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ABSTRACT

Brabec M. (2016) Analysis of the mechanical behawiof wood by means of digital

image correlation, Doctoral thesis, Mendel Univigrai Brno, 161 p.

The full-field optical techniques such as e.g. gitdl image correlation are capable
to fully reflect the natural wood heterogeneity. eféfore, this thesis aspires to
contribute to the experimental mechanics of wood waonod-based composites by the
implementation of the full-field optical technigbased on the digital image correlation
to the standard mechanical tests. A supplementatidhe conventional displacement
sensors should help to obtain more precise mechlaciaracteristics and to do more
sophisticated analyses of the deformation behavioirwood and wood-based
composites.

The experimental part of the thesis is divided ith® five independent case studies
listed as the original papers. The measuremente wamried out on the most wide-
spread wood species in central Europe such as &amopeechRagus sylvatical.)
and Norway sprucePicea abiesL. Karst). Beside the solid wood, the new woodduh
sandwich structure, which consists of a core maden fbirch plywood and the
particleboard facings, was investigated too. Tlaglilag of the samples was carried out
using of the standard mechanical tests such amterc®mpression, three-point bending
and torsion test.

In the first study, the full-field deformation datere used to indentify reasons for
the non-standard deformation behaviour of spruckbe®ch wood during compression
parallel to grain. Reason for this was recognizethe abrubt compression of damage
zones located near the compression plates, whairced the expansion of the middle
zone located between them. The second study aionfaldt out neutral axis position in
native and thermally modified beech wood during¢beventional three-point bending
test. The relative neutral axis position was olgdifrom mutual position of the neutral
axis and centroidal axis, which was determined dbagse the appropriate image
processing methods. It was found that the neukial and centroidal sample axis are
almost coincident. Objective of the third study wasletermine both longitudinal shear
moduli of beech wood with help of the full-fieldesdr strains, obtained from a single
torsion test, together with use of the appropraatalytical solutions for the calculation

of the stress distribution within the radial andgential direction on the longitudinal-
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radial and longitudinal-tangential sample surfacBeth longitudinal shear moduli
increasingly mutually differed as the load increas&Vithin the fourth study,
verification of the elastic material model usediite-element analyses was carried out
with help of full-field deformations induced aroumstches within dog-bone shaped
sample during the uniaxial tension. Great corretativas found between numerically
predicted and experimentally measured strain datsafer both longitudinal-radial and
longitudinal-tangential shear planes. The fifthdstulealed with the characterization of
elastic deformation behaviour of newly developedod#based composite with a
sandwich structure. Based on the full-field stramalysis the local strain concentrations
were identified. They took place within the coreridg flatwise compression, and
within the facings, when the edgewise compressshwas done.

A variety of presented results confirmed widespraglicability of optical methods
in the mechanics of materials. Therefore, the astilon of full-field optical method
based on digital image correlation in experimentathanics of wood and wood-based

composites can be highly recommended.

KEYWORDS: Mechanics; Digital Image Correlation (DIC); Fuléld; Deformation;
Displacement; Strain; Stress-strain behaviour; ysimodulus; Shear
modulus; Poisson's ratio; Mechanical testing; Casgion test; Tension

test; Bending test; Torsion test; Wood
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Brabec M. (2016) Analyza mechanického chovardvd metodou korelace obrazu,

Diserta&ni prace, Mendelova Univerzita v R;nl61 s.

PInopolni optické metody snimani deformaci jakogg. digitalni korelace obrazu
jsou schopny pka zachytit irozenou heterogenituielva. Proto sefpdkladana prace
snazi pispst k tomu, aby se metoda korelace obrazu stéfadu sodasti klasickych
mechanickych zkouSekiglva. Doplgni standardnich snirsé posunuti plno-polnimi
optickymi metodami by ®o vést k ziskani i@srEjSich mechanickych vlastnosti a
umoznit vykonavani i poktilejSich analyz deforntmiho chovani teva a kompozit
na bazi deva.

Experimentélnicast prace je roztkna do pti vicemér nezavislych studii, které
jsou zpracovany ve forénvédeckych publikaci nebo manuskiipt Méieni byla
provad¢na na nejpouzivagsich druzich sedoevropskych igv, a to na w buku
lesniho Fagus sylvatica L.) a smrku ztepiléhoRjcea abies L. Karst). Krong
masivniho #eva, byly mechanické zkouSky provag také na no¥ vyvinutém
kompozitnim materidalu na bazilela se send¥dvou strukturou. Tento material je
tvoren jadrem zihzové eklizky, které oboustragn opla§ovano tenkou
dievotiskovou deskou. ZkuSebni¢ldsa byla zafovana pomoci klasickych
mechanickych zkouSek jako je prosty tlak, proshy tdbody ohyb a krut.

V prvni pipadové studii byla plno-polni defordrd data pouzita pro odhaleni
priciny nestandardniho deforgr@ho chovani smrku a bukwhem tlakového zatizeni
podél vlaken. H¢ina nestandardniho chovani byla gpaa v nahlém kolapsu (steni)
kontaktnich zén, které jsou ve styku tgmi deskami, které Zigobilo nulovou az
zapornou deformaci (rozpinani)feddové casti zkuSebniho ¢kesa. Cilem druhé
piipadové studie bylo identifikovat pozici neutratisly v deformanim poli girodniho
a tepelg upraveného igva buku v pibéhu klasické itibodé ohybové zkous3ky.
Relativni pozice neutralni osy byla stanovena zéjemné polohy neutralni osy a
geometrické osy zkuSebnihéldsa. Geometrickd osa byla ziskana pomagiolika
kroki v ramci zpracovani digitalniho obrazu. Z vyslkedk patrné, Ze netralni osa a
geometricka zkuSebniha@lésa se téwf prekryvaji, coz palti jak proffrodni tak i
tepelr® upravené tbvo buku. Teti pfipadova studie byla zaifena na stanoveni obou

podélnych smykovych moduldieva buku pomaoci plno-polnich smykovych deformaci,
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ziskanych z jedné krutové zkousky, v kmbinaci dydithkym feSenim pro vypiet
distribuce smykového n&p v radialnim a tangencialnim $m na podél&radialni a
podélre-tangencialni rovié dieva. Oba podélné smykové moduly se vzajersily,
piicemz se vdistajicim zatizenim se rozdil zvySoval. V randiirté pripadové studie
byla provedena verifikace (8keni) elastického materialového modelu pouzivaného p
koneiné-prvkovych analyzach pomoci plno-polnich smykovydbformaci v okoli
z&ez na zkuSebnichekesech ve tvaru psi kosti, které byly zatizeny gaym tahem.
Byla nalezena velmi dobrd shoda mezi numericky igoe@nymi a experimentatn
nametenymi deformacemi pro podéhmadialni i podéla-tangencidlni smykovou
rovinu. Pata fipadova studie se zabyva charakteristikou elagtckéeformaniho
chovani now vyvinutého kompozitniho materidlu na bazievh se send$ovou
strukturou. Na zaklad plno-polni analyzy deformaci byla identifikovandsta, kde
dochazi k lokélni koncetraci deformaci. Tyto miseanachazela v j&l @i zatizeni
kolmo na plochu desky, resp. na krycich deskéthegtiZzeni rovno&Zné s plochou
desky.

Rozmanitost prezentovanych vyslédgotvrdila Sirokou aplikovatelnost optickych
metod v materidlové mechanice. Z tohvadu, Ize pouZiti plno-polni optické metody
zaloZzené na principu korelace digitalniho obrazdmci experimentalni mechaniky

dieva a materiélna bazi deva \rele dopordit.

KLiCovA sLovA: Mechanika; Korelace digitdlniho obrazu (DIC); Rimani;
Deformace; Posunuti; P@ma deformace; Nagoveé-deformani
chovani; Youngv modul pruznosti; Smykovy modul pruznosti;
Poissonovaislo; Mechanické zkousky; Tlakova zkousSka; Tahova

zkouSka; Ohybovéa zkousSka; Krutova zkousSkée\
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INTRODUCTION

1. INTRODUCTION

1.1 BACKGROUND

An appropriate utilization of the wood, mainly inet timber engineering, requires
the knowledge of its mechanical behaviour. Moreptee mechanical behaviour of
wood plays the main role also in the machining saslcutting, planning, bending or
compression when the wood is preparing for the rotloa-structural utilization. In a
distant past, the assessment of the mechanicaVibehaof wood was based on the
practical experiences only. As a science and tdoggdoecame historically more and
more sophisticated, the practical experiences wapplemented by the exact strength
and stiffness mechanical properties of the woodrtler to determine the mechanical
properties, the mechanical loading ("action”) andrresponding deformations
("reaction”) of wood have to be quantified.

The methods for the measurement of the appliecefarere historically developed
from the loading by a piece of a metal with an éyadefined weight, through the
simple load gauge equipped with springs, up tantbeern tensometric load cell with a
digital output. A similar development through thee can be recognized also for the
deformation measurement apparatus. The first steipei development of these devices
was the replacing of the manual discontinuous tiagrof the data from the dial scale
by the continuous data acquiring system based @michanical converter with a dial
finger. It was still not enough accurate for theyvemall deformations because of the
relatively high bias caused by the low sensitivofythis analogue system to the small
displacements. The second step consisted in thelogment of the electronic
continuous data recording, which increased the ureagent accuracy on the
appropriate level.

The apparatus of the displacement recording wa®ldeed together with the
position of the displacement sensor. The basiduersf the testing machines includes
the displacement sensor into the crosshead. liesifhat the deformation of the loaded
sample is identified as a change of the mutuainiggaws position. Unfortunately, the
measured displacement includes the undesirableadess within the testing jaws.
Therefore, the displacement sensor was separated the crosshead and placed
directly onto the sample surface. The positionhef displacement sensor can be fixed

with help of a spring system or by gluing. The sgrexternal displacement sensor is
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well known as an extensometer, meanwhile, the garedis known as strain gauge or
rosette. The concurrently utilization of the in@rlisplacement sensor placed in the
crosshead and some the external ones is not uncomnie change of crosshead
position represents the active displacement in Ida&l direction and the passive
displacement perpendicularly to the load direci®measured by the external sensor.
Subsequently, the Poisson's ratio can be calculated

Nevertheless, the external displacements sens@scapable to measure the
displacement only within the small area on the darsprface or even as a point-wise
data which are reliable only for the homogenouswheétion field. As the wood is
highly heterogeneous material on all of observatiewels, the homogeneous
deformation field cannot be assumed. Therefore, theplacement data and
consequently mechanical properties may vary depgnoin the sensor position within
the sample surface, which introduces into the nreasent results some kind of
uncertainty. This issue could be treated by theagamount of testing samples for
various sensor positions within the sample surfemgether with the subsequent
averaging of the results.

The more sophisticated alternative way is basedherutilization of the full-field
optique methods for displacement measurement, wdmehbased on the digital image
processing. Today, the image-based measurementodsetbuch as Digital image
correlation (DIC), Moiré interferometry, Photoelagy, Holography, Thermoelastic
stress analysis, Photoacoustic, etc., are wideadprsed in the experimental mechanics.
On the contrary to the advantage of the full-fidkta character, the displacement and
strains cannot be usually obtained in a real tisidythe conventional displacement
sensors. This drawback can be partially overcoma bgmpromise solution when the
area of interest on the sample surface is reduzed rtecessary minimum consists of
few pixels. A smaller area of interest requires shaaller computer performance and
subsequently a shorter time for the displacemedtsarains calculations, which can be
carried out in the real time. This variant of thdl-field optique methods can be
considered as the optical analogy to the conveati@xtensometer, which is well
known as the videoextensometer. Despite the mesdi@dvantages of the full-field
optique methods, the conventional displacementosensuch as internal crosshead

sensors, extensometers and strain gauges angsstillin the experimental mechanics.
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1.2 MOTIVATION

The motivation to accomplish this work stems frorbig potential, which can be
recognized in the wide-spread and diverse utiltrabf the full-field displacement and
strain data within the experimental mechanics efaghisotropic materials. Based on the
literature survey, three scenarios, how to fullplex the full-field data potential, can
be summarized. The first scenario aims to searelutidesirable sub-region(s) within
the entire full-field area, which should be exclddeom the stress-strain analysis. On
the contrary, the objective of the second scenarto search the sub-region(s), which
are desirable for the stress-strain analysis. Médawin the third scenario the
utilization of the entire full-field area is reged. It was challenge to find the application
of these three different ways of the full-field eotial utilization within the

determination of the mechanical properties of wand wood-based composites.

The first scenario was applied within the PapevHich deals with the analysis of
the standard and non-standard compression behaviapruce and beech wood. The
application of the second scenario can be founthenPaper Il, IV and V, where the
neutral axis of bended beech wood was localizeg€dP4#), resp. the elastic shear
characteristics of wood were determined (Paper 1839p. the elastic behaviour of the
new wood-based sandwich composite was characterzedlly, the third scenario is
fitted by the Paper lll, which is focused on theéedination of both longitudinal shear
moduli of beech wood with help of the full-fieldesdr data from torsion test.
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1.3 OBJECTIVES

The general objective of this work was to expldié tpotential of the full-field
displacement and strain data obtained by a digitage correlation (DIC) in order to
enhance the possibilities and increase the accuaady efficiency of the standard
mechanical tests of wood and wood-based compositesrder to fulfil the general

objective, the effort was to utilize the full-fiettisplacement and strain data:

1) to analyse reasons for the non-standard deforméetaviour of spruce and beech
wood during the compression parallel to grain (Pdpe

2) to find out the neutral axis position in the natand thermally modified beech wood

during the conventional three-point bending tesip@? Il),

3) to determine both longitudinal shear moduli ofdile®vood with help of the full-field
shear strains obtained from a single torsion tapér Ill),

4) to quantify the shear strains of beech and spnarel from the uniaxial tension test

of the double-notched "dog-bone" shaped samplgse(R¥),

5) to characterize the elastic behaviour of the nevodvbased sandwich composite
subjected to compression, tension and bendingrga@aper V)
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2. LITERATURE REVIEW

2.1 MECHANICS OF WOOD

2.1.1 ANISOTROPY & ORTHOTROPY

The anisotropy implies that the mechanical propsriilepend upon the infinite
number of directions (Kollmann and C6té 1968). Amemtation of the covalent and
hydrogen bonds and an arrangement of the anatoeimalents in a wood volume are
the crucial factors, which determines a strong ddpecy of the mechanical behaviour
of wood upon the directions (Bodig and Jayne 19893plenty of experiments on the
wood samples revealed the diversibility of the nagatal characteristics within the
three principal directions such as a longitudihd) (radial R) and tangentiall)
direction. Based on these directions, three mutysrpendicular planes of a material
symmetry such as radial-tangenti@llf, longitudinal-radial (R) and longitudinal-
tangential (T) can be recognized. When a variability of the naeetal properties is
neglected within theRT plane along the stem as well as within ttRRplane for a
growth ring curvature greater than 100 mm, andllfinaithin the LT plane along the
stem radius, the wood can be considered as ano@wmtital anisotropic”, shortly
"orthotropic" material. While applying the statiomcyclic loading, the ratio between
the mechanical characteristics of wood measurddardifferent directions implies that
the wood behaves as one of the most orthotropienadd (Tab. 2.1.1-1). If thR andT
mechanical characteristics are assumed equal, wikictequired in many design

situations, the wood classifies as a "transverseadpic" material.

Tab. 2.1.1-1:General mechanical strength f) and stiffnessk, G) characteristics of wood in the
longitudinal (]|) and transversa)) (principal direction according to Kollmann and €§1968),
Wagenfihr (2007), Ugolev (2007) and Pozgaj etl&197)

au” oL au” coul Ey Ex EjiEL
L OADING TYPE Tu” Tyl Tu” LTyl G|| GL G|| GL
MPa MPa MPa MPa MPa
Tension 100 5 201 10000 500 20: 1
Compression 50 5 101 | 10000 1000 10:1
Bending 80 5 101 10000 1000 10: 1
Longitudinal shear 10 5 21 1000 1000 11
Torsion 15 7 21 1500 1000 151




LITERATURE REVIEW

ANISOTROPY GENERAL ORTHOTROPY
_ 1(1)
2
1
2 (R)
3
3(D
SPECIAL ORTHOTROPY POLAR ORTHOTROPY
3=3(D
1=1()
2=2(R)

—> Geometric directions
—> Anatomic directions

Fig. 2.1.1-1:The possible configuratios of the wood structure

The position of each point within the orthotropangple of wood can be described
with help of two Cartesian coordinate systems. @hethem known as "internal
anatomic" coordinate system (1, 2, 3) refers toghacipal anatomic directions of a
wood structure and another known as "external gaaheoordinate systent( 2, 3)
is related to the geometric directions of a woaa@a. When the internal anatomic and
external geometric coordinate axes are coincidert(l ,2= 2 ,3= 3), the
configuration of the wood structure can be refemeda "special orthotropic" structure
(Fig. 2.1.1-1). Although special orthotropic stuwret is desired for a wood properties
measurement as well as for most of the timber emging applications, it is rather an

6
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exception than a rule. The incoincidence of botts & the external geometric and
internal anatomic coordinate axes{1,2+# 2,3+ 3) can be referred as "general
orthotropic” structure (Fig2.1.1-1).

If a wood sample is cut at a position, which isselothan 100 mm to the pith, the
growth ring structure of wood is known as a "paahotropic" structure. Within this
structure, the polar (cylindrical) coordinate swystés usually applied (PozZgaj et al.
1997). The position of each point can be descripetivo polar coordinates such as a
radius () and anglef) and one orthogonaDj. The polar coordinates describe the
position within theRT plane and the orthogonal coordinate the positicth@RT plane
along the longitudinal axis of the stem (Fyl1.1-). A polar coordinate system is
naturally not capable of comprising local pertuidnas such as knots or growth ring
irregularities, but offers a more detailed représion than the transversely isotropic
model. It distinguishes between the two perpendrcdirectionsR andT. According to
Shipsha and Berglund (2007), simple uniaxial logdimduces a shear coupling effects
within the polar orthotropic structure, which cause an inhomogeneous and complex
stress state of a wood sample similar as in cagbeofjeneral orthotropic structure.
Hence, the assumption of the polar orthotropy canntportant for prediction of the
stresses in wood. This has also been proved byeArtal. (2001), who found good
correspondence between experimental and numeresilts in theRTplane by
assuming the polar orthotropy. It should be noked the experimental determination of
the orthotropic mechanical characteristics basedthen polar system seems to be
complicated, as an inhomogeneous strain field meguro just because of polar

orthotropy.

2.1.2 STRESSES IN WOOD

The normal stressesrgq) can be defined according to Eq. (2.1.2-1) basedhe
elementary normal forcel\F q) acting perpendicular to the elementary planafaser
(ASy) of the elementary cube of wood. The shear stsg@se) can be defined by
Eq. (2.1.2-2) whereAF, is the elementary shear force aA®q is the elementary

planar surface of the elementary cube of wood, hichvthe shear force acts parallelly.
The surfaces of an elementary cube of wood aretedeconsistently with the external

geometric coordinate systerh, (2, 3), and therefore, the indiceg,{}={ 1, 2, 3}.
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Oqq= li AFq (2.1.2-1)
AS,-0 ASq

Tqr = lim AF, (2.1.2-2)
£5,-0 ASq

In order to describe the complex stress state adlamentary cube of wood while
the stress vector, consisted of 3 basic componenésting on all of 6 cube surfaces, a
total 18 stress components are needed. Assumingsttte stability of the cube,
i.e. Ogqq = —0qq and Tqr = —Tqr, then 9 stress components ¢3q and 674 ) are
sufficient (Pozgaj et al. 1997, Vable 2012). Alé®ess components can be written in a

tensor form as

E-ll ;12 ;13
[5']: To1 O2 T23 (2.1.2-3)

31 ;32 5'33

However, it is known from the basic mechanics that mutual shear stresses are
equal in magnitude, which approximately applies oals for
wood (Bodig and Jayne 1993). It implies a minor stry (compatibility of the

mutually related shear stresses), I.g. = 7q whereq#r (Boresi and Schmidt 2003,

Riley et al. 2007). Subsequently, the number oésstrcomponents is reduced again,
which results in 6 independent stress componengsiate for the description of the
complex stress state of the elementary cube of wbbese 6 stress components can be

expressed in the vector form as

o1

ou T2 ] |OF
[5]= 02 T2 |= ?33 ={5} (2.1.2-4)

sym 033 {23

713

T12

2.1.3 STRAINS IN WOOD

Within the "small-scale strain theory”, the strammponents can be expressed by

the "geometric equations"”. For the normal strains)( it is written as
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_ . Au
Ess= lim °

- (2.1.3-1)
Axs -0 AXg

where Aus is the elementary increment of the displacemerd Axs is the
elementary initial length and the indices# = { 1, 2, 3}. The shear strainsdst) can
be calculated as the distortion angle in radiaesralng to Eq. (2.1.3-2).

Ss= lim tan2ys (2.1.3-2)
AX: -0 AXt

where the indicesst}={ 1, 2, 3}. For a wood, the equality of two adjacent
distortion angleso) and @) cannot be assumed; therefore, the resulted seasor is
asymmetric. However, it can be readily decomposetb ithe symmetrical and
asymmetrical matrices by taking one-half the sumd ane-half the difference of
components in identical positions on opposite siadésthe principal diagonal
(Bodig and Jayne 1993, Pozgaj et al. 1997). Tharsgtmcal matrix is called as a strain
matrix [¢], meanwhile, the asymmetrical one is called atimtamatrix w]. The rotation
matrix rotates the distorted elementary cube of dvby a one-half of difference
between the two adjacent distortion angles, thusjakes them equak{=ay). The
rotation of the distorted elementary cube of woad ho direct effect on the stress-
strain relationship; therefore, the rotation matisx not taken into account in the
calculation of the shear strains. As a consequeheesymmetrical shear strainss()
can be obtained as an one-half sum of two adjadistdrtion angles. For a small shear
strains can be a tangens neglected, then the syioahetear strains can be calculated

as

fu = lim S| BUs AU (2.1.3-3)
Bxs-02\ AXt  AXs
AX; -0

where the indices[t} ={ 1, 2, 3}. Nevertheless, for an engineering elastic shear

characteristics calculation the engineering shéains (y, ) are needed. They are

calculated as a simple sumafanda; according to Eq. (2.1.3-4).

Jim | (2.1.3-4)

U axe-0l AXt  AXs

Axt -0



LITERATURE REVIEW

where the indicess{t} = { 1, 2, 3}. Then, assuming the static stability of the cube,

i.e. £ss = —Ess and y, = -y, similarly to the stresses components, the ressitedn

tensor is formed by 9 strain components as

1 Vi Vi
[g]: Vor €22 Vo3 (2.1.3-5)
Va1 V3 €33

The minor symmetry (compatibility of the mutuallglated shear strains) applies
also for the engineering shear strains, ieyy = ) Where
s#t (Boresi and Schmidt 2003, Vable 2007). Similadystress tensor, the number of
strain components is reduced to 6 independent needed for the description of the

complex strain state of the elementary cube of wabese 6 strain components can be

expressed in the vector form as

£11 £11
R E22 £22
11 12 /13 —- -
— — — £33 £33 —
[e = E22 Vo3 |=1- =9-  — e} (2.1.3-6)
— Vo3 E23+ 32
sym £33 - _ _
V13 f13t+ E31
V12 12+ &

2.1.4 STRESS-STRAIN BEHAVIOUR OF WOOD

A stress-strain behaviour of wood characterises Waod response to the
mechanical loading. This relation could be quaadifby the mechanical properties of
wood. The mechanical loading induces the stressésnwhe wood structure, which
reacts by the internal displacements coupled withdimensional, volume and shape
changes of the wood sample (Rilch et al. 2000, Vable 2015). The mechanical loading
can be applied on wood either by the external ®rmeduced by tension, compression,
shear, bending and torsion load or by the intefoades induced due to the hygro-
expansion or thermo-expansion of wood (Kollmann @bte 1968).

In the course of the mechanical loading, the contiposof the total normal, shear
or combined strain varies depending on the actued llevel. There is a proportional
limit of the stresses known as "yield stresg'drz,), which divides the stress-strain
behaviour of the wood into two phases. In the fatsase starting from zero stresses and

10
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ending at the proportional limit only the elasticams €. or ye)) appear. These strains
appear immediately after inducing the stresses elsag disappear together with the
stresses if the mechanical loading stops (Bethetf228, Vable 2007). Within the
second phase, which starts from the proportionat nd ends at the maximum limit of
stresses known as "ultimate stress'drz,) where the wood fails, beside the elastic
strains are present the viscogsqf y,) and plasticd, oryp) strains. The viscous strains
are gradualy formed, i.e. they are delayed in respe the actual induced stresses,
which applies for both loading and un-loading modés a consequence, when the
mechanical loading is stopped, the gradually disappg viscous strains temporary
keep the corresponding stress level within the wstodcture while no external forces
are applied. In the contrary, the plastic stramifotv the actual stresses without delay
but they are formed as fixed ones accompanied bye tistress
relaxation (Brdtka et al. 2000, Riley et al. 2007). Therefore, theod can be
characterised as a hygroscopic, heterogeneous rasakrapic continuum exhibits the
elasto-visco-plastic mechanical behaviour (Kollmaad Co6té 1968).

The percentages of the elastic, viscous and plastans from the total strain as
well as the mechanical properties themselves vara flot of reasons such as a type of
loading, loading time, moisture content, tempematuanatomic structure, chemical
composition, etc. (Perelygin 1965, Kollmann andéCt#68, Gerhards 1982,
Bodig and Jayne 1993, PoZgaj et al. 1997).

Tab. 2.1.4-1:Generalized characteristics of the elasto-visest behaviour of wood loaded by a
different mechanical loading in longitudinal (Jfidetransversal. principal direction according to
Kollmann and C6té (1968) and Pozgaj et al. (1997)

oy"’J./ou”’J_ & edle (ev+gp)le
II,_L/ (8 / /
LOADING TYPE  Ty'Uzi"'L  p  yalye (v+yp)im

%, °

Tension 0.9 <1% 0.9 0.1
Compression 0.7 <1% 0.7 0.3
Bending 0.7 0.7 0.3
Longitudinal shear 0.9 <1° 0.9 0.1
Torsion 0.9 <1° 0.9 0.1

Based on the literature survey, the type and tifrtbeomechanical loading together

with the synergy of the temperature and moistuemséo be crucial factors, which

11
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substantially vary the elasto-visco-plastic behawiof wood. The generalized different
elasto-visco-plastic behaviour of wood for the istahon-cyclic loading was
summarized in Tab. 2.1.4-1.

The generalized elasto-visco-plastic behaviour @badvcan be transformed by using

of the data from Tab. 2.1.1-1 to the generalizegsststrain curves in Fig. 2.1.4-1.

[MPa]

=
&
[%, °]
II'I'ension | ICompression | IBending IILongitudinal shear | ITorsion
=== LTension LCompression 1Bending  —=---lLongitudinal shear =~ ===- LTorsion

Fig. 2.1.4-1:The generalized stress-strain curves obtainetidogifferent mechanical loading of wood

2.1.5 ELASTICITY OF WOOD
2.1.5.1 GENERAL ORTHOTROPY

Wood can be assumed to behave approximately lyneéaktic up to certain stress
level for short-term loading (Bodig and Jayne 1998)this case, each component of

stress and strain can be mutually linearly reldtedugh the stiffness or compliance

12
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coeficient by Hooke's law (Betherlot 1998, Vabl®2)) The mutual relation of stress
and strain tensors can be written using of thermaleanatomic coordinate system

(1, 2, 3) of wood in tensorial stiffnes form as
|_O'qu = [qustJ [ﬁgst] (2-1-5'1)
or in the tensorial compliance form as

|.£qr J = |.SqrstJ |:tlast] (2.1.5-2)

where the indices dr, st} ={1, 2,3}, [Cqs] is a tensor of the stiffness
coefficients and $ys is a tensor of the compliance coefficients. Theverse
relationship between th€fs] and [Sy<] is apparent asdys] = [Sysd ™ and, vice versa.
For the general orthotropic wood structure wheeedkternal geometric axe$, (2, 3)
and the internal anatomic coordinate axes (1, 23r8) not coincident ( 1,2# 2
, 32 3 ), each fourth order tensor Cfs] and [y contains
3* components (Bodig and Jayne 1993). A total nunathéd1 elastic parameters would
thus be required to characterise the anisotroptemafcompletely. However, when the
above mentioned minor symmetry (compatibility o# tmutually related shear stresses
and strains), i.e. Qys{ = [Crqs = [Cqnd applies, then the number of the elastic
parameters is reduced to 36 (Daniel and Ishai 2086) additional reducing of that
number stems from the invariance of a generalrsraergy potential) for any linear

elastic material, which is for a volume unit defingy

w=Jlog Jdleq | = Copeu | ey, = ; [Cors) g ] 2 0 (2.1.5-3)

Assuming the sufficiently smooth, it is true that

Tﬁazw -lc ]:4[_](92\/\/ = [Cocr] (2.1.5-4)
0 Eqr m["Est] ! a[‘E‘st]m Eqr = o

whereq # s andr #t. This implies a major symmetry of the shear congod® in the
stiffness tensor. When the minor and major symmeasycombined such as
[Cyrsl = [Crgsd = [Cqned = [Cstqd, then the stiffness tensor is reduced to 21 ieddpnt
elastic parameters of the wood stiffness (Bethetii8). Consequently, the expanded
tensorial stiffness form of the Hooke's law forengral orthotropic elementary cube of

wood can be written using of the internal anatoooiardinate axes (1, 2, 3) as

13
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I | o
On Cir Gz Cuiss - “1i23 Ciis Curo| |0
O3 Cro Cooss i 2223 Coaz Caorz| | €22
o C ' C C C £
Iss|_| . Cssms Caszs Caas Casiz e (2.1.55)
Ty ' Coaos Caais Cozin| | Vos
|
13 | Ciaiz Ciznz| | Vi3
|
| 712 | | Sym ! Cio12] | V2]
or using of the external geometric coordinate §te2, 3)
(011| [Ci11 Ciizz Cuiss i Cizs Cinz Cunz| | €1
o2 C2222 Ca233| Co223 Co213 Co212| | €22
_ _ [— _ _ _
033 Casss3 | C3szs Csziz Cassziz| | €33
IE N S 3028 TS s ige® (2.1.5-6)
23 ' Ca2323 Coa3iz Caziz| | Vo3
, ‘ - - 4
713 | Ci313 Ci312| | Vi3
| 712 | | sym | Cioiz| | Vi

According to Daniel and Ishai (2006), it can bevyed that the minor and major
symmetry applies analogically for the elastic pasters of the wood compliance.
Subsequently, the expanded tensorial compliance &drthe Hooke's law for a general
orthotropic elementary cube of wood can be writtesing of the internal anatomic

coordinate axes (1, 2, 3) as

&) [Sun Suz 511333 Sizs Sz Surz| [ o]
&2 Sy222 S22333 Sz Sz 212 | 022
Sl | S| Swms Swein S| (2.1.5-7)
2% Sz Sz Sozz| | Tas
Vs i Siz13 Sia1z| | T1s
V12| L Sym | Si12] | T2

or using of the external geometric coordinate §te2, 3)

11| [Suu Suz §1133i Si2s Sz Suizl [ou
£22 S2o22 S2233 | S2223 Soz13 Soziz| |02
o] T Swm Sum Smua Swn| 0w (2.15-8)
Va3 | So323 S2313 S2z12| | T23
Viz i Siz1z Sizz| | 13
Vi) [ sym | Si212| | T12 |

As is apparent from the Egs. (2.1.5-5) and (2.),5H8 normal stresses induce
beside the normal strains also the shear stramgsc@nversely, the shear stresses induce
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the shear strains and the normal strains too (Kaoilmand C6té 1968). Nevertheless, in
a practise the incoicidence of the both sets ofséke 2, 3) and (1, 2, 3) is not
uncommon and their misalignment is likely to occliherefore, mainly within the
structural designing, there is often a need ofaadfiormation of the stresses but also
strains as well as the elastic parameters fronexternal geometric coordinate system (
1, 2, 3) to the internal anatomic coordinate system (B)2nd vice versa. In order to
assess the load carrying capacity of the genetbdtwopic wood element, the internal
stresses acting in the anatomical directions of dve@ be known. However, the
measurement of the internal stresses is very ceoatplli and practically inapplicable.
Therefore, the transformation of the external seesmeasured at the geometrical axes
to the internal ones is suitable. On the contrmythe assessment of the usability of the
structural element in a wooden truss the exterredbrchations are needed. The
measurement of the external deformations is passihlt useless in a structural
designing. Therefore, the transformation of theenmal strains to the external ones
seems to be a better solution.

There is a couple of the transformation methodshsas a matrix method
(Bodig and Jayne 1993, Pozgaj et al. 1997, Betherl898, Boresi and Schmidt 2003,
Las 2004, Dahl 2009), an equilibrium method (Baalgl Jayne 1993, Vable 2015) or a
Mohr's circle method (Vable 2002, Boresi and Schia@D3, Riley et al. 2007), which
are able to recalculate the stresses, strains lasticeparameters of wood stiffness or
compliance from the external geometric coordinatstesn (1, 2, 3) to the internal
anatomic coordinate system (1, 2, 3) and, vice avefdl methods are based on the
utilization of the various goniometric functionsdaa rotation angledj defined between
the axes of both coordinate systems.

As the stresses and strains are expressed in thex nfarm, the matrix
transformation method proved to be the most efiicreethod. This method uses the set

of the direction cosinesi) defined as

a, =cosf =cos(X, X) (2.1.5-9)

where the indicesd} ={1,2,3}, {i}={1, 2, 3} and each axis X ) of the
external geometric coordinate system 2, 3) is related to each axiX)(of the internal
anatomic coordinate system (1, 2, 3). The magnitude of theomtatigle is established
by a rotating the positiveX axis into the positiveX axis in a clockwise direction.

Considering the tensor character of the stresses, strains and elastietpesaof the
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wood stiffness and compliance thg are arranged into the transformation matfk [
for each pair of the related indices. Thus, thadf@mation of the stress tensor can be

written as
[aij J = lAq J [I]Ajr J[tbqrj (2.1.5-10)
laqu:l%i]EFAjJEﬁEu] (2.1.5-11)

analogically, the transformation of the strain taress

lei | =[Aq JdA Jdeq] (2.1.5-12)

lea ] = [Aq [ ThA, | e (2.1.5-13)
and finally, the transformation of the stiffnesssompliance tensor as

[Cita |=[Aq JTA A DA ] iC s (2.1.5-14)

|Corst) = | Ay ] A [TIAG] A J A | (2.1.5-15)

where the indicesd r, s, t} ={1, 2,3} and {i,j, k [}={ 1, 2, 3}. The number of
the transformation matriceé\ corresponding to the number of the related paiirthe
indices, i.e. to the order of each tensor (Dahl30Mowever, the transformation
equations (2.1.5-10) and (2.1.5-11) are more oftepressed with no indices and with

help of the transposed transformation matriéd$ (PoZgaj et al. 1997) as
o=AW A (2.1.5-16)
o=A" [T[A (2.1.5-17)

For the strain tensor, when transforming the symo@tshear straingd; = yq/2),
the same transformation matricég fs apply for the transformation of the stressoen
can be used in the transformation equations (42)5and (2.1.5-13), which are then
expressed as

e=AZAT (2.1.5-18)
e=AT [EF[A (2.1.5-19)
and for the stiffness and compliance tensor as

C=AIA"[CA" [A (2.1.5-20)
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C=AT [A[CIAIAT (2.1.5-21)
S=AMA [(B[A" [A (2.1.5-22)
S=AT [ASIAA (2.1.5-23)

For the transformation of the stress tensor withirolume (3D transformation), the

transformation equation (2.1.5-16) can be writtethie expanded form as

Ou 0w O3 Qy @ 3| |0 O O3| |8y 3y 8y
O3 O O3 Az Az Ay | |03 Oz Ozz3| |3 8y Ay

The matrices can be expanded analogically in (ZLI)5as well as in the strain
transformation equations (2.1.5-18) and (2.1.5-H9d also in the stiffness and
compliance transformation equations (2.1.5-20).8221), (2.1.5-22) and (2.1.5-23).
Taking the minor symmetry (compatibility of the mally related shear stresses and
strains) and the major symmetry of the shear compisnin the stiffness and
compliance tensors into account, a simple proof lsanused to establish that only
6 direction cosinesa;) are independent within the stress and strain otens
transformations, resp. 21 ones within the stiffnessmd compliance tensor
transformations (Betherlot 1998).

For the transformation of the stress tensor in anel(2D transformation), the

expanded transformation equation (2.1.5-24) iseceddor al2 plane to

{U” 012} {aﬂ aﬂ} [EJ“ 012} [Eaﬂ aﬂ} (2.1.5-25)
O21 O22| |8y 8y | [0y Opn| |8

A similar reducing can be done fa8 or 23 plane as well as for the strain, stiffness
and compliance tensors. The minor and major synymeiplies 3, resp. 6 independent
direction cosinesxg) within the stress and strain tensor transfornmatiesp. within the
stiffness and compliance tensor transformation gBpét al 1997).

The transformation equations for the in-plane ti@msations are often additionaly

simplified by a grouping of the transformation mdafy] with its transpose4]™ to one

general transformation matriX][(Bodig and Jayne 1993), as
ALAT =T (2.1.5-26)

AT [A=T™ (2.1.5-27)
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Subsequently, the stress transformation equati®ris5(16) and (2.1.5-17) can be

expressed as
(o (2.1.5-28)
o=T,"'& (2.1.5-29)

The transformation equations (2.1.5-28) and (22Bph-can be written in the

expanded form for thé2 plane as

[on] | cose sin’ @ 2[8infosd | [ oy,

022 |= sin” @ cos’ 4 - 2[3in8tosd |10, (2.1.5-30)
012 -sindltos  sindltosd  cos §-sin“d | | oy,
o, | cofe sin® @ -2[3indtosh | | ous

O, | = sin” 8 cos’ 6 2[%in@kosd |02 (2.1.5-31)
0, sin@[¢osh -sinftosd cos O-sinf | | ou

where each transformation component was definedhiwitan equilibrium
transformation method (Betherlot 1998, Las 2004j)e Teplacing direction cosinag
by the other goniometric functions allows to use game rotation angte for all
transformation components, which can be defined bytating the positiveX axis into
the positiveX axis in a clockwise direction, whex = {1, 2} = X.

Analogically to Egs. (2.1.5-28) and (2.1.5-29), Hgs. (2.1.5-18) and (2.1.5-19) can

be expressed using of the general transformnatetnx{T] as

e=T,l¢ (2.1.5-32)

e=T, & (2.1.5-33)

Bodig and Jayne (1993) states that when transfgrntime symmetrical shear
strains {g = yq/2), the general transformation matrix for the istratensor
transformation T,) and its transposd@y(') are equal to those for the strain tensor

transformation T, andT,?), it means that

T, =T, (2.1.5-34)
T, =T (2.1.5-35)

18



LITERATURE REVIEW

If the transformation of the enginnering shear istrgy;) is required, the
transformation equations (2.1.5-32) and (2.1.5€38) be written in the expanded form

for 12 plane as

(] | cof@ sin” @ sin@ [tosd £
£2 sin” @ cos’ 8 -sin@kosd |[&,, (2.1.5-36)
V12| |-2B3in@kosd 2indltosd  cos O-sin’ O | |y, |

g, ] | cofe sin” 8 -sindtosd | [en
£y | = sin® @ cos’ 8 sind(tosd |[e22 (2.1.5-37)
V2 2%infkosd -2[Eindtosd cos §-sin’d Viz)

If the stress tensow] in the stiffness form of the Hooke's law is req@d by the

Eq. (2.1.5-29), the following expression can beaotsd
T, 'b=Ck (2.1.5-38)
Further appropriate replacementafeads to
T, 'CZz=Cz (2.1.5-39)
and additional appropriate replacementofjives
T, 'CO, x=Ck (2.1.5-40)

By re-arranging the final transformation equatian the stiffness tensor can be

obtained
C=T,[CO,™ (2.1.5-41)

Taking the engineering shear strains into accoutite transformation

equation (2.1.5-41) can be written in the exparfde for 12 plane as

Cu Ci2 Cus| cos f sin? @ 2[8ingtoss
Cy1 Co Cosl= sin’@ cos’ 4 - 2[8in@tosA | I
Ceé1 Cs2 Cos -sin@tosd sindltosd  cos’ @-sin’@
s (2.1.5-42)
C,; C, Cy sin’é cos’ 8 sing[tosd
Cei Ce Ceol| 23Bindkosd -2BEingdlkosd cos’ §-sin®f
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The transformation equation for the compliance dercsin be derived in a similar

manner as for the stiffness tensor (Pozgaj etd@7)land it is expressed as
S=T, 80,7 (2.1.5-43)

Taking the engineering shear strains into accoutite transformation

equation (2.1.5-43) can be written in the exparfdea for 12 plane as

Si1 Si2 Sis cos @ sin’ @ sin@[tos@
ézl ézz ézs = sin2 1) COS2 g —-sindtosf |
Se1 Se2 Ses| |—2[@inddosd 2[Eindleosd cos &-sin’é
(2.1.5-44)
S: S, Sk cos’ 8 sin® @ - 2[8ingtosd
S: S» Sk sin’@ cos’ 8 2[3in6[toss
Si S S || sinfltosd  -sindléosd  cos’ f-sin’é

2.1.5.2 SPECIAL ORTHOTROPY

The shear coupling and consequently the issuecofglex stress state within the
determination of the engineering elastic charasties, such as normal elastic
moduli [E), shear elastic modulZ) and Poisson's ratios)( can be partially overcome
by using of the special orthotropic samples withc@ncidence of the external
geometrical axes and internal anatomical axesi12==2, 3 = 3). In such a structure
it is assuming that the normal stresses induce tdynormal strains and the shear
stresses induce only the shear strains (Hoppe2&id8). Therefore, further reduction of
the 21 elastic independent parameters of the wihdess and compliance applying for
the general orthotropic samples of wood can beaggelt is highly desirable in order
to simplify the application of the Hooke's law. &an be derived by applying of the
transformation matrice®\] for zero rotation angledy and the minor and major
symmetry of the shear components to the generhbtodpic system (Dahl 2009), the
expanded tensorial stiffness form of the Hooke'w Hor a special orthotropic
elementary cube of wood can be written using of ititernal anatomic coordinate

axes (1, 2, 3) as
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01 Chann Gz Cuss i 0 0 0 &1
022 Ca22o Cioss i 0 0 0 €22
Osg|_| Coga) 0 0 0 | éas (2.1.5-45)
Tr3 1 Cos O 0 Vo3
I3 i Cpaiz O Vi3
12 sym | Cro12] | N12

Analogically, the Hooke's law in the expanded tel$ccompliance form for a
special orthotropic elementary cube of wood canwsiten using of the internal

anatomic coordinate axes (1, 2, 3) as

&1| [Suin Suze Suss i 0 0 0 O11
&2 S22 Spzs3 i 0 0 0 O22
|| o Sws O 0 0 10 (2.1.5-46)
Va3 ' Sy O 0 T3
Vs i Sazz O K]
V12| L Sym | Sio12] | T2

In order to quantify each component of the stiffnfS,s] and compliance $;{
tensor in Egs. (2.1.5-45) and (2.1.5-46), the $& engineering elastic characteristics
comprising 3 normal moduli of elasticiti{;), 3 shear moduli of elasticitys,) and
3 Poisson's ratios ;) should be used (Kaw 1997, PoZgaj et al 1997,
Daniel and Ishai 2006). This stems from the mayonreetry of the shear components
in the stiffness and compliance tensors, €&y = Cirqq and Sygrr = Srqq Whereq #r. If
each elastic parameter of the wood stiffness itacep by a linear relationship of the
engineering elastic characteristi€{ Gor andvy, Where the indices), r,t=L, R T),

then the stiffness tensor is changed as

[ 1-Vede  VeotVedn Vo tVebe i 0 0 0
EreErr|S EreErr|S EreErr| S i
1-viVir  Ver*VeVir | 0 0 0
ELLETT‘g ER@TT‘S i
1-vplig ! 0 0 0
E.E 1
= e - (2.1.5-47)
i Grr
i 1 0
| Gy
sym | !
! =
| Gir

where |S| is defined as
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SR
S=— M- gV 1 —VitVr ~VriVir _VLRVRL) (2.1.5-48)
E L [ErrErr

The compliance tensor supplemented by the engingeetastic characteristics could

be obtained by the inversion of the stiffness teasal it is defined as

L Ve Wr g g o
E. E. B |
IR
Err RR |
El 0 0 o0
|
[Sse] =| - T (2.1.5-49)
=0 0
} Grr
I T
} Gy
sym | i
L | Gir

When the linear range prevails, the engineeringtielacharacteristics can be
determined experimentally by the measurement of dtiness and strain increments
according to (Boresi and Schmidt 2003, Riley e2@D7, Vable 2007) as

Ao

E, =—9 (2.1.5-50)
qq
A&y
At
Gy = (2.1.5-51)
AYyr
By (2.1.5-52)
Vg == .1.5-
T Ae

qr

whereAoyq is the increment of the normal stresses; is the increment of the shear
stressesieqq resp.Aey are the increments of the normal strains corredipgnto Acqg,
resp.Aoi, Aygr is the increment of the engineering shear stregrsesponding t@zy,
and the indicesd, r} ={L, R, T} whereq#r. A minor symmetry (compatibility of the
mutually related shear stresses and strains) isiat

Aty =Ar, andAy, =Ag, +Ag, =AT (2.1.5-53)

rq rq

which givesG,, =G (2.1.5-54)

rq
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2.1.5.3 TRANSVERSE ISOTROPY

A material is transversely isotropic if there iplane that every plane perpendicular
to it is a material symmetry plane. This assumpétpplies for most of the wood-based
composites such as particle boards, structural ositgplumber, etc. (Gustaffson 2003,
Riley et al. 2007). Nevertheless, some of the seledd mechanical characteristics are
almost equal within th&®T plane, therefore, the transverse isotropy couldisefully

applied, mainly in a timber engineering. The s8fa tensor can be defined as

Ciir Cuas Crasg 0 0 0
Casas Cuaaa 0 0 0
Caa44 0 0 0
[qust] =l (64;;47—7 Cusan WWO ***** E)h (2.1.5-55)
} 2
Ciaa O
Cia14

where the indicesd, r, s, t} = { 1, 4}. An indice 1 refers to the longitudinal direction
and indiced refers to the transverse direction. The transWersetropic material is thus
characterized by 5independent elastic parametersthe material stiffness
(Kaw 1997, Betherlot 1998, Vable 2015). If eachapaeter of the material compliance
is replaced by a linear relationship of the engimge elastic
characteristicsHyq, Gqr andvg, where the indiceg), r,t =L, P), then the compliance

tensor can be expressed as follows

1 e Ve 0 0 |
E E LL i
L e 0 0
Epp PP |
|
[ ] El 0 0 0
Syel=| -5 L (2.1.5-56)
qrst 14y
} PP 0 0
} 2[Epp
! 1
i 0
| Gp
| 1
sym | G
L | P
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where E . and Epp are the normal elastic moduli in tHe and P directions,
respectively, G.,p and v p are the in-plane shear modulus and Poisson's, ratio
respectively,vpp is the out-of-plane Poisson's ratio correspondmghe RT plane in

wood.

2.2 DiGITAL IMAGE CORRELATION

2.2.1 HISTORY

In the past, optical methods for measuring of defdirons applying the principle of
digital image correlation were referred to in vasoways, e.g. "Digital Speckle
Correlation Method" (Zhang et al. 1999, Zhou ando@wn 2001), "Texture
Correlation" (Bay 1995), "Computer-aided Speckledferometry” (Chen et al. 1993,
Gaudette et al. 2001), "Electronic Speckle Photagya (Sjodahl and Benckert 1993,
1994, Sjodahl 1994, 1997). According to Pan et(2009), the method of image
correlation is currently known in the wider scidéistcommunity as the "Digital Image
Correlation” (DIC).

The DIC has its basis in the photogrammetric methegabd for the analysis of aerial
photographs and to a large extent it is also limket the development of the image
digitization technology (Reu 2009). Its practicabeucame with the affordable
computing performance in the form of a personal pater. The successful
development of this method is mainly a result ofkvof a group of scientists from the
University of South Carolina (USA). Peters and Rengl982) published the first use
of the DIC for 2D application. They were able toasere displacements and strains of a
planar surface of a sample in two spatial axesar{d y) under tensile load. The
investigated surface of the measured object haahdom speckle pattern, which was
applied using a laser and captured using a singheeca. Displacement was defined
based on the analysis of images with the specklerpachanging during the loading.
However, the technology used by Peters and Rari€8P) was not yet applicable for
most cases, in which the points on the surfaceucagitmove in the third spatial axg (
as well due to the loading. As stated in Suttor0@0the hardest challenge of the DIC
extension to 3D applications was to develop a caiin procedure for two cameras so
that they were able to work in a stereoscopic systad capture even the movement of
points on thez axis. The first to calibrate the stereo systentherreconstruction of the

captured object surface in all three spatial axey; (2 was McNeill et al. (1988). By
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moving the camera in one direction, the shape afldigue plane object was measured.
This experiment initiated the development of theasugement of displacements and
strains of curved surfaces using the DIC (Luo etl@B3). Another substantial step in
the DIC was introduced by Bay et al. (1999), whpanded the correlation algorithms
used for surface applications to volumetric ondss Extended DIC version was called
the method of "Digital Volume Correlation" (DVC).h&y used X-ray computer
tomography as a source of digital volumetric datibed as "voxels". The DIC method
in its current form provides the topography of &feot, full-field data of displacements,
strains and curvature for surfaces, in the cas®ug also for volumes.

In the area of numerical calculations and prograngmihe development of the DIC
method is related with the application of newly eleped correlation algorithms for
full-pixel and sub-pixel displacements. In the @tof technological progress, white
diffuse light started to be used instead of theram the field of experimental data
acquisition, analog recording units have been oggawith digital high-speed cameras
with high resolution (Rastogi 2000). In generalpgress in science and technology
minimizes the computational complexity of the DI@thod and improves the accuracy
of the results, which allows still a wider rangeapiplications, for example, in real time
— production control (Sutton 2008).

2.2.2 BASIC PRINCIPLES

The basic principle of the DIC method consistsimdihg the correlation between
individual points (pixels) of two digital imagesn® image is always the reference, i.e.,
an image of the undeformed object surface; theroimage is the image of the
deformed object surface. In addition to the totflodmation, it is usually desirable to
describe the deformation behaviour, i.e. the defdion increments during loading. For
this reason, images of the deformed surface amntakntinuously in particular time
intervals during the loading. Subsequently, theredation of pixels is performed
incrementally, i.e., the correlation between thgefs in two consecutive images is
searched for. Out of a couple of consecutive imatiesimage taken earlier from the
beginning of the load is always considered theresfee. According to Sutton (2008),
searching for the correlation between the pixelsvm images can be understood as the
search for a match, "matching" of pixels. After ttentical pixel is found in the image

of the object surface before and after deformatithe pixel is assigned spatial

25



LITERATURE REVIEW

coordinates which define its position. The samatjposof the matched pixel in both
images corresponds to zero pixel displacementrar agface deformation of the object
at the given point, while a different position diet matched pixel indicates the
displacement or non-zero deformation of the obpdcthe given point. The relative
difference between the coordinates of the pixethea object surface image before
deformation and after deformation corresponds tatzolute displacement of the given
point on the surface of the deformed object (Hibdl &oux 2006). The position of the
pixel in the image aligns with the position on #ual object surface. To express the
displacement in physical units of length insteagigél units, it is necessary to find out
how many pixels in the image correspond to a lewngth on the actual object surface.
This and the other parameters are obtained duslhigration of the recording units (Pan
et al. 2009). This transformation of displacemestideen the image and the real surface
is based on the assumption that the movement gidhmnts on the real object surface is
truthfully transmitted to the image by the recogddevice (Rastogi 2000).

In order to obtain full-field data (determinatiohtbe displacement at any point of
the object surface), each image of the deformed wameformed surface has to be
divided into the same number of points that cambé&hed mutually. This requirement
is fully met in the structure of the digital imagehich can be defined as a set of a finite
number of points (pixels) with discretely distribdtbrightness values (Gonzalez et al.
2004). However, the image cannot be taken in digdem directly. Photosensitive
sensors first capture the incident photons reftedtem the surface of the captured
object as the electrical charge continuously chapgis intensity within the sensor
surface area. The charge is then sampled and gedrit the final number of intensities
of electric charge, i.e. brightness. The maximumnber of pixels of the digital image is
given by the number of photosensitive cells on d¢kasor, i.e. by sensor resolution
(Pratt 2007). Each pixel of the digital image isglcharacterized by a quantum (level)
of brightness. The brightness level is hence used eorrelation variable. Pixels with
the same brightness level in two images could @teally be regarded as the same
pixel. Jin et al. (2006) pointed out that with ieasing deformation of the object surface
some of the points on the surface may disappedahércase of the surface shrinking),
or vice versa, new points on the surface may disthe case of surface enlargement).
As a result, when matching the pixels, it is nosgble to find the pixels representing
points that have disappeared in the image of tHermed surface and, vice versa,

pixels representing newly created points in thegenaf the undeformed object surface.
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However, it cannot be excluded that a greater nurabpixels in one image will have
the same level of brightness, which can lead toriect pixel matching, i.e. different
pixels are considered identical. This problem ige#y solved by using the surrounding
pixels to identify each pixel in both images unilyu@an et al. 2009). The probability
that two pixels in one image will have exactly g@me surroundings is significantly
lower than the probability of identical brightnelesel of two different pixels in the
same image. In addition, the probability of mukipbccurrence of the identification
surroundings is decreased with its growing sizehis way, the pixel whose brightness
level has changed during the object deformation tudocal changes in the light
intensity or large local deformation of the objexttrface, etc. can also be found.
Identifical pixel surrounding is known as a "subsmt"facet”. The subset size depends
on several variables, especially the image reswiutmagnitude and character of the
deformation and the contrast of the object surfst@st commonly, rectangular subsets
of size 10 x 10 to 50 x 50 pixels are used (Sug0@8). A matched pixel is usually
located in the middle of the subset. Pixels leas talf of the subset far from the edge
of the image may be placed on the edge of the sabgethus extend the correlated area
up to the edges of the image.

The experimental procedure for the applicationhef DIC method corresponds to
the following sections. Usually, first the experma stage is built and the recording
units are calibrated. The treatment increasingctimdrast of the object surface follows.
Then, the load cycle is launched and images of dé®rming object surface are
acquired continuously. After the end of the cythee same steps are repeated for other

objects. Several sub-steps are performed to pralcessages.

2.2.3 ACQUISITION SYSTEM
2.2.3.1 APPARATUS

According to Sutton (2008), to determine the dispiaent and strain on a planar
surface which is deformed by load only in thandy directions, which are parallel to
the sensor plane, and there is no movement ofutiace perpendicular to the plane
(in the z direction), only one digital recording unit (caraesr camcorder fitted with a
CCD or CMOS sensor), a lens, a tripod with a faldijustable clamping head, a source
of white diffuse light, software for the acquisiticof images and their processing

(calculation of correlation coefficients, displacamy strain), a computer unit with

27



LITERATURE REVIEW

adequate computing power and cabling for high dimta, or an additional power
supply for the recording unit, are sufficient. ifis necessary to increase the contrast
pattern on the surface of the captured objectatipiisition set also needs to include
spray or another application device.

However, in most cases the originally planar s@wfeaptured becomes non-planar
during loading, or its position in the directionrpendicular to the sensor plane changes
due to the Poisson's effect. This movement of théase is mistakenly interpreted as
displacement irx andy directions within the 2D DIC. Therefore, it is nesary to
enlarge the set with at least one more digital néiog unit and create a stereoscopic
system able to distinguish the movement inzldeection from the strain in threandy
directions. The assembly of the units into theestecopic system is performed to the
common arm and by calibration using calibratiomg(standardization samples), which
become an integral part of the acquisition set3Dr application together with the
appropriate software. Usually, a separate light@®is used for each recording unit.

2.2.3.2 EXPERIMENTAL SET-UP

For 2D measurements, the recording unit must betdocso that the sensor plane is
parallel to the planar surface to be captured (Petnd Ranson 1982). For 3D
measurements, the recording units are placed adogori the principles of the
stereoscopy (Mandat 2012). For successful coroslabf the points, both recording
units should provide as identical image as posglhie et al. 1993). For this purpose it
IS necessary to put both recording units to themomarm, to the same distance from
the captured surface so that the center of thedomecting the two recording units
corresponds with the center of the captured surfHoe maximum distance between the
two recording units derives from the maximum stecepic parallax (30°), while at a
larger parallax the images of the captured surfaeedeformed to an unacceptable
extent (Sutton et al. 2000). In addition, some Patft the captured surface can fall
outside the lens depth of field (DOF), and thuseappas blurry in the image. Pixels
located in the deformed and blurry parts of thegenasually cannot be matched by the
correlation algorithm, and so the displacementssarains cannot be determined.

The setting of the recording units for both 2D &mmeasurements should be such
that the centers of the sensors are linked to ém¢ec of the captured surface with the

shortest possible virtual link. After the calibmatiof the acquisition set, the recording
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units must be fixed in their positions throughdw entire measurement process (Pan et
al. 2009). A relative movement of the recording tsinwould render calibration
parameters unusable and along with the unwantearrdafion of the images would
prevent the determination of the actual displacdnaen strain of the captured object
surface. The solution may be re-calibration of tbeording units in the new position.
However, in some experimental conditions the actimsset cannot be assembled and
calibrated directly on the experiment site (lacksptce, closure of captured object in
the conditioning chamber, etc.). In this cases ihécessary to assemble the acquisition
set in another place and set the position of tiserding units relative to an arbitrary
object; this implies that the condition of fixed sooon of recording units after
calibration cannot be met. The solution was broughtSutton (2008), who added a
laser beam to the acquisition set. This allowsrggtihe acquisition set exactly in the
position to the captured object as it was calilafatdative to an arbitrary object. The
laser beam was placed in the center of the linengthe recording units to indicate the
center of the captured object surface. Once theecen the virtual cross of live image
and the point created on the surface by the lasambmatch in the images from both
recording units, the correct position of the prébrated set relative to the captured
object has been found. No additional calibratioacpdure is required to process the

images.
2.2.3.3 CALIBRATION PROCEDURE

The calibration is a procedure through which theeemal and internal calibration
parameters of recording units are gained. Thesetlaa used to transform the
displacement and curvature of the object surfaoe fpixel units to the appropriate
physical units (Sutton 2008). When one recordinig snused (2D measurement), the
calibration sets parameters such as the aspexiofagensor, the conversion factor (ratio
indicating the number of pixels per a physical wifitength of the captured surface in
the given direction — in the case of square samgmirthe image it is the same foand
y directions), the location of the center of the |eargd the lens distortion coefficient. In
the case of high-quality lenses, the lens distortioefficient can be neglected. When a
recording unit is first used, the calibration imndausing calibration grid (Sutton 2008,
Sutton et al. 2000). The grid is characterized gnawn distance between the lines
intersections (nodes) and by three special caldrapoints (markers), which are

usually located in the corners of the grid (Sutt®®8). The special calibration points
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are used to determine the coordinate system otdhbration grid, which is put in
relation with the global coordinate system of taasor. The calibration grid must be set
plan-parallel relative to the sensor and at theeséime, it should be exactly in the
distance where the object surface will be captui2dring the calibration, several
images are acquired, and, and between image auwgjuthe calibration grid must be
slightly moved or turned in the plane of the ser{ggr. Then the calibration images are
used to obtain the calibration parameters usingafipgopriate algorithms. Sutton et al.
(2000) stated that successful calibration can Ieaed using a calibration plate with
random high-contrast pattern instead of the platk & grid. Sutton (2008) as well as
Sutton et al. (2000) agree that when the same dexpunit is repeatedly used, it is
possible to use some of the calibration paramédtens the previous measurement and
only re-calibrate the conversion factor in the gidrection. A new conversion factor
can be easily obtained using a single image ofcdmured surface with the included
standard distance (e.g. a ruler). The standarttashed directly to the captured object
surface in the position that coincides with thebglocoordinate system of the sensor.
When processing, two markers are placed on theamidng distance between them
being known in physical length units determined thg standard. The direct pixel
distance between the markers is determined by #itieys and the conversion factor is
calculated.

Sutton et al. (2000) noted that several calibraparameters of the recording unit
are added in the 3D version of the DIC methodefample, the mutual position of the
recording units, the perpendicular distance ofsdesor from the surface captured, etc.
Calibration of stereoscopic system is carried outwo steps using the triangulation
principles (Mandat 2012). At the first step, whishsimilar to the calibration procedure
using calibration grid within the 2D DIC, exterralibration parameters of recording
units are obtained. The calibration grid is agamved and turned, with the difference
that it is required to move and turn the grid ie #direction as well. The images are
acquired synchronously by both of the two recordimgs. At the second step, when
each recording unit is calibrated separately, maercalibration parameters of the
recording units are obtained. If two same recordings are used to take the images,
the internal calibration parameters can be trarefieirom one to the other. Calibration
procedures developed in the framework of commdycaVailable software for DIC

slightly differ. Some of them even allow setting alfi the internal and external
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calibration parameters in one step only, whentheges of calibration grid are acquired
by both recording units synchronously.

2.2.4 DATA ACQUISITION (PRE-PROCESSING)
2.2.4.1 PREPARATION OF CAPTURED SURFACES

The surface needs to be prepared if it is not @efitly contrasting and pixels
cannot be matched with sufficiently high probapilaf finding the right match. It
applies that the larger are the differences irbtightness levels of the individual pixels
in the subset, i.e. the more contrasting surfalee, more clearly the pixels can be
matched (Pan et al. 2009). Luo et al. (1993) stdtatia contrasting pattern ("Speckle
Pattern™) additionally applied to the surface o tbbject must have randomly
distributed brightness intensity without any refieti; otherwise it has no effect. The
pattern on a naturally contrasting surface moveaccordance with the surface of the
loaded object, therefore, it is referred to as t¢heier of the information about the
displacement. This function is to be transferredh artificially applied high-contrast
speckle pattern. Since the first use of the DIChmetin the experimental mechanics,
several ways for application of the high-contrgstckle pattern have been developed,
see Tab. 2.2.4-1.

Tab. 2.2.4-1:Methods for application of random high-contrastdgle pattern according to Sutton (2008)

MATERIAL AND APPLICATION METHOD APPROXIMATE
SPECKLE SIZE

Paint sprayed by gun or spray (B&W) [0
Unfiltered Xerox toner dry coating 30 — fn
Filtered Xerox toner wet coating 15n
Color sprinkled from the brush 0.25-5mm
;gipn%(\)lgzlgiggéi%r:(rjast speckle pattern, 0.95 — 5 mm
Indelible marker manually 0.25-5mm
Chemical etching of the metal surface 1-3260
Photolithography on metal surface 120
Chalk and pepper 0.5-1mm
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2.2.4.2 IMAGE ACQUISITION

The data characterizing the load (force, moistteeperature) as well as data
characterizing the deformation (images) are vaeidhl time. For the description of
stress-strain, hygro-expansion or thermo-expankaraviour, the data of loading and
deformations must be coupled. To this end, timesesd as the only common variable
for both types of experimental data. For the cdretermination of stress-strain
characteristics, synchronous recording of the laad deformations is required. The
acquisition interval depends on the loading ratel &me magnitude of the total
deformation until the ultimate strength of the miade(Luo et al. 1993, Helm et al.
1996). In the cases of impact or vibration loadiagegular interval cannot be set for
the data recording. It is necessary to record #ia dt the right time (e.g. at amplitudes
of material vibration) using a trigger and busbéarsignals, which synchronizes the
incoming impulses from the vibration exciter and thutgoing impulses transmitted to

the recording units and the loading device.

2.2.5 |MAGE DATA EVALUATION (POST-PROCESSING)
2.2.5.1 CORRELATION ALGORITHMS FOR FULLPIXEL DISPLACEMENTS(SUBSET PAIRING)

When matching the pixels, the correlation algoritbrocesses the image of the
undeformed and deformed surface gradually, i.entgmy point, which may, particularly
for images with high resolution, prove to be a dismtage as this is highly time-
consuming (Pan et al. 2009). Hild and Roux (200€3cdbed their own method for
matching pixels: first, in the undeformed image area is defined where the
displacement and strain is to be determined ("Afelaterest” — AOI). Subsequently, a
random pixel is selected to be matched and ithbress level is recorded together with
the level of brightness of all pixels in the subgeften the weight of subset positions
adjacent to the matched pixel is strengthened ulitegs, e.g. Gaussian filter (Tong
2005). In the following step, the correlation algan records brightness levels of all
pixels at the same position but in the image of dedormed object surface. The
brightness levels with coordinates of the individpeels from both images are the
variables that are used in the correlation funcfmiteria) to calculate the correlation
score. According to Giachetti (2000), the most oftessed correlation function for the

DIC is the multiplication type of summations, etbe sum of multiplied brightness
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levels of the subset in the image of the undeforrmaed deformed surface ("Cross
Correlation Criterion"). However, Tong (2005) sthtkat also the differential type of
summations can be used, e.g. the sum of the sqohdi$erences of brightness levels
of the subset in the image of the undeformed aridrisbed surface ("Sum of Squared
Differences Correlation Criterion”). The correlatiscore has to be calculated for all
pixels in the image of the deformed surface locatethe AOI. It is necessary to find
the matching pixel in the resulting map of corrielatscore within the individual pixels
of the image of the deformed surface. In the cdsmultiplication summation, the
absolute maximum is searched; vice versa, in tilse o4 differential summation, the
absolute minimum of the correlation score is wantfier the absolute extreme is
found, the correlation score calculation is repgdte all the pixels in the image of the
deformed surface located in the AOI, with the ddfece that brightness levels of
another subset in the image of the undeformed ceidae used. Since, such procedure
for all pixels in the image of the undeformed socefavould unduly prolong the
computing time and the noise could be amplifiethm resulting field of displacements
and strains, the correlation scores are calcultdedeach pixel in the image of the
deformed surface located in AOI, but not for eabtelpdocated in AOI in the image of
the undeformed surface (Tong 2005). The subset snov&Ol in the image of the
undeformed surface with a step that should notrbatgr than half-size of the subset.
To reduce the number of correlation calculationthimimage of the deformed surface,
the DIC software has an implemented algorithm whisés the position of the matched
pixel determined during the previous level of loagdias the initial estimation of the
position of the matched pixel during the followilegding level. Known coordinates of
matched pixels are used to calculate displacemenpixels in the image of the
deformed surface and it is converted to physicabtle units using the calibration
parameters (Zhang et al. 2006). The result is @etes field of displacement in selected
pixels in the AOI, which is extended to standardiHield information (for all pixels in
the AOI) using shape functions and various inteappoh schemes. The whole process is

carried out gradually for all the images of thealefed surface of the object.

2.2.5.2 SHAPE FUNCTIONS

Shape functions are used to estimate the posifitireather pixels located between

the matched pixels in the image of deformed surfaod thus to obtain the full-field
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data of the displacements and strains (SchreieSatiwn 2002). The shape function of
zero order works with the identical position of gixwithin a subset or it establishes the
same direct displacement or the same angle ofientaround the central pixel for all
subset pixels. The result is a simple displacenoentotation of the subset, which
corresponds to the term "Rigid Body Motion" in mi&kemechanics. However, this type
of deformation hardly ever occurs separately. la ¥ast majority of cases, a more
complex deformation of the object surface occursl an causes not only the
displacement but also rotation or distortion ampling of subset edges. The shape
function of first order operates with gradientofel displacements in direct directions
within a subset. The result is a distorted subBké shape function of second order
operates with gradients of displacements of supigets in curves. A subset that was
originally square in an image of undeformed surfaee correspond to a distorted
subset with rippling edges (Lu and Cary 2000).

The practical use of shape functions to estimaepthsition of unmatched pixels is
based on the principle of triangulation. The positof the unmatched pixels is always
estimated in triangular area demarked by three medtpixels. However, full-field data
cannot be used directly because there may be eabié differences in the
displacement of the pixels between adjacent trilmmgegions. In order to smooth the
transitions between the areas with different disgt@ent values, the average value of
the displacement within the triangular area is ¢tedrand assigned to the central pixel
within the triangle. This procedure is repeatedesavtimes until the density of the
network of discrete points is so great that theldement values of the remaining

pixels can be interpolated (Sutton et al. 2000).

2.2.5.3 INTERPOLATION SCHEMES FOR BRITHGNESS LEVELS AND DISPLACEMENT

A digital image is a set of discrete values of btigess levels (Gonzalez et al. 2004).
When loading an object, we cannot assume regartiagbasic principles of solid
mechanics that the resulting displacement of th@rasting points on the real object
surface captured will exactly match the full-pixiétance in the image. If a real point
with the maximum brightness level on the capturedase is driven by the load to
make a displacement, which in the image corresptmd@shalf-pixel distance towards
the adjacent point with the minimum level of brigess, the brightness level of the

originally bright pixel will be reduced to 50 % attte brightness level of the originally
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minimum bright pixel will increase to 50 % as weMs a result, there will be two
neighbouring pixels with the same (average) brigesnvalue. If only a few isolated
points made the sub-pixel displacement, the sutzgetlation technique would be able
to match them. However, in a real situation sukepdisplacement of almost all points
of the captured area can be expected and a feataesiopoints will perform a full-pixel
displacement. The transformed brightness levethe¥ast majority of pixels cannot be
matched with the corresponding pixels in the unoheéal surface image using the
correlation algorithm. According to Sutton et &00Q0), the solution is to insert mid-
levels of brightness between adjacent pixels bgrpalation of adjacent intensities. The
interpolation provides the smoothing of the traosg between the brightness levels of
adjacent pixels, and the resulting image thus ambres the continuous distribution of
brightness on the real surface. For this purposerakinterpolation schemes are used,
from simple ones, such as the bilinear bicubicrpdkation, up to time consuming and
computation demanding ones, like the bicubic oruintic interpolation using the
"Spline” function (Schreier et al. 2000, Knaus &t 2003). Similar interpolation
techniques are also used to obtain full-field datalisplacement and strain from the
discrete network of points concentrated using shdpections. A graphical
interpretation of the different interpolation schemmis provided in e.g. Sutton et al.
(2000). Mathematical relationships for the usehase interpolation schemes can be
found in e.g. Press (2003). However, it is not flmsgo work further with the almost
continuous image within correlation algorithms. Tiheage has to be re-sampled into
the discrete distribution of brightness levels With a higher number of samples and
lower differences in the level of brightness betweeljacent pixels compared to the
original image. According to Sutton (2008), it isld#ionally recommendable to
increase the number of quantizing levels to 10 -bit2 The result is an image with
artificially increased resolution with almost a dient distribution of brightness levels.
The task of calculating the sub-pixel displacemgmiirough the interpolation converted

to the task of calculating full-pixel displacement.

2.2.5.4 REGISTRATION ALGORITHMS FOR SUBPIXEL DISPLACEMENTS

These are optimization (numerical) methods thatuaesl in the context of DIC for
precise localization of the correlation score exiewithin the AOI in the image of the

deformed surface. The most used version is the dielwaphson method (Bruck et al.
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1989), which was significantly improved by Vendroard Knauss (1998). A very
popular algorithm used by many scientists for takudations associated with DIC is
"lterative Spatial Domain Cross-Correlation Alghnt”. Peters and Ranson (1982) and
Yang et al. (2006) state that also "Coarse-fina@eAlgorithm” can be used. Further,
according to Chen et al. (1993) and Sjodahl andcBem (1993), the "Peak-finding
Algorithm" is applicable. "Spatial-gradient-basethdérithm" was developed by Davis
and Dennis (1998), the improvement was made by @rard Jin (2003). "Genetic
Algorithm" was used for example by Hwang et al.0&20and "Finite Element Method"
and "B-spline Algorithm" were developed by Besnetrdl. (2006).

2.2.6 ASPECTS OF MEASUREMENT ACCURACY
2.2.6.1 EXPERIMENTAL SET-UP

When capturing the image with one recording uhi, plane of the sensor must be
oriented plan-parallel to the captured surfacenefdbject and the sensor distance from
the captured surface must be constant. This condif not met if the sensor unit is
placed incorrectly, the deformation of the objaafface is not planar, the surface is not
worked to be planar, or if there are imperfectiohthe loading system. If the condition
of parallel position is not met, some parts of tagtured surface can get beyond the
DOF of the lens. A similar effect will appear ifetlparallax is greater than 30° during
the stereoscopic imaging. A change in the distlret@een the sensor and the captured
surface within 2D measurement is mistakenly integut as displacement and strain of
the surface in th& andy direction. Meng et al. (2006) stated that whenghmrallelism
of the sensor and captured surface is wrong by &g,tthe results manifest a maximum
error of 0.01 pixels. Helm and Deanner (2004) nucadly proved that calibration by
the calibration grid can almost remove the expentalemeasurement errors caused by
violation of parallelism between the sensor anddfyatured surface in the range of up
to 30°. The magnitude of the experimental errothtd type decreases with increasing
DOF. The extension of DOF is possible using thechtric lens or by extending the
distance (Sutton et al. 2000).
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2.2.6.2 TECHNICAL PARAMETERS OF MEASUREMENT APPARATUS

It is known that cheaper optical lenses suffersnf spheric defect that distorts the
image taken into the barrel or cushion shape. $shet al. (2004) stated that to
determine and reduce the effect of lens defecherimage distortion, it is necessary to
reconstruct the deformation function of the dispéggtem. For this, they proposed to
use a flat plate with a contrast speckle patterriife calibration of the display system.
The same procedure was also used for high-speadrsenits. A little different way of
calibration was published by Zhang et al. (2006)e Toefficients for the deformation
function were obtained by comparing the positiohshe nodes in the real calibration
grid with the positions of the calibration nodesthe images. Yoneyama et al. (2006)
proposed two methods for the determination of théial and tangential distortion
caused by the use of zoom when taking an image.oDtieem is based on measuring
multiple types of planar displacement of contrgstckle patterns; the other on the
analysis of the calibration grid distortion by &tieique using Fourier transformation.
Also technologies have been developed to minintfizeitnage distortion when taking
them using microscopic techniques.

Additionally, the accuracy of the calculated digglament and strain is largely
affected by the image resolution, resp. the comweractor. The image resolution
depends on the number of photosensitive cells ef gansor. With an increasing
resolution, the results get more accurate, but tmlg point where the disadvantage of
an unfavorable noise/useful signal ratio capturgde photosensitive cell starts to
outweigh the advantage of high resolution. An int@air factor is also the focal length
of the lens, which determines the DOF, or the s$eiigi of the image sharpness to
relative movements of the object or the recording perpendicular to the plane of the
sensor (directiorz) during capturing. The element of recording urstgnificantly
affecting the measurement accuracy is also the ddiverter, which, besides bringing
an error while amplifying the analog signal, detexs the bit depth of the image

(number of brightness levels).

2.2.6.3 EXPOSURE CONDITIONS

The light intensity of the captured surface is & kgposure parameter. The light
intensity has to be within a particular range. Wealstrong light reduces the contrast

between the individual points of the captured sigfand subsequently between the
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pixels in the image, which prevents the succesafatching of individual pixels
between the images. The reflections of light frdra taptured surface or shiny areas
around the surface can produce "over-exposed spatsth can significantly affect the
correlation, even if they do not occur directly e captured surface (Wang et al.
2007). In order to prevent the over-exposed spothe image, it is recommended to
apply matte high-contrast speckle pattern to tfleatve surface of the object captured
and an overlay matte layer (e.g. paper tape) toother reflective surfaces in the
surroundings. Due to unfavorable exposure conditiowise gets into the images. The
term noise is used for all changes to the pixajHiness level caused by another source
than the electromagnetic radiation in the visilpecrum reflected from the captured
surface. The sources of the noise are most oftegh Hemperature, strong
electromagnetic background (e.g. MW, UV), non-canstight intensity (flashing of
light sources powered by alternating current), dgdaphotosensitive cells of the
sensor, dirt on the sensor, etc.). Besides the sexpoconditions, the noise can be
caused by the movement of the sensor or the captunrdace beyond the effect of the
investigated loading. This unwanted auxiliary moeamcan be induced by vibrations
of the loading device during loading, vibrationstloé acquisition set transmitted from
the floor, or strong audio signals. Gonzales et(2004) recommended reducing the
noise in the image using a light source poweredt ditect current, vibration and sound
insulation of the laboratory, maintaining the ammbieemperature at 20° C or use of

cooled sensors.

2.2.6.4 PATTERN QUALITY

To evaluate the quality of the high-contrast spegidttern, various parameters have
been proposed, such as the average pattern sizenfip¢e et al. 2006), subset entropy
(randomness) (Yaofeng and Pang 2007), and accotadiRgn et al. (2008) the "Sum of
Square of Subset Intensity Gradients". An idealtrast speckle pattern, according to
Sutton (2008), should have a flat brightness histog in other words, all the brightness
levels should be represented in the same propottiopractice, according to the same
author, the maximum shot width is achieved betwtberb@" and 228 brightness level
out of the total range 0 — 255 at 8-bit color depitimage. The ideal average size of the
pattern corresponds to the width of the peak atwvidlee of autocorrelation of 0.5

(Sutton 2008). However, the size of the capturedasa, or the distance of the
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recording units to the captured surface, the sizdigplacement and the subset are

significant.

2.2.6.5 SUBSET SIZE

Usually, the DIC users have to choose the sizehef dubset using their own
experience with the particular acquisition setrdhges from a few pixels to over
100 pixels. With the increasing size of the suliket certainty of matching the right
pixels in an image of undeformed and deformed serfgows but the reliability of the
shape functions and interpolation schemes for dleatification of the position of the
other subset pixels decreases. The experiencemdeascientific community suggests
that a compromise that will be closer to smalleesiof subsets is necessary. Pan et al.
(2008) derived the theoretical model for the estiom of the displacement
measurement accuracy by DIC and described a neamgder - the "Sum of Square of
Subset Intensity Gradients" - to determine thenopth size of a subset. The same
parameter is also associated with the evaluatiothefquality of the high-contrast

speckle pattern.

2.2.6.6 CORRELATION CRITERION SHAPE FUNCTION AND INTERPOLATE SCHEME

Tong (2005) assessed the suitability of variougetation functions (criteria) to
calculate the correlation score. Zero-mean NorredliSum of Squared Differences
(ZNSSD) and Zero-mean Normalized Cross-CorrelafdidCC) appeared as the most
stable and the most reliable for images with vaeidight intensity. The mathematical
derivation also indicates that the correlationeciét are resistant to displacement and
linear change of light.

The shape function, when it is used for a smallssybeasily and accurately
approximates the position of subset pixels. Systienearors with regard to the order of
the shape functions were examined by Schreier arntbrs (2002). Theoretical and
experimental results published by Lu and Cary (2@0@ Pan et al. (2008) showed that
the shape functions of the second order bring a&ilmystematic error than the shape
functions of the first order at approximately theem® levels of random error. After
comparison of various interpolation schemes, Sehrei al. (2000) recommended the

use of bicubic or biquintic interpolation using th@pline” function of higher order,
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despite the increased computational complexitygknaterpolation can lead, according
to Sutton (2008), to accuracy of up to = 0.02 Exel

2.2.7 OTHER IMAGE -BASED METHODS
2.2.7.1 INTERFEROMETRY

This technique began to be used in experimentaharecs to determine surface
full-field displacement of rigid objects in plan@Y) and beyond the plane (3D).
Superposition of two grids, each of which consadtsegularly arranged light and dark
strips, forms Moiré contours (Post and Han 2008) fiame Moiré comes from the
French labelling of fabrics from dipped silk and o, which are characterized by
light and dark strips (Walker 1994). Using paramset Moiré contours, the mutual
displacement of the two overlapping grids can lm®mstructed retrospectively. One of
the grids, which is referred to as a referencdi¢$tas placed immediately in front of
the sample (Han and Post 2008). This is typicallyaasparent plastic plate with a
stripped texture. The other grid (measuring) ix@thon the surface of the sample and
moves according to its deformation during the Ibgdthe external force. There are
several ways of the grid application to the surfaBer the analysis of planar
deformations in the& andy directions, the stripped texture is printed over shirface of
the specimen or sprayed through a template (P@dt 2000). Han (2005) presented the
method for the mapping of the object surface movernrethez direction in which the
stripped pattern was only projected onto the serfax a shadow of the reference grid
("Shadow moiré") or it is generated directly in ffght source ("Projection moiré"). In
the case of transparent samples, the partial tefteof laser beams from their surfaces
is used to create the stripped structure. Each hikaiits the surface of the specimen
at an angle lower than 90°, i.e. is not perpendictd the surface, is due to the different
angle of reflection from the obverse and reversdasas divided into two weaker
reflected beams and one stronger beam that pdsmegjh. The distance between the
two reflected beams indicates the thickness of gbecimen. After the specimen is
loaded with external forces, its thickness and gioith that the density of stripping of
the reflected beams change. The superposition inmgbtained from the reflected
beams before loading and after loading. Superposdf the two grids is captured using
a camcorder or a camera with a time-lapse funciitwe.images captured are processed
in software (Post et al. 2000).
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Superposition images resulting from the displacdméthe measuring grid against
the reference in one direction (e.g., ¥direction) again manifest the stripped texture in
the accordant direction with the stripping of thiggimal grids. If only a rotation of the
measuring grid occurs, the result is the superposivith rhomboids or even squares
(Han and Post 2008). However, in real-world coodsi the movement of the
measuring grid to the reference is usually combf(seseral directions at the same time,
or with rotation included). Subsequently, the sppsition image is characterized by
non-linear stripping, i.e. contour lines (Takasdld70). The displacement of the
specimen under load is reconstructed using the gegmlaws. Mathematical
combinations of parameters are used such as theededlistance of the strips (grid
stripping frequency), the degree of gridding in sugperposition, the angles of the
reflections and the impacts of light beams whenegting the pattern onto the sample
surface, etc. (Han and Post 2008). A more detailedcription of the ways of
displacement calculation has been published byatanhPost (2008), Post et al. (2000),
Han (2005). More information about advanced coreepf interferometric
measurements of surface displacement of solidbedound in e.g. Han (1993), Han
and Han (2006), Huntley (1998), Post et al. (1987 Testorf et al. (1996). Minster et
al. (2006) demonstrated the application of Moit@iferometry in wood science for the

prediction of mechanical properties of timber stuves.

2.2.7.2 PHOTOELASTICITY

This optical method has undergone an extensivelal@vent from conventional to
digital photoelasticity. The phenomenon of the terapy birefringence, on which it is
based, was discovered by Brewster (1816). Thankhdowork of Coker and Filon
(1930) in the UK, the method has gained populaAtyig boom was related with the
beginnings of the production of epoxy resin (Ram2@08). A number of versions for
various applications have been developed. "Dyndehiotoelasticity" was introduced
for the study of dynamic properties of solid madkxi This modified method was used
in e.g. Rossamanith and Shukla (1981). Pih and Hni¢l969) modified the
photoelasticity for orthotropic stress analysis ©dmposites ("Photo-orthotropic
Elasticity”). Burger (1980) stated that the displaent and strain of solids above the
proportional limit can be analysed using "Photojdtéy”. Ramesh et al. (2011)

mentioned that with the development of digital datacessing, digital photoelasticity
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started to be more intensively used. Full-fieldultss are presented in the form of
contour maps of the displacement, strain, stresg combination of these variables
directly on the object surface, or using comput@pyics. Each contour encloses the
area in which the output variable achieves valnes $pecific interval. The type of the
output variable is determined by the physical pplec on which the experimental

method is based. The possibility to obtain diretky distribution maps of stress on the
object surface under the load is the biggest adgandf photoelasticity (Ramesh 2008).

The principle of this method lies in the varialyildf the optical properties of some
transparent amorphous polymers at different sttesditions. When the polymer is not
loaded, it manifests isotropic optical properties,, it does not affect the direction of
light vectors passing through its structure. Unither load, the internal structure of the
polymer temporarily changes so that it is able pdit she light beam into two
perpendicular directions (Ramesh 2008). In addjttbae resulting beams are turned in
the axis of propagation of the original beam (2&)even in the axis perpendicular to
the axis of propagation (3D). The changed orieotatif the light beams corresponds to
the direction of the loading. Non-homogeneous stdéstribution in the polymer under
the load has a consequence similar to Moiré imenfietry - formation of a non-linear
stripped optical structure (contour lines). Afteetload is removed from the polymer,
its original isotropic optical properties return.

In the experimental set-up of the measuring detoe amorphous polymer is used
in the form of spray or coating on the surface bk tsample ("Reflection
Photoelasticity"). The surface of the object shorgflect the incident light beams
passing through the polymeric film and be clingyftsat stress induction in the polymer
may occur due to the object deformation. Underghmmditions, the polymeric film is
able to provide information about stress-strainavetur of the loaded object (Zandman
et al. 1962). Polarized light with a defined oraman of light vectors is used as the light
source for easy determination of the loading dioact(Trebuna 1990). Modified
polarized light beams reflect from the surfacehs specimen and are analyzed by an
optical device. If the specimen is made directtyrirthe amorphous polymer with the
mentioned optical properties, it can itself perfaime role of optically active interface
(Ramesh 2008). In this case, it is necessary thdhe passing beams from the reverse
side of the measured surface (behind the specimdgplication of photoelasticity in
combination with conventional extensometers anderigal procedures for aluminum,

composite and wood was published by Rowlands (2008)
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2.2.7.3 HOLOGRAPHY

At present, the invention of holography is attrémitto Prof. D. Gabor of the
University of London Imperial College of Sciencedarechnology, who won the Nobel
Prize in 1971 for this discovery (Gabor 1948). éality, he discovered and formulated
work by G. Lippmann from the late #®entury focusing on the object color encoding
on a thick emulsion photographic plate (LippmanB891). This original work was
followed by Y. Denisyuk's reflective holography (eyuk, 1962). At this time, when
many years have passed since the foundations ofytaghy, there is no generally
available method for a reliable quantitative intetption of holograms (Pryputniewicz
2008). However, a series of methods and systemspiecific applications have been
developed (Vest and Pryputniewicz 2007). Experimentechanics uses holographic
interferometry in particular (Pryputniewicz 2008j. is an extension of classical
interferometry from mirror or optically polished réaces of specimens on diffuse
reflective non-planar surfaces of samples. Hololgiamterferometry was discovered in
1965 (Stetson and Powell 1965), and it was soomrazd (Brooks et al. 1965). The
basic concept of holography in the experimental maeis is well described in Cloud
(2008). According to Pryputniewicz and Stetson (9%he progress in the technology
of lasers, computer technology, optical fibers,.,etwhich was implemented in
holography, led to a technology known as optoebedtr holography. The results are
fully compatible with the "computer aided designCAD), "computer aided
engineering” (CAE) and "computer aided machininQAiM) formats, which allows a
full use of these measurements directly in thegiest any industrial components.

The experimental measuring itself consists of thalodraphic record, its
reconstruction, and quantitative interpretation haflographic interferograms. The
optical set for the holographic record of the sper consists of a light source (laser),
optical filters, and photosensitive recording scefgPryputniewicz 2008). In classic
photography, only beams from the light source dmuké reflected from the object
surface hit the photosensitive surface. The rasudlways a 2D image, which can be
perceived by the human eye as 3D. For a physithige-dimensional image of an
object, it is necessary that not only beams redbdrom the light source (object
beams), but also the reference beams which pas&leuhe captured object fall on the
photosensitive area (Pryputniewicz 1995). For tb&son, the laser beam is divided into

two immediately after it is generated. Both typébe&ams overlap on the photosensitive
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area and create a superposition interferogram.ré@tmd is unintelligible to the human
eye, it does not show the true image of the okg@ct any similarity is coincidental.
Conversion of a 2D interferogram to a 3D holograrpéerformed using the original
optical set. The condition is to remove the obgeud shield the object beams. Only the
reference beams fall on the recorded interferogasuch they are difracted into wave
surfaces, which form the 3D hologram after refl@ctiThe recording medium allows
the reconstruction of the hologram at a differdate or at a later time. The properties
of holographic images are described by PryputniewW2008). The development of
guantitative interpretation of holograms shows that best results are provided by the
transformation matrices that allow holographic paeters to be transformed into
material parameters of samples (Schumann et ab)19®e solution of the resulting
matrix equations can be obtained through estaldisfmputing practices
(Pryputniewicz 1992). Pryputniewicz et al. (2000ated that the holographic
interferometry is used in experimental mechanicstiQdarly in the area of
development and production of micro-electromectanisystems, e.g. high-speed
micro-electric motors. Holography was used in thao@ processing industry e.g. as a

control tool for the production process of veneasdd boards (Sfarra et al. 2013).

2.2.7.4 THERMOELASTIC STRESS ANALYSIS

This full-field optical method is based on the theelastic effect of solids. This
phenomenon was first mentioned by Weber (1830% $imilar to the consequence of
gas state equation, according to which gas temperancreases with its decreasing
volume. Similarly, during loading and subsequerfbdeation of solids, their internal
energy, or temperature, changes (Greene et al.) 2008 thermoelastic effect was first
described theoretically in 1853 by William Thomsdater known as Lord Kelvin
(Thomson 1853). Compton and Webster (1915) confirthe theory experimentally. In
the 1950s, Biot used irreversible thermodynamigstii@ extension of the theory to
anisotropic, viscoelastic and plastic material oese to load (Biot 1954, Biot 1955,
Biot 1956). The first contactless measurement bffieild temperature changes using
the infrared radiometer was performed by Belge® )9

Thermoelasticity is practically usable only for tdgnamic loading with cyclic
course (0.5 Hz to 20 kHz), because only these tiondi of sample loading can induce

photon emission sufficiently intense for preciseasmw@ement (Greene et al. 2008). The
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samples need not be prepared in any way, withxbeption of metal ones, which are
coated in black paint in order to increase and hlyenze the surface emissivity
(MacKenzie 1989). The main element in the thernmuition set is the infrared
thermodetector able to measure very small changeésmperature (photon emission)
associated with the thermoelastic effect of solidee sensors have been commercially
manufactured under the name SPATE (Stress Patteaty#is) since 1982. Currently,
photodetectors are used which convert photons teatliay the sample in the infrared
spectrum to stress and strain maps on the arefiseadample (Greene et al. 2008).
Processing of an infrared image is performed shtyileo the processing of a light
image using digital cameras. More advanced teclgiedoof thermoelasticity include
random vibration excitation of samples presentedHbaywood and Cummings (1986).
Maldague (2001) considers the infrared backgrouerdted by the surrounding objects
to be the main aspect that affects the accuratlyeothermoelasticity. The influence of
the infrared background is particularly evident whihne measuring is performed
directly in an industrial environment. There arenmaapplications of this optical
method, e.g. mechanical analysis of anisotropicenas (Lin and Rowlands 1995),
fracture mechanics (Ju and Rowlands 2007), anabysissidual stresses in the material
(Quinn et al. 2004). Possible use of thermoeldgtioi wood processing was presented
by Wolfe et al. (1994).

2.2.7.5 PHOTOACOUSTIC

In photoacoustic measurement of mechanical pragserthe samples are loaded
mechanically by ultrasonic waves (Krishnaswamy 2008ltrasonic waves as
mechanical waves cause a periodic dynamic loadhag propagate through the
specimen. It means dynamic parameters of mechamétalviour of samples are gained
through photoacoustic measurement. Ultrasonic waresgenerated by lasers. The
impulse for photoacoustics development came inetimy 1960s, when White (1963)
demonstrated the generation of ultrasonic wavea laser. Comprehensive overviews
of generating ultrasonic waves by a laser are peaby Hutchins (1988) or Scrubs and
Drain (1990). Formerly laboratory research tool basome a measuring technology for
monitoring of stress and strain in industrial pss®Es in the past 20 years.

Pulse laser is used for the excitation of ultrasamaves, and the absorbed part of

the laser beam energy turns to thermal energy.rébat is a rapid local temperature
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increase. The tested material immediately respdwydsicreasing the dimensions, i.e.,
generating an ultrasonic wave (Krishnaswamy 20B&8he optical performance of the
laser does not cause melting or vaporization ofstraple, the ultrasound is generated
in the thermoelastic mode. If a higher optical perfance of the laser is needed to
generate the ultrasonic wave, which would cause adgemto the tested material,
protective coating is used. The damage then takKesteonly on this cover layer
(Krishnaswamy 2008). According to Wagner (1990)ticgh contactless detection of
mechanical response of the specimen to ultrasounisep is particularly performed
using interferometry and the reference beam ("Ref@-Beam Interferometry”) or
dynamic holographic interferometry. In both methofiist the ultrasonic response is
converted to optical parameters and then the dppesameters are decoded to
mechanical parameters of the tested material (Malutii986). The transformation of
the motion of an object loaded by ultrasound tacaptparameters is done through the
interaction with light beams (Dewhurst and Shan9)9ttensity, frequency and phase
of the sample vibration can be converted to opfieabmeters. There are several ways
to do this, e.g. Antonelli et al. (2002) or Adldrat. (1968). For example, the intensity
of vibration can be converted into the optical fopased on the different angle of the
light beam reflection from a diverted surface & thbrating sample in comparison with
angle of beam reflection for the unloaded samplethd reference beam reflected from
the unloaded sample is confined in a precise sfible the impact on the photosensitive
area, any large beam deflection causes a decreagbei light intensity on the
photosensitive surface (Adler et al. 1968). Morferimation on photoacoustic methods
is to be found in e.g. Gusev and Karabutov (19PBptoacoustic methods have been
used many times for the description of anisotrapachanical behaviour of materials,
e.g. Maznev et al. (1999), Hurley et al. (2001)egvand Sachse (1990). Measurement
of dynamic viscoelastic properties of wood undeathstress using photoacoustic
methods was presented by Kojiro et al. (2008).

2.3 WooD AND DIGITAL IMAGE CORRELATION

2.3.1 GENERAL APPLICATIONS

An independence of scale (from micrometers to teihsneters), tested material
(wood, metal, ceramics, polymers, natural tisstregts) and relatively low initial costs
(considering the free codes) are the prerequidibiethe wide-spread utilization of DIC
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in experimental mechanics. Some of its applicagiossibilities are summarized in Fig.
2.3.1-1 There is a few loading types as mechanical fom&gg in compression,

tension, bending, shear or torsion mode, futheristm@ and temperature changes,
which are capable to induce the dimension changdsshape deformations of wood.
The studies dealing with deformation analysis ef variously loaded wood and wood-

based composites by means of DIC are roughly iotred in Tab. 2.3.2-1-Tab. 2.3.7-1.

LOADING

FORCE TEMPERATURE MOISTURE COMBINATION

l_l_l

STATIC DyNAMIC

COMPRESSION TENSION BENDING SHEAR TORSION COMBINATION

FULL-FIELD
DISPLACEMENTS AND STRAINS

DETERMINATION OF THE STIFFNESS AND COMPLIANCE CHARACTERISTICS

ANALYSIS "IN-SITU'" AND DESIGNING OF WOOD STRUCTURES

FRACTURE MECHANICS OF WOOD

OPTIMIZATION OF THE WOOD DRYING AND COMPRESSION

VERIFICATION OF THE MATERIAL MODELS WITHIN FEM

BIOMECHANICS OF TREES

REAL-TIME MONITORING OF PIECES IN THE PRODUCTION LINE

Fig. 2.3.1-1:A summary of the loading types and some of apfitingoossibilities of the full-field
displacements and strains data sets in the woednes

47



LITERATURE REVIEW

2.3.2 COMPRESSION LOADING

Tab. 2.3.2-1:A brief list of the studies dealing with the coragsion loading of wood coupled with DIC

AUTHOR

UTILIZATION OF THE FULL -FIELD DEFORMATION DATA

Zink et al. (1995)

A validation of a new proposed correlation algaritivhen the wood is
loaded by a compression parallel to the grain. ¥ akgorithm was used
for analysis of local deformations in the oriengdgind boards (OSB).

Murata et al. (1999)

A determination of a deformation distribution ore ttnicro-scale level
within the radial-tangential principal plane of wbo loaded
perpendicularly to the grain in the radial direntio

Murata and Masuda (2003)

A description of a relationship between the defdroma distribution
within the annual rings and the anatomic structyasticularly, the
earlywood and latewood structure, when the wood lasded
perpendicularly to the grain.

Murata and Nakao (2007)

A comparison of deformation fields induced by tnarsal loading in
softwood and alternately laminated veener lumbethermicro-scale.

Shipsha and Berglund (2007

description of the shear coupling effect withiretpolar orthotropy
tructure during the transversal loading of wood.

Garab et al. (2010)

An assessment of the orthotropy within the RT plaheood by means
of the off-axis grain angle, which gives the low¥sung's modulus.

Murata and Tanahashi (201

A determination of the Young's moduli, shear modatid Poisson's
datios in the LR plane of wood and their compariseith those
determined based on the deformations measurecebyxtensometers.

Sebera and Musagki (2011)

A verification of the morphology-based finite-elemiemodel of the
oriented strand boards (OSB) based on the locakaettion behaviour,
described also by the synchrotron radiation CT gataore detail.

Xavier et al. (2012)

A quantification of the variability of longitudina&¥oung's modulus for
different lengths and cross-sections of sample fanton coefficients
applied onto contact surfaces within the finitersdmt analysis.

Hering et al. (2012)

A determination of the longitudinal elastic engirneg parameters of
beech wood as function of a moisture content bpgusif the dog-bone
shaped samples for the application in the finitrant modelling.

Majano-Majano et al. (2012

A determination of all nine elastic components alk#grizing the elastic
orthotropic behaviour of wood at single test ofoailole off-axis sample.

Ozyhar et al. (2013)

A description of variability of the visco-elasticqmpliance) behaviour
of wood during the long-term compression and tenkading.

Zauner and Niemz (2014)

A quantification of the size effect on the ultimasgrength and
deformation behaviour of the spruce wood in lordjital direction.

Guntekin et al. (2016)

An investigation of moisture content effect on thithotropic elastic
engineering parameters of beech wood loaded priaitipal directions.
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2.3.3 TENSION LOADING

Tab. 2.3.3-1:A brief list of

the studies dealing with the tesioading of wood coupled with DIC

AUTHOR

UTILIZATION OF THE FULL -FIELD DEFORMATION DATA

Mott et al. (1996)

A determination of the deformation distribution ¢me surface of a
single wood fibres loaded by using of a micro-tEnsipparatus while
the image data were obtained with help of scanalagtron microscope.

Serrano and Enquist (2005)

A determination of deformation distribution in anobline in order to
predict mechanical properties of glues for varisasiple dimensions.

Muszyhski et al. (2006)

A gquantification of the mechano-sorptive effectdbgubstracting of the
deformations, which occurred under constant mastaonditions,
together with the moisture-induced deformationsmfrahe total
deformations caused by the cyclic-changing moistoralitions.

Miyauchi and Murata (2007)

An analysis of the abrupt increase of the deforomstiat the location
where the failure occurs in order to mathematicdigcribe the non-
linear part of the stress-strain curve.

Ukyo et al. (2008)

A revealing of the shear strain concentrations iwithe two standard
type of the traditional japan joints, which was glgmented by the
finite-element analysis of the shear stress conaéons.

Keunecke et al. (2008, 2012

A verification of the literally reported low longitlinal Young's moduli
Jof yew wood in relation to its higher density fdvet different fibre
orientations in respect to the loading direction.

Niemz et al. (2009)

An evaluation of the applicability of DIC for theetrmination of the
Young's moduli and for the cracks prediction withhre wood and
wood-based composites in comparison with acoustisgon method.

Oscarsson et al. (2012)

A revealing of the hidden defects, which cannotlbected by standard
visual control or by a scanning method and to a®alhe deformation
distribution aroung the knots appearing on theotsrisample surfaces.

Ozyhar et al. (2012)

A quantification of the variability of the strengthnd stiffness
orthotropy of beech wood depending on the moistorgent.

Pereira et al. (2014)

A capturing of the variation of the elastic engirmeg parameters, which
characterize the elastic behaviour of pine woochiwithe RT plane,
among the various annual rings, positions in teensind various trees.

Ritschel et al. (2014)

An analysis of the damage evolution within the phpd materials made
from spruce wood and, for comparison, solid sprweed, a damage
evolution was simultaneously monitored by the atiowsnission.

Schwarzkopf and Muszgki
(2015)

An analysis of the deformation behaviour across ddéesive bond
interfaces in heterogeneous solids described by émepirical
methodology, which was developed in a parallelstud

Jeong and Park (2016)

A determination of the orthotropic elastic enginlegrparameters such
as Young's moduli, shear moduli and Poisson's gaifofour different
wood species while the off-axis tension sampleswsed.
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2.3.4 FRACTURE MECHANICS

Tab. 2.3.4-1:A brief list of the studies dealing with the fract mechanics of wood coupled with DIC

AUTHOR

UTILIZATION OF THE FULL -FIELD DEFORMATION DATA

Wang et al. (2002)

An identification of the local plastic zone aroutite crack tip and
calculation of the fracture characteristics of biveood.

Samarasinghe and Kularisi
(2004)

A verification of the fracture characteristics edéted based on the
linear elastic fracture theory for the various expental parameters.

Vasic and Ceccotti (2009)

An investigation of the loading rate effect on gaameters of the local
plastic zone aroung the crack tip and to analyeerésistance curves,
which characterize the resistance of wood to thekcpropagation.

Bigorgne et al. (2011)

A verification of the finite-element model basedtbe real morphology
of wood on the mesoscopic scale, which is capablerédict the crack
behaviour on the RT plane of wood in fracture mbde

Nagai et al. (2011)

An identification of the direction of the crack jpagation direction near
the knots and analysis of a time-ahead of the mmat deformations
before the crack propagation starts.

Méité et al. (2013)

An evaluation of the applicability of the DIC tedhue together with
finite-element modelling for the determination of rate of energy
release in the orthotropic wood loaded in the frectmix-mode.

Silva et al. (2014)

A determination of the crack tip shear displacenfenthe comparison
of two equivalent (direct and indirect) methodsalésng the cohesive
laws of wood bonded joints loaded in the fractuamll.

Xavier et al. (2014)

An establishment of direct method for the identifion of the cohesive
law in fracture mode Il for pine using of crack ipening displacement.

Xavier et al. (2015)

An establishment of the direct method for the idmattion of the
cohesive law in fracture mode | for pine wood.

Tukiainen and Hughes (201

A quantification of the effect of the microstructuand the moisture
5gontent (MC) on the local plastic deformations abthe crack tip and
the crack propagation at the cellular level.
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2.3.5 BENDING LOADING

Tab. 2.3.5-1:A brief list of the studies dealing with the bemglioading of wood coupled with DIC

AUTHOR

UTILIZATION OF THE FULL -FIELD DEFORMATION DATA

Nagai et al. (2007, 2009)

A reconstruction of the deflection curve and firgliof local maximums
as a tool for the detection of the internal knatd ather hidden structure
defects, and finally, the full-field deformationtdawere used also for
the verification of the finite-element model ofg¢hiew method.

Betts et al. (2010)

An assessment of the influence of the material megéons on the
neutral axis position.

Haldar et al. (2011)

An obtaining of the parameters on the differentescaf the hierarchical
structure of palm wood for the designing of theypméric composites.

Davis et al. (2012)

A determination of the size effect and influencetld defects on the
neutral axis position.

Haldar and Bruck (2013)

An assignment of deformation behaviour of palm wdodded by
impact bending to its structure for utilizationradtural structure of palm
wood for hierarchically structured composites wathymeric matrix

Ozarska et al. (2013)

A quantification of the kit by means of the neutral axis position.

2.3.6 MOISTURE LOADING

Tab. 2.3.6-1:A brief list of the studies dealing with the maist loading of wood coupled with DIC

AUTHOR

UTILIZATION OF THE FULL -FIELD DEFORMATION DATA

Murata et al. (2001)

An investigation of the importance of earlywood dattwood within
the annual ring as well as longitudinal and transwerientation of the
anatomic elements in the swelling anisotropy ofouss wood species.

Murata and Masuda (2006)

An assessment of the effect of the surroundingcsira of macro
vessels during the short-term absorption from thatdéd water vapor
and during the long-term absorption from the satataolutions.

Larsen et al. (2010)

An assessment of the efficiency of the protectawis against the drying
cracks creation and propagation on the RT plarveoof.

Kang et al. (2011a, 2013)

An identification of the time stage in the courdetlte wood drying
when the stress reversal occurs and the localizatidchis phenomenon
on the RT plane of wood.

Kang et al. (2011b)

A quantification of the moisture gradient variatyilivithin the RT plane
of wood during the drying depending on the dryiegperature.

Watanabe et al. (2012)

A determination of the moisture distribution thrbuthe wood volume
based on the synchrotron radiation CT data.
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Keunecke et al. (2012)

A description of the structure-functional relatibipss for the hygro-
expansion within the RT plane of spruce wood in endetail with help
of the synchrotron radiation CT data.

Peng et al. (2012, 2013)

A determination of the swelling and shrinkage co&hts for all
principal directions of wood as the input datatfor other calculations.

Derome et al. (2013)

A modelling of the moisture influence on the medbahproperties of
wood within the coupled hygro-mechnical approach niomerical
modelling, which collect the high resolution dathtaned by DIC,
neutron imaging and synchrotron radiation CT teghes.

Lanvermann et al. (2014a)

A study of the perpendicular-to-grain moisture-ioeid deformations on
a growth ring level.

Lanvermann et al. (2014b)

A detection of the local moisture-induced deformasi, which were
matched to the spatial distribution of water byngsiof the neutron
imaging, subsequently the local gravimetric moistwontent and
volumetric moisture content were calculated.

2.3.7 COMBINED LOADING

Tab. 2.3.7-1:A brief list of the studies dealing with the coméd loading of wood coupled with DIC

AUTHOR

UTILIZATION OF THE FULL -FIELD DEFORMATION DATA

Ukyo and Masuda (2006)

A contribution to the trhear strength characterization.

Vesshy et al. (2008)

An analysis of the local deformations of the comeind-based panels of
wooden houses walls around connectors when bipdding is applied.

Ukyo et al. (2010)

A finding of the correlation between the shearrgith and shear moduli
of glue laminated timber determined at single &sploying the new
shape of the samples.

ClauR et al. (2014)

A characterization of the elastic behaviour of asbod loaded in
tension, compression and shear in the three aneabdirections.

van Beerschoten et al. (2014

determination of the Poisson's ratios for theitated veneer lumber

1ﬁ_VL) when the compression and shear loading wadieg

Bachtiar et al. (2016)

A verification of the moisture content effect orethlastic engineering
parameters such as Young's moduli, shear modulPaison's ratios of
walnut and cherry wood, which were determined wvigtp of the non-

destructive ultrasound technique. The destructgtirig consisted of the
tension, compression and shear loading in all graiairections.

Knorz et al. (2016)

A description of deformation behaviour of the stanal wood-adhesive
bonds subjected to the mechanical load and moistureent changes.

Ozyhar et al. (2016)

A characterization of the orthotropic hygro-expansiand elastic
behaviour of oak wood and quantification of the shaiie content effect
on the elastic engineering parameters.
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3. MATERIALS AND METHODS

3.1 MATERIAL

3.1.1 RAW MATERIAL

A pith wood of European beeckggus sylvaticd..) (Paper I, II, 11, 1V), Norway
spruce Picea abiesL. Karst.) (Paper I, Il, IV) grown at the stands the Czech
Republic (Paper I, I, 1V), resp. in the SlovakRaper Ill) was collected. The boards
were dried in the open air for several weeks frdma wet state to wood moisture
content (MC) of about 15 %. Two thirds from the -dreed raw material used in
Paper Il were separately thermally modified in laokatory chamber (KATRES s.r.o.,
Jihlava, Czech Republic) using an atmospheric presat a superheated steam
environment. A maximum temperature of 180 °C and 2D, respectively, was
maintained for 3 h. The degree of modification wWatermined by a mass loss, based on
the oven-dry mass before and after the thermal ficatlon process. All boards were
finally conditioned in the climate chamber SANYO MR400 (Sanyo Electric Co.,
Ltd., Osaka-J) or climate room at 20 °C and 65 Yatirkee humidity (RH) until the
equilibrium moisture content (EMC) was reached (EMC2 %). The density and EMC
were controlled gravimetrically in compliance witlest standard ASTM D2395
(American Society for Testing and Materials 2014).

3.1.2 SAMPLES PREPARATION

The samples were cut from the outer part of boardtyre wood) as clear special
orthotropic blocks. The dimensions of the samplesenwderived from the appropriate
standards, which are valid for each test methodmatérial such as BS 373 (British
Standard Institution 1957) and ASTM D143 (Americ&ociety for Testing and
Materials 2014) for compression and tension testnodll clear samples (Paper I, IV),
BS 373 (British Standard Institution 1957) for #mgoint bending test of small clear
samples (Paper Il) and ASTM D198 (American Sodietylesting and Materials 2014)
for torsion test for solid wood samples (Paper The sample dimensions for edgewise
compression test of new composite (Paper V) foltbw&TM C364 (American Society
for Testing and Materials 2012), meanwhile for lise compression test of new
composite ASTM C365 (American Society for Testingl dVaterials 2011) is valid
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(Paper V). Three-point bending samples of new ca@dPaper V) followed ASTM
C393 (American Society for Testing and Material®@0and flatwise tensile samples
of new composite (Paper V) followed ASTM C297 (Aman Society for Testing and
Materials 2009). In order to improve the image rhatg during DIC computation, a
stochastic and high-contrast speckle pattern aidatea basic matt white paint followed
by a finely pigmented black paint was sprayed eangamples' surfaces to be captured.
An average speckle size was derived based on thsumeg distance, from which the

sample surface was captured.

3.2 TESTING OF SAMPLES

3.2.1 LOADING

The compression test parallel to the grain (Paperfig. 3.2.1-1), the tension
parallel to grain (Paper IV — Fig. 3.2.1-4), thpg@nt bending test in the tangential
direction (Paper Il — Fig. 3.2.1-2) as well astaits of new composite were carried out
by the universal testing machine Zwick Z050/TH 3Avi{ck Roell AG, UIm-DE) with
the 50 kN load cell. The experiment procedures veeteand controlled by TestXpert
v. 11.02 (Zwick Roell AG, UIm-DE). The samples wexecommodated in the testing
jaws under a preload of 10 N. The torsion test ¢Pdp— Fig. 3.2.1-3) was carried out
with help of the torsion test machine KM-50-1 (Miifgor, Russia) equipped with one
static and one rotary jaw. All samples were loadatl the failure at a quasi-static
loading rate loading rate. The failure was defibgda significant drop in the loading

force along with the visible sign of the failure.

Fig. 3.2.1-1:The experimental setup for the compression tastlphto the grain (Paper I)
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Movable jaw AOI
57x10 mm? -

o Clip=on*
Fixed jaw
exten

Fig. 3.2.1-4:The experimental setup for the uniaxial tensimt ¢ notched "dog-bone" shaped samples
(Paper V)

55



MATERIALS & METHODS

3.2.2 DEFORMATION MEASUREMENT

The deformations were measured by using of theemional displacement sensors
such as an internal crosshead sensor (Paperd)pah” extensometer (Paper I, IV, V),
a "clipon" deflectometer (Paperll, V), a lineaarsble differential transformer
(Paper IllI) and by a full-field optique method béisen the digital image correlation
(Paper I, I, 1lI, IV, V). The optical stereovisi®ystem Vic-3D (Tab. 3.2.2-1) was used
for the analysis of a deformation field inducedhe compression samples (Paper I, V),
in the tension samples (Paper IV) as well as inkbeding samples (Paper I, V),
meanwhile, for the deformation field induced withire torsion samples (Paper Ill) the
optical stereovision system ARAMIRD 12 M (Tab. 3.2.2-1) was employed. The
measurement procedure comprising the systems atidiby setup of the appropriate
capture position, data acquisition and image daist-processing (calculations of
displacement and strains) was accomplished acapridinthe systems manuals. The
loading force together with the displacements ftbmconventional sensors and optical
system was recorded at an acquisition rate aptapyito applied quasi-static loading
rate. The average accuracy of the optical systemsdtups was estimated based the

displacement and strains calculated from imagetewla loading force was applied.

Tab. 3.2.2-1:The technical parameters of the used optical Byste

PARAMETER Vic-3D ARAMIS® 3D 12 M
Producer Correlateq Solutions Inc GOM, meH
Columbia-SC, USA Braunschweig, Germany

User Mendel University in Brna  Technical university
Czech Republic in Zvolen

Number of cameras (pcs) 2 2

Sensor type CCD CCD

Image resolution (px) 2456 x 2056 4096 x 3072

Bith depth per pixel (bit) 8 8

Focal length (mm) 25 100

Number of light sources (pcs) 2 2

Light source LED chip LED diode

Power of light source (W) 90 24

lllumination Cold white Cold white

Polarizing filtr No Yes
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4. RESULTS AND DISCUSSIONS
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4.2 PAPERI

STANDARD AND NON-STANDARD DEFORMATION
BEHAVIOUR OF EUROPEAN BEECH AND NORWAY
SPRUCE DURING COMPRESSION

Martin Brabed’, Jan Tippnet Vaclav Sebera Jaromir MilcHi, Peter RademacHer

Holzforschung (2015) 69-9: 1107-1116

! Department of Wood Science, Faculty of Forestry&mbd Technology, Mendel University in Brno,
Zemedélska 3, 613 00 Brno, Czech Republic; phone: +420 B3¥ 545

*corresponding author: martin.brabec@mendelu.cz

ABSTRACT

The goal of the study is to investigate the "namrdard" deformation behaviour of wood loaded by
compression parallel to the grain. This is represgbas a negative increment of strain in rangdaxdtic
deformations when the load continues to increas® dbjectives of this study are to point out this
problem and to provide its description based ondéfrmation fields that have been analysed using
three approaches: a) full-field optical techniquesdd on digital image correlation (DIC); b) “clip"o
extensometer and its virtual analogy, and c) creadhdisplacement method. Further, the negativinstra
phenomenon was studied depending on the sampléhleflge samples were made from the European
beech Fagus sylvaticd..) and Norway sprucePfcea abied.. Karst.). Based on the strain analysis, it can
be concluded that the deformation field consistthode sub-regions exhibiting different stiffnesdues
(three-spring model). The failure of less stiff 2emear the compression plates during the "noruatdh
compression behaviour causes almost zero compredsiormation of the stiffer middle zone or even
leads to its expansion. The three-zone heterogewéideformation field induces a deviation of the
displacement and strain measured by the propogwdaghes. This phenomenon substantially influences
the resulting longitudinal Young's modulus andyéfiere, should be of concern when measuring wood in
such a mode.

KEYWORDS: Compression test; Damage zone; Digital Image Catical; Strain; Wood
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4.2.1 INTRODUCTION

Stress-strain behaviour of wood is especially irgarif it is used for structural
purposes. Wood anisotropy is often reduced to tmpy, which makes the
determination of reliable wood elastic constantsiera especially by using special
orthotropic samples (Bodig and Jayne 1993). Howesgrh samples do not exhibit the
homogeneous deformation fields when loaded unigxiddlecause of wood's
heterogeneity and problems of the representatiem® element (RVE) determined by
sample dimensions (Bodig and Goodmann 1973). Tleee three approaches for
measuring the deformations induced in a materiabkt,Fthe conventional (contact)
methods that allow obtaining point-wise (1D) strdmta; second, the visible radiation
(optical) methods that provide full-field straintdan an area (2D); and finally, the
invisible radiation methods that enable to obt&ie volumetric (3D) strain data. The
contact methods are local, so they cannot reflecittood heterogeneity. To reveal this
problem, the digital image correlation (DIC) is aBu applied
(Peters and Ranson 1982; Sutton et al. 2000). Tigkaldvolume correlation (DVC)
technique seems to be the most suitable method g@ailbthose introduced. It provides
all six components of strain tensor at each voxef a sample
(Forsberg et al. 2008, 2010).

Scientific papers dealing with the compression obd perpendicular to grain are
often focused on the relationship between thersttatribution in an annual ring on the
cross section and the anatomical structure (eadgwoand latewood).
Reiterer and Stanzl-Tschegg (2001) investigatedmbed elastic constants and failure
modes during the compression at different loadimgneations between the longitudinal
(L) and the radial R) direction (fibore angles of 0°, 20°, 45°, 70°, af@°) using
videoextensometers. A previous study demonstrai&ikiie dependency of the Young's
modulus E) on the loading orientation can be accuratelyuwated and predicted well
based on the simple theory of orthotropic elasticore recently, the grain angle
dependency of the elastic parameters in fRel plane was again verified
(Garab et al. 2010), while the data varied greaity different wood species.
Reiterer and Stanzl-Tschegg (2001) found the cdrateon of the shear strain near the
annual ring boundary at loading angles of 20° a&d @n theL-R plane. The same
concentration on theR-T plane was found by Murata and Masuda (2003). The

concentration of the shear strain at these locatieads to the initiation of the cracks at
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the samples' edges (Murata and Nakao 2007). Morethve deformation field on the
cross section may consist of both compression ansidn strains (Murata et al. 1999).
If the cross section contains the pith region (paehotropic material), the shear
coupling effects decrease the transverse stiffresd increase the strain field
heterogeneity (Shipsha and Berglund 2007). The wasdstic parameters vary
depending on the increment of the growth ring numl§&avier et al. 2009;
Jeong et al. 2010;Pereira et al. 2034 The variability of the transverse stiffness
parameters is reflected differently on varying esal The heterogeneity is at its
maximum at the scale of the cell morphology (Sirebal. 2010).

The heterogeneity of the strains during comprespanallel to the grain was also
reported (Choi et al. 1991; Dahl and Malo 2009)e Térgest strains are allocated near
the compression plates (Zink et al. 1995), whickateg a zone often called "damage
zone". The zone between them is called "middle zoxavier et al. (2012) investigated
the influence of the damage zones on the app&gemthich they obtained from the
displacement of the movable compression plate. dutbors proposed the analytical
model of sample as a series of three springs, iechwiwo less stiff ones represent the
damage zones and the stiff one is for the middiezdhe damage zones decrease the
apparenk, meanwhile the friction that arises between thraga and the compression
plates has a contrary effect. However, the damageshave a much higher effect than
the friction. Both phenomena become more cruciath&s sample length decreases.
Meanwhile, Bertolini et al. (2012) reported thate tisample length in a range of
150-250 mm does not influence the Young's modugrsfeantly when extensometers
are used for measurements. An increase of the samss section near the
compression plates causes lower strain magnitudé®idamage zones which results in
higher apparent. In this context, a dog-bone shape sample wassiigated by
André et al. (2013). The friction effects induceathe "barrel" deformation mode of
the sample (Xavier et al. 2012). The "barrel”, 'ldurg" or "shear" deformation modes
complicate the determination of a passive straieded for calculation the Poisson's
ratios. The conditions for the maximal "homogenéodsformation mode were
proposed by Benabou (2008, 2010).

The motivation of this study is the "non-standad#formation behaviour of the
wood when compressed parallel to the grain, whish called "non-standard”
compression behaviour. This is represented as atimegincrement of strain in the

loading direction ), i.e. decrease of_ as the load increases. This behaviour is
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observable in a range of plastic deformations ofrwédy spruce measured by
extensometers. In case of European beech, thivioehavas seldom observed.

The underlying hypotheses of the present work & ih an analytical model
proposed by Xavier et al. (2012) the middle stiffpring in a series of three springs can
expand due to the failure of the two springs regméng the less stiff damage zones of a
sample. Therefore, the objectives of this study tar@laborate this problem and to
provide data for its description. The amount of #amples behaving in the "non-
standard" way should also be determined when salepdgh variations are investigated

together with the elastic modulus)(

4.2.2 MATERIAL AND METHODS

Wood of European beeckdgus sylvaticd..) and Norway spruceP{cea abied..
Karst.) grown at the stands close to Brno (CzecpuBkc) was collected. The boards
were dried in the open air for several weeks frdme tvet state to a moisture
content (MC) of ca. 15 %. The boards were finalipditioned in the climate chamber
SANYO MTH 2400 (Sanyo Electric Co., Ltd., Osakaal)20 °C and 65 % relative
humidity (RH) until the equilibrium moisture contgEMC) was reached
(EMC ~ 12 %). The samples were cut from the outet pf board (mature wood) as
clear special orthotropic blocks with a cross sectiradial R) x tangential ) =
20 x 20 mm and different lengthsh(= 30, 40, 50 and 60 mm). The sample dimensions
were derived from the BS 373 (British Standard iftagon 1957) and ASTM D143
(American Society for Testing and Materials 1998¢én samples were prepared for
eachh and wood species, so a total 80 samples weredte€iee sample side was
covered with stochastic and high-contrast speckdtepn needed for the DIC
computation. Half of samples in the series (fivegkes) were patterned on tReplane
and the other half on th& plane. A basic white thin paint followed by a fye
pigmented black paint was sprayed on the surfabe. density of the samples varied
from 631 to 708 kg M (beech) and from 384 to 628 kg®m{spruce). These density
ranges are typical in this region (Gryc et al. 201drmak et al. 2013).

The loading of the samples parallel to the grairs warried out by the universal
testing machine Zwick Z050/TH 3A (Zwick Roell AG|ra-DE) with the 50 kN load
cell. The experiment procedure was set and coattdily TestXpert v. 11.02 (Zwick

Roell AG, UIm-DE). The samples were loaded unté fhilure with a loading rate of
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2 mm min® and the proportional limit was reached betweerar8090 s. The sample
was accommodated between the compression plates amaeload of 10 N.

A deformation was measured by three methods: &jiéldl optical technique based
on DIC; b) "clip on" extensometer and its virtualabogy (videoextensometer), and c)
crosshead method. For method a) we used two CCzrean{AVT Stingray Copper
F-504B, Allien Vision Technologies, Osnabriick-DEgllcsize of 3.45um and
resolution of 2452 x 2056 pixels) equipped with theses (Pentax C2514-M, Pentax
Precision Co., Ltd., Tokyo-J, focal length of 25 nat the stereovision configuration
(3D) were used (Fig4.2.2-Xleft). The patterned sample surface was illumuhdig
two light sources SobrietyCube 360 (Sobriety s.kaiim-CZ) fitted by LED sensors
(Luminus Phlatlight CSM-360, 90 W, Luminus Devides., Billerica-MA USA). The
stereovision system was centred to the centroidre& of interest (AOI). Prior to the
optical measurement, the system was calibratedOhya6s of calibration images of a
grid with 5.5 mm spacing at various geometric daéons. The resulting scale was
0.08 mm pixel for all samples. For method b) we used the "diip extensometers
(Zwick Roell AG, Ulm-DE) equipped with two pairs obntact sensor arms separated
by 10 mm. They were always clamped at the centreth®f sample length
(Fig. 4.2.2-Xright). For method c) we used the crosshead dispiant was measured

by an internal sensor.

Fig. 4.2.2-1:Experimental set-upeft — the optical stereovision systernght — the "clip on"
extensometers

To verify of the employed measuring methods, it necessary to measure

displacement at the same point on the sample surtacfortunately, this prerequisite
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cannot be fulfilled. Therefore, the verificatiorstevithout the sample was carried out
by the "clip on" deflection extensometer (Zwick Rd%G, UIm-DE) used for bending
tests. A wooden block (20 x 20 x 20 fmwith high-contrast pattern was mounted to
the sensor arm tip. The sensor arm was clampdtetmbvable compression plate. The
wooden block was captured during the crosshead mente The resulting average
displacement computed by DIC was correlated witht tbne measured by the
extensometer and the crosshead.

The images were captured in the same acquisitiemvial (0.25 s = 4 Hz) as well as
the displacement from extensometers and crossh&ae. force and deformation
recording was synchronised by a hardware triggeicde The calculation of the strain
from the images was performed by software Vic-3R2040 (Correlated Solutions Inc.,
Columbia-SC USA). A subset size of 25 x 25 pixaldl aubset step of 5 pixels were
chosen based on the pre-study which examined ttimapamount of the computed
points (6 points mff). The strain was calculated with an accuracy withie range of
52 — 89 micro strain. The strains were calculated &angrangian straia=dl/l wherel
is the initial length andll is the deformation of length. The stress inducethe sample
by the compression force was calculate@=is/(a-b) whereF is the compression force
anda, b are the dimensions of the sample cross sectioa.|ddal longitudinal Young's
modulus E;) was calculated based on the differential stressl a&train as
EL=(0609-03099)/ (eL60%6L30%) Whereogoy, andosgy, are compression stresses calculated at
the 60% and 30% level of maximal force recordedndutest Fmay, eL60v% andezoo are
strains in the loading direction (i.e. parallelgiain) corresponding to the stressgs;

andosoy

4.2.3 RESULTS AND DISCUSSION
4.2.3.1 VERIFICATION TEST OF DISPLACEMENT MEASUREMENT

The coefficients of determination{Rand the linear regression models (Tab.
4.2.3-]) indicated a very good agreement among the datheothree techniques. The
best agreement was found between the extensonretetha crosshead methods. The
deviations found between the displacements obtaired the DIC compared to the
extensometer and crosshead were 2 % and 4 %, tesbecConsidering the objectives

of this study, the observed deviations did notaffeeasurements significantly.
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Tab. 4.2.3-1:Correlation between the displacements measurdiffeyent techniques

VERIFICATION TEST R? y=ax+bhb
Extensometer x Crosshead  0.999 y=1.01x + 0.01
DIC x Extensometer 0.999 y =0.98x + 0.08
DIC x Crosshead 0.999 y = 1.04x — 0.06

4.2.3.2 STRAIN FIELD CHARACTERIZATION

A typical deformation field of strain in the loadimlirection §_) during compression
consists of three sub-regions (springs) (Big.3-1), which can be identified based on
the ¢ values and their location. The horizontalprofile compared to the vertical
e profile is flat (Fig. 4.2.3-) in agreement with data of Zink et al. (1995).
Consequently, the deformation sub-regions are lgleastinguishable only across the
sample lengthh) which is in agreement with the observations mabg
André et al. (2013), Xavier et al. (2012), Benal@@08), and Zink et al. (1995). The
boundaries between the sub-regions are apparethieorerticale, profile as well as on
the computed, map (Fig4.2.3-]).
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Fig. 4.2.3-1:Typical deformation field of strain in the loadidgection ¢,) and its vertical and horizontal
profiles at theFsq, of Norway Spruce (20 x 20 x 40 mymluring compression parallel to grain
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The sub-regions in contact with compression platdsbited a high variation af
(0.2 -1.7 %) and called damaga.f) zones, according to Xavier et al. (2012). The
region between zonek andd, (middle () zone) exhibited low variation ef
(0.1 - 0.2 %). The, in zoned;., has a gradual distribution along theThee¢_ value
exponentially increased as the distance from thmptession plate decreased. The
highests is concentrated on the interface of sample sudadecompression plate.

As can be seen atFigl.2.3-2-up, the "highest-to-lowest?, ratio for spruce
increased a$ increased; meanwhile, for beech the opposite was Zonan of the
beech samples with the increasingecame increasingly unstable and subsequently the
compression of zonek. , was stopped by its earlier failure. This phenomemay be
attributed to the shorter anatomical elements andwaer lignin content of beech
compared with spruce. The averaged vertigaprofiles of spruce samples (Fig.
4.2.3-2-up) also showed the lower maximumepfvithin zoned, located near the static
plate compared to zomk near the movable plate. This phenomenon is apparén
for beech samples &f= 30 and 40 mm. In the case of samples with50 and 60 mm,

its development was stopped by the mentioned &aidfithe unstable zome.
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Fig. 4.2.3-2:Influence of the sample length) (@nd wood speciesp — on length of the deformation sub-
regions at thé&sgy, down— on the local Young's modulds,j
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We found that the length of zonés, was independent of the indicating that only
the length of zonenincreased as a function laf The real length of zonek. , varied by
about 5 mm exceph =30 mm, where zoned;., were about 4 mm. The relative
constant length of zones. , was reflected in their decreasing proportiorh afith an
increasinch (Fig. 4.2.3-2-up and Fig. 4.2.3-2-down). This finding confirms the
decreasing negative influence of zodgs on the apparerif, as h increases, as
reported by Xavier et al. (2012). The vertical dimsiens of the sub-regions were almost
the same for both spruce and beech. The lengtbresd;. , and zonen for all samples
and species in the course of the elastic part ofpression deformation was more or
less constant (Fig. 4.2.3-3). In conclusion, timgtha of zonesl;. , was dependent of the
surface roughness of contact sample surface angression plate, etc. The more
substantial changes occurred in the range of plastiormation behaviour of samples.
For a few samples, the expansion of zomwas indirectly confirmed by the successive
disappearance of one or both zodgs from the computed,. map (Fig. 4.2.3-3). This

corresponds to the stiffening of zortgs, due to compression.

BEECH ("STANDARD") SAMPLES SPRUCE ("NON-STANDARD") SAMPLES
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Fig. 4.2.3-3:Deformation sub-regions consisting of strain ia libading directiong() during "standard"
and "non-standard" compression behaviour
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The stress-strain curves and verti€alprofiles presented in Figt.2.3-4and Fig.
4.2.3-5 are based on the. computed by DIC at points spaced along Hhim
1/50h steps. As can be seen, the accuracy of the cuvassreduced by the global
compression stress used in the calculation .oThere was a good link between the
verticale. andE, profiles. However, a direct comparison of varigpivas not possible,
mainly because of the differential (e s00cL3009) USed in the calculation & (Fig.
4.2.3-) unlike the immediate. (e5009 from which the verticale, profiles were
composed (Figd.2.3-1and Fig. 4.2.3-2—up).

Nevertheless, the variability of tlig along the white dashed line (Fig4.2.3-9
fairly corresponded to the variability af along lineH (Fig. 4.2.3-1). A low variation of
theE_ across zonen was reflected in the similar slope of the strassis curves and in
their overlapping (Fig4.2.3-94. Due to the inversely proportional relationshgtvieeen
gL andE,, theE, was distributed alonly in the opposite way to the vertical distribution
of thee.. Consequently, the loweBt was calculated on the interface of the sample
surface and the compression plate. As the distdrm® the compression plate
increased, th&_ exponentially increased up to the border of zahes A randomly
distributedE, keeping the low certain limit was observed in zon@-ig. 4.2.3-4. Such
behaviour may be attributed to the wood heteroggn@he E, profile in sub-regions

was virtually not influenced bly.
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Fig. 4.2.3-4:Development of strain in the loading directiep) during compression computed by DIC on
Norway Spruce samples of 40 mm exhibiting the "stamdard" compression behavioleft — stress-
strain curvestight — typical Young's module&() distribution along the sample lengtt) @t theFsqq,
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In fact, the analytical model of the compressiompgi should be composed of one
middle spring with a constant stiffness along gmdgth and two springs with an
exponentially varying stiffness along their lengthsthe analytical approach proposed
by Xavier et al. (2012), zonek. , were modelled in a simplified way as springs with
constant stiffness along their lengths, which pilesisatisfactory results.

In this study, there were differences betwEenvithin zonem of spruce and beech
samples which were also observed by Wangaard (18a@lg and Goodmann (1973),
Kollmann and Coté (1984), PoZgaj et al. (1997). Waensity plays the main role in
this issue. Due to thg variability alongh, the three approaches (DIC, extensometers
and crosshead) provided different stress-strainesu(correlativelye, andg,) for the
same sample (Figt.2.3-% and Fig.4.2.3-%). The highesE, was computed by DIC
("DIC avg-m") in zonan and by the extensometers ("E"). Stress-strainesuobtained
from zonedd;., based on tha computed by DIC ("DIC avgsdd,") and crosshead
("C") reveal the lowedE, . Thee_ averaged over the whole AOI from DIC measurement
("DIC avg") provides the averagéfl of the sample. As a consequenEg,calculated
from thee. measured by the extensometers can be 3-6 timbsrhghen compared to

one obtained by the crosshead.

4.2.3.3 DETECTION OF NEGATIVE INCREMENT OF BY VARIOUS METHODS

A complex analysis of wood compression (stressrstdisplacement and velocity
curves) showed that each sample deformed diffgrehttierefore, the curves depicted in
Fig. 4.2.3-3 to Fig.4.2.3-%h showed the most frequent cases of deformatioavietr

of both beech and spruce samples.

"Clip on" extensometer: The negative increment ef was interpreted in our
hypothesis as an expansion of the middle sprinthénthree-spring model described
above. The "non-standard" compression behaviotine@Sample was apparent only on
the stress-strain curve obtained by the extensoni{&ig. 4.2.3-%). This can be
explained by the calculation af. The extensometer provides thecalculated from the
relative positions of two mechanically tracked psinThe ¢ obtained from the
crosshead was also determined from the positionsvof points. In contrast to the
extensometer, these were located on the samplaatanirfaces that moved throughout

the compression test only relative to each other.
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Fig. 4.2.3-5:Comparison of "standard" (selected from beech &shpnd "non-standard" (selected from
spruce samples) compression behaviour from vapeuspectives:

a, b— Stress-strain curves obtained using crosshep@éx@nsometer (E) and DIC
¢, d— Stress-strain curves obtained from DIC betwesrked points

e, f— Development of the differencesl) between the initial distanck)and the actual distanck ¢f the
tracked points spaced along the sample lertgtivith the increasing initial distanck)(

g, h— Development of displacement velocitw/(d{ at selected points located near the compression
plates (no. 1,4) and at the vertical position asgbints tracked by the extensometers (no. 2,3)

The strain field obtained by DIC expressed thelleca@omputed from three nodes
using triangulation scheme. The stress-strain cunigtained by DIC and based on
averaged, over zonan cannot capture the negative increment ofThe sensitivity
analysis (omitted here to save space) proved tiatalso applied to any size of AOI

within zonem. The negative increment ef reported by the extensometer can be also
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caused by a "barrel" deformation mode of sample,ichvhwas reported by
Benabou (2008, 2010). Nevertheless, the transwbBspéacement of points spaced near
the vertical edges of AOI exhibited random spatiigtribution alongh in most of the

samples.

Videoextensometer analysesThe isolated tracked points were spaced with a
constant initial distancégf =3 mm. The plastic part of stress-strain cureéghe
samples exhibiting "non-standard” compression biebaFig. 4.2.3-5) demonstrated
the lowere. induced within zonen compared with zonad. . This finding revealed an
earlier collapse of zonek. , before the failure of zorma, which was in the contrast to
samples behaving in the standard way. The verpoaltion of shear crack plane in
zonem within the samples exhibiting standard compresdiehaviour can be found
between the points achieving the highggFig. 4.2.3-%).

To detect the vertical boundaries of negative imenet ofe area, tracked isolated
points were symmetrically spaced with respect ®® hbrizontal axis of AOI alonly
with the increasindy. The curves display the development of the diffeesfAl)
between and the actual distandg)(of the tracked points. Owing to varioldstheAl
were incommensurable at the specific time pointsweéler, the comparison of their
development during compression, i.e. the curve'srsgs, was possible. Thal
increased faster throughout the compression betiveepoints that were initially more
distant compared to the points spaced with the ddyve

The increase ial in the range of the plastic deformation behavigiuthe samples
exhibiting "non-standard” compression behaviour weduced by the expansion of
zonem (Fig. 4.2.3-8). The shear crack plane originating in zonevithin the samples
exhibiting standard compression behaviour had alasireffect but to a lesser degree
(Fig. 4.2.3-%).

Velocity analysis: This approach was based on the velocity analysike loading
direction of the selected points by DIC (Ff2.3-5§ and Fig.4.2.3-51). The velocity
field reached its maximum where samples came ih& dontact with the movable
compression plate. As the distance from the movebiepression plate increased, the
velocity decreased down to the other contact zotleeastatic compression plate where

velocity was zero.
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The relatively constant velocity of the selecteihgcan be observed in the range
of the elastic deformation behaviour of the sampfeer exceeding the proportion limit,
the points located in the upper half of AOI accated; on the contrary, the points
located in the lower half of AOI slowed down. Ortbe shear crack plane was created,
the part of the sample volume positioned undeedame almost static. Consequently,
the velocity induced by the movable plate had todmstributed within the shorter
interval ofh, resulting in a faster movement of the upper sarppltt.

The velocity curves of point nos. 2 and 3 (HMg2.3-%) contained the short time
interval in which point no. 3 achieved a higheroo#ly than point no. 2. This indicates
that those points move away from each other duhagyinterval which is reflected as
the expansion of zorma. The critical time interval corresponds to thedimterval in
which the negative increment gf is commonly measured by the extensometer (Fig.
4.2.3-5).

4.2.3.4 PERCENTAGE OF'NON-STANDARD" COMPRESSION BEHAVIOUR

We found that the percentage of the samples exigblhon-standard” compression
behaviour P,,) depends oh and wood species (Fig.2.3-§. When theh was 50 mm,
the aspect ratio reached its optimum for the cosgioa tests of both beech and spruce
samples, i.e. thBy, was at its minimum. The spruce and beech exhiltitesnost "non-
standard” compression behaviour whbanwas 60 mm Ry, =70 %) and 30 mm
(Pun = 10 %), respectively.

Poulsen et al. (1997), Benabou (2008, 2010) anckd®yst al. (2002) reported that
the samples compressed parallel to the grain mtated due to the shear crack plane.
It arises within zonen under the specific angle to the longitudinal axisa sample
(~60°). The inclination of the shear crack plan@asiceable on the tangential sample
surface. On the radial sample surface it is redlgécas a horizontal shear line
(Poulsen et al. 1997). In the current study zahesof the samples exhibiting "non-
standard” compression behaviour failed earlier tttea shear crack plane occurred
within zonem. ThePy, of spruce was about 7-10 times higher (Big.3-9 than that of
beech. These differences may be related to theréarhodes of spruce and beech when

compressed parallel to the grain.
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Fig. 4.2.3-6:Influence of sample length) and wood species on the percentage of sampléisitix
"non-standard” compression behavioRy{

The longer cellulose fibres and anatomical elem@ftshe spruce samples fail
mostly by the local buckling during longitudinal mpression (Benabou 2008). The
anatomical elements creating the contact samplacirare unilaterally restrained.
Therefore, the shear crack plane is often reachdeewithin zoneg;. ,. It is created
as a horizontal plane. The shear crack plane obé#seh, which has shorter cellulose
fibres and anatomical elements, more frequentlyimaies by their end fracture. Then it
propagates as a slip between the anatomical elsmger the specific angle with
respect to the longitudinal axis (Reiterer and &tdischegg 2001). Therefore, the
anatomical elements at the contact sample surfecéesas susceptible to failure than
those located in zorma. Compression tests with another sample shapeaealgg bone
sample shape used by André et al. (2013) can boierio the reduction &,p.

4.2.4 CONCLUSION

This paper describes the "non-standard” compress®baviours (when compressed
parallel to grain) of Norway spruc®itea abiesL. Karst) and European beedfafjus
sylvaticg L.) which were reflected as a negative incremanstrain in the loading
direction. We found that the deformation field bétsamples consisted of two less stiff
damage zones near the compression plates andiffee zmine located between them.
Only the length of the middle zone increases asnation of the sample length and it

was the same for both wood species. The strain uresat the middle zone gives
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3-6 times higher Young's modulus compared withahe obtained based on the strain
of the damage zones for both wood species.

The full-field deformation analysis revealed thhé thegative increment of strain
results in an expansion of the middle zone. Thisesponds to the earlier collapse of
damage zones compared to the middle zone. We alsalfthat the "non-standard"
compression behaviour occurred 7-10 times morenoftghin the spruce than within
the beech. The amount of the samples behaving en"tlon-standard" way also
depended on the sample length. The findings of shisly can be helpful for the
identification of weaknesses of standard comprestests, especially in the choice of
the sample length and surface area for the defaymateasurement.
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ABSTRACT

The full-field analysis of the deformations duritige three-point bending allowed localizing the
neutral axis in the sample. In order to obtain caraple value, the determination of the neutral axis
position relative to the centroidal sample axis @Wase. The centroidal sample axis was found with he
of the image processing methods such as "edgeirfiteand "image subtracting”, which finf out the
sample outline in the image. Then, the coordinafdke centroidal axis were defined at middle posit
between upper and lower sample edge. It was fooadthe neutral axis and centroidal sample axis are
almost coincident. This statement applies for matis well as for thermally modified beech wobddus
sylvatical.). However, the position of the neutral axigktly changed; first locally moved to tension
side of the bended sample under the loading heddaasincreases; second globally also towards the
tension side of the sample but not significantlyr future step, the fourth-point bending methodse&®
be able to provide the more accurate neutral aoggipn.

KEYWORDS: Neutral axis; Digital image correlation (DIC); Thkrpoint bending; Image processing;
Thermal modification; Wood
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4.3.1 INTRODUCTION

A thermally modified timber (TMT) has been long ogoized as efficient and
eco-friendly alternative to tropical species oresthvay treated wood. According to
applied process parameters, thermal modification eéiciently improve natural
properties such as a colour shade (Johansson ar&@hM606, Hill 2006,
Bekhta and Niemz 2003(ermék and Dejmal 2013), moisture dimensional tgbil
(Seborg et al. 1953, Burmester 1975, Rautkari.&Cdl4, Militz and Altgen 2014,
Cermaék et al. 2015) and natural bio-durability (Hailet al. 2006). Nevertheless, the
range of feasible applications for TMT is limited the undesired side effect of thermal
modification such as reduction in the mechanicapprties of wood (Tjeerdsma 1998,
Militz 2002, Hill 2006, Widmann et al. 2012). Thésee, the exploration of the
mechanical performance of the TMT has always belig éssue while it was assessing
for structural applications.

Mechanical behaviour of wood and its assessmemhégns of the bending tests is
considered to be the most reliable with a high jpteeé ability (Kollmann and Coété
1968, Bodig and Jayne 1993). According to Bodig dayhe (1993), Eggert (1994),
Bedford and Liechti (2001) and Niemz et al. (20QA¢ convex side of the bended
sample is loaded by the tension stress parallgraon meanwhile its concave side is
loaded by the compression stress parallel to grinthe interface of tension and
compression stresses is a point of zero normasssseand strains called as a neutral
axis (NA). As the distance from the NA increaség, tension or compression stresses
increases up to the extreme fibre located on thekasurface. Such distribution of the
normal stresses within the transverse sample @®d#on leads to the inducing of the
shear stresses parallel to the grain between thigidoal layers through the sample
height. Owing to the opposite character of theitenand compression, the shear stress
iIs maximal at the NA (Niemzetal. 2007). Accordintp Malvern (1969),
Gere and Timoshenko (1997), Bedford and LiechtodO0and Betts et al. (2010), the
position of the NA can be derived from the ratiotled compression and tension wood
stiffness parallel to the grain and it is closevdods the higher value.

As was recently reported by Niemz et al. (2007),ckHand Schumacher (2007),
Betts et al. (2010), Davis et al. (2012), Sinhale2012) and Lukacevic et al. (2014),
the NA can be successfully localized with help lod tull-field strain data obtained by

means of the various optical techniques as wellyathe finite-element (FE) analyses.
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Niemz et al. (2007) proved the concurring positainthe NA and centroidal sample

axis for an isotropic material such as fibre boafits the wood as an anisotropic and
heterogeneous material the similar axes positi@asa be assumed. According to
Betts et al. (2010) as well as Dauvis et al. (2018 NA of the small clear samples
moderately moved away from the centroidal samplis #gxwards the tension zone
meanwhile for the full-size samples the oppositeus. The wooden knots moved the
NA in their vicinity towards the zone opposite #rots (Betts et al. 2010). As the knots
approached to the tensile or compressive extrerbee, fithe character of the

NA deviations became increasingly global. Based the study reported by

Sinha et al. (2012) can be noticed that the randuuntiple knots pattern affects the
NA location dependently on the knots closeness d@oheother. The tension and
compression knots placed close to each other almgample length had an offsetting
effect, which results in the one global movementhaf NA away from the centroidal

sample axis. Conversely, the sparse multiple kipatsern induced the considerable
local deviations of the NA position.

Based on the above review it seems that the NAitmt&nowledge has a potential
for the estimation of more than bending mechargbaracteristics. Therefore, the goal
of this study is to enhance the assessment of thehamical performance of TMT
through the NA localization during the three-pob@nding. The effort is devoted to
estimate the degree of thermal treatment effecthennormal stiffness in tension and
compression parallel to the grain as well as theding stiffness at single test. Based on
literature review it is hypothesized that the thekmodification affects the tensile and
compressive wood stiffness parallel to the grainairsimilar level, thus the initial

NA location observed within the untreated sampléisb& slightly changed.

4.3.2 MATERIAL AND METHODS
4.3.2.1 MATERIAL

A mature pith wood of the European beeEhdus sylvaticd..) grown at the stands
close to Brno (Czech Republic) was collected (H@.2-2). The boards with the
radial R) x tangential T) x longitudinal () dimension = 90 x 40 x 700 nirwere dried
in an open air during the several weeks from thd satate to wood moisture
content (MC) about of 15 % and cut into three parith the length of 230 mm. One

part was used to make the control samples. Twao ks were separately thermally
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modified in a laboratory chamber (KATRES s.r.ohladva, Czech Republic) using an
atmospheric pressure at a superheated steam eme@nbnA maximum temperature
of 180 °C and 200 °C, respectively, was maintaiioe® h (Fig. 4.3.2-1).
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Fig. 4.3.2-1:Thermal modification process schedules — modificetemperature at 180°C and 200°C

Fig. 4.3.2-2:Colour changes of the European bededg(s sylvaticd..) due to the thermal modification

The reference as well as TM blocks were beforestdmmpling conditioned in a
climate chamber SANYO MTH 2400 (SANYO Electric Catd., Osaka, Japan) at
20 °C and 65 % relative humidity until the equiitbn moisture content (EMC) was
reached. The final EMC was determined gravimetfgcah compliance with test
standard ASTM D2395 (American Society for Testind dMaterials 2014). Further, the
samples were cut into the clear special orthotrdgocks with a square cross section
RxT=14x14mrh and length equal to 15 x depth =210 mm meeting th
requirements of the BS 373 (British Standard lasoh 1957). For each wood species
and type of treatment 10 samples were prepared,tstal 90 samples were tested. The
basic material parameters of the samples as thaitgeand EMC at the measurement
time are given in Tab. 4.3.2-1. In order to imprdtie image matching during DIC
computation, a stochastic and high-contrast spepkléern created by a basic matt
white paint followed by a finely pigmented blackiggawas sprayed on one samples'

side (T surface).
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Tab. 4.3.2-1:The basic materials parameters at the measurdiment

TEMPERATURE EMC DENSITY
Control 10.6 +0.1 793 +23
180 °C 6.8 +0.1 705 +20
200 °C 4.9 +0.1 696 +23

4.3.2.2 BENDING LOADING

The three-point loading of the samples in the tahgkdirection was carried out on
the universal testing machirvick Z050/TH 3A (Zwick Roell AG, Ulm, Germany)
equipped with the 50 kN load cell. The samples wsrpported and loaded using a
rounded load heads (with a diameter of 15 mm) nexlmin a pivot pin allowing the
rotation of the samples about its longitudinal axig no translation in any direction.
The sample was centered in a bending spaidofdepth =196 mm with the free
sample ends equal to half depth = 7 mm. To avoydnaovement of the samples, when
the "clip on" deflectometer was clamped, the prélod10 N was appliedThe force
was applied at the midspan until the failure athsadoading rate that the proportional
limit was reached between 30 and 90 s for all semlhe failure was defined by a
significant drop in the force along with the vigldign of the failure.

4.3.2.3 DEFORMATION MEASUREMENT

The deflection of the samples was measured bydlye dn" deflectometer (Zwick
Roell AG, Ulm, Germany) clamped to the bottom sampirface at the midspan. The
length of a contact sensor arm was set in suchyathat the middle point of the
transverse sample dimension was measured. Thentfon induced in the samples
was measured using of the full-field optical systhch applies the principles of DIC.
The acquisition part of the system includes two C€&dnerasAVT Stingray Copper
F-504B (Allied Vision Technologies, Osnabriick, Gany, cell size of 3.4pm and
resolution of 2452 x 2056 pixels = 5 MPx) equippeith the lenses Pentax C2514-M
(Pentax Precision Co., Ltd., Tokyo, Japan, focahgile of 25 mm) at the
stereovision (3D) configuration. The contrast betwehe pattern components on the

patterned sample surface was enhanced by two it dources SobrietyCube 360
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(Sobriety s.r.o., Ktim, Czech Republic) fitted by LED sensors Luminusaiight
CSM-360 (Luminus Devices Inc., Billerica-MA, USA).

4.3.2.4 SYSTEM CALIBRATION AND CAPTURE POSITION

Owing to the objectives of this study, the fulllfiestrains were collected in an area
of interest (AOI) fully covered theT samples' surface, i.e. in an are2b®x 14 mn¥.
The cameras mounted on a slider with the span ®h22 apart were calibrated in the
measuring distance of 600 mm, which allowed captuthe AOI under the maximal
angle of vision (camera angle of 25°) ensuringrtfaximal measurement accuracy. The
aperture diaphragm of /4 provided the sufficieepth of field fully covering the out of
plane movements during the sample bending. Thera#ibn procedure was carried out
with help of 60 left and right calibration image$ a grid with 5.5 mm spacing
positioned over the whole AOI at various geomefitentations. The described
geometry of the optical setup resulted in the megation
of 11 px mnt. The calibrated stereovision system was placesuth a way that the

centre of a captured area corresponded with thec&@ire.

4.3.2.5 DATA ACQUISITION AND MEASUREMENT ACCURACY

All experimental data were synchronically acquiredery 0.25 s (4 Hz) using a
hardware trigger device, which was appropriate @spect to induced quasi-static
loading rate and also to the recognition the sgepkittern by the used software. The
strain fields were calculated from the partial datives of the displacement using
Lagrange notation in Vic-3D v. 2010 (Correlateduioins Inc., Columbia-SC, USA).
In order to obtain the accurate position of thetraduaxis (NA) as possible with the
appropriate spatial resolution along the samplegttenthe strains were calculated
locally with help of the lowest possible displacerméeld of 3 x 3 points and strain
filter size of 5 x 5 points. A subset size of 19%pixels and subset step of 5 pixels
provided the optimal ratio between the density lo¢ tcorrelated points and the
robustness of the image matching. The average acguwf the measurement was
assessed based on the displacement and strairdétddted on the 5 images while no
loading force was applied. The deflection was mesbwith the resolution of 1 um.

81



PAPER Il

4.3.2.6 BENDING STRENGTH AND STIFFNESS CALCULATIONS

The modulus of ruptureMOR) was determined based on the ultimate applied
moment M), the moment of inertial and the distance from the neutral axis to the

extreme fibre ). For the rectangular cross-sectitMORis commonly calculated as

3[F, [

2" T max 1 4.3.2-1
2 [h? ( )

MOR='\|/|EV=

whereFnaxis the maximal loading forcéjs the span of supportss the dimension
of a cross-section perpendicular to load directowl h is the dimension of a cross-
section parallel to the load direction. The modwbelasticity MOE) was determined
based on the forces measured at 10% and 40% omthe@mal loading force and
corresponding deflections of bended sample as medduy the clip-on deflectometer.

The value oMOE was calculated using of the following equation:

_ 3
MOE = (F40,3/0 Fios) O (4.3.2-2)
4bTh [qu4(%_u10%>)

where F400, and F1go, are the forces at the 40% and 10% level of theimmax

loading forceFmax Uson @andusoy are the deflections at forcEsoy, andFioo

4.3.3 RESULTS AND DISCUSSION
4.3.3.1 PROCEDURE OHNA DETERMINATION AND ITS LOCALIZATION IN A SAMPLE

Based on the underlying bending theory, the NA determined with help of the
zero axial strainsefy). The coordinates of the zerg, which can be considered as the
NA coordinates, were selected from the full-fieldatnx of e by an algorithm
programmed in MatlaR2008b (MathWorks, Inc., Natick, MA-USA). The pralnhary
study proved that exactly zeeq, are insufficient because of their lack and a high
variability of their position within a sample hetgi herefore, the NA coordinates were
found with help of the wider "zergy ranges" of £0.05 %, +0.1 %, +0.5 %, £1 % and
12 %. In that case, the NA was determined at thedhai position between the
coordinates of the minimal and maximal value of'theroe,, range”. The variability of
the NA coordinates decreases as the "zgnmanges" increases, meanwhile the accuracy
is reducing. The optimal ratio between the varigbdnd accuracy was found for "zero
exx range” of £1 % (Fig. 4.3.3-4).

82



PAPER I

The NA coordinates define the NA position in an gmaNevertheless, in order to
obtain appropriate and comparable results, the N& velated to the sample height,
resp. to the centroidal sample axis such as irsEetal. (2010) and Davis et al. (2012)
and the relative NA positiolNA) was obtained. The centroidal sample axis lying
exactly at the middle of the sample height wasrdateed based on the sample outline
founded by image processing in ImageJ v. 1.50ei@Nait Institutes of Health, USA).
At first, the edges were detected through the whndge. Then, the sample outline was
selected from the image and obtained its positiothé image. The coordinates of the
centroidal axis were defined at middle positiorwstn upper and lower sample edge.
Finally, the difference between the NA coordinatexl the centroidal sample axis
coordinates was calculated and related to the sahgight. The resulted ratio expresses
the NAg position (Fig. 4.3.3-1).

Neutral axis
coordinates

4

EETET SRSt G T

Full-field axial strain data Selection of "zero" axial
strains and export of their RELATIVE
coordinates NA LOCATION
& mm) L —————% =) Centroidal axis
) coordinates

Founded edges in image Selected sample outline

Fig. 4.3.3-1:The procedure used for determination of the negatieutral axis positiorNAe|)

Fig. 4.3.3-2 and Fig. 4.3.3-3 show that the varidtyhe zero axial strain position,
i.e. NA location within the sample height valid fone elastic load level, which was
defined as 50 % of maximal loading force. The NAalbon is increasingly variable as
the distance from the loading point at the midspareased. This finding is attributable
to the decreasing axial strain towards the samplds ghat was apparent as the
decreasing density of the axial strain contoursaA®nsequence, the proportion of the
noise related to the strain values increased aad\ih location became increasingly
distorted, if the constant noise throughout the A©Otaken into account. In order to
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reduced the variability of the resulted NA positionly a middle fourth of the sample
length was used to analyse the NA location befar@ thermall modification (Fig.
4.3.3-3)

105%

0 %

midspan

Fig. 4.3.3-2:Axial strain plots before the failure of Europdseech a) untreated; b) thermally modified at
180°C; and c) thermally modified at 200°C

Middle fourth of sample length
>
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Fig. 4.3.3-3:Range of "zero" axial strain and sample lengtariral for NA determination
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In the Fig. 4.3.3-4 is evaluated the change oftikedaNA location due to thermal
modification. It seems that the thermal modificatat 180°C moved the NA closer to
the centroidal sample axis in comparison with watgd beech wood. It means that the
part of sample cross section loaded by the tensimss in the longitudinal direction
became greater, which corresponded to the decrefasieflection due the thermal
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modification. In contrary, as the higher tempematwas used, the NA moved down
approximately into the same position even loweinasase of untreated samples. In
order to determine a clear trend of the NA movenader® to thermal modification, the
more studies at various temperatures are neededu&dto high variability of the NA
location, the changes of position are not significa

In the course of the bending loading the NA sligimioved down (about 1-3 %), i.e.
towards the tension side of the bended sample. &fere the NA position locally
slightly changed (moved to tension side of the ledngsample) as load increases, which
has a lot of do with the local compression of wamder the loading head. Therefore,

the three-point bending is not efficient for theessment of the neutral axis position.

0,4
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AR |4
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Average NA,, location [%]

Control 180°C 200°C

Fig. 4.3.3-4:The variability of theéNA, location depending on the value of the "zggoange”
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Fig. 4.3.3-5:Correlation oNA., location with other bending characteristics
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As can be seen in Fig. 4.3.3-5, the other bendragacteristics such as modulus of
elasticity, modulus of rupture and maximal deflestishould not be used in order to
predict the NA location. Also the density is nobdacorrelated with the NA location in
thermally modified beech wood. For the untreateechewood the relationships of the
NA location and the bending characteristics areserlo However, the effect of the
thermal modification on the other bending charasties is well apparent. This effect is
described based on the percentage of each chastctereasured after modification in

relation to untreated samples, which are considasetD0 %.

4.3.4 CONCLUSION

An effiecient procedure for the NA determinatiorséa on the axial strain field
obtained by DIC and the sample edges was prepandailab environment.

Although the thermal modification experienced statally different bending
strength and stiffness, the change of the postidd®owas not proved to be significant.

NA location changes slightly with time (load levébwards the tension side of the
specimen, however the change is also insignifidafih increasing load becomes more
and more visible the local deviation of NA undee tbading head. This was attributed
to the local compression.

Future work should be focused on more sophisticétis that will remove the
problematic noise. The utilization of the fourthiptdbending method seems to be more

efficient, mainly because of the pure bending seedetween two loading heads.
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ABSTRACT

A sophisticated approach for the precise determainaif both longitudinal shear moduli of wood at
single test is introduced. The method is basechercombination of the torsion test inducing pureash
stresses in sample and an optical method provittiegfull-field strain data of such stress statee Th
proposed procedure of the longitudinal shear maditiermination consists of two main steps. In tie f
step, the apparent longitudinal shear modulus vielig the standardized procedure (EN 408+A1) was
determined. Secondly, both longitudinal shear miodelre derived based on the apparent longitudinal
shear modulus and the shear strain distributiotherradial and tangential sample surfaces. The wdod
European beech-agus sylvaticd..) was used as material for the experiments. @&toratory analysis
revealed the increasing difference between theitiodigal shear moduli determined in the longitudiina
radial plane and in the longitudinal-tangentialnglas the total torsion angle increased as wellithsthe
increase in the average torsion stiffness. Furtkteg, longitudinal shear moduli and the torsional
longitudinal shear strength did not correlate wElierefore, they cannot be used in order to predich
other. Although such findings need more detailagtists, they should be taken into account when
designing wood structures.

KEYWORDS: Shear moduli; Torsion test; Digital Image CorralatiStrain; Wood
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4.4.1 INTRODUCTION

The shear characteristics are one of the fundaigat@ameters describing the
mechanical behaviour of construction materials. $hear characteristics are obtained
by mechanical tests either as a "by-product” whesasuring other mechanical
properties (combined tests) or as a "main prodo€tthe specific shear tests. The
bending tests are typical combined tests. Whenibgra sample, the load is coupled
with shear stresses induced in the sample. VathPamcus (1973) and
Yoshihara et al. (1998) showed the inaccuracy efdhear strength determined by the
three-point bending test when compared with vaftea the torsion test inducing pure
shear stress and strain in the sample. Riyant@apda (1998) and Siller (2002) found
that four-point and five-point bending tests alsovide distorted shear strength values.
According to Riyanto and Gupta (1998), there as® alifferences between the shear
strength obtained by the variously configured begdests. Harrison (2006) points that
the bending tests do not even provide the corredtears moduli.
Yoshihara and Kubojima (2002) tried to determine thore reliable shear moduli by
the asymmetric four-point loading method. They otgd the correct shear moduli
when the span support was equal to twenty times thid sample width.
Burdzik and Nkwera (2003) and Hindman et al. (20@)aproved a poor correlation
between the Young's modulE) from the bending tests and the shear moda)i (
obtained by the torsion test. Therefore, the r&iG is not suitable for the reliable
prediction of the shear moduli. Chui (1991) andd3iet al. (1998) used the frequency
resonance method and obtained both shear modhlianirge scatter; therefore, it can
be considered as an approximate method. The nidstedindings related to shear
strength and shear moduli determination obtainéugusie bending tests have recently
been confirmed by Khokhar (2011).

The specific shear test described in the ASTM Dl4®4) and well known as
"shear block test" does not induce the pure shieasses in the sample, which was
demonstrated by Ukyo et al. (2008, 2010) and MaselsPrion (2002) by means of the
full-field strain measurement and the finite-elem@) plastic model, respectively. As
a consequence, the shear block test provides #icagmly different shear strength
compared to the one obtained by torsion test (HO88; Gupta et al. 2002a;
Gupta and Siller 2002a). The complex strain fietdtwring within the losipescu test
was proved by Pierron and Vautrin (1998), Yoshitaral. (1999, 2001) and
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Xavier et al. (2004). The almost pure shear temd consequently the true shear
moduli were obtained by this method only when thmgles fractured in brittle way
and the strain gauges were glued at the centrarobw shear area between the notches.
Sretenovic et al. (2004) numerically analysed thell-known one-rail shear test
improved by Miuller et al. (20044, b) and they pibtiee almost pure shear stresses in
the sample glued and additionally screwed betweernvto shear grips loaded under tilt
angle of 8°. Liu (1984) measured the true sheangth in the longitudinal-tangential
plane by using the tensile jaws made by Arcan.€ial78). Liu et al. (1996),
Dahl and Malo (2009a, b) and Xavier et al. (2009dified the fixture part of the
Arcan's jaws together with the determination of tberection factors, which take into
account the non-shear strains occurring withinntleasured area. Thus, they broadened
its usage for the determination of the true sheazdut in all anatomic planes.

Further, the specific shear tests are accompliglred without any special jaws by
the uniaxial "off-axis" tension or compression at @rientation to the grain in the
interval of (0°; 90°). Yoshihara and Ohta (2000)asieed true shear strength by the
"off-axis” tensile test when the grain angle was the range of 15-30°.
Koerber et al. (2010) and Majano-Majano et al. @04uccessfully used the 45° "off-
axis" compression test to determine the shear ctarstics.

Based on the multipoint-wise deformation measurém@avalos et al. 2002;
Gupta and Siller 2005b) and FE analyses of therskBasses (Gupta et al. 2002b;
Gupta and Siller 2005c; Hsieh 2007), the pure slsté@ss-strain state of the twisted
sample was confirmed. Authors reported the homamsnelistribution of the shear
stress and strain, i.e. constant values, withirsga beginning and ending at a distance
of two sample widths from both jaws. Gupta et 2002b) and Gupta and Siller (2005c)
revealed the nonlinear decreasing in the sheassstned strain out of this span towards
jaws caused by the clamping of the sample. Thishn@menon is well known as
St. Venant principle, sometimes denoted as grip effett. Zero shear stresses were
found in the torsion (sample) axis and on the sampijes. The maximal shear stress is
induced at the centre of the lateral sample susfateng the sample length within the
homogeneous shear stress distribution span. Th#igalaevidence of such shear stress
distribution was provided by Yang (2012) who fowardincrease in the maximal torsion
angle as the sample width decreases. According #&ba &hd Araar (2003) and
Gunay and Qgan (2007) who examined cyclic twisting test, theximal torsion angle

has a lot to do with the amount of cycles, torsimection, angle of reversion for the
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duplex torsion and amplitude. Chen et al. (200¢)oreed more micro-cracks in the
sample twisted in cycles compared to the non-cyclitwisting.
Gupta and Siller (2005b, ¢) and Yang (2012) protlesl high correlation between the
ratio of both longitudinal shear moduli and sheegrgyth determined by the torsion test.
Since 2012, the torsion test is recommended by Hhaopean Standard
(EN 408+A1 2012) for the determination of the agerdongitudinal shear modulus of
structural lumber.

Up to now, the shear strain is determined eithentpeise with help of strain
gauges glued onto the sample surface or as the totsion angle following
EN 408+A1 (2012) Based on these strain data, only local or app&wegitudinal shear
moduli may be obtained. The hypothesis of thisstuere stems from the potential for
obtaining more reliable and robust longitudinal ahenoduli by means of full-field
optical methods. Therefore, the objectives of #gtigdy are to (a) supply the standard
torsion test (EN 408+A1) by the full-field strainemsurement based on the digital
image correlation (DIC) together with an approgrianalytical stress functions and

(b) obtain both true longitudinal shear moduli frtime single torsion test.

4.4.2 MATERIAL AND METHODS
4.4.2.1 MATERIAL

Pith wood of European beedRagus sylvaticd..) grown at Slovakia was used. The
boards were dried in open air for several weekmftbe wet state to wood moisture
content (MC) of about 15 %. The boards were finathypditioned in a climate room at
20 °C and 65 % relative humidity until the equiitbn moisture content (EMC) was
reached (EMC ~ 12 %). The samples were cut fronotier part of the board (matured
wood) as clear special orthotropic blocks with auasg cross section
radial ®) x tangential T) = 20 x 20 mrh and lengthl{) = 500 mm. The cross sectional
dimensions of the sample were derived from the lwidamping limits of the torsion
machine Rnax= Tmax= 20 mm). The sample length fulfils the requiretsenf the
ASTM D198 (2014) Imin = 8 xR =8 xT for the square cross section) and consists of
the clamping length of 50 mm necessary to secumneld the sample in the torsion
machine, the distance of 2== 2 xT = 40 mm on both ends of the sample to take into
account the grip end effects on the shear distdbut(Davalos et al. 2002;
Gupta et al. 2002b; Gupta and Siller 2005b, c; H&@07) and the pure shear span
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of 16 xR=16 xT =320 mm. In total, 10 samples were tested. Thesitle of the
samples varied from 631 to 708 k&’*nin order to increase image correlations' score of
the DIC computation, two adjacent sample sides T surfaces) were covered by
stochastic and high-contrast speckle pattern withverage speckle size of 0.012 fnm

A basic matt white thin paint followed by a fingdigmented black paint was applied by
spraying.

4.4.2.2 TORSION LOADING

The loading of the samples until failure was cakrmeit on the torsion test machine
KM-50-1 (Minpribor, Russia) equipped with one statnd one rotary jaw (Fig.
4.4.2-Fmiddle). The torque was applied by the rotary gvihe motos lowest speed
of 0.3 rpm corresponding to approx. 1.9° $he applied torque measured by the linear
mechanical converter of the torsion test machine tensformed to the digital output
by the linear variable differential transformer FOZ5T (Ahlborn Mess- und
Regelungstechnik, GmbH, Holzkirchen, Germany) cotetk to a personal computer
via data loggeAlmema2690-8AKSU (Ahlborn Mess- und Regelungstechnik, Ginb
Holzkirchen, Germany). The failure was defined égignificant drop in the torque
along with the visible sign of the failure. A gap5omm between the grip end and the
sample end was provided for the unrestrained wgraind to avoid any build-up of the
compression stress. The sample was clamped inttote®n machine in such a way
that the deformation field at two adjacent sampli#ages could be captured at the same

time.

4.4.2.3 DEFORMATION MEASUREMENT

A shear deformation induced in the samples was unedsusing the full-field
optical system ARAMIS 3D 12 M (GOM, GmbH, Braunschweig, Germany) which
applies the principles of DIC. The system incorpedlatwvo CCD cameras with a
resolution of 4096 x 3072 pixels = 12 MPx equippeith lenses with a focal length
of 100 mm at the stereovision (3D) configuratiamorder to enhance contrast between
the pattern components, the patterned sample swias illuminated by two integrated
cold light sources fitted by LED diodes KSP0459hwé# power of 24 W (Schneider
Optische Werke, GmbH, Bad Kreuznach, Germany).réteioto obtain the appropriate
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spatial resolution across the transverse samplerdions, the area of interest (AOI)
was defined only within the 60 mm of the shear spaganwhile, the transverse sample
dimensions, i.eR + T = 20 + 20 mm were fully covered. When projectihg transverse
dimensions into 2D plane, the AOI occupies an ar&80 x 28 mm. The AOI is
subjected to out-of-plane movements due to torsiod,therefore, it was located at the
nearest possible position of the static jaw witlspeet to the grip end effect
(Fig. 4.4.2-1left).
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Fig. 4.4.2-1:Experimental set-upeft — AOI definition,middle— torsion machinejght — stereovision
set-up
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4.4.2.4 SYSTEM CALIBRATION

In order to capture the AOI under maximal anglevigfon (camera angle of 25°)
ensuring the maximal measurement accuracy, the reanveere mounted on a slider
with a span of 182 mm and calibrated in the meagudistance of 495 mm and each

camera makes exactly a half camera angle. The chagerture diaphragm of /32
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provided the maximal depth of field (17 mm), whittlly covered the out-of-plane
movements of the twisted AOI. The calibration pchae was carried out according to
the User Manual of ARAMIZ 3D 12 M by using 13 left and right calibration iges of
the calibration object CQ/CP20 55 x 44 at varioegrgetric orientations. The deformed

sample surfaces were captured with a scale of 3.

4.4.2.5 CAPTURE POSITION OF SYSTEM

The position of the calibrated stereovision systeas set with the help of an
incorporated laser pointer indicating the centréhefactually displayed area. The slider
with the cameras was placed vertically in such @ that both cameras make the same
angle with the vertical axis of the sample. Théwe, $ystem was placed on a circle with
a diameter of the calibrated measuring distancgugh position that one half of AOI
was seen under 40° greater angle than the othefFomet.4.2-1right). These different
vision angles sufficiently increased the time im&tifor useful capture of the AOI half,
which was subjected to the size reducing in an enag torsion angle increased. Its
vertical position was adjusted with the help of tharkers on the sample surfaces
bounding the AOI.

4.4.2.6 DATA ACQUISITION AND MEASUREMENT ACCURACY

The images and the torque were captured approlyriai¢h respect to induced
guasi-static loading rate (0.3 rpm) in an acqusitinterval of 1 s using a built-in
hardware trigger device. The calculation of thaistfields from the partial derivatives
of the displacement using Lagrange notation wakpred by software included in the
system.The local strains needed for the robust deternonati the shear moduli were
calculated with the help of the lowest possiblepldisement field of 3 x 3 points and
strain filter size of 3 x 3 points. A subset siz€1® x 19 pixels and subset step
of 15 pixels were chosen based on the pre-studgniexag the optimal ratio between
the density of the correlated pointst(5points mn¥) and the robustness of the image
matching.The average measurement accuracy was estimated twagbe noise on the
five images acquired while no loading force was liggp The shear strain was
determined with the average accurac® @04969 %, i.e. S5fhicro strains.
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4.4.2.7 CALCULATIONS OF THE TORSIONAL STRENGTHAPPARENT SHEAR MODULUS AND

SHEAR STRAIN DISTRIBUTION

The torsional strength in longitudinal directien)( was calculated according to
Kollmann and Coété (1968) as:

M max (4.4.2-1)

"k, O20)[(2h)?

oL

where Mnax iS the maximal applied torquek, is the torsional parameter for
rectangular cross section (Boresi and Schmidt 2@d@)b andh are the half of the
longer and shorter dimension of the cross sectaspectively.

The apparent shear modul@) was calculated according to
Kollmann and Coété (1968) as:

M

G,=——
000

(4.4.2-2)

whereM is the applied torqud,is the torsional constant called as a quadratisszr
sectional moment of inertia. For the rectangulassrsection) is commonly calculated
as J=ky:(2b)(2h)* wherek; is the torsional parameter expressing the closeagshe
rectangular cross section to square shape. A p&afhes the torsion angle per unit
length determined a&= «o/l, i.e. a total torsion angle of the sampig heasured in the
certain distancd) from the static clamping jaw. The rati/d is the slope of the linear
part of the stress-strain curve (Fig. 4.4.2-2) sTHaitio was obtained using Eq. (4.4.2-3)
approximating the first-order derivation for thescliete distributed data of tieandé

within the linear elastic deformations.

SLOPE=Z(€_§) m -#1) (4.4.2-3)

> (6-6f

where @ represents the mean value ®fand M represents the mean valueNof

Thea was determined based on the 3D coordinates ofampated points processed by
the software analysis tool, which provided the pustue without the undesirable
increment ofx when the torque kept the minimal value closed tw,zee. during the

sample accommodation in the clamping jaws (Fig.242). Thereforep obtained by
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the analogue counter mounted on the rotary jawovagestimated by about 7°-12° and

was not suitable for the calculation of the sheaduius.
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Fig. 4.4.2-2:Stress-strain curves obtained based on the tqMuand torsion angle per unit lengt) (
measured by analogue counter and image procesging wptical measurement

The theoretical distribution of the shear strainsvealculated with the help of a
torsion stress functio) derived from St. Venant's torsion theory for ottbpic
materials:

2
0w
OROT

aqp aqp

ORZ 0T2 (GLR +Gy )‘9+ (G GLR)

(4.4.2-4)

Assuming similarities between the longitudinal shreadulus in thé.R plane G.r) and

in theLT plane G.1) and neglecting displacement changesi( longitudinal direction

due to torsion, the Eq. (4.4.2-2) can be simplifeavell-known Poissde equation:
0(/1 aw

30+ 20 = 26,6 (4.4.2-5)

Apparent shear modulus is consequently definechasaverage of both longitudinal
shear moduli:

G, = (G *+Gyr)/2 (4.4.2-6)

The solution of the differential Eq. (4.4.2-5) ®rectangular cross section by means of
the Prandtl membrane analogy gives the distributibshear stressesr and oir in

RT plane (Boresi and Schmidt 2003). The stressdeeatdry surface are calculated as:
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16G a] = (n—]_)lz n]R . _nm 2 nm
o =- a -1 COS sinh /n°/cosh—— 4.4.2-7
HRir=-b s ;S( ) 2h 2h 2h ( )

=ZG,,J\6R—16G""6’n > (—1)(”_1)'zsinﬂcoshﬂlnz/cosh@ (4.4.2-8)
h 7T2 n=135,.. 2 2h 2h

JLT | R=—

Shear strain follows Hooke's law; thus, local strdistribution at the surface can be

calculated as:

gLR,caI = ULR /G LT,cal = O-LT /GLT

1 and (4.4.2-9)

4.4.2.8 DETERMINATION OF BOTH LONGITUDINAL SHEAR MODULI

The longitudinal shear modulus in the longitudinal-radial @I@ir) and in the
longitudinal-tangential plané€x 1) was determined based on the apparent longitudinal
shear modulus@,) and the theoretical and experimental distribution of the shear strain
on theR andT sample surfaces in the transverse direction. The apparent shear modulus
was determined by using Egs. (4.4.2-2) and (4.4.2-3). The distnib of the shear
strain on theR andT sample surfaces in the transverse direction was described by the
distribution curves.

The experimental distribution curves were obtained based on thedataifocated
along the sample length in the 30 columns evenly spaced from #shoa each AOI
half. The strains were averaged within the columns so botéal (&Jiand tangentialT)
distribution curves were built using 30 values, which ensunedappropriate spatial
resolution (1.5 points mif) with respect to the shear strain heterogeneity in the
RTplane (Fig. 4.4.2-3). Both distribution curves were determinecdch load level
within the elastic deformations. Owing to the data acquisitidarval (1 s) and the
natural variability of beech wood, the amount of elastic load lgyeissample varied
from 8to 14 ones. For example, the elastic deformation behaviouheofsample
presented in Fig. 4.4.2-3 was captured on 10 images and therefordesaied by
10R and 10T distribution curves. The shear strain profiles in RiEplane were in
agreement with shear strain data of twisted sample reported by Davalo&602),
Gupta et al. (2002b), Gupta and Siller (2005b) and Yang (20h2) highest strain was
concentrated at the centre of each measured surface along the longitathipial axis;
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meanwhile, the minimal strains were induced atdaenple edges. The average shear
strain within theT sample surface was about 20—-40 % higher comparé&isample
surface. Assuming the sarReandT sample dimension, such shear strain ratio leads to
higherG_r compared t@&, 1, which is valid for most of the wood species (Kudnn and
Coté 1968).

60x INSPECT LINE

= /R - H AT, =
g 074 Tl WY L7 ¢
w Tl e W
'1.4 T T T '1.4
=20 -10 0 10 20
b+ h, mm
........... >
0 M, N-mm 20 000

Fig. 4.4.2-3:Shear strain field on the radialR) and tangentiall(T) sample surface of twisted sample
with square cross section and its transverse gtraifile throughout elastic deformations

The theoretical distribution curves for th® andLT surfaces4 r ca, &71.ca) at any
torsion angle were calculated using Egs. (4.4.2473,.2-8) and (4.4.2-9) and then fitted
(Fig. 4.4.2-4) to the experimental distribution\@s € rexp &1.exp USING @ least square

method based atihe objective functionQ):

Q(GLR) = Zgl(gLR,cal,i (GLR) - gLR expij )2 + er'zl(gLT,cal,j (GLT) - g|_-|- eXp,j )2 (4.4.2-10)

The function was minimized by changir@.r with the help of "fminsearch”
function (Matlab R2008b, MathWorks, Inc., Natick, MA-USA) wh utilizes a simplex
search method. The estimation@#k in the first iteration was defined & while G_ 1
followed Eq.(4.4.2-§. WhenQ achieved its minimum, the actual valuesGpk and

GLt were considered as the resulting longitudinal shezduli.
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Fig. 4.4.2-4:Fitting of the theoretical distribution curvesdbfear strain on the radi&)(and
tangential T) sample surfaces,{ ca, &1rca) 10 the experimental ones { e, €Lrexp throughout elastic
deformations

4.4.3 RESULTS AND DISCUSSION
4.4.3.1 EXPLORATORY ANALYSIS OF RESULTEDG, RAND Gt

As was assumed based on the ratio of the shean sketermined on th&® and
T sample surfaces, th@& r was higher compared & 1. It seems that the pith rays play
the main role in this issue. When the shear stsasgluced in the longitudinal direction,
the pith rays are loaded in tRT plane. The shear stiffness of woodRfi plane is only
about one-third or one-fourth of that one measimdéde LR andLT plane (Huber 1928;
Hearmon and Barkas 1941; Bodig and Goodman 197@miden 1988). On that basis,
the pith rays are the elements reducing the lodmial shear stiffness. The magnitude
of the reducing effect may be attributed to thé patys orientation with respect to the
induced shear plane. When the shear stress isaddadhelLT plane, the pith rays are
loaded in their whole volume, meanwhile for ttiR plane, in their cross section. This is
likely the reason for the lower value @Gft compared t@, .

Although the elastic part of the stress-strain euisg. 4.4.2-2) seems to be directly
linear, bothG r andG,t vary throughout the elastic behaviour in the raoigabout 4 %
(Fig. 4.4.3-1-left). Such variability may partialhe related to the resolution and noise

of the optical measurement. The vertical distaneavben theG r and G_t curves
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(i.e. a ratioG r/G7) is derived from the ratio of the shear strained®ined on th&R
andT sample surfaces. Its development points to thease inG r and decrease @G, 1

as the applied torqué/) increases for most of the samples (Fig. 4.4.3ght} As a
consequence, the inconsistent elastic load leved usr the shear deformations
determination might affect the shear moduli valuéhereas the standard procedure
according to EN 408+A1 is intended to obtain arrage shear modulus using the slope
of the linear part from the torque-angle curve,\thaability of G r andG,t throughout
the elastic behaviour cannot be reflected. In taae, the total torsion angle is used as
an interval of the values in the whole elastic defation range. A similar principle of
the shear moduli determination was reported by naartiors carrying out the torsion
test (Gupta et al. 2002a; Gunay andddr2007; Ukyo et al. 2008, etc.). This procedure
was also used partially in this study f&, determination described above by
Egs. (4.4.2-2) and (4.4.2-3).

1100 : : : : 1.45
14 :
1000 - :
© 1.35 - -
o
= 900 & 13
-~ T [ B T N
s 3
& 1.25 - :
© 800 - - ,
1.2 . :
700 T T T T 1 15 T T T T
0 3 6 9 12 15 0 3 6 9 12 15
CAPTURED IMAGES CAPTURED IMAGES
GLR — —_—— —_—— —_— —_— S —

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9 No. 10

Fig. 4.4.3-1:Longitudinal shear moduli throughout elastic defations:left —.shear modulus in the
longitudinal-radial planeG, r) and longitudinal-tangential plan&,§), right — ratio of both longitudinal
shear moduliG /G, 7)

In order to compare obtained data with the litewatones, thés g and G 1+ were
averaged through all elastic load levels for eash@e as showed in Tab. 4.4.3-1. The
introduced procedure of averaging of all local s®providedG g and G_t values
giving good agreement with the literature (Tab..3+2). Owing to the use &, as the
parameter estimation in the first iteration of ttwrve fitting, the accuracy of the

procedure presented for the shear moduli deterramas largely dependent on the
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correctness of th&,. In perspective to the objectives of this studychsfact can be

considered as a limiting factor of the optical meament performance.

Tab. 4.4.3-1:Descriptive statistics of measured longitudinaastproperties of
beech woodRagus sylvaticd..)

Ga Gir Gt GrRrIGT oL
No.
MPa MPa MPa - MPa
1 865 961 768 1.25 21
2 837 934 739 1.26 23
3 892 983 801 1.23 25
4 903 1034 773 1.34 22
5 890 1035 744 1.39 21
6 816 894 738 1.21 21
7 875 1002 748 1.34 22
8 847 951 742 1.28 22
9 855 969 742 1.31 23
10 894 1007 781 1.29 23
X 867 977 757 1.29 22
SD 28.6 447 21.7 0.06 1.2
Cv 3.3 4.6 2.9 4.3 55

A slight increase in ratiG r/G_t asG, increases was proved (Fi4.3-2-right). In
fact, this phenomenon is caused by higher incréasg r compared té&, 1. As a
consequence, two samples with the different appadcesion stiffness@,) may have
the sameG.t or even the sample with a high€&; may exhibit a lowelG, 1 (Tab.
4.4.3-1and Fig.4.4.3-2-left). This phenomenon is not incorporated in stendardized
procedure of th&, determination. In order to confirm and descrikie fhenomenon in
more detail, a further study analysing more samjgesieeded. Nevertheless, this
phenomenon should be taken into account wlgis used for the stiffness assessment
in the structural design.

Muller et al. (20044, b) stated that, when the danip uniaxially and diagonally
loaded under tilt angle of 5°-8°, the longitudishkar moduli and average longitudinal
shear strengthsf) correlate each other closely. However, this dogsapply for the
shear characteristics obtained by the currentdorgests, which is in agreement with
the finding by Khokhar (2011).

102



PAPER Il

1100 ' - . . 1.45
ONO) 1.40 - o L
S 1000 - @) -
= 0)e) 1.35 - -
© 904 o 3 % 130 @) o -
8 s o
; 1.25 O -
© 800 - ) . Rz = 0.2950 O
Gy o MO 1204 © -
Gy DI T D)
700 T T T T 1.15 T T T T
800 825 850 875 900 925 800 825 850 875 900 925
G,, MPa G,, MPa
O Gr @G, 036Gy O GgrG

Fig. 4.4.3-2:Relations between all shear modiéit — symmetry of the longitudinal shear moduli in the
longitudinal-radial planeG, ) and longitudinal-tangential plan&,&) with respect to the apparent
longitudinal shear moduli@,), right — linear correlation between ratio of both londithal shear moduli
(G r/G.7) and apparent longitudinal shear modul@g) (

The correlation tightness was different for eachgltudinal shear modulus (Fig.
4.4.3-3-left). Highest correlation was observed €, which may be attributed to its
lowest variation. However, only about 35 %f; variability can be explained by the
torsional strength in the longitudinal directi@n), which is still not enough for a good
prediction ofG_t for beech wood.

1100 : : : : 1.45 :
©) O _ mo. 14 —g i
g 1000 4 O_,O,%ZLE’EEO s
© 904 O O@g R =0095g1 % 1.3 - R?=0.0727 |
3 A R S 0
; ° ® %o 1251 O -
© 800 - _ R2=0.351 ) e
) LR R - 1.2 O -
AT D)
700 T T T T 1-15 T T T T
20 21 22 23 24 25 20 21 22 23 24 25
g, MPa g, MPa
O Gr @G, Gy O GgrG

Fig. 4.4.3-3:Linear correlations of the longitudinal shear mlodnd torsional strengtheft — apparent
longitudinal shear moduluss), longitudinal shear modulus in the longitudinathal plane G_g) and
longitudinal-tangential plané3(y), right — ratio of both longitudinal shear moduB,&/G, 1)

Gupta and Siller (2005b, ¢) and Yang (2012) foumat 4, of a structural composite
lumber is highly dependent on the raBg/G.t. The low determination coefficient of
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the linear regression proved that for the solid dveamples it is not true (Fig.4.3-3-
right). Although the linear correlation is poorgthegative slope of the linear regression

model is well apparent, so thgincreases as the rati& /G, decreases.

Tab. 4.4.3-2:Measured longitudinal shear properties of beechd(agus sylvaticd..) and literature
references

o MC Ga Gir Gir OF o
= WOoOD SPECIES / AUTHOR
s % MPa MPa MPa GLT MPa
F. purpureaDum. C. 10.5 682 722 642 1.13 Horig (1935)
F. sylvatica L. 12 867 977 757 1.29 2Z This study data
F. sylvaticalL. 12 870 980 760 1.29 Hearmon and Barkas (1941)
z F. sylvaticalL. 12 940 1110 770 1.44 Neumann (1998)
£ F. sylvatical. 12 975 1250 700 1.79 Stamer and Sieglerschmidt (1933)
'9 F. sylvaticalL. 12 1030 23 | Broker and Schwab (1988)
F. sylvaticalL. 11 1360 1640 1080 1.52; 24 | Huber (1928)
F. sylvaticalL. 6 1870 Gunay and @an (2007)
F. sylvaticalL. 12 17 | Wagenfuhr (2007)
F. sylvaticalL. 12 735 750 720 1.04 Neumann (1998)
F. sylvaticalL. 12 825 Lag# and Rohanova (2011)
F. grandifoliaEhrh. 12 884 1013754 1.34 Bodig and Goodman (1973)
F. purpureaDum. C. 10.5 1332 1608 1056 1.52 Horig (1935)
F. purpureaDum. C. 10.5 1059 Stamer and Sieglerschmidt (1933)
g F. sylvaticalL. 12 8 | Kollmann (1951)
E F. sylvaticalL. 12 8  Wagenfihr (2007)
% F. grandifoliaEhrh. = 12 9 ASTM 2555
F. sylvaticalL. 12 12 | Perelygin (1965)
F. sylvaticalL. 12 13 | Kuadela (1990)
F. sylvaticalL. 12 13 . Ugolev (2007)
F. sylvaticalL. 12 14 PoZgaj et al. (1997)
F. sylvatical. 12 14 Kudela an@underlik (2012)
% o FSylatical 12 1068 1280 855 1.50 Hering et al. (2012)
75
g s F. sylvatical. 12 1120 1320 920 1.43 Bucur and Archer (1984)
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Owing to the character of discussed correlationvben the rati@s /G .r and G,
(Fig. 4.4.3-2right) can be true that the sample or a strucelsahent with the higher
exhibits the lowef, compared to that one with the lower This finding is reflected in
the low determination coefficient of the linear meggion betwees, ando. together
with the low positive slope of the linear regressmodel (Fig4.4.3-3-left).

Based on the overall comparison with the referedeén, the average shear
properties of beech wood determined in this stugyia the common ranges reported
for the torsion and shear block tests (Tab. 4.4.3VZry good agreement of the
longitudinal shear moduli with Hearmon and BarkE84() was observed; meanwhile,
for theo. agreement was found with Broker and Schwab (1888)Huber (1928). The
2-3 times higher. compared to that one obtained by the standardibedr block test
is attributed to the pure shear stress state imtutehe sample while twisting. The
longitudinal shear moduli measured by using the rastinic waves
(Bucur and Archer 1984; Hering et al. 2012) are amerage about 30 % higher
compared to the torsion and shear block testseireigl, such finding applies for all
dynamic tests methods when compared to the stdicniethods. It can be concluded
that the presented procedure combining the totgistinand optical measurement is fully
applicable for the longitudinal shear moduli detieyaion.

4.4.4 CONCLUSION

The standard torsion test procedure according tod@EN-Al was sufficiently
supplemented by a direct full-field measuremensiudar strains and their distribution
on the radial and tangential planes accomplishethéyptical method based on DIC.
The thus obtained experimental shear strain datgether with their theoretical
predictions computed with the help of torsion drésctions and Hooke's law were
used in order to reliably determine both longitadishear moduli of European beech
(F. sylvaticaL.). The shear moduli computation is an iterafwecedure, in which the
apparent longitudinal shear modulus was takenras garameter estimation. It can be
concluded that the proposed procedure is capableradiding the true longitudinal
shear moduli of wood. However, its practical andegpread utilization is limited due
to the relatively difficult and tedious work witarige amount of measured data.

The exploratory analysis of both longitudinal sheaoduli determined by the

proposed procedure proved about 30 % higher sheadulos determined in the
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longitudinal-radial plane compared to one obtaimethe longitudinal-tangential plane.
Both longitudinal shear moduli were increasinglyfetent as the total torsion angle
increased as well as when the apparent longitudihehr modulus increased. These
phenomena are not treated in the apparent longaudihear modulus determination
according to the standardized procedure, althobghr knowledge may be helpful in
the design of the wood structures, for problemshsas torsional buckling and
estimating stiffness of floor systems. Based on itbgression analyses, it can be
concluded that the longitudinal shear moduli canmetpredicted using the torsional

longitudinal shear strength and vice versa.
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THE VERIFICATION OF THE ELASTIC MATERIAL
CHARACTERISTICS OF NORWAY SPRUCE AND
EUROPEAN BEECH IN THE FIELD OF SHEAR BEHAVIOR
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ABSTRACT

This paper presents experimental and numericalys@slof uniaxial tensile test parallel to grain in
LR aLT shear of plane meant for verification of elastiatemial characteristics applicable in FEA. Wood
of Norway spruceRicea abied.. Karst.) and European beedfafjus sylvaticd..) was selected in order
to describe its behavior when loaded in shear mble.elastic material models used in the finitereet
analyses (FEA) were compiled by using in-house emptal characteristics as well as literature data
sets. The calibration and verification of matedhhracteristics were performed by 3D numerical rn®de
under the same parameters as for the experimestal fThe fully orthotropic elastic material models
applied according to the Hill yield criterion inastic regions of uniaxial tensile. The digital ireag
correlation (DIC) method was used to verify of nuitel models with proposed elastic material
characteristics. Great correlation was found betwaanerically predicted and experimentally measured
data. The minor differences between those two data could be mainly attributed to certain natural
wood characteristics which were neglected in predosiodels, i.e., especially variation of early- and
latewood density. Proposed elastic material mod#&r general data sets for evaluation of mechanica
response of wood in field of timber structure, esqléy in timber connections.

KEYWORDS: Beech wood; Digital image correlation; Elastic béabg Finite element method; Material
characteristics; Orthotropic behavior, Shear prigerSpruce wood
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4.5.1 INTRODUCTION

The assessing and reconstructing of historicalvatbden structures are increasingly
studied topics due to their significance. The dties are commonly investigated by the
experimental measurements combined with adequatigtebal or numerical solutions
(predictions). The numerical analyses have become reophisticated and practically
more usable in comparison with the analytical soh# when the complex issues such
as joints are of interest. One of the main advasgagf numerical analyses is a
parametric modelling, which enables detailed safityitanalyses. Most often, the
impact of changes of the parameters such as specigeometry, material
characteristics, boundary conditions (BC's) et® analysed. Therefore, the main
authors' effort is devoted to support utilizatidntloe numerical all-wooden structures
analyses in the Europe by means of an assemblidgrauiti-calibrating the elasto-
plastic material model for most widespread wooctEsesuch as Norway sprudéicea
abies L. Karst) and European beedfagus sylvatical). The assembled elasto-plastic
material model was already calibrated within théhdmear and non-linear compression
and bending behavior (Milch et al. 2016a). The @négpaper contributes to claimed
effort by the calibration and verification of thesembled elasto-plastic material model
in the field of the linear shear behavior, whicanss from two main reasons. At first,
the shear characteristics are one of the fundamgraeameters describing the
mechanical behavior of construction materials atdsecond, the shear characteristics
are used as an input data beside the normal ckasticis and Poisson's ratios for
defining the material behavior within the numeriaahlyses.

There are many possibilities how to induce the slst@sses and strains in the
sample. However, to obtain pure shear stress-sétate within a major part of sample
volume, only few specific shear tests such asristaince a torsion test may be used.
The pure shear strain field takes place withingpan along the twisted bar, which is
fully constrained at both ends, where well-known ¥enant principle is to be
considered (Gupta et al. 2002, Gupta and Sille626Bieh 2007). Conversely, in most
cases the shear strains are accompanied by thehean-strains such as for instance
during the standard shear block test. Prabhakd@8bj, Ukyo et al. (2008 and 2010),
Gupta and Sinha (2012) and many others proved wweng moment and a significant
normal strains, which occurred in the shear blark@e. McNatt (1969) reported the

non-shear strains also for a one-rail shear tasgjube un-notched specimen under tilt
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angle of 5°. Nevertheless, Sretenovic et al. (20fl#gerved the minimal non-shear
strains when performing one-rail shear test unitteartgle of 8°.

It was proved, that the pure shear stresses amidsttan be induced at least locally
by the mutually aligned notches made on the oppasites of the sample such as in the
standard losipescu shear test (losipescu 1967anArshear test (Arcan et al. 1978) or
one-rail shear test under tilt angle of 0° (Iketlale1996). While the eccentric opposite
forces are applied parallel to the notches, theomazone between the opposite notches
bottoms containing the almost pure shear streasisield was obtained (Prabhakaran
1985, Dumail et al. 2000, Kubojima et al. 2000, Qatel and Kumosa 2000, Xavier et
al. 2003, Melin and Neumeister 2006, Melin et &0&, Dahl and Malo 2009a and
2009c and Miller et al. 2015). However, the widthsoch zone reduces as the load
increases (Yoshihara et al. 1999). The mentioned phear zone is too narrow to be
measured by the traditional strain gauges glued sainple surface. Consequently, the
shear characteristics obtained from these testdeadtistorted. In order to obtain true
shear characteristics by this measurement approaetcorrection factors, which take
into account the presence of the non-shear stwgthin the measured strain field, were
determined by Dahl and Malo (2009a and 2009b) aadliet et al. (2009) for the
Arcan's shear test as well as by Pierron and fa(t8994) and Xavier et al. (2003 and
2004) for the losipescu shear test. Despite, Mahid Neumeister (2006), Melin (2008)
or Miiller et al. (2015) showed that the zone of plnee shear strains, regardless on its
dimensions, is fully usable for the true shear ab@ristics determination within the
Arcan's or losipescu shear tests when the fuldifideformation measurement is
employed.

The narrow pure shear strain zone between notclagsbe obtained also when the
notches on opposite sides of the sample are chrtspaced from each other and the
opposite forces are applied perpendicularly tortbtehes. This phenomenon was used
by Yoshihara and Ohhata (2003) or Yoshihara (20d2)rder to support the shear
failure of the beam loaded by an asymmetric fourfpbending method. Melin et al.
(2000) used similar principle by making double-totn the rectangular compression
sample exactly into the half-depth; they obtairtezl gure shear strain zone between the
notches bottoms. Bonfield and Ansell (1991) as vesll Yoshihara and Matsumoto
(2005) notched the rectangular tension sampleBarsame way and they obtained the

shear characteristics of the solid wood and woasktganels.

113



PAPER IV

In order to calibrate the created non-linear elgéhstic material model (Milch et al.
2016a) by the simple test without using any spesaahple fixture or equipment, the
well-known tension test of the dog-bone shaped $&fiifering et al. 2012 or Niemz et
al. 2014) was used. The sample was notched to th adphalf-width onto opposite
sample sides. In this manner, the complex straid ftonsisting of the shear and non-
shear strains between the notches was capturecbamghred with the numerical ones.

452 MATERIAL AND METHODS
45.2.1 MATERIAL

Experimental measurements were carried out on sttedl specimens made from
Norway spruceRicea abied.. Karst.) and European beedfafus sylvaticd..). Before
the sampling, boards were conditioned in a clincht@mber at 20 °C and 65% relative
humidity (RH) until the equilibrium moisture contgfieMC) was reached. The boards
were cut into the well-known dog-bone shaped specgwith the modified dimensions
as displayed in Fig4.5.2-1 and listed in Tab4.5.2-1 The testing volume (TV) of
specimens was tapered from all four sides to atwaith a cross-section of radial
(R) x tangential T) = 10 x 10 mrfi In order to obtain the complex strain field irditg
the longitudinal-radial (R) or longitudinal-tangentiallL(T) shear strains, the TV was
double-notched by a saw blade to a depth of halffwionto oppositd.R or LT
specimen sides (Figt.5.2-]. In order to prevent the specimen against a cwisihin
the clamping volume (CV), the transverse compressitesses induced by self-locking
jaws during tensile loading was reduced by usingrmd-tabs. They were made from
same wood species as the specimens and glued pyipgl-acetate glue onto the
opposite surfaces of the CV. In order to improve tmage matching during DIC
computation, a stochastic and high-contrast spqukiern was created by a basic matt
white paint followed by a finely pigmented blackirga The pattern was sprayed on
appropriate side of TV. The moisture absorbed ftbenglue lines of the end-tabs and
from the speckle pattern was reduced by re-comdiigp at the standard climate
conditions. The final moisture content (MC) and slgnwas measured gravimetrically
in compliance with test standard ASTM D2395 (AmanicSociety for Testing and
Materials 2014).
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Fig. 4.5.2-1:Scheme of the tensile shear test specimens. Red display AOI o.R andLT plane

Tab. 4.5.2-1:The specimen parameters

NORWAY SPRUCE EUROPEAN BEECH

(Picea abies L. Karst.) (Fagussylvatica L.)
PLANE LR LT LR LT
Number of samples 7 7 7 7
p12 (kgm®) 489 (10.86) 477 (6.47) 708 (1.84) 700 (1.76)
Cross section in CY(R x T) (mm) 20 (+12) x 20 (+12) 20 (+12) x 20 (+12)
Cross section in T$(r x t) (mm) 10 x 10 10 x 10
Tabs { x Rx T) (mm) 47 x 20 x 12 47 x 20 x 12
Shear ared (x RorT) (mm) 22 x 10 22 x 10
Area of Interest (AOI) ohT onLR onLT onLR
Total sample length (mm) 192 192
Load direction L L

“Coefficient of Variation [%] in parenthesfGross section of clamping volume (CV) + end-tdBspss

section of testing volume (TV)

4.5.2.2 EXPERIMENTAL ANALYSIS

The tensile loading was performed using univermssiing machine Zwick Z050/TH 3A
(Zwick Roell AG, Germany) with 50 kN load cell auapi-static loading rate of
1.8 mm.mift until the failure. The experiment procedure was @& controlled by
TestXpert v.11.02 (Zwick Roell AG, Germany). The amanical response of the

specimens during the tensile loading was evalubteskd on the total strain in the
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longitudinal direction ) andLR, resp.LT shear strains within the TV. Thg was
calculated based on the relative position of twolai®d points, which were
mechanically tracked on both opposite specimensswiéh help of the conventional
“clip on" extensometers (Zwick Roell AG, Germamnsge Fig4.5.2-2 The points were
spaced 30 mm from each other along the longitudimattion and positioned in such a
way that both notches were located between theg14F5.2-)).

The complex strain field was captured by the fidlef optical technique based on
DIC. Two CCD cameras (AVT Stingray Copper F-504Bljed Vision Technologies,
Osnabrick, Germany, cell size of 3.45 um and résoluof 2452x2056 pixels)
equipped with lenses (Pentax C2514-M, Pentax Roec(So., Ltd., Tokyo, Japan, focal
length of 25 mm) at the stereo-vision configurat{8®) were used (Fig}.5.2-2. The
patterned specimens surface was illuminated by light sources SobrietyCube 360
(Sobriety Ltd. Kufim, Czech Republic) fitted by LED sensors (LuminRklatlight
CSM-360, 90 W Luminus Devices Inc., Billerica, MASA). The stereo-vision system
was centered to the area of interest (AOI), whiokieced the surface of the straight
section from TV (see details in Fig.5.2-1 Fig. 4.5.2-2and Fig.4.5.2-3. The images
together with applied force were synchronously eagat in the acquisition interval of
0.25 s (4 Hz) with help of the hardware trigger idev The calculation of the shear
strain ¢.r ande.t) was performed by software Vic-3D v. 2010 (CorrethSolutions

Inc., Columbia, SC, USA).

.

iy

E
Movable jaw AOI

57x10 mn;az

—

Fixed jaw

Fig. 4.5.2-2:Experimental test configurations: stereo-visiotiagh system (3D) for image acquisition of
the tests, dimensions in mm
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4.5.2.3 NUMERICAL ANALYSIS

The numerical analysis was performed using the kEfe ANSYS computing
system using the ANSYS Parametric Design LanguAdSy'S® Mechanical APDL,
v.14.5). The specimen models were parametricalily ioutrue scale (1:1) as a 3D solid
model. The volume geometry of finite-element (FEQd®ls was meshed using 3D
hexahedral 20-node structural solid element SOLIO%te element size was set to 4, 2
and 1 mm for the CV, tapering and straight sectbthe TV, respectively, thus the
total number of elements was approx. 10 500 elesndiite numerical analyses were
conducted under the BC's that physically refleerperimental testing. Therefore, the
force was applied in the longitudinal direction viades located onto opposite sides of
the clamped surfaces, see Fi4.5.2-1 The all degrees of freedom were fully
constrained (all DOF's =0) at one CV; meanwhile thovement along the load
direction of the other one was free.

Fully orthotropic elastic material characteristios spruce and beech wood were
obtained using data sets from in-house experin{@nebec et al. 2015), namely normal
moduli €., Er, andEy). The shear modulGr, Grr, andG.t1) and Poisson’s ratiosg,
vrr, andv.t) were taken from Kollmann and Coéte (1968) &uwdgaj et al. (1997). Tab.
4.5.2-2presents compiled fully orthotropic elastic matkenmodels used in FEA.

Tab. 4.5.2-2:Fully orthotropic elastic material characteristised in FEA

a a a b b b b b b
E.° Er Erf Gr Grr Gt wr VT WT

MPa MPa MPa MPa MPa MPa MPa MPa MPa

NORWAY SPRUCE
(Picea abies L. Karst.)

17850 352 289 573 53 474 0.023 0.557 0.014

EUROPEAN BEECH
(Fagus sylvatica L.)

13439 1880 1031; 1608 460 1059 0.073 0.360 0.043

%adopted from in-house experiments by Brabec ¢R@lL5) "adopted from Kollmann and Céte (1968)
and PoZgaj et al. (1997)
4.5.2.4 CALIBRATION AND VERIFICATION PROCEDURE

The calibration procedure was based on the fitbhghe numerically predicted
force-displacement curves to the experimental aidained using the extensometers
and their virtual analogy. It was an iterative madare based on the changing of the
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input material characteristics used in the numeénnadels. Within each step, the
difference between the predicted and measured -fispgacement curves was
determined, then the input material characteristiesee changed to see the response of
that difference. This was repeated until the nucadlyi predicted curve was positioned
between the experimental ones (Fid.3-2.

A verification procedure was derived from Seberaakt (2013) who directly
compared the deflections of the CLT panel obtaiinech full-field DIC and FEM data
sets. The current numerical model was verified Bans of the comparison of the
predicted and measured shear straing &nd 1) located on the lines at specific
positions within the captured surface of the T\t{gmal lines 3, 2, 1, M, -1, -2, -3, and
H) as depicted on Figt.5.2-3 The comparison was performed at the end of elésdd
level before the proportional limit. The accuracy the numerical model was
determined as the relative difference between tkper@amental and numerically
predicted shear strains.

Shear area in LR plane

Fixed
-

<—— Force

Shear area in LT plane

3 2 1 M 4 2 3

:
N

<—— Force

Fig. 4.5.2-3:Positions and paths along the length of the TWiiich ¢ g ande 1 were analysed; M is the
middle level and H is the horizontal level

4.5.3 RESULTS AND DISCUSSION

The full-field strain analysis revealed the narrolese-to-pure shear area between
the notch roots, which is consistent with findinggported by Bonfield and Ansell
(1991), Hassaini (1998), Melin et al. (2000) aslvesl by Yoshihara and Matsumoto
(2005). Kollmann and C6té (1968) stated that theashehavior of the wood subjected
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to the pure shear strain-strain state is lineath® 90% ofFna Since the force-
displacement curves were constructed from the aligphent between the points on
sample surface located outside the close-to-puearsiarea (see location of the
mechanical and virtual extensometers in Bi$.2-1), it can be expected that the linear
shear behavior described by Kollmann and C6té (L@@Bnot be captured. As is
apparent from the Figt.5.3-1 this assumption was clearly confirmed. From tige F
4.5.3-1it is also evident that the beech wood exhibitslthearity in the shear behavior
up to 80% ofFmax Whereas the spruce wood to 20%gf« only. This difference could
be attributed to the anatomical structure of thtéh lweoods. Higher difference between
the early- and latewood of the spruce wood may ffleymportant role in this issue.

1.6 2.8

Norway spruce European beech

1.4 24 }

12

< 16 | ~80% of F,,, 1
o 0.8
o 12
5 06 |
[ — linear modulus
04 } — tangent modulus 4 0.8 f
. —— experimental average curve
02 F4 ~~ T T T T T T " T 5n0, ~c 0 T T 0.4
: ~20% of F,,
0 I 1 1 0 1 1 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
u, (mm)

Fig. 4.5.3-1:The determination of the proportional limit (grdere) from the average bi-linear curves for
both wood specieseft — Norway spruceight — European beech

The non-linear behavior of wood could be propergsaibed with using of the
elasto-plastic material model allowing the hardgnor softening. The stress-strain
behavior of wood exhibits the non-linear ductild@eor in compression owing to the
crushing of wood cell walls and the separationheffibres. Conversely, the tension and
shear stress-strain behavior is linear (or bi-lipamtil abrupt brittle failure occurs
(Clouston and Lam 2002; Moses and Prion 2002). Quwanthe partially plastic shear
behavior proved by the force-displacement curvesign4.5.3-1 it could be suitable to
calibrate and verify the assembled elasto-plasttenal model (Milch et al. 2016a)
within the fully non-linear behavior including theoftening which leads to rupture
analysis. However, for the modelling of timber stwres it is often sufficient to use
only elastic material model for structural assesgni®lilch et al. 2016b). Therefore,

only the elastic part of the elasto-plastic materi@odel without softening was
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calibrated. The full calibration of the assembledtenial model for beech and spruce
wood including the softening with rupture analyisishe next step for the future work.
The calibration procedure was based on the fitbthghe numerically predicted
force-displacement curves to the experimental am¢sined by the extensometers and
their virtual analogy. The final step of this iteva procedure is depicted in Figy5.3-2
As is apparent, the force-displacement curves obthirom the FEA do not coincide
exactly with the experimental average value of shear modulus (differences about
12%). However, this is the best possible resuthefmulti-calibration procedure, which
includes calibration within other loading types Isus compression and bending load
(Milch et al. 2016a).

16 T T T 16 T T T
Norway spruce - LR shear plane Norway spruce - LT shear plane
14 B 14 E
12 4 12 .
1 4 1 E
0.8 f b 0.8 1
06 4 0.6 E
04 r — FEM 1 0.4 r — FEM 1
02 f Experiment ] 02 f Experiment |
E 0 1 1 1 0 1 1 1
X 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
8
5 2.8 T T T 2.8 T T T
TS European beech - LR shear plane European beech - LT shear plane
24 ¢ 4 24 ¢ 1
2 4 2 E
16 . 16 1
12 4 12 E
0.8 f 4 0.8 1
— FEM — FEM
04 Experiment ] 04 Experiment T
0 1 1 1 0 1 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
u; (mm)

Fig. 4.5.3-2:The relationship between force-displacement cuofesnsile tests ihR andLT shear plane
for Norway spruce and European beech wood. Redesuepresent FE prediction of elastic behavior and
blue areas represent range between minimal andmaagixperimental curves

The different shear behavior of the beech and spwaod is understandable due to
the fact that the maximal elastic load level betbie proportional limit, which was used
for verification of the globally calibrated mod&las different for both wood species in
respect to respectiienax Fig. 4.5.3-3presents the comparison of the strain fields
ande 1 obtained by DIC and FEA, which are located at Bjepositions and mapped
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onto sectional lines 3, 2, 1, M, -1, -2, -3, andvkhin the captured surface of the TV.
The experiment and its numerical prediction greatigrrelate to each other;
nevertheless, the reasonable low differences asereéible. These minor differences
between experimentally measured and numericallgipied distribution curves af g

ande_r along the sectional lines could be attributedrtatamical structure of wood, i.e.
especially to early- and latewood density, whichreavaot considered in proposed

numerical models.
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45.4 CONCLUSION

This paper presents verification of constitutivetenial characteristics for Norway
spruce and European beech wood species, whiledttlytropic elastic material model
with linear mechanical behavior are taken into aotdn FEA. The elastic material
models for most commonly used wood species apphetimber constructions in
Central Europe were assembled and verified usipgraxental data sets obtained by
DIC technique in the tensile testliR andLT shear plane. The total longitudinal strain
(e) and shear strairgk and e 7) indicated great agreement among the data of the
experimental and numerical analyses.

The FEA results are in great correlation with thepeximents and show a
satisfactory implementation of the constitutive lawo the finite element code. The
verified elastic material characteristics are sué@afor the assessment of mechanical
response of more complex problems, i.e. timbercgire with respect to connection of

wooden elements using FE method.
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ABSTRACT

A new sandwich composite structure was preparedutiizes classic wood-based composites as the
core and face materials. Particleboards were usdacas, which covered a plywood-made iso-grid.core
A new type of core-face fixation was suggested asgessed. The sandwich panels can be regarded as
lightweight, as their density was below 400 ky/Bigital image correlation (DIC) was used to detizre
Poisson'’s ratios and obtain additional insight itite deformation behavior of the sandwich paneC DI
was also employed to assess the core-face bondiigh was based on imprinted grooves on one side of
the particleboard face. The results include sttemgtedgewise and flatwise compression and flexural
properties. The latter were determined throughetfraint bending tests. Comparable strength pragserti
were found relative to the literature, which medéms this new type of sandwich panel demonstrates a
competitive property profile. It was concluded thia¢ developed sandwich panel is versatile, and the
hollow spaces in the core can be filled with infolamaterials such as fibers or foams. Surfacesatso
be covered with some overlay, delivering improvedding performance.

KEYWORDS: Wood-based panel; Sandwich structure; Mechanicing: Digital image correlation;
DIC; Imprinted density pattern
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4.6.1 INTRODUCTION

Sandwich composite materials that display highngfite to low density have been
favored for structural and aesthetic applicatiorsy., in aerospace, marine, or
automotive industries (Davies 2001; Vasiliev et 2001; Fan et al. 2007). High
stiffness-to-density ratios are obtained by desigrsuitable core materials, which can
be made of foams (Shalbafan 2013), low-density nasesuch as balsa wood (Bekisli
and Grenestedt 2004; Kepler 2011), cork (Kral et28114), an iso-grid structure
(Vasiliev et al. 2001; Fan et al. 2007; Zhang eR@D8; Li et al. 2014), or paper-based
corrugated structures (Hunt and Gunderson 1988t etual. 2004; Labans et al. 2011).
To obtain a sandwich composite, the core is coveredamellar top layers made of
various materials. The range of possible core &iras allows versatile configurations
and specifications of the iso-grid core. Interlogkigrids have been used in the
development of various products (Vasiliev et aDR20Fan et al. 2007; Tao et al. 2011).
Iso-grid shapes, which have been made with metdllaminate materials (Fan et al.
2007; Li et al. 2014), might also be possible usstgps prepared from plywood.
Plywood as a corrugated core material has beenzadilin sandwich panels
(Bhattacharyya et al. 2011; Labans and Kalinis 20B#&side stiffness and strength of
the material, Poisson's ratios of the materialadge important for the assessment of the
deformation behavior.

In general, sandwich composite materials requitendanumerical models to fully
understand the structural and mechanical behaWacKerle 2005; Wilcziski and
Kociszewski 2010; Labans and Kalinis 2011; Kanowale2013). Research on robust
material models may include non-contact opticahmégues such as digital image
correlation (DIC), which has been used to analypedsased composites on various
scales (Zink et al. 1995; Sutton et al. 2009; Hiunsstal. 2011; Sebera et al. 2013).

In this research, a new sandwich composite streagiproposed, utilizing classic
wood-based composites as core and face materialsofe-face bonding is crucial in
manufacturing (Davies 2001), a new type of corefdigation is suggested using
imprinted grooves in the inner sides of the faceéeni@. The following research issues
are addressed: (1) development of a lightweightdwash composite having an
interlocking iso-grid plywood core, covered by gved particleboard faces; (2) analysis
of bending and compressive performance, (3) quiaiianalysis of bondline failures,

and (4) determination of Poisson's ratios using.DIC
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4.6.2 EXPERIMENTAL

The newly introduced sandwich composite is compasfetivo components: (1)
particleboard face layers that are groove-imprirdecdne side, and (2) a 3-layer birch
plywood cut in straight strips and intersected @aont the iso-grid core. Single-layer
particleboards were produced on a laboratory seadile in-situ imprinting of self-
designed hexagonal patterns, under the conditigtexdlin Tab.4.6.2-1 The grooves
imprinted on the inner sides of the particleboackt provided exact positioning of the
plywood strips, which improved the overall coreddmnding (Fig4.6.2-1).

Fig. 4.6.2-1:Particleboard faces with imprinted grooves forgginl core positioning and fixation

A single-layer particleboard with an imprinted hganal pattern was produced in
the laboratory, under the conditions listed in Tél6.2-1 The particles were obtained
from a local particleboard manufacturer; the avergarticle size was 1.7 mm in width
and 7.5 mm in length. Gluing for the particleboardas done with the urea-
formaldehyde resin Prefere 4170 (Dynea™, Lillestradorway) and the hardener
Kronoadd HL 100 (Dukol Ostrava s.r.o, Ostrava, @z&epublic). Particles were
resinated in a laboratory rotating drum for 10 mamth hardener and distilled water
subsequently added. The moisture content was adjust 11%. The particle furnish
was manually pre-pressed in a rectangular wooaendr600 x 600 mm in size prior to
insertion in the hot-press. Metal distance barsrd m thickness were used on both
sides of the particle mat. The stainless steegigbpattern was positioned on top of the
pre-pressed particle mat (F§6.2-9. Particleboards were pressed for 50 s at 19@t’C,
a specific press-pressure of 3.2 MPa. After prgsdime stainless steel iso-grid pattern
was removed and the boards were conditioned forteeks at 65% relative humidity
and 24 °C. Finally, the particleboards were foredto 500 x 500 mm.
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Tab. 4.6.2-1:Parameters for laboratory-produced single-layeiigg@boards

PARAMETER VALUE
Thickness 5 mm
Dimensions 600 x 600 mm
Density 800 kg/mi
Resination ([g] solid to [g] dry wood particles) %8
Hardener ([g] solid to [g] solid resin) 1.5%
Targeted moisture content of particles 11%

. STAINLESS STEEL PATTERN

<A <+ \PARTICLEBOARD y
/\

(skin of the sandwich)

Fig. 4.6.2-2:left — particleboard face with inserted stainless gtattern for imprintingright — stainless-
steel iso-grid pattern

Strips 35 mm in width were cut from 3-mm three-lajpé&rch plywood obtained
from a local manufacturer. Strips were pre-assethblghout adhesive and glued into
the imprinted groove pattern (Fig.6.2-) by using PVAc adhesive Soudal 67A (INVA
Building Materials s.r.o, Praha, Czech Republichjoh was equally applied to all the
grooves prior to assembling. No adhesive was appbehold the plywood pieces to
each other. The sandwich panel was pressed atc#isg@essure of 0.7 MPa for 45
min, followed by conditioning for 24 h at 24 °C a68% relative humidity to ensure
proper curing of the adhesive.

Samples were cut from the particleboard as showhRign4.6.2-3 Mechanical
properties were measured according to ASTM C3682011), ASTM C393-06 (2006),
and ASTM C297 (2009) standards. Tests were perfdrarea ZWICK Z050/TH 3A
(Zwick Roell AG, Ulm, Germany) universal testing chiane.

130



PAPER V

4.6.2.1 EDGEWISE COMPRESSION TEST

The edgewise compression test followed ASTM C364204.2), which was used to
measure the facing compressive panel strengthadinig rate of 2 mm/min was applied
to both tested specimens that were cut from thelvgiah panel. Because of the
symmetrical shape of the core, only one edgewiaditg direction was tested. Tab.
4.6.2-2lists details of all of the tested samples.

4.6.2.2 FLATWISE COMPRESSION TEST

The compressive properties of the panel were medsascording to ASTM C365-
11 (2011) in a flatwise direction. The panel sttangnd modulus of elasticity (MOE)
were assessed. The loading rate was 2 mm/min. 1I8pasiwere cut from the panels in
such a way that they covered the entire hexag@wmbiid units of the core (Tab.
4.6.2-2.

4.6.2.3 BENDING TESTS

Three-point bending tests followed ASTM C393-060@p0to obtain shear stresses
in the core as well as in the faces. The sandwastepwidth allowed the inclusion of a
complete iso-shape core unit (F6.2-3. The span between the suppofjsnas 410
mm, and the sandwich panel width) (vas 112 mm. The face layer thickness was 5
mm, and the total panel thickness was 38 mm (Z&h2-2. The loading rate was set to
6 mm/min to reach failure within 90 s.

Shear stress (EqQ. (4.6.2-1) was determined with a three-poending test, withP
being the load (N)J the sandwich thickness (mne)the core thickness (mm), abdhe

sandwich width (mm).

r= (d+c)[ﬂ> (4.6.2-1)

Flexural facing strengths] was determined according to Eq. (4.6.2-2), wikleing
the face thickness (mmi), the span length (mmg, the sandwich thickness (mna)the

core thickness (mm), arxthe sandwich width (mm).

PL
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4.6.2.4 FLATWISE TENSION TEST

The bonding strength between faces and the coredet@smined with the flatwise
tensile test following ASTM C297 (2009). The sanspieere prepared in such a way
that a symmetric triangular shape of the core wasgered (T1-T3, Fig.4.6.2-3.
Samples 50 x 50 mm in size were glued with therhelt- adhesive SiFaN-40 (Siga
a.s., Zlin, Czech Republic) onto metal blocks dwhttested on a ZWICK Z050/TH 3A
(Zwick Roell AG, Ulm, Germany). The loading ratesvA mm/min, to achieve failure

within 60 to 90 s. Three samples per sandwich paeet tested.

Tab. 4.6.2-2:Description of specimens used for testing

. AREAL | SPECIMEN = FACE
. DENSITY
SAMPLE  DENSITY  DIMENSION & THICKNESS
kg
am kg/m? mm mm

FLATWISE COMPRESSION TEST

FC1 | 392 | 145 | 112x112x37 5

EDGEWISE COMPRESSION TEST

FW1 385 14.3 112 x 112 x 37 5
FW2 376 14 112 x 112 x 37 5

BENDING TEST

Bl 390 14.5 410 x 112 x 37 5
B2 380 14.1 410 x 112 x 37 5

FLATWISE TENSION TEST

T 36 145 50x50x37 c
T2 381 | 141 | 50x50x37
T3 371 141 | 50x50x 37
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410 % 112 x 37 mm?
50x50x37 mm?
112x112%37 mm?

_______________________________________________

[—
0 100 mm

Fig. 4.6.2-3:Samples location on the sandwich panel (FC — safopliflatwise compression test, FW1-
FW?2 — samples for edgewise compression test, T2-§@mples for flatwise tension test, B1-B2 —
samples for bending test)

4.6.2.5 DIGITAL IMAGE CORRELATION ANALYSIS

While running the test on the ZWICK Z050/TH 3A (&ki Roell AG, Ulm,
Germany), a stereoscopic camera system was sireoliialy installed to acquire images
for 3D digital image correlation (3D-DIC) analysiBhe goal was to characterize the
material’s deformation behavior. The stereoscopstesn consisted of two CCD video
cameras (AVT Stingray Copper F-504B, Allied Visidrechnologies, Osnabriick,
Germany, cell size of 3.48m) with a resolution of 2452 x 2056 PpxThe lenses
(Pentax C2514-M, Pentax Precision Co., Ltd., Toklapan) had a focal length of 25
mm, and all captured images were grey-scale with 2Bensity levels. Observed
sample side was covered with stochastic and higitvast speckle pattern. Firstly the
white color was applied onto the surface and aftaing the random black spray
speckle pattern was manually sprayed. The two-compo stochastic and contrast
pattern is proposed to enhance image correlatiba.slirfaces were illuminated by two
diffuse lights SobrietyCube 360 (Sobriety s.r.ouiikh, Czech Republic) with LED
sensors (Luminus Phlatlight CSM-360, 90W, Luminusvides Inc., Billerica-MA,
USA). The images were used to calculate displacemued strain fields using a DIC
algorithm implemented in software VIC-3D (CorrethtSolutions Inc., Columbia-SC,
USA). Poisson’s ratios (PR) were calculated from riiean values from the whole area
of interest (AOI) according to Eq. (4.6.2-3),
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V= 2 (4.6.2-3)
whereuv,y is PR,ex is strain in thex direction, andy is strain in they direction. Each
compressive test of the panel's main plane resuftestress-strain diagrams. These
diagrams were used to identify elastic regionsejbdnation that were further used in
the DIC calculation. The stereoscopic systeas focused on cross-sectional planes of
the samples to obtain strain data for the calautatif Poisson's ratios (PR). PRs were

examined in the elastic region of the deformatimithijn 50 to 60 s of testing) and at
three main planes. In the case of strain field mscstency ¥y, vxy) resulting from the
strip structure, an alternative approach usingrual extensometer was chosen as an
evaluation tool of VIC-3D (Correlated Solutions In€olumbia-SC, USA) software.
This provided change of dimension data between paots located on the surface
layers of the board (see Fi§6.2-9.

Fig. 4.6.2-4:The examined planes for obtaining Poisson's taing DIC with applied patterteft — vy,
middle—v,,, right —v,,), Es are the positions of virtual extensometeesider obtaining,, andvyy

4.6.3 RESULTS AND DISCUSSION
4.6.3.1 MECHANICAL BEHAVIOR OF COMPRESSION

In the edgewise compression tests (Hid.3-1), the MOE was derived from the
elastic region of the stress-strain curve, and legu201 MPa for the FW1 and 220 MPa
for the FW2. The compression strength in an edgewligection was 14.5 MPa. In
addition, the obtained data were similar to thagmorted for spaceboard panel, which
also has a hollowed core (Hunt and Gunderson 1988).
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0 8,0
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Fig. 4.6.3-1:Compression stress vs. strain diagrams for thelnevod-based sandwich composite and
strain situation on the facing in time of failure

In the flatwise direction, a MOE of 112 MPa (FCig.F.6.3-2 was determined,
which was lower than the MOE found in the edgewlisection. The same sample had a
flatwise compressive strength of 2.64 MPa. Flatwgisength was 3 MPa lower than in
work presented by Li et al. (2014). This could laeised by the different geometry of
the applied iso-grid pattern, or different mateyiddeing utilized. Although core-grid
shapes have been used by others (e.g., Fan eD@I, Zao et al. 2011), a direct
comparison was not possible because different réailonechanisms are in place.
Additionally, other materials (e.g., metal, carligrer reinforcement) were used. The
compressive properties of the new sandwich panel camparable to honeycomb
materials (Bhattacharyya et al. 2011), includindymoide honeycomb structures, as
some with lower density reached a comparable fl@wibmpressive strength of 3 MPa
(Hexcel 1999).

3,00 Failure ot the rib
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stress [MPa]
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- LOLAE I

Fig. 4.6.3-2:Compression stress vs. strain for the novel woagkt sandwich composite and strain
situation on the cross section of the sample i tirifailure
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The grid bonding in the impressed grooves is seen aovel feature of the new
sandwich structure. Using digital image correlati@n deformation evaluation was
completed (Fig4.6.3-3. As is visible, the regions where the ribs werespnt showed
lower deformation than the rest of the panel. Esgigcvertical deformationse(,) were
significantly lower in area of the ribs. Tleg of area with ribs was mostly -0.0005 (-),
while in the center of the sampdg ranged from -0.0018 to -0.0210 (-).

Tab. 4.6.3-1:Flatwise and edgewise compression test

" COMPRESSIVE | " FAILURE = SPECIFIC
. PANEL E

SAMPLE ~ STRENGTH .~ LOAD  MODULUS
MP

MPa 2 kN MPa-m?kg

FLATWISE COMPRESSION TEST

FC1 2.64 3471 3314 2.40

EDGEWISE COMPRESSION TEST

Fwi 748 22037 | 3100 15.41
Fw2 6.54 20146 271 | 14.39

FC1 - flatwise compressive strength sample, N=11FMYWW?2 — edgewise compressive
strength samples, N=2

Positions of lines
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Fig. 4.6.3-3:Deformations ) [-] of the facing inx andy direction in selected regions evaluated by DIC.
FW?2 sample was evaluated in loading of 7 MPa. IZLlahd L3 are inspection lines along which
deformations were listed in graphs

136



PAPER V

4.6.3.2 FLEXURAL PROPERTIES

Samples B1 and B2 cut from the sandwich panel vested to determine the loads
at failure, which were 2.14 kN and 1.66 kN, respety (Tab.4.6.3-2 Fig. 4.6.3-5.
The core shear strength values of B1 and B2 weB§ OMPa and 0.21 MPa,
respectively. Flexural facing strength was measuatetil.19 and 8.66 MPa. Samples
failed at the outer side of the lower facing. Thexdiral facing strength was lower than
the data reported by Li et al. (2014). Furthernmaermation evaluation (Figl.6.3-9
by DIC showed that facings are distributing the nadghe e deformations during the
bending. As is common, the top facing was distriigupositive strain (&), reaching a
maximal value of 0.0123 (-), while the bottom fagiwas distributing negative strain
(-ew), which was -0.014 (-). The stress-strain curvehiswn in Fig4.6.3-5 For future
research, consideration of the application of weicurface materials to enhance
bending properties is recommended, e.g., veneetaysg Kawasaki et al. 1999; Krél et
al. 2013; Krél et al. 2014) or fiber glass reinfarent (Li et al. 2014).
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Fig. 4.6.3-4:Positive (&) and negative &) strain distribution in the facings measured bZfigures
on left side are captured when 2000 N force isiagdpL — line where strain distribution was lisied

graph

Tab. 4.6.3-2:Flexural properties of the sandwich panel

FAILURE CORE SHEAR FLEXURE FACING SAMPLES
SAMPLE LOAD STRENGTH STRENGTH DIMENSION
kN MPa MPa mm
Bl 2.14 0.27 11.19 410 x 112 x 37
B2 1.66 0.21 8.66 410 x 112 x 37

B1, B2 — three-point bending samples used for detetion of the bending properties, N=2
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Fig. 4.6.3-5:The loading-deformation curve with respect to agpforce and deflection of the sample

4.6.3.3 FLATWISE TENSILE PROPERTIES

The flatwise tensile test delivered an averageileerstrength of 0.5 MPa (Tab.
4.6.3-). The tested samples revealed that the weakesit pufi the sandwich
construction is the particleboard facing, as pksictended to debond from the
remaining layer (Fig.4.6.3-9. Interestingly, the flatwise tensile strength thfe
sandwich panel was similar to the flatwise tenstlength of common particleboards,
with strength values ranging from 0.4 to 0.8 MPaniWier and Weigl 2007; Riegler et
al. 2013).

0 50 mm

Fig. 4.6.3-6:Failure of the grooved bonding after flatwise tendesting (failure marked with yellow
arrows)

Tab. 4.6.3-3:Tensile strength properties of the sandwich panel

TENSILE STRENGTH FAILURE LOAD
SAMPLE
MPa kN
T1 0.42 1.050
T2 0.56 1.400
T3 0.54 1.350

T1-T3 - tensile strength samples
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4.6.3.4 DIC EVALUATION AND POISSONS RATIO DETERMINATION

The linear section of the stress-strain curve wasuated every second during
loading. Four Poisson's ratios were computed egeppnd during testing. Poisson's
ratios were statistically evaluated (Tab. 4.6.3a#)] they were determined to be 0.172
in the v, direction, 0.037 in theyy, direction, and 0.036 in the, direction. The
Poisson's ratios are displayed as a box-whiskeiplleig. 4.6.3-7 The determination of
the Poisson's ratios is important especially foitdi element modeling. Poisson's ratios
are critical in finite element modeling (Mackerl®0%; Labans and Kalinis 2011,
Sebera et al. 2013).

Tab. 4.6.3-4:Poisson’s ratios of the sandwich panel

MEAN MIN MAX SD
Vzx 0.172 0.087 0.250 0.035
Vxy 0.037 0.001 0.163 0.033
Vyx 0.036 0.002 0.075 0.013

v — Poisson's rati@x, xy, yx— evaluated strain directions
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Fig. 4.6.3-7:The variability of the Poisson's ratios in theté®0 sec of the load-deformation curve

4.6.4 CONCLUSION

A novel sandwich panel was successfully assembted ihcluded an iso-grid
interlocking core, which was characterized by @wiise compressive strength of 2.64
MPa, an edgewise compressive strength of 6.4 MRBandwich facing strength of 10
MPa, and a core shear strength of 0.21 MPa. Intiaddithe panel was lightweight,
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having a density of 392 kgfywhich compared well with other published findingse
new panel can be defined as lightweight becausdehsity remains below 400 kgim

During mechanical testing, the panel failed in tee-grid core during flatwise
compression, and in the facings when the edgevosapression test was done. It is
assumed that the novel grooved bonding into thedaanay provide better bonding, as
displacement was lower in the area of the groove.

DIC was successfully used to evaluate the Poisgatigs for all directions. The,
was 0.172, the,, was 0.037, and,, was 0.036.

The sandwich panel is versatile, in that the engotye spaces could be filled with
insulation materials such as fibers or foams, whwchild provide additional insulation
capacity. Surfaces could also be equipped withtimhdil overlays, which would deliver

better bending performance.

Regarding application, the grooved surface may bedyred using common
industrial press with a one-side shaped platen.thEunore in future, the
implementation of the insulation material in a coetls such as foams or fibers could

be investigated
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5. CONCLUSIONS AND REMARKS

The purpose of this work is to exploit the potdndiathe full-field measurement of
the wood response on the mechanical loading inrdalebtain more precise and (or)
more advanced results. Therefore, the standard anesdi tests of wood and wood-
based composites were supplemented by the full-fagitical technique applying the
principles of the digital image correlation. Thepplementation or substitution of the
conventional displacement sensors allowed to obiaore precise and (or) more
advanced results. The main results are summarnzédei subsequent paragraphs. The
measurements were carried out on the most widedpnod species in the central
Europe such as European bee€hgus sylvatical.) and Norway spruceP(cea abies
L. Karst). Beside the solid wood, the new wood-dasandwich structure was

investigated too.

1) The full-field analysis of the deformations duritige compression parallel to the
grain revealed the reason for the non-standardribetton behaviour detected by the
conventional extensometers within spruce and baexdd. It can be characterized by
the negative increment of strain in the loadingchion. The reason for this consists in
the abrupt compression of the damage zones loca@dthe compression plates, which
induced the expansion of the middle zone locatéd®n them. This phenomenon may
resulted in the 3-6 times higher Young's modulagid#d based on the strains measured
in the middle (expanded) zone compared to one mddabased on the strains of the
damage zones for both wood species, and therefbreyld be of concern when

measuring wood in such mode.

2) The full-field analysis of the deformations duritihgg three-point bending allowed
localizing the neutral axis in the sample. In orttedetermine the neutral axis position
relative to the centroidal sample axis, the addé@lamage processing resulting in the
finding of the sample edges was carried out. It Weasd that the neutral axis and
centroidal sample axis are almost coincident. Btadement applies for native as well
as for thermally modified beech wood. However, psition of the neutral axis locally
slightly changed (moved to tension side of the lkensample) as load increases, which
has a lot of do with the local compression of womder the loading head. Therefore,

the three-point bending is not efficient for theessment of the neutral axis position.
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3) The full-field analysis of the deformations on ba@djacent longitudinal-radial
(LR) and longitudinal-tangentiaLT) planes of wood during the twisting the sample
provided first input data to determine both londital shear moduli at single torsion
test. The other input data were the shear stredshditions on the captured material
planes in the radial and tangential directionsudated by torsion stress functions. The
coupling of these two input data sets through theké's law is able to provide the true
longitudinal shear moduli of beech wood. Both |dadinal shear moduli increasingly
mutually differed as the load increases but in agerthe shear modulus determined in
theLR plane was higher of about 30 % than one obtainéd iplane. However, a large

amount of the full-field data is an obstacle togiaal use of this procedure.

4) The full-field analysis of the deformations inddc&ound the notches within the
dog-bone shaped sample during the uniaxial tensionided the shear strains data of
beech and spruce wood for the verification of tlestee material model used in the
finite-element analyses. Great correlation was fobetween the numerically predicted
and experimentally measured strain data sets ftr bB and LT shear planes. The
verified elastic material characteristics are sué@afor the assessment of mechanical
response of more complex problems, i.e. timbercgire with respect to connection of
wooden elements using finite-element method. Howevdirect utilization of the shear
strains for a calculation of elastic shear charaties is not suitable because of

complex strain field.

5) The full-field analysis of the deformations cagiron the face layers and
partially on the core cross-section of a new saodwbmposite structure delivered the
parameters, such as the Poisson's ratios, foridm@acterization of the elastic behaviour
of this new material. Moreover, the full-field diapements and strains provided the
additional insight into the deformation behaviodrtiee new composite structure by
means of the assessment of the core-face bondnegfull-field deformation data were
also helpful in the detection of the strain concaiins within the composite structure,

and thus prediction where the failure occur.

The results shows that a full-field deformation lgsia based on the digital image
correlation has proved to be a useful tool foradeanced and effective characterization
of the deformation behaviour, which open a new waythe experimental mechanics of

wood and wood-based composites.
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6. SOUHRN

Stanoveni mechanickych vlastnosti materialu je Zmlo na kvantifikaci
mechanického zatiZzeni ("akce") a odpovidajiciclomhedci ("reakce"). Existujeckolik
zpasohi, jak experimentakh kvantifikovat deformace zkuSebniclles; p@&inaje od
zakladnich, které jsou zaloZeny na pozigtpiku vypovidajici o prmérné deformaci
celého objemu zkuSebnihéldsa, ¥etre nezadoucich (i zkuSebnihocelisti; pes
externi snimé& posunuti jako jsou extenzometry, které b&dosii posunuti na
povrchu zkuSebnihoélesa; az po optické bezkontakini metody jako jeelame
digitalniho obrazu, které je schopnagkachytit firozenou heterogenitueva.

Cilem gredkladané prace je maximélyuzit potencial plno-polniho &eni odezvy
dieva na mechanické namahani. Proto byly standaréchamické zkouSkyidva a
kompoziti na bazi deva doplény o optické bezkontaktni ¢greni deformaci, které je
zaloZzeno na principu korelace digitalniho obrazuoplBeni, pip. nahrazeni
konverénich snim&i posunuti optickou metodou umoznilo ziskaegwjSi a (nebo)
sofistikovargjsi vysledky. Hlavni vysledky jsou shrnuty v naslgdich odstavcich.

M¢éieni byla provagha na nejpouzivasich druzich sedoevropskychigv, a to na
diev¢ buku lesniho Kagus sylvatical.) a smrku ztepiléhoRjcea abies L. Karst).
Kromé masivniho @eva, byly mechanické zkousSky provag také na noy vyvinutém
kompozitnim materidlu na bazirela se send¥dvou strukturou. Tento material je
tvoren jadrem zizové eklizky, které oboustragn opla§ovano tenkou
dievotiskovou deskou. ZkuSebni¢lédsa byla zazovana pomoci Kklasickych

mechanickych zkouSek jako je prosty tlak, proshy tdbody ohyb a krut.

1) PIno-polni analyza deformaci vihu tlakového zatiZzeni rovnébre s vidkny
odhalila divod nestandardniho defortmiho chovani detekovaného pomoci klasickych
piitlacnych extenzomelr u dleva smrku a buku. Toto nestandardni chovani lze
charakterizovat jako negativnitipistek deformaci (rozpinani) ve &m zatizeni.
Pricina této abnormality byla sgaha v nahlém kolapsu (stkni) kontaktnich zén
nachézejicich se v blizkosti dtaych desek, ktery umoznil relaxaci &tpve stedové
casti zkuSebnihoélesa vlivem jeho rozepnuti. Tento jevibe vést aZz k 3-6 krat
vySSimu normalovému modulu pruznosti wmememu z deformaci istdové casti ve

srovnani s modulem, ktery byl vyten na zaklagl deformaci v kontaktnich zénéach.
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Podobny rozdil byl zji$h pro oba druhy iév, a proto by @l byt bran do Gvahy
v piipadech, kdy jeigvo namahano v tomto modu.

2) PIno-polni analyza deformaci viehu tibodého ohybu umoznila definovat
pozici neutralni osy ve zkuSebniflelse. Za Gelem vyjadeni pozice neutralni osy
v relativnich jednotkach (pro porovnani mezi jedingini zkuSebnimi &lesy) je
potreba pozici vztahnout k horni a spodni Rtaoiip. ke geometrické ose zkuSebniho
télesa. Pozice geometrické osy zkuSebnihesta byla ziskana pomocékolika kroki
vyuZzivajicich se id zpracovani digitalniho obrazu. Bylo prokazanopbéha neutralni
osy se térr nelisi od polohy geometrické osy zkuSebnitlesha, tento poznatek plati
pro prirodni i tepeld upravené fevo buku. Nicmé# pozice neutralni osy se vijehu
zatizeni lokala meéni, s girastajicim zatizenim se posunuje ndirk tahové strah
ohybaného zkuSebnih@ldésa. Tento lokalni posun neutralni osy ma cairdoi
s lokalnim otlaenim zkuSebnihalesa pod z&Fovaci hlavou. Z tohoiyodu se pouZziti
tiibodé ohybové zkousky pro stanoveni pozice neltodinjevi jako nevhodné.

3) PIno-polni analyza deformaci na obotilghlych podélnych rovinach idva
(podélrg-radialni —LR a podélg-tangencialni -LT) v prabéhu krouceni zkuSebniho
télesa poskytla prvni vstupni data pro stanoveni gbadélnych smykovych modil
pruznosti deva buku v ramci jedné krutové zkouSky. Druhymiupsimi daty byly
distribuce smykovych n&td na snimanych plochach zkuSebnibleda v radialnim a
tangencialnim siru vypaitené pomoci funkci krutového n#p (“torsion stress
functions"). Propojeniéthto dvou vstupnich datigs Hookiv zakon umozni stanovit
skut&né podélné smykové moduly. Rozdil mezi¢mla smykovymi moduly se
postup® zvysuje s firastajicim zatizenim. V pméru je smykovy modul stanoveny
v LR roviné o 30 % vySSi nez smykovy modul stanovenyTwroviné. Nicmérg, velky
rozsah plno-polnich dat seu#e ukazat jako fiekdzka v praktickém pouzivani této

procedury stanoveni smykovych moilul

4) PIno-polni analyza deformaci vyvolanych kolem #ratiezi, kterymi bylo
opateno zkuSebni¢teso ve tvaru psi kosti, vigsehu jednoosého tahu, poskytla
smykoveé porarné deformace buku a smrku, které byly nasigaouzity pro verifikaci
(owveteni) elastického materidlového modelu pouzZivanéhkoneng-prvkovych
analyzach. Mezi numericky predikovanymi a experitd® nangérenymi smykovymi

deformacemi byla nalezena velmi dobra shoda pré® phdélné smykové roviny
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(LR +LT). Owiené materialové charakteristiky jsou vhodné praopesni mechanické
odezvy slozigjSich struktur, tj. #Eevénych konstrukci s ohledem na spojeni jednotlivych
diewenych prviki, pomoci konén¢-prvkové metody. Nicmén primé pouziti
smykovych porérnych deformaci pro stanoveni elastickych smykovgicarakteristik
neni vhodné zidrodu komplexniho deforntaiho pole vyskytujiciho se kolem hiiot

z&en, které zahrnuje i normalové deformace.

5) PIno-polni analyza deformaci snimanych na kryciebkach a&asténé také na
jadie nov vyvinutého kompozitniho materialu na barevh se sendsovou strukturou
poskytla parametry, jako jsou Poisson@isla, pro charakteristiku elastického chovani
tohoto nového materialu. Navic, plno-polni datauymogi a pordrnych deformaci
poskytla hlubSi nahled na defortn&a chovani nové kompozitni struktury
prostednictvim posouzeni spojeni mezi jadrem a krycieskdmi. Plno-polni data
deformaci byla také uzited pro detekci mist, kde dochazi k lokalni kongamitr
deformaci, cozZ je obvykle spojeno se vznikem tghirporusenim zkuSebnihddsa.

Vysledky této prace napovidaji tomu, Ze plno-palnalyza deformaci zalozena na
principu korelace digitalniho obrazu se ukazala jakite&ny nastroj pro sofistikovanou
a efektivni charakteristiku deforffr@ho chovani, ktery otevirA nové cesty pro
experimentalni mechanikdal/a a kompozitnich materiéha bazi deva.
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