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Cyclic and Monotonic Loading

by
Brian P. Liswell

Engineering Science and Mechanics
Abstract

The primary direction of this thesis was towards eviptp qualitative and
guantitative characteristics necessary for refining amterstanding the flat wood double
cantilever beam (DCB) as a valid means for testing Motacture energy in wood
adhesive bonds. Southern yellow pine (SYP) adherersis wsed with epoxy and
phenol formaldehyde (PF) impregnated films, providing twetesys with different
characteristics for investigation.

An adhesive penetration analysis was performed for betlepoxy and PF bonds.
The PF penetration into the SYP was shown to bdivelp shallow. The epoxy
penetration was shown to be deeper. Epoxy-SYP DCBs gquarg-statically tested with
varying widths (10 mm, 15 mm, and 20 mm), showing decreaseatiersof critical and
arrest strain energy release ragg,and Gy, with increases in specimen width. Quasi-
static fracture testing was also performed on PF SYB€)Ghowing much higher
critical and arrest fracture energy values than theyefd'P DCBs, indicating that deep
adhesive penetration is not necessarily a requisitehiffiter Mode | fracture energy
values.

Grain distribution influences were computationally inigeged because of the
stiffness difference between latewood and earlywood tr@md the grain angle along

the length of the beams. The grain angle and thaess difference between latewood



and earlywood growth caused the effective stiffnéSsl)er, to vary along the length of
the beam. The effective stiffness variation causethtvans in the beam's ability to
receive and store strain energy, complicating and ocowfing determination of
experimental results.

Cyclic loading tests were performed on PF-SYP DCB’de Tycle frequency
was 3Hz, with a valley to peak load ratio®f= 0.5 Specimen softening was observed
with cycling, with re-stiffening occurring with crack grdwtContrary to expectations,
specimen compliance occasionally decreased with snaghk @xtensions. A toughening
mechanism was frequently observed, whereby subsequeft leragths required more
cycles to failure than the previous crack length. Mono#dlyicextending the crack
length far from the fatigued region created a fresh ctiaakdid not show the toughened

behavior. But toughening did resume with subsequent cragile
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Chapter 1: Background and work explored
1.1 Introduction

Double cantilever beam (DCB) fracture specimens are ts@tkeasure Mode |
fracture properties of adhesive bonds, and have beerastiet in ASTM D3433 for
metallic adherends. Several works have been publishadiog DCB’s constructed with
wood adherends. Depending on the adhesive system, fasmdsequently olccur in the
bondline, either cohesively or in the interphase (Ftji004). However, many standard
wood adhesion tests are strength-based, which promote adack.f In fact, a visual
estimation of “% wood failure” is recorded with the mitite strength (ASTM D 905,
ASTM D 906). While such tests are valuable (and a mairistaye industry), tests that
promote wood failure actually obscure certain insightstimonature and performance of
wood adhesion. A Mode | fracture test which maintainsféilere within the wood-
adhesive bondline allows for research into wood adhesiechamisms and structural
properties. Wood DCB'’s offer an excellent opportunityetgplore Mode | fracture
properties of a wood bond. Loading can be applied in a gtet&-manner, cyclically,
in impact tests, or through long term loading. The specgtan be made from virtually
any species and adhesive, and subjected to various envir@hrmemdlitions prior to or
during testing.

The motivation of this thesis is to develop specimen igardtion and test
method recommendations for constant cross-sectiodeobwood DCB for both quasi-
static and cyclic loading tests. Criteria and aspeaath as appropriate specimen width,
viscoelastic response of the wood, and the significaricadhesive penetration were

studied. A novel method for cyclic fatigue testing woodB3Gvas developed. All



specimens in this work were made from southern yellove g5YP) using epoxy or
phenol formaldehyde (PF) adhesive bonds.

A bonded DCB specimen consists of two long adherends @edaonded along
their length with an initial debond at one end, as showigure 1.1. Loading can be
applied by a wedge driven into the debond, or as in this vioyrulling the two beams
apart by their ends, inducing Mode | cracking. The specica@nbe connected to the
loading machine via hinges, pins run through rigid blocks fixed td¢aen, or by holes
drilled directly through the adherends. The DCB debornch@acterized by the strain
energy release rate (SERK), which is defined as the amount of strain energy availa
per unit of fracture surface area created during Mode | agemWth. In the case of
bonded wood DCB'’s, precise grain control is critical mley that crack propagation

remains within the bondline.

20 mm
1 :ﬁ Grain angle = 3° - |
T = 10 mm

P /:ﬂ; ET

* Crack propagation—»

v

200 - 300 mm

Figure 1.1: A typical wood DCB constructed so the graiconverges into the bondline at a small
angle, with an initial crack and two holes in one end.

1.2 DCB Mechanics Review
Early work in fracture mechanics using bonded DCB specima&ssperformed

by Mostovoy and associates (1969, 1971). Assuming cohesiveir&awithin the
adhesive bondline, Farhad and colleagues (1977) investigatedlehef the adhesive

layer in a DCB with isotropic adherends. This was dbeeause the adhesive’s



mechanical properties influence the crack’s fracture ggner The influence of the
adherend and adhesive elastic moduli ratio and thicknéss aa the bond stress
distribution and crack tip stress intensity factor waplored. The modulus ratio was
found to play the larger role. Korjakin and associ&t898), in studying the influence of
glass fiber surface treatment on fracture toughness,ateal six different methods for
calculating the critical SERRG: area method, compliance method, linear beam
analysis, finite element analysis (linear and nonlineand the modified beam analysis
described by Blackman and associates (1991). The resules miged, though the
modified beam method showed the best consistency.

Blackman et al. (1991) published a review of the various cooremethods used
for DCB quasi-static testing, including the crack lengthrexdion, the moment arm
correction for large displacements, and a corredborhe stiffening contributions from
end blocks. Williams (1989) provided an analytically detigerrection, using a beam
on elastic foundation analysis accounting for bothis@rand rotational displacements in
the foundation; this was verified with finite element lgss. Williams’' approach was
incorporated in Hashemi et al's (1991) extensive report @nlaminar Mode |, Mode I,
and mixed mode fracture for fiber-polymer composites. &h plaper experimental work
was used to validate various correction methods and éealliierent methods for
calculating Gy, in particular the cube-root compliance method which isdusethe
present work. Two methods for calculating the longiatistiffness, Ex, were
compared, with one method using a crack length correcttrev TheEy, value which
did not use the crack length correction showed increiasstffness with increases in

crack length, which is an erroneous finding. The coedkdtiffness value remained



relatively constant with increases in crack length. Hearrhore the beam stiffness
determined through three-point bending was compared tcetra btiffness derived from
the cube-root compliance plot, showing close.

The importance of the ratio of the adherend verticadtel modulus, {, to the
adhesive elastic modulus,, Ewvas investigated for influences on: fracture toughness
(Wang 1978), optimal bondline thickness (Wang 1978, Penado 1988jicfgone size
and stress distribution (Wang 1997). All work was conductadspecimens with
E,,/E=>1. Wang and colleagues (1978) performed a finite elemenysaaf DCB
specimens assuming homogeneous isotropic substratethwititack tip located in the
bulk adhesive layer. Varying the adhesive stiffness andingépe substrate stiffness
constant, the system’s dependence on the substrate &sialstiffness ratio was
investigated, though the ratio never went below unity. th&smodulus ratio approached
unity, the vertical stressesyy, increased in the y direction above the crack tipoth the
adhesive and substrate. The distance between the cpaekdithe perimeter of the
compressive region ahead of the crack tip decreased asifthess ratio approached
unity. Also the stress intensity factor increasedtles adhesive elastic modulus

approached that of the substrate, as shown in Figure 1.2.
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Figure 1.2: The effect of the elastic modulus ratio &/E, (Esu,. adherend modulus, E: adhesive

modulus) on the mode | stress intensity factork,, normalized with load, P, crack
length, a, specimen width, b, and beam height, h, froWang's (1978) FE modeling.

Penado (1991) developed a closed form solution for calcglatiDCB’sG,. for
both isotropic and orthotropic substrates with cohesivesida failure, starting with a
beam on elastic foundation (no rotational displacejnerthe difference in Penado’s
work is that the foundation stiffness is explicitlyrisdled from the adherend and adhesive
stiffnesses. Ignoring the adhesive stiffness is praatibein the bondline is thin and the
adherend is much stiffer. However a system with ektand stiff adhesive layer, as in
epoxy-bonded wood, would benefit from an analysis of ca@rtistresses,oyy.
Unfortunately, Penado only confirmed his analysis with Ribdeling, but no

experimental data.

1.3 Strain Energy Release Rate — Corrected compliance method
When a DCB is loaded, strain energy is stored primamilhe specimen’s two

beams and can be calculated by assuming simple beany.thé6th crack growth the

length of each beam is extended, making the beam manmplieot so that for the same



displacement, the load and strain energy decreake.amount of strain energy released
by crack growth can be used to characterize the adhesnce daer the area exposed.
Assuming fixed displacement conditions, a bond’s ctistain energy release ra,,

is defined as the strain energy releasgd, by fracturing an area of bondA, as
described by Equation 1.1. For a beam of constant wigltand crack lengtha, the
change in aredA = b*da. The change in strain energll), is equal to the area between
two subsequent loading cycles in a load versus displaceplet Examples of
subsequent quasi-static load cycles can be seen in thevdosals displacement plot

shown in Figure 1.3.
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Figure 1.3: Typical load vs. displacement plot for an epxy-SYP DCB specimen (specimen #:

Bd18s3).
The compliance for two deforming beams, C, andsth&n energy, U, stored in the two

bonded beams are,
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whereP is the load applied and is the displacement of the loading pins, as shown

Figure 1.4.
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Figure 1.4: A diagram of a DCB showing the load and displaceent of the two beams.

With crack growth, strain energy changes in thdesgscan be caused by continued
increases in loading, or compliance changes. &g, Equation 1.1 can be rewritten

as

°“ 2 oa 2b da '

From classic beam theory, the strain energy stamethe two beams due to normal

stresses caused by bending is

2A3
u="-2a 14
3E |

XX

whereE, is the Young’s Modulus along the length dnd the second moment of area of
the cross-section about the neutral axis of arviddal beam. From Equations 1.2 and

1.4 the compliance of the entire specimen is

3
c=2 15
3E |

XX

With Equation 1.5, Equation 1.3 becomes:
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A crack length correctiong, was used by Williams (1989) to take into account
the strain energy being stored in the beam beybadctack tip. Using bonded wood
DCB’s, Gagliano (2001) compared the direct comgkamethod for calculatinG, to the
corrected compliance method, which uses the craafith correction; the better results
were obtained from the latter. (Throughout thissib the beam’s longitudinal, vertical
and width directions are defined to key, andz, respectively.) For an orthotropic
material such as wood, where the shear mod@ys,and the vertical elastic modulus,
E,,, are respectively about 1/1%nd 1/18 the Ex value, material displacements could
occur as much as 35 mm past the crack tip. Wiligh®89) derived an approximation

for crack correctiong, with a constant Poisson’s ratia,

2
g= |1 EXX) 3_2[ r j
18K "G, 1+T

_\ xxEyy

r=23y_=» 1.7
KG,,
K = 10Q+v)
12+1lv

Clearly a is dependent on orthotropic material propertiéhis is relevant for many
reasons. From a cyclic loading perspective, thelutan different directions could
soften in different manners during fatigue loaditegding to unpredictable changes in
the correction value, thereby changing th®, being applied.

The crack correction valueg, and the beam effective stiffnegE.)er IS
determined from the linear fit to the plot@¥*vs.a. The correctiom is the negative of

the abscissa intercept, while the slopex C*/a) provides the beam effective stiffness,



(Exd)erf @s derived in Equation 1.8 with Equation 1.5. uFégl.5 is an example of such a

plot, with @ = 19 mm and stiffnegE,) e = 9.6 Nm?, and an Rvalue of 0.9967.
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Figure 1.5: A plot of the cube-root of compliance vscrack length, a, whose slope and absicsa

intercept provide the beam effective stiffneséE,l )« and crack length correctiona,
respectively (epoxy-SYP DCB specimen #: Bd20s12).

The critical strain energy release rate used tHrougthis work is therefore:

_P’(a+a)’
° b(ExxI )eﬁ

The arrest fracture energ,, is acquired by using the loaB,, and crack length at

1.9

which crack growth stops,, while the beam end displacement is fixed:

-— Paz (aa + a)z

la b(EXXI )eﬁ 1.10

1.4 Wood Mechanics
DCB’s can be made of various materials, though his tstudy they were

constructed from southern yellow pine, SYP. FoiPS3évere density variations occur



within each annual growth ring. Like all woods,5¥ a cellular material; the cell wall

is a composite of oriented and highly crystalliredludose fibrils which are coated and
“crosslinked” by amorphous heteropolysaccharidegerred to as hemicellulose. The
interfibrillar hemicellulose network is interspetdsavith an amorphous, polyphenolic
network polymer which is called lignin. In SYP tla@proximate proportion of these
macromolecules is about 44% cellulose, 25% hennicsié, and 31% lignin. The oven-
dry specific gravity of SYP ranges from 0.52 — 0.6%hich is high among the

commercially significant gymnosperms. Furthermd®&,P contains about 2-5% of a
complex mixture of natural products which colleetiv are referred to as wood
extractives, so called because these nonstructorapounds are isolated by solvent
extraction. Notable among the SYP extractives ege fatty acids, resin acids, neutral
terpenes, as well as mono-, di-, and triglycerid€sllectively, the structural and

nonstructural components of SYP could interact, @att, with the adhesive in highly
specific ways depending upon adhesive chemistrg Miolecular and supramolecular
organization described above is further complicétgthe growth variations that occur in
temperate climates.

Entering the spring, wood begins a rapid growtlyestaith large “earlywood”
cells having approximately 50m diameter lumens, with about 10n thick walls.
Subsequent growth during the drier summer monthsldgver, producing a denser
material called latewood, which has thicker waltsl @maller cell lumens. An example
of the two growth types is shown in Figure 1.6, @ragraph of a microtomed cross-
section of a beam, using the method described aptéh 2. In SYP, the higher density

latewood has an elastic modulus which is more thege times the earlywood stiffness
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(Cramer et al. 2004). There is also significantiality in strength and stiffness
depending on the location in the tree from whiaoh Wood was cut (Groom et al. 2002).
For work covered in this thesis, the mesoscopitesafadifferentiating between latewood

and earlywood growth is the smallest scale conedler

Figure 1.6: A digital photomicrograph of a transverse sectio of microtomed and dyed SYP,
with the upper region consisting of denser latewoods compared to the lower region
consisting of larger and less dense earlywood cells.

The longitudinal, radial and tangential grain dir@as define the orthotropic axes
of the tree stem. Longitudinal grain, running flafdo the tree’s stem, is stiffest in order
to resist bending moments from the tree’s massframa lateral wind loads. The
tangential direction is perpendicular to the loandihal direction and is tangential to the
growth rings. The radial direction radiates outivirom the pith (stem central axis),
normal to the tangential direction. SYP is actuallcategory of eleven different species,
grouped together because of their similar macrohaueical properties and visual
appearances. The most common southern pines doéyipbhort leaf, longleaf and
splash pine. Table 1.1 lists the average mataragerties for loblolly, longleaf and

slash. Table 1.2 lists the orthotropic Poissoat®s and the tensile and shear elastic
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modauli for the three orthotropic directions asoatdf the longitudinal modulug;. The

radial-tangential plane elastic moduli and Poisstios listed in Table 1.1 do not satisfy
the reciprocity relation of Equation 1.11. Insteddeing equal to 1, the right hand side
becomes 0.728 for the listed values. This meamsdlues from Table 1.1 must be used

with the understanding that they may be incorrect.

E. v
—T7RT —1 1.11
ER Vir
Table 1.1: Macroscopic material properties for three spcies of southern yellow pine (Green et.
al, 1999).
Species Specific Longitudinal | Ultimate Compression| Ultimate Compression | Shear Strength | Ultimate Tensile
Gravity Modulus of Strength Parallel to | Strength Perpendicular | Parallel to Grain|Strength Parallel
Elasticity Grain to Grain to Grain
GPa MPa MPa MPa MPa
Loblolly 0.51 12.3 49.2 5.4 9.6 80.0
Longleaf 0.59 13.7 58.4 6.6 10.4 --
Slash 0.59 13.7 56.1 7.0 11.6
Table 1.2: Modulus and Poisson’s ratios for different ahotropic directions and planes(Green
et. al, 1999).
Species | E+/E, ER/EL GRIE.L| G /E. | Ggrr/E, Vir Vit Vit V1r
Loblolly 0.078 0.113 0.082 0.081 0.013 0.328 0.292 0.382 0.362
Longleaf 0.055 0.102 0.071 0.06 0.012 0.332 0.365 0.384 0.342
Slash 0.045 0.074 0.055 0.053 0.01 0.392 0.444 0.447 0.387

Obviously there is significant variation betwebla species; the variation within
a species is also great not to mention the vanagieen within one tree. Table 1.3 lists
the coefficients of variation for different mecheatdi properties for a wide variety of

species. The longitudinal elastic modulus has efficeent of variation in the range of

22%.
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Table 1.3: Average coefficients of variation for some nebanical properties of clear wood
(Green et. al, 1999).

Coefficient of variation®

Property (%)
Static bending

Modulus of rupture 16

Modulus of elasticity 22

Work to maximum load 34
Impact bending 25
Compression parallel to grain 18
Compression perpendicular to grain 28
Shear parallel to grain, maximum shearing strength 14
Tension parallel to grain 25
Side hardness 20
Toughness 34
Specific gravity 10

*alues based on results of tests of green wood from approximately 50 species.
Walues for wood adjusted to 12% moisture content may be assumed to be
approximately of the same magnitude.

Cramer and colleagues (2004) found the latewoazhttywood ratio for loblolly
pine to vary from 0.8 to 6.5 with an average of. 2.Bhe average earlywood elastic
modulus was 4.34 GPa, while the average latewoastielmodulus was 9.88 GPa. It
should be noted that these average values prodoaei@scopic elastic modulus similar
to that given by Green (reference, or indicateelpfur the same species. Latewood and
earlywood have a similar chemical composition, thvetthinner earlywood cell walls are
more susceptible to collapse under compression riexped during hot pressing.
Examples of this can be seen in Figures 1.7 andsh@ving microtomed surfaces, with

some collapsed earlywood cell walls, and the uctétkdense latewood growth.
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Figure 1.7: Photomicrograph of microtomed cross-sectionsf a PF bond, showing collapsed
earlywood cells.

Figure 1.8: Photomicrograph of microtomed cross-sectionsf a PF bond, showing collapsed
earlywood cells.

1.5 Wood Fracture Mechanics Review
Several research papers have been published on vaobdsive fracture

mechanics, with some using bonded wood DCBs. Eke\{E980) constructed tapered
DCBs from maple with phenolic adhesives. The speos were constructed by affixing

two precut tapered beams in a jig. All specimersanmachined specifically to ensure a
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10° grain angle converging at the bondline. The caoging grain angle served the
function of driving crack growth within the wood latends back into the bondline.
Ebewelle investigated the influence of bondlinekhess on fracture energy by using
specimens in which the bond thickness varied atbegoeam length. Consequently, the
thickness at each crack tip was used as the mehsahge. Ebewelle also studied the
influence sandpaper grit size and sanding methddohafracture toughness, noting that
back and forth hand sanded specimens achievedegreatture energies than machine
sanding in one direction (either parallel or pehemar to the grain.) He suggested that
a crack blunting mechanism (Cook and Gordon 199pJaens the benefits from hand
sanding. According to Ebewelle, sanding createalived failures between wood cells,
causing blunted crack tips and reduced plane stréke back and forth motion of hand
sanding proved superior to the unidirectional maehsanding, presumably because of
the directional randomization of blunting featuassociated with hand sanding.

In the same paper, Ebewelle also examined theteffedhesive fillers and depth
of adhesive penetration. He observed that folshgbenetrations, the crack grew into
the substrates, while for deep penetrations craclitp remained in the bondline. While
this is not true for all wood-adhesive bonds, itslandicate a possible toughening
mechanism caused by the penetrated adhesive. siopmicrographs of fractured
surfaces, he noted mostly interfacial failures ahdwed higher filler concentrations in
the adhesive layer with less attached on the satbksinterfaces. Ebewelle’s research
demonstrates fracture behavior will be influencgdMood surface preparation, bondline
thickness and the adhesive penetration into thedvenbstrate. In another paper, again

using tapered wood DCB’s, Ebewelle (1986) repothedinfluence wood processing has
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on adhesive joint performance, using tapered magiB’s.

Kyokon, Keenan and Bond (1986) used yellow-poptartdst the validity of
Griffith’s brittle fracture theory, Rice’s J-Integirtheory, and Eringen’s nonlocal (relating
to circular bar tension specimens) theories. Tioemd these theories to be valid for
poplar-resorcinal bonds, “provided that the appedpr adjustments are taken into
account.” This showed various existing fracturechamics theories can be applied to
analyzing wood adhesive bonds. Microphotographys vedso used to analyze
microtomed bond sections, showing the resorcindleanve flow into the vessel cell
lumens. However they did not relate variationsadhesive penetration with fracture
toughness.

Several wood DCB specimen configurations have besed, in addition to
Ebewelle’s work with contoured solid wood DCBs. v&i et al. (1989) conducted
research with contoured composite DCB’s, made frlat-pressed bonded-wood
laminates attached to contoured aluminum beams déwelopment greatly simplified
sample preparation; it eliminated the special jigquired to consolidate solid wood
contoured beams. While the wood/aluminum compotiigered beams were an
improvement, the tapered aluminum was costly amdqgtired chemical etching to form
a good bond to the flat-pressed wooden DCB. Thesklgms were eliminated with the
development of composite tapered beams made witdwoiented strand board (River
and Okkonen 1993). Testing has also been doneawittposite DCBs using constant
tapered beams made from laminated strand lumbeva{®@s 1997). The composite
tapered beams were effective, but their preparat@as nevertheless time consuming, not

to mention the fact that the beams required compdéaalibration.
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In 2001 Gagliano and Frazier published a methoxguie simple flat DCB; this
greatly simplified sample preparation, the beneditsvhich were found to outweigh the
need for real time crack length measurements whrehnot required with contoured
beams. This method of using constant cross-seatidmon-composite DCB'’s, which is
also employed in this thesis work, makes specimepgration easier while increasing
the number of specimens produced. In a separatk, i&agliano (2001) investigated
several different methods for determining the stemergy release raté, and found the
corrected compliance method described by Blackntaad. €1991) to provide the most
reasonable results with least variation. Gagliamesearch determined that there may be
a load rate dependence, recommending that ther&aadapplied for each cycle be set to
the cross-head displacement reached at fracturthéoprevious cycle. A hysteresis in
the load versus displacement profiles was obsethedigh the reasons for this were not
determined.

Using specimen preparation method’'s similar to @&agl and Frazier's work,
Conrad et al. (2003) used flat wood DCB’s to amaltfze fracture toughness of various
sized PF resin droplets from flexographic printipgates bonding Douglas fir.
Interestingly, in their work the beam thickness Weagered to 6.35mm to reduce process
induced residual stresses leading to premature falle. And starting with a tapered
beam on elastic foundation model, though not ahgwior foundation rotation as
Williams (1989) did, Qiao et al. (1997) comparealgtical predictions and FEA models
to experimental work, using aspen wood laminatednst lumber tapered DCB’s with
thick adherend layers of red maple or phenolicrfitgnforced plastic. Experimental

work agreed more closely with the FE results thah wthe Rayleigh-Ritz solution they
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studied.

1.6 Work explored
The primary direction of this thesis is towards lerpg qualitative and

guantitative characteristics necessary for refineamgl understanding the wood double
cantilever beam (DCB) as a valid means for tesfiagture energy in wood adhesive
bonds. The appropriate specimen width, latewoolgigaod grain distribution
influences, significance of adhesive penetrationd @&ystem behavior under cyclic
loading were investigated. Both epoxy and pheoohéldehyde (PF) impregnated films
were used with southern yellow pine (SYP) adherepisviding two systems with
different characteristics. This research shoulddmsidered an extension of Gagliano’s
(2001) research into using the same specimen gepifoetguasi-static testing.

In Chapter 2 the effect of specimen width on steamergy release rat&,., was
investigated experimentally by testing DCB's atyirag widths (10 mm, 15 mm, and 20
mm. The analysis of epoxy bonded DCB’s was complged with bulk epoxy
toughness measurements using the single edge dospeeimen. Quasi-static fracture
testing was also performed on SYP adherends bowndiddPF films. In Chapter 3
microphotography of stained microtomed specimerssssections was used to analyze
the adhesive penetration into the adherends fdr et epoxy and PF bonded specimens.
Also investigated was the difference in penetratiepth of the epoxy into earlywood
versus latewood growth regions.

In Chapter 4 grain distribution influences were paoationally investigated
because of the stiffness difference between latewaad earlywood growth and the
grain's angle along the length of the beams. Tiffereince between the longitudinal

grain elastic modulus and the lengthwise elastiduhe of the beam was calculated for a
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range of grain angles. Also investigated wereédffiects from a grain angle in the x-z
plane. Various latewood grain thickness and dhstions were examined within
reasonable ranges for southern yellow pine. Basedhese considerations, another
recommendation is made for an appropriate beanhwidt

Chapter 5 describes the cyclic testing performedguBPF-SYP DCB’s at 3Hz
with a valley to peak load ratio of R = 0.5. Tegtwas performed under load control in
order to maintain a constant load ratio, with bo@ximum and minimum displacements
increased with cycling at constant crack lengthhe Bpecimens were coated in an oil
based aluminum paint and sealed in plastic bagmgluesting to maintain moisture

control.
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Chapter 2: Epoxy-SYP DCB and PF-SYP DCB static fracture
2.1 Introduction

The width dependence of epoxy southern yellow #¥¢éP) double cantilever
beam’s (DCB) was experimentally investigated. $pecimens were cut to 10 mm, 15
mm, and 20 mm widths. The properties analyzedwmith dependence include the
critical and arrest strain energy release r&gand G, respectively; the square of the
Pearson product moment correlation coefficiert, fom the cube root compliance
versus crack length plot; the determined effecstifness divided by specimen width,
(Exd)erfb; the crack length correctiong; and the beam’s calculated macroscopic
lengthwise elastic modulugy. The elastic modulus and fracture toughness ebilik
epoxy were also determined using tensile couporg single-edge notched-beam
(SENB) specimens prepared with the same two-stagagcprocess used to make the
epoxy SYP-DCB's.

Past experiments with other substrates (e.g. alumirikinloch and Shaw (1981))
have shown greatds,. values for smaller widths, leveling down to a dans value as
width increases. The determining factor for trebidvior is generally associated with the
relative proportion of plane strain to plane strpssstic zone volumes. Plane stress
plastic zones, prominent on a specimen’s edgesigreficantly larger than plane strain
zones. For this reason narrow specimens haver |pl@gic zone volumes per unit width,
resulting in higher fracture energies. With stifledherends such as aluminum, the
plastic zone is constrained to be entirely withive tadhesive. However wood’s
comparable softness allows for significant substi@formation in the vicinity of the

crack tip’s stress concentration. Because thassizencentrations near the crack tip are
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deforming the wood adherend, the wood'’s orthotrapid non-homogeneous nature will
result in complicated stress distributions. Oneeadive of this work was to
experimentally determine the point that epoxy SYEB® G, cease to decrease with

increases in width, if such a point is observable.

2.2 Methods and Materials
Following the process developed by Gagliano andi€rg2001), southern yellow

pine (SYP) double cantilever beams (DCB) were nfemi® machined wood lamina and
two separate adhesives: a thin film epoxy NB101.0260 from Newport Adhesive and
Composites, Inc. and a phenol formaldehyde (PFyegmated paper 42209/PGF from
Dynea Overlays, Inc., both approximately 2%@n in thickness. SENB fracture
specimens and dogbone tension specimens (procddsceibed below) were made from
the same epoxy film using silicone molds.

2.2.1 Wood Lamina Preparation
Clear grain SYP was purchased in the form of 2.#18.7 m long, 50 mm thick

boards, with widths ranging from 150 mm to 300 mithe boards were cut into 25 cm
long sections, and then lines were drawn ‘aar®les against the longitudinal grain as
measured from the sides, at least 15 mm apartanfidaw was then used to cut free the
laminae, with each section yielding one to thresitee, depending on the grain’s angle
of the starting board. The lamina were then pladedn to approximately 12 mm
thickness and then placed in an environmentallylegdgd chamber maintaining a relative
humidity of 67% at 20C, which equilibrated the wood’s moisture contentl2% by
weight. Variations in initial moisture content sad the time to equilibrate to vary,
potentially lasting several weeks. All wood spesm®s and materials were stored in the

equilibration chamber until needed for further @ssing.
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2.2.2 Epoxy-SYP DCB fabrication
After the wood laminae moisture content had equatied, the laminae were

planed down to a final thickness of 10 mm. Theesadle film was placed between the
two laminae, which were oriented to have the gemigle converge at the bondline, as
depicted in Figure 2.1. The epoxy laminates wal@itated with three layers of film.

The laminate was wrapped in aluminum foil and tp&ced in a preheated oven. The
aluminum foil prevented expelled liquefied epoxgrir leaking onto the oven floor and

damaging fit.

L &
e

Figure 2.1: A typical wood DCB made from southern y&w pine constructed so the grain
converges into the bondline at an approximately ®3angle, with an initial crack and
two holes drilled in one end.

When moisture escapes, wood has a tendency to tutlie opposite direction of
the growth ring curvature. This characteristicdraes more pronounced as the moisture
content in the wood decreases, the rate and ldwehizh is dependent on temperature
and atmospheric humidity. For this reason, in otdeeduce residual stresses and ensure
more consistent bondline thickness, the boards Jate so that their growth ring
curvatures were in the same direction. An exaroplis is shown in Figure 2.2. This
ensured that distortions that would have takeneplacie to wood drying in the oven
during the long curing process, would be in the esatinection. The important result
being that residual stresses were minimized so ttey did not contribute to crack

growth, thereby lowering the measured Mode | frexcenergy.
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Figure 2.2:  End cross-sections of two lamina nestao that the curvature of their growth rings are
in the same direction.

The epoxy laminates were centered in the oven uifetesteel plates applying an
approximate pressure of 3.5 kPa, cured with a tagescuring process: 20 hours atG5
followed by 3 hours at 108C. The two stage curing process was used to keepye
within the bondline by raising the viscosity by fty curing at a lower temperature, so
that when the temperature was raised to°C0@ complete the cure, not all the epoxy
was expelled from the sides. After curing the lzaie, the aluminum foil was removed
and the laminate was allowed to cool. The indigideeams were cut to the appropriate
width using a table saw, with the laminate’s outérmm edges being discarded due to
avoid edge effects. Specimens 10 mm, 15 mm, andr@@vide were machined from an
individual epoxy laminate, as depicted in Figure.2. This ensured that sample
preparation effects were randomized across allsigstimens. Holes were drilled in the
specimen’s starting end. The epoxy-SYP specimeaas weturned to the environmental
chamber for storage. In total, there were sixtd@mm specimens, nineteen 15 mm, and

seven 20 mm wide specimens.
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Figure 2.3: An example of the cutting pattern for obtainng different width beam from the same

lamination, discarding the outer 10 mm sections.
2.2.3 PF-SYP DCB fabrication
After being planed to 10 mm thickness, the boardsewested together with the

same growth ring curvature and grain angle direstioas described earlier. The
laminates were wrapped in fresh aluminum foil apdtered in a preheated hot press,
under 245 kPa at 180 for 20 min. The pressing time was the optimaetifound by
Gagliano (2001) with the same adhesive, though desl wyellow poplar, a less dense
material, pressed at 1% under 965 kPa. The phenol formaldehyde impreghpaper
film is approximately 25@m thick with no tackiness at room temperature. fJpeating
the paper substrate remains solid, however theeigmated phenol formaldehyde flows
into the bond interface.

Within an hour and a half of being removed from Hu press, the specimens
were cut to a width of 20 mm with a tablesaw, hole=e drilled in the end. The
specimens were then immersed entirely in oil bagkaninum paint, removed and

allowed to air dry for approximately 24 hours. H™pecimens were placed in two plastic
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Ziploc bags for storage to maintain their moistcoatent. Over twenty specimens were
prepared, however only three were used in the eggasc DCB test.

2.2.4 DCB specimen pretest preparation
Before testing the epoxy and PF-SYP DCBs, a ralee tvas pasted along the

side, directly underneath the bondline, with theasugement starting at the center of the
fixture holes. White-colored typographic correntituid was painted along the bondline
in order to make the crack more visible to the dadge. Testing was performed within
30 minutes of applying the correction fluid. Armla was applied at approximately 50
mm past the fixture holes in order to restrict krgowth beyond that point while a sharp
wedge was tapped into the bondline to make amiratack.

2.2.5 Bulk epoxy tensile dogbone preparation
To minimize void formation the dogbone tensile cong were cured under

vacuum (< 34 kPa) in silicone rubber molds. Cumvaps conducted with the same two-
stage heating process as for the epoxy-SYP DCRS: hours at 5% followed by 3
hours at 108C. Leaks did cause vacuum pressure to declinendiubefore the material
had vitrified within each stage. For this reasomaauum was used to bring pressure
below 34 kPa again before devitrification in stage

Approximately 0.5 mm of excess material was remofredth each side using
rotating drum and unidirectional circular wall sarel All sides of the dogbone
specimens were flattened for constant rectangut@ssesections and finally exposed to
sanding along the length to ensure scoring actwssvidth did not contribute to early
specimen failure. Five specimens were prepareglingrin thickness from 1.93 mm to
4.23 mm, with an average width of 12.9 mm and lengt 101 mm. All testing and

specimen preparation was based on ASTM D638-95
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2.2.6 Bulk epoxy SENB preparation
The same thin film epoxy described above was dat strips and laid within a

silicone rubber mold. The epoxy was then cure853E for 20 hrs followed by 16C
for 3 hrs, the same two stage curing process useddking the DCB specimens. A
solid 200 mm long rectangular block was produceth w cross-section of 25 mm by 25
mm. The specimen dimensions were chosen in acecedaith ASTM D 5045 — 95. A
table saw was used to cut the block into two stéipsm thick and 12 mm wide. A
bandsaw was used to cut 4 blocks from each simgh,aavertical belt sander employed to
flatten off all edges to the approximate dimensioh49.3 mm length, 5.6 mm thickness
(B), and 11.2 mm widthw). A guiding cut was made for a %file to create a triangular
notch approximately 2/B in depth.

Following a method proposed by Dillard et al. (1p9&ing an eccentric
compressive load to aid in pre-cracking a SENB, sihecimen was loaded in a vice with
small pins placed at the base of each end. Thiseniter loading produced bending, with
tensile stress at the notch tip and compressivwsstbelow, as shown in Figure 2.4.
When a razor blade was tapped into the bottomeohtich, the tensile stress aided crack
growth initiation, while the compressive stresspkdl prevent crack overextension.
Though tapping was stopped when the ratio of nhtnack length,a, to width, W,
driven by the blade appeared to rea¢v = 0.5, as measured from the side, actual
internal crack length was determined from the freedl surface using a microscope.
Crack extensions were not all straight, so an eséthaverage of these lengths was used,

acquired when validating the specimen, as deschiexiv.
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Figure 2.4:
SENB, showing the specimen length and width (Dillardteal. 1993)

2.2.7 Bulk epoxy tensile test methods
Prior to loading, the specimen effective lengtid #re rectangular cross-sectional

dimensions were measured. The specimens wereeseauran Instron 4204 testing
machine, fitted with an extensometer, and loadednaeffective strain rate of 1% per
minute until fracture. Load was measured withldNlload cell. All time, displacement,
and loads were recorded by the controlling comput&train was taken to be the
extensometer displacement divided by the origiffacgve length; stress was taken to be
the measured load divided by the cross-sectiomgnad area.

2.2.8 Bulk epoxy SENB test methods
To ascertain the fracture toughness of the neaxyepmeat epoxy single edge

notch beam (SENB) specimens were loaded in a detmeapplied Mode | loading
through three point bending, with an extensometeasuaring displacement, using the
method described in ASTM D 5045 — 95. The specsmneere loaded at 1mm/min in an
Instron 4204 testing machine. Load was measuréd avil kN load cell. All time,
displacement, and loads were recorded by the dbngrcomputer.

2.2.9 Epoxy-SYP DCB and PF-SYP DCB quasi-static DCB tesy methods
All DCB specimens were tested using the methodeefiby Gagliano (2001),

which was adapted from ASTM D3433-93 for bondedah&CBs. The beams were

closed after each crack extension arrested. Torernbe crack opening rate remained
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relatively constant for each cycle, the crossheiaglatement rate was set so that the
previous cycle’s maximum displacement would be medcwithin one minute. With

each loading cycle, the crack length was measundditee compliance was determined
from the linear region of the load versus displageiplots as the displacement was

increasing.

2.3 Results and Discussion
2.3.1 Bulk epoxy tensile testing results
Table 2.1 shows the yield stress, yield strain, soding’s modulus for each

specimen. Using the 0.2% offset strain methodyiblkel point was determined to be the
intersection between the data and a straight Wh@se slope was the obtained modulus,
offset toe = 0.002, as shown in Figure 2.5. However specithevas deemed invalid

based on a prominent void and inexplicable smoetjion in the fracture surface when
all other specimens showed rough surfaces withoidisy A yield point was not obtained

for specimen 3 because fracture occurred beforeedpected intercept point. Each
specimen demonstrated brittle failure with veryiditelongation, with fracture surfaces

perpendicular to the loading direction, indicatmgshear failure.

Table 2.1: Modulus of elasticity, yield strength and yiel strain from tested tensile
coupons, with the average (AVG), standard deviation (STD)and coefficient of
variation (COV) values.

Specimen| E, GPa | Yield Stress, | Yield Strain
# MPa

1

2| 2.28 36.64 0.0181

3| 2.42

4] 2.66 37.89 0.0163

5[ 2.63 40.27 0.0173
Avg 2.50 38.27 0.0172
Std 0.18 1.84 0.0009
Cov 0.07 0.05 0.0534
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Figure 2.5: Stress strain curve for a typical bulk tasile coupon, showing the offset line used to
determine yield point.

2.3.2 Bulk epoxy SENB fracture testing results and disca®mn
According to ASTM D 5045 — 95, if the material te bested is supplied in the

form of a sheet, the specimens should be cut sahkaspecimen thickness is the sheet
thickness, in order to optimize material use. TVasiability in specimen dimensions
allowed greater freedom in machining the specintertbe chosen dimensions. However
the use of such an arbitrary thickness must béfiecstoy proving the results meet the
ASTM test method’s validity requirements. A preiary fracture toughness valuegK
was calculated using the maximum load sustaiRgdor:

Ko = (P,BWY?) f(c)

199-c(l-c)(215- 39 + 2.7¢?) 2.1

f (x) =6cY2 e
(L+20)(1-c)

whereB is the specimen thicknesd/ the specimen depth, awod= a/W, wherea is the
initial crack length measured to include the nosoid induced crack. The ASTM
standard specifies that if the difference betwéwenshortest and the longest initial crack
length distances within individual specimens isafge than 10%, then the specimen is

considered invalid. Analyzed under a microscofles@ecimen crack extensions were
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shown to be sufficiently uniform across the widflhe specimen is also considered to be
invalid if the size criteria are not satisfied:

B,a,(w-a)> 25K, /0,)? 2.2
where gy is the yield stress obtained from the tensileste§these criteria exist to ensure
that the crack tip’s process zone is not influenogdhe specimen’s size or stress at the
loading points. All specimens met the necessatgra, so thek,c value was taken to be
the calculatedq from each specimen.

As can be seen in Figure 2.6, the SENB load vplatiement curves are almost
perfectly linear, with a small decrease in slopemediately prior to fracture
corresponding with crack growth initiation. Freqtlg initial displacements showed
increases in slope, which might be attributabledampliance in the Instron’s load train.

For this reason, early displacements weren't usedlculating compliance.
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Load vs. Displacement curves for four SENBpecimens showing regions of constant

Figure 2.7 shows the specimeikg values plotted against tl@W ratios. Five

specimens fall outside the ASTM recommended 0.48\% < 0.55 range. The average

a/W ratio was 0.46, with a COV of 9%.

However, it dam seen that those which fall

outside of the range do not deviate greatly froenaterage it,c value of 1.18 MPan*?

with a COV of 9%.
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Figure 2.7: Kic vs.a/W, with an average of 1.18 MPa.if¥ and all specimens considered valid.

2.3.3 Epoxy-SYP DCB Results
Shown in Figure 2.8 are load versus displacemenfilgs from several

specimens, labeled with their respective widths tdtal, there were sixteen 10 mm

specimens, nineteen 15 mm, and seven 20 mm wicdasges.

32



Bd20s9 (10 mm) Bd18s4 (15 mm)

. 2 3 _ 6
Displacement, mm Displacement, mm
Bd23s4 (20 mm
50 - Bd18s3 (15 mm) 80 - ( )
40
Z 30
k=]
<
820
10
0 ‘ 1
0 1 2 3 5
0 DisplacerAhent, mm 6 8 Displacement, mm
Figure 2.8: Representative load vs. displacement ploterfepoxy-SYP DCB specimens Bd20s9 (10 mm), Bd18s4 (15 mm), B&L85 mm), and

Bd23s4 (20 mm).
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Hysteresis was observable between iso-crack-lengéding and unloading
displacements. The hysteresis effect is considévetdie negligible; loading curves
approaching crack initiation are linear, meaning #ssumptions for derivinG,. are
generally valid.

Figure 2.9 shows the cube root complianCe,versus crack length plots with
linear trend line fits, used to acquire effectiveffreess, (Exd)e, and crack length
correction,a, as described in Chapter 1. The plots in Figuf d&e from the same

specimens used to create Figure 2.8.
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Figures 2.10 and 2.11 present the average crdm@larrest strain energy release
rate, G and Gj, respectively, from each specimen plotted agaimstactual specimen
width. Also shown are the averagég values from the 10 mm, 15 mm, and 20 mm
groupings. The critical loads are considered two (compared to other adhesive wood
DCB systems) to cause the 10 mm beams to be imiaehy plane stress plastic zones.
Assuming Equation 2.3 for cohesive cracks in bulkesives from Kinloch and Shaw
(1981) is a valid estimation for the epoxy SYP-D§@ecimens, a typical plastic zone
size, p, is 134pm, or approximately 50% to 70% the bondline thidsmevheree, is the
epoxy modulus of 2.5 GP&,. the epoxy fracture energy of 493 3/randoy|d the epoxy
yield stress of 38.3 MPa. If the loads were gmredbe plastic zone size would be greater,
extending the crack tip yield zone into the wootleadnds. And considering that most
cracks were interfacial, not cohesive, the stressentrations most likely did extend into
the soft wood adherends. Regardless, the amostiatiier obviously decreases as width
increases, with 55%, 42%, and 28% coefficientsasfation for the 10 mm, 15 mm and

20 mm widths, respectively.
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Figure 2.11: Arrest strain energy release rate3,,, plotted as a function of width.

There may be several reasons for the decreaseaiteisovith increases in

specimen width. It should be noted that specinfiems each width group were produced

from several different laminations, with a lamiatiprod

ucing several specimens of

different widths. This precludes the possibilihat scatter is dependent on the batch

from which the specimens originated.

One hypothder decreased scatter with
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increased width combines the facts that the eptwyed superior adhesion and deep
penetration into earlywood regions than latewoaybomes, and that wider specimens were
more consistent in the proportion of growth typesosed on the substrate.

The width dependence of four different indicatoraswnvestigated. The cube
root of compliance versus crack length linear ditrelation coefficient, R the effective
stiffness(Exd) e divided by width,b,; the macroscopic lengthwise elastic modultg,
calculated from Equation 2.4; and the crack lemgitrection,a, were all plotted against
specimen width in Figures 2.12 to 2.15. Data [gaatme from each from each specimen

are plotted against the specimens width, with tktasstical outliers removed.
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Figure 2.12: The cube root compliance versus crack Igth linear fit correlation coefficient, R,

plotted against specimen width.
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plotted against specimen width.

As discussed earlier, the proportion of earlywamthtewood is more likely to be
consistent in wider specimens. The consistencyhé proportion of earlywood to
latewood within a specimen could influence the tecaif the R value. And the scatter
in values of the beam effective stiffness and expemtally determined elastic modulus,
Exx, Will be dependent the differences between spawmeConsidering the sizes of SYP
growth rings (2-5 mm), narrower specimens are fusnore likely to have significant
differences in the proportion of growth types, ahdrefore significant differences in
mechanical properties. However there is no appavetih dependence for any of these
values in terms of scatter or data ranges. Thegyisificant because the critical and arrest
strain energy release rate values showed a decdreasatter with an increase in width.
If any of these indicators had shown similar bebguwhey would have given a clue as to
the cause for th€&, andG,, behavior.

Figure 2.16 presents effective stiffngBs.l)err versus correctiom, for the three
different width groups. As would be expected freouation 2.4 from Blackman et al.

(1991), there is a clear cubic dependenceronhere h is the beam height. However, no
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width group stands out as being different.
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Figure 2.16: Effective stiffness(Exl)«s, (determined from the cube root compliance versusrack

length plot) plotted as a function of crack length carection, a.
2.3.4 Epoxy-SYP DCB and epoxy SENB Discussion
Several factors influence the epoxy-SYP failure awidr, such as bondline

thickness, adhesive penetration, and the adhesiwefgal fracture energy. The
bondlines were sufficiently thick to preclude comseabout bondline starvation causing
the low fracture energies. So although SENB spexsmhave stress distributions
different from those seen in interfacial failurey epoxy with low fracture toughness
would explain the lows,c values obtained in the epoxy-SYP DCB tests.

Equation 2.5 was used to convert the SEKIBvalues toG,,, whereE, is the
epoxy’s Young’'s modulus, andthe Poisson’s ratio. Though the epoxy’s Poisscati®
was not experimentally determined, an assumed waflue= 0.35 produced 493 J/m

These values are well above the epoxy-SYP DCBUraciverage value of 20 Jim
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Though the epoxy fails in brittle fashion undersien, its fracture toughness is
sufficiently great to preclude cohesive failurenfrdeing the cause of the DCB'’s low
fracture toughness. The reasons for the low woadyePCB fracture toughness remain
unknown. Several possible explanations have bgpothesized, but nothing has been
proven. Perhaps a combination of reasons congsbiat the final lower toughness. One
explanation involves the preferential adsorptioroné of the epoxy reactants into wood,
in which case the epoxy stoichiometry could beratteaway from the optimum with
deleterious effects in the interphase. An intealacrack (which was the dominant
failure mode) would pass through a material of ppshlower toughness. And although
the cracks were mostly interfacial, typically adayf epoxy remained on the failed side.
Another explanation involves the absorbed epoxyndil and stiffening the substrate
around the crack tip. The average elastic modidushe epoxy is approximately two
times greater than SYP’s bulk radial direction &#tasiodulus, and 4 times greater than
the tangential direction modulus, though abouf"1t#%e longitudinal stiffness. If the
wood cells were to remain unfilled, stresses arothel crack tip could have been
dissipated in the softer porous material. Withaa#s filled with stiff epoxy, stress fields
at the crack tip are greater for the same beamrigatisplacement. This explanation by
itself is not sufficient to explain the extremelgwl fracture toughness values in
comparison to the neat epoxy. In a SENB specirherctack tip is certainly surrounded
by stiff epoxy. The penetrated region of a DCR softer composite of wood and epoxy.
If stiffness of the surrounding material were tbéescriteria for lower fracture toughness,

the SENB specimens would show the lowest toughness.
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2.3.5 PF-SYP DCB Results and Discussion
In order to ascertain the critical fracture loads different crack lengths,

displacement controlled quasi-static fracture tesese performed on three PF-SYP
DCBs. TheG values from individual crack lengths ranged froetolv 200 J/rhin one
specimen to above 360 Jrm another, with an approximately 10% coefficierft o
variation for each specimen. The aver&ge value for the three specimens was 272
J/inf, with individual G,. and G, plots against crack length given in Figure 2.17he T
plots of the cube root of compliandg, versus crack lengtla, had very good linear fits.
The square of the Pearson product moment correlatefficient, B, was over 0.98, as
shown in Figure 2.18. Data from all specimenseta#ts a whole, does not show trends,

such as increasing fracture energy values witheaming crack length.
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for quasi-statically loaded PF-SYP DCB.
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Figure 2.18: A plot of the cube root of the DCB's copliance against crack length for a typical
guasi-statically loaded PF-SYP DCB.

In Figure 2.19 the critical loads from the threeasjtstatically tested PF-SYP
DCBs are plotted as a function of crack length.terestingly, as can be seen by
comparing Figure 2.17 and 2.18, a specimen may hawgher critical load but lower
critical fracture energies compared to other spensn This is due to variations in crack
length correctiona, which ranged from 17 mm to 33 mm. In additionveriation
between specimens in critical loads at similar kclaagths, none of the specimens show
a smooth decline, but rather a waviness as cracftiancreased. The waviness could be
due to local variations in beam properties causiiiegeffective crack length at individual
points to differ from the values used based onotherall crack length correction for the
entire specimen. The grain angle converging abtdmlline will cause variations in the
cross-section stiffness along the specimen lengffhis could potentially lead to

variations in the critical fracture load, as will discussed in a later chapter.
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Figure 2.19: Critical load versus crack length from thee typical quasi-statically loaded PF-
SYP DCB specimens

2.4 Conclusion
The epoxy-SYP DCB’s of 10 mm, 15 mm, and 20 mm ksdvere tested under

guasi-static monotonic loading to investigate widiependence for the following
properties: the critical and arrest strain enemggase ratec and Gy, respectively; the
square of the Pearson product moment correlati@fficient, R, from the cube root
compliance versus crack length plot; the determie&ective stiffness divided by
specimen width, Eb; the crack length correction,; and the beam’s calculated average
elastic modulus. The only significant dependenas apparent in the statistical scatter of
Gic and G, though the average values were approximatelyséime and much lower
than expected. The scatter was found to decreaspecximen width increased. This
indicates specimens should be fabricated with dhnod at least 20 mm. PF-SYP DCBs
were tested under quasi-static monotonic loadifgese specimens were found to have

much higher fracture energies than the epoxy-SYB'BC
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The epoxy's elastic modulus and fracture toughnesse experimentally
determined to investigate reasons for the epoxy B@Bv fracture energy. The epoxy
was found to have a high fracture toughn&ss, Under pure tension the epoxy fails in a
brittle fashion, with an elastic modulus twice thedulus of SYP’s radial grain direction.
Plausible reasons for the low DCB fracture energyengiven. A cohesive failure crack
tip plastic zone size for the epoxy-SYP DCB wagesied to be between 50% and 70%
the bondline thickness. The significance and wglicbf this approximation is
guestionable considering most failures were intéafanot cohesive, and the mechanical

properties of the epoxy near the interface is uager

47



Chapter 3: Adhesive penetration analysis
3.1 Introduction

Typically in the formation of a wood-adhesive bptite adhesive wets and then
flows over the wood surface and into the cell lumenThis adhesive penetration
promotes mechanical interlocking and the reinforeeinof damaged surface cells; it also
increases the surface area for adsorption andip@ssivalent bonding. Depending upon
the level of penetration, an interphase compridegidbesive and wood may be formed,
creating a composite layer with mechanical propsrdifferent from those of the bulk
adhesive and wood. This composite layer couldesgrmcrease the stress applied at the
crack tip in a bonded fracture specimen, or ach asughened layer preventing crack
growth into the adherend. Ebewele (1980) noted fibvacontoured double cantilever
beams (DCBs) made from maple bonded with filled nothdormaldehyde (PF), deep
adhesive penetration prevented crack growth intontbod adherend, while bond’s with
shallow penetration showed crack growth into theeaeind.

In this chapter southern yellow pine (SYP) bondetth vepoxy and PF is
examined by fluorescence microscopy. The epoxynmeffective penetration and
maximum penetration depths are determined for wadygl and latewood growth regions.
Different dye and fluorescent light combinationse axplored for PF-SYP systems. Also
investigated is the penetration depth of the oddoshaluminum paint used to cover the
PF-SYP DCBs, as described in section 2.2.3. Thisitppenetration is studied to
determine the likelihood of the paint significandligering the bond.

Photomicrography of dyed microtomed surfaces ufiderescent light provides
a means for characterizing adhesive penetratiomis fleveals adhesive wetting and

penetration, providing qualitative insights int@ thature of wood adhesion and the bond

48



fracture resistance.

3.2 Materials and methods
3.2.1 Epoxy and PF wood bonds and dyes
The samples in this work came from the double tami beam (DCB) fracture

specimens discussed in Chapter 2. Southern ygdloe (SYP) DCBs were made from
machined wood lamina and two separate adhesivdsndilm epoxy NB101 U 0.060
from Newport Adhesive and Composites, Inc. and &nph formaldehyde (PF)
impregnated paper 42209/PGF from Dynea Overlaygs, hoth approximately 250m in
thickness. The exact chemical make up of both sidée is unknown. The epoxy
bonded specimens were formed with a two stage gupimcess: 20 hours at %5
followed by 3 hours at 108C. The PF-SYP bonds were formed by hot pressinmtgun
245 kPa at 15T for 20 min. Three different dyes were availafblestaining: Safranin-
O (0.5% in HO), Toluidine Blue O (0.5% in #9), Fast Green FCF (0.05% in®).

3.2.2 Sample preparation
A bandsaw was used to cut cross-sections from ltb83&>-DCB’s, ranging in

width from 10 mm to 20 mm. All laminations werespared in the manner described in
Chapter 2. For the epoxy system, four separateimmpaes were used from three
laminations, with two to six cross-sections useainfreach specimen. The resulting
sections were immersed in water until saturatellis €nabled a finer cut and minimized
microtome blade dulling. The epoxy bonds failedimyiwater saturation, with the epoxy
layer often detaching completely from both adhesenéiowever, the penetrated epoxy
remained attached within the wood cells. After nmicming, the epoxy —SYP samples
were stained with Safranin-O (0.5% in@), while the PF-SYP samples were exposed to

various dyes as mentioned below. The surfaces egated with dye multiple times until
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dye absorption appeared to be maximized. The dys allowed to dry before the
specimen was viewed under the microscope.

3.2.3 PF-SYP dye and fluorescent lighting combinations
The dyed surfaces were examined using a Zeissska under a 100X

magnification. Three different fluorescent lighgtions were available: Triple Dichroic,

Ultraviolet (UV), and Rhodamine Texas red. SemafF-SYP samples were stained
with Safranin-O (0.5% in kD), Toluidine Blue O (0.5% in #0), Fast Green FCF (0.05%

in H20) in or left unstained, and examined under thedltifferent light options, creating

nine different combinations.

3.2.4 Penetration measurements
Effective penetration is defined as the total astadhesive divided by the bond

width, which is equal to the microscopic field abw (Sernek et al. 1999). Image
analysis software is used to contrast the adhesom the wood. The software is
calibrated from a reference image to determineaitieial area covered by each pixel.
The pixels are grouped together based on relatiorimpity, such as the adhesive shown
within an individual cell, and the area of eachugras calculated. Tolerances are set so
that groupings having too small of an area areadisx as noise.

Another penetration measurement technique is te talximum penetration
depth measurements from the bondline interface a@bally spaced distances
(approximately 195um). Individual lines were drawn from the adhesadherend
interface to the edge of the penetration depth th® substrate. Both measurement

methods were developed by Sernek et al. (1999).

50



3.2.5 Epoxy penetration
For the epoxy-SYP bonds, photomicrographs were ntadke earlywood and

latewood regions separately, with 11 to 18 photoogiaphs from three beams and two
from a fourth. The best images were acquired uSiiganin-O dye and UV fluorescent
lighting. The choice was based on clarity and gpeaod color contrast. The clarity
and contrast varied for many possible reasons,dmd) but not limited to: variations in
dye absorption into wood, presence of oils releds®d the wood, and blade sharpness.
The epoxy’s penetration into the wood adherend wassured using the effective

penetration method and maximum penetration measursm

3.3 Results and discussion
3.3.1 PF-SYP light and stain combinations
Figures 3.1 through 3.4 show examples of varioggtliand stain color

combinations from PF-SYP bonds. Some stain ardr fitombinations showed no
contrast, such as Safranin-O under Rhodamine Teedidiltered light which showed
everything as red. Others showed differentiati@wieen the adhesive impregnated
paper substrate in the bondline and the wood adterkut failed to highlight the
phenolic resin in both the paper substrate and wamtiterend. In all cases the phenol
formaldehyde penetration was minimal; penetratioat toccurred was considered too
shallow and variable to warrant a penetration agsigly

Typically deeper penetration is considered necgssar ensure mechanical
interlocking, an important adhesion mechanism irodvadhesive bonds. However, as
discussed in Chapter 2, the PF-SYP bonds had ntetletagh fracture energy values,
with an averag&,. of 272 J/m. This proves that deeper penetration is not rsacggor

adequate Mode | fracture energy values.

51



Figure 3.2:

A microtomed PF-SYP bond stained with Tolidine Blue O under UV light.

52



Figure 3.3: A microtomed PF-SYP bond stained with Sa&nin-O under UV light.

Figure 3.4: A microtomed PF-SYP bond stained with FasBreen FCF under UV light.

3.3.2 Epoxy penetration analysis
Table 3.1 shows the calculated effective penetratghotomicrograph image

width, grouping area standard deviation, total akall groups, and number of groups

from 19 sample photomicrograph images taken ofyeadd regions. For example,
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image 15:2a5A showed 163 similar color groupings, & total of 2.9E+04im?, with a
group area standard deviation of 4% from the average; while the entire image width
was 1039um, yielding an effective penetration of p&. The images are labeled in the
order of lamination lay-up, DCB number, cross-sacietter, image number, and beam
letter (A orB). In the case of 15:2b2B shown in Figure 3.5,ithage is of bearB, the

2" image from cross-sectiorb’* from the 2 DCB specimen from the TSepoxy

lamination.
Table 3.1: The effective penetration measurements of eppinto earlywood growth regions.
Sample Group Area| Image | Effective
Image Erelps | e AR Std.Dev Width Depth
# Hm’ Hm?’ um pm
15:2a3A 72 37298 697 897 42
15:2a5A 163 28959 642 1039 28
15:2a6A 88 38976 1094 1157 34
15:2b2B 141 65996 1233 1362 48
15:2b4A 136 23803 229 1360 17
15:2b6A 101 36849 765 953 39
16:5a3A 93 53302 1497 1209 44
16:5a6A 132 32975 365 1356 24
16:5b2A 144 50792 657 1360 37
16:5b4B 146 37805 489 1360 28
16:5b5B 162 84161 1488 1358 62
18:0a2B 21 123455 19110 1361 91
18:0a3A 31 13793 492 595 23
18:0a5B 52 46320 1564 1360 34
18:0d3B 8 99261 32659 1362 73
18:0f2B 89 102109 1924 1360 75
18:1alA 77 94024 2752 1360 69
18:1a2B 42 14115 589 1362 10
18:0a4A 76 79603 5715 1358 59
Average 44.1
COV % 49.7

The average effective penetration from all 19 eeolyd sample images is 44n, with a
coefficient of variation (COV) of 50%. This depghmore than four times the effective
penetration of 10.2um into latewood regions, with a COV of 76%, as shaw Table

3.2.
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Table 3.2: The effective penetration measurements of ey into latewood growth regions.

Sample Group Area | Image Effective
Image Erouge | TEEATRR Std.Dev Width Depth
# Hm’ Hm’ pm pm
15:2a2B 76 7549 129 1234 6
15:2a4A 96 12441 142 1360 9
15:2a5A 75 10747 384 505 21
15:2b1B 37 3716 87 1360 3
15:2b3B 52 5355 79 1358 4
15:2b5A 89 7106 80 1358 5
16:5a4A 107 12023 340 1358 9
16:5a5A 69 10689 182 1360 8
16:5b1A 125 20861 483 1360 15
16:5b3A 187 20076 182 1362 15
16:5b6B 134 18322 161 1362 13
16:5b7B 214 31635 217 1362 23
18:0al1A 132 13490 129 1358 10
18:0a3A 41 6992 247 781 9
18:0d2A 144 10064 179 1362 7
18:0e2B 58 42034 1334 1358 31
18:0g91B 74 2886 39 1362 2
18:092B 26 1076 40 1360 1
18:0h1A 86 5165 68 1244 4
18:0h2B 217 9978 52 1360 7
Average 10.2
COV % 75.9

The penetration depth was also determined usinginmeix penetration depth
measurements. From all images, the penetrateghwerartl regions showed an average
maximum penetration depth of 111ifin with a COV of 35.7%. The penetrated
latewood regions showed an average maximum peiogtrdepth of 76.5um with a
COV of 59.3%. The earlywood depth measuremergss than 1.5 times the latewood
depth, though the latewood’s greater variationoissistent with the effective penetration
measurement. The effective penetration measuret@eimique does not include the cell
walls in its calculation of the total area, thoutle cell walls are included in the total
image width measurement. Therefore the result® filee maximum penetration depth
measurement technique are greater.

The effective penetration measurement techniqueatet greater penetration
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into earlywood regions partly because the emptiscaternal diameter is much greater,
allowing for a greater amount of epoxy to fill igsid. The larger capillaries also offer
less restriction to a viscous liquid. The maximpanetration measurement shows the
epoxy does penetrate farther into the latewoodoregihan the effective penetration
measurement technique indicates. However, thakablume penetrated into the denser
latewood regions is much lower compared to the melyenetrated into earlywood,
which the maximum penetration depth measuremehhigge does not indicate. Figures
3.5 and 3.6 show samples 15:2b2B and 16:5b5B, dlyptages of epoxy adsorbed into

earlywood, with Tables 2.3 and 2.4 showing the maxn penetration measurement data

for that photomicrograph.

Figure 3.5: Photomicrograph of sample 15:2b2B stained witha®ranin-O under UV light with
maximum penetration and image width measurements.
Table 3.3: Length measurements for maximum penetration andmage width for sample
15:2b2B
15:2b2B
Measurement| Length, ¢m
L1 1360.3
L2 135.0
L3 85.2
L4 116.3
L5 91.4
L6 64.4
L7 58.2
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Figure 3.6: Photomicrograph of sample 16:5b5B stained with&@ranin-O under UV light with
maximum penetration and image width measurements.

Table 3.4: Length measurements for maximum penetration andmage width for sample
16:5b5B
16:5b5B
Measurement| Length, um
L1 1358.3
L2 118.4
L3 180.7
L4 128.8
L5 257.5
L6 203.5
L7 147.5
L8 99.7

3.3.3 Epoxy’s preferential adhesion to earlywood plausible infence on fracture
The epoxy-SYP DCB’s of 10 mm, 15 mm, and 20 mm ksdvere tested under

guasi-static monotonic loading to investigate widdpendence of the critical and arrest
strain energy release rate, andG,, respectively. The only significant dependence was
apparent in the statistical scatter G, and Gj,, though the average values were
approximately the same and much lower than expectétle scatter was found to
decrease as specimen width increased, reachingiemam at 20 mm, which is apparent

in Figure 3.7, showin@,. results from individual specimens plotted agaihstr widths.
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Figure 3.7: Critical strain energy release rateG,, plotted as a function of width.

A plausible reason for the decreased scatter atura energy with increased with
is the fact that wider specimens have a greateéetyanf wood growth types exposed on
the substrate surface at each crack length. Visisglection of the fractured surfaces
showed more epoxy remaining adhered to earlywogibme than latewood. This
indicated the epoxy system preferentially bondedeanlywood. Plausibly the bond
fracture energy depends on the growth type to witieh adhesive is bonded. As
described above, the epoxy penetrated farther eatdywood regions than latewood
regions. At some crack lengths a narrow specimay have a greater proportion of
earlywood near the crack tip, while at other lesgttere is an abundance of latewood.
Some fracture specimens showed growth rings spagrihencross-sections parallel to the
bondline, while other specimens showed growth rimgersecting the bondline at an
angle. In the latter cases, a wider specimen haille a more consistent proportion of
latewood to earlywood exposed on the substrataeurf Greater consistency in growth
type proportions at wider widths could cause lesdter in the critical and arrest fracture

energies.
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3.3.4 PF-SYP and epoxy-SYP fracture energy difference
The critical and arrest fracture energies from3¥R DCBs were approximately

272 J/m and 200 J/frespectively. However the epoxy-SYP DCBs had miawler
critical and arrest fracture energies, approxinya26l J/ni and 14 J/ffrespectively. This
is very interesting considering the fact that thexy bond system had good penetration
into the adherend while the PF bond system had siealfow penetration. Adequate
penetration is considered necessary to ensure meehaterlocking, an important
adhesion mechanism in wood-adhesive bonds. Plausiisons for the epoxy systems
low fracture energy values were discussed in Chaptdough no conclusions were
made.

Another interesting fact to consider is that teatrepoxy resin has a critical
fracture energy of approximately 493 3/nfEven if the wood was only flowing into the
wood cells but poorly adhering to the cell wallge good penetration and mechanical
interlocking would indicate the epoxy DCBs shouid bave high fracture energy
values. This indicates the possibility that sonmegths influencing the epoxy
stoichiometry so that the resin at the bondlinerfiace is mechanically different than the
neat epoxy resins tested in bulk form in Chaptef Be only apparent difference between
bulk fracture tests and the epoxy DCB fracturestesthe presence of wood during the
specimen preparation. Plausibly it is the woodchwhinfluenced the epoxy stoichiometry
at the bondline interface, which in turn led to loacture energy values in the epoxy-
SYP DCBs.

3.3.5 Aluminum paint penetration
The PF-SYP DCB specimens were coated with an eithaaluminum, as

described in section 2.2.3. Photomicrographs wiedten of microtomed surfaces under
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UV light to evaluate the penetration, as shownigufe 3.8. The paint’s penetration was

considered to be too shallow to influence the speais stiffness or adhesive strength.

Er 7
Figure 3.8: Photomicrograph of a microtomed section fnm a PF-SYP DCB specimen coated
with an oil-based aluminum paint, with nominal paint penetration from the side.
3.4 Summary

Cross-sections from epoxy and PF SYP DCB’s bondsewmicrotomed and
examined under fluorescent light with a microscopg&he epoxy system’s latewood
regions were found to have an effective penetratbdnl0.2 um and a maximum
penetration depth of 76.am. The epoxy system’s earlywood regions were fotnd
have an effective penetration of f#n and a maximum penetration depth of 1119
This difference in penetration depths could expthm preferred adhesion to earlywood
in fractured epoxy bonds, as discussed in Chapteflf@ough the PF-SYP bonds were
found to have shallow penetration compared to goxg SYP bonds, the PF-SYP bonds
had much higher fracture energy values, as showiChapter 2. Dye and light
combination choices were explored for PF-SYP bond#) the phenolic resin being
more apparent in both the wood adherend and imptegnpaper substrate for some
combinations and less for others. The aluminumtpased to cover the PF-SYP DCBs
was shown to have nominal penetration depth, behatow to influence the specimen’s

stiffness or adhesive strength.
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Chapter 4: Angled latewood/earlywood influences on a
specimen
4.1 Introduction

In Chapter 2 southern yellow pine (SYP) double it=wdr beam (DCB)
specimens were prepared so as to ensure the ldmgitgrain converged with the bond
line at an approximately’Zngle, as shown in Figure 4.1 below. Due to weaditural
variability, the grain angle may have varied amang within specimens, but generally
remained greater thar? @nd less than 20 Also, in many specimens the longitudinal
grain converged against the beam side. This chégutases on the effects caused by the
differences in longitudinal elastic moduli betwettwe latewood and earlywood growth
types, and grain angles along the length causiaggshin growth type proportions within
the cross-sections. An appropriate specimen widlihbe suggested based on effective
stiffness changes along the length for specimeni wawn angled longitudinal grain
converging against the specimens sides. The mdkg on the elastic strain energy
stored in an individual beam will be describedddferent grain orientations. The grain
angle dependence of the macroscopic elastic modutrsy the beam length will be
investigated and compared to the macroscopic lodiial elastic modulus for SYP.
Also investigated will be the grain angle influerae the depth of adhesive penetration
into the wood substrate.

As discussed in Chapter 1, for SYP the darker lateidensity and stiffness is
approximately three times that of the lighter eadgd. Considering that the grain angle
against the bondline changes the latewood andveaoly growth ring distance from the
neutral axis, the growth type stiffness differemdk cause the beam’s effective stiffness

to vary along its length. If growth ring sizes adustributions remain constant, the
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stiffness variations will be periodic, with the e depending on grain angle. Changes
in the growth type distribution within the crosssen influences many factors, including
local receptibility to strain energy, beam asymimyeaind expected statistical scatter of
the specimen’s effective stiffness as a functioradiierend width. The influences on
strain energy and beam asymmetry will influencedtitgcal load and the change in crack
length with fracture. Shown below in Figure 4.2 aross-sections from individual
beams at different points along the length. Mamgwgh rings are clearly more
horizontal in orientation across the cross-secfguth as beams B, C, and D in Figure

4.2); this grain orientation is commonly referrecas being flatsawn.

(e

Figure 4.1:  Image of a specimen’s side showing theagm angle convergence with the bond line at
an approximate 3 angle, with initial crack starting at the end with the drilled holes.
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Figure 4.2:  Cross-sections from typical adherends, véne each row is from a different beam,
showing the change in grain distribution along the beanehgth.

In some beams, the growth rings may not be oriehtizontally across the
cross-section; this is commonly referred to astgusawn, as shown in Figure 4.3. For a

more vertically oriented grain, a grain angle agaihe beam side, as shown in Figure
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4.4, will cause latewood or earlywood sectionsetove the cross-section. This results in
a change in the proportion of latewood to earlywotigtreby changing the beam’s
stiffness. The proportion of earlywood to latewaedmore constant for wider beams

with this type of grain orientation.
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Figure 4.3: Cross-sections from typical adherends thi vertically oriented growth

rings, where each row is from a different beam, showinthe change in
grain distribution along the beam length.

Figure 4.4.  Simulated adherend with vertically orienéd growth rings converging on the specimen
side at a 3 angle.

4.2 Methods
4.2.1 Calculating grain angle influence onE,x and adhesive penetration depth
4.2.1.1 Calculating grain angle influence on Ex

The influence the grain angle converging on thedbing, 6, has on the

macroscopic elastic modulus along the beam letgihwill be investigated using the
modulus transformation equation (Equation 4.1) €3a1975). This is an alternative

method to the Hankinson equation, a common methacddd mechanics for calculating
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the change in modulus of elasticity with a chanmggrain angle. The longitudinal
macroscopic elastic modulus,, radial modulusEg, radial-longitudinal plane shear
modulus,G g, and Poisson’s ratia/ g, will be based on loblolly pine, as given in Tabl
4.1. The radial-tangential plane elastic moduli Baisson ratios listed in Table 4.1 do
not satisfy the reciprocity relation of Equatiod 4Instead of being equal to 1, the right
hand side becomes 0.728 for the listed valuess ieians the values from Table 4.1
must be used with the understanding that they reapdorrect.

ET Vir

=1 4.1
Er Vir
Table 4.1: Modulus and Poisson’s ratios for different tie orthotropic directions and planes
(Green et. al, 1999).
Species | E;/E, ER/E. GREL| G+/E. | Grr/EL ViR Vit VRT Vir
Loblolly 0.078 0.113 0.082 0.081 0.013 0.328 0.292 0.382 0.362
Longleaf 0.055 0.102 0.071 0.06 0.012 0.332 0.365 0.384 0.342
Slash 0.045 0.074 0.055 0.053 0.01 0.392 0.444 0.447 0.387
1 1 1 v . 1 .
— =_—cos'(@)+ - R Isin*(8) cos (8) + —sin*(0) 4.2
Exx EL GLR EL ER

4.2.1.2 Calculating grain angleinfluence on adhesive penetration depth
Frequently adhesives penetrate into the wood adtisrrough the empty cell

lumens, not by diffusion through the cell wallsor Ehis reason the angle at which the
grain converges on the bondline will greatly inflae the penetration depth
measurements used in Chapter 3. The adhesive maxpanetration depth
measurement determined the depth the adhesivergetkinto the adherend by
measuring a distance perpendicular to the bondkénégewed from a specimen cross-
section. Presuming that the adsorption into thiduoeens is controlled by pressure and
adhesive viscosity, the distance penetrated aloagell lengthl, will be independent of

grain angle. For this reason L can be regardeédeakypotenuse of a right triangle, as
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depicted in Figure 4.5 and the maximum penetrad&pth,d,, can be estimated with

Equation 4.3.

dP
|
[
I\
b —ff \ |
\ — Cell wall
Filled cell Filled cell

Figure 4.5:  Represenatation of adhesive penetrationto cell lumens along the cell for a lengthl_,
with the maximum penetration measurementd,, as determined in Chapter 3, and the
grain angle @,

d, =Lsin(6) 4.3

4.2.2 Calculating the second moment of area (SMA)
When calculating the cross-section second momeatred (SMA) and centroid

height, the stiffness difference between the latevand earlywood must be taken into
account. This is done by multiplying the latewaadtion width by the ratio of latewood
longitudinal modulus to earlywood longitudinal maggy and then assuming the modulus
for the entire cross-section is uniformly equahtoeference modulus, which arguably is
an erroneous assumption. For the work done inptfaigect, the modulus ratio was taken
to be 3, with an earlywood stiffness of 6.24 GRaisg as the reference modulus.

The SMA will be calculated for the cross-sectiomigtrete increments along the
beam length, as in the following example. Figuré grovides an illustration of the

relative weighting for each growth ring and theutesg SMA for the different cross-
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sections along the length of a 20 mm beam witlf grain angle. In the right hand
column, the latewood sections (dark) are threedimiler than the earlywood sections.
At a beam length of 115 mm the outer edges argwaold, leaving in the center three 1
mm thick latewood growth rings and two 2 mm thicklgwvood growth rings. The
resulting SMA is 2397 mfn Farther down the beam at 130 mm, a new latevgoodth
ring has begun to enter the cross-section at thendle all growth rings have moved
down, partly removing a softer earlywood ring anskifioning a stiff latewood ring
further from the neutral axis. This results in r@ajer SMA of 2765 mfn And at a
length of 150 mm, four nearly full latewood growihgs are present, with two far from
the neutral axis, effecting a SMA of 3113 famBecause the relative position of each
grain type changed with each change in length,wacadculation was required for each
point along the beam’s length.
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Figure 4.6: Stiffness determination for composite bearshowing relative proportions of regions

having different stiffness values
4.2.3 Calculating the stored elastic strain energy
Assuming uni-axial loading with negligible sheatesses, the strain energy stored

in a beam under load, P, can be represented bytiBgqua4, where x is measured along
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the beam length, y in the height direction, and easared across the constant beam

width, b.

L h/2 2 2. L 2 hy2 2
021 T P =PI X T Y gy aa
2 I 2E 2 L) 5,EXY)

0-h/2 X

Because | varies only along the x direction, and tfereace modulus, & is constant,

Equation 4.4 can be reduced to:

2 L 2
u="r_ [ X jdx 54.
2 L EI(X)

Using the Matlab scripts given in Appendix A1 and A2, fatsawn and quartersawn

beams respectively, Equation 4.5 was numerically intedratt each point along the
beam’s length to calculate the strain energy storéoeileam.

4.3 Results and Discussion

4.3.1 Grain angle influence onEx and adhesive penetration

4.3.1.1 Grain angleinfluence on Ex
Using the average longitudinal and radial grain macrosauopterial properties

for loblolly pine, the influence grain angle has onitiecroscopic elastic modulus along
the beam lengtt.y, was investigated using the modulus transformation equation
(Equation 4.2). The ratio of the calculatgg to E, is plotted against grain angle, as
shown in Figure 4.7. A°3yrain angle leads to approximately a 3% differencevéen

Ex andE.. This small variation is well within reason considgrthe longitudinal elastic
modulus has a coefficient of variation in the rang@2%. For comparison, al@rain

angle leads to approximately a 22% difference betvgeandE, .
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Figure 4.7:
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The plot of the beam longitudinal stiffnessk,y, to loblolly pine longitudinal elastic
modulus, E,, based on the modulus transformation equation (Equatiod.2) and the
loblolly pine material constants given in Table 4.1.

4.3.1.2 Grain angleinfluence on adhesive penetration depth

For the epoxy-SYP bond system analyzed in Chapter 3,vétage maximum

penetration depth of the epoxy into the earlywood regioas w11.9um. Using

Equation 4.3, withd, = 111.9um and presuming the grain angé,was, 3, the distance

penetrated along the cell length, was 2138um. Presumingd- to be constant for all

grain angles when adhesive penetration is controlleddaysity and bondline pressure,

Equation 4.3 was used to calculate the maximum penetrdgioior a range of angle#),

shown in Figure 4.8. Clearly the grain angle influenbesatlhesive penetration depth.
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Figure 4.8:  Maximum penetration,d,, as a function of the grain angle converging on the bofide,
6, using Equation 4.3.

Chapter 3 shows that when comparing bonds with two diffeadhesives, the
adhesive penetration depth is not an indicator as to vidtwod system will show higher
critical strain energy release rateG,fJ. For instance, SYP bonded with phenol-
formaldehyde (PF) showed much deeper penetration depths remiripathe epoxy-SYP
bonds. However, the PF bonds Itag values over 13 times greater than the epoxy-SYP
bond system. But for comparing different adhesive pematrdepths for the same bond
system, the penetration depth could still influence thetdra behavior in various ways.
For instance, the penetrated region will form a compostyer with mechanical
properties different from both the empty wood and bulkeatke. How this composite
layer influences fracture behavior is dependent on thekriess of the layer. The
thickness of the composite layer is dependent on hothéaadhesive penetrates into the
wood substrate. Clearly the grain angle influence eratthesive penetration depth is an

important issue to consider.
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4.3.2 Appropriate width determination through SMA analysis
An analysis of second moment of area’s (SMA) deperelant grain angle,

orientation, and relative position will prove usefut faultiple reasons. As discussed in
Chapter 2, the DCB fracture tests produced strain enelggse rateQy) values that
were deemed too small to sufficiently comment on the ggjate beam width. Though
each fracture test was considered valid, the conceraused by the averag®. value
being about a fifth to a twentieth of other wood adhe$iacture tests. The plastic zones
created by the comparatively smaller critical loads tnaye been too small to play a
significant role in fracture behavior. So the influené@lane stress from edge effects, as
investigated in a width variation experiment, was not deteuin

An appropriate specimen width can still be suggested basasoocriteria. The
first criterion, the importance of which is evident kigure 4.9, is the increase in
statistical scatter with a decrease in width. Asulised in Chapters 2 and 3, the scatter
may be due to bond strength being dependent on the growttotygech the adhesive is
bonding. Wider specimens will have better consistentlgarproportion of growth types
exposed across the width of the adherend’s surfaces, mgethrere will be greater
consistency in bond strength and fracture energy. sBleend criterion is based on a

beam stiffness analysis considering the stiffness chalgeg the beam.
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Figure 4.9: Gic as a function of specimen width for epoxy and SYP DCB.Each data point
represents the averagé&s,. value from one specimen.

The 10 mm wide fracture specimens produced a coefficievdradtion of 54.4%
between 3.48 J/rand 62.6 J/f minimum and maximums, respectively. The variation
decreased as width increased, showing 42.0% and 31.6% for I&nch@0 mm widths
respectively, with range decreasing as well. As expefdedorizontally oriented
(flatsawn) grain, the second moment of area’s valiliengrease linearly with changes in
width, assuming the position and thickness of each latévgecation remains the same.
For an isotropic material the rate of increase woulch##2, since for a rectangular

cross-section:

_bh?

12
But because a composite beam calculation for tlwwnse moment of area has a
dependence on the relative positioning and thickrafseach growth ring, the rate of
increase in for a change in width will depend on these valu8sce these values can
vary greatly among beams, the rate of increasebaasignificantly different for any two
beams.

Also of importance is a stiffness variation witlain individual beam. Figure 4.10
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shows the variation in the second moment of ar@agathe length of a 20 mm wide beam
with a vertically oriented end grain. The longinal grain angle against the beam side,
of the kind shown in Figures 4.3 and 4.4, is se8’to The growth ring thicknesses and
distributions are assumed to be constant, wittwiavel and earlywood growth rings of 1

mm and 2 mm thickness, respectively. In all cabesearlywood is chosen as the

reference material when using the composite beathaddo calculate the SMA.
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Figure 4.10: A plot of a 20 mm wide beam’s second momeat area along its length, assuming a
vertically oriented grain, with a grain angle against thebeam side as measured from
the top.

A periodic nature is apparent, and logically thexwuld be a greater frequency if
the grain angle was greater. The amplitude is digrgron the proportion and spacing of
latewood to earlywood, with the amplitude decregisowards zero as the beam becomes
more isotropic. For the case displayed in FiguE)A4there is a 5.9% drop from the

maximum value of approximately 3415 fhm
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The appropriate specimen width may be suggestetbdiing at the extreme
situation of completely vertically oriented growtings, with latewood regions waxing
and waning in and out of the cross-section duedgma angle against the side measured
from the top. Plottingll = I nax— Imin VS. beam width results in inconsistent lines which
never converge. This is due to the difference betwthe maximum and minimum
stiffness values being at most one latewood greintis contribution, regardless of beam
width. But plottinglmin / Imax vS. beam width shows a convergence toward unityidi
increases. For a specimen width of 20 mm the gsegtercentage difference between
Imin @nd Imax IS approximately 7%. For a specimen width of 25 rthe greatest
percentage difference is approximately 5%. Theispens modeled with the Matlab
script in Appendix A2 represent extreme cases densig that compared to other species
SYP shows a much greater latewood/earlywood diffesgeand distribution, and that most
grain orientations across a cross-section are leetwaartersawn and flatsawn. For this
reason, a specimen width of 20 mm should be adeqti#iwever multiple standards,
including ASTM D3433-93, recommend a specimen w25 mm. The analsysis in
this chapter did not prove specimens should beisees should be narrower than

conventional standards.
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Figure 4.11: The minimum to maximum second moment of @a ratios within individual beams

at different widths for vertically oriented end grain with different latewood growth
ring thicknessesy;, and earlywood growth ring thicknesses..

4.3.3 Strain energy influences
4.3.3.1 Horizontally oriented grain
A Matlab script, given in Appendix Al, was usedeiplore the effects of grain

angle and growth type distribution had on straiergy for beams with growth rings
horizontally spanning the cross-sections (flatsawn)effective means for demonstrating
the influence grain angle will have on a compobgam is to plot strain energy as a
function of length under a defined load. For anrigpic material, the log-log plot of the
beam’s stored strain energy versus length is @ybtrane, with a slope of three decades
to one, as shown in Figure 4.12. This is becafmethe case of an isotropic beam,
Equation 4.5 reduces further to

P2L?

- 6EI
Equation 4.5 was numerically integrated at eacmtpaiter calculating the new second

4.6

moment of areal(x). The results show that generally, the slope & same as the
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isotropic case. However beyond 10 mm there arees@ygions where the slope was
greater than 3 decades to 1, and others wherddpe was less, as seen in the slightly

varying line of Figure 4.12.

Strain Enaray, N.mm

1n a a A n a m s m_u n » n .
1 2 ]
10 10
E=am Length, mm

Figure 4.12: The log-log plot of strain energy stored inhe beam versus the beam or crack length.
The bottom line is from a simulated beam made completglof earlywood, while the
upper line is from a simulated beam with latewood ring hiickness of 1 mm spaced 3
mm apart.

From the apparent waviness, regions of lesser slopelate to regions where the
beam stiffness is greater. Likewise the greatgyed correlate to lesser beam stiffnesses.
The greater stiffness region’s jumps corresponditications where latewood rings lose
their prominence near the edges, either by apphogithe beam’s centroid, or waning
past the edge. Figure 4.13 attempts to illustsateh an example by showing strain
energy as a function of length, periodic stiffngatues along the length, and the grain
distributions for three cross-sections before, rpand after significant slope changes in

the strain energy and stiffness plots respectivalile second moment of area shows an
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approximate increase of 42% measured from the noimm The round bottom regions
correspond to places where no latewood is waxit@yan waning out of the cross-section

but merely changing position.
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Figure 4.13: The top graph shows the strain energy storeth the beam when the crack has
reached that length, while the bottom graph shows thetifness values along the
beam length. The cross-sections to the right show theatewood (dark) distributions
at different points along the flatsawn beam used in thianalysis.

The nonlinear strain energy plots of Figures 4@ 413 shows a continuous increase in
stored energy, even when there is a decreasepn.slbhis is because the beam’s energy

as a function of length is the summation of thergyetored in all regions prior to that
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point.

But it is the local strain energy that determind®ther or not fracture will occur.
For this reason the numerical integratidd/dx from Equation 4.7 was used to create
Figure 4.14, wher® = 10 N,b = 20 mm, ands, = 6.24 GPa. The periodic waviness
caused by the angled composite non-homogeneityig pronounced in the local strain
energy. It should also be noted that a changiJidxwith a change ix, or d?U/dx, are

greater for larger values gfdue todU/dXs dependence oxf.
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Figure 4.14: A plot of dU/dx vs. beam/crack length for a beam with aBgrain angle and a beam

assuming solid latewood (smooth lower bound line).

Noting dU/dxXs dependence oR? and assuming a constant critici)/dx value

necessary to initiate crack growth, it becomes appdhattfrom lowerdU/dx values
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larger loads are necessary to achieve the critical vdtoe both the isotropic and angled
orthotropic cases this explains the greater loads negefsafracture at small crack
lengths in a DCB. But the periodic dropsdt/dx for the angled composite could also
affect the length the crack extends, depending on thd'$anrest fracture energy and
the position of the initial crack. The stiffness vaoms could also explain the
phenomenon of critical loads at a subsequent crack leng#igbobeing greater than the
previous critical load. Rewriting Equation 4.7, Equation 4.8 wsed with a Matlab
script (Appendix Al) to solve for critical lode.. Figure 4.15 was made by assuming a
Gic value of 270 J/f(the averagé,. value from the phenol formaldehyde SYP bonds
from Chapters 2 and 3) for a flatsawn system witlf gr@in angle converging on the

bondline and a growth type distribution shown in Figur&4.1
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Figure 4.15:  The calculated critical loadP,, for a specimen with a flatsawn grain orientation and
longitudinal grain converging on the bondline at 8 angle, assuming a strain energy
release rate Gy, of 270 J/nf.
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Shown in Figure 4.16 are the cross-sections from fragttgpecimens which
showed the behavior described above. For example, spre@oil8s4 at a crack length
of 14.7 cm, the 1®cycle had a lower critical load than the"dycle, as can be seen in
the load vs. displacement profiles in Figure 4.17. Thesesestion at the crack tip for
the 11" cycle showed a greater amount of latewood at the edtges of the individual
beams than the cross-section at the crack tip ofiffecycle, indicating a greater

effective stiffness(Exd)ef

BA15s6 B
#5
5.8cm

Bd18S3 |
#13
15.7cm s

_
Figure 4.16: Cross-sections from various specimens atettrack lengths showing higher critical
loads in the later cycle.
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Figure 4.17: Load vs. Displacement profiles from Epoxy-SYBCB specimen Bd18s4, with the
11th cycle's critical load being greater than the 10,

Figure 4.17 shows an example of the phenomenon obsergglire 4.15, where
subsequent critical loads can be greater than the previdtisourse depending on the
initial crack locatation, the critical load could aditpabe less than what would be
expected, ildU/dxwas at a local maximum. Also potentially affectedhis arrest load,
arrested crack length, and the amount load drops with erdeksion. Stable slow crack
growth during the hold period following crack initiation wiasquently observed. The
stable growth indicated a slower release of the seaergy stored in the beams. If a
crack extension leads the specimen deeper inU&alx valley, there may be an
insufficient amount of local energy for further growttstunting crack growth in this
manner would be a source of variation for the changeatkdength for a cycle.

Ultimately the system’s dependence on the above coasioles does not indicate
wood DCB’s are unreliable or invalid. The stiffness ati#éince between late and
earlywood grain is inherent in the nature of woodnc8ithe nature of wood cannot be

removed from this experiment without removing the woadlitentirely, the stiffness
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variations must be considered a property of the wood DERor originates because
current analytical methods are unable to take into ac¢bariocal variations while using
global variables such as crack length correction,specimen complianceC, and
effective stiffness(Exd.)ef.

4.3.3.2 Vertically oriented grain
Examples of more vertically oriented end grain convey@gainst the specimen

side are shown in Figures 4.3 and 4.4, also illustratinggtiadn angle against the
specimen side as viewed from the top. A Matlab scriggrgin Appendix A2, was used
to explore the effects of grain distribution and angksuming a quartersawn beam. The
results were similar to the analsyis of flatsawn lgamowever simply not as
pronounced. This is because the changes in stiffness ofepaavn beams with
longitudinal grain converging against the beam side aingle avere not as great as the
stiffness changes in the flatsawn case, as showigime 4.10.

Assuming aGc value of 270 J/f the critical load, Pc, at different crack lengths
was calculated with Equation 4.8 for a quartersawn bei&mav3 grain angle. The
latewood and earlywood distribution was the same presumeuiotiuce Figure 4.10,
with latewood growth 1 mm thick and earlywood growth 2 mmkthi€learly the curve

is much smoother, lacking the pronounced waviness ofdtsaflin case.
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Figure 4.18: Calculated critical load,P,, assuming aG,. value of 270 JIn, for a quartersawn
beam with longitudinal grain converging against the beam sig at 3 angle, and
simple beam theory assumptions.

Obviously assuming strictly horizontal or vertical gramentation is only a rough

approximation. Within the width of a beam, the growtlg'ancurvature is noticeable,
though not dominating. The end grain angles can actualinpevalue between®@nd
90", and the grain angle measured against the bondline andnspeside can differ from
0° to 10. Furthermore the two beams of a DCB may actuallyehgreat differences
between their end grain angles, latewood growth thickeessgrain angles as measured
from the sides and bondline. This will lead to asymiegtregarding strain energy stored
in the specimen as a whole and the region local taithek tip. The places along the
length of one beam whediJ/dx is at a local minimum or maximum will most likely not
match up with the other beam. Asymmetry in the steaiergy stored in the two beams
will cause Mode Il loading at the crack tip. This inntumay determine which interface

the crack will propagate along.
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4.4 Summary
The grain angle dependence of the macroscopic elasticlo®along the beam

length was investigated and compared to the macrosaopgitudinal elastic modulus

for SYP. For small angles, the difference betwEgnand E. was considered to be

negligible. Also investigated was the adhesive penetratepth’s dependence on the
grain angle converging on the bondline.

The influence from wood DCB specimen’s grain angle wheretigea stiffness
difference between latewood and earlywood growth rings eplored. Particularly
investigated was the effect on the stiffness variationgathe length, stored strain energy
at a particular load, changes in strain energy witmgbsa in beam/crack length. These
influences are used to propose a plausible explanatiothé occasionally observed
phenomenon of a cycle’s critical load being greater ttran critical load from the
previous cycle. Also examined was the difference ieot$f between growth ring
orientations that are vertically oriented as opposetidrizontally oriented across the
cross-section. Vertically oriented growth rings shdvess variation along the length,
but it is extremely difficult to intentionally fabrate specimens with vertically oriented
growth rings. Based on probable stiffness variationsigalan individual specimen’s

length, SYP DCB specimens are recommended to be fadutivath a width of 25 mm.
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Chapter 5: Cyclic loading of bonded wood DCB specimens

5.1 Introduction
This chapter focuses on the cyclic loading of wood doudnieilever beam (DCB)

fracture specimens. An in depth literature review failedshow research on cyclic
testing of wood-wood DCBs. There are strong reasordet@lop a test method for
cyclically loaded Mode | fracture specimens consistingafded wood adherends. For
cracked loaded materials, cycling at loads less than itleaktstatic load could still cause
crack propagation, though at a different growth rate. a&téred system may show
excellent resistance to failure from monotonic loadamgl poor resistance to cyclic
loading. Considering the wide range of real world appécatin which wood adhesive
bonds with potential cracks are subjected to cycliditog characterizing a wood-
adhesive system’s behavior during cyclic loading is exéhgnmportant. The specimen
geometry used in this chapter will be the flat DCB geoyng¢veloped by Gagliano and
associates (2001), which was further investigated for quat-dbading in previous
chapters.

In the early 1960'’s Paris first proposed analyzing thekogaswth rateda/dN of
a fracture specimen under cyclic loading in relatiotheorange of applied stress intensity
factor, 4K. The research described in this Chapter used the rdrggplhed Mode |
fracture energylG,, based on Mode | fracture ener@yderived in Chapter 1 and given
in Equation 5.1, wherfEx)er is the adherend effective stiffnebghe specimen width, P
the applied loada the crack length, and the crack length correction factodG, is
proportional to the square aK,. If the 4G, range applied is wide enough, plotting

da/dNagainst4G, on a log-log graph should show three distinct regiongluasrated in
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Figure 5.1 (Dowling, 1999).

_P*a+a)’
! b(Exxl)eﬁ 51
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I max Imin
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log(da/dN) = log( 9 (AG)")

log(da/dN), Crack growth rate, m/cycle

Region |

log{ AG ), Applied fracture energy range, Jim?

Figure 5.1: Paris plot showing three distinct regions ottrack growth rate, da/dN, behavior
under applied Mode | fracture energy range4G;.

Region | indicates the lower bound threshold value fipliad 4G,, meaning the crack
essentially does not grow if the applid@, is less than this amount. Likewise Region Ill
indicates the upper bound critical value, correspondinghéo ftacture energy from
monotonic loading. Typically the crack growth rate iagin Il is linear, becoming
nonlinear near Regions | and Ill, following Equation 5.2, whgrandr are constants

particular to the fracture system.

85



% =g(AG,)’ 5.2

A typical DCB specimen under load control condition$f @xperience increases
in applied4G, with crack growth due to the longer moment arms leading doeater
applied stress at the crack tip. Under displacementraladG, decreases with crack
extension due to the increased compliance requiring pgdged load to reach the same
displacement. For the typical specimen this meartsiftilae initial data point falls in
Region I, then the fracture energy applied to the acivg crack length should increase
(or decrease for displacement control), until the aaitiimit is reached or the entire
specimen is fractured.

Region II's slope, domain andG, range can be used to indicate an adhesive
system’s suitability for different applications. Fmstance a bond may have a high
critical fracture energy value, but if Region Il has @len4G, range and a low slope
within a highda/dNdomain, a lower cyclically appliedG, will propagate crack growth
more quickly, leading to earlier failure. But if a basystem with a low critical fracture
energy,Gi, has a large Region Il slope within a lala/dN domain, cyclically applied
loads belowG,; will take much longer to propagate crack growth. Ifd¢ielic load is to
remain constant with increases in crack length, it mapditer to use the latter system
due to its superior durability. If the quasi-stafig and arrest energga, values were
the only determining design criteria for a real world aggtlon, the former bond system
would be mistakenly chosen.

Typically for metal fracture specimens, increasing ltdas ratio,R, (defined as

the minimum applied load?mi,, divided by the maximum applied lodéyay) shifts all

Paris plot data points to highedG, regions without changing the Region Il slope.
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However the tests should be independent of changes indll rangedP, as long as the
R ratio remains constant (Dowling, 1999).

For this work phenol formaldehyde (PF) southern yellowe pi8YP) double
cantilever beams (DCB) were constructed as describedhapter 2. The specimens
were fabricated to a width of 20 mm, following the reccandations of Chapters 3 and
4. At anticipated load levels, cyclic loading fractuests on an individual specimen were
expected to last for a couple weeks in an open environmémtuwcontrolled relative
humidity. For this reason the specimens were coatéd etbased aluminum paint,
shown to have negligible penetration depth in Chapter 3pamtain near constant
moisture content within the specimen during a test. Thisimized the influence

moisture adsorption or de-adsorption would have on teergbd behavior.

5.2 Methods and Materials
5.2.1 PF-SYP DCBs
In Chapter 2 three PF-SYP DCBs were tested under qudsi-ébading to

determine the critical and arrest fracture energie®r the present study of fatigue
testing, PF-SYP DCBs were prepared in the same manneritdes in Chapter 2.
Within 90 minutes of being removed from the hot press attispens were coated with
aluminum paint to maintain moisture control. In Cha@Bethe paint penetration was
shown to be negligible. A clamp was applied at approxim&@ mm past the fixture
holes in order to restrict crack growth beyond thabipwihile a sharp wedge was tapped
into the bondline to make an initial crack.

As reported in Chapter 2, th®, values from individual crack lengths ranged
from below 200 J/f in one specimen to above 360 3/in another, with an

approximately 10% coefficient of variation for each spem. The averag8. value for
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the three specimens was 272 %)/niThe plots of the cube root of complian€,versus
crack lengtha, had very good linear fits. The square of the Pearsodupt moment
correlation coefficient, & was over 0.98. No trends, such as increasing fracturgyene
values with increasing crack length, were apparent ingbeimens taken as a whole. As
discussed in Chapter 2, a specimen may have a highealktdad but lower critical
fracture energies compared to other specimens. This itoduariations in effective

stiffness, (E«l)err, and crack length correctioa, which ranged from 17 mm to 33 mm.

5.2.2 Cyclic loading and fracture of PF-SYP DCB
Cyclic loading was performed using a horizontal MTS Tiyt&50 Microforce

Testing System with a 250 N load cell and a linear indactnhotor on air bearings
controlled by a dual loop PID control system. A Matabipt (AppendixB) was used to
extract from the computer-recorded data array the maxirandh minimum load and
displacement points. The script also calculatedatrerage cycle compliance from the
data points lying between the two extremes.

Prior to mounting, typewriter correction fluid was padh along the bondline
and a graduated paper scale was bonded to the side. A sharpwesdgsed to create an
initial pre-crack of about 50 mm. After mounting, the @pen was enclosed in two
large plastic bags and sealed with vacuum tape, withnaidity sensor running to the
inner bag, as shown n Figure 5.2. A small amount of anhydadcisim sulfate desiccant
was placed in the outer bag. A string, shown in Figu8el&ading from a ring stand held
up the beam’s end. The string moved with specimen endvasdong enough to ensure
out of plane displacements caused by the swinging stmege negligible for large

horizontal movement. Testing was performed under loaatral, using sinusoidal
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loading with a frequency of 3 Hz and a load rappr 0.5. A lighted magnifying glass
was used to measure the crack length from the specimei@swhile the test was

running.

Plastic Bags

o

-

Figure 5.2: Photograph of a PF-SYP DCB fracture specimeimside two plastic bags mounted in
the cyclic testing system, with desiccant, humidity ssor, and load cell indicated.

Figure 5.3: Another view of the PF-SYP DCB fracture spcimen, with the long support string
indicated.
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5.3 Results and Discussion
5.3.1 Moisture control of specimens
The wood DCB fracture specimens used in this work wergedda aluminum

paint to control moisture content. The moisture cantemtrol was necessary because
wood mechanical properties are dependent on moisture camerthe specimens were
tested for long durations in a lab with fluctuating environtakconditions. According to
Green et al. (1999), oil type preservatives do not readt Wie wood and cause
significant loss in strength. Green and colleaguemastifor SYP that wood with a 17%
moisture content by weight has an elastic modulus 14.1%egréean the modulus of
wood with a 12% moisture content. SYP with a 7% moistungtent has an elastic
modulus 12.3% less than the modulus of SYP with a 12%tuneisontent. However,
they also note that mechanical characteristics caohr@eak values, decreasing with
further decreases in moisture content. Fluctuatingnes# changes throughout the
duration of the test is a source of error for detenmgraritical strain energy release rate.
After the paint dried, all specimens were weighed and shered in two sealed plastic
bags to provide further protection against moisture comiegmige. Over a period of 90
days, the specimen weight gain due to moisture absonpasrapproximately 0.6%. For
SYP this causes a 1.6% drop in elastic modulus, which wasidered negligible.
Consequently, the experimental conditions prevented amjfisant changes in wood
moisture.

5.3.2 Softening behavior
Initial attempts to perform testing using displacement robntere abandoned

because maintaining a constant load ratio was too difficthe difficulty was attributed

to the softening of the wood adherends. For this reasdisequent testing was
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performed using load control. Under load control, as thekcgrows the applied strain
energy increases. Therefore the expected crack gmawetshould increase as the crack
grows, though this work shows crack growth to be a moraptoated matter for
fatiguing wood DCBs. A load ratio, defined as the minimapplied loadPni,, divided

by the maximum applied loa®max 0f R = 0.5 was chosen due to difficulties in having
the testing machine maintain lower load ratios. Theamesload ratio applied for all data
points recorded was R = 0.501 with a coefficient of vamatf 0.38%.

Shown in Figure 5.4 are the load vs. displacement cuoretsvd loading cycles
acquired while the crack length remained constant at 51 rmAmrslight hysteresis is
visible, apparently not changing in size with cyclingheThysteresis shifted to the right
from the 208 cycle to the 190D cycle, while load control maintained relatively consta
peak and valley loads. The displacement range of tiegesachines loading arm was
approximately 100 mm. Because the shift was only a fracfi@millimeter, and such a
small percentage of the possible displacement rangshttiecould have been caused by
a drift in the testing machines set origin. Howeverdhsra likelihood the shift was
caused by a softening of the wood adherends due to fatigue agearmhis is supported
by the fact that the shift was continually to the rigi#,observed in many specimens at
different crack lengths, and that the increases inlatispnent were outside the range of
machine error and sensor background noise, as will bersheter. A drift in the
machine set origin would have been in the positive or negalirection, not only
continuously to the right.

The hysteresis could have been due to a viscoelastic imgnp the wood

adherends, but was more likely caused by the set up diettimg machines control

91



system. A low pass filter was applied to the loadaigrhile no filter was applied to the
displacement signal. This caused a phase lag betweéndlggnals, possibly resulting

in a hysteresis. Whether or not the hysteresis wagddyysviscoelastic damping or only
by the phase lag between the load and displacememisignsignificant. A hysteresis
caused by damping represents a dissipation of energy i eycle. The fracture
analysis methods for calculatiat§s, used in this research do not take into account energy
being lost to damping. Instealfs; was calculated using the average cycle compliance,
which was calculated using only the changing peak and valy dmd displacement
points. Regardless, the hysteresis size and shift wal smeaning the amount of energy
possibly dissipated by damping or damage from an individuag eyas small. However,
considering that millions of cycles were applied, theuawlated energy loss may have
been significant.
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Figure 5.4: Shifted load-displacement hysteresis loopsom the 200th and 1900th cycle prior to
crack growth in a PF-SYP DCB specimen.
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5.3.2.1 Wood softening background
A literature search failed to show any research exgasoftening specifically in

wood’s radial or tangential directions, the orthotropicections which determing&yy.
However, Tsai and Ansell (1990) published a broad review ofatigue behavior of
wood and wood products in longitudinal bending. Softening waisaly attributed to
decreases in the longitudinal stiffneBg,. For research with the bending loads near the
static strength, Tsai and Ansell noted that the ulgnsatength did not decrease while the
modulus of elasticity decreased with each cycle. Thatgst decrease occurred after the
first cycle. However they note other research shgwmcreases in modulus. And they
cite other examples where the modulus remained constarth® residual strain after
each cycle increased according to a power law model. Bdhavior was found to be
independent of species if the fatigue strain, not the fatgmess, was the same.
Decreases in acoustic emissions, creep, strainamatemodulus rate with each cycle all
indicate the damage contribution from each successive dgcreases.

Tsai and associates performed bending fatigue tests ka §ituce at 75% of
static flexural strength. Damage was visually observetdarform of compression kinks
within 500 cycles, though the estimated life i$ &9cles. A compressed kink in one cell
creates stress concentrations and early failure icentjaells, starting from the edge and
leading to the neutral axis. The weakened compressivenreggiired a greater area to
bear the same bending load, moving the neutral axis towsedension side (Tsai et al.,
1990). However this mechanism does not occur in the fategieng described in this
chapter since the compliance drops with crack growth,sasisked above. As would be
expected, experimentation showed that maintaining thee g@eak load and increasing

the R ratio increases the number of cycles to failurehwiegative ratio’s failing the
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quickest. For a measure of comparison, assuming sirepla theory and ignoring stress
concentrations at the crack tip, a 75 N load on a SYB-B@ecimen with a 100 mm

crack length causes +/- 12.5 MPa of maximum bending stred§% of tensile and 25%

of compressive failure stresses (Green, 1999).

5.3.3 Cycle compliance changes
Also of interest is the change in compliance with eagtle for the same crack

length. The hysteresis loop shift leads to changesrée ttifferent compliances: peak
compliance, valley compliance, and cycle complianéggure 5.5 illustrates the three
compliances on a load versus displacement plot. The quaapliance is defined as the
compliance between the load-displacement origin anghé¢hdé load-displacement point.
The valley compliance is similarly defined, but using th#ey load-displacement point.
The cycle compliance, which in this research is theptiaamce used to calcula,, is
the compliance between the peak and valley load-dispiant points. As can be seen
from Figure 5.6, within 1800 cycles, the cycle compliance d&p%. The roughness of

the plots is attributable to fluctuations in machine cdmtnol sensor background noise.
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Figure 5.5: lllustration of the peak, valley, and cyd compliances on a load versus displacement

plot.
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Figure 5.6: The decreasing cycle compliance plotted againsycle count, N, from a PF-SYP

DCB fracture specimen with a crack length of 51 mm loagld at 3 Hz.

Figure 5.7 shows a plot of the normalized cross-headadesment for lower
bound, dnin, and upper boundédna, displacements as a function of cycle couit,
Clearly dnin shows a greater proportional increase than While all displacements are
increasing, meaning the peak compliance and valley complangcincreasing, the cycle
compliance is decreasing, resulting in the drop showigur€& 5.6. Plausible reasons for
this behavior will be discussed later. Obviously the ayerincreases in peak and valley

displacements are outside the range of machine camdo$ensor background noise.

96



1.035

1.03F [oweer bound
.
2 1.025+
[ak}
[}
=
)
= 102F
=
(1]
[ak}
o
= 1.018F
=
[a k]
K
=
E 101
[l
=
1.005 | .*‘- upper bound
Dpth
1 1 1 |
a00 1000 1500 2000
M, cycles
Figure 5.7: The normalized lower bound and upper bound idplacements plotted against cycle

count, N, from a softening PF-SYP DCB fracture spemien maintaining constant
crack length.

A cycle compliance change during constant crack lengthlévant considering
the strain energy release rate is calculated franctiange in cycle compliance with a
change in crack length. The cycle compliance is &atled from load and displacement
data recorded from the testing system user interfamtefrom machine recorded data.
This is because recording the necessary informationdmprdduce an overwhelming
amount of data. If the cycle compliance changed betioe crack length extended, the
actual and calculated change in cycle compliance wouldb@&dhe same. Furthermore
the crack length correctiong, most likely changed with cycling because of its
dependence on the changing material properties. So tia and final crack length
correction differed from the averaged correction vableained from the cube root

compliance versus crack length plot. Both of thesaeis are contributions to error in
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calculatingdG, the significance of which has not been determined.

Figure 5.8 shows crack lengths and normalized complialoteeg against the
cycle count. As expected, the cycle compliance isg@aoverall as the crack length
increases. However there are several examples otals in cycle compliance,
corresponding to recent increases in crack lengthoc#llchanges in cycle compliance
were used to calculate the applied fracture endsgywould be negative because at these
points,dC/dais negative. For this reason the global increasedte @pmpliance is used

to determinalC/da as determined from the plot 61° vs. crack lengtha.
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Figure 5.8:  Measured crack length and corresponding mmalized compliance as a function
of cycle count,N, with a load ratio R = 0.5, and peak load of 75 N.

The crack lengths in Figure 5.8 are approximately 53 mm in Hength low
applied fracture energy. Specimens tested at greatek lenagths and higher applied
fracture energy with faster crack growth rates dematest different compliance changes

with crack extension, as shown in Figure 5.9. The dependdmnt®daon crack length
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and crack growth rate could influence the Region Il sleplees and the toughening

behavior discussed later.
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Figure 5.9: Calculated compliance plotted against cycle coufrom a softening PF-SYP DCB,
with indicated crack lengths of 139 mm and 141 mm, with a & ratio R = 0.5, and
peak load of 60 N..

Plotting the load and displacement in conjunction focley around a known
crack extension shows interesting behavior, as showgires 5.10 and 5.11. Prior to
5650 cycles, the crack length was measured to be 138 mmb@#brcycles the crack
length is 139 mm. With crack extension, the maximum dcgrhent dropped, which is
understandable because the max load also dropped. Howkgeminimum load
increased while the minimum displacement decreased. iftlisates stiffening with
crack growth. When the crack arrested, the softeningmegwith the peak and valley

loads remaining relatively constant while peak and yalisplacements increased.
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The load deviation from the set constant is typicatledl loop PID controlled
systems. When a loaded specimen changes stiffnessalseyees are required for the
control system feedback response to return the syistehe desired state. The number
of cycles required to return to the set load will deppen the specimen stiffness change
and the accuracy of the controller’s “tuning”, which refew the appropriateness of the
outer loop’s control settings. When the control syst@as not able to make self-
adjustments quickly enough, the proportional contrdlie/aP, was manually adjusted
during testing to maintain the correct applied load.

For quasi-statically loaded PF-SYP DCBs, crack lengthrection, a, values
range from 17 mm to 33 mm, as discussed in Chapter@is lfaken to indicate the scale
of the region in the wood adherend bearing load aheac af#ck tip, this means a static
test crack extension of 10 mm brings the crack tip stseg#o a new region of the
substrate. But fatigue crack extensions are typicallyn@® or less, meaning crack
growth is considerably smaller than the regions expeing fatiguing strains created by
the crack tip and beam rotation. Whether the comiavitt increase or decrease is only
dependent on which increases more, the minimum or maxidispiacements. The rate
at which displacement values increase may be dependergeweral factors and
complicated fatiguing mechanisms — the determination ofhvis beyond the scope of
this project. However, the position of wood growth tydegs not change greatly with
0.5 mm extensions, indicating cyclic loading induced cragknsions would not bring
the crack tip near different growth types.

The softening is not believed to be caused by a decredsagiudinal shear

moduli, but rather the vertical modulus,,. This is supported by the observation that the
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beam stiffness increased with crack growth. The beaorigliance is dependent on the
longitudinal and shear moduli along its entire lengthenshs the local compliance is
only dependent ok, in the crack tip region. If the longitudinal or sheaoduli had
decreased, then the beam’s stiffness would be permardstigased, never increased
with crack growth.

5.3.4 Paris plot results and discussion
Initial crack lengths were created in the DCBs by tappingealge into the

bondline with a clamp near 50 mm past the specimen’s fittates, preventing crack
growth past that point. The specimen was then cybfidakted at that crack length.
When performing the fatigue testing, the variations amd strength caused a minor
difficulty because the specimen’s quasi-static crititacture energy could not be
calculated until the specimen was already broken. i@emsg the cyclic loading was
performed under load control, the applied fracture energyased with crack length.
This means the variability in bond strength frequently &e@ specimen failing rapidly
along the entire length when a greater fracture resistavas expected. Similarly,
fatigue crack growth was often much slower than expecteduise the fracture energy
needed to propogate the crack was actually much higheexpeated.

Frequently, after several crack extensions had beenredgamd a toughening
behavior was apparent, the test was stopped and the cracknawatonically driven
further down the bondline (15 mm to 70 mm). The cyclidrigswas then resumed at the
new crack length. Crack lengths were not determined lagunmg the compliance using
a reference to solve for crack lengh, Instead all crack lengths were measured visually
with a lighted magnifying glass.

As mentioned before, the compliance was calculatedgusie maximum and
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minimum load and displacement values recorded fronet$teng system’s user interface.
The crack length was measured from the specimen’s sileMigghted magnifying glass.
As discussed in Chapters 1 and 2, the slope, m, and abstessapt,a, from the cube
root of compliance versus crack length pi6t'{vs. a) are used to calculate the range of
applied Mode I fracture energ$, of Equation 5.3

_P?(a+a)?

- b(Exxl)ef‘f 5.3
AG, =G, .. -G

Imax Imin

Figure 5.12 shows the cube root of compliance versus ceagkhl for a cyclically tested
specimen PF5-1, which was given an initial crack lengtlalmfut 51 mm tested for
seventeen crack extensions before having the crack muocaitg driven to 129 mm and
tested for 22 more crack extensions. As derived in Chdpténe beam’s effective
stiffness (Exd)er and crack length correctiomy, were determined using crack lengths
from both crack extension groupings. The linear regrestiowed slopes and intercepts

similar to those from the quasi-static testing, witfit af R* = 0.9998.
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Figure 5.12: Cube root of compliance versus crack lengtinom a cyclically loaded PF-SYP DCB

specimen, with monotonically initiated cracks at 51 mmrd 129 mm.
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Atypical behavior is apparent plotting the logarithm ppleed fracture energy
range, 4G, against the logarithm of the crack growth rate/dN A fresh crack is
initiated and then fatigued. For some specimens, asdhk extends due to fatigudg,
increases, whileda/dN does not increase linearly, eventually leveling out cssiody
declining. When new fresh crack was initiated through raomo loading, the crack
growth rateda/dN was much higher. But as before, with fatiguidg/dN does not
linearly increase withdG, for successive crack extensions. However, other specimens
have shown linear behavior, with no apparent tougheningurd=5.13 shows loda/dN
vs. log 4G, for fatigue started from different initial crack lengtfe four different
specimens. The linear fit shown uses the first dat@pérom each initial crack length,
with the slope of 7.@la/dNlogarithmic decades to AG, logarithmic decade to be taken

as the Paris plot’s Region Il slope.

AG, Jir
3z 40 a0 3 78 100 126 148 200 281
I:I T T T T T T T T
-2
-y 129fm
= E7 mm "o
[ o *
E .5 | ' 't f‘t P
Z
Z g4
2
=1 ta
210 ® pi3-g
52 mm *+ pfa-1
™ B pf3-1~S3mm
12 1 oH + pfd-3~E3mm
51 mm O First Cracks
—Linear (First Cracks)
14 T T T T T T T T
1.4 1.6 1.7 1.8 1.49 2.0 21 2.2 2.3 2.4

log(AGY, Jind

Figure 5.13: Logarithmic crack growth rate, da/dN, plotted against the logarithmic applied
fracture energy range,4G, with three specimens showing toughening behavior.

There are currently four plausible components for éxjlg the atypical
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behavior, none being mutually exclusive. The first olzéon is that linear behavior
only occurs for a crack initiated towards the beam’sterer{specimen pf-3 at
approximately 67 mm), while all atypical/toughening behaviomes from cracks
initiated at the beam’s beginning or end (51 mm or 129 miMough quasi-static
testing showed no crack length dependenc&sfgrfatigue characteristics may not have
been apparent from a quasi-static test.

Also of importance is the crack opening rate, a functiocrack length and cross-
head displacement rate controlled by the set loadiguéncy. Under load control,
shorter crack lengths result in slower crack opening wéiiée increasing crack length
moment arms increases the crack opening rate. Faatindoof visco-elastic adhesives
results in smaller plastic zones at the crack tidewever this alone does not explain the
atypical Region Il behavior because nonlinearities vwagparent for both small and
large but not medium crack lengths. Plausibly the cakedldG, values are incorrect
because the crack length correctian,from individual crack extensions are different
from the averaged value.

Another plausible explanation is that the growth mntrolled by the degree of
softening, which itself is controlled by the magnitude andifm of stress applied. Low
applied fracture energy will cause little softening vatith cycle, but a greater number of
cycles were required to initiate crack extension. Irelgrsigh applied fracture energy

will cause a large amount of softening with each cyale féwer cycles were required to
initiate crack extension. Perhaps medium appliectdra energy with a moderate crack
growth rate allows for the crack extension to odmefore the softened region grows to a

size which prevents the necessary loading being traedféorthe crack tip. The actual
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size and shape of the softened region is unknown, thasgldiscussed earlier the
softening is not believed to be caused by a decrease im #githdongitudinal or shear
moduli.

Du, Thouless, and Ya (1998) researched a crack toughening mecigrignich
an energy absorbing process zone is formed in rubber{ew@jpoxy polymer DCBs by
the crack tip and leaves a deformed wake with crack exten Specifically the material
in the process zone must experience a strain reviérsabreater load is required to
initiate fracture. Monotonically increasing strain onkiwear stress-strain behavior will
not cause toughening. However, their research used quasktatnot cyclically,
loaded specimens. Plausibly a similar phenomenon igaoeg in the wood DCB'’s with
a permanent vertical strain, as evidenced by the iredeesmpliance and the deduced
softening in the 5 modulus, causing a residual contraction in the longialdiirection.
This residual compression in the longitudinal directi@uld create a similar energy
absorbing process zone.

5.3.5 Recommendations for future work
There are several obvious weaknesses in the reseasctibeed in this chapter,

which is understandable considering this appears to be rgtetifne bonded wood
fracture specimens were tested using cyclic loadinge Wémaknesses are not necessarily
inherent in the wood DCB geometry chosen, but ratheilpgsiie to inappropriate test
method choices and the inability of the applied anaytmmodel to take into account
several issues. These issues include dampening, softenimgcahdompliance changes
prior to crack growth, re-stiffening and frequent local cbamge decreases with crack
growth, and the residual stresses which are most litedycauses for the observed

toughening mechanism.
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The softening appeared while cycling at a constant crackhlemgests using load
control resulting in load vs. displacement curves dhiftegreater displacements. The re-
stiffening with crack extension strongly indicates tliet $oftening is due to a reduction
of the vertical elastic modulus,,Eas discussed earlier. The adherends around the crack
tip were stretched with each cycle (which in part leadbé necessity of the crack length
correction,a). Plausibly this repeated stretching lead to permanentrdafions in the
vertical direction, with the stress concentrationghe crack tip causing the material
closest to the crack tip to undergo the greatest defonngatiBor this reason the adherend
thickness should be increased. Assuming this does notygieatease the vertical
stresses at the crack tip, the proportion of playickdformed material relative to the
total adherend thickness would be reduced. This in turnldsheduce the softening
effect.

However, the toughening behavior was not always observEédis may be
because the rate dependence of wood’s viscoelastic natim8uencing the effective
moduli, stresses, and strains and therefore yieldihguier of the wood. By controlling
the loading rate at the crack tip, which is a functicack length and cycle frequency, the
toughening effect could be minimized by controlling the vertaigection plasticity.
However, this means there is plausibly a loading rdteeince on the Paris plot Region Il
range and slope. Even if the toughening behavior was eledinahe Paris plot
generated by testing at one rate may not overlap the plat generated at a different
rate. Future work should be focused on determining itthee appropriate loading rates
at the crack tip, and the influence these rates haveegioiRll behavior.

The plasticity in the vertical direction could alse teependent on the grain type
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dominating the vertical direction. As shown in Chaptethe growth ring orientation
spanning the cross-section is variable. The vertica&ction could be dominated by
radial grain, tangential grain, or any combination oftthe depending on the grain angle
in the cross-section. A literature review failed to vghany research dedicated to
studying the fatigue behavior of wood in the radial and tatregedirections. Given that
the radial direction elastic modulus is approximatelcéathe tangential direction radial
modulus, the stresses in the vertical direction apenident on growth type in vertical
direction. Likewise the yielding behavior, and therefdhe plausible toughening
mechanism around the crack tip, are dependent on theaVelitiection growth type.
Another recommendation is to investigate the influemre crack length
correction,a, from both the growth type distribution near the krayg and the plastically
deformed material at the crack tip. As shown in Chaptandlytical models show to
be dependent on orthotropic properties from the x-y plamdyding Ey, longitudinal
elastic moduluskyy, and the shear modulugy,. In the research described above an
averaged global crack length correction was used base¢ided@t” versus crack length
plot based on all crack lengths from the entire spetilmegth. For a test specimen with
relatively constant mechanical properties along thgtkerthis is an acceptable practice.
But the mechanical properties of the wood adherends amgiogaalong the entire
length. This is not due just to the natural variabiltyvood, but also due to angles the
longitudinal grain make against the bondline and specint# as discussed in Chapter
4 for the variations in effective stiffneggx)er. Becauser is used to take into account
the material displacements behind the crack when eaicglthe applied fracture energy,

the a associated with each particular crack should be usech wehdculating G.
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Significant differences imr, caused by differences in growth type and vertical tioec
softening, will result in significant differences in tteoplied G, calculated. The
averaginga used in this research did not take those differencesaotount. Future
research should be directed towards understanding hoakéoiito account changing

values ofa and(Exx) et

5.4 Summary
A novel method for performing cyclic fatigue fracture irggtof wood double

cantilever beams has been developed. Precautionargurasahave been taken to
prevent moisture content changes in the specimen durirtgstieg period, which could

last for several days. This ensures the behaviorred$eis not due to moisture
adsorption or desorption. During cycling at the samekctangth a softening was
observed, whereby the average displacement increasésl tiwhiaverage load remained
constant. In some instances the maximum displaceinentased faster than the
minimum, causing the local compliance between the goiat increase. In other
instances the minimum displacement increased faster ttre maximum displacement,
causing the local compliance between the points to dezre®ecommendations were
made for future research to make testing bonded wood-wood DEBg cyclic loading

a more viable and valid test choice.
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Chapter 6: Summary

The primary direction of this thesis was towards esipgpqualitative and
guantitative characteristics necessary for refininguantterstanding the flat wood double
cantilever beam (DCB) as a valid means for testing Mdideture energy in wood
adhesive bonds. This research should be consideredeamsiex of Gagliano’s (2001)
research into using the same specimen geometry for spadisitesting. Investigated was
appropriate specimen width, angled latewood/earlywood grdisthibution influences,
significance of adhesive penetration, and system behawlar wyclic loading. Both
epoxy and phenol formaldehyde (PF) impregnated films wekwile southern yellow
pine (SYP) adherends, providing two systems with diffecaatacteristics.

Epoxy DCBs were quasi-statically tested with varying widflsroim, 15 mm,
and 20 mm) to determine if the critical and arrest senergy release rates,. andGy,,
showed any dependence on width. For all widths the fraldads of the epoxy bonds
were too low to presume the crack tip plastic zone svees large enough for the plane
stress edge effects to influence the critical and alvads. However, it was noted that
the scatter in data decreased as width increased. Vaeassns for this width
dependence were investigated and explanations proposed.

An adhesive penetration analysis was performed fogpbey bonds using
microphotographs of stained microtomed cross-sectiohs. epoxy clearly penetrated
farther into the SYP earlywood growth regions thaeviatod regions. The difference in
adhesive penetration indicates the fracture energyrlyire@d bonds is different from

latewood bonds. As a result, the wider epoxy DCB specimégtisa better consistency
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in growth types exposed on the adherend surface, wouldlssewscatter in fracture
energy values.

To investigate why such low toughness values were acquiréde epoxy bonds,
fracture testing was performed on the bulk epoxy usingesieggie notched bend (SENB)
specimens. The bulk epoxy’s fracture energy was fouhe weveral orders of
magnitude higher than the wood-epoxy system; and considering svbacture energy
is also much greater, the reason for the low values leuslsewhere. The yield point
and elastic modulus,, of the epoxy was also determined. The elastic moduass
found to be more than twice the SYP-DCB adherend atgtdfnessE,y.

Quasi-static fracture testing was also performed on S¥€Bdbonded with PF
films. By analyzing microphotographs of microtomed cresgisns, the PF penetration
into the SYP adherend was shown to be very shalldws i$ interesting because the PF-
SYP DCBs were found to have much higher critical and tain@sture energy values
than the epoxy-SYP DCBs, yet the epoxy bonds showed megpedpenetration for
both latewood and earlywood regions. This indicatasdeep adhesive penetration is
not a requisite for higher Mode | fracture energy values.

The grain distribution influences were computationally stigated because of
the stiffness difference between latewood and earlywgpodth and the grain's angle
along the length of the beams. All specimens wenécfatied with an approximately 3
grain angle converging at the bondline along the speciemgth in thex-y plane. The
grain angle and the stiffness difference between latdvaod earlywood growth caused
the effective stiffnesgExl)er, to vary along the length of the beam. The effective

stiffness variation caused the beam's receptibility fairsenergy to also vary. Also
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investigated are the effects on effective stiffness faognain angle in the-zplane.

Various latewood grain thickness and distributions weegngned within reasonable
ranges for southern yellow pine. Based on theseaenaions, another recommendation
is made for an appropriate specimen width.

Cyclic loading tests were performed on PF-SYP DCB'’s Wwinere coated in
aluminum paint and sealed in plastic bags during testiogrntyol the wood moisture
content. The cycle frequency was 3 Hz, with a valegeak load ratio d® = 0.5 A
softening was observed with cycling. For this reasamtggvas performed using load
control in order to maintain a constant load rati@tiBpeak and valley displacements
increased with cycling at constant crack length. Thalloempliance between the peak
and valley displacement points was observed to ditbezase or decrease. This
compliance change depended on which increased moreoftémisng, the peak or the
valley displacement. With crack growth, stiffening wedserved. And though overall
the compliance increased after multiple crack extensmetzasionally specimen
compliance actually decreased with small crack extensiohs indicates a new method
may be needed for determining the applied fracture enarmerdG.

Frequently subsequent crack lengths required more cycldsiltoe than the
previous crack length. Considering the test was performed) usad control, this
indicates a toughening mechanism. Monotonically extendiagctack length far from
the fatigued region created a fresh crack that did mmvghe toughened behavior. But
toughening did resume with subsequent crack lengths. Plakiengrack growth rate,
da/dN against4G for initial crack lengths produced a Paris plot Regioting with a

slope of 7.6da/dN logarithmic decades to AG logarithmic decade. Recommendations
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were made for future research to make testing bonded wood-2@@s using cyclic

loading a more viable and valid test choice.
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Appendix Al: Matlab codes for horizontally oriented grain,

Chapter 4

%vertical late wood strain energy

%vwstrain.m, considering alpha = 90, beta = set, th
dx = 1/100;

bmax = 20;

hmax = 10;

Lmax = 75;

Eo = 6240;

GIC = 0.27;%N/mm

LWF =3;

P =10;

for(bbttaa = 3:2:4)
beta = bbttaa*pi/180;

clear EECavg;
clear EECstd;
clear EECmax;
clear EECmin;
clear Imax;
clear Imin;

h=0.5;
do=2;
c=1;
for(D = 1:9)
if(ceil(D/3) > c)
c=c+1;
h=05
do=do +1;
end%if
bb = 0;
for b = 25:5:50

bb = bb+1;

w = h*ones(1,158);%
dho = [-7:d0:400];%

mw = size(w);

mdho = size(dho);

K = min(mw(2),mdho(2));
Utot = 0;

for i = 2:Lmax/dx
dho(i,:) = dho(i-1,:) - dx*tan(beta);
end
%determining which grains are in and which grains a
for i = 2:Lmax/dx
kmin = K+1;
kmax = -1;

eta = irrelevant;

re out.
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w(i,:) =w(l,:);

dhmin = 2*b;
fork = K:-1:1
%k

% i-(Lmax/dx)

if((dho(i,k)+0.5*w(i,k))>b ) %right hand side

if(k>kmax)
kmax = k;
end %if k
dho(i,k) = b - 0.5%*(b - (dho(i,k) - 0.5
w(i,k) = 2*(b - dho(i,k));

if(dho(i,k)>b)
dho(i,k) = 0;
w(i,k) = 0;

end% if dho

end %if right hand side
if(dho(i,k)>0 &dho(i,k)<dhmin)
dhmin = dho(j,k);
kmin = k;
%end%oif
end%if
if(dho(i,k)>=-1*w(i,k)/2 )%left hand side
if((dho(i,k)<=w(i,k)/2));
dho(i,k)=0.5*(dho(i,k)+w(i,k)/2);
w(i,k) = 2*dho(i,k);
%if(k<kmin)

end% if
else
w(i,k) = 0;
dho(i,k) = 0;
end%if left hand side
end % for k

L =i*dx;

Il = (1/12)*sum(w(i,kmin:kmax))*(hmax"3)*LWF;
le = (1/12)*(b-sum(w(i,kmin:kmax)))*(hmax”3);

if(le<0 | 1I<0)

lo(i) = max(ll,le);

else

lo(i) = ll+le;

end

Ul =0;

if(11>0)

Ul = ((P*L)*2)/(2*Eo*Il))*dx;
end

Ue =0;

if(le>0)

Ue = (((P*L)"2)/(2*Eo*le))*dx;
end

Utot(i) = Ul+Ue+Utot(i-1);

“w(i,k)));
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dudx(i) = (Utot(i)-Utot(i-1))/dx;

Ifact = sum(w(i,kmin:kmax))/b;

efact = (1-Ifact);

EEC(i) = (Lo(i)"2)*((hmax"3)/12)/(efact*Eo+LWF*If
Pc(i) = sqrt((Eo*lo(i)*b*GIC)/(L"2));

end% for i

EECavg(D,bb) = mean(EEC(2:length(EEC)));
EECstd(D,bb) = std(EEC(2:length(EEC)));
EECmax(D,bb) = max(EEC(2:length(EEC)));
EECmin(D,bb) = min(EEC(2:length(EEC)));
Imax(D,bb) = max(lo(2:length(10)));
Imin(D,bb) = min(lo(2:length(l0)));

Imin./Imax

if(b==bmax)
h = h+0.5;
end %if b
end %for b
end %while D

if(bbttaa == 1)
save btalEECavg.txt EECavg -ascii -tabs
save btalEECstd.txt EECstd -ascii -tabs
save btalEECmax.txt EECmax -ascii -tabs
save btalEECmin.txt EECmin -ascii -tabs
save btallmax.txt Imax -ascii -tabs
save btallmin.txt Imin -ascii -tabs

end %if

if(bbttaa == 2)
save bta2EECavg.txt EECavg -ascii -tabs
save bta2EECstd.txt EECstd -ascii -tabs
save bta2EECmax.txt EECmax -ascii -tabs
save bta2EECmin.txt EECmin -ascii -tabs
save bta2lmax.txt Imax -ascii -tabs
save bta2lmin.txt Imin -ascii -tabs

end %if

if(bbttaa == 3)
save bta3EECavg.txt EECavg -ascii -tabs
save bta3EECstd.txt EECstd -ascii -tabs
save bta3EECmax.txt EECmax -ascii -tabs
save bta3EECmin.txt EECmin -ascii -tabs
save bta3lmax.txt Imax -ascii -tabs
save bta3Imin.txt Imin -ascii -tabs

end %if

if(bbttaa == 4)
save bta4EECavg.txt EECavg -ascii -tabs
save bta4EECstd.txt EECstd -ascii -tabs
save bta4dEECmax.txt EECmax -ascii -tabs
save bta4dEECmin.txt EECmin -ascii -tabs
save btad4lmax.txt Imax -ascii -tabs
save bta4lmin.txt Imin -ascii -tabs

end %if

act*Eo);
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if(bbttaa == 5)
save btaSEECavg.txt EECavg -ascii -tabs
save btabEECstd.txt EECstd -ascii -tabs
save btabEECmax.txt EECmax -ascii -tabs
save btabEECmin.txt EECmin -ascii -tabs
save btablmax.txt Imax -ascii -tabs
save bta5Imin.txt Imin -ascii -tabs

end %if

if(bbttaa == 6)
save bta6EECavg.txt EECavg -ascii -tabs
save bta6EECstd.txt EECstd -ascii -tabs
save bta6EECmax.txt EECmax -ascii -tabs
save bta6EECmin.txt EECmin -ascii -tabs
save bta6lmax.txt Imax -ascii -tabs
save bta6lmin.txt Imin -ascii -tabs

end %if

if(bbttaa == 7)
save bta7EECavg.txt EECavg -ascii -tabs
save bta7EECstd.txt EECstd -ascii -tabs
save bta7EECmax.txt EECmax -ascii -tabs
save bta7EECmin.txt EECmin -ascii -tabs
save bta7Imax.txt Imax -ascii -tabs
save bta7Imin.txt Imin -ascii -tabs

end %if

if(bbttaa == 8)
save bta8EECavg.txt EECavg -ascii -tabs
save bta8EECstd.txt EECstd -ascii -tabs
save bta8EECmax.txt EECmax -ascii -tabs
save bta8EECmin.txt EECmin -ascii -tabs
save bta8Imax.txt Imax -ascii -tabs
save bta8Imin.txt Imin -ascii -tabs

end %if
end %for bbttaa
%quit
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Appendix A2: Matlab codes for vertically orientedgrain,

Chapter 4

%vertical late wood strain energy%

vwstrain.m, considering alpha = 90, beta = set, the
bmax = 50;

hmax = 10;

Lmax = 105;

Eo = 6240;

LWF =3;

P =10;

dx = 1/100;
for(bbttaa = 3:2:4)

beta = bbttaa*pi/180;

clear EECavg;
clear EECstd;
clear EECmax;
clear EECmin;
clear Imax;
clear Imin;

h=0.5;
do=2;
c=1;
for(D = 1:9)

if(ceil(D/3) > c)
c=c+1;
h=05
do=do +1;

end%if

bb = 0;

for b = 5:5:bmax
keyboard

bb = bb+1;

w = h*ones(1,150);%
dho = [-7:d0:800];%

mw = size(w);

mdho = size(dho);

K = min(mw(2),mdho(2));
Utot = 0;

for i = 2:Lmax/dx
dho(i,:) = dho(i-1,:) - dx*tan(beta);
end
%determining which grains are in and which grains a
for i = 2:Lmax/dx
kmin = K+1;
kmax = -1;

w(i,) =w(l,:);
fork =1:K

ta = irrelevant;

re out.
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%k
% i-(Lmax/dx)

if((dho(i,k)+0.5*w(i,k))>b )

if(k>kmax)
kmax = k;
end %if k
dho(i,k) = b - 0.5%*(b - (dho(i,k) - 0.5
w(i,k) = 2*(b - dho(i,k));

if(dho(i,k)>b)
dho(i,k) = 0;
w(i,k) = 0;

end% if dho

end %if

if(dho(i,k)>=-1*w(i,k)/2 )
if(dho(i,k)<=w(i,k)/2);
dho(i,k)=0.5*(dho(i,k)+w(i,k)/2);
w(i,k) = 2*dho(i,k);
if(k<kmin)
kmin = k;
end%if
end% if
else
w(i,k) = 0;
dho(i,k) = 0;
end%if
end % for k

L =i*dx;

Il = (1/12)*sum(w(i,:))*(hmax"3)*LWF;
le = (1/12)*(b-sum(w(i,)))*(hmax”3);
if(le<0 | 1I<0)

lo(i) = max(ll,le);

end

lo(i) = ll+le;

Ul =0;

if(11>0)

Ul = (((P*L)"2)/(2*E0*LWF*II))*dx;
end

Ue =0;

if(le>0)

Ue = ((P*L)"2)/(2*Eo*le))*dx;

end

Utot(i) = Ul+Ue+Utot(i-1);

Ifact = sum(w(i,kmin:kmax))/b;

efact = (1-Ifact);

EEC(i) = (1/10(i)*2)*((hmax"3)/12)/(efact*Eo+L WF*f

end% for i

EECavg(D,bb) = mean(EEC(2:length(EEC)));

EECstd(D,bb) = std(EEC(2:length(EEC)));

“w(i,k)));

act*Eo);
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EECmax(D,bb) = max(EEC(2:length(EEC)));
EECmin(D,bb) = min(EEC(2:length(EEC)));
Imax(D,bb) = max(lo(2:length(10)));
Imin(D,bb) = min(lo(2:length(l0)));

if(b==bmax)
h = h+0.5;

end %if b

end %for b

end %while D

if(bbttaa == 1)
save btalEECavg.txt EECavg -ascii -tabs
save btalEECstd.txt EECstd -ascii -tabs
save btalEECmax.txt EECmax -ascii -tabs
save btalEECmin.txt EECmin -ascii -tabs
save btallmax.txt Imax -ascii -tabs
save btallmin.txt Imin -ascii -tabs

end %if

if(bbttaa == 2)
save bta2EECavg.txt EECavg -ascii -tabs
save bta2EECstd.txt EECstd -ascii -tabs
save bta2EECmax.txt EECmax -ascii -tabs
save bta2EECmin.txt EECmin -ascii -tabs
save bta2lmax.txt Imax -ascii -tabs
save bta2lmin.txt Imin -ascii -tabs

end %if

if(bbttaa == 3)
save bta3EECavg.txt EECavg -ascii -tabs
save bta3EECstd.txt EECstd -ascii -tabs
save bta3EECmax.txt EECmax -ascii -tabs
save bta3EECmin.txt EECmin -ascii -tabs
save bta3lmax.txt Imax -ascii -tabs
save bta3Imin.txt Imin -ascii -tabs

end %if

if(bbttaa == 4)
save bta4EECavg.txt EECavg -ascii -tabs
save bta4EECstd.txt EECstd -ascii -tabs
save bta4dEECmax.txt EECmax -ascii -tabs
save bta4dEECmin.txt EECmin -ascii -tabs
save btad4lmax.txt Imax -ascii -tabs
save bta4lmin.txt Imin -ascii -tabs

end %if

if(bbttaa == 5)
save btaSEECavg.txt EECavg -ascii -tabs
save btabEECstd.txt EECstd -ascii -tabs
save btabEECmax.txt EECmax -ascii -tabs
save btabEECmin.txt EECmin -ascii -tabs
save btablmax.txt Imax -ascii -tabs
save bta5Imin.txt Imin -ascii -tabs

end %if
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if(bbttaa == 6)
save bta6EECavg.txt EECavg -ascii -tabs
save bta6EECstd.txt EECstd -ascii -tabs
save bta6EECmax.txt EECmax -ascii -tabs
save bta6EECmin.txt EECmin -ascii -tabs
save bta6lmax.txt Imax -ascii -tabs
save bta6lmin.txt Imin -ascii -tabs

end %if

if(bbttaa == 7)
save bta7EECavg.txt EECavg -ascii -tabs
save bta7EECstd.txt EECstd -ascii -tabs
save bta7EECmax.txt EECmax -ascii -tabs
save bta7EECmin.txt EECmin -ascii -tabs
save bta7Imax.txt Imax -ascii -tabs
save bta7Imin.txt Imin -ascii -tabs

end %if

if(bbttaa == 8)
save bta8EECavg.txt EECavg -ascii -tabs
save bta8EECstd.txt EECstd -ascii -tabs
save bta8EECmax.txt EECmax -ascii -tabs
save bta8EECmin.txt EECmin -ascii -tabs
save bta8Imax.txt Imax -ascii -tabs
save bta8Imin.txt Imin -ascii -tabs

end %if
end %for bbttaa
%quit
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Appendix B: Matlab code for extracting data pointsfrom

stored array, Chapter 5
%fwork.m, Script to extract and separate time, load
%data from MTS System record file
'Processing data file'
fid=fopen('pf5s1129.dat");
t=1;

while 1

tline = fgetl(fid);
if ~ischar(tline), break, end
temp = str2num(tline);
if(size(temp)>0)
a(t,:) = temp;
%disp(a(t,:))
t=1t+1;
end

end

fclose(fid);

'Saving seperate time, displacement and loa
t=a(,1);

d=a(,2);

P=a(,3);

save P5s1129.txt P -ascii

save t5s1129.txt t -ascii

save d5s1129.txt d -ascii

%comp.m

%program to read the compliance from the cycled loa
curve

%input data: t - time, d - displacement, P - load

%

clear compup
clear compdn

%clear
%Nmin = 2;
%Nmax = 90;

%load t5s151.txt

%load d5s151.txt

%load P5s151.txt

%P = P5s151,

%d = d5s151;

%t = t5s151;

dt = 0.01;%sensitivity for time range checks

dd = 0.01;%sensitivity for displacement checks

%Finding the appropriate index for cycle region sta
%use time vector, knowing that w = 3Hz, so t = N*3
begi = 1,

i = begi;

and displacement

d to seperate file'

d vs. displacement

rting around Nmin
(sec);
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while( i < length(t))

if((t(i)+dt > Nmin/3 & t(i)-dt<Nmin/3) | t(i) =
begi =i-2;
i = length(t);

end %if
%keyboard

i=i+1;
end% while

‘Determining up and down swing compliances

mnew = -1

i = begi

%keyboard

dinew = [0 1000];

%tlnew = O;

for N = Nmin:(Nmax+(Nmax-Nmin))%2*Nmax%

% now to determine the region for which cycle N is

%N
i = begi;
%keyboard
di =2;%2;
while( i < (length(t)-di))

dthree = d(begi:(i+di));
tthree = t(begi:(i+di));
% [Y,I] = sort(dthree);%(begi:i+1));
dlold = dinew;
% tlold = tinew;
mold = mnew;
mnew = polyfit(tthree, dthree,1);

% if(sign(mnew(1)) ==sign(mold(1)))

if(dthree(length(dthree))>dlold(1
dinew(1) = dthree(length(dthree));
dinew(2) = dthree(1);
endi = i+1;
elseif( dthree(length(dthree))<dlold(2))
dinew(2) = dthree(length(dthree));
dinew(1) = dthree(1);
endi = i+1;
else
[Y,I] = sort(dthree);
dinew(2) = max(dthree(1),dthree(length(
dinew(1) = min(dthree(1),dthree(length(

endi = i+2;%l(length(l));

i = length(t);
% endi = begi;
end %if
i=i+1;
end %while

mold = -1*mnew;

dtemp = d(begi:endi);
Ptemp = P(begi:endi);

= Nmin/3)

starting at Nmin'

in its up/down-swing

dthree)));
dthree)));
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m = POLYFIT(dtemp,Ptemp,1);

dmin = min(d(begi:endi));

Pmin = min(P(begi:endi));

dmax = max(d(begi:endi));

Pmax = max(P(begi:endi));

%keyboard

%determining the area under graph in order to compa

decay

%within each cycle

A=0;

for(j = begi:(endi-1))
dd = d(j+1)-d(j);
dP = P(j+1)-P(j);
A = A+ dd*dP;

end

if(sign(mnew(1))>0)
compup(N) = 1/m(1);
dminup(N) = dmin;
dmaxup(N) = dmax;
Pminup(N) = Pmin;
Pmaxup(N) = Pmax;
Aup(N) = A;

else
compdn(N) = 1/m(1);
dmindn(N) = dmin;
dmaxdn(N) = dmax;
Pmindn(N) = Pmin;
Pmaxdn(N) = Pmax;
Adn(N) = A;

end %if

begi = endi

end %for N

%removing 0's from compup and compdn
n=1;
for N = Nmin:min(length(compup),length(compdn));
if(compup(N)>0)
upcomp(n) = compup(N);
updmin(n) = dminup(N);
updmax(n) = dmaxup(N);
upPmin(n) = Pminup(N);
upPmax(n) = Pmaxup(N);

dncomp(n) = compdn(N+1);
dndmin(n) = dmindn(N+1);
dndmax(n) = dmaxdn(N+1);
dnPmin(n) = Pmindn(N+1);
dnPmax(n) = Pmaxdn(N+1);
n=n+l1;
Atot(n) = Aup(N) - Adn(N+1);
end

end
save upcomp.txt upcomp -ascii
save dncomp.txt dncomp -ascii

re (viscoelastic?)
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