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EVALUATION DU TAUX DE LIBERATION D 'ENERGIE CRITIQUE

DU CONTREPLAQUE SOUS DELAMINAGE DE MODE I

RESUME

La caractérisation du comportementa rupturedes matériaux est un facteur important a
prendre en compte dans la conception des structures afin de mieux comprendiéréegsdi
scénarios de rupture au cours ldars utilisation Bien que les matériaux naturels soient
disponibleset durablesavec un process de fabricatisimplepas cherleurcomportemenest
relativement complexe par rapport aux matériaux synthétiques en raison détamugenéité

de leur microstructure et de leur comportement mécanikRug. cette raison, pealiétudesiu

mode llont été réalisées jusqu'a présent sur des matériaux ngtigejge ldoiscontreplaqué.

Ce travail porte sur la caractérisation de la rupture du contreplaqué en déterminant le taux de
restitutiond'énergie critique sousn mode Ilde chargemeng l'aide de l'essai de flexion a

quatre points. Deux catégoriesdiéntillons avec des orientations de fibres de 0°/0° et 0°/90°

ont été étudiées. 6 or i gi nal it ® danslatcnique G (Bigitaltnege | 6 a p
Correlation) pour éviter le contrdle manuel de la longueur de fissure lors de la réalisation de
I'essai, ce qui permet de gagner du temps tout en obtenant des données de qualité par rapport
aux méthodes conventionnellégs éprouvette®nt été prépass avecun mouchetisur leur
section do®pai s sLescaméraddatecent doncieuvenaent @ataahss du
mouchetisLe logiciel VIG-3D permepar ensuitele calculer le déplacement deléuvetteet

la longueur de la fissure. Deux méthodescalculbasées surle o mp |l ai sance de 1|06
et la théorie des poutres ont appliqués: La méthodele Calibration de Complaisan@@CM)

et la méthod€omplaisance Basée sur la théorie des po(@B8M). Un script Python a été

utilisé pour générer les courbes de résistafite Q& ), a partir des courbes charge
déplacement. Pouralider les résultats, une comparaison a été effectuée entre les résultats du
CCM et du CBBM, et une bonrmmhérence été constatée. Geconfirme que la technique

DIC combinée a I'essai de flexion en quatre points décrit bien le comportement de rupture en
mode Il du matériau contreplaqué étudié. En outre, I'étude des surfaces de rupture a été réalisée

pour mieux expliquer les résultats desdeux pes doé®prouvettes

M OTS-CLES: CourbeR; Bois Contreplaqué;ComplaisanceAnalyse expérimentale



ASSESSMENT OF CRITICAL ENERGY RELEASING RATE OF

PLYWOOD UNDER M ODE-II DELAMINATION

ABSTRACT

Characterization athe failure behaviour ahaterialsis an important factor to consider in the
design of structures to better understand various failure scemanimg application. Despite
natural materials are abundant and sustainable, let alone their simple and cheap production
process, their investigation becomes relatively complex compared to synthetic ones due to their
non-homogenous microstructure and mawgical behaviour. Therefor&ew studies have been

made so far on natural materials like plywood. This work addresses plywood fracture
characterization through determining critical energy releai® under mode Il loading using

the FourPoint EndNotched Flexure test. Two categories of specimens with ply fibre
orientations of 0°/0° and 0°/90° have been studied. Unlike previous works, this project adopts
DIC (Digital Image Correlation) technique &oid manuamonitoring of crack length while
conducting tle test which makes the campaign time efficient while having quality data
compared to those conventional methods. The specimens were prepared with speatkles on
thicknesssidethat isfaced tothe stereo camera€ameras will therefore detetie motion 6
specklesHence, sing VIC-3D softwarethedisplacementf the specimen and tleeack length

can be calculatedwo appropriate data reductionethodsased on specimen compliance and
beam theorywere implementedComplianceCalibration Method (CCM) andCompliance
BasedBeamMethod (CBBM).Both methods do not nedd conduct extra experiments to
assess the elastic characteristics. Python script was used to generate the relevant Resistance
curves (O "Q® ) from experimental loadisplacement curves. To validate thesults a
comparison was made between the CCM and CBBM results, and a good agreement was found
This confirns that theDIC technique combined witRourPoint EndNotched Flexure test
describe well the mode 1l failure behanr of the studied plywood materidFurthermore,
investigation of fracture surfaces was done to better explain the results of the two categories of

specimens.

KEYWORDS: Fracture toughnes®lywood Compliance Experimental analysis
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1. INTRODUCTION

1.1.The EMIM FRP++

The FRP++ is a European maspeogram in advanced structural analysis and design using
composite materials. With a focus on mechanics and modelling, analysis and design, mechanics
and diagnosis, inspection, diagnosis, repair and strengthening, sustainability and life cycle
analysis, ad other key issues facing the composites industry, the FRP++ offers an advanced
integrated educational program. In order to provide antiiph educational proposal focused

on a multidisciplinary understanding of structural Composites through the inverveh

experts from complementary fields (engineers, materials scientists, and others). The master
brings together the diverse expertise of top European higher education institutions in the related
fields.On my side,ti s mast er 6 s Pr o Gaurgemoneheldthfeom Odtolver 1, p ar t <
2022,until March2023 at the University of Girona; and the Dissertation has been going from
March 2023 until September 3@023, at the Institut National des Sciences Appliquées de
Toulouse/University Toulouse 1l Paul Saler. My dissertation involves an internship with
Institute Clement Ader (ICA) TOULOUSE, which works closely withthe institutions
mentioned above.

The FRP++ lasts for one academic year (60 ETCS), after which a double master's degree is
granted. It is ditributed among partners on a rotational basis. Students do their dissertation at
a different place from where they complete their courses. English is the medium of teaching
and testing.

Students who receive a toytch education will be prepareddompete in a highly competitive
market, such as construction, aerospace and aeronautics, automotive, and wind energy, among
others, where Composites are fundamental. This will be accomplished by gainingeddféng
knowledge on structural Composites inresearckdriven environment, maintaining close
collaboration with industry, and placing a significant emphasis on solving practical problems.
The FRP++ integrates the most recent developments in research with the growth of activities

pertaining to profesenal practice.



Figure 1.2: MSc-FRP F'edition

1.2.Institute Clement Ader (ICA)

Toulouse, France is a home to the wkglbwn research laboratory Clément Ader Institute (ICA)
named after the pioneering aeronautical engineer QieAuder. It is a component of the CNRS

UMR 5312 and concentrates on the study of mechanical processes, systems, and structures,
with an emphasis on the energy, transportation, aerospace, and space sectors. The ICA carries
out considerable research in saldields, such as behaviour modelling, instrumentation, and
structural durability. They put a lot of attention on composite material research since it's
important for modern engineering applications. The institution has a long history of
publications andhas received media attention for its work in the fields of materials science and
mechanical engineering. The Clément Ader Institute's primary core is based in Toulouse's
ESPACE CLEMENT ADER, which is part of the Montaudran Aerospace complex. In order to
further increase its presence and research operations, the institution now maintains offices in
Tarbes and Albi.

To complete multidisciplinary research initiatives, ICA works in conjunction with a variety of
academic and business partners. Within the ingtituthe Department oMaterials and
Composite Structure@MCS) at ICA works on areas such as composite materials, damage
characterization, numerical modelling, optimization, machining, nonlinear behaviour, vibration
dynamics, and assembly processes. MIGS team collaborateslosely with companies like

Thales AleniaSpace, Airbus, CEA, CNES, ESA, ONERA, and SAFRAN on initiatives that

enhance the aerospace and associated sectors



ICA

INSTITUT CLEMENT ADER

TO0LOUSE

Figure 1.2: Institute Clement Ader

1.3. Objective of the Dissertation/internship project

The objective of the thesis is to focus on ¢éxperimental determination of the delamination
behaviour of plywood under mode Il loading. The aim is to have enough understanding and
data to be able to model the behaviour of plywood structural components that could be used in
aerospace or automotive ingtry.

The material of this study is poplar plywood. The project proposes to determine the interlaminar
fracture toughness of poplar plywood. Two different interfacial fibre orientations are to be
characterized. To this end, two configurations of poplgwpbd specimens will be studied:

0°/0° and 0°/90°.The study will include a bibliographic part, the manufacturing of the test
specimens, the tests as well as the results interpretation.

The overall road map of this project starts by reviewing severaltlitesawhich are related to

our objective and then analysing different suitable configurations of experiments with their
possible outcomes and drawbacks. Further study onEiHtest would be considered. Then,

the specimens to test would be manufactuNekt, the chosen mode Il fracture test will be
realized on the manufactured specimens. Finally, a data reduction procedure must be done in
order to obtain the mode Il fracture toughness results, which will be explained by investigation
of the tested spatiens fracture surfacs.
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Chapter 2 | (Literature Review

2. LITERATURE REVIEW

2.1 Introduction

Understanding the mechanics of certain materials and structures depends heaalyedin
fracture studies. When there is a relative sliding or shearing motion between two surfaces of a
material, perpendicular to the direction of the applied force, a fracture known as dlmode
fracture takes place. Another name for it isplane shearfracture. Giving a scientific
justification for a material assures how that material is fit for the intended application area. This
mitigates the worstase scenarios on structures during their service life increasing integrity of
members.

The study of Mdell fracture offers important insights into how materials behave when
subjected to shear stre§®r natural materials like wood, quality monitoring is crucial in order

to guarantee the durability and integrity of that utilized type of wood. As prapeitieood

varies from specimen to specimen, conducting a test and getting an approximate behaviour

would be recommended.

2.2Introduction to the application of wood in the aeronautic and

automotive applications

Throughout the past, wood and its composites lpageen their mechanical performance in
many aeronautic and automotive applicatifjs[6].

Wood was a key component in aircraft construction in the early days of aviation, including the
pioneering engi ne e rthar&ir motoeizedaircrafgvehichkoveas Hduik efv i e r
wood and fabrics, and had the first flight in 1890 (&ig 2.1a) [7]. In 1903, the Wright
broher s, have manufactured t he wothaharpoverédi r st
flight using wood and fabric tied together with tw[Bg (Figure 21b). By 1912, manufacturers

were constructing aircraft with laminated wooden fuselages using monocoque construction.

Albatross fighters from World Warland#®e | i a Ear hart 6s f amtwas Lock

examples of planes that had this deg&]n



Chapter 2 | (Literature Review

@ (b)

Figure2-1: Pioneering aviation project&) The twinpropellerdriven Avion Il [7], and (b) Model of
Wright Flyer[8].

The de Havillandiosquito,is a prime example of how important wooden aircraft were during
World War 11[1]. The de Havilland Mosquito, commonly referred to as the "Wooden Wonder,"
was a flexible and popular aircraft made largely of wood products such as plywood, balsa, birch,
and spruce. It had several functions and was used in several operationaletehsg Europe,

the Mediterranean, the Atlantic, and the Far East. Some aviation specialists even rank the
Mosquito above the venerable Supermarine Spitfire and the Hawker Hurricane as the best
British aircraft of the conflict. The Mosquito's wooderusture has several benefits. Compared

to metal airplanes, which were frequently in poor supply during the war, it allowed for speedier

manufacture and simpler construction.

Figure2-2: De Havilland DH.98 Mosquitfi].

I n the automotive industry, Wood was al so
components.
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We can cite the example of the "Costin Nathan" racing car (Fiy8rewhich competed in the
Le Mans 24hour race in France in 19¢4]. Its designer, the English engineer Franck Costin,

chose plywood for the chassis of his car to make it lighter, weighing onlygt50 k

| B I T

s s d.gasocric

Figure2-3: ACostin Nathan4.Le Manso racing

2.3 Characteristics of wood materials

2.3.1 Wood and wood composites

Wood is a plentifunatural resource presented in trees and other plants. Humans have been
using wood since the beginning of time, and despite competition from other materials, it still
plays a crucial role. It serves as a raw material for panels, paper, chemicals, plymbed, t

and other products. Gymnosperms (softwoods) and angiosperms (hardwoods) are the two
principal plant species of wood. Figu2.4shows some examples of solid wood.

Moreover, wood can be combined with other materials like the glue to form wood ctasposi
such as LVL and plywood.

Figure2-4. (A) Douglas fir, (B) sugar pine, (C) redwood, (D) white oak, (E) American sycamore,
and (F) black cherry wood. Each image shows (from left to right) transverse, radial, and tangential

surfaces]9].
In fact, Laminated Veneer Lumber (LVL) and plywood are made from glued wood veneers.

The main distinction is that LVL has parallel grain, while plywood is composed ofghpss

7

(
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veneers perpendicular to one another. In plysdvmaterials, one or more veneers are glued to
the back and front of a central veneer layer, or a core made of timber strips to create plywood,
a panel product. Most of the plywood is made entirely of venkenbercore plywood is very

rare to be madéFigure 2.5) After the adhesive has been appletween the veneerthe

panelis put together and pressed. For plywood intended for internal usefpunegldehyde is

used as an adhesive, and phdnaihaldehyde for plywood intended for outdoor use. Bhen
formaldehyde glue may create joints that are more resistant to weather, microbes, cold water,
hot water, boiling water, saltwater ("marine” plywood), steam, and dry heat than the actual
natural wood itself. For alteneer plywood, the thickness variesnh 3 mm (or 0.12 inches) to

30 mm (1.2 inches) for lumbeore plywood?9].

Plywood can be also produced in curved shapeu{dedplywood), which is used for boats,
furniture, and other things in addition to flat panels. Veneer sheets are bent and adhered together
to createmouldedplywood; by using either fluid pressure applied using a flexible "bag" or
"blanket" of impermeable material or curved forms in a press.

Compared to solid wood, laminated wood can offer some benefits such as its adaptability to
complex shapes, its dimensional stability. In fact, panels with complex or curvature geometry
can be difficult to create from solid wood. Also, a selection of the vemsed in manufacturing
plywood panels can be done to eliminate veneers with knots or flaw, to ensure an optimal
quality of the final plywood panel.

The adaptability of wood and its many desirable features, including high strength for its weight,
workability, and aesthetic appeal, enable such broad use. However, there avmfavoerable
qualities in wood as well. For example, it may burn and decompose. It absorbs moisture and
changes size depending on how much moisture it has. It is hygroscopic. Wood is also a variable
quality biological product. It is crucial to comprehend the commitaiature of this material

in order to lessen the consequences of these inherent unfavourable features, as well as to make

effective use of the many existing wood products and wwoducing plant species.
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Types of plywood
three-ply, lumber core

three-ply all-veneer

NNV AR S0 TR ARAT AU TR T

© 2011 Encyclopaedia Britannica, Inc.

Figure2-5: Types of plywood9].

2.3.2 Structure and composition of wood

Three components: pith, wood, and bark constitute the transverse section (cross section) of a
tree tunk, as depicted in Figu26.Wood may be identified in the tree trunk by the presence

of yearly or growth ringstyle concentric layers. During each season of development in
temperate climates, one growth ring is typically created, while false ringalsagxist and in

certain situations, some rings may be locally discontinuous. The number of growth rings, as
counted in a transverse section close to the ground, may be used to determine the age of a tree.
At a microscopic scale, the wood is made upedis such as: Tracheid, vessel members, fibers,

and parenchyma. Tracheid and parenchyma are presented in softwoods, whereas vessel

members, fibers, and parenchyma are the principal cells of hardwoods Eidure
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Anatomy of a tree trunk

sapwood heartwood

growth rings

radial surface

transverse surface

outer bark inner bark tangential surface
© Encyclopaedia Britannica, Inc.

Figure2-6: Transverse section of tree trui9h.

Cellular composition of wood

longitudinal cells

rays. ‘

ray cells

T T M s e S v | | B — -

radial tracheids pits
radial parenchyma

various forms of
vessel members

thick wall

) -
’

pits

----
Ao

S ———

© 2000 Encyclopadia Britannica, Inc.

Figure2-7: Types of cells present in hardwoods and softw¢®ds
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2.4 Failure modes

Three modes of failure behaviour can be distinguished: mode I, mode Il and mgtdguité

2.8).

Mode | refers to the separation of layers along the plane parallel to the surface interface. It
occurs when there is a tensile force perpendicular to the specimen direction, causing the layers
to separate from each other. Mode Il delamination invallresdelamination of layers along

the plane parallel to the surface but with a shear force applied parallel to specimen direction.
This type of delamination occurs when there is a sliding motion between the layers. Factors
such as improper adhesive bondiagcessive or insufficient glue, or fasteners placed too close

to the edges can contribute to mode Il delamination. Mode Ill delamination refers to the
separation of layers along the plane perpendicular to the specimen surface. Mode Il
delamination is lss common compared to modes | and 0.

When many different modes of crack propagation occur in a material at the same time, this is
referred to as mixed modeacture. This mixed mode can be encountered when a specimen is
exposed to complicated loading conditions.

We note that his project will focus only on the characterization of the studied plywood under
modell delamination. Indeed, the fracture behaviouplyivood, particularly delamination, is

a critical concern in industries like aerospace and automotive, because delamination can lead

to stiffness reduction and premature failures.

}

Mode I: Mode II: Mode III:
Opening In-plane shear Out-of-plane shear

Figure2-8: Basic Delamiation mode$10].

11
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P E e

Mixed Mode = Mode | +Maode Il + Maode |l

Figure2-9: Mixed mode fracturglO].

2.5 Mode-II fracture toughness

As mentioned above, we are interested in the characterization of mode Il delamination
behaviourof plywood materials. For this reason, the main experimental and data reduction

methods to calculate the mode Il fracture toughness are summarized in this section.

2.5.1 Experimental tests of the metalelamination

Numerous efforts have been made to estalliahdard test methods for the evaluation of the
interlaminar fracture toughness of carbon fibre reinforced composites by researchers and
composite societies, such as the European Structural Integrity Society (ESIS), the American
Society for Testing and Merials (ASTM) group, and the Japanese Industrial Standards group
(JIS) [11]. From the different mode |l test methods, we can cite the three most used test
configurations: ENF, ELS, and 4ENF te@gure 2.10)

The ENF (End Notched Flexure test), standardized as ASTM international standard
D7905/D7905M14 for composite materials, is the most widely ugiEt]. In ENF test, the
specimen, preracked at the interface to characteriseyn a 3point bend fixture. The test is

easy to perform, but the crack propagation is only stable when the cor(diii@®>0.7) is
satisfied. This condition is reduced for ELS test (End Load Split test), standardized as 1SO 15
114[13]. In this test, the specimen is blocked on one side and loaded on the other side, and the
condition (& ¥0>0.55) must be satisfied to obtain stabt#ack propagation. Although the
stability condition is reduced compared to ENF test, ELS test is much more complicated in its
set up. In 1999, Martin and Davids{ii¥] proposed the 4ENF test (Fepoint End Notched
Flexure test). In this test, tipee-cracked specimen is positioned on two support points and the
load is applied by two loading points. This test is not standardized, but its advantage is that it
always ensures a stable crack propagation without any conditions on the specimen dimensions

or shape.

12
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Tanaka et al[15] also suggested the over notched flexure (ONF) test in addition thrée
tests already liste(Figure 2.10) The test fixture for the ONF test is the same as that for the
ENF test, and it likewise produces steady fracture propagation. On the othgethledlodding
point in both the 4ENF and ONF tests is above the crack.

P P
2h 2h 30
| ﬁ | o
Ee—— | f
7 1 V2 1 Q
’ j. g + a L
i ~3 L . 2L B
(a) ENF (end notched flexure) (b) ELS (end loaded split)
P
s 1P
s | 21 | j2h
a s i "
t | L
. U o == T:—e’ 7
o v “1~ i wo
a -+ a i
) 2L h L L

(c) ONF (over notched flexure) (d) 4ENF (four point bend ENF)

Figure2-10: Four test methods for measuring interlaminar fracture tougfib&lss
Stability of crack propagation is a major factor to choose between test configurBetms,

table2.1shows theexpected stability from the above detailed test methods.

Table2-1: Stability of mode 1l testgL7].

Specimen Expected stability
ENF Unstable a/&0.7
ELS Stable a/L>0.55
ONF Stable

4ENF Stable

There are two advantageta stable fracture propagatialuring a mode Il loading tedFEirst,

it allows for the determination of the material'ss&ve, which may be useful for enhancing

13
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damage tolerance. Second, and perhaps more crucial for the standardization process, a steady
R-curve makes it possible to determine the reliability ofitiiteation valueq17].

To conclude, the mode Il characterization tests have advantages and difficulties particularly in
dealing withunstable crack propagation for this reason, the researchers try to select the test that

respect most of the objectives below:

- Pure moddl loading

- Stable crack propagation

- Best suited way of crack monitoring without interrupting and delaying the test
- Less complexity of test configuration

- Consistency of results

- Efficient data reduction method

- Lesser time to run the test

- Validation of results

For our work, we chose tHeENF test, since it is the test configuration that ensures stable crack
propagation without limitations on the specimen dimensions. This test is adopted for the present
study.Below, a table shows the advantages and disadvantages of the test methods.

Table2-2: Advantages and disadvantages of the four specimen configurations.

Specimen Advantages Disadvantages

ENF Widely utilized simple method Unstable

ONF Stable Complex control

ELS Stable;extendectcrackpropagation ~ Variation in clamping
A4ENF Stable and simple test sgb Limited recent experience

2.5.2 Calculation of the strain energy release rate andurve according to different test

setups

Mode Il delamination fracture toughness refers to the resistance of a material to the propagation
of a delamination (separation of layers) under sdeaminated loading conditions. Fracture
mechanics states that the energy release rate, G, is the traatstrargy when a material gets
fractured. When the energy release rate exceeds the critical value of Gc, cracks will propagate
and would be taken as a material property. It is, therefore, an important parameter in assessing

the interlaminar fracture behawir of materials like poplar plywood. Several methods and

14
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techniques have been adopted to evaluate +Hiatkdamination fracture toughness, from the
previously discussed tests. The most used data reduction methods are the Compliance
Calibration Method (CCH) as an experimental method, the Beam theory, and the Compliance

Based Beam theory

2.5.2.1.ComplianceCalibration Method

This approach is commonly used for fracture tests.

First the compliance of the specimen is calculated by the following equation:
C=- (2.1)

Then, the Compliance is plotted with respect to the crack le@gtifa).

The obtained curve in then fitted with a fisster, or a third order function, depending on the
test fixture (4ENF, ELS or ENF test).

Considering the linear or the third order distribution of the Compliance/crack length function
the derived form of the compliance as respect to the crack leagtke calculated and then
replaced in Equatior2.2, to find the critical strain energy release rate for each crack
propagation. An Reurve, which depicts the evolution Gfic as a function of the crack length
can therefore be determined.

The critical strain eergy release rate can be calculated from the {Ki@s equation:
O — (2.2)

We note that, frorthe test configuration, we can get the necessary dimensions from the loading
and crack length setup for the representations imputed in the test anAlgsiswhen
performinga mode Il delamination teghe crack surfacghouldcoincide with the neutralxis

and the crossectional arrangemeshouldbe symmetrical around the neutral axis in order to

ensurghe pure mode Il fracturfd 8], [19].

25.2.2.Beam thery analysis

Although independent experiments must be performed to evaluate the Young's modulus, which
varies greatly in wood, beam theory does not need crack length monitoring throughout

propagation. Théeam theorynethod is based on the deflection daitéhe centre of the inner

span (0) and the applied |l oad (P). Therefo
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calcul ated, referring to the | oad and displa

Youngo6s modul us.

The following equatio present the beam theory applied to ENFftastxample
O — (2.3)

As shown in the above equation, the fracte t oughness depends on Yo
means, that supplementary tensile tests are needed. For this reason, other analytical methods
try to calculate the fracture toughness by using only thedsmdacement data, such as the

Compliarce Based Bean Method.

2.5.2.3.Compliance based beam method (CBBM)

This method has been presented by De Moura ¢2@.and was introduced to tHe@CM's

limitations. This technique, which was earlier established for other fracture tests, is based on
beam theory, specimen compliance, andrack equivalentcalculation It facilitates the
achievement of the whole Resistaimeegve (Rcurve) using justlata resulting from the load
displacement curve and does not need crack length monitoring. The examination of the
specimen compliance while taking the beam theory into account is the first stage. The analysis
starts by determining the reaction forces frima supports. Then, through determining the
bending moment on each section of the specimen shown below et Bid 1 the strain energy

due to bending effects can be provided accordingly. Therefore, the displacements at the point

of loading can be determed through a derivation of ratio of stain energy versus point load at

t hat poi nt using Castiglianods theor em. T h e
determined by taking the average of displacements at the two loading points. Ultimately, the
specmen compliance has been determined from the calculated central displacement and load
which was also recorded continuously from the universal testing machine. As wood is a green
material in which its mechanical and other properties vary drastically froginsge to

speci men, the value of youngdés modul us must
expression of central displacement by imputing the initial compliance and the initial crack
length. Finally, the strain energy releasing rate found with thissgroe, and the Rurve (G

= f(ag)), can be obtainedAdditionally, it is not essential to do additional experiments to

determine the specimen modu[@s].

16
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Figure2-11: Free body diagram of the 4ENF specimen [}

2.5.3 Previous works on the investigation of mdbfacture toughness of wood

Several studies have characterized the mode Il delamination behaviour of solid wood. For
example, Yoshihara studied the mode Il fracture toughness of SitkeeSpith ENF testglL8],

[21]. Because of the crack propagation stability limits of the ENF test, the 4ENF test has been
adopted by Yoshihara in other works to quantify the mode Il fracture toughness of the same
materid [22], [23].

The specimens tested by Yoshihara were made from Sitka spruce lumber with no imperfections
like knots and grain distortions Envi ronment al conditions were
orthotropic symmetry (having identical mechanical properties on a plane perpendicular to the
longitudinal axis of the specimen) has been validated. At a first step, 4ENF tests were performed
on specimens with a rectangular cregstion. However, the specimens had bending failure
before any crack propagation. To overcome this uncertainty, Yoshihara has proposed a solution
by making grooves along the length of the specimen aligned to its neusraoathat an-I

shaped crossection has been adopted. As mode Il is golame delamination mode, there is

no opening of the specimen. So, there is no clear visibility of the crack tip as it propagates.
Measuring the crack length is therefore very cooapéd. For this reason, the crécke portion

of the specimens welabelledwith lines equally spaced and perpendicular to the crack in order

to monitor the length of crack propagation in accordance with loading alwédding process

of specimens which takes significantly huge amount of time per specimen (90 minutes per
specimei To compute their results of mode Il fracture toughness of the tested specimens,

Yoshihara used three different methods: Compliance Calibration Method, Beam theory and a

17
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new method that he has developed: Compliance Shear Deformation method. The new CSD
approach starts from determining the ldadding line compliance and the loading line
displacement by the average deflection values at the two inner roller points, that have been
recorded during the 4ENF test using two LVDTs at the bottom of the speddnes. the
compliance is obtained, the calculation carries on and one parameter remains unknown which
i's the Youngds modul us of the specimen reqlt
toughness can be expressed as a function oflt@ating line comfgance and crack length

(Figure 2.12) For the second metheZiCM, separate tests have been done for specimens with
different crack lengths so that the compliacack length relationship can be obtained by a
linear regression method then fracture tougbmah be calculated in order to plot thedrrve.

To conclude, Yoshihara has demonstrated that the proposed CSD approach is in good
agreement with CCM and beam theory, and its advantage is that no separate test is needed to
obtain the Rcurve. However, tis approach may need a complicated arrangement of the LVDTs

on the back of the specimen, that are essential to measure the longitudinal strain at points below
the specimen

1.3

¢ Combination of compliances
O: Beam theory
O: Compliance calibration

Fracture toughness Gy, (KJ/m?)
-

0 | | 1 I
100 150 200 250 300
Crack length a (mm)

Figure2-12: Calculation of therbcture toughness eblid woodby the three methods proposed by
Yoshiharg22].
The fracture behavior of wood under mode Il stress was also thoroughly examined by De Moura
et al. [20], along with an appropriatdata reduction strategy and a finite element analysis
validation. To characterize the behavior of Pinus Pinaster wood specimens under mode Il
loading, the FouPoint EndNotched Flexure (4ENF) test has been used. Similarly to
Yoshi har ao s [22],eDe Mouma etalc vk amdogted thehiaped cross section for

their specimens, and load/unload cycles during the 4ENF test. The Compliance based beam
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method (CBBM), which uses data reduction from the {disglacement curve was used to

compute the Reurves for the tested specimens, as depicted in FRjtiB To overcomehe

need of Youngds modulus value to

c al

cul

ate t

Moura et al[20] have proposed to calculate it from the initial compliance and the initial crack

before crack propagation. With this solution, the authors have needed only data frem load

displacement curve to calculate the fracture toughness of the specimens, without any need to

further tensile tests to e}p2Q]hagealso validatedthbers mo d

experimental results with a method based on beam theory and also with the results of numerical

moddling based on the cohesive zone model.

15 4
E . ._._, - o
Z 17 i tp—
= ; e -
05 —Experimental
; = Numerical
CI = I I 1 1
140 190 240 290 340

a, (mm)

Figure2-13: R-curves obtained by De Moura et al. for Pinus pinaster wood specjgtns

While many studies have focused on determining the fracture toughness of solid wood, very

few have studied that of LVL or plywood. Franke ef2d] have interested in quantifygrthe

interlaminar fracture toughness under Mode | and Il and the mixed mode loading of New

Zealand Radiata Pine timber and Radiata Pine LVL. They have concluded that Radiata Pine

LVL is more ductile than Radiata Pine timber, leading to a lower modectuf@toughness

for LVL than for timber. Interested to plywood failure behaviour, El Moustaphaoui[@6dl.

[27] have characterized the mode | and Il and mixed mode fracture toughness of the interface

between two plies in the direction of the Ceiba wood fibres (0° direction). For mode I
particularly, EI Moustaphaoui et gR5]i [27] chose the ELS test for their Ceiba plywood

specimens. To find the-Burve withod need to monitor the crack length experimentally, they

have referred to the beam theory using the load and displacement from 4ENF test data and

longitudinal Young's modulus from tensile tests. Between all the studied modes, They have

concluded that the engy required for delamination under mode Il loading was higher than that

for mode | or mixed mode. By investigating the fracture surfaces interface of the specimens
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after failure, EI Moustaphaoui et §5]i [27] have highlighted the significant presence of fibre
bridging and crack tip splitting for mode | and mixed mode specimerighBse phenomena

were absent for ELS specimens under mode Il loading.

Figure2-14: Geometric ELS test fixuture adopted by El Moutaphaoui ¢2|.

Figure2-15: R-curves obtained by El Moutaphaoui et[2l7] using ELS test for plywood specimens.

In all the above cited works, the mode Il interlaminar fracture toughness was found by
considering a 0°/0° interface only, and without a continuous crack tracking during the test.
Plywood is,by definition, composed of crogdy veneers perpendicular to one another. So, it

is important to determine the mode Il fracture toughness of plywood with 0°/0° but also 0°/90°
interface.

In this context, we propose in this work a characterization ainib#e 1l interlaminar fracture
toughness of poplar plywood with 0°/0° and 0°/90° interfaces, using 4ENF tests.
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