber (DLT), Aaihinated timber (NLT),

and laminated veneer lumber (L)Y Engineered wood is defined as welogsed structural members
fabricated using wood strands, fibres, and/or veneers together (e.g., plywood, OSB) to create light
weight products with remarkably high strength and perform@xaeirally Wood, 2022)MassTimber

is defined as large crosectional members madg of smaller, dimensional lumber, fixed together
using various fasteners (e.g., glue, dowels, nails) to create dimensionally stable structural members with
less variability than the sawn timber egalent(Naturally Wood, 2022)



Through both federal and provincial initiatives, the number of mass timber projects completed in
Canada increased from 10 projects completed annually in 2007 to 60 projects in 2018 alone for a total
of 412 completed projestin 2021(NRC, 2021) The completion of these projects is in part due to
intensive research conducted over the recent years aimed at disproving some of the misconceptions
surrounding the material. For example, thesid@ey Origine project located in €pec underwent
rigorous fire and structural testing to justify the adequacy of the glulam post and beam design containing
CLT slabs, loatbearing walls, and balloeinaming CLT shear wall systeWRC, 2021)

The fire performance of mass timber elementa imajor hurdle for the material and its use in new
builds. Recent code adoptions in Canada have permitted the use of encapsulated mass timber for up to
12 stories(NRC, 2020) A 2018 research program conducted by the National Research Council of
CanaddNRCC) played a crucial role in quantifying the contributions of mass timber elements exposed

to fire (Su et al., 2021)Fire tests were conducted in rooms having partial and full exposure to main
structural elements (e.g., glulam beam, columns, and<IAl3¥s), and the results demonstrated a more
controlled burn occurringfdhe mass timber elements when compared to a more conventional light
frame design. The tests also validated the equations set forth by various standards to determine the
charring ratend char depth of burning mass timber elem@@asadian Standards Association, 2019a)

In addition to the enhanced structural capabilities of mass timber, the recent uptake in use of the material
is in part due to other key features. In terms of emvirental benefits, wood sourced from sustainably
renewed forests has the potential to greatly reduce the carbon footprint of a structure. An analysis aimed
at comparing the environmental impact of a-bé€erlong bridge constructed using either glulam or
reinforced concrete was conducteefebvre & Richard, 2014)The results fawwred the glulam beam

design, presenting negative carbon emissions which fell at 1,472 tonnes loéii@ath the reinforced
concrete alternative. A relatively new concept inloeld of mass timber is biophilic design; a notion

that relies on having elements and textures of the natural world exposed throughout the building can
enhance human health and productivity2010 study demonstrated the stresducing potential of
exposd wood in the built environment. By comparing the stress levels of university students
experiencing the same academic challenges, it was found that the group of students living in rooms
with exposed wood experienced lower levels of st{g®dl, 2010) Organizations are constantly
looking for ways to improve the wdlleing of their employees, and with wood gaining popularity and
legitimacy in terms of creating a more biophilic environment, companies can add to the conventional

fitness program offerings dronline mental health resources. The benefits extend beyond creating and
10



enjoyable environment, with evidence suggesting that substantial cost savings resulting from an
increase in productivity can be directly related to the employees working enviro(fment 2020)
FPInnovations published a study aimed at relating biophilic design and tHegtb outcomes.
Considering Canadians living in urban areas spend around 88% percent of their time indoors, it is
important to understand the benefits of exploseod in buildings. The results revealed encoinigag
outcomes in terms of patient recovery times and pain percgptigjustin & Fell, 2015) The study

also shines a light on the versatility of the material, with biophilic designs utilizing wood with the
absence of windows and views which are commonly used to increase natural light and increase the

exposure to natur@ugustin & Fell, 2015)

Mass timber also plays an important role in Cana
sector. In 2018, the forest sector contributed $25.8 billion dollars to the Canadian economy,
demonstrating the count r ypand aehté deinandin thedoreptiseatgrr e s s
(NRC, 2021) Mass timber is transforming the construction industry by creating-geglorming

renewable products that can help address the carbon footprint issue for the construction industry.

2.3.1 Glued-Laminated (Glulam) Timber

Gluedlaminated timber, commonly referred to as glulam, is an engineered wood product that dates
back to the early 20century. As shown ifrigure2.3, glulam is composed of multiple laminates that

have been milled and dried, allowing for large cresstional members that provide similar fire
resistance as large solid sawn timber beams, but with increased load capacities and dimensional stability
(NRC, 2@1). By grading the laminates used in the fabrication process (i.e., removing natural defects),
manufacturers are able to reduce some of the variability found in bulky solid sawn timberTgams.
ability to create these large cressctional members fno smaller dimensional lumber also minimizes

the tree size required for fabrication.

I n Canada, manufact ur er s Qualification Goderfogp Manufaatiurdrshof CS A C
Structural GluedLaminated Timbesy wh e n  f a b famiocatet imbefCS4,R00% Based on

the fabrication process, the use of the wood material can be optimized, with some special cases
deliberately positioning the strongest laminates on the exterior faces to provide optimal bending
resistance. The members can also be trefarednvironmental conditions, cambered, or tapered to

again optimize the design and help maintain the life of the structure. A significant amount of research

is investing how the use of prefabrication can further increase the use of mass(Ga@arri&
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Aitchison, 2019; Orlowski, 2019; Sartori & Crocetti, 2018)novation and technological advances
have resulted in improved computer aided machines (e.g., CNC) that allow designers to specify precise
dimensios that can be included prior to materialidery. The materials high strengtb-weight ratio,

along with reduced construction schedules (i.e., ability to prefabricate panels and connections) are all

factors increasing the adoption of the material in the industry.

Figure2.3 - Glulam Beam

*Reproduced fronNRC (2022

2.4 Fibre Reinforced Polymers (FRPs)

Fibre reinforced polymer (FRP) materials are mapgef two primary raw material constituents. The
composite action between high strength fibres and a polymer resin creates the structurally viable
construction materi al ¢ ommantylfoytheuemnfdrdemennof existidga y 6 s
structural elements. The reinforcing fibres are the main load carrying components of the material,
however, their size and filamentary natpreventthem to be used as staalbne materials. Common

types of fibres used in structural engineering applications include aramid, carbon and glass. The
polymer resin (i.e., the nefibrous component) is used to connect the fibres together, allowing for the
load transfer as well as providing a level of protec{id@l Commitee 440, 2007)Different types of
polymer resins exist (e.g., epoxy, vinylester, polyurethane), each comprising their own set of pros and
cons. Epoxy resins are most commonly used in structural applications and belong in the same family
of epoxies usedor concrete crack injection and anchors for concrete. An outstanding corrosion

resistance along with minimal shrinkage once cured also gives the epoxy resin an edge in engineering
12



applications(Bank, 2006) Two main manufacturing processes are useuddke FRP products. The
pultrusion process consists of an automated method producing FRP profiles, bars, and strips that are
manufactured off site and are soldqorged(Bakis et al., 2002)The wetlayup manufacturing process

is completed at the time application, with the name originating from thesitu application process

of combining the polymer resin and fibres to create the FRP mafBaak, 2006) The fibrous
component is sold as a fabric that can be cut and applied along various susfaegrigs. Prior to its
application, the fibres are impregnated with the polymer resin which is then applied to the surface of
the reinforced materigBank, 2006)

Figure 2.4 shows representative strestsain relationships for carbon (CFRP) and glass (GFRP)
reinforced polymers compared to mild ste&Cl Committee 440, 2007A linear elastic behaviour is

experienced for the FRP materials, having a lower stiffnessttie steel but exhibiting higher stresses

at failure.
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Figure2.4 - Typical StressStrain Curves for FRPs and Mild Steel

*Reproduced fronACI Committee 440 (2007
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2.5 FRP-Reinforced Glulam

Techniques employingariousmaterialsto reinforce structural timber elements have been around for
decadeswith metalreinforced timber patents dating back to the 19&dleit, 1984) A literature

review of existing retrofit methods for wood (e.gyrainum and steel plates)as conductedandthe
findings stated that many of the metal reinforcement methods were not commercially adaptable.
However,it wasreported that the use of fibre reinforced polymers (FRPs) was not only successful in
strengtheningvood members but also stood a better chance for commercial develojBubeit,

1984) Several years later, the technological advances facilitating the production of the high strength
material has shown to become a feasible solution for the reinfontehember elements. Research
investigating the longerm effects of the FRBmber composite material Balso shown positive
results(Aratake et al., 2011; Davids et al., 2008though extended research regarding this topic is
still required to beer understand or predict the behaviour and expected life span of the reinforced

members.

2.5.1 The Need for Reinforcement

Wood is a natural material which means that in addition to the structural deficiencies (e.g., structural
damage, design mistakes, and cargdton errors) accounted for when using concrete or steel, the
material is also susceptible to biodeterioration. The main cause-detdadoration in wood is biotic
agentgC. Legg & Tingley, 202Q)These agents are living organisms (e.g., bactenaj finsects, etc.)

that attack the material under ideal conditions and can lead to severe structuralitlaoiagklressed

early on The understanding of fungi decay has led to prevention through design protocols that have

constructed and maintainechtber bridges with service lives exceeding 100 y@&liacker et al., 2020)

FRP reinforcement has a chance to become extremely useful when engineers are faced with decisions
regarding the retrofitting of timber bridges that require incréésad carrying capacities. The high
strength material has the ability to increase the-ttmdying capacity of existing timber elements in

situ, reducing the time and cost of repairs when compared to a newly designed and constructed

structure.

2.5.2 Compression Reinforcement

Although commonly used to reinforce bending members, the use of FRP fabric applied as confinement

reinforcement for timber columns has baevestigated and has shown potent#iang et al. (2012)
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investigated the compressive behaviourF&Preinforced timber columns containing longitudinal
cracks. Comparing the resistance of the retrofitted columns to the control specimens, the results
demonstrated that the FRP reinforcement was able to help restore tvargaty capacity of the

timber columngZhang et al., 2012)

The use oFRPsto increase the capacity and stiffness of timber columns has also been the subject of
past researchkKim & Andrawes (2016)einforced heavy timber piles and investigated the effect of the
reinforcemenbn specimens exposed to accelerated aging, with results showing capacity increases up
to 80% and 35% for the control and aged columns, respectively. The use of various fibre orientation
(e.g., 0°, 0/90°, £45°) was also studiedreestigatethe effect ofthe reinforcement configuration on

the compressive behaviour of solid sawn timber columns and the results demonstrated both stiffness

increases and the localization of damage along the reinforced spe¢imeasCal | aghan, 2021)

2.5.3 Shear Reinforcement

Akbiyik et al. (2007) studied the effsadf various shear reinforcement configurations on severely
checked timber beams. To better understandiéxeral capacity of the beams, a variety of repair
systems were investigatedamely hex bolts running the entidepth of the stringer, transverse lag
screws extending through the entire depth, GFRP and plywood side plates mechanically attached
(Akbiyik et al., 2007) All three reinforcement configurationscarded shear stresses that exceeded th

load and resistare factor design (LRFDallowable strength values, with an averagereaseof 1.29

relative toLRFD desigrvalues (Akbiyik et al. 2007). The shear reinforcement in this study was applied

to damagednembers (i.e., deemed inadequate or loaded to failute iaxperimental tests). The use

of transverse hex bolts spaced at 61 and lag screws spaced at 3@ along the beam resulted in

an 88% recovery of the original strength. The plywood side plates used to reinforce a stringer that was
deemed structurallgieficient was able to increase the ultimate load by 14.3% and the FRP side plates
were able to increase the ultimate load by 91% (Akbiyik et al. 2007).

Hota et al. (2010) investigated the behaviour of retrofitteahis having service lives exceeding 50
yearsusingGFRPsheetsTwo types of configurations were considered, namely, Vacuum Bagging and
GFRP spray methods. Results demonstrated a 26at%asen stiffness for the specimens reinforced
with the FRP using thvacuum method araih increasef 41% for the sprayed on GFRP methdien
compared to the control specimefidota et al., 2010)Svecova and Eden (2004pnducted an

experimental program aimed at increasing the flexural and shear strength of tiarherdsing GFRP
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bars. The initial reinforcement configuration, consisting of transversely inserted bars, had an average
strength increase of 35% compared to the unreinforced beam. A geatiodcement configuration
consisting ofboth transverse and longdinal barsvas analyzedwhere an average strength increase

of 52% wasobserved fotbeans reinforced with both shear and flexure reinforcement compared to

those only reinforced for shear

Gentry (2011)nvestigated the potential of FRP bars and shextd as reinforcement for lowgrade

wood with the overarching aim being to reduce the variability in wood strengths. A total of 42
unreinforced beam@2 mm x 72mm x 320mm)were testedinder thregooint bendingand an average
failure load of 2XN was ecorded, wittapproximately60% of the specimens failing in shé@entry,

2011) The reinforcement configurations consisted=8P pins drilled and epoxied transversely into

the specimen. While all variations of pin spacing and diameter allowefferent failure loadsmost

of the specimens failed in tension, with the initial failure startinghe tensile laminateear the hole

drilled for the pins.The probabilistic distribution from the smaltale test results indicated that the
presence of sheaeinforcement increased the allowable shear stress design value by 50% or more
(Gentry, 2011)Largescale tests were also completed on timber beams specifically chosen to have
finger joints or a lower strength grade. Reinforcement configurations fdarpescale tests varied

from having only transverse FRP bars to including some flexural FRP sheets to enhance the bending
capacity of the already transversely reinforced sectiRasults of the largecale tests conducted on
doubly reinforced glulam beas indicated that the shear pins have a negative effect on the flexural
capacity of the beams, which has been attributed to the damage dbeeetusion laminatewhen

drilling the pin holes(Gentry, 2011) The author concludg that simply addingongitudinal FRP
reinforcemenbenefitedhelower-grade beams by reducing the variability and increasing the resistance
to the level observed in unreinforced higlgeade beam@entry, 2011)

2.5.4 Flexural Reinforcement

The flexural strengthening of timber elements using FRP has dtedied more extensivelyhen
compared to sheandcompression reinfoement Most of the research aims to improve the bending
capacity of the flexural elements by reducing or eliminatirg lthttle tensile failure observed in
unreinforced timber beam@uell & Saadatmanesh, 2005b; Johns & Lacroix, 2000a; Plevris &
Triantafillou, 1992) By providing tension reinforcement, the beams are able to reach the compression

yielding/softening strais which result in more ductile load carrying memli§eexroix, 2017)
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Experimental tests conducted (Bosa Garcia et al., 2018)owed promising results for the use of FRP

as a reinforcing material for timber beams. The effects of CFRP and basgBHRP) on the flexural
behaviour of solid sawn timber specimens were investigated. A total of 26 beamsshigpét! FRP
sheetskigure2.5) were loaded under thrgmint bending up to failure. The reinforcement quantity and
layout differed between reinforcement schemes and was measured in terms of weight per unit area
(g/m?), and the orientation of the fibres (i.e., unidirectional, ediléctional). Strength increas up to

24% compared to the control beams were recorded, with particular interest being focused on the
optimization of the reinforcing material (i.e., obtaining the larger strains to allow the reinforcement to

be more engagedRosa Garcia et al., 2013)
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(a) U-shape reinforcement (b) Reinforced pecimns
Figure2.5 - U-shaped CFRP Reinforcement

*Reproduced fronRosa Garcia et al. (2013)

Johns & Lacroix (2000)nvestigated the behaviour of sawn timber specimens reinforced with glass
(GFRP) and CFRP. A total of 150 beams were subjected tgtont bending and loaded up to failure.

An increase in strength was observed in all reinforced specimens that didtait sggnificant defects

such as cracks or knots. Such increases ranged from 40% to 100% of the unreinforced cases, with the
largest increases being present in the beams reinforced with GFRPshaged configuratio@ohns

& Lacroix, 2000a) In all configurations, the largest bending resistance increases occurred in the
weakest members, experimentally demonstrating that the FRP bridges defects that are present on the

timber specimens.

Buell & Saadatmanesh (2008¢inforced dismantled timber bridgeedms with CFRP sheets and
studied their performance. The solid sawn Douglas Fir beams were 203 mm x 483 mm x 9100 mm and
wrapped with different retrofit configurations. The main variable analyzed throughout the experimental

program was the direction of dgation for the CFRP sheets, where both transversegufe 2.6a)
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and longitudinally Figure 2.6b) applied fabric were compared to determine their practicality and
performancesStiffness increases ranging from 5% to 27% compared to the control beam and bending
capacity increases ranging from 40% to 53% for the beams reinfordedheitts extending up to the

compression face of the element were obsefBeeéll & Saadatmanesh, 2005)
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Figure2.6 - Orientation of CFRP Reinforcement Sheets

*Reproduced fronBuell & Saadatmanesh (2005)

In addition to FRP sheets, near surface mounted (NSM) pultruded FRP bars have also been studied and
included in the codéCanadian Stadards Association, 201915 entile et al. (2002etrofitted existing

timber bridge stringers using GFRP bars placed longitudinally near the tension face with the goal of
providing the same type of tensile reinforcement commonly seen in reinforceteoheams. Half

scale (100 mm x 300 mm x 4300 mm) and-adale (200 mm x 600 mm x 10,400 mm) creosmated

Douglas Fir beamisaving shear spato-depth ratios exceeding 5.5 were loaded to failure under four

point bending. The reinforcement increasleel ultimate tensile strain of the timber by an average of

64%, showing that the bars helped resist the opening of cracks, as well as ¢dmdinecal failures
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and bridge thewood defects. This resulted in a ductile compression failure in the woed tladim the
typical brittle failure observed on the tension face of an unreinforced mé@dmetileet al, 2002)

An experimental program investigating the flexural resistance of-reRorced glulam beams
subjected to static and simulated blast logdimas conducted to better understand the material
behaviour under hightrain rategLacroix & Doudak, 2018)Some of the reinforcement configurations
investigated in the study are shown Rkigure 2.7, where the commonly known simple tension
reinforcementFigure2.7a) was included to better understand the associated failure rrayles2.7b
depicts the novel reinfoement configuration investigated by the authors which consisted of
unidirectional (0°) Ushaped reinforcement along with unidirectional fabric applied at 90° to the wood
fibres to act as confinement in the higénding stress region (i.e., at midspafe TGFRP simple
tension reinforcement configuration yielded an average increase in resistance, displacement at
maximum resistance and stiffness of 1.35, 1.30 and 1.1, respectively.-3i@ped reinforcement
containing midspan confinement experienced greaterage increases in resistance, displacement at
maximum resistance and stiffness equal to 1.57, 1.62 and 1.12, respéctcedyx & Doudak, 2018)

——A —B
- T
Lt A 7 - ~J
mal 2 2]
Two layers of unidirectional —
i GFRP reinforcement at 0° 2070mm i
- 2235mm -
(a) Simple tension reinforcement
One layer of unidirectional —, — Two layers of unidirectional GFRP [CFRP]
GFRP [CFRP] at 90° as /  confinement at 90° bridging the 30 mm
confinement gap between the confinement
/ —~B
i
~J C~J
== =C
255 J i
Two layers of unidirectional 150mm
U-shaped GFRP [CFRP] = -
reinforcement at 0° 800mm

f= -

2235mm

| -
(b) U-shaped reinforcement with midspaonfinement
Figure2.7 - Reinforcement Configurations for Beams Subjected to Blast Loading

*Reproduced fronLacroix & Doudak (2018)

The experimental test results were in line with past observations megjéndidelamination failure that
occurred for glulam beams reinforced in a simple tension configuréfiorey & Cheng, 1996a;

Hernandez et al., 1997; Sonti et al., 1998)e representative failure modes associated with the simple
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tension reinforcememnfiguration are shown iRigure2.8, where the debonding of the reinforcement
sheet is clearly visible. The wood splintering failure, initiating from the tensilenédes and
propagating through the entire depth of the beam is also obseriegline 2.8 (Lacroix & Doudak,
2018)

(a) Example specimen no. 1 (b) Example specimen no. 2
Figure2.8 - Simple Tension: FRP Delamination and Wood Splintering Failure

*Reproduced fronLacroix & Doudak (2018)

The enhanced reinforcement configuration consisting of midspdimenrent did provide adequate
resistance in the confined region; however, the increased resistance resulted in failures that occurred
outside of the higibending stress region. As shownHigure 2.9, both the static and dynamic tests
resulted in FRP delamination failures that occurred outside of the confined regions. Although both the
simple tension and partially confined configurations investigated_dgroix & Doudak (2018)
experienced some sort of FRP damage, iinjgortantto note that the recorded wood tensile failure
strain for the WUshaped reinforced beam containing the midspan confinement was increased by 1.26

and 1.14 when compared to the unreinforced anglsitension reinforced beams, respectively.
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(a) Static loading (b) Dynamic loading
Figure2.9 - U-shaped with Confinement: Shear Region Failure

*Reproduced fromLacroix & Doudak (2018)

Lacroix and Doudak2020)investigated the behaviour of FR&nforced glulam beams subjected to
simulated blast loading by incorporating fully confined reinforcement configurations that extended the
entire length of the specimens. The crssstional bam sizes did not allow a single FRP sheet to
provide full confinement, therefore, the authors designed various reinforcement configurations aimed
at providing adequate splice lengths between reinforcement sheets, as sh@gune.10. Increases

in resistance and stiffness were observed for all reinforcement configurations along with ultimate
displacement increases ranging up to 3.6 times that observed for thefaroegincontrol beams
(Lacroix and Doudak, 2020).
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Figure2.10 - Fully Confined Reinforcement Configurations

*Reproduced fronLacroix & Doudak (2020)

In terms of failure modes, the dynamic loading played an important part in revealing the path of weakest
resistance. As shown iRigure 2.11, two main failure modes were observed for the fully confined
glulam beams. An adequate bond between the reinforcing material and the wood was shown to confine
the failure to the midspan anflect both the FRP and wooHigure2.11b). The highstrain rate loading

was also shown to produce unzipping failuregygre 2.11c). For theunzipping failures, the full
confinement provided enough resistance to minimize the wood damage shown in the unreinforced
specimensKigure 2.11a); however, the delamation of the FRP characterized the ultimate failure.
Lacroix and Doudak (2020) reported an average increase in wood tensile failure strain of 1.2 in the
FRPreinforced specimens compared to thereinforced specimens. The value is consistent with the
1.17 value reported by Lacroix and Doudak (2018) when utilizing unidirectional FRPs. It is also
consistent with the value provided in the Canadian bridge design (@amleadian Standards
Association, 2019bwhich proposes values of 1.1 and 1.2 for SelenticBiral and No.1 grades,

respectively.
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(a) Unreinforced Wood (b) FRP and wood (c) Unzippingfailure
splintering failure rupturing

Figure2.11 - Full Confinement: Failure Modes
*Reproduced fronLacroix & Doudak (2020)

Lacroix et al.(202]) experimentally investigated the flexural performance of #&Rforced wood

studs with and without the presence of FRP confinement. The four reinforceardigiucations
investigated are shown iRigure 2.12. The beams reinforced with twlayers of simple tension
reinforcement increased in resistance, displacement atmaaxiresistance and stiffness by average
factors of 1.09, 1.29 and 1.02, respectivglsicroix et al., 2021)The twolayer U-shaped reinforced

beams resulted in average increases of 1.60, 3.16 and 1.26 for the resistance, displacement at maximum
resistace and stiffness, respectively (Lacroix et al., 2021). The addition of FRP confindtiggme (

2.12c and d) provided enough reinforcement to further increase thearesidy factors of 1.50 and

1.29 for the simple tension and-dbaped reinforced beams, respectively, when compared to the

unconfined beams.
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Figure2.12 - Wood Stud Reinforcement Configurations

*Reproduced from Lacroix et g2021)

The failure modes associated with the reinforcement configurations are shéuguie2.13. The
simple tension reinforcement was observed tebaled due to the failed wood pushing on the
reinforcementigure2.13a) whereas wood splintering and compression yielding was observed for the
U-shaped reinforced bearRigure2.13b), and a localized faire was observed for the confined beams
(Figure2.13c).

(a) Simple tension: FRP (b) U'-shaped': Wood splintering' (c) Confined:Localizeddamage
delamination and compression yielding

Figure2.13 - Wood Stud Failure Modes

*Reproduced from Lacroix et 2021)
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Lacroix et al. (2021) also conducted an analysis aimed at addressing the theory that toeadever
wood benefits the most from the reinforcement, originally discussédtns & Lacroix (2000Figure
2.14 clearly demonstrates that the weaker beaxgerienced strength increasef two times that of
their unreinforced sister specim&rnn comparison, the stronger beams experierioeer strength

increases.
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Average Resistance (kN)
+
-

Relative Increase of Reinforced to Sister

b
[=]

Resistance Range of Unreinforced Studs

‘ [0 Unreinforced Avg. == @= Relative increase |

Figure2.14 - Effect of Reinforcement on the Strength of Wood Specimens

*Reproduced from Lacroix et al. (2021)

When considering various retrofitting techniques or designs, the optimization of the reinforcing
material remains an important factor in the decision pro€ssadi et al. (2021¢ondudedresearch

that focuses on the local reinforcement of existimp#r bridges. Experimental tests have shown that

the presence of defects (e.g., knots) on the tensile face within thbdnging regions can reduce the
bending capacity by roughly 35% when compared toaweficient specimenéCorradi et al., 2021)

By applying the CFRP sheets solely around the defects and maintaining proper development length
(Figure2.15), the authorseportedthat the FRP contributed to reducitg tdeficienciefrom the 35%

without FRPto a 20% decreasa strengthwhen FRP is applied over the defects compared te non
deficient specimens, thereby increasing the performance by{@éf@di et al., 2021)

Bonded Length

Bonded CFRP  —/ ' Knot Diameter

Figure2.15 - Local Reinforcement of Existing Timber Beams

*Reproduced fronCorradi et al. (2021)
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2.5.5 Predicting the Flexural Response of FRP-Reinforced Glulam Beams

The reinforcement of wood (i.e., timber and glulam) beams has created a need for material models
capable of analytically predicting their flexural behaviour. A material model for wood was originally
developed based on a linear elastic tension and bilooegapression behavio@Buchanan, 1990)As

shown inFigure2.16, the tension behaviour is assumed to be linear elastic up to an ultimate stress, f
and s, whild the compressive behaviour behaves in a linear elastic manner up to a yield stress,

f, and ,deafarealécreasinglinearly to its ultimate stress,f and wstrai n, U
Stress A
- fe— tan'me
fcu -1
tanE
+ ! e
€ Ey Ecu
Brittle 15,
fracture

Figure2.16 - Stressstrain Relationship of Wood

*Reproducedrom Buchanan (1990)

The bilinear behaviour of the material promotes the use of mecoevature analyses, capable of
incorporating the nofinear portion of the stresst r ai n r el ati onshi pishingThe AST
Characteristic Values for Reinforced Gldeaminated Timber (Glulam) Beams Using Mechanics

Based Mode l(ASDM, 20029 astdblished a procedure that can be used to determine the

momentcurvature data of reinforced glulam bearg(re2.17).

Gentile et al. (2002) developed a computer program to predict the flexural behaviourr&fifreed

beams. The initial program, as proposed by Buch&t2@0), underestimated the strength capabilities.
Upon further investigation, the ultimate tensile strains in the wood reinforced with FRP were observed
to be 64% larger than the modelled allowed (i.e., unreinforced wood) (Gentile et al. 2002). In order to
address the fact that wood tensile failure strains are higher in wood reinforced with FRP, the authors
incorporated a dndesigndéditodnereaisectire tehseauptare strairlvalues based on
experimental results. The calibrated modast able to predict bending strength values that were within

2.8% of the experimental strengths (Gentile et al. 2002).

26



e=0
Constitutive relationship for all materials in beam cross section are known.
Cross-section dimensions and layup are known.

Find the location of neutral axis for elastic cross section using
transformed section analysis.

i

1 Increase g, by a small increment Ag.

Using Newton’s method, solve the following system of equations
for a neutral axis location (Y) that satisfies the condition of
equilibrium: f(Y) = [o(y)dA = 0.

1) e(y) = ec - y*e/Y
2) o(y) = function(e(y))

**Lamination stresses in tension checked at lam midheight.

]

Having determined the neutral axis location (Y) that satisfies the
condition of equilibrium when the extreme compressive fiber is
under a strain (g.), calculate the applied bending moment:
Mappiied = Minternal = I=y*o(y)dA
and the associated curvature:
®=gJY

¥

Does Miyternal = 1= y*o(y)dA = 0

o =0

YES

Figure2.17 - Procedure for MomerEurvature Analysis

*Reproduced fromASTM (2012)

Other research programs have adequately modelled their results using ilieeaorstresstrain
relationship and modification factoth. Lacroix and Doudak (2020) reinforced glulam beams
subjected to both static and dynamic loading. Using the straassind force profile depictedrigure

2.18, the authors were able to extract model to experimental ratios of 0.99 and 1.02 for the maximum

load and the displacemegit maximum load, respectively.
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Figure2.18 - Reinforced Beam Equilibrium

*Reproduced fromLacroix & Doudak (2020)
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In addition to analytical material models used to perform momamniature analyses,ar researchers

have considered the use of more computer intensive processes to determine the flexural response of
glulam beamg(Glisovic et al., 2017; Raftery & Harte, 2013inite element modelling (FEM)

conducted by Glisovic et al. (2017), incorpargtthe orthotropic behaviour of timber, required the

input data of nine independent constants (e.g., three moduli of elasticity, three shear moduli and three
Poissonb6s ratios) . ThIgunre2ls shews boththe expetinentad and REMe s e n t
results of unreinforced-{gure2.19a) and reinforcedHigure2.19b) glulam beams. The FEM analysis

was shown to adequately predict the behaviour and resulted in an average numerical to experimental
ratios of 1.02, 0.99 and 1.00rfthe maximum capacity, maximum midspan deflection and bending
stiffness(Glisovic et al., 2017)

Series A Series B

60 4 60

Load (kN)
£
Load (kKN)

—_— EXP — X

— M — FEM

0 =——r—T—rrTrr—r—r—rr—r— 0
0 10 20 30 40 50 60 70 RO 90 100 110120 130 0 10 20 30 40 50 60 70 R0 90 100 110120 130

Mid-span deflection (mm) Mid-span deflection (mm)
(a) Unreinforced beams (b) Reinforced beams
Figure2.19 - Resistance Curve Comparison Between Experimental and Numerical Modelling

*Reproduced from Glisovic et al. (2017)

Plevris & Triantafillou (1992) conducted experimental and analytical work on wood beams having FRP
reinforcement applied along the tensiéeninate of the beam. By considering different reinforcement
ratios (i.e., area of reinforcement to the area of wood), the authors were able to determine that
reinforcement ratios exceeding 3% did podportionallybenefitfrom the added reinforcement when
compared to the increaseisserved for ratios less than 3% (Plevris &Triantafillou, 1992).

More recently, the effects of varying wood tensile to compressive modulus of elasticity on the flexural
behaviour of glulam beams have been the subject of various studies. A numerical study investigating
different wood tension to compression modulus oftéddy ratios along with different axial loads
showed that both factors had a significant impact on thefepiane flexural responggacroix, 2017,

Lacroix et al., 2018)The analysis results shown kigure 2.20 are consistent with the observations

made by Buchanan (1990), where an increase in axial load resulted in a decrease in moment capacity.
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The study shows the importance of the material properties incpregihe flexural response of wood
elements, and thus, should also be investigated orr€iRfrced timber and glulam members.
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Figure2.20- Moment Curvature Analysis for Beams with Applied Axial Load

*Reproduced fronLacroix et al. (2018)

2.6 Summary

The literature review has highlighted the need for understanding the behaviourifieRed wood
products under flexure. Despite significant research investigating the compressive, shear, and flexural
behaviour of FRReinforced wood elements, littleesearch has been dedicated to preventing
undesirable failure modes (e.g., prematurebaleding of FRP tension reinforcement) aside from
providing full-length confinement. Furthermore, there are currently no design guidelines in the
Canadian highway bridgeode nor in the Engineering in wog@anadian Standards Association,
2019a, 2019hbyvith regards to the design of FR&nforced glulam elements.

The literature has shown that significant increases in resistance and stiffness can be attained by
providing FRP reinforcement. It was also observed to reduce the variability, bridge defects, and
contribute to an increased wood tensile failure strain. Furthermore, in cases whéeagthll

confinement is used to reinforce the members, significantpaadt restance was reported.

Despite the significant improvements provided by the FRP, little research has been directed at
preventing undesirable failure modes by least invasive retrofitting techniques nor to the various
assumptions in predicting the flexuralestgth. Thus far, recommendations have been to avoid simple

tension reinforcement due to the lack of ductility; however, in cases where members need to be
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retrofitted, fullaccess to a member may not be possible to allow focdufinement. Further research

is required to understand the effects of ci®mstion size to span, alternate reinforcing schemes for
members with accessibility restrictigrigilure modes, and finally in investigating the limitations of the
material model# predicting the flexural behaviour.
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Chapter 3

Experi ment al Program

3.1 General

This chapter describes the experimental program investigating the flexural response of unreinforced
and FRPreinforced glulam beams under static loading. The experimental program daidbd into
two phases consisting of tests on:

1. Components (e.g., wood, FRP coupons) subjected to uniaxial loading to determine the material

properties for input in the analytical program.
2. Unreinforced and reinforced beams subjected to statiedoimt kending.

A total of thirty glulam beams were tested statically under-fmint bending in addition to fortgight
coupon tests on the wood and FRP in order to determine the respective material properties. The

following sections describes the test specisyexperimental test setups, and protocols.

3.2 Description of the Unreinforced Specimens

Glulam specimens of stress grade-E0f were used in this experimental program and were obtained
from a single supplier in which two different cressctions were considel. Initial deformities were
present on the beams, such as rounded or uneven &dga®8.1a), uneven laminate widthEigure
3.1b), and splitskigure 3.1c). These deformitiesere removed by means of dressing using a planer

and jointer.

(a) Rounded edges (b) Uneven laminate widths (c) Damaged laminates
Figure3.1 - Initial Beam Deformities
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Final crosssectional dimensions of 69 mm x 100 mm and 69 mm x 160 mm were chosen for both
beams, as they allowed a common size for the dressed beams (i.e., free of initial deformities). The two
crosssections result in depth to width ratios of 1.45:1 (i.e., 69 mm x 100 mm) and 2.3:1 (i.e., 69 mm x
160 mm) and were chosen to investigate thectffef depth to width ratio on the flexural response of
unreinforced and FRReinforced glulam beamgigure 3.2 shows representative samples of the two

crosssection sies after dressing the beams to their final sizes.

"I‘-J :

()69 mm x 100 mm (b) 69 mm x 160 mm

Figure3.2 - Beam Crossections
The nomenclature of the specimens is based on the beam depth, witbda6® having a depth of
100 mm and [160] beams having a depth of 160 fh60] specimens are made up of three laminates
pressed and glued together on their flat f&dgure3.2a) while [160] beam specimens have a total of
five laminates Figure3.2b). The specimen lengths were determined in accordance with ASTM D198
iStandard Test Methods of St aASTH, 202EbsAcrdingfto L u mb e 1
the standard, a minimum shear span to depth (a/d) ratio of 4 allows for the evaludtexurai
propertiefASTM, 2021b) Therefore, total beam lengths of 1,355 mm and 2,280 mm were chosen for
the [100] and [160] beams. The lengths allowed for shear and design spans of 400 mm and 1,200 mm
for the [100] beamsand shear and design span$4® mm and 1,920 mm for the [160] beamsor
to testing, the specimens were stored in a humidity chamber which allowed the specimens to maintain

their required moisture content. The average moisture content of HieX2glfilam was 11.2% with a
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coefficient of variation of 0.11. The average density of the beams was determined to bedAgitky/
a coefficient of variation of 0.06.

3.3 Description of the Reinforced Specimens

A total of six different glass FRP (GFRP) reinforcement configurations were investigaenhance

the flexural behaviour of glulam beams under fpant bending. The testing of the reinforced beams

is divided into two distinct stages. The first stage had the objective of investigating the effects of
reinforcement ratio when unidirectidn@FRP is applied as simple tension andhaped (i.e., up to
mid-depth) on the stiffness and strength of the reinforced glulam beams. The retrofit configurations
investigated in the second stage were determined following the completion of stage 1 &md had
objective of further enhancing the behaviour of the glulam beams by addressing any premature or
undesirable failure modes observed in stage 1. The following sections describes the procedure used to

apply the reinforcing material, details on the reioéanent configurations, and instrumentation.

3.3.1 FRP Information and Application Process

The epoxy and GFRP used in this study were acquired from Simpson-$teorfy two-part epoxy

polymer resin was used due to its high modulus, high strength, and documented literature demonstrating
adequate bond between the GFRP and wood material. Themuadipgoperties provided by Simpson
StrongTie are given infable3.1. The GFRP fabric was delivered and stored in mith a width of

36 inches.

Table3.1 - Manufacturer Design Values for the Epoxy and FRP Composite Material

Composite Composite  Composite

Fabric Fibre Fabric Dry Fabric Layer Tensile Strenath Modulus of Rupture
Orientation Weight (g/m2) Thickness (mm) (MPa) 9 Elasticity Strain
(GPa) (mm/mm)
U”'d'(rgo‘;“o”a' 915 1.30 390 23 0.017
Bidirectional
(0°/90°) 611 0.66 310 17 0.018

Prior to the application of the GFRP, the glulam tension laminate corners were routed using a corner
round over bit (12.7 mmadius) to avoid stress concentrations in the FRP extending beyond the bottom
face. The application face(s) of the beams were then wire brushed using a grinder to roughen the surface

in order to provide a more suitable interface for the bond between théabRc and the glulam.
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A calculated 2.4:1 weight ratio of the tveomponent (part A to part B) epoxy resin was measured and
mixed for five minutes at 700 rpm using an electric mixer. Prior to its application, the glulam FRP
application face(s) was coatedth a thin layer of the epoxy resin mixture using paint roll&igyre

3.3a). The GFRP fabric was initially saturated with the epoxy resin by means of paint andrés

rollers Figure3.3b). The impregnated FRP sheet was then lifted and placed onto the epoxy coated
glulam beam Figure 3.3c). Rib rollers were used to remove any air bubbles and improve the bond
between the wood and subsequent FRP sheets. Specimens were regularly checked during the first few

hours of curing to ensure no air tlks were forming and that the polymer matrix was setting properly
(Figure3.3d).

'

(c) Application of the FRP (d) Curing
Figure3.3 - Application Procedure for the FRP Sheets
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3.3.2 Reinforcement Configurations i Stage 1

A total of nine 69 mm x 100 mm x 1355 nfire., [100]beam$ 20f-EX glulam beams were tested to
failure under static fodpoint bending. In stage 1, four different schemes focusing on tensile
reinforcement, specifically simple anddhiaped tension using unidirectional GFRP, were investigated.
Figure3.4 shows a side and cresectional view of the four reinforcement schemes considered in stage
1. Schemes 1 and Eigure3.4a) consist of two and four layers of unidirectional GFRP applied on the
tension face of the glulam beam, respectivBighemes 3 and #igure 3.4b) expand on the simple
tension configurations of schemes 1 and 2 by extending the unidirectional GFRP reinforcement applied
solely to the tension face up to the rdiglpth of the beam. The difference between schemes 3 and 4 are
the number oflayers, where scheme 3 had two layers and scheme 4 had four layershapé)
reinforcement.The crosssectiors describing the different reinforcement schemes displayed in this
chaptershow a gap between the FRP and the wood to better differentiate béihweerm materials

and to clearlyshowthe location of the strain gauges.

Section A-A
/7 Scheme 1: Two layers of unidirectional GFRP reinforcement at 0° = 69:—=]

Scheme 2: Four layers of unidirectional GFRP reinforcement at 0°
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e ‘

[
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AL iz L
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(a) Reinforcement schemes 1 and 2
Section A-A

Scheme 3: Two layers of unidirectional GFRP reinforcement at 0°
/ Scheme 4: Four layers of unidirectional GFRP reinforcement at 0° - -

A

= e |

L o L
| 914 |

| 1200 !

(b) Reinforcement schemes 3 and 4
Figure3.4 - Reinforcement Schemes 1 Through 4

Strain gaugs were instrumented at midspan of each reinforced bending specimen, measuring the wood

compressive strain, wood tensile strain and FRP tensile strain. The strain gauges located on the glulam
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beam were applied prior to the application of the reinforcemsnile the gauge measuring the tensile

strain of the FRP was applied once the reinforcement had hardened. A pair of specimens were tested
for each reinforcement configuration and thickness, with the addition of a third specimen tested having
the two layer®f unidirectional GFRP along the tensile face (i.e., reinforcement scheme 1).

3.3.3 Reinforcement Configurations i Stage 2

A total of twelve 69 x 100 x 1355 nini.e., [100] beams) and four 69 x 160 x 2280 thiine., [160]

beams) 20EX glulam beams were tested to failure under staticpount bending loads. The addition

of shear reinforcement in the form of partial or full confinement was investigated in stage 2.
Reinforcement schemes 5 and 6 consisted inlinectional GFRP reinforcement applied to the tensile
face of the beams along with 50.8 mm wide GFRP hoops applied transversely confining the beam and
ends of the simple tension reinforcemd¥ig(ire 3.5). The pair of reinforcement schemes are identical
with the sole difference being the type of fabric used for the hoops. Unidirectional hoops were chosen
for reinforcement scheme FiQure 3.5a), whereas bidirectional hoops were used in reinforcement
scheme 6Kigure3.5b). It is important to note that the comparison between different hoop fabrics was
conducted on beams having both two and four layers of unidirectional simple tension reinforcement.
Both variations are depicted Figure 3.5a andFigure3.5b, with the note pointing to the longitudinal

reinforcement.

Reinforcement schemes 7 and 8 investigated the effect of fully confining the beam longitudinally using
0/90 bidirectional fabric. The beam cresesctional size (69 mm x 100 mm) allowed for one sheet to be
applied longitudinally while also providing adegeiatverlap length on the compression fd€igre

3.6). Reinforcement scheme Figure 3.6a) consisted of two layers of unidirectional GFRP sheets
applied as kkhape reinforcement along with two layers of O/didirectional GFRP sheets.
Reinforcement scheme Bigure3.6b) consisted of four layers of 0/9Bidirectional GFRP sheets. The

FRP sheets located on the compressive edge of the specimens were held together with 12.7 mm
finishing nails. The speciems were left to set with the tension face facing up, with the goal of creating

a better bond between the FRP and the glul ambs
face was frequently attended to during the first few hours of curing &r eodmaintain the bond

between the overlapping layer and the glulam.
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Figure3.5 - Reinforcement Schemes 5 and 6

37



Section A-A
S - —1 36 |=—
Scheme 7: Two layers of unidirectional GFRP reinforcement at 0° s
(U-shape) & two layers of bidirectional GFRP confinement at 0° B 5

}
S Ceamsammsamasi
—
fe— & ——
S

T
| 914 A | o
i
! 1200 ! Rlz 7 S ERSSEEeERasRaERR Ny
SG3
f~— 69 —
(a) Reinforcement scheme 7
Section A-A
— 36 |~

Scheme 8: Four layers of bidirectional GFRP reinforcement at 0°
/ A

;ﬂ;. 914 — 0 el

| 1200 ! RI12.7

(b) Reinforcement scheme 8

Figure3.6 - Reinforcement Schemes 7 and 8
Reinforcement schemes 9 and 10 were developed to create an arrangement that provided tension
reinforcement at the midspan, all whilepiding anchoring and/or confinement reinforcement within
the shear regions using the same FRP sheet. The purpose of these reinforcement schemes is for cases
where confinement is not possible in the maximum region (e.g., main beam supporting purlins on top
such that partial confinement is provided where physically possible. Reinforcement schéguee (
3.8a) consisted of two layers of unidirectional GFRP fabric ag@&gsimple tension reinforcement on
the tension face of the specimen with the addition of two’Glrectional GFRP tails, which are FRP
sheets emulating a simple tension strip that is anchored through the help of confinement on the beam
in the shearagion.Figure3.7 depicts the general fabric eatit shape used to provide anchoring to the
GFRP tails.
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Figure3.7 - GFRP Fabric Cutout for R9 and R10

The precut GFRP sheets propagated from the tension face up to the compression face of the beam,
including overlapping of the reinforcement on the compression face to prevent prematnéirtgb

of the tension reinforcement. Reinforcement schemé&-itflie 3.8b) consisted of four layers of 0/90
bidirectional GFRP sheetBifure3.7) applied such that the overlaipg tabs would alternate sides and

provide a more symmetrical cressction.
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Figure3.8 - Reinforcement Schemes 9 and 10
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Reinforcement schemes 11 and 12 were established for the 69 x 160 x 2288ams. Reinforcement
scheme 11 consisted of three layers of unidirectional GFRP sheets applied longitudinally on the tension
face of the specimeand four 76.2 mm wide bidirectional GFRP hoops applied transversely confining
the beam and the ends of the simple tension reinforcerfigoir¢ 3.9). Scheme 11 was ddeped to
compare the performance of the unidirectional GFRP sheets with transverse hoops, as seen in
reinforcement scheme 6 for the [100] beams, on the deeper [160] beams. Due to the longer span
associated with the deeper beams, the addition of two extyastalong with an increased thickness

(76.2 mm vs. 50.2 mm) was provided to further enhance the performance.

Scheme 11: Two layers of unidirectional GFRP reinforcement at 0°
& four bidirectional GFRP hoops at 90°

76.2

Section A-A Section B-B
[=—169"—= =80 —

SGI

\_ sG2 /J
R12.7 -

SG3
— 44 |- — 44 |
Figure3.9 - Reinforcement Scheme 11

Reinforcement scheme 1EBigure 3.10a) is identical to scheme 10 but amplified to six bidirectional
GFRP tails to accommodate the larger beam eses8on and lengtff.o avoid an unnecessary amount

of FRP fabric on the compression face (i.e., where the fabric overlapped), only one side of the sheet
contained the tab that would rest on the compression face and consecutive sheets would be applied from

opposite sides to sare an even bon#igure3.10a depicts the GFRP cutout for the largeg0] beams.
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The 69 x 160 x 2280 mhheams were also set to cure with the tension face pointiagdithe areas

containing FRP on the compression face were joined together using rib rollers and rested directly on

the sawhorses to adequately bond the sheet to the glulam.

1B © ;
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(a) GFRP Fabric Cutout for R12
76.2 Scheme 12: Six layers of bidirectional GFRP tails at 0°
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(b) Reinforcement scheme 12
Figure3.10- Reinforcement Scheme 12

3.4 Summary of Test Matrix

The summary of the thirty tested glulam specimens is provid&dbte 3.2. The naming convention

for each glulam beam & 1#  wh¥or er eff er s t o U foeunrsindoeced antefor
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reinf &oceeépreSents the reinforcememd rsefhreamee mtuank
specimen number. Tkept h of the specimen is added in squ
name to differentiate between [100] beams (69 mm x 100 mm x 1,355 mm) and [160] beams (69 mm

x 160 mm x 2,280 mm). The speci mends terdenotng or c e me
the arrangementS(for simple tension reinforcement] for U-shaped reinforcement for hoop
reinforcement in the shear regio@, for full confinement reinforcement, andlA for tension
reinforcement with confinement anchoring in the shedonggfollowed by a square bracket containing

the fabric fibre orientation. The subscript following the bracket represents the number of layers used in

that specific arrangement. The addition of multiple letters represents not only the addition of

reinforeement but also the order of application.

Table3.2 - Experimental Test Matrix Summary

FRP Reinforcement

Stage Specimen Type Specimen Name Configuration
Unreinforced U-017 U-05 -
R1-0 1 R1-03; [100] S[0}
1 Reinforced R2-01, R202; [100] S[0]a
R3-01, R302; [100] U[0].
R4-01, R402; [100] U[0]4
R5-01; [100] S[0]> H[O]-
R5-02; [100] S[0]s H[O]-
R6-01; [100] S[0], H[0/90]>
R6-02; [100] S[0]s H[0/90]>
5 Reinforced R7-01,R7-02; [100] U[0]. C[0/90L
R8-01, R802; [100] C[0/90L
R9-01, R902; [100] S[0]> TA[0/90].
R10-01, R1602; [100] TA[0/90]4
R11-01, R1102; [160] S[0]z H[0/90]>
R12-01, R1202; [160] TA[0/90]s

3.5 Test Setup and Instrumentation

3.5.1 Material Properties i Component Test

The momenturvature analysis requires the input of uniaxial stetissn relationships for the wood

and FRP material. The wood tension and compression properties were obtained from clear sample test

resultscompleted n accordance with ASTM D143 fAStandard Te
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of Ti ABT&r2021a) A total of sixcompression coupons were prepared from extra material
using a guided table sawigure 3.11a), with final dimensions of 50.8m x 50.8mm x 203 mm. A

500 kN hydraulic test frame loaded the coupons in compression and recorded the appli€iimee (
3.12a). The displacement was recorded using a linear variable displacement transducer (LVDT) and
used to calculate the relative change in length (i.e., strain).

(a) Compfession

(b) Tension

Figure3.11- Wood Coupons

The six wood tension coupons were prepared using a bandsaw outlining the general shape of the
specimen and finished on a belt sander to smoothen any irreguldfigase@.11b), with a reduced

cross section area ofrim x 10 mm(ASTM, 2021a) A 10 kN electromechanical frame pulled the
coupons until failure and recorded the applied foRigure 3.12b). The displacement was calculated
using a 50.8 mm extensometer placed at midspansedito calculate the relative change in length as

it is loaded to failure.
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(a) Compression (b) Tension
Figure3.12 - Wood Coupon Tests

The FRP tension properties were obtained from coupon test results completed in accordance with
ASTM D3039 AStandard Test Method for Tensile Proc
(ASTM, 2014) The FRP coupons were prepared in larger flat sheets and later cut to size once the
composite had curedrigure3.13a). The coupons were held between aluminum t&izufe3.13) and

designed to extend beyond the gripsatmid stress concentrations and unwanted failure modes. All

FRP coupons were 25.4 mm wided406 mm long, with varying thicknesses based on the type of

layup investigate(ASTM, 2014) A total of six coupons were tested for each of the lajnestigaed.
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(a) Coupon (b) Curing of aluminium tabs
Figure3.13- FRP Coupons

The FRP coupons were pulled to failure using a 100 kN hydraulic load frame that recorded the applied
force and actuator displacement. A 50.8 mm extensometer was plalceth@span of the specimens

for the beginning of every test and remowedoreultimate failure to avoid damagé&he general test
configuration to determine the FRP strefi®in relationship is shown Figure3.14.

o
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Figure3.14 - FRP Coupon Test
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3.5.2 Full Scale Four-Point Bending Tests

A total of five unretrofitted and twendfve retrofitted glulam beams were tested statically under four

point bending in accordance with ASTMD128a @A St andard Test Methods of
i n St r uc ABTMa2021tg Aspear thedstandard, hardwdoddbearing blocks having a radius

larger than two times the beam depths were fabricatetlateral support was provided at the sutspo

even though the deptio-width ratio never exceed three. A sgardepth (a/d) ratio of four for both

beam sizes was selected in accordance with the ASTM stagdaid/, 2021b) Simply supported

boundary conditions were provided through the use ahahored pin and roller systefidure3.15).

A 500 kN hydraulic load frame with a load cell connediethe actuator was used to load all thirty
bending tests. Thisur 69 x 160 x 2,280 m#rglulam beams were pieaded to record the bending
stiffness prior to the application of the FRP. The unreinforced and reinforced beams were loaded in
displacement control until failure, with loading protocols ranging from 3.5mmmt 10 mm/min to

ensure ultimate failure within five and ten minut@STM, 2021b) During the tests, a data acquisition
system recorded the data at a sampling rate of 15 samples per second. The applied load, midspan
deflection, and shear free defliect were measured using the frame load cell, a linear position
transducer (string pot) and an LVDT in the shear free region, respectively. Additionally, the wood and
FRP strains were recorded at midspan using strain gauges. The location of the strainedgtirgeto

the beams crossection is visually displayed in Subsect®f.2and3.3.3

Prior to testing, weight and moisture readings were taken and documented along with the visual
observation of the specimens. Documentation and photographs of the failed specimens were also

recordedFigure3.15 shows a representation of the actual test setup with all of the instrumentation.

a7



Eye pin threaded into the
A ’/_ yep i £

Spreader Beam\ = hydraulic load frame
Glulam Beam
\ |\ J L _J _—Hardwood

Support Beams [

LVDT: 5 -
é Shear Free \Su -ain Gauges | earing plates
Deflection

N

Grade beam Stri.ng Pot:
anchored to the Mldspe'm
load frame Deflection
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Chapter 4

Experi ment al Resul ts

4.1 General

The experimental results from the static uniaxial component angv@nt bending tests are presented
in this chapter. A total of six glulam compression coupons, six glulam tension coapdrikirtysix
FRP tension coupons were tested to failure. The flexural test matrix presenadteiB.2 summarizes
the experimental project conducted to deterntiedlexural behaviour of five unreinforced and twenty

five reinforced 20{EX glulam beams.
4.2 Component Tests

4.2.1 Wood Compression Coupons

Representative failure modes for the wood compression coupons are shown in Figure 4.1, where the
specimens were observedndially fail due to fibre crushingRigure4.1a) with some exhibiting wedge
splitting once the yielding strain was exceedeigfre4.1b). A representative strestrain curve for

the compression coupon tests is showRigure4.2

(a) Crushing (b) Wedge splitting

Figure4.1 - Representative Compression Failures of Wood Coupons
From the stresstrain curve shown ifigure4.2a, it can be seen that the wood behaves linearly until
the wood fibres begin to crush, with virtually no visible damaglee specimen at the yield lodgidure
4.2). The wood fibres began to fail once the maximum load was attained, resulting in a decrease in
resistance at greater strains. The stetssn curve for wood in compression can be idealizedavith
linear curve, which will later be discussed in Chapter 5. It should be noted that the compression coupon
tests were displacement controlled at a rate of 0.67 mm/min and terminated once the stress dropped
below 75% of the maximum stress or once thaisexceeded 0.02 mm/mihe compression coupon
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strain wasobtained by usinghe LVDT displacemen{mm) of the crosshead divided by the initial
coupon length (mm)The stresstrain curves for all compression coupon specimens can be found in

Appendix A
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Figure4.2 - Compression Coupon Test
The static test results defining the average material properties of the compression coupons are shown
in Table4.1. The high variationinthe ai | ur e &) tsdue to the fact thaethe,failutk criterion
was defined as 75% of the yield strength or the 0.02 mm/mm strain limit, whichever occurred first. The
0.02 mm/mm limit corresponded to a point where the specimen could no lonigadbd safely due

to torsional forces being applied on the actuator. The material behaved similarly for all the specimens
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tested and the results show that the difference between ultimate stresses, regardless of the termination
condition, are comparable. iBhis due to the plateau behaviour following the initial loss in strength
(Figure4.2a), showing that the ultimate stress remained within the same range once flgerrigase

in stress occurred.

Table4.1 - Static Test Results of Compression Coupons

°L c 4 °L e 4
,\?l‘j‘r;“géer MOE?2(MPa)  fo" (MPa) (erqym’j nl]&) foud (MPa) (L::mfnfg])
1 10,722 40.1 37.4 30.1 130.0
2 10,46/ 40.3 38.5 30.0 100.0
3 11,061 41.7 37.7 31.3 142.0
4 10,495 39.1 37.3 30.0 200.0
5 10,717 41.1 38.8 31.7 200.0
6 10,538 39.9 37.9 29.9 163.0
Average 10,667 40.4 37.9 31.2 155.8
Std. Dev 203 0.8 0.4 1.3 36.4
cov 0.02 0.02 0.01 0.04 0.23
aCompression modulus of elasticity b Compression yield strength
€ Compression yield strain d Ultimate compressive strength

€ Ultimate compressive strain

4.2.2 Wood Tension Coupons

A representative failure mode and corresponding sgteam curve for the tension coupon tests are
shown inFigure 4.3. The required tensile failure occurring withimetreduced midspan region was
observed for all seven coupons testedijre4.3a). From the stresstrain curve shown iRigure4.3b,

the wood subjected to uniaxial tensile loads behaves linearly up to an ultimate stress and strain.

The tension coupon tests were loaded in displacement control with an actuator head displacement of 1
mmnymin and terminated once the fibres had ruptured. The static test results defining the average
material properties of the tension coupons are showrabie 4.2. The stessstrain curves for all

tension coupon specimens can be foundippendix B
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Figure4.3 - Tension Coupon Test

Table4.2 - Static Test Results of Tension Coupons

Sample

NUmber MOE? (MPa) fu® (MPa) (ke x 10 (mm/mm)

1 13,811 83.6 62.0
2 13,044 75.9 58.0
3 14,510 119.8 87.0
4 12,46 88.5 69.0
5 12,679 96.6 72.0
6 13,26 71.6 56.0
Average 13,288 89.3 67.0
Std. Dev 702 15.9 10.5

cov 0.05 0.18 0.16

aTensionmodulus ofelasticity b Ultimate tensile strength

¢ Ultimate tensile strain

4.2.3 FRP Tension Coupons

The FRP material properties for each-lgyconsidered in the research program were obtained through
tests completed on 406 mm long coupons. Two types of GFRP reinforcement were used and the
representative failures can be seeRigure4.4. The unidirectional fabric having the majority of fibres
running longitudinally from the grips exhibited tensile rupturing failures with the fibres oriented
perpendicularly to the spgproviding little to no resistancd-igure 4.4a). The bidirectional fabric,
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having an even distribution of fibres placed both along and perpendicularly to the spaiteexhore
of a fabric delaminatiorHigure4.4b) failure with portions of the reinforcement sheets dislodging from

the specimens at high strains.

'r“;l\
(a) Unidirectioral fabric (b) Bidirectional fabric
Figure4.4 - FRP Coupon Failure
Figure 4.5 shows representative stresigain curves obtained experimentally for the six-upg
investigatedwith the results tabulated ifable 4.3. The configurations madep entirely of
unidirectional fibres behaved linearly up to an ultimate stress and strain which caused sudden tensile

fibre ruptures.

The four and six bidirectional layps behaved similarly, Wi a higher initial stiffness that slightly
tapered away as the strain increased. The unidirectional fabric was shown to have higher stiffnesses
when compared to the bidirectional fabric, with differences found within individual groups (i.e.,
unidirection&vs. bidirectional) that can be attributed to the amount of epoxy used when saturating the
GFRP fabrics. The stresgrain curves detailing the ultimate strength and strains of eaeiplajong

with their associated standard deviation and coefficiemanétion is provided idppendix C
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Table4.3 - Static Test Results of FRP Tension Coupons
Lay-up Configuration MOE? (MPa) frre® (MPa) Ckre® x 104 (Mm/mm)
Average 23,507 434.6 204.0
[0]2 Std. Dev 730 14.8 8.0
cov 0.03 0.03 0.04
Average 23,097 408.9 226.0
[O]s Std. Dev 243 33.8 27.0
cov 0.01 0.08 0.12
Average 25,146 561.0 255.0
[0]a Std. Dev 821 19.9 7.0
cov 0.03 0.04 0.03
Average 17,361 428.2 246.0
[0]2[0/90] Std. Dev 715 314 14.0
cov 0.04 0.07 0.06
Average 11,969 261.8 261.0
[0/90]4 Std. Dev 645 14.6 20.0
cov 0.05 0.06 0.08
Average 9,910 190.9 221.0
[0/90]e Std. Dev 392 8.3 29.0
cov 0.04 0.04 0.13
8Tension modulus oflasticity b Ultimate tensile strength

¢ Ultimate tensile strain
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4.3 Characterization of Failure Modes for the Beams

The following section documents the behaviour and failure modes of the unreinforced and FRP
reinforced glulam beams. Details of the genérate-displacement plots along with the terminology
used to describthe failure progression are initially discussed, followed by a thorough breakdown of

the beam failures based on their reinforcement scheme and size.

The idealized resistance curve is showirigure4.6, where the bending members behave elastically

up to an ultimate load (B) and di s fmh)arefegranldonas maxippum or peak resistance.
Once the peak load is attained and the specimen experiences its first &alincreasing or plateauing
postpeak behaviour is observed. Depending on the reinforcement configurations and the quality of the
member (i.e., presence of knots, direction of the grain), more than one peak can be experienced within
the loading stagelhe reported bendingfiffness(K) is an average of thaiffnessesalculated using

various instrumentation measuring the displacements and strains during the initial elastic portion of the
resistance curve. The displacemeantrolled loading protocol as used throughout the entire sample

and loaded the bending members to failure. A 50% decrease from the maximum load was established
asthe ultimate failure by the author and is consistent Widh N. Lacroix, 2017h) The major failure

modes observed dng the tests were simple tension, splintering tension, horizontal shear, and FRP
delamination/slip. A simple tension failure is described as a direct rupture in the extreme wood tensile
fibres. A splintering tension failure occurs when multiple slighsitem failures occur within a high
bending stress region causing a staggering break in the tensile region of the bending specimen. A
horizontal shear failure is described by the delamination or sliding of the compression and tension
laminations along the hgth of the shear regioReinforcement delamination or slip failure is when

the bond between the wood and the FRP fails, ultimately inhibiting the composite action between both

materials.

55



— Maximum Resistance

Pmax
PostPeakResistance

=3 \

=,

©

®©

o

—

Va

Ultimate Failure

%,max Que
Displacement [mm]

Figure4.6 - Idealized Resistance Curve and Terminology

4.3.1 Unreinforced Glulam Beams

The five unreinforced glulam beams subjected to -fimint bending loads all failed in tension.
Specimens 02 and U05 experiencedplintering tension failures, causing a ragged tension laminate
containing wood fibres delaminating away from the surf&igu¢e4.7). Specimen kD2 (Figure4.7a)
developed slight corner delamination propagating through the-b@gting stress region which
amplified with increasing load and finally reduced enough esestional areto cause the specimen

to fail. Figure4.7b depicts the initial splintering failure of specimet®8), which initiated on the tensile
laminate and resulted in a raggedface that was also amplified with increasing load until failure
occurred within the higiending stress regioBpecimen k04 failed in a brittle fashion due twoss

grain tensionKigure4.8). Figure4.8a andFigure4.8b depict the specimen before and after the tensile
failure, respectively. A detailed biedown of the failure progression of unreinforced beams can be

found inAppendix D
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(a) U-02 (b) U-05
Figure4.7 - Splintering Tension Failure of Unreinforced Beams

(a) U-04 (b) U-04
Figure4.8 - Crossgrain Tension Failure of Unreinforced Beams

Prior to the termination of the test (i.e., before titenate tension failure), some compression folds
were observed within the midspan of the beaRigute 4.9). Figure4.9a depicts a compression fold
located directly above the tension failuFégure 4.9b demonstrates the compression fold forming

araund a knot found near the compression face of specirr@h U

(b) U-04
Figure4.9 - Compression Folds on Unreinforced Beams
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Specimens W1 and U03 experienced simple tension failures thétated from defects found in the
high-bending stress region of the beaffFig(re4.10). Both tests were terminated once the initial failure
occurred.Figure 4.10a andFigure 4.10c depict the simple tension failure of specimeif®lJwhich
occurred at midspan. SimilarlfFigure4.10b andFigure4.10d display the simple tension failure of
specimen D3, where both figures represent the front and back side faces of the failed specimen. The
tension failure resulted in the separation of the tension laminate located within teshijhg stress

region.

(c) Closeup ofdamage for kD1 (d) Closeup of damage for 03
Figure4.10 - Simple Tension Failure of Unreinforced Beams

4.3.2 Reinforced Glulam Beams

All specimens tested in stage 1 failed in shear. R1 beams experienced both horizontal shear and stress
concentration failures. The horizontal shear failures, as shofigune4.11 for the R:02 and R103
specimens, initiated within the shear region and propagated through to the support faces. In both cases,
theloaddecreasedorethan 50% from the maximum was recorded which terminated the tests.
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(a) R1-02

(c) Closeup of damage for RD2 (d) Closeup of damage for R03
Figure4.11 - Horizontal Shear Failures for R1 Beams

The stress concentration failure observed in specime@2rRtcurred on the tensile face of the beam
where the longitudinal reinforcement strip was terminatddufe 4.12). The stress concentration
caused perpendicular to grain tensile forces that exceeddichthef the wood material ultimately
resulting in the propagation tdilure across the length of the bedfig(re4.12a). Figure4.12b shows
a closeup view of the failure, demonstrating the sudden rupture of wood fibres extending the width of
the beam.

(a) R:02 (b) Closeup of damage for RD2
Figure4.12 - Stress Concentration Failure for R1 Beams

A representative failure mode for reinforcement scheme 2 is showigure4.13 whereahigh-stress
concentration located at the ends of the simple tension GFRP strips caused horizontal shear and tension
perpendicular to grain stresses that failed the wood. It is important to note thatd thetbpecimens
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tested, the bond between the reinfmnent and the wood remained intact, while the failure was entirely
propagated throughout the wood material.

(a) Closeup of damage for RR1 (d) Closeup of damage for RR2
Figure4.13 - Representative Failure Mode for R2 Beams

Figure4.14 shows representative failure modes for reinforcement scheme 3. Only two spgeaienen

tested, and both specimens experienced a different failure modd. f&Bed in horizontal shear, with

the failure propagatinditough the support face as well as across the reinforcement located on the side
faces of the beant{gure4.14a). The closeup of R301, as shown ifrigure4.14c, demonstrates an
adequate bond between the wood tensile fibres and the reinforcement. The use of unidirectional fabric
placed at 0° resulted in the majority of the fibres oriented alongptreof the beamsn this case, the

lack of fibres oriented perpendicular to the beams span resulted in little to no resistance in the transverse
direction. Specimen RGB2 failed due to a stress concentration located at the end of-shepéed
reinforcemen (Figure 4.14b). The partial confinement led to a brash tension failure in the tensile
laminate that pushed away from the beam causing splitting within the FRP lonatesiside faces of

the beamKigure4.14b). Again, from the closep view for specimen RG2 (Figure4.14d), the stresses
induced on the weak axis of the reinforcement caused significant damage.
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(a) R301 ’ (b) R302

(c) Closeup of damage for R81 (d) Closeup of damage for R82
Figure4.14 - Representative Failure Modes for R3 Beams

The representative failure mode for reinforcement scheme 4 is shokigure 4.15. The hesily
reinforced specimens failed in a combination of horizontal shear and delamination of the reinforcement
due to damage in the wood materfagure4.15a demonstratethe specimen at the time of failure, with
the emphasis located within theft-most shear region where the GFRP delamination can be easily
identified. The horizontal shear failure, which occurred simultaneously, is shown to propemagé t
the supportace Figure4.15a andFigure4.15b). An increase in load amplified the wood tiaés and
created another horizontal shear plane directly above the original f&igte€4.150).

(a) R401 (b) Closeup of damage for R91
Figure4.15 - Representative Failure Mode for Reinforcement Scheme 4
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Figure4.16 shows the observed failure mode for reinforeatrscheme 5. The addition of the GFRP
hoops contained the ends of the simple tension strip and allowed for a tension failure to occur in the
glulam. The initial tension failure for specimen-B5 was located at a finger joint (FJ) located on the
tensile Aminate within the highending stress regioRigure4.16a). The initial tension failure engaged

the GFRP hoop, which is better displayed by the lighter colour cincl€iyjure4.16a. The original

tension failure at the FJ did not propagate across the entire bottom face of the beam. A large knot found
on the tensile face of specimeB-B2 was responsible for the sudden brittle failure that occiigrate

4.16b. The large knot created significant deviations in the grain pattern which resultedila ten

perpendicular to grain stresses that were greater than the nsatageicity.

T =
‘4‘\‘)\&]
_ NS

(a) R501 | - (b) R5.02

(c) Closeup of damage for RB1 (d) Closeup of damage for RB2
Figure4.16 - Representative Failure Mode for Reinforcement Scheme 5

The representative failure mode for reinforcement scheme 6 is shotigure 4.17. The hoops
contained the tension GFRP and allowed for a wood tensile failure. Specin@dnf&lied due to cross

grain tension stresses experienced around a knot at midsjgame(4.17a andFigure 4.17b). The
increase in load amplified the tension failure which pushed against the FRP, ultimately causing the
reinforcement to déond from the wood and slip away from the GFRP hoodpgure 4.17e).
Contrarily, specimen R62 failed in simple tension at midspan in the second last tension laminate
(Figure4.17b). A closeup of the tension damage is showririgure4.17d, where it is shown that the
tensile failure caused horizontal shear failure planes at the ictiersef the laminated={gure4.17d).

Figure 4.17 shows the impact of the hodatal shear failures at the transverse hoop location. The

lighter colour in the GFRP hoop implies the fabric was engaged and resisted the breakout force (i.e.,
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contained the failure and prevented the debonding of the longitudinal reinforcement). Both R6
specimens were able to contain their damage within the hoops, however, the slipping of longitudinal

GFRP reinforcement could not be avoided in either test.

Y

(e) Tension face of R61 (f) Shear region damage for R&
Figure4.17 - Representative Failure Mode for Reinforcement Scheme 6

Figure4.18 shows the observed failure mode for reinforcement scheme 7. R7 beams experienced early
signs of FRP buckling in compressidfiqure4.18a), followed by tension failure in both the wood and
FRP EFigure4.18b). The damage for specimen-BZ was localized to the midspan of themam, where
the beam first experienced compression fol&guyre 4.18a) and tension engagement of the
reinforcementigure4.18b). The addition of load amplified the damage and further engaged the FRP
away from the failure zond-igure4.18c). Upon termination of the tests, the specimens were passed
through the bandsaw in order to visually identify the wood damage inside the confinement
reinforcement. As shown iRigure4.18d, the wood damage is localized to a single plane experiencing

some compressions folds and tensile fibre failures.
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(c) Ultimate failure for R702 (d) R7-02 dissection
Figure4.18 - Representative Failure Mode for Reinforcement Scheme 7

The failure modes observed in reinforcement scheme 8 were similar to the modes observed in scheme
7. Both R801 and R82 beams initially started failing near theft-most point loadKigure4.19a and
Figure4.19%). The natural variability of the material and the-pirpported spreader beam emphasize

the weaker locations on the beam. Once the failure plane is initiated (within the two load points) and
the load amplifies, the displacement increasesiHmidamage on the wood remains within that initial
plane. Negligeable wood damage was recorded on specim@i RE8gure 4.19c), where larger
compression folds and tension rupture was apparent on specir@h(Rfure4.19d).
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(c) R801 dissection (d) R8-02 dissection

Figure4.19 - Representative Failure Mode for Reinforcement Scheme 8
The representative failure mode for R9 beams is shoviaigure 4.20. Both specimens tested failed
due to crosgrain tension stresses that initiated from a knot locatidin the extreme tensile
laminates. Specifically, for RO2, a knot near midspan created a zone of-tégkion perpendicular to
grain which ultimately failed the specimelidure 4.20a). As the load increased, the crgsained
failure propagated to a splintering failufeéiqure4.20b) dwe to the confinement effect of the tension
reinforcement anchors (i.e., not allowing the failed glulam to extend away from the specimen). It should
be noted that the horizontal confinement action induced a horizontal shear failure once the member

reached &ertain pospeak displacement.

\ j J ‘:ig.t‘ j;"* L s
(a) Midspan tension failure for R82 (b) Closeup of splintering damage for R®
Figure4.20 - Representative Failure Mode for Reinforcement Scheme 9
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Figure4.21 depicts the failure modes for reinforcement scheme 10. SpecimedlR&ded in tension

at the lecation of a knot near the point lodeidure4.21a). The increase in load and displacement helped
spread the tensile failure to th@dspan of the beamndengagedhe FRP fibres ugo tensilefailure

(Figure 4.21c). Specimen RX02 failed in horizontal shear and cragsin tension simultaneously

(Figure 4.21b). The location and source of the initial failure subjected the FRP anchor/shear
reinforcement to high stresses and engaged the fabric up to the compression face. As the load increased,
the stresses followed suit and formed a stress concentration in the FiRE bidhe edge of the beam

(i.e., joining the compression and side face). The ultimate failure was achieved when the stresses in the
FRP positioned on the side faces exceedelihtiiteof the materiabnd tore off the beankrigure4.21d).

() R1001 (d) R1602

Figure4.21 - Representative Failure Modes for Reinforcement Scheme 10
The failure mode for the 69 x 160 x 2280 fimeams reinforced with longitudinal unidirectional sheets
and bidirectional transverse hoops (i.e., reinforcement scheme 11) is shigared.22. Both R11
beams initially failed in a splintering tension fashion, with the extreme tension fibres rupturing and
pushing out onto the tension reinforcement. As showsigare4.22a, the initial tension wood failure
ruptured the bond between the reinforcement and the glulam near the failed area. As the load increased,
the splintering tensn failure amplified, creating a visibly damagedosssection containing
compression folds and complete rupture of tensile fibFégu(e 4.22b). The unidirectional GRP
reinforcement (applied longitudinally on the tension face of the glulam beams), did not yield due to the
initial debonding at failure. The transversely applied GFRP hoops contained the tension strip and
prevented total delamination from the glulam. Heamre as the midspan deflection continued to

increase, the tensile stresses on the reinforcement strip caused significant Shigpaegé22c depicts
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the slipping behdour of the longitudinal reinforcement, where the reinforcement was initially placed
underneath the outermost hoop and ended up near the innermost hoop.

(b) Ultimate failure of R1401 (c) Slipping of FRP on the tension face of RIA
Figure4.22 - Representative Failure Modes for Reinforcement Scheme 11

The representative failure mode for reinforcement scheme 12 is shdwguie4.23. The six layers

of bidirectional tension reinforcement containing tapered confineiméme shear regions allowed both

R12 beams to fail in simple tension. The initial tension failure occurred at the location of a knot found
within the tensile laminates of the glulam beams. The tension reinforcement located in-iheriaioyiy

stress reign of beam R1:D2 provided adequate reinforcement, causing the tensile failure to occur at a
knot on the second last laminatéigure 4.23a). The horizontal confinemeprovided by the shear
reinforcement confined the tensile failure to the middle of the beam, allowing the initial tension failure
to propagate through the depth of the beam instead of across to the shear and supporfiggiens (
4.23b). The brash tensile failure of the outermost tensile laminate along with the compression folds
located along the significantly damagesssection is shown ifrigure4.23c. The increase in load

and displacement forced the tensile rupture of the reinforcement fibres, generating yielding and
delamination damage within the hithending stress regiofigure4.23b andFigure4.23c).
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i
(b) Ultimate failure of R1201 (c) Closeup of damage for R122
Figure4.23 - Representative Failure Modes for Reinforcement Scheme 12

4.4 Flexural Performance of Glulam Beams

4.4.1 Unreinforced Glulam Beams

The bending test results for the unreinforced glulam beams are presefiagoléd.4. Pnax is the

maxi mum f or ce r ec opmsieedualldoythe stfin@ot displacenent at the time of
maxi mum | oad.mxahemnsiepresent the Jargett tensile and compressive strains
recorded during the test. It should be noted that the strain readings were commonly lost past the initial
peak in load (e., at loads greater thamk). The modulus of rupture (MOR) was calculated based on

the maximum load (R and the beam geometry (e.g., span length, @estsonal dimensions). The
bending stiffness (K) was calculated as an average of the stiffndds@gsed from the 10% t40%

range of the maximum load. Distinct stiffnesses were calculated using the resistance curve, strain gauge
datg and the shedree deflection measurements.
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Table4.4 - Summary of Féxural ///menfmced Beam/

I - /U e

U-01 27.9 26.4 -40.3
uU-02 30.8 29.3 . , , -61.
U-03 36.8 24.3 .3
uU-04 36.8 23.3
U-05 31.9 29.8

Average 32.8 26.6

St. Dev. 3.5 2. 6

cov 0.11

@Maximum load resistance
¢ Modulus of rupture
€ Maximum tensile strain
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[Figur®4.24 - Resistance Curves of Unreinforced Glulam Beams
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4.4.2 Reinforced Glulam Beams

Table 4.5 presents the summary of the bending test results for the nine reinforced glulam beams
statically tested in reinforcement Stage 1. An increase in maximum lgajldRd stiffness (K) can be

observed for most of the reinforced specimens. As previously stated in ge8tmll stage 1 beams

failed in shear, indicating thatehincrease in overall strength resulting from the reinforcement schemes
developed came at the expense of the failure mode. The addition of reinforcement prevented the failure
of wood tensile fibres observed during the unreinforced beam tests, which eilfinmatreased the

shear stresses on the specimens. The shear stress increase resulted in even more brittle failures than the
flexural failures experienced in the unreinforced beams. The ultimate tensile and compressive strains

were recorded within the liae portion of the resistance curve.

Table4.5 - Summary of Flexural Test Results of Reinforced Beams in Stage 1

O,maxd x 10 Q,maxe x 10 LokRP,maxf X

Specimen ot P e umm) ‘ 10
(mm/mm)  (mm/mm) (mm/mm)
Unreinforced [100Y 32.8 26.0 1,702 47.9 -49.3 -
R1-01 [100] 321 12.8 2,544 31.2 -25.0 384
R1-02 [100] 35.2 241 1,783 54.3 -65.7 -
R1-03 [100] 36.8 19.5 2,082 45.3 -44.0 68.6
Average 34.7 18.8 2,137 34.7 -44.9 53.5
R2-01 [100] 44.4 27.4 2,459 58.2 -19.1 66.7
R2-02 [100] 50.0 25.8 2,499 44.1 -57.4 62.2
Average 47.2 26.6 2,479 51.2 -38.2 64.4
R3-01 [100] 42.9 21.5 2,277 45.0 -45.2 52.4
R3-02 [100] 39.6 29.1 1,976 59.4 -30.5 72.9
Average 41.2 25.3 2,126 52.2 -37.9 62.6
R4-01 [100] 46.8 35.1 2,259 42.6 -63.9 62.2
R4-02 [100] 46.9 19.5 2,844 39.1 -35.9 46.2
Average 46.8 27.3 2,552 40.8 -49.9 54.2
@Maximumload resistance b Displacement at aximumload
¢ Bending stiffness ¢ Wood maximumtensile strain
dWood maximumcompressive strain € FRP maximumtensile strain

9 Average values of unreinforced beams

The bending test summary for the remaining sixteen reinforced beams tested in reinforcement Stage 2
is presented ifTable4.6. The summary table includes the resuftthe 69 x 160 x 2280 mh{R11 and
R12 beams) which cannot be compared to the smaller 69 x 100 x 135&inreinforced beams

averaged at the beginning of the table. An increase of both strength (MOR) and stiffness (MOE) is
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generally observed for the reimfac e d

beam Ad6s,

r el

ative

to the

unr €

R7 and R8 beams experienced the largest increase in strength and stiffness, corresponding to 1.76 and

1.75 times that recorded for the unreinforced beams, respectively.

Table4.6 - Summary of Flexural Test Results of Reinforced Beams in Stage 2

Pmaxa

(p’,maxb

Lj,maxd x 10 L‘l,maxe x 10 LOJZRP,maxf X

i c 4 4 4
Specimen (kN) (mm) e mm (mm/mm)  (mm/mm) (mr%]?mm)
Unreinforced [1007 32.8 26.0 1,702 47.9 -49.3 -
R5-01 [100] 40.3 26.7 2,327 44.8 -11.4 59.8
R5-02 [100] 40.0 27.4 2,486 42.4 -27.8 56.7
Average 40.1 27.1 2,407 43.6 -19.6 58.3
R6-01 [100] 35.0 154 2,344 55.3 -26.9 70.9
R6-02 [100] 36.9 16.8 1,855 36.4 -38.0 40.3
Average 35.9 16.1 2,100 45.8 -32.4 55.6
R7-01 [100] 56.6 36.2 2,471 60.7 -43.5 70.9
R7-02 [100] 49.8 31.9 2,694 52.2 51.3 55.9
Average 53.2 34.0 2,583 56.4 3.9 63.4
R8-01 [100] 58.2 26.4 2,641 107.2 -45.2 -
R8-02 [100] 58.8 25.9 2,641 63.8 -34.8 69.4
Average 58.5 26.1 2,641 85.5 -40.0 69.4
R9-01 [100] 36.4 25.5 1,855 45.4 -45.6 55.2
R9-02 [100] 324 215 1,637 45.4 - 48.8
Average 34.4 23.5 1,746 454 -45.6 52.0
R10-01 [100] 47.2 31.8 2,385 52.4 -37.5 -
R10-02 [100] 44.3 36.2 1,921 61.1 - 80.3
Average 45.7 34.0 2,153 56.7 -37.5 80.3
R11-01 [160] 62.9 36.2 2,059 60.1 -43.8 -
R11-02 [160] 60.0 36.8 2,117 56.8 -48.1 51.7
Average 61.4 36.5 2,088 58.5 -46.0 51.7
R12-01 [160] 63.8 36.2 2,134 63.1 -44.5 -
R12-02 [160] 67.7 35.9 2,245 56.7 -42.6 59.7
Average 65.8 36.0 2,189 59.9 -43.5 59.7

aMaximumload resistance

¢ Bending stiffness

dWood maximumcompressive strain

9 Average values of unreinforced beams

b Displacement at aximumload

¢ Wood maximumtensile strain
€ FRP naximumtensile strain
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4.4.3 Effect of the Reinforcement Configuration

The resistance curves corresponding to the reinforced beams in Stage 1 are $tigune 4125.
general behaviour of the beams contains similatiiatstem from the failure mode. Simila
loads are observed iRigure 4.25a andFigure 4.25b, with the main difference bei
stiffness increase of the beams reinforced with four layers compared to the bg reinforced with only
two layers of GFRP raforcement. The horizontal shear and stress concepfyédtion failure occurred at
comparable loads, explaining the small variances in maximum loads/|He reinforcement was able to
prevent the wood tensile failure observed in the unreinforced b ver, thancreased tensile
strengthwas accompaniedh another sudden failure mode. resistance curves also visually
demonstrate the brittle ultimate failure, having a linear beg¢iour up to maximum load with no post

peak resistance due to significant damage.
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Figure4.25 - Resistance Curves of Reinforced Beams in Stage 1

Figure4.26 depicts the twelv§l00] beams tested in stage two, grouped based on their reinforcement
configurations. R5 and R6 beams, containing unidirectional tensile reinforcement and transverse hoops,

were observed to behave linearly up to maximum lo&igufe 4.26a) and failed suddenly in a
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combination of shear and flexure. The-85 specimen, indicating a lower riming stiffness in
comparison to the group was deemedaathier based on a large knot located on the tensile face of the
beam. The resistance curves for the specimens containing full confinement reinforcement are grouped
in Figure4.26b. The four beams, displaying virtually identical bending stiffne$sgaire4.26b), differ

from oneanother based on their initial failure mode-6, the only specimen failing in flexure at the
midspan of the beanis observed to fail in a more ductile manner when compared to the rest of the
group. The flexural failure (i.e., specimen-B2) showedthe best pospeak behaviour, capable of
resisting larger loads at greater displacements. The fully confined specimens that failed in shear were
able to resist larger load§&iQure 4.26b). The Rax increase came at the expense of the-peak

capabilities, with sheared memhgrs displaying
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