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Abstract

Wood structural elements are gaining popularity of use through greater availability of engineered wood
products and a more sustainability focusedstruction industryStringent modern codes and extreme
load casege.g., blast, impacthave prompted efforts to improve the performance of wood structural
elements through rehabilitation and retrofit using fiteimforced polyme(FRP)compositesPrevious
research has primarily focused iomproving the flexural perfamanceleadingto the investigation of
reinforcement arrangements where elements are wrapped by transverse composites, which also
reinforces the compression zo@m the other handesearch into the material behaviour of wood under
parallelto-grain compession as reinforced by transveFs®Pcomposites is sparse

Therefore this study is undertaken in order to teseinforced and reinforced wood specimander

static compression loading paraltetgrain up to large strains, to establish the mateédlaliour.
Varying orientations and thicknesseggtdssFRP (GFRP)composites were applied to investigate the
effects of fibre angle and reinforcement quantity on the behaviour of the timber spechnens.
experimental program investigiag the behaviour ofhirty-six 140 x 140 x 685 mr$prucePine Fir

(SPB No. 2 column specimensas developedhere thirtyspecimens weneinforced withtransverse
orientedGFRPcomposite®n the full length of the specimen

The results found reinforcemeptovided by GFRPcomposites improvedhe peak strength, and
stiffness. Major improvements were seen in sk behaviour where reinforced specimens retained
greater strength to higher strairfailure modesinvolving longitudinal splittingwere eliminated
amongtreinforced specimens, arlide damage was localizéd a smallrea of woodtharacterized by
wood fibre crushing. The thinneseinforcement arrangementsovidedleast improvement;asnples

with other arrangements performed similarly on average despite increbgikigess regardless of
glass fibre orientation. The ability of the GFRP compesiteremain relatively intact and bonded to
the wood specimen appears to be critical in strength retention and superipegdobehaviour as well

as in localizing damagé&ffectively reinforced specimens behave as though comprised of clear wood

rather than wood with defects present.
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CHAPTER 1

Introduction

1.1 Research Needs

Concernsrelated to the impact oflimate change on the environmehts increased the need for
sustainable pices in constructianAlso, the largeravailability of engineered wood products has
prompted greater interest for incorporating wood in larger structures Brgck Commons,
Vancouver, John W. Olver Design Building, Amherst, Origine, Québec Cityhg8trt requirements

of modern codes and standards along with extreme loading (e.g., blast, impact) have prompted efforts
to improve the performance of both existing amelv wood structures through rehabilitation or
retrofitting using fibre-reinforced polymea (FRP) compositesFRP composite are onepossible
reinforcementsolution due totheir hightensile strength, low weight, and very simplpplication
methods. They aradesirableretrofit alternativefor both insitu application and member desifgn a

wide range of structures including concrete and wood.

In terms of application to wood structureBRPs havetraditionally been used to rehabilitate timber
bridges due to existing damageincreasedrequencyand highewalueloadsof modern vehicledn
addition, hiilding tallerwood structures has led researcheinvestigaeé the use dfFRP as aneans to
improve the performance of wood structural elemeagainst extreme loading (e.g., seismic, blast
impact) As codes allow for larger wood structures the actual loads to be resisted by wood structural
elements increase accordingly, leading to the need for reinforced mewleosigh the Canadian
blast design statard (CSA, 2012) includeaguidelines or the use oFRPcomposites aa retrofit for
reinforced concrete and masonry elemedesign guidelines fowood structural elementare not
included Recent research efforteave shown that the addition glassFRP (GFRP)contributes to
significant performanceenhancemestfor wood light-frame walls Battelli et al 2021), cross
laminatedtimber LopezMolina and Doudak, 2039and gllam (Lacroix and Doudak 20E8 2018b
and 2020) Although there is a lack of experimental research into the behavioBR&freinforced
glulam subjead to extreme dynamic loads an extensivebody of knowledge pertaining to
strengthening wooldeams using FRPs under static loadiogsexist

Researchers ha¥ecused on increasing the flexueald sheastrength, stiffness, and overall ductility
of woodmembersFor glulam structural elements, significant work has been done to establish material
properties [Fox, 1978, Moody et a) 1983, Xiong, 1985, Plevri& Triantafillou, 1992and1995, Lee
& Kim, 2000, Davids et al2008 Raftery & Harte, 2013, Yang et al., 2016, Lacroix & Doudak, 2P18
as well as their behaviour under environmental lcads$h aswind and earthquakeB(ichananand

1



Fairweather, 1993Bjertnaes and Malo, 20)4Plevris and Triantafillou (1992)nvestigatedthe
behaviourof clear wood reinforced witbarbonFRP (CFRP)bondedsheetsandreportedimproved
performance up toeinforcement ratio®of 3%, while further reinforcementid not provideany
significant increases iftexural strength capacityLindyberg andagher (2012) developed a nlmear
probabilistic modelising momenturvature analysiand Monte Carlo simulatioto analyz glulam
beams in beridg reinforced by FRP tension elementéie authors showed a reinforcement ratio of
3% using simple tension reinforcement increased bending strength more tharRbb@yy.and Harte
(2013) developed nelinear finite element modeling that adequately cegutitheflexural behaviour
of GFRP reinforced glulam membeihe major drawback in using simple tension reinforcement for
wood in flexure is partialor full-length debonding when the extreme tension fibre of the wood fails,
as shown by several studi@orey and Cheng, 1996; Sonti et al., 1996; Hernandez et al., 1997). Johns
and Lacroix (2000) investigated the effeof a U-shapedunidirectional GFRP and CFRP tension
reinforcement on sawn lumbemd foundthat using thesimple transformed sectional analysis
underpredictedhe performanceFurthermorethe improvements due to FRP weneported to be the
greatest for the weakest wood specimehich was attributedo the phenomenon dfRP bridging
defects in the woodhe ktterfinding was alsaorroborated by other researchers (Gentile et al., 2002;
Lacroix and Doudak 20H3 2018b& 2020).Buell and Saadatmanesh (2005) investigated the sffect
of wrapping timberbridge girderswith bidirectional CFRP. They foundflexural performancewas
improvedandin additionsignificantincreasen the horizontal shear strengtlere observed.acroix
and Doudak (2020jemonstrated that the use of bidirectional FRPs resulteakiility ratios ranging
from 2.37 3.6and proposed two-step approacto predict the resistance curves of the FRP reinforced
beamsAlthough thér material model can predict up to paasistance, it is unable to predict the post
peak resistance due to a lackaghaterial model for theompessive behaviour of wood when wrapped
with FRP (i.e., confined behaviour).

Despitethe numerous studies investigating the flexural behaviour of wood members reinforced with
FRP, little research has been conducted on the compressive behaw&Rreinforced members to
be used as input for flexural momentrvature analysig\pplications are limited largely by the lack of
research into the mechanics of the behaviour and reimsterialmodels.Thus the investigation of
the effects of FRP conagites on the compressive behaviour of wood structural products has become
of interestwithin the research community developan FRPreinforced compressiwmaterial model
which isrequired as one of the primary inpaf momentcurvature analysjgo predict the flexural
response of FRReinforced membersThe current study contributes to this field of knowledge by

testing FRP composites applied as transverse wrapotbsquare timbecolumnsunder paralleto-



grain loading The effects of differenfFRP fabricfibre orientations and wrap volumes on the
compressive stresdrain behaviour are investigated.

1.2 Research Objectives

The overarching aim of this research program mstess the effects GFRPtransverse wrapon the
parallelto-grain compressive resistance of short timber colurih® purpose of the studg to
determine whethethe standard grallel-to-grain compressive modelling of unreinforced wood is a
reasonable baseline farood reinforcedwith GFRP trasverse wrapsDetermining the extent of the
effects of the transverse reinforcement on qualitative behaviour féikire modes and damage
sustained) as well as quantitative behaviour, @eessstrain) will provide a basis for further, more
specificinvestigation and possibly identify shortcomings of wood modelling for other applications such
as flexural reinforcement with transverse or bidirectional GFRP.

More specifically, the researapecificobjectives are to:

1. Investigatethe paralletto-grain compressive behaviour of short timber colummken
reinforced with externally bonde@FRP wraps consisting of different fabric orientationd
quantity of reinforcement.

2. Evduate the observed failure modes of the control and reinforced specimensdandrment
the various levels of damage.

3. Compare theesearch findings and suggest behavioural enhancements where necessary.

1.3 Scope

These research goals are met through the following steps:

1. A detailed literature review on the behaviour of wood material umpdealletto-grain
compression and the state of research into FRP reinforcement and retrofit of wood structural
elements

2. Determine the base propertiesshiortcolumnspecimensvithout GFRP wrap by testingjx
unreinforced specimens

3. Wrap fullsize short olumn specimens, varying number of layers providedarimhtation of
GFRP provided;

4. Test a total of 30 reinforcegzhortcolumns under standard compression load methods

Analysis of the results of the control and wrapped specimen tests



1.4 Structure of Thesis

This chapteprovidesan overview of theéopic, and establishes the need for research, objectives of the
research prograpand the scope of the woithin chapter 2a detailed literature revief@ecusingon
existing research into FRP as reinforcenfentwood structural elements presented, also covering
general information pertinent tthe two materials of wood and FREhapter 3 describes the
experimental methodology employed in this research, as well as a summary of the specimens and
materials testedThe results of the experimental program, both quantitative and qualitative, are
presented inChapter 4 Chapter 5then discusses the experimental results highifghthe most
significant observations and the overall impact of GFRP reiafoent on properties and behaviour of
the sort columns Finally chapter 6 provides the conclusigrss summary of the most significant
findings of the researaliork andproposes future worthat this study could lead to.

In the appendices detailed resutif testing for each individual specimen are foungpéndix A
providesdetailed test results for the control specimens (i.e., unreinforced) incltidirigdividual
stressstrain curveversus the average of the gram the progression of failuppendix B provides
detailed test results for the reinforced specimens including the individuatsinaisscurve versus the

average of the group and the progression of failure.



CHAPTER 2

Background and Literature Review

2.1 General

The increasing use of timber and engineered wood produdssderstructures, the decay and damage

of existing wood structures, and the stringency of modern design requirements led to great interest in
the potentiabf reinforeementalternativeto improve the mechanical properties and behaviour of wood.
Fibre-reinforced polymer (FRP) composites have recently becoare interesting alternative for
retrofitting and strengtheningpplications due to tlireworkability andease oinstallation versatility

of form, durability, light weight, and high strength.

2.2 Wood as a Construction Material

2.2.1Wood Properties

Wood is an orthotropic material with distinct mechanigabpertiesin the longitudinal, radial, and
tangentialdirectionsrelative tothe fibres and their arrangementainnial growthrings (Ross, 2010)
As a viscoelastic materiahe mechanical propertiesf wood are alscaffected by load duration and
load rate, and subject to the effects of creep and fatigue t{ime-dependent)Figure 2.1showsthe
relative bending strength of wood as a function of maximum load duratiemethe time of a standard
duration test is indicatett.is clear in the figure thdibr loads ofshort duratiori.e.,less than 5 minutes)
the material hassignificantly increased strengttompared tovhen loaded irstandard static testing
duration (i.e., approximately 10 minutes)Studies have demonstrated thaeep effects play a
significant role for long duration loads (e.gears)where the strength capacity of the material
approaches only 560% of its standard duration test stren@heyer et al., 2007; Ross, 2010)
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The behaviour oflear woodi.e., wood with no defects} significantly differenfrom the behaviour
of lumber and timber membesizestypically used in constructiofi.e., containing defectsand
generally exhibits higher properties due to the absence of defeeténclusion ofunknown defects
adds to the complexity ofleterminingwood mechanical propertigBarrett and Lau, 1994; Breyer et
al., 2007; Ross, 2010 fact, the presence of knots due to the growth of branches is accounted for in
the design of structural members with large volumes by a capacity reduction factor that corresponds to
the statistical likelihood of a controlling defect being presen®(O86, 2019). Flexuralfailure of clear
wood membes is commonlygoverned by wrinkling of the fibres on the compression $ige,
compressive failurewhereagension failure is typical for lumber or timber members in flexase
shown in Figures 2a t02.2d (ASTM, 2014) Otherless commotypes of failure for lumber and timber
include compression (Fig.Z) and horizontal shedFig. 22f) (ASTM, 2014)



— ‘F—_.______.-
—
(a) SimpleTension (Side&/iew) (b) CrossGrain Tension Gide View)
(c) SplinteringTension Tension surface) (d) BrashTension TensionSurface)
0
(e) Compression (Sidéiew) (f) Horizontal Shear (SideV/iew)

Figure 2.2: Types ofFailure in Static Bending
"Reproduced frorASTM (2014)

Compared tcsteel orevenconcrete the properties of wood material angghly variable due to
circumstances of the natural environment asviculture Factors during growth including
temperaturelength of growing seasorsndwater availabilitywill alter the material properties such as
density, grain anglgndarrangemenand frequency of brancheall of theseare criticalaspects that
affectmechanical properties of lumber. The location of the wood withircithgssection of tharee
also has an effectvood nearest the centre or pith of the tralso known as juvenile wood, has
significantly different propertieBom mature woodt the perimeter of the tree
Lumber is therefore sorted by ratings or grades basgsoalinspectionor by nornrdestructive testing
methods(i.e., machine stresmted, machine evaluatedfhese represent a minimum standard the
specific lumber product haghieved based on its intended use, size, quality, and spEaegrades
of lumber areassigned at lumber mills by certifieaspectors andretied to design properties within
the Engineering desigin wood(CSA 086, 2019based on extensive test déBarret and Lau 1994
Machine stressated MSR) lumber isoften used where a tighter tolerance on the variation of properties

is desired For exampleMSR lumber lamellae are employed in the creation of glulam beams.

2.2.2Flexural Resistance of Wood

The momentcurvaturerelationshipof a wooden member can be described usiegtensile and
compressiveonstitutive material relationshifyhe model foflexural behaviour of wood proposed by

Buchanan is shown in Figure32.
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Figure 2.3: Model Proposed byBuchanan (1990)
"Reproduced fronBuchanan (1990

The behaviour of wooth tensionparalletto-grainis linear elastic as shown the lower half of
Figure 2.3aasoppasedto the nodinear behaviour of the material @ompressiomaralletto-grainin
the upper halfTheparalletto-graincompression betviour of wood as modelled in Figure 2.38nsar
to a proportional maximum stress lingll}, f.), with a linear descending branttereafter Above the
point of yield strain, crushingr buckling of fibres takes place with residual capae/shown irthe
compression stress block in the upper half of Figure 2.3b.
While the model of tensioparalletto-grainis straightforward and we#stablished, separate models
for the behaviour of wood undparalletto-graincompression have been suggestedaagidlen model

is not necessarily universally applicable.

2.2.3Wood Compression Parallel-to-Grain

The stressstrain behaviour of wood undparalletto-graincompression loads is ndimearfor which
modelsdescribingthis behaviour have evolved over more than a hundred years. Without performing
and presenting an exhaustive review of all models suggested, a subset is covered here which provide
context to observations and results of this study. Figuweshows graphical repsentations of the
stressstrain relationships fahesemodels.



Stress Stress Stress Stress
A A & 4
b S el
: -.“__ Er = tan B i s
E=tnf i E :
B tan'E E €1 1
- A : - 1 > ; P
Strain Strain Strain Strain
(a) Neely (1898) (b) Malhotra (1970) (c) Glos (1978) (d) Buchanan (1990)

Figure 2.4: Models for Parallel-to-Grain CompressionStress-Strain Behaviour of Wood
*Reproduced fronLau (2000
The earliest and arguably simpl est m,owchiehl i s N
captures the initially linear elastic behaviour and suggests a plateau of maximum capacity at the point
of plastic behaviouMalhotra and Mazur (197®)vedigatedtwo by four specimens @&astern spruce
both clear and including defectsr compressivebuckling strength proposingthe stresstrain
relationshipas given inEquation2.1.

P~ TR ”
. > 2.1
,O:)ooCJ, p wIQd Ip 0

where- is strain,, is stress,Qis maximum compression stre€istheYoungo6és modul us or
of elasticity (MOE), andvis a shape parameter

Unlike the previous two researchers GI o0s 6 model ( 1 %rveBignsivesat sftedd er i v e d
data oftimberwith measured defectandis uniqueto all models presented haredefining multiple
critical strengths of the peak armsymptotic plateau Equation 2.2describe G| o prdposed
relationshipusinga polynomial of seventpower, the four parametetthered are given in Equations
2310 2.6.



j- "00-j-

: _ 2.2
" "0 "00-j- ‘00-j -
° . 2.3
@O00p "QQ
0O pjo 24
O pj"Q X 9O 2.5
no noj “Q 26

where, is the stress, is the strainOis the modulus of elasticityQis the maximum compressive
stress as before for Mazur and Malhotrajs the strain at maximum stress dfids an asymptotic
compression stress for large sttain G| o0s 6 parameters wer eregssibni ned u
techniques tdit his experimental datd. he adv ant a g eisthaffitis @dreveprésentatvd e |
of the real behaviour aheir specimensncluding at large straf) however the material dependent
parameters need to be calibrated for every data set

Bazan (1980kuggested refinementstothe bi near appr o a toladagt the phastie | y 6 s
behaviour fronperfectelastoplastic t@ linearfalling branch Bazan assumedetslope of the falling
branch as an arbitrary variabBea z amor& was further refined by Buchanan (1984, 1990) to describe
the slope of the softening branch as both a constdimé materiathroughout a crossection in flexure
and a ratiofr, of thema t e relastid modulusB u ¢ h a n a n 6 the mosd widely acécegted and
has beemmplementedn ASTM standards for predicting the flexural strength of glulam reinforced with
FRP on the tension sigaSTM D7199, 202D For large straim given slope dhefalling branch might
imply negative or zero stressesh i ¢ h a r ebatdntpradtice suchdazge strains have rarely been
of interest to designer3he majority of research investigates up to the maximum strepgtht and
ignores pospeak behaviour.

ASTM D143 (2014) identifies six primaryaifure modes for defedtee clear wood under
compressionparalletto-grain loading which are crushing, wedge splitting, shearing, splitting,
combined crushing and parafkelgrain shear, and broomin§igures 2.5a to 2.5fillustrate these
failure modegASTM D143 2014.
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(e) CombinedCrushing and
Paralletto-grain Shearing

(d) Splitting (f) Brooming orendrolling

Figure 2.5: Material Failure Modes of Wood in Compression
" Reproduced from ASTM D143 201

The crushing failure mode is characterized by a plane of failure that is approximately horizontal. In
the case of the wedge splitting failure modedgeshaped rupture planes form with a longitudinal
crack at their intersection. Shearing failure is similar to crushing but with a rupture plane angtgé th
degrees relative to the axial load or grain orientation. Splitting failure mode defines th&darof a
continuous longitudinal crack generally parallel to the fibres connecting thgrams$. Combined
crushing and shearirmaralletto-graincommonly occur in wood with a severe angle between the wood
fibre grain and the load and is characteribgdseparate zones of partial crushing connected by a
longitudinal crack. Finally, brooming failure represents the condition where fibres near the end of the
loaded material bend and buckle without rupture and typically occurs when there is higher moisture
content at the engrain of the specimen. Pure splitting, brooming, and combined crushing and shearing
are failure modes typically caused by defects in the wood for structural size specimens. When
establishing the pure compression strength of the maferiaimall specimens, failures of this kind
would be omitted (ASTM D143, 2014)Vood failure in particularsplitting and shearingan occur
suddenly with little residual load carrying capacitinerefore, if the influence of defects could be
mitigated infull-size sawn lumber, more consistent and desirable behaviour as in clear wood might
result. The common use of FRP as tension reinforcefoetitexure has been showto bridge the

defects present in the tension zone, this study will go on to discussdrswverse reinforcement may
11



do the same for defects in compressfdahns & Lacroix 2000Gentile et al., 2002; Lacroix and
Doudak 2018a, 2018b & 2020

2.3 FRP Composites

2.3.10verview

FRPcomposite arecomprised of fibres which are the strong, lkeadrying component and a polymer
matrix which acts as both protection for the fibres and a means of distributing forces. The materials that
comprise these componeifte., the polymematrix, fibres, and any additivea} well as the ratios of
componentsire what determine the properties of the FRP composite in the principal orientation of the
fibres employedAlignment of fibres in one direction createsamposite system with a single strong
axisbut maximizes strength arstiffness and igenerally know asunidirectional fabriclf fibres are
interwoven or laminatedt angles to one another multiaxialsystem can be createdth strength and
stiffness in more than orirection Fibres are provided either as yarns diadsics.Whenfabrics have
bidrectionality,the longitudinal fibres areferred to as th&@ w adrapd the perpendicular fibres the
if iolrl & .Weefguadtity of fibres in the warp and fill directions enumerate which orientations of
the bidirectional fabric should be expectedh&ve superior mechanical properties.

FRPs are very light weight and have both high strength and stiffness, thimteteen gpopular
material for mechanical applicatioircluding aerospace engineeringehicles sportingequipment
and so onTheconstruction industry is now gaining interest and practice in its use as a rehabilitation
and strengthening material for existing materials where small -sext®ns or higher load
requirements demand greater performance of new or existing stru@uoezx.the leading advantages
of FRP is the adaptability of forrand the ease of application. Extrenaiationis possible in the
material form, shapeandpropertieof FRP composite$-abric sheets comprised of fibres can be used
to strengthen existingrsictural elements by surface application and bondingars and plates can be
manufactured andsed innew structural elements as reinforcem@iis study focuses on the former,

theapplication of FRP composite sheets to the external surface of wooblereem

2.3.2Fibre Materials

The fibres which reinforce FRP typically used in the construction indaatrypemanmade or natural,
with manmade being more commonly employdigk to highetensile strength and stiffness properties
and tighter tolerances theredlan-made fibres include materials suchghass, carborandaramid
Natural fibres such dsasalt oplantbasedibresareusedlessoften

GFRP is the most commonly employgwk to its commercial viability and low cost. Fabrication of

GFRP isperformedoy mixing colemanite, limestone, kaolin, and saihe proportion®f the provided
12



congituents creat@arying grades of glagthres Common grades for fileglass include E(ektricat
grade)glass which is low cost and S(strenggiigss (Rglass in Europeyhich provides higher tensile
strength and stiffnes&urther grades include C(corrosiegiass more resistant to chemicals or ions,
T(thermal insulatorglass(a North Amercanvariant of Gglasg, A(alkaline)}glass with little to no

boron oxide, and D(dielectriglass also known as borosilicate glass veilow dielectric constant
(Fitzer et al2000) The weaknegsof glass fibréncludepoor abrasion resistance such that they require
protective coatings during manufacturing, and relatively low stiffness compared to steel or other fibres.

Carbon fibrereinforced polymes(CFRFs) havegreateistiffness, strength, and fatigue resistamate
are expensive to produc&he fibre material is thermally and electrically conductive and has low
thermal expansion, which allou&=RP compositet® be used for applications that exceed the limits of
other fibresPolyacrylonitrile is the most widely udearbon fibre and is classified based on its modulus
of elasticity with classifications of standard (SM) intermediate (IM) and high modulus (HM) as well as
high strength (HS)For some applications including seismic retrofit of concrete columns by FRP
corfinement, carbon is more popular and esi$ective than glass based on its superior properties
(Estrada and Le014)

Aramid and basalt fibres are more rarely usedresearched buare employed for concrete
reinforcement on occasioAramid FRP(AFRP)hasvery low density and high specific tensile strength
in comparison to other reinforcing fibres. AFRP is light weight and has a high impact damage tolerance,
hencdtsbestknown usage is in bullgiroof vests. However, it is extremely sensitive to envinental
conditions and is not always suitable for structural applications.

Figure 26 shows the stresstrain behaviour oGFRP, CFRP, andFRP along with thatof mild
steel.What is immediately obvious is that FR®mpositesre not elastoplastic asld stee) but linear
elastic to the point of rupture although tiématestrength is higher than for mild ste€he modulus
and strength used for the FRP were the average typical values providesl Agnerican Concrete
Instituted &uide for the design ahconstruction of externally bonded FRP systems for strengthening
concrete structureACI PRG440.2, 2017)
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Figure 2.6: Typical Stress-Strain Curves for Common FRP andMild Steel

*Reproduced fromAmerican Concrete Institute (200¢

2.3.3Fibre Orientation

It is the fibres anchored in the polymer matrix which bear the applied loads cprtiposite, and
therefore the orientation of the fibreso6é tensile
the composite as a wholBypically, fibres are arranged to lmiaxial, biaxial, or multiaxialUniaxial

fabric is the most efficig@nfor carrying a single loagarallel to the fabricBiaxial fabrics arrange a

percentage of thgresenfibres in two directions, typically perpendicular to one another, @.& 90°

or +45° relative to thdabric dimensions Multiaxial fabric can havesven further fibre directions

included in the fabric as a whole (e.giaxial or quadraxial), which allows for multiple principal
orientations in which fibre layers directly carry the load

2.3.4Polymeric Matrices

The polymer matrix, also known assin, accounts for anywhere from 8080 % of the composite
material by weightThe primary function of the matrix is distribution of the load between fibres, and
protection ofthe fibres fromexposure to theurrounding environmen©Once set, the matrigrovides

lateral support against fibre buckling and transfers shear stresses through the comosgire
bonding of the polymer matrix is the most effective technique for transferring stress between FRP
reinforcement and wood as it prevents stresaatnations associated with mechanical fasteners
(Custidio et al 2009). Depending on the response of the matrix to heat, it is either classified as a

thermoset or thermoplastic resin.
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Thermoset resinsindergo permanent chemical reactions between polgncbains (i.e. cross
linking) when exposed to heat. They are typically produced in a liquid state before undergoing a
reaction to harden through a curing procédthough there are multiple products of this ey(e.g,
polyester, vinyl estey)epoxy rems are frequently employed due to their excellent properties at the
higher end of the expected temperature range for struckpesies areversatile in their application
due to high resistance to corrosion, chemical attack, and fatlggyssettle at a slower rate than other
resins and are brittle when cured. Epoxies show strong adhesion to dissimilar materials making them a
good generic choe forthe adhesive bond between wood and FRP (Custidio, 2089).A two-part
epoxy resin is empied in this study. Thermoset matrices tend to have better interfacial bonds between
polymeric chains and outperform in terms of mechanical properties when compared to thermoplastics.
In addition,their workability at room temperature and starting liquatestnake them more flexible to
the configuration of the structural fibres (Yan ef 2012)

Thermoplastic resm(e.g, polypropylene, polyethylene, polystyrene) become soft when exposed to
heat to becoma viscous liquid, then resoligifat service temgraturesUnlike thermoset resinno
crossinking or chemical reactions ocgand the process is completely revieles even after curing
There are certain advantages to the thermoplastic system including short fabricatiogreaue,
ductility, ease ohandling and repairgcyclability,and storage lifeHoweverit is difficult to reinforce
thermoplastics with fibres due to the high viscosity (Mallick, 199gpically, thermoplastics are rarely
usedn constructiordue to poor chemica¢sistance, high shrinkage, and durability concerns in addition

to lower stiffness and strengtiian thermosets.
2.4 Previous Research

2.4.1FRP Reinforcement for Flexural Behaviour

The major body of existing research on reinforcing wood structural elements witls FiRFlexural
reinforcementWithin thatrealmof the researghmost studiediave focused oimproving theglobal
performance includingeak strength, stiffness, and overall ductilityvaioden beam$RP asflexural
retrofit is applied as a means bfncr easi ng the beambs tensile cay
compressioryielding mode rather than hrittle tensile failure. The material properties of glulam in
various grades have been established by a very large body of haxki078, Moody et al 1983,
Xiong, 1985, Plevrig Triantafillou, 1992and1995, Lee& Kim, 2000, Davids et 812008 Raftery &
Harte 2013 Yang et al.2016, Lacroix & Doudak2020, etc.)

Plevris and Triantafillou (1992)sed very thin FRP sheets applied as simglgforcement to the

tension face of clear wood in bendifidpe addition ofeinforcement resulted eacompression yielding
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behaviourwith higher reinforcement ratiasxperiencingextensive yieldingtherebycreating a plastic
hinge behaviouwhich correates to an upper limit of bending strength increases achievable with simple
tension reinforcemenReinforcement ratios above 3% did not prowaahy furthersignificant increases

in flexural strength capacity. Lindyberg and Dagher (20@2¢stigated glulam beams in bending
reinforced by simple FRP tension elements and found reinforcement ratios of 3% could itlherease
bending stregth by more than 100%. The authateveloped a nofinear probabilistic model using
momentcurvature analysithat was accuratin predicting the strength and stiffness of the specimens
in the test progranRaftery and Harte (2013ginforced lowgrade glulam beams with FRP plates and
successfullydeveloped notinear finite element modelling (FEMJapable ofpredicing the flexural
responseFurthermorethe researchergported that the level of plasticiéxperienced in the top wood
lamination (i.e., compression) is a function of strength of théottomlamination {.e., higher strength
tension reinforcement leads to moragticity).

The major drawback in using simple tension reinforcement for wood in flextiegotentiapartiat
or full-length debonding whethetension surfacef the wood fails, as shown by several studizsrey
and Cheng (1996) reinforced glulam with GFRP on either the tension face or both tension and
compression faces and notttht the application of tension FRP reinforcement laydgheb e a mé s
neutral axisvhile alsoincreasinghe allowablevoodtensilefailure strain by 10%however, failure of
the extreme tension surface of the wood often caused sudden delamination of the GFRP by shearing
off the extreme wood fibreSonti et al(1996 investigated glidm beamsvrappedwith varying FRP
guantities andabric orientationsand showed that arrangements including transverse fibres were less
prone to debonding and created greater apparent increases to flexural skiénessdez et a{1997)
tested yellowpoplar glulam with GFRP panels affixed as simple tension reinforcement up to
reinforcement ratios of 3% by volume. The authors found that increases in stiffness and strength were
promising, but observations of delamination indicated an improved bondingtstref the interface
was necessary for practical use.

Triantafillou (1997) applied FRP material sheets to the sides of glulam beams as shear reinforcement
and found simple mechanics were satisfactory for predicting resulting improvement, and further that
the most efficient fibre orientation for shear capacity improvement was longitutbhalks and Lacroix
(2000)reinforcedc o mmonl|l y awvkyf babbe (B8wom 1 8 9sections,in wi dt h
flexure with aU-shaped wrap of CFRP or GFRIRidirectioral compositdo improve both shear and
bending capacityThe authors specifically provided increased FRP length for anchorage to prevent
shear delamination failurat the interface ofwood and FRP materials, and matchethforced and
unreinforcedspecimes to mitigatesystemic error due to variability in defect volume and placement
Their resultsfound simple transformed sectional analysias accurate t@alculatestiffness and
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deflectionin bending but underpredictedtrengthincreasesFurther,mprovements due to FRP were
greatest folower percentilewood specimensvhich is attributable to FRP bridging defects in the
tension zone of theood. The higher strength and stiffness of the FRP reinforcement in tension arrested
crack opening of the ¢greme wood lamination, confining locaipture and bridging over weak defects.

It was reportedhat the woodnaterialcould support higher nominal stresses before failBigell and
Saadatmanesh (2005) investigated the eff#fdidirectional CFRP wrapral simple tension laminates

on flexuraland sheaperformancef large solid sawn timber bridge stringefsh e aut hor s6 obse
include: the horizontal shear strength was significantly improved by wrap in addition to bending
strength and stiffness,atprovision of only carbon laminate strips in simple tension allowed for shear
failure below expected strength for the composite section, reinforcement by a single continuous piece
of CFRP wrap along the length of the stringer performed better than oeinfent of overlapped strips
wrapped transverse to the stringer in both flexure and dh&enoix & Doudak 20183 investigated

glulam beams reinforced with FRP for blast loading strain rates. They showbdpdd tension
reinforcement or tension reinforment combined with transverse wrap significantly altered the failure
mode to compressidfrig 2.2e)and brash tensioffrig 2.2d)rather than splintering tensighig 2.2c),

while also limiting damage to a very small region. The same awthovsedthe addiion of transverse

FRP composite wrap to previously damaged glulam beams restorestrinagticapacityandstiffness,
arrested crack developmeand altered the failure mode (Lacroix & DoudzX18b).Most recently,
Lacroix and Doudak2020) showed bidirectional FRPs applied to glulasubjected to dynamic blast
bending loadsesulted in ductility ratios ranginigom 2.37 3.6. Their proposed twstep approach to
predict the resistance curves of the FRP reinforced beams was found satisfactory to dat test
gathered. Although that material model can predict up to peak resistance, it is unable to effectively
model the pospeak resistance due to a gap in the modelling of compressive behaviour of wood when
wrapped with FRP (i.e., confined behaviour).

Thisonly covers a handful of examples of FRP as flexural reinforcement for wood structures, but the
common finding of shifting the failure mode from tensile splintering to compressive yielding is
particularly noteworthy. As several authors have shown, tressWRP wrap around the critical beam
sections is not only critical to prevent premature debonding failure of the FRP at the point of wood
tensile failure but can also provide further benefits from the reinforceametiie compression side

behaviour.

2.4.2FRP Reinforcement of Concrete Columns

FRP composites are widely used as transverse confinement for reinforced dorumetpression. The

impactof FRP transverse confinemet concrete has been studied extensively (Mirmiran & Shahawy
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1997, Teng et 312002 Ozbakkaloglu and/incent, 2013 etc). This body of research may provide
some insight as to factors that could impact the effect of transverse FRP on wood material.
Mander (1988) developed a stresssain model for concrete under uniaxial compressiaddaonfined
by transverse reinforcement as in the casecwffining steel in hoopsFigure 2.7 provides a

vi sualization of Mander 6s model and the effect
generally.
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Figure 2.7: Mander Confined Concrete Model(1988)
*Reproduced fronthe Journal of Structural Engineering 114(8) Page

The strength of concretmnfined by FRRs modelled as a relationship the confiing pressure of
the FRP, even as simply adding to the unconfined strength the confinehpeassure multiplied by
an empirical factorConfinement pressure in the FRP is developed due to the lateral dilation of the
concrete under vertical Posdomration described by the
There are a wide variety of models proposed, as a simple exaampland Teng (2003) propostt
thestrength otircularconcretecolumnspassively confined in fulheight FRP wrap a model given by

Equation 27 as:
Q & Q - ¢O- o
o P g 0

where™Q is the confined concrete compressive stren@§hjs the unconfined strengtiQis the

2.7

effective confinement pressui®, is the elastic modulus ofthe FRH, s t he FRP6s nomi nal
Ois the diameter of the column sectiand- is the actual rupture strain of FRRln@hoop direction.
Figure 2.8 shows a graphical representation of the niodERP confinementroposedy the authors

versus unconfined concrese modelled in Eurocod&N 19921-1, 2004)
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*Reproduced from Journal of Reinforced Plastics and Composites Vol. 22 No. 13 Pa

As a linear elastic and brittle material in tension, the confining pressure of the FRP increases up to a
maximum capacity where catastrophic failure (i.e., fibre rupture) occurs. For some applications, the
FRP composite is pretressed in tension to proeidictive confinement pressure before compressive
loads are applied to the concrete. However, wood material does not experience this dilation effect under
compression. The principal means of wood material to deform is fundamentally different due to its
orthotropic fibrous nature as compared to the isotropic matrix of concrete. Therefore the existing work
in concrete can provide a guide to the general effects that might be seen (e.g., strength and stiffness
improvement, a greater degree of FRP engagemenmt waftierlying material failure, mitigation of
transverse strain and consequent failure), but is unlikely to reflect the actual mechanical changes in
altering wood failure behaviour and stressain relationship.

It has been showthat there is a&ignificart effect on confinement effectiveness lbhanging the
crosssectional shap&Vhereas in a round cresgction the effects of the wranmd confining stresses
are unibrm, a square crossection createstress concentrationslirmiran et al (1998) demonsttad
that the confinement of square cr@estions was less effective than circular cisesstions for
concrete As thehoop strength of the FRP or thatio of the corner radius tavidth of the column

increased so did the relative confinement effigdEquatiors 28 & 2.9:

19



. ¢Y Q
Y o = 2.8
O 0 O
¢
Q 2.9
0

whered 6 "¥s the modified confinement ratit,is the corner radiu&Qis the confinement pressure,
"Qis the hoop strength of the tube aids the thickness of the tub&he expressioI'Q would
represent the circular column confinement presgiven equivalent diameter
Since this reinforcement ratio phenomenon is as a consequence of specimen geometry rather than
material, and somlateral strains are expected in wood, it is reasonable to assume that@sharngd
square wood crossection would receive little to no benefit from transverse FRP wrap., Shose
degree of corner rounding is required to mitigate stress concensfatiche wood specimens in this

study.

2.4.3Compressive Behaviour of FRP Reinforced Wood

B a z an 0 sof compessive behaviowas modified by Buchanan (1990) particularly for the
purposes of flexurabehaviour, and this bilinear model is often referenced in design and research
(Plevris & Triantafilloy 1992, Song et al2007, Lacroix & Doudak201& & 20189. This bilinear
falling branch type of modé$ also the onlyone presenteth this studywithout an apparent steady
state stresfor plastic behaviourSong et al(2007) tested small rectangular specimens without knots
or defects (clear wood) in uniaxial compression whdetwlling for moisturecontentand specific
gravity. Their findings showed that failure mode and shape of the sthess relationship were closely
connectedSong et al(2007)stated thathefailure modes which involved splitting parallel to the grai
were most commarthe author of this thesis observed the ststissn curves of that failure modsost
cl osel y r e p9%8)smdeltSheBrimgzaacciushinmodeswere rardn the results of Song
et al.(2007)andare most closely representecsimpe byc | o(E988a nd Ma [(1I9Wtmodels, s
respectivelyAndré et al (2014) cut small clear wood specimens from logs and glulam beam lamellae
to test in paralleto.gr ai n compr essi on; their findings are
models only.However, it is well established by Barret and Lau (1994at clearwood is not
representative of the behaviour of falze sawn lumber due to the presence of knots, -graés,and
shrinkage or swelling cracks

Available research on the effectstdnsversé-RP reinforcemerior paralletto-grain compression
behaviourof full-size specimenss significantly sparser thaithe vast amounavailable for FRP as
flexural reinforcement.For heavy timber piles under compression, FRP wrap was shown to

significantly improve peak strength and ductility (Kim & Andray2316) ande an effective method
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of restoring flexural and compressive strength through retrofit of damaged sections (E2@dgon
Caiza et a] 2012).Zhang et al(2012) reinforced longitudinally cracked columns with bands of FRP
wrap and found that the columapacity could be effectively restordalong et al(2015) tested square
columns (150nm x 150mm x 500 mm width x thickness x leng}tof pine reinforced with aramid,
carbon, and basalt FRP stirrypad found that maximum strength was increased. Hiedastlidaller
(2010) engineered hollow circular wood column sections and showed that even minor FRP wrap
reinforcement helped prevent buckling and brittle failure behaviour, as well as improving the
compression strengt@@hidiac (2003), Najm et a]2007), anl Song et ak2010) investigated FRP wrap
on small clear wood cylinders and had common findings of improvements to peak strength, ductility,
and strength retention for large straBong et al(2010), Dong et al(2015) and Kim & Andrawes
(2016) resultshowed that while the improvements to properties increased with greater quantities of
FRP,the increase was not proportional to the increase in qua@itpverselyAndré et al (2013)
reinforced small cleawood specimens afquare and debonedshapesvith CFRP sheet® form a
composite sectioparalleto-grain andcompressie loadsrather than as transverse external wrap,
which was shown to improve stiffness, strength, aodtpeak steadystate stress linearly with
reinforcement ratio.

Althoughseveralauthors have investigated the general topic, a systematic approacéstigding
the effects offabric orientation, reinforcement quantity in terms of thickness, and other critical
parameterdas yet to be undertaken

2.5 Summary

Wood structural elementsften require retrofitting in existing wood structures to meet modern
requiremergt, andto satisfy the demands &@fture design workn general One method to strengthen
wood structures is by reinforcement with FRP composites, which can be applied externally to both
existing or new structures.

FRP composites are a lightweight, higrestgth, versatile and easily applied material comprised of
a polymer matrix with embedded loadrrying fibresln construction glass fibres are most commonly
employed they have greater ultimate strength than steel but lower stiffness and generally lower
properties compared to other possible fibres. Fibres embedded in the polymer matrix can be interwoven
or laminated to create fabric composite materials with multiple principal strength orientations.

In flexure wood elements experience tension pardflejrain and compression parattelgrain,
with tension side failure most common for wood elements containing defetgssion, wood is linear
elastic and experiencessudderbrittle failure,while in compression the behaviour is rRlomear with

residualcapacity aftemaximum strengthSeveral modelexistfor the behaviour afinreinforcedvood
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under compression parale-grain beyond the plastic transition point, with the most commonly
accepted and applied being the bilinear falling branch mioolel Buchanan (1990)FRP has been
found to effectively reinforce flexural behaviour when applied as tensile reinforcement, including the
significant result of shifting failure from tension to compression controllsichple tensile
reinforcemenwith FRP has aapparenupper limit of reinforcement ratiseyond whichmprovements
are minimal. Severalresearcherglocumented that abrupt tensile failure and premature debonding
failure were possible if t he Thesecatastrophicoreremafuer c e me
failure modes could be preventeyl somedegree ofransverse FRP composite as a bidioeal fabric
or with a transverse wrap layer for anchoragansverse wrap had added benefits improving horizontal
shear strength and compressive behaviour. The ability to model the behaviour of flexural wood
elements reinforced with transverse wrapiisited, however, by a lack of understanding in the
behaviour of the compression lamellae confined by the FRP.

Although ®me research does exist on transverse FRP applied to wood compression elements, the
approach has not been systemdiikisting researcls primarily dividable into research on largie
timber piles being retrotiéd (Emerson 2004&im & Andrawes 2016, etcgrsmalls a mp |l es t hat a
representative of fulkcale structural elemenf€hidiag 2003Najm et al 2007, Song et al 2010, gtc.
Furthermore, research has not typically been organized with respect to general parameters that affect
the capacity of FRP composites including fibre orientatiodcomposite thicknesas for reinforced
concrete Although a greater field of research ssi for the application of FRP as transverse
confinement for reinforced concrete elements in compression, the results of those investigations must
be reconfirmed as applied to wood material

Therefore this study has been undertaken to provide initial findings that may help guide
understanding compressive behaviour of representatiee material when reinforced with transverse
FRP. Commonly available local lumber grade and GFRP composite productagmg/ed, with some

variation in the composite properties and number of layers applied to broaden the possible findings.
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CHAPTER 3

Experimental Program

3.1 General

This section describes the creation, preparation, and testsig wfreinforced specimerand thirty
GFRP reinforced column specimens subjected to axial compression loAdietpiled description of
the methodologies and procedures employed throughout the research psqgesanted.

3.2 Description of Unreinforced Material

The species dbprucePineFir (SFF) and grade of N&2 or better were selected for the wood material
based on local availabilitffhe emphasis of the research program is to investigate the effects of GFRP
composite wrap on the compressive behaviour of struesimaltimber witmatural defectsThecross
section sizeorderedwas therefore140 mm x 140 mmnearing the upper limit dboth sawrlumber

sizes commonly availablandthereforegrain defectpresentin some instances, the material lengths
were missing small amounts absssection at the corners for portions of the lengthe lumber was
delivered in lengths of,238 mm and stored in a temperature and humabtytrolled environment
Figure 3.1 shows the material stored in the humidity chamber before being cut tuiledrepecimen

length for the experimental program.
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Figure 3.1: Storage of Material Lengths as Delivered

3.2.2Humidity Chamber

At time of delivery the lumber had a moisture content of approximately,2vBtch was very high in
comparison to the typical moisture content espntative of service conditions for wood structures.

The targefor surfacemoisture content was 13% at the time of the tesbrder to create a controlled
moisture loss over a longperiod,Anchorseal®vax emulsion was applied to seal the exposed grain

at the ends of the 238 mm lengths, and the raw lumber was kept in an enclosed humidity chamber on
a drying rack.Due to the orthotropic nature of the material with respect to the organization and
orientation of cells in growth ringthe loss of moisture causes a different relative dimensional change

in the radial and tangential directions, leading to perimeteil¢estsesses that cause cracks on the
faces.The aim of slowng the rate of moisture loss in the wood to a longer period ofisrteprevent

rapid moisture loss at the outermost material compared to slower moisture loss at the innermost.
However, ultimagly the discrepancy between radial and tangential dimensional shrinkage will
inevitably lead to perimeter stresses and create shrinkage cracks. Avoiding the presence of these cracks
completely is not a goal of the study, as the presence of these cresfiegentative of real wood in
servicewhich are seasoned from green and may experience fluctuations in the enviréigueat32

shows the humidity chamber and the -gndin of a typical specimen with shrinkage cracks
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a) HuidityChamber (b) Shrinkage Cracks Prior to Testing
Figure 3.2: Storage Chamber and Differential Shrinkage Splits of Specimens Prior to Test

3.2.3Specimen Construction

From the original 238 mm lengths of lumber, specimens of 685 mm length were fashioned resulting
in a maximum othreespecimens per material lengifhe specimens were first cut using a mitre saw
at aslightly longer length beforalargecircular sawwas usedo ensure thends of the specimen were
flat and parallelThe length of 685 mm was determinedatordance with the Standard Test Methods
of Static Tests of Lumber in Structur@lzes (ASTM D198l4e1l). According to the standardhe
selectedengthshould ensure théihie governing failure mode is not buckling of the column, and it will
not need intermittent or continuous lateral suppdftsavoid bias in the test results arising from
underlying differences in the material lengths, groups of specimens receivingatiegitiforcement
were sourced from separate material lengths

Square corners of the cressction would result in stress concentrations within the transverse GFRP
wrap and cause premature rupture. Theretorpreventhesestress concentrationthe caners of the
square cross section were rounded with a plunger-tandr to a radius of 18m. Then to prevent
the smooth finish of the router from adversely affecting the bond of the polymer moatinie wood
material the rounded cornesurfacesvere oughened using an angle grinder with a wire brush head
attachmentas shown in Figure 3.3. Specimens were returned to the humidity chamber after being
shaped until they could be wrapped in the appropriate GFRP for their test group.
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(b) Wire BrushingRounded Corneto Roughen

R

(a) RoundingCrossSectionCorner with Router

Figure 3.3: Altering Specimen Corners to Mitigate FRP Stress Concentrations

3.3 GFRP Application

3.3.1Summary of Reinforcement Configurations

The GFRP fabric anto-part thermoset epoxy resin were sourced from Simpson Strongtie@e
fabric types wer@ised;uniaxial fabricCSSCUGF27(U) and two bidirectional fabri¢g®newith fibres
at 0° and 90° degre€3SSBGF018(B), andone with fibres at:45° CSSCBGF424(X). For each
fabric, five specimens were wrapped with a single layer angfigeimensvith three layers for a total
of thirty reinforced specimeramong six groupsThe epoxy employed as CSSES epoxy primer and

saturantTable3.1 providesan overview of the teshatrix.

Table 3.1: Experimental Group Summary

Specimen Group GL;%ueFI) FRP Retrofit Configuration
Control C No retrofit
Unidirectional tlayer U 1-layer Unidirectional wrap 90°
Unidirectional 3layer Us 3-layerUnidirectional wrap 90°
Bidirectional perpendicular-tayer B 1-Layer Bidirectional wrap 0° & 90°
Bidirectional perpendicular-yer Bs 3-Layer Bidirectional wraf®°® & 90°
Bidirectional 45° llayer X 1-Layer Bidirectional wrap +45°
Bidirectional 45°3-layer X3 3-Layer Bidirectional wrap +45°

As indicated in Tabl@&.1, fabric U is applied such that the fibres are at 90° relative to thealuwhd
wood grain fabric B such that the fibres are at both 0° and 90° to the load, and fab@épied such
that the fibres are oriented at +45° to the IoHtke dimensions dthe GFRP fabric for a individual
layer were610 mmx 635 mm (lengthx width). GFRP wrap was applied to allow for a 50mm overlap
and 25mm clear distance from each end for hagdcuring, and preventing direct load of the
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composite in testing-or groups U, Bs, and X%, specimens wererapped with three sheets of fabric
such t hat overlapgjdint wasoffsstimedfacdrom the layer aboveOrientation of the fabric
wasidentical for all three layerguring of wrapped specimens occurred at room temperature over a
period of at least 48 hours prior to testiR@ure3.4visualizes the orientation of the fabfibreswith
respect to the specimenis

o))
£ @‘/\/\

D4 W

(@) U & Us (90°) (b) B & B3 (0° & 90°) (c) X & X3 (+45°)
Figure 3.4: Orientation of Fabric on Specimensn Groups U (left), B (middle) and X (right)

3.3.2GFRP Composite Properties

Table3.2summarzes the properties of the cured GFRP compoglie propertiesare forthe principal

orientation of the fibresThe epoxy employed had a neat tensile strength of 36 MPa

Table 3.2: Manufacturer Design Valuesof Cured Two-part Epoxy Matrix and Fabrics

Fabric Fabric Composite Composite Composite
Fabric Label Dry Layer Tensile Modulus of Rupture
(orientation) Weight Thickness Strength Elasticity Strain
(g/m?) (mm) (MPa) (GPa) (mm/mm)
U (90°) 915 1.3 390 23 0.017
B (0°/90°) 611 0.66 310 17 0.018
X (459 814 0.86 261 19 0.014

It is important to observe in Table 3.2 the variation in fabric layer thickness, composite tensile
strength, modulus, and rupture strain among the fabrics. In this study, fabrics were sourced based on
local common use and availability. Sourcing fabriceqiivalent properties with variable orientation

is not feasible nor representative of industlywould also have been exceptionally difficult to cut
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equivalentlysized sheets of a given fabric at varying orientationsrder to use a standard material

with variableorientation andvould have required working on specimens of lesser size.

3.3.3Wrapping Procedure

The twopart epoxy resin was measured to a 2:1 volume ratio and mixed using an eleatrifor a

period of five minutes. The surface of tgecimen on all sides was impregnated with the epoxy resin
mixture using paint rollers to apply a thin even sh@&e GFRP sheets wefest laid flat and
impregnated with the epoxy resin on both sides using paint rollers and rib rollers togamsliegpxy
penetration between the fibr@sg. 3538). The edge of the saturated fabric was fastened to the specimen
with wide wood staple@ig. 3.5b) andvrapped around the specimen hand t{§lg. 3.5c)before the

ribbed rollers wereisedto remove any air ables and ensure bonding between the matg(féds

3.5d) Specimens were checked during the first hours of curing to ensure slack was not developing
before the polymer matrix set hard.

(a) Saturating Surfaces withP2Zart Epoxy (b) Affixing FRP Edge with Wide Staples

- s *,,% /

e o8

(c) Wrapping Fabric Over Prepared Specimen (d) EliminatingAir Pockets or
Slack with Ribbed Roller

Figure 3.5: Application of Epoxy and GFRP Fabrics

3.4 Test Setup

Compressive tests were performed according to ASTM stame®8 14e1(ASTM, 2014)using a
1,500 kN universal test machine (UTM). The tests were straittrolled at a constant displacement
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rate of 1.25 mm/min, with vertical displacement recorded through the use of two linear variable
displacementransducers(VDTs). The majority of specimens were loaded to high strain levels
exceeding 0.07 mm/mm stramcept when specimens becamstableFigure 3.6 shows the test frame
used and a test setup with the aforementioned sensors in place.

(aUTM est Frame (b) Specimen and LVDTSs setup for te

Figure 3.6: UTM Frame and Test Setup Within

Immediately prior to testingin-probe moisture meter readings were taken from thegesid of the
specimen and visual observations made about the specifics of tidermaterial including presence
and locatiorof defects if any. Tests were recorded through the use of stationarlapseevidepand
photography from various locatiorig,addition to the numerical results captured by the UTM control
console.

After termirating the test, damage to the specimen was recorded with observations and photography
before the FRP wrap was removed via angle grinder cuts arfthpsy Damagef the wood material
below the FRP wrap was again observed and photographed before the spegémigcut parallel to
the grain to expose internal damage pattekhthis time pirprobe moisture readings were repeated in
several internal locations to ensure rapid drying of thegeaoh did not skew the understanding of
moisture levels at timefdhe est.Finally, small clear samples were cut from the undamaged portions
of the specimens in order to measoken dry materiatlensity in accordance with ASTM D2395
(ASTM 2017) and ASTM D442 (ASTM 2016) standard MethodABhough the sensors and sample
masses extracted would allow reporting to a tenth of a percentage point, since a comprehensive oven
calibration was not performed, results are rounded to a whole pdtoeas found that the average
moisture content acresall tested specimens was 14% whiebuld be representative standard

service conditions, and the average oven dry density was 375 Wittma coefficient of variation
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(COV) of 0.11 which is typical for the speci€ésgure 3.7 shows the temperatwa@irolled oven used
for drying the small block specimens along with a typical arrangement of specimens being dried.

(a) Drying Oven (b) Typical Sample Arrangementiin Oven
Figure 3.7: Oven Dry Density Equipment
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CHAPTER 4

Experimental Results

4.1 General

The experimental results from the axial compressive tests on the six unreinforced and thirty GFRP
reinforced specimens are presented in this chaptes includes the observed failure modes of
unreinforced and reinforced spexens along with the effects of GFRP on the axial compressive-stress
strain behaviour such as peak strength, ultimate strength, stiffness, and ductility.

The tests on the control and reinforced specimens were caui¢d high levels of deformations
whenpossible and stopped whenever complete failure of the specimen was attained, or when limits of
the recording equipment were reached. Therefore, it was possible for multiple failure modes to be
classified at different times during the teStr consistencyfailure modes are classified based @
combination of internal damage observations from -pesit dissection and the macroscopic failure
mode first observed during testirfgurthermore, in order to facilitate the stregmin comparisons all
graphs presnted in this chapter are presented up to a strain of 0.04 mm/mm. The completdrsiress
curves and failure modes are presented in greater detail for each unreinforced and reinfarced test
Appendix A and Brespectively

The test setup employed sambldata at extremely high rates, then presented an average of the
samples taken at a rate of 8Hz or greater (typically 10Hz). The final data presentedviitipiiothis
chapterhas beemmown sampledo approximatelya rate of 1Hz to peak strength and Blz thereafter
due to the great length of test required to reach significant deformation at standard loadifigerate
markers present in the plot curves serve only to differentiate the specimens visually and are in no way
an indication of recorded points order to establish any average curves for a group of specimens,
linear interpolation to standard strain increments was employed. The plots are not smoothed other than

by any effects of said dowsampling and linear interpolation for these purposes.
4.2 Control Specimens

4.2.1Stress-Strain Behaviour

The stresstrain curves for all six control specimens can be seen in Figure 4.1 up to 0.04 mm/mm strain
along with the average curve for the group. All control specimens are obasrineear elastito peak
strergth followed by a rapid strength degradation which generally attains a pl&teauo rapid

strength degradation and instability in the frame, specimébai@ G 6 were deemed to haattained
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ultimate failure at significantly lower straihoughspecinen G1 did not reach 0.04 mm/mm, its
strengthcurve was of similar shaesC-2 through G4. Thecomplete plots of each specimanefound

in Appendix A.
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Figure 4.1: Average andlndividual Stress-Strain Curves of Control Group
Table 4.1 summarizes tls&ressstrain curves presented in Figure 4.1 where only key parameters are

presented along with their average, standard deviation, and coefficient of variation. The yield point is
defined as the maximum or peak stress resisted by the speéijnand thecorresponding yield strain
() whereas the point denoting the end of the test (i.e., not shown in Fig. 4.1) is defined by the ultimate
stress {ur) and ultimate strain:). As seen in Table 4.1 and Appendix A, there is a high variation in
the ultimatestrain of each specimen. Thus, it was decided to compare the levels of stress at a strain
level of 0.04 mm/mm,( , ) as several control and reinforced specimens had reached an apparent
plateau of strength by that point. Finally, the modulus of elgs{ilOE) was calculated as the slope

of the initial linear portion of the stressrain curve (i.e., prior td).
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Table 4.1: Control Specimers Test Results

a &L = .
Specimen a * ‘ + G T D u « 0m = L
[MPa] [mm/mm] [MPa] [MPa] [mm/mm] [MPa]
C-1 31.6 4.06 N/A 6.6 2.82 8660
C-2 34.0 3.78 18.8 11.5 7.23 10180
C-3 234 4.06 51 5.1 4.04 7220
C-4 245 4.68 5.8 4.2 4.78 6470
C-5 327 5.09 N/A 14.3 0.98 8250
C-6 348 4.06 N/A 13.9 1.38 10040
Average 30.2 429 9.9 9.3 3.54 8470
Std. Dev. 4.5 045 6.3 41 213 1360
Ccov 0.15 0.10 0.64 0.44 0.60 0.16
ai the maximum stress achieved per specimen b7 the strain at the maximum stress value
ci the stress recorded at 0.04 mm/mm strain di ultimate stress, thetress when the test was ended
el ultimate strain, the strain when the test was ended f1 Modulus of Elasticity, the slope in the initial linear elastic reg

4.2.2Failure Modes

Figure 4.2 shows the failed control specimens after testing along wiikva of the crossection
dissected longitudinally. As it can be seen in Figures 4.2a to 4.2f, a variety of failure modes were
observed in the control specimens including splitting (Figs. 4.2a), crushing (Figs. 4.2b and 4.2¢e), and
wedge splitting (Figs. 2c, 4.2d, and 4.2f), representative of fthle size wood containing defects.

In all six control specimens, the presence of defects within or immediately adjacent to the initial failure
location wasobserved; the wedge splitting failures in particulaversally involved a defect located
centrally on the angled rupture plane. It can be seen from specingein Eigure 4.2e, where failure

took place near the loaded end, ti@arrangement and size of defects within the volume appear to be
the controllirg factors for failure location. Generally, damage in the form of wood fibre crushing was
relatively localized to the rupture plane whereas longitudinal cracks and splits spanned between the

loaded ends or from loaded end(s) to the rupture plane.
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(b) Specimen € (Crushing)

(a) Specimen €1 (Splitting)

(c) Specimen €3 (Wedge Splitting) (d) Specimen €} (Wedge Splitting)

(e) Specimen & (Crushing atheend) (f) Specimen & (Wedge Splitting)

Figure 4.2: PostTestDamage andFailure Modes ofControl Specimens

Specimen €2 demonstrated the optimal behaviour after peak strerg#ining significant strength
for a much larger range of strains as can be seen in Figure 4.1 and Table 4.1. The large internal split
seen in Figure 2b in the dissected view for specimen2Gs representative of the final damage state,
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but up to the strain of 0.04 mm/mm plotted in Figure 4.1, the failure was only seen to be crushing.
Additional data and failure progression photos of speciniéhc@n bdound in Appendix A.

Specimens 5 and @6 visually show less damage than other specimens in the same group due to
tests being ended at relatively lower deformations. More specifically, the tests were stopped due to
instability caused by significant crisg near the loaded erid the case ofCi 5 (Fig. 4.2e) and
longitudinal splitting creating separation of the crsesstionin Ci 6 (Fig. 4.2f) which resulted in
especiallyrapid strength degradatioBoth specimens were considei@mpletelyfailed by the point
of test termination.

Figures 4.3a to 4.3e shows a representative progression of the observed damage in §p8cimen
Figure 4.3a shows the specimen prior to the test where it can be seearthatérseveral knots on the
surface By examining the dissected view in Figure 4.2c, one such knot can be seen centrally in the
critically damaged sectiofrailure initiated at migheightplanar withthis defect, in the form of fibre
crushing (Fig. 4.3yvhich evolved to a wedgsplit in the lower half of the specimen (Fig. 4.3c) that is
further amplified with increasing axial deformations (Fig. 4.3d). The final deformed shape is shown in
Figure 4.3e. Additional information regarding the individual failpregression and failure mode
classification for the control specimens can be found in Appendix A.

(d) Damage
Amplification

(a) Prior toTest  (b) Initial Crushing (c) WedgeSplitting (e) End ofTest

Figure 4.3: RepresentativeFailure Progression ofControl Group i Specimen G3

4.3 Reinforced Specimens

4.3.1Stress-Strain Behaviour

Thirty reinforced specimens reinforced with a single layer or three layers of unidirectionalq@#), 0
bidirectional (B), or +45° bidirectional (X) GFRP fabrics were tested in axial compressive tests. The
stressstrain curves for all six groups can bersgeFigures 4.4a to 4.4f up to 0.04 mm/mm strain, along
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with the average curve of the control group initially introduced in Figure 4.1. In general, it can be seen
that the addition of GFRP wraps contributes to an overall improvement in the behavioer of th
reinforced specimens in comparison to the average of the control group through the enhancement of
peak strength, stiffness, and the level of sustainedpaadt stress. The complete stregin curves
of all reinforced specimens can be found in Appeli

The summary of the test results for all thirty reinforced specimens is presented in Table 4.2 along
with the average, standard deviation, and coefficient of variation for all six groups. Similarly to the
control specimens, only the key parametersilgjithe stresstrain curve of the reinforced specimens
are presented in Table 4.2, which includes: maximum or peak stress resisted by the spegimen (
corresponding strain(), stress at a strain of 0.04 mm/mm { ), ultimate stress,( ), ultimate strain

(- ), and modulus of elasticity) (0 ‘D
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Table 4.2: Summary of Test Results forReinforced Specimens

N JL 4
Specimen a * ‘ t G, T Qu s om < - 1A
[MPa] [mm/mm] [MPa] [MPa] [mm/mm] [MPa]
Uil 21.6 2.97 N/A 16.8 3.53 9570
Ui2 26.9 3.86 15.9 11.4 5.99 8350
Ui3 349 5.18 24.6 22.8 7.45 10040
ui4 42.6 6.03 215 20.0 6.25 990
Uis 485 5.48 22.7 20.2 6.27 11110
Average 34.9 4.70 21.2 18.2 5.90 9800
Std. Dev. 9.9 112 32 3.9 1.29 890
Cov 0.28 0.24 0.15 0.21 0.2 0.09
Usi 1l 21.3 2.87 16.8 17.4 6.00 9450
Uai 2 415 3.88 23.4 222 6.32 1250
U3l 3 313 5.15 20.3 20.0 4.29 8830
U3 4 335 4.44 22.7 17.8 6.42 9220
U3l 5 454 4.95 21.8 17.7 5.04 11760
Average 34.6 4.26 21.0 19.0 5.61 10360
Std. Dev. 8.4 0.82 23 1.8 0.82 1500
Cov 0.27 0.22 0.12 0.11 0.16 0.16
Xil 44.6 4.45 16.7 15.2 4.57 11850
Xi2 58.6 5.89 N/A 127 1.82 11830
Xi3 365 4.21 17 133 6.02 10460
Xi4 25.5 4.38 16.2 15.4 7.38 7060
Xi5 44.2 6.13 N/A 14.2 2.21 10290
Average 41.9 4.71 16.6 14.2 4.40 10300
Std. Dev. 10.9 0.82 0.3 10 214 1750
Cov 0.26 0.17 0.02 0.07 0.48 0.17
X3l 44.7 4.15 22.7 21.3 6.28 12830
X3l 2 34.6 4.02 155 124 5.57 10390
X3i 3 38,5 4.90 21.9 215 6.62 10&0
X34 31.7 4.71 20.0 19.2 6.66 8360
X3l 5 38.3 4.43 24.3 24.4 7.15 10910
Average 37.6 4.68 221 19.8 6.45 10670
Std. Dev. 4.4 0.33 30 40 0.%2 1430
Ccov 0.12 0.07 0.14 0.20 0.8 0.13
Bil 20.7 341 17.6 18.3 6.82 7520
Bi 2 39.1 391 195 13.7 5.50 11900
Bi 3 27.0 3.64 N/A 17.4 3.45 9600
Bi 4 23.1 3.58 17.2 14.4 6.04 8410
Bi 5 43.3 4.62 11.3 8.0 6.51 11030
Average 30.6 3.95 14.3 14.4 5.66 9680
Std. Dev. 9.0 0.43 3.1 3.6 1.19 1610
cov 0.29 0.11 0.2 0.5 0.2 0.17
B3l 48.2 5.06 24.7 20.1 4.79 11820
Bai 2 454 4.35 20.2 5.8 6.03 12850
Bai 3 26.8 5.58 16.4 134 5.66 9040
Bsi 4 32.4 5.81 19.5 16.4 6.66 8220
B3l 5 28.5 5.31 21.7 20.7 5.04 7400
Average 36.3 5.57 19.2 15.3 5.64 9870
Std. Dev. 8.8 0.51 2.7 5.4 0.67 2110
COoVv 0.24 0.09 0.14 0.35 0.12 0.21
ai the maximum stress achieved per specimen b1 the strain at the maximum stress value
ci the stressecorded at 0.04 mm/mm strain di ultimate stress, the stress when the test was ended
e’ ultimate strain, the strain when the test was ended fi Modulus of Elasticity, the slope in the initial linear elastic reg
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4.3.2Failure Modes

Representative failure modes of the GFRP reinforced specimens are shown in Figures 4.5a to 4.5d for
U and U, 4.6a to 4.6d for X and X and 4.7a to 4.7d for B ands.BFor each arrangement of
reinforcement, two specimens are presented at the end okthafter GFRP removal, and dissected
along the specimenés | ongitudinal axis, in order
on the failure modes and damage. In general, the GFRP appears to localize the damatgethegion
plane of ruptue and prevents propagation of longitudinal damage throughout the volume. The failure
modes observed were primarityushing, shearing, artie combined crushing and parattelgrain
shearmodes (Fig. 2.5). Generally, GFRP failure was observed to be locatehere the wood
experienced severe dama@e-RP failure was less common among specimens with three layers of
wrap reinforcement.

Figures 4.5a to 4.5d show specimens in the U amglddips after test completion, with FRP removed,
and dissected to displayternal damageds seen irthose figuresynidirectional GFRRends tdail in
parallel with thewood failure plane. Specimen 402 (Fig. 4.5d), which experienced a higher angle
shear failure in comparison tiee other three specimens shown, had signifigders actuagjlassfibre
rupture. The specimens with greater fibre rupture (i.e., Specimieéhadl Wi 1, Fig. 4.5b and 4.5c,
respectively) have a larger apparent lateral expansion at the plane of rupture than the other specimens
shown. Specimensil (Fig. 4.5a) and &I 1 (Fig. 4.5¢c) show similar locatood crushing as control
specimens C3 (Fig. 4.2c¢) and & (Fig. 4.2e), with the notable difference that any signs of a

longitudinal split failure propagation are minimized.
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(@ Uil (b) Ui 3 (c)Usi 1 (d) Usi 2
Figure 4.5: U & U3 Representative SpecimenBostTest, FRP Removed, Dissected

In the case of the bidirectional group X, Figures 4.6a to 4.6d show how théetywegroup % has
more intact FRP d@heend of he st than singléayer group X, and in general is more intdwan the
unidirectional reinforced specimens in Figures 4.5a to 4.5d. From Figures 4.6a aritl @aficbe
observed that the presence of severe defects is still a controlling factor in the failure behaviour and
damage patterns of the reinforced specsnas it was in the control specimens. Speciméiis aad
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Xsi 3 show how knots, voids, and grain pattern flaws create aopatbaknessor the failure plane to

form on and followHowever, the presence of the reinforcement has linsibege paths of failurdue

to thelarge knot in X1, andthe longitudinal void and weak grain angle isi X As a consequence,

the vast majority of the damage is still captured in the fibre crushing behaviour at the plane or planes
of rupture and not in longitudinal splits orrplel-to-grain shear slippage. Conversely, specimeins X

4 (Fig. 4.6b) and ¥ 5 (Fig. 4.6d) have exceptionally clear wood material witlamytobvious defects

in the dissected failure regioifhese specimerdisplayediow anglecrushing planes that are hlgh

localized and regular.
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(b) Xi 4

Figure 4.6: X & X 3 Representative SpecimenBostTest, FRP Removed, Dissected
Figures 4.7a to 4.7d show specimens in the B amptddips where it can be observed once more that
threelayer reinforcement allows for greater ability of the FRP composite to remain globally intact even
at highstrairs. Specimens B (Fig. 4.7a) and B4 (Fig. 4.7b) as shown have ideal crushing behaviour
but with a larger lateral bulging and corresponding greater fibre rupture at the point of |cdafivaegk,
though some fibres oriented parallel to the load are stdcinspanning over the plane of rupture.
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Specimen B 2 (Fig. 4.7c) has a clear grain angle flaw wheoeossgrain defectacted as a driving
wedge and created a potential path for a longitudipét, but the FRP arrested the crack grawth
Instead, the djacent fibre crushing behaviour allowed for a rota#fbect in the plane of the image, to

the point that a second crushing plane, rather than further propagation of the weak longitudinal split,
developed near the loaded top end. Speciméd B-ig. 4.7d experienced a crushing failure near the
end of the specimenvhich appears to be a consequence of a large knot visible in the FRP removed
view. This is similar to specimeni 8 (Fig. 4.2€) however unlike specimen 5 the crushing plane

was captured wiih theend of theFRP wrap until very large straiAs in other wrapped specimens,
damage remained tightly localizdtican be seen from the pdssst picture that in this instance the FRP
wrap itself was in contact with tHeadingplaten, which occurredt approximately half the ultimate
strain of the specimen (i.e., 0.035 mm/mm). At this time the wood failure and initial FRP rupture failure

had already begun.
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() Bi 2 (b) Bi 4 () Bsi 2 (d) Bsi 4
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CHAPTER 5

Discussion

5.1 General

A total of six control and thirty GFRP reinforced specimens were tested under axial compressive tests.
The experimental program investigated the effects of the GFRP fabric orientation and number of
reinforcement layers provided on the compressive behaofditO mm x 140 mm 885mm SPF No.

2 or better columns. The following sections discuss the observations and findings from the experimental
program.

5.2 Compressive Behaviour of Control Specimens

5.2.1Stress-Strain Behaviour

The overarching aim of this study wasinvestigate the effects tfinsvers&sFRP reinforcement on

the compressive behaviour of timber specimens representative of what is used in structural applications
(i.e., containing defects such as knots vs. cleaodwvhich is free of defects). Since the material
behaviour is of primary interest, the specimens were loaded well past the point at which failure would
be considered attained by typitadding condition®r design standards. For example, the equivalent
energy elastigplastic curve (EEEP), which was originally developed for steel and concrete systems,
considers that the deformation at failure is defined as 80% of peak load. The EEEP method has since
been adopted by tH&tandards Test Methods for Cyclic yeesed) Load Test for Shear Resistance of
Vertical Elements of the Lateral Force Resisting Systems for Builgh®JeM E2126, 2011 for wood

shear wallsGenerally speaking, compressive coupons used as input to moumeature analysis
consider coupons toave failed when 80% of peak strength has been reached (Lacroix 2017). This is
in part because wood is a brittle material in tension, and as such compression failure in-moment
curvature analyses rarely govern. However, prior research on flexural behddsushown
significantly higher compression strain can be attained when reinforced with FeRRexample,

Lacroix and Doudak (2020) investigated the behaviour of GFRP reinforced glulam beams under blast
loading and recorded wood compressive strains as d8g8.022 mm/mm. It was thus critical to
investigate the behaviour of the control specimens to the highest deformation levels possible with the

test frame capabilities and global instabilities of the specimens.
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As it can be seen in Figure 5.1, the conspcimens were loaded well past the point of 80% of peak
stress in order to understand how the control specimens would behave over the same range of strains

that the reinforced specimens could be subjected to.

6l

C-1
—&— (-2
—%—C-3

C4
——C-5

C-h
== =CAVG

s
L%ﬁ il 0005 0] 0.015
| A

40 F

30 r

°y
20T ;"11-{

/

0% ' : : ' : : '

] .00 5 0.0l hals 002 0025 o3 035 004
Strain [mm/mm)

Stress [MPa)

Figure 5.1: Control Group Stress-Strain Behaviour and Low-Strain Snapshot
Figure 5.1 shows the compressive stgsain curve for all six specimens including the average of
the group. At first glance, it can be observed that the global sti@ss behaviour of the control
specimensppeargo differ from thebilinear curve proposed by Buchanan (1990) as well as to what is
used in theStandards Test Methods fé&stablishingCharacteristic Values for Reinforced Glued
Laminated Timber (Glulam) Beams Using Mechaiiased Model$ASTM D7199, 2020}o predict

the momenturvature relationship of glulam beams reinforced with simple tension Gi®Rirever a

closer examination of theehaviour up t®.015mm/mnd oes appear bilinear as i
(i.e., Fig. 2.4d). The idealized bilinear curve propose8inghanan (1990) appears to be applicable to
theearlystages (i.dJO 0. 015 mm/ mm), and when pushing the me

no longer sufficient to describe the global behaviour. To describe the behaviour up to 0.04 mm/mm
stain,GI o0s & model maybe the best dfthegnodel® distussed in this papgeneral, the
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most severe loss of strength is seen from peak stress to approximately the 0.015 mm/mm strain mark,
after which rate of strength loss becortesger.

In Figure 5.1 it can be seen that multiple specimens appear to be converging to a low strength
(~5MPa) plateau, while specimeii Zis seen to show a significantly higher ppstk sustained stress
(~18MPa) plateau up to 0.04 mm/m8pecimen C2 was remarkably dectfree compared to other
control specimens (Fig. 4.2b), and experienced pure crushing failure type up to strains of 0.04 mm/mm,
the only control specimen to do so. Generally, it could be said the failuiie2of/&s not significantly
influenced by the msence of defects unlike other control specimens.

Two of the six testhad to be stopped prior to the 0.015 mm/mm mark due to global instabilities in
the specimen Specimen T5 developed an angled crushing plane near the loaded end due to a
significant defec{Fig. 4.2 which resulted isevere strength loss atitk specimen becominmstable
at very low strain. The observed variability of behavammong the spémensis typical ofunreinforced
wood which is attributabldo the natural defectst is functionallyimpossible to consistently predict
the failure modgfailure location, orstrength of individual piecegarticularly when the severity of
defects may nobe externally visibleThe full stressstrain behaviour and more detadn the failure
behaviourof control specimenarefound in Appendix A.

5.2.2Failure Modes

The observed failure modes control specimengere consistent with those observed in wood unde
axial compressive loading. Since the specimens were loaded well past their initial failure point, Figures
4.2ato 4.2f can give the appearance that the wood specimens were significantly ductile based on the
final state of damage. To illustrate the pdirat the observed final damastateoccursafter significant

strain and strength losses, Figures 5.2a to 5.2d show specimeat Geak strength (initial failure),

80% of peak strength, 0.015 mm/mm sti@f% of peak strengthaind atheend of he est
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(a) Initial failure (b) 80% peak strength (c) 0.015 mm/mm (d) Final damage state
Figure 5.2: Ci 4 Damage Progression
The failures in the control specimens were observed to follow the path of least resistance. Although
crushing is initially observed in some specimens, eventually longitudinal splitting occurs. Since the
specimens were loaded until they could no longerlysafagstain more deformations, the level of
crushing seen ifrigures 4.2d0 4.2f can appear more pronounced when compared to what would be
considered a failure in terms of design.

5.3 Effects of GFRP Reinforcement

To simplify comparisons, the average strefsain parameters for each experimental group investigated
in this study are presented summarily in Table 5.1 along with their standard deviation and COV.
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Table 5.1: Summary of Stressstrain Parameters from Tests Results

Experimental Groups
Key Parameters

C U Us X X3 B Bs
a * Average 30.2 34.9 34.6 41.9 37.6 30.6 36.3
o Std.Dev 45 9.9 8.4 10.9 4.4 9.0 8.8
[MPa] cov 015 028 027 026 012 029 0.4

. + Average 429 4.70 4.26 4.71 4.68 3.95 557
! Std. Dev 0.45 112 0.82 0.82 0.33 043 051

[mm/mm] cov 010 024 022 017 007 011 009
Q. i Average 9.9 21.2 210 16.6 22.1 14.3 192
MSP Std. Dev 6.3 32 23 0.3 3.0 31 2.7
[MPa] cov 064 015 012 002 014 02 014
G<> ] Average 9.3 18.2 190 14.2 19.8 14.4 15.3
MF= N Std. Dev 4.1 3.9 1.8 1.0 4.0 3.6 54
[MPa] cov 044 020 011 007 020 02 035
4 - Average 3.54 5.90 5.61 4.40 6.45 5.66 5.64
o= ‘/ Std. Dev 2.13 1.29 .82 2.14 0.52 1.19 0.67
[mm/mm] cov 060 02 016 048 008 021 012
1l |= "I Average 8470 9800 10360 10300 10670 9680 9870
MP Std. Dev 1360 890 1500 1750 1430 1610 2110
[MPa] cov 016 009 016 017 013 017 02
ai the maximum stress achieved per specimen bithestrain at the maximum stress value
ci the stress recorded at 0.04 mm/mm strain di ultimate stress, the stress when the test was ended
el ultimate strain, the strain when the test was ended f 7 Modulus of Elasticity, the slope in the initlaiear elastic region

Compared to the control group, the average peak stress wdsL.3H times greater and the MOE
wasl.14 1.26 times greater among reinforced groups. Increases up to a factor of 1.3 were also observed
for strain corresponding to peak stress amongst reinforced groups when compared to the control group.
At 0.04 mm/mm strain, the strength of the reinforgeelcémensvasl1.44i 2.23 times compared to the
control groupandin addition a significantly greater number of reinforced specimens were able to retain
strength at high strairAt 0.04 mm/mm strain, reinforced specimens retained up to 61% of their
respedive peak capacity, compared to just 33% in the control specimens. Furthermore, reinforced
specimens typically showed minimal strength degradation beyond 0.04 mm/mm strain to end of the test
as seenin Table 5.1. The average end of test strain amongstoaiirgpecimens ranged between 0.044
and 0.064 mm/mm while the ultimate stress ranged from 80% to 90% of the stress at 0.04 mm/mm
strain.

The overall effects of the GFRP reinforcement onstinessstrain curvegan be seen in Figure 5.3

where thebehaviour of all reinforced specimeisscompared to the average of the control groap.
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particularthe postpeak descending branch of the reinforced specimens is generally observed to be less
pronouncear level off earlier and more significantlyan tle average of the control specimgesding

to the higher plateau value at high stgain
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Figure 5.3: All GFRP Reinforced Specimen€ompared to Average of theControl Group
Figure 5.4 shows the average of each reinforced group in comparison to the averagerfahe c
group. It can be seen that all reinforcement configurations tested appear to exhibit some amount of
improved behaviour compared to the average of the control group. The effect of adding GFRP is
significantly more pronounced in the pgmak region.especially when comparing the strengths

retained at high strains. The complete cufeeshe rénforcedspecimensire available in Appendix B.
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Figure 5.4: Average Stressstrain Curves for Control and Reinforced Groups

Despite the wide range of peak strengths and stiffnesses amongst all reinforced specimens as shown
in Figure 5.3, it is apparent in Figure 5.4 that all reinforced specimens converge to similar strength
plateau with the exception of groups B and X. Stetrssn curves for reinforced specimens, but
particularly when averaged into groups, are very similar in shape to the model of the compressive
behaviour developed by Glos (1978). Even if only considering the behaviour up to 0.015 mm/mm,
where it was demonsgitred the bilinear model of Buchanan (1990) was still applicable for the control
group, reinforced groups show evidence of plateau behaviour at greater percentages of their peak
strength.

It is noteworthy that groups U,3UXs, and B, performed extremelgimilarly on average (Fig. 5.4).
These groups had significantly different reinforcement arrangements with varying amounts and
orientations of transverse fibre and fabric thickness among other properties identified in Table 3.2. This
suggests that an upgdanit to the behaviour of the wood material is the controlling variable, rather than
the specifics of the reinforcement applied. The average curves of these groups which performed best is

also very similar to the curve of specimei?Cwhich was pointedliree of defects and the only control
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specimen that experienced pure crushing failure. tiRezalling the observation that reinforcement
significantly localized damage, even when a major defect was present at the location of wood failure,
it would be reasaable to suggest that the transverse reinforcement is mitigating the influence of defects
from creating weaker load paths. Thus, the behaviour of reinforced specimens would resemble that of
defectfree wood material.

It can be observed that singleyer bdirectional configurations (i.e., B and X) were slightly less
effective on average in terms of pg&tak sustained stress levels. Furthermore, siagkr Q 90°
bidirectional fabric was the only reinforcement configuration that did not contribute t& atperagth
improvement relative to the average of the control gr&ipglelayer bidirectional fabrics are the
thinnest GFRP fabrics investigated with 0.66 mm and 0.86 mm thicknesses for B and X, respectively,
and in addition a smaller fraction of thatickness is made up of transverse fibre fraction than
unidirectional fabrici group U. Thus, it may be thétis quantity of transverse reinforcemergiraply
not sufficientto effectively alter the behavioby mitigating the influence of defects ancelat strains.

Since Table 5.1 suggests that on average there are incresgessstrain parameters, Tests were
conducted to verify if these increases are statistically significant. Due to the limited number of
specimenger groupthese testenly compare antrol specimens against all reinforced specimé&ios
postpeak behaviour, not enough data is available in the control group to do a reasonable statistical
analysis for significancef the improvement to sustained streldewever, the visuatlifferences in
retained strength betwedme control and reinforcedpecimensre readily apparent in Figures 4.4a to
4.4f,Figure5.3 andFigure5.4. Similarly, differences in ultimate stress and strain values between Table
4.2 and 4.3, or as highligltt®n average in Table 5.1, are adgparent
Prior to conducting the Tests, an Rest was performed to assess differences in the variances in each
sample population. The variances in the control and reinforced populations were not found to be
significartly different for peak stress, corresponding strain, or MOE with probabilities of equal
variances (i.e’O or the ratio of the mean squaliéerencedor the two populationkess thariQ
the value ofO  such that a confidee of norequal values of 95 % is achieydaking 7.3 %, 10.1
%, and 44.4 %, respectively.

The confidence level for the tivail ti Tests for two samples was chosen to be 95%. The null
hypothesis (e.g., no difference between the mean of the two dataastgjected if the absolute value
of tstar (the ratio of the departure of the estimated value of a parameter from its hypothesized value to
its standard erronyvas greater than the absolute valué.@f(the value o©  such that a confidence
of nonrequal values of 95 % is achievedhe i Tests are presented in Table 5.2 whmolkel numbers

indicate that there is a significant difference between the two means.
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Table 5.2: Comparisons of Properties byti Test Assuming Equal Variances

Comparison oMeansi Control vs. Reinforced

Parameter
tstat tcrit
i 1.44 2.03
- 0.78 2.03
000 2.25 2.03

Despite the increases observed in Table 5.1, the only statistically significant improvement is to
modulus of elasticity, likely due to the more simiariances in the control and reinforced samples. In
order to assess the significance of the improvement to peak strength more accurately, greater sample
size is necessary. Similarly, a greater sample of unreinforced specimens achieving high strains is
necessary to evaluate the impact of GFRP on mechanical properties in that strain range.
Therefore, in order to further quantify the improvements provided by the addition of the GFRP,
integration of the area under the average sstram curves for each reimcement configuration as
well as the control group was conducted up to two key strains. Table 5.3 shows the area under the stress
strain curve in MPa A mm/ mm and the i mprovement

mm/mm strain and 0.04 mm/mstrain for each reinforcement configuration.

Table 5.3: Improvements to Average Energy Dissipation up to 0.04 mm/mm strain

Average Energy Dissipation and Improvement Factors

Group 8 oomo T Ir 4 T8 oomo T Iy
d F1omo) Fe d Fomo) [k
C 0.308 - 0.588 -
U 0.409 1.33 0.974 1.66
Us 0.403 1.31 0.978 1.66
B 0.350 1.14 0.794 1.35
Bs 0.417 1.3%6 0.990 1.68
X 0.400 1.30 0.879 1.50
X3 0.410 1.33 0.961 1.64

ai Energy Dissipated by 0.015 mm/mm Strain
b7 Ratio of Energy Dissipated by Group to Energy Dissipated by Control Group
ci Energy Dissipated by 0.04 mm/mm Strain

GFRP reinforced wood specimens on average were able to dissipaiell685%imes more energy
by 0.04 mm/mm strain than control specimens even with only a single layer of GRiRiPnproved
compressive pogieak behaviour could provide significant betseffor flexural and combined
compressionflexure members that are expected to experience comprésasmd failure.The
improved pospeak behaviour will also provide significant benefits against extreme loads such as

earthquakes or blast loading, where REFreinforced beantolumns can experience maximum
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compressive strain values exceeding 0.02 mm/trarpix and Doudak2018&, Lacroix and Doudagk
2020.

In terms of the effect of transverse reinforcement on failure mduesddition of GFRP wrapping
eliminated splitting failure behaviouandlocalized damage to the plane of initial failure regardless of
reinforcement configuration# the dissected specimens from reinforced groups shown in Figures 4.5a
to 4.5d, 4.6a to 4.6d, and 4.7a to 4.ifd¢an clearly be seen thiatcal crushing of wood fibres is the
predominanfailure mechanismCrushing of the wood fibres @bviousin the damaged region but
there was no other visually discernible damage despite the presence of defects within thed dama
region or elsewhere in the specimen. In the dissected view of reinforced specimens there were
functionally no visible voids, cracks, or longitudinal splits as in the control group. Instead, the wood
fibres crush, buckle, and fold ovexclusively Figures 5.5a to 5.5d shows the final damage states of
representative control (Figs. 5.5a and 5.5b) and reinforced (Figs. 5.5¢ and 5.5d) specimens for

comparison.

(a) 03 (b)Ci 4 (c)ui3 (d) X3 3
Figure 5.5: Final DamageStates of Control Specimens vs. Reinforced Specimens

Recalling that the control specimens in general were not pushed to the most extreme strains as
specimens in the reinforced group, the comparison of final damage states is made all the more
impressive Even when the crushing plane is highly localized and planar for control specimens as in
Figure 5.5a, the ability of longitudinal splits to develop between the rupture plane and loaded end is
readily apparent. Converselgven reinforced specimens exhibifia combined failure mode with
longitudinal damage component as in Figure 5.5d, the propagation of the longitudinal damage is
arrested by the presence of FRP composite reinforcement.

This correlation between the apparent failure mode or failure behaviour and the rate of strength loss
and stresstrain behaviour pogieak provides insight into how FRP wrapping improves ductility and
sustained pogpeak strength. The effect cannot becdiéed as passive confinement because wood does
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not dilate like concrete under compression. However, the statistical significance of MOE improvements
would suggest that some lateral forces and displacements are being restricted by the FRP even prior to
pe& strength developing. Furthermore, amongst reinforced specimens the rate of strength losses is
frequently lower post peak than the control group as seen in Figure 5.3. This would indicate engagement
of the transverse FRP is preventing some weak load frathscontrolling the global failure at low
strains as well as extreme stiin

Figures 5.6a to 5.6e show failure progression of specirn&ntisghlighting the key moments during

testing of underlying wood rupture, FRP wrinkling in compression, initiaktverse fibre rupture, and

final damage state.

(a) Wood Rupture  (b) Wrinkling (c) Fibre Rupture (d) Test Complete (e) Wood Damage

Figure 5.6: Representative Failure Progression of Reinforced SpecimeinsSpecimen B 1

For the U & U specimengFigs. 4.5a to 4.5d), the composite rupture took place completely in the
matrix between the transverse glass fitwéh the glassfibres themselvesventually rupturinglue to
stress concentrations caused by bulging in the damaged reyibe. case ofhe bidirectional fabric
groups B& B3 (Figs. 46ato 4.60landX & X3 (Figs. 4.7a to 4.7¢, although rupture of GFRP composite
is observedthe crossed GFRP fibres in orthogonal directibefped hold the wrap together globally
Both wood material failurand FRP rupture initiated due to stress concentrations at corners (Fig. 5.6c),
then propagated around the perimeter of the specifi@refore, the effect of the corner radius on
failure modes, failure behaviour, and stregain behaviour of reinforcespecimens and the transverse
reinforcement itself need to be further investigateeen beyond the point of fibre rupture the FRP
above and below the ruptured area remains intadigimcandcontinues to provide resistance to lateral
strain away from theveakened wood rupture plari@uring this time, the plateau strength behaviour
remains consistent regardless of local rupture, which suggests the critical location for transverse FRP
is above and below the point of wood failure to restrict longitudinakd@@mation and propagation.

A comparison of the failure progression damage states along with the approximate point in the stress
strain curves where they occur is presented in Figures 5.7 and 5.8 to directly show the effects of GFRP
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on the total behaviouFigure 5.7 shows the failure progression ef,Gt can be observed at peak
strength and even by 80% strength guestk minimal damage has taken plagg damage amplifies,

it can be observed how longitudinal splits form or widen, until finedignplete cracks from the point

of initial failure to specimen end form. This failure was classified as a waggdype (Fig. 4.2d).
Conversely Figure 5.8 shows the progression gibXwhere a higher peak and greater strain are
observed, with significaty improved strength retention as discuss&sl.with control, a very small
amount of visible damage has taken place by 80% of peak strength, but in the reinforced specimen the
corresponding strain at 80% is equivalent to the strain of the control spextiB@Y of peak. The least
strength observed in the reinforced specimen is 64% of the peak, which begins at ~0.035 mm/mm strain
and persists up to 0.07 mm/mm. Furthermore, although the damage visibly amplifies from the 80%
strength point to the 64% strehgpoint, from 0.04 mm/mm to 0.07 mm/mm the damage increase is

visibly negligible.This failure was classified as a crushing type
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Figure 5.7: Detailed Failure Progressionof Ci 4
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The plateau behaviour of reinforced specimensfaely consistent stress valseentered about
roughly20 MPa, even up to 0.0Mm/mm.27 of 30 reinforced specimens conformed to this behaviour
with consistencyThe control group speciems averaged only approximately 10 MPa at this strain
andbehaviour wasnconsistent. Specimeng X, Xi 5, and B5 were the outliers among reinforced
specimens which did not develop plateau behaviour, and often had lower ultimate Bigpires

5.9a to 59e show explanative damage states of these specimens

() Xi’5 (d) Xi 5 (©) Bi5

(a) xi2
(PostTest) (Dissected) (Debonding) (PostTest) (PostTest)

Figure 5.9: Final Damage States of Specimens with Odd Behaviour:i2, Xi 5, Bi 5

In the case o$pecimens X5 and B 5, the odd behaviour is explicable as a-standard failure
of the FRP composite. Specimeii5Xexperienced the bulk of its deformation on the same face as
the overlap in the FRP composite, such that local debonding failed the oeantgpr¢maturely as
pictured in Figures Sc and 59d. Specimen B5 failed such that the FRP composite was able to
rupture longitudinally from the wood rupture plane to the top of the specimen. Subsequently, the top
half of the specimen acted as thougheimforced. The underlyinggood was able to buckle and split
at the top end grain, the final damage state as shown in Fi@ereSpecimen K2 is remarkably
defectfree compared to other specimens as seen in Figfioe Additionally, it had greater peak
strength than all other specimens testesifailure mode and damage was not irregular compared to
other specimens however. One notable observation is a significant degree of torsion between the
loaded ends as visible in Figuré®a.lt is likely that if tested to extreme strains, plateau behaviour
would be observed as with other specimens; however at the point of test termination more than 75%
of strength had been lost, remaining strength was only 12 MPa, and the strain was below 0.02
mm/mm. Furthermore, ltere was no indication prior to that point the rate of strength loss was
lessening, thus the test was considered completmay be that due to a lack of defects, or
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deformation in the form of torsion at the damaged area, there were less transversatbtices-RP
was not engaged at that point.

5.4 Summary

The experimental program consisting of thisix column specimens investigated the effects of

GFRP fabric on the compressive behaviour of 140 mm x 140 r68bxm SPFof gradeNo. 2.
Reinforcement arramgnents were varied by the fabric employed, particularly the orientation of fibres

in said fabric, and the quantity of reinforcement layers provided (i.e. one or three layers).

Specimens were loaded to high strains relative to the point at which theyhleotibasidered failed

from a design perspective in order to investigate the material behaviour. Up to strains of 0.015
mm/mm, the behaviour of control specimens is well represented by Bazan,@98a Buchanano
(1990) commonly used bilinear falling brdmmodel. When including higher strains, the descending
stressstrain behaviour begins levelling off to plateau values more akin to the model proposed by

Glos (1978).

There was an observed correlation between the failode stressstrain behaviour, and@gsence
of defects within the specimens. The defieee control specimen acted with considerably greater
postpeak residual capacity, and experienced crushing failure with minimal longitudinal splitting up
to high strain. Reinforced specimens were foumtigéhave similarly to this control specimen, with
highly localized damage that excluded longitudinal splitting behaviour compl&tethybehaviour of
specimens reinforced with a transverse wrap of
bilinear falling branch, even if only considering fairly low strains or typicadoffs for postpeak
strength.

The initiation and propagation of cracks and ruptures, particularly longitudinally oriented ones,
was observed toonsiderablylower strengtrduring testing The mitigaton of splitting failure and
prevention of damage propagation and amplification through the specimen volume allowed the wood
material to maintain a relatively large strength plateau effectively indefinitely for the range of strains
investigated. Thaotable exceptiswerethose reinforced specimens with prematurngitudinal
GFRP, which did not attain a high strength plateau behavidhe rate opostpeakstrength loss
immediately after maximum strengivasfrequently lowerfor reinforced specimengurthermore,
regardless of the fabric orientation, fabric thickness, or peak stress tlauplateaustrength
observed was fairly constardven if the GFRP was rupturediag location of local damage, it tended
to remain intact above and below, and the plateau strength persistedhiBplateau strength could
be described as a property of the waraterial whemweak load paths through longitudinal splits are

preventedyy adjacent FRP.
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The bidirectional fabrigsvhen applied as a single layee. Groups B and X¥showed less strength
retention at high strain and some inability to raise the peak strength and stiffness when compared to
other groupsThesearrangementsf reinforcement were both thinnest and provided the lowest
fraction of fibres acting transverse to the load orientation; thus it could be said that there is a
transverse reinforcement ratio required to achieve the behaviour observed in other groupg4l.e. U
Xs, and B). Conversely, despitieipling the thickness groups U and,@ds well as Xand B which
would fall between the two, had near identical behaviour on avefaigesuggestthe upper limit
to the effectiveness of increasing reinforcematiorof the transverse GFR$based in the behaviour
of the wood material. The simple conclusion is that the provision of transverse GFRP allows the
wood material to behave as though defeet, thus the limits of defeftee material are the limits
of reinforced material with defects.

Peak stress, corresponding strain, and modulus of elasticity were all seen to improve to some
degreewith FRP wrapping However,a tTest showed thabnly the improvement tdhe elastic
modulus was statistidglsignificant to a 5% confidence levial this study Statistical analyses were
not possible for pogteak behaviour due to the lack of data from the control group but the
improvements to retained strength at given strain (L 223 times control at 040mm/mm) as well
asthe ultimate strain (1.24 1.67 times control) were clearly visible in figures and tables. When
using the area under the curve as a measure of energy dissipated, the improvement from
reinforcement was 1.35.68 times by 0.04 mm/mm sina even for singldayer reinforcement
Therefore, these types of reinforcement clearly have benefits to designers that would not be captured
by using the models for plain wood behaviour without update, although this would remain

conservative.
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CHAPTER 6

Conclusions

6.1 General

In the current study, a total of six control and thirty GFRP reinforced 140 mm x 140 68%mm

SPF No. 2 columns were tested under partdtgirain compression. Three different reinforcing GFRP

fabrics consisting of unidirectional at 90°, bb&lktional at £45°, and bidirectional at 0°/90° relative to

the wood grain were investigated with either one or three layers applied. The experimental results

including mechanical properties and failure modes were presented and discussed.

6.2 Conclusions

The fdlowing conclusions can be drawn from the current study:

1

For the control group, the commonly used bilinear falling branch model established by
Buchanan (1990) appears to be accurate in describing thesttm@adehaviour up to strains

of 0.015 mm/mm. Athigher strains (i.e., up to 0.04 mm/mm), behavimight be better
represented by Glosd (1978) model

Within the control group, failure was observed to follow the path of least resistance. Pure
crushing failure up to 0.04 mm/mm strain was rdditimately, the failure involved
longitudinal cracks or splitting as strain levels increased throughout the entire specimen.
Failure modes included splitting, crushing, and wedge splitting.

In the reinforced groupsstressstrain curves are monepresentive of the model of the
compressive behaviour developed by Glos (1978 failure modes observed were crushing,
shearing, and combined crushing & shearing. Geneth#ybehaviour of reinforced specimens

is closer to the behaviour of defdote materdl; experiencing lower strength losses posak,

a highstrength plateau at great strains, slight improvement to peak strength and stiffness, and
failure behaviour dominated by wood crushing.

Factors of improvement to peak strength were as high as b/88sjponding strain increased

up to 1.3 times, and fahe modulus of elasticity improvement ranged from 1.14 to 1.26 times

. Only the improvement tine modulus of elasticity was found statistically significant, in order

to assess the significance of tmeprovement to peak strength a greater sample size is
necessary.

Considering pospeak behaviour, gater strength retention was observed at all strains

investigatedor reinforced specimens.yB.04 mm/mm reinforced specimens retained 1.44
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2.23 times tk capacity of control specimens. This was a retention of 61% of the peak capacity
compared to 33% amongst control specim@&heg. area under the strestsain curve wag.35

T 1.68 timesgreaterby 0.04mm/mm strain than control specimens, even with ordyngle

layer of GFRP wrap. In order to investigate the statistical significance of these finaings
greater sample size of control specimens tested to high strains is necessary.

1 Reinforcement ratio appears significant on the ability of the GFRP to atexviour.The
reinforcement configurations providing the lettsinsverse fibre area were less effective in
raising postpeak strength and in the worst configuration ineffective in raising the peak strength
and stiffnesoon averageConversely, the varidiiy in reinforcement provided in the other
groups shows no variation in the streimin behaviouon averagelespite large differences in
thickness and area of reinforcement provided.

1 The location of rupture in the FRP reinforcement is coincident tvéhwood damageBoth
material failures initiatedue to stress concentrations at cresstion corners, then propagated.
The presence of intact FRP composite immediately adjacent to and away framodtie
damageappears to mitigatiateral strain and perpdicular to grain tension from propagating
longitudinal failure through the volume of the specimen, localizing damEge.appears

critical to achieving the plateau behaviour observed in the study.

6.3 Recommendations for Future Work

Based on the observatioasd results of this study presented in the previous chapters a number of areas
have been identified as recommended future work, which inglude

1 For the purposes of greater confidence and significant results in statistical analyses, a greater
sample sizelwuld be investigated. In particular for unreinforced specinggeeater quantity
of data at high strains is necessary.

1 Given the thinnest reinforcements provided were less satisfactory yet increases in thickness
beyond group ¥ had minimal impactt would be useful to determine the critical reinforcement
ratio necessary to alter the behaviour to the apparent maximum observed.

1 It could be investigated whether pEessing the transverse reinforcement such that a state of
active confinementvas developedhas a greater effect on the wood behaviour, particularly
whether it can more substantially improve peak performance and if at high strains the FRP can
continue to achieve the behaviour observed in the study.

1 Findings of the current study should be conédhior additional wood species and grades. This
also includes other wood products such as glulam, laminated veneer lumber, and cross

laminated timber.
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1 Despite precautions taken the rounded corners were still a point of stress concentration in both
the cros-section and reinforcement; the influence of the ratio between corner radius and
column size should be thoroughly examined for determining best radii for application of this
reinforcement type.

1 It is well estaibhed for plain wood structural elements that moisture plays a significant role,
the influence of moisture in conjunction with the effects of GFRP reinforcement should be

tested, particularly as it pertains to wet service condition design
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Detailed Results for Control Specimens
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SpecimenName:  C1

Progression ofFailure and Final DamageState

StressStrain Curve and Group Average
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i) Prior to Test ii) Failure Initiates iii) Failure Propagates

1] 0005 001 0015 002 0025 003 0035 004
Strain [mm/mm)
Notes:

First observed failures were at or near knots located in the corners. Failure prop
converted local fibre crushing planar with knots to longitudinal splits parallel
knots. Separate crushing planes developed on oppfaaiag andeemed to conné:
via preexisting shrinkage cracks. Pdest and dissection views showed that
shrinkage crack connection and a collection of small but tightly spaced kn
absorbed branches allowed total splitting between the loaded ends, therefore a
type offailure.

iv) Damage Increases v) Final Damage vi) Dissected

Figure Al: Detailednformation forControl Specimen G1
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SpecimenName: G2

StressStrain Curve and Group Average

ol r
C-2
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501 ]
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=
2
i

i) Prior to Test ii) Crushing Initiates  iii) Crushing Intensifies

0 001 002 003 004 005 006 007 0.08
Strain [mm/mm)|
Notes:

Some material missing on corners thus natwded The crushing plane was coincide
with the greatest volume of planar knots. Failure first observed at sepamages anc
connecting on faces. Longitudinal crack formation was coincident with more
strength loss periodés corner material began splitting off and eventually the ce
longitudinal crack widened the plateau behaviour was lost. Only at thestigtrains

did the large central split begin significantly widening as the top section _ _ o
completely and rotated. iv) Damage Front v) Damage Side vi) Dissected

Figure A2: Detailednformation forControl Specimen G2

72



SpecimenName:  C3

Progression ofFailure and Final DamageState

StressStrain Curve and Group Average
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i) Prior to Test i) Wedge Initiates iii) Failure Propagation

0 0005 001 0015 002 0025 003 0035 0.04
Strain [mm/mm|

Notes:

A planar arrangement of knots was correctly predictedoturol failure behaviour
Even by 0.011 mm/mm strain a longitudinal crack had formed at the corne
widened significantly by 0.016 mm/mm. After the longitudinal splits spanned
rupture plane to end, the majority of strength losses had taken|pkses were lowe
thereafter.

iv) Damage Intensifies v) Final Damage Side vi) Dissected

Figure A3: Detailednformation forControl Specimen G3
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SpecimenName: C+4

Progression offailure and Final DamageState:

StressStrain Curve and Group Average
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i) Prior to Test ii) Initial Crushing iii) Splits Widen

0 0.01 0.02 0.03 0.04 0.05
Strain [mm/mm|

Notes:

Significant torsion was observed. The specimen appeared to fail by spliti
multiple directions, in one orientation the weegsit seen in the lefof the
dissected view and in the orthogonal orientation the right side of the dis:
view buckled away and split off the left side, resulting in a total section Ic
almost ¥4 at the corner as seen in iv) at right. Splitiogninant failure behaviot
was apparent immediately and propagated to end of test.

iv) Damage Intensifies v) Side View Damage vi) Dissected

Figure A4: Detailednformation forControl Specimen G4
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SpecimenName: C-5

StressStrain Curve and Group Average

Progression offFailure and Final DamageState
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g
F
= — i) Prior to Test i) Face Splitting Off i) Splits Forming

1] 0005 001 0015 002 0025 003 0035 004
Strain [mm/mm)]
Notes:

The immediate initial failure was as a crushing plane very near the top |
endgrain, as a consequencenailtiple knots. Shortly after crushing had initiat
multiple longitudinal splits propagated away from the loaded end down the spe §&
several centimetre®n the extreme faces portions of the perimeter were seen bu
away and appeared to be discaried by splitsThe damage is most visible in tl
failed endgrain showing complete crosgction splits from the pith to the extrer
faces as shown in ipeemed unstable. iv) Final Damage v) End Grain Damage vi) Dissected

Figure A5: Detailednformation forControl Specimen G5
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SpecimenName: C-6

StressStrain Curve and Group Average Progression offFailure and Final DamageState
60 ; ; . . ; . ;
C-6
— — —C-AVG
S0 1
40 1 1
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i) Prior to Test i) Initial Crushing iii) Failure Redirection

n 1 1 1 1 1 1 1
0 0005 001 0015 002 0025 003 0035 0.04

Strain [mm/mm|
Notes:

It would be impossible to predict from external inspection whether failure wot
planar with one or the other collection of knots; ultimately longitudinal splits
seen to pass through knots in bptAnar groups by end of test as shown in iv)
v). The crushing plane failure was dramatically reoriented by the knot on the
face as shown in ii) and iii). A section of the split material began slippinc
buckling as cracks spanned from rupturéoaded end.

iv) Front View Damage v) Side View Damage vi) Dissected

Figure A6: Detailednformation forControl Specimen &6
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APPENDIX B

Detailed Results for Reinforced Specimen
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SpecimenName Uil

StressStrain Curve:

Progression offFailure and Final Damage

ol T T T T r

U-1
— — —U-AVG
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wp g -

Stress [MPa)

20

i) Prior to Test ii) Wood Crushing iii) Damage Propagation

10

0 001 002 003 0.04 005 (X0
Strain [mm/mmy|

Notes:

One of the first tested, test endptematurely as behaviour he |
become constant and extreme strains were not yet idenGiieshing
plane extremely flat, the presence of the central knot initiat
longitudinal split as seen in the dissected view; similar to col
wedge split Failurequt the crack has been arrested by FRP. Simil
lateral displacements are visibly very small for the extreme bucl
fibres or shear slippage of the plane.

—————

iv) Final Damag v) FRPRemoved vi) Dissected

Figure B1: Detailed Information fdReinforced Specimen-l
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SpecimenName U2

StressStrain Curve:
6l

Progression offFailure and Final Damage
P A 18
g £ i

.

u-2
— — —U-AVG

S50 T

e
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Stress [WMPa)
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oo i) Wood Rupture, iiiy Propagation,
) Prior to Test Fibre Wrinkling Fibre Rupture

10

0 0.01 0.02 0.03 0.04 0.05 0.06

Strain [mm/mm]

Notes:

Externally, Failure plane edjacent or tangential to a large knot, appe¢ g
similar to combined crushing and parallel shear. In dissected vi¢ |5
grain weakness along the pith is apparent within the angled she
plane. Fibres ruptured only very near the end of the test, pridnitd
only wrinkling and debonding was seen. Major fibre rupture corre
to the small downturn of stres$rain behaviour seen between 0.05

0.06 mm/mm.

iv) Final Damage v) FRPRemoved vi) Dissected

Figure B2: Detailed Information fdReinforced Specimenil2
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SpecimenName Ui 3

StressStrain Curve:

Progression offailure and Final Damage
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i) Prior to Test i) Wood Rupture iii) Fibre Rupture
10 1
0 . . . . . . .
0 001 002 003 004 005 006 007 008
Strain [mm/mmi)|
Notes:
The specimen ends were not perfectly coplaresylting in an initial
small gap at loaded end, which was eliminated prior to test\gisitily,
multiple crushing points developed near one another at collectio
knots.Fibre rupture followed shortly after, fibre rupture at the rupt
plane took face at ~0.025 mm/mm strain. Relatively flat pure crust
plane.
iv) Final Damage v) FRPRemoved vi) Dissected

Figure B3: Detailed Information for Reinforced Specimé&i3U
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SpecimenName Ui4

StressStrain Curve: Progression offFailure and Final Damage

ﬁﬂ T T T T T T
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b
.
i) Wood Failure iii) Failure Progression
0

0 .01 0.02 0.03 0.04 005 0.06 007
Strain [mm/mm)

iv) Final Damage h v) FRPRemoved vi) Dissected

Figure B4: Detailed Information for Reinforced Speciméd U
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SpecimenName Uis

StressStrain Curve:

Progression offailure and Final Damage
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b
i) Prior to Test i) Failure Propagation
0 . . . . i .
0 0. 0.02 0.03 0.04 0.05 0.0 0.07
Strain [mm/mm)|
Notes:

Fibre rupture in the hoop orientatioocurredat ~ 0.04 mm/mm strair
The slanted crushing plane developed coincident with some graiss
effects visible in the dissected vieas the intact sections slid past o
another following the slant, they rotated in the plane of the dissi B®
grain and intorsion between the ends. Effectively the continu -
deformation was lopsided densification and twisting of the cru:

fibre plane.

iv) Final Damage v) FRPRemoved vi) Dissected

Figure B5: Detailed Information for Reinforced SpeciméibU
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SpecimenName  Usil

StressStrain Curve:
6l

U,-1
— — —U;-AVG
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i) Fibre Wrinkling iii) Fibre Rupture
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ﬂ 1 1
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Strain [mm/mm)
Notes:

Very straightforward specimen, low strength is likely a function of
weak crosssection with central defect in line with the pith. Followi
immediate failure, plateau stress lasted until end of test withou
indication of further behaviour. Dissected view demonstrates
progressive buckling angle from pith to extreme fasfezsushed fibres
Fibre rupture did not take place until very high vertical strain, behay
was identical after fibre rupture.

iv) Final Damage v) FRPRemoved vi) Dissected

Figure B6: Detailed Information for Reinforced SpecimenlJ
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SpecimenName  Usi2

StressStrain Curve:

Progression offailure and Final Damage

fl“ T T T T T T :‘ . —
U3-1
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=
=
= ]
&
b

i) Prior to Test i) Fibre Wrinkling iii) Final Damage 1
“ 1 1 1 1 1 1
0 001 0.02 0.03 0.04 005 0.06 0.07
Strain [mm/mm)|

Notes:

Combined crushing and paralelgrain shear failure; the crushir
behaviour appears to be coincident with an angled knot defect i
dissected view, while externally large knots are placed on the a
rupture plane in the side viewhe parallelto-grain shear portion o
failure can be seen in the dissected viewianery shortFibre rupture

was not evident in final damage state. s 2 T
iv) Final Damage 2 v) FRPRemoved vi) Dissected

Figure B7: Detailed Information for Reinforced Specimeh2)
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SpecimenName Usi 3

StressStrain Curve:

Progression offFailure and Flnal Damage
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i) Prior to Test iii)

0 0.01 0.02 0.03 0.04 0.05 0.06
Strain [mm/mmi)
Notes:

Ovalshaped defects oriented perpendicular to grapparently
controlled failure very near the bottom loaded end. As a result
vertical strain toolplace in the 25 mm clear distance from the end tc
start of FRP wrap. Up to 0.03 mm/mm, test was proceeding norma
0.03 mm/mm the FRP was in contact with the platen, resulting in a
apparent increase in strength. Test was ended shortly after
Crushing type failure.

iv) Final Damage V) Fzsl?piigoved vi) Dissected

Figure B8: Detailed Information for Reinforced Specimeh3J
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SpecimenName Usi 4

StressStrain Curve:

Progression offFailure and Final Damage
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i) Prior to Test i) Fibre Rupture

ﬂ 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.

Strain [mm/mmy]

Notes:

The stresstrain and top row of photos presented correlate, follov
reaching the limits of LVDTSs, the specimen was pushed furth
ultimate strains of 0.25 mm/m. It wabserved from 0.05 mm/mr
onward the strength fell sporadically, ultimate strength 5 MPa.
stressstrain data is not pertinent to the study at hand, but pictu
the final damage state is presented at righearing failure.
iv) Final Damage v) Extremely High vi) FRP Removed 0.25
at 0.065 mm/mm Strain Damage mm/mm Strain Damage

Figure B9: Detailed Information for Reinforced SpecimendJ
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SpecimenName  UslS

StressStrain Curve: Progression offailure and Final Damage
60 Y ]
U,-5
so — — —U;-AVG| |

Stress [WMPa)

0 0.01 0.02 0.03 0.04 0.05 0.06
Strain [mm/mm)|
Notes:

As with Usi 4, pushed to extreme strains reaching ultimate of |
mm/mm end behaviour had plateau of ultimate strength of 5 Dia.
beyond what LVDTs recorded is not shown above, but final dar | =
states are provided at right. Multiple crushing planes formed allo' [
for global kinking. In essence a crushing failure mode, howeve
global behaviour may not be well classified by af the establishei — 8N\
types in ASTM. iv) Final Damage at

0.13 mm/mm strain

v) FRPRemoved vi) Dissected

Figure B10: Detailed Information for Reinforced SpecimensJ
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SpecimenName Xil

StressStrain Curve:
6l . . . ;

Progression offailure and Final Damage
>

= 4

Vr L

X-1
— — —X-AVG

S0

Stress [MPa)

ii) Initial Crushing i) Failure Propagation

0 i I i I i
0 0.1 002 0.03 004 0.05 .06
Strain [mm/mm)
Notes:

Multiple crushing planes developed in separate locations, each il
with defects as seen in unwrapped view. Secondary crushing plan
loaded end was less affected by present FRP. Fibre ruptures were
contained or mitigated by the orthogondiria layer.

iv) Final Damage V) FRPReoved vi) Dissected

Figure B11: Detailed Information for Reinforced Speciméni X
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SpecimenName Xi2

StressStrain Curve:
6l

Progression offFailure and Final Damage
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i) Crushing Initiates iii)

10

0 0.01 0.02 0.03 0.04 0.05 0.06
Strain [mm/mm)

Notes:

Specimen had extremely high strength, likely a function of consi:
grain and central pitidowever, specimen showed no strength reten
and extremely low ductility. Fairlysignificant torsion between th
specimen ends as seen in FRP removed view, possibly the deforr

behaviour involved very little buckling/bulging but more exclusiv |
rotaion on the crushing plane such that intact FRP away from ru|

wasnot critical

iv) Final Damage v) FRPRemoved vi) Dissected

Figure B12: Detailed Information for Reinforced Specimé X
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X3

SpecimenName

StressStrain Curve:
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b
N . iii) Damage
ii) Initial Failure Amplification
“ 1 1 1 1 1 1
0 0.01 002 0.03 0.04 0.05 0.06 0.07
Strain [mm/mmiy|
Notes:

Ultimately classified as a crushing failure; a shear failure moc
arguable except for the wedgkaped section seen in the dissected v

il 4

vi) Dissected

iv) Final Damage v) FRPRemoved

Figure B13: Detailed Information for Reinforc8gecimen X3
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SpecimenName X4

StressStrain Curve: Progression ofFailure and Final Damage

O ~ TN
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- i) Prior to Test i) Failure Initiates iii) Fibre Rupture
1] 001 002 003 004 005 006 00T 008
Strain [mm/mm|
Notes:
iv) Final Damage v) FRPRemoved vi) Dissected

FigureB14: Detailed Information for Reinforced SpecimeidX
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SpecimenName XI5

StressStrain Curve:
6l

Progression ofFailure and Final Damagg

X-5
— — —X-AVG

50

e
=

Stress [MPa)
L
=

[
=
T

——
S
iii)

10

0 0.01 0.02 0.03 0.04 0.05
Strain [mm/mm)

iv) Final Damage v) FRPRemoved Vi) Dissected

Figure B15: Detailed Information for Reinforced Specimé® X
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SpecimenName  Xsll

StressStrain Curve:
6l ; . . . . .

Progression offFailure and Final Damage

Stress [WIPa]

0 . . . . . .
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Strain [mm/mm)

iv) Final Dmage v) FRPRemoved vi) Dissected

Figure B16: Detailed Information for Reinforced SpecimghlX
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SpecimenName X4l 2

StressStrain Curve:
6l . . . .

Progression offFailure and Final Damage
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Stress [MPa)

n 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Strain [mm/mm|

Notes:

Photo documentation of this specimen during testing procedures ha
lost. Failure was at the bottom egrhin by crushing, leading to eventt

fibre rollover at higher strain.

i) FRPRemoved ii) Dissected

Figure B17: Detailed Information fé&reinforced SpecimensK2
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SpecimenName X4l 3

StressStrain Curve:
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i) Prior to Test i) Crushing Plane iii) Failure Propagation
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0 i i i i i i
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Notes:

Several large defects were present inrttagerial; initially failure was
controlled at mieheight by force redirection about a knot. Further i [y
the test a second crushing plane developed as a consequence Ve 3
paralletto-grain shear possible within the cresesction due to a wea A

grain arrangment.FRP did not rupture by end of teBailure mode of | |-,
combined crushing and paratelgrain shear. i — i
iv) Final Damage v) FRPRemoved vi) Dissected

Figure B18: Detailed Information for Reinforced Specimen3X
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Xal 4

SpecimenName

StressStrain Curve: Progression offailure and Final Damage
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i) Prior to Test i) Crushing Initiates iii)
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vi) Dissected

iv) Final Damage v) FRPRemoved

Figure B19: Detailed Information for Reinforc8gecimen X%i 4
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SpecimenName Xsi'S

StressStrain Curve:
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i) Prior to Test i) Failure Initiation Amplification
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Notes:

iv) Final Damage v) FRPRemoved vi) Dissected

Figure B20: Detailed Information for Reinforced SpecimensX
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SpecimenName Bl

StressStrain Curve:
{l'ﬂ T T T T T T
B-1
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Progression offailure and Final Damage
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Notes:

iv) Final Damage v) FRPRemoved vi) Dissected

Figure B21: Detailed Information for Reinforced Speciméi B
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