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ABSTRACT

Commonly observed damage in wood products and wasdeébcomposites are: wood fibre fracture, delanoinat
between plies or debonding of wood—adhesive lay2etamination which is probably the most frequerthserved
damage, may be produced during manufacturing ainglin service loading such as accidental exceskiading
produced for example by snow or, by fatigue in highariable environmental conditions of temperatanel humid-
ity. Damage detection in general and delaminatiopdrticular is a very important issue in the canhtd structural
health monitoring for mechanical engineering infnasture with elements in wood and wood-based caitg® The
development of computational techniques in thetlasnty five years, and the progress achieved ichaeical char-
acterisation of solids in general and of compositgsarticular, affected positively the developmefithe modelling
of wood and wood-based composites mechanical betaviRelated studies clearly suggest that delamiman
solid wood can occur between different layers efc¢bll wall at submicroscopic, microscopic and raacopic struc-
tural levels. With respect to wood-based composttesbehaviour of two groups of products has lmlysed: the
laminated products and the fibre—based productniieation detection studies were summarized incthrgext of
structural health monitoring, The review of thedtetical aspects related to the detection of damagkiced by de-
lamination in composites was oriented in two manedations: the nondestructive evaluation methddgian ultra-
sonic technique with Lamb waves, which is an experital method able to provide local damage infoionatand
the model dependent method, at relatively low deegpy, which undertake analysis of structural medeiple-
mented by finite element analysis and is able twvige global damage information, for linear and #ioear me-
chanical behavior of the system The developmentarfd — based composites testing methodologiesdt@nuna-
tion detection should be encouraged as part oéffieets being made to control the performance wof tmst building

materials

1. Introduction

Mechanical integrity of interfaces in wood-basedhposites
plays a major role in determining the serviceapiif struc-
tures and their components. New advanced matefias
parallel-strand lumber, laminated veneer lumbec,) eare
designed with specialty interfaces to increasetdiracresis-
tance of wood-based composite materials and tonawws
date residual stresses. Of particular note is dio¢ that the
mechanical properties of wood-based compositesd use
mainly in civil engineering, may degrade severaty the
presence of damage, often with tragic consequefitese-
fore damage detection is a very important issuéncontext
of structural health monitoring for mechanical evegiring
infrastructure with elements in wood and wood-baseuh-
posites.

Wood-based composites are complex materials ekigbit
important anisotropic properties. Commonly obserdath-
age in these materials are: delamination betweées,pl
debonding of wood—adhesive layers, and wood fitaetdire.
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Delamination in wood can occur at macroscopic, ascopic
and submicroscopic scales in wood componerBaicyr
2010 Delamination in wood-based composites may result
from manufacturing errors, by imperfecte bonding,sepa-
ration of adjoining piles, etc., or, during in seesloading
such as by accidentally excessive loading proddiceex-
ample by snow or, by fatigue in cyclical environrnrcon-
ditions of temperature and humidity.

The prediction of delamination in compositétafagud et al
1990, 1992, Tay 2003, Sridharan 2Pa8 a challenge for
both scientists and manufacturers. This is dueh& large
number of parameters involved in the design of ausitps
and, on the other hand, to the complexity of thesst state
which leads to the initiation and propagation dad@nation.

For delamination initiation aspect, the toleranoedjction is
based on semi-empirical criteria, such as poirgsstior av-
erage stress criteria. Due to the use of suctriajitedustries
perform numerous tests in order to ensure theysafatgins
for delamination failure are not exceeded. The non-
propagation certification relies on fracture mecdbsiranaly-
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ses, which are very complex and introduce diffieslfor the
characterization of the initial delamination paité®riniva-
san1996, Murata and Masuda 2006

In the last thirty years there have been severpbitant ad-
vances toward a better understanding of the mechafi
laminated composites and of the damage mechaniseas,
cause of their intensive utilisation in aerospawgirgeering.
This progress concerns the analysis and ideniificain the
micro, macro and meso scales, as well as the dawelot of
advanced anisotropic material models. To be abtelyoon
computational models, both academics and manufstur
recognize that a prerequisite is to develop a ldetanaterial
model with a clear identification procedure andvatidate
this model by means of representative experimeéasis.

The physics of delamination is governed by intéoast
among different damage mechanisms, such as filmakbr
age, transverse microcracking and debonding oadj@cent
layers of the cell wall. To understand the physitdelami-
nation in composite biological materials and mapecéfi-
cally in wood, wood based products and wood-based-c
posites, it is necessary to have detailed knowledigeit the
microstructure of these materials.

As noted byKelly (1989)in the Concise Encyclopedia of
Composite Materials;plant cells are a good example of
laminated composite material; the shape of thes cll
roughly tubular with various laminae of cellulosécrofi-
brils glued together to form a wall. Each lamina lachar-
acteristic fibre orientation which can be randomoss-
helical or single — helical. These biomaterials gn@vn un-
der stress; this means that the loading conditioihshe
structure as a whole can be used effectively asphints for
the most efficient use of fibre reinforcement. Bwit very
nature, natural fibrous composites are better rizdéein
tension than in compression and their use in mapica-
tions is often limited by this fact. The excess tefisile
strength available can be profitably used to presstin ten-
sion the regions of the structure which are moraeanable
to compressive loads. Also the presence of wateroas
pression members will result in lighter structures”

2 Wood material

Woodis a natural fibrous, layered composite which eitbib
a remarkable combination of properties relatedttength,
stiffness and toughness. The mechanical propeofighis
material can be represented commonly by an orthiatror
transverse isotropic structure or by a much moghisti-
cated monoclinic structuréB(icur and Rasolofosaon 1998,
Bucur 2003)

Several models have been proposed to represent staad
ture in relation to its mechanical behaviour sugh a

a) - an array of parallel cylindrical tubes, oftiepic struc-
ture, oriented in the stem directiofRrice 1928, Srinivasan
1996, Barlow 199y
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b) - a matrix and framework. The corresponding raedtal
properties of the cell wall material can be derifesim the
natural polymer constituent (cellulose, hemicelaloand
lignin) properties by the rule of mixtur&ark 1967)

c) - cellular structure model with hexagonal célage, for
which the principles of cellular solid mechanice arsed.
Some improvements of this approach were giverKakle
and Woodhouse (1994nd Watanabe et al (2002002),
who considered the cell wall material as transverg®o-
tropic.

d) - multiscale models, using three-dimensionaitdirele-
ment simulation of representative softwood relatetlular
models. Data related to the microstructural charéstics
such as the micrifibril angle and the chemical cosiipon

of the cell wall such as lignin, hemicelluloses,tevaand
crystalline cellulose were also integrated intoirttneodels
(Harrington et al. 1998, Astley et al. 1998, Yamamb®99,
Persson 2000, Watanabe and Norimoto 2000, Yamaetoto
al. 2005, Hofstetter et al. 2005, 2006, Fritsch Aedimich
2007).

e) -model considering simultaneously the continuona-
chanics for the solid—type behaviour of the celllaad on
the other hand, the unit cell method, for the ptape be-
haviour of the softwood microstructur@iofstetter et al.
(2007) It was stated that the activation of differenade
carrying mechanisms of cellular structure depenasthe
loading state of wood, such as for example:

- the plate-type bending and shear deformations of
the cell walls which are dominant in the tangdntia
direction, when the transverse shear loading and
longitudinal compression straining are applied on
solid wood specimens.

- the solid-type deformations are dominant in longi-
tudinal and radial directions when longitudinal
shearing loading straining are induced on wood
specimens.

At a cellular scale the plate-like deformation nedeere
studied combining random/periodic multi-step homoga-
tion with corresponding values obtained from caountim
micromechanics modeling. The average predictiveacip
of this model is low, about 8%, with very large iaions
depending on the value of the elastic constants. Highest
errors were observed ongE&error can be as high as 290%)
and on Poisson’s ratios (error of about 75%).

It is very likely that the predictive capacity diis model
could be substantially improved by using more aatuval-
ues of the elastic constants at a microscopic sedlieh can
be obtained with the development of specific adoust-
croscopic technique as suggestedingur (2003).

All these studies cited previously and relatedhi® tmodel-
ling of wood structure clearly suggest that delation can
occur between different layers at submicroscopicron
scopic and macroscopic structural levels.
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3. Wood-based composites

With regards to the wood-based composites, the amchl
behaviour of two groups of products could be aradyshe
laminatedwood products anthe fibre—basegroducts.

Performance criteria for wood-based compositesterati
rectly to product end useaminatedproducts are frequently
used for structural purposes. This requires congii® of
engineering strength needs, safety and short amgl term
response of the material to the service environm@tntic-
tural, exterior—grade products have the most demgnd
bond-quality requirements, since glue line failemuld be
catastrophic to these structures. In these situmtipue line
strength, durability and reliability must be assljrey com-
putational analysis and bond quality testing progra
Computational models to simulate mechanical behawbu
new wood-based composites are critically neededusecof
cost-effectiveness. The effects of varying raw matehar-
acteristics on the mechanical properties of praspenew
products can be thoroughly analysed. The intereie ex-
pensive bond quality testing programs also camipgaved
by modeling. Finite element modelling of laminatedod
composites as a multilaysystem was proposedr{che and
Hunt 1993, Wu et al 2004pr predicting tensile, compres-
sion or bending strength and stiffness using failcriteria.
Clouston and Lam (2001, 2002) and Clouston (2(qf3}
posed an advanced methodology for analysing thé&aniall
stress states in small specimens of parallel woeahd
composites, using a 3D non-linear stochastic fiel@ment
model and Monte Carlo simulations. The Tsai-Wu gftien
theory to predict the ultimate load carrying capadf a
centre point off-axis bending member made from Dasig
fir laminated veneer, incorporating the size effeets re-
ported byClouston et al. (1998).

References relating to the modelling of mechaniedlaly-
iour of fibre-based composites are as abundanhasetfor
laminated wood-based composit&mulski and Ifju 1987,
Chakraborty et al. 2006 Mechanical properties of fibre-
based composites are influenced by factors sucHitas:
geometry, orientation and distribution, fibres gagkin
flake of different orientation, random distributiof flakes,
moisture content, adhesive—type, etc. Single lajake
models and multilayer mat structures were sugge&edig
and Jayne 1982, Steiner and Dai 1998j and Steiner1994,
Lenth and Kamke 199@p explain the mechanical behav-
iour of fibre based composites. Several auth@gawa
2000, Tascioglu et al 2003rgported successful utilisation
of hybrid fiber—reinforced polymer composites — lgin
products for structural applications in civil inftauctures
such as beams for bridges stringers, panels foigérand
pier decks. It was noted that these compositeseaseresis-
tant to delamination tests during accelerated axgoo
wetting and dryingPirvu et al. 2004)Mechanical defiber-
ing action produces important structural modificai such
as: internal fibrillation observed as a helical pgaf fibres,
cell wall delamination, external fibrillation whicis the
peeling off of the fibrils from the fibre surfacejth forma-
tion of fines, fibrils or fibrillar lamellae attaek to the exte-
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rior fibre surface and fibre shortening, dependngthe re-
fining conditions, the fibre type — hardwood or teafod-
and the pulgype — mechanical or chemical. It is appropriate
to mention here that the hydroxyl groups availatmethe
surface of the cellulose molecule are the prime naday
which fibres and cement, or other material usednagix,
bond togetherQoutts 2005) The increasing environmental
concern about the wastes from wood, wood proddfmtest
waste and construction waste materials has giwenta the
development of new or improved technological preess
such as the water—vapour explosion process. Thiseps
rapidly defibrates wood wastes producing a new maate-
rial for novel wood cement composit@&ei et al 2004).

4. Vibration — based approach for delamination

detection

Delamination in composites can be revealed by titdma
based techniques and can be related to the lodabkmtal
damage detection. The local damage detection ferpezd
with an ultrasonic technique (Lamb waves, etc) e
global damage detection is based on a model — bas#tbd
using low frequency vibrations and undertaking éinalysis
of structural models implemented by finite elemanalysis
or other more complex techniques.

4.1 Ultrasonic techniques

Interfaces play an important role in determining gerform-
ance of laminated composite materials on a widéetaof
scales, from interlaminar bonds to adhesive bomtis. de-
fects expected to be present at the interfaceracke at the
interfaces of different oriented plies, inter-plglamination,
adhesion weakness at interfaces between pliestarebr a
ply and an adhesive layer. In all cases the basipgse of
the nondestructive evaluation methods is the detation of
the integrity of bondsRotel and de Belleval 1993a, b, Hos-
ten et al 1987, Su et al 2002, Sohn et al 2004, Sohal et
2003. The efficiency of ultrasonic methods is relatedthe
understanding of the relationship between the nredspa-
rameters and the interface mechanical propertidgchwis
dependent on the theoretical approach used to qbréuk
behavior of the interface, according to the spediind of
defect expected to be present Combining the expatahe
data with the theoretical knowledgeglifsekorn 200} it is
possible to gain important information about ttmedr or non
linear interface behavioK¢ohn et al. 2002, Solodov et al.
2002.

4.2 Low frequency techniques

Compared with ultrasonic nondestructive testing evalua-
tion procedures, the model-based methods using flew
quency vibrations have a more rigorous mathemakiaak-
ground, but also several limitations related to ititerpreta-
tion of the physical meanings of the detected tesutd the
precise numerical representation of the structufég me-
chanical behavior of a damaged structure can hdiestun
two hypotheses, the linear or the non linear meichhive-
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havior. In that follows both aspects will be suctin de-
scribed.

4.2.1 Linear behavior

Model — based methods implemented by finite element
analysis under static or dynamic loading, assunae the
linear monitored structure responds can be acdyrake-
scribed by finite element analysis. It is assuntet the be-
havior of the structure iknear before and after damage. The
composites are usually modeled as beams (Euler ,b&&m
moshenko beam) with through-width delaminationsalbelr

to the beam surface located arbitrarily, or shells.

Kim et al. (1997)proposed an analytical solution for predict-
ing delamination buckling and growth of a thin fibein-
forced plastic layer in laminated wood beams unstatic
bending. It was noted that delamination growtheiated to
an explicit form of strain-energy release rate &nat the
critical load can be accurately predicted. Simaolatof the
delamination indicated an unstable growth of thiamdea-
tion after buckling of the delaminated sub-lamin&dowed
by arrested delamination growth.

For the vibrating beams, the foundation of lineaalgsis is
based on the concept of linear normal mode angriheiple
of superimposition. Linear normal modes are synocbus
harmonic particular solutions of the homogeneouadi
system (Vakakis 199%

The dynamic model - based methods use changesia-vi
tional modal properties (i.e. modal frequenciesdat@amp-
ing values and mode shapes) to infer changes imamézal
properties of the structure. The impulse or comtirauexcita-
tion techniques can be used for vibrating the sinec Com-
monly a hammer technique is used for impulse etkaita

The utilization of a non-contact scanning laserratibeter
system allows acquisition of a large number of raezmsent
points for a better definition of the mode shap&sntinuous
sine excitation can be produced by using PZT - -lead
zirconate-titanate - ceramic wafers as actuator.

The dynamic model — dependent methods can be subdi-

vided into: modal analysis, frequency domain, tidzanain

and impedance domain, according to the dynamicoresp
parameters analyzed. Frequencies, mode shapestunerv
mode shapes and modal damping, which are functigheo
physical properties of the structure (mass, dampimg stiff-
ness), are the most commonly measured parametben w
the dynamic model - based methods are used.

Modification of physical properties of the struetusuch as
for example reduction of stiffness resulting fromaaks or
delamination, will implicitly cause detectable chas in
modal parameters. Furthermore, these changes raussdal
as indicators of damage, and the process of vibratbased
damage detection reduced to some form of patterogre-
tion problem, as can be seen from the referented below
and extracted from a huge literature, from whicmeaefer-
ences are selected\dams et al. 1978, Cawley 1990, Cawley
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and Adams 1979, 1987, Wang et al. 1982, Tracy andden
1989, Nagesh and Hanagud 1990, Paolozi and P£8&d,
Petyt 1990, Hanagud et al. 1990, 1992, Pandey. €t98ll,
Tenek et al. 1993, Luo and Hanagud 1996, Mesdiral. e
1998, Sampaio et al. 1999, Wahl 1999, Lestari aadagud
1999, D’Ambrogio and Fregolent 2000, Brandinellidan
Massabo 2002, Kessler et al. 2002, Lee et al. 2B8Bhelot
and Sefrani 2004, Chrysochoidis and Saravanos 2Déka
and Shu 2005, Ghoshal 2005, Coutellier et al. 200@,
Borst and Remmers 2006, Ladevéze et al. 2006, Lestalk.
2007,).

Because of the fact that the damage is a typicall Iphe-
nomenon, several difficulties can arise in its det& and
location such as:

- higher frequency modes are able to capture local
responses, whereas lower frequency modes capture

the global response of the structure
- for the excitation of higher modes more energy is
required than for the excitation of lower modes and
loss of information can result from the reductidn o
time history measurements
- shifting from the linear to nonlinear response.

For damage identification and health monitoring stfuc-
tures, many different issues are critical, suchtlas:excita-
tion and measurement configurations, the selectibrthe
type of sensors and their location, the signal gseing per-
forming such as : Fast Fourier analysis, time -guency
analysis, or wavelet analysi§gstro et al. 2097

4.2.2 Nonlinear behaviour

Nonlinear damage is observed in the case whennttially
linear-elastic structure behaves nonlinearly atfter damage
has been produced. Nonlinear normal modes areetkfis
some synchronous periodic particular solutionshef htomo-
geneous nonlinear system under which all degreére@fiom
undergo the extreme position at the same tiviakékis
1996.

The most frequent nonlinearities in a delaminatedni are
introduced by: the nonlinear geometric effects sashaxial
stretch effects, the deflection — dependent intenas in both
longitudinal and transverse directions, the int&eni con-
tacts between the segments during vibration, thedeated
segments constraining the movement of each otheher
growth of delamination.

Another group of methods used for the implementatd
nonparametric- models methods and based on théfidan
tion of the nonlinear response of the structuretlaeeneural-
network-based methodkio and Hanagud 1997).

Prognosis with statistical model development foatdiee

discrimination is also a group of methods reced#yeloped

for structural health monitoring and damage detecti
(Montalvao et al 2006, Wang aite 2007.
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4.2.3. Some practical aspects

As noted bySohn et al. (2003the implementation of a
structural health monitoring systems must answestjons,

related to the presence of damage and to the opmaht
evaluation, such as:

- the damage detection (existence of damage in the

system), the damage location (where is the damé#ge}ype
of damage (what kind of damage), the extent of dgnfhow
severe is the damage) and the prognosis (how mseful
life remains).

- the operational and the environmental condition
which referes to the safety and economic motivatifor
performing the monitoring, and on the other handctvtare
the limitation on acquiring data.

The structural health monitoring process of big d/dami-
nated structures, in light of normal aging and edgtion
resulting from operational environments, must imreokhe
periodic inspection of the system using:

- sampled dynamic response measurements from an

array of transducers, establishing their number,
resolution, bandwidth, data acquisition (periodi-
cally or continuously), storage and transmittal
hardware;

- extraction of the damage — sensitive features, nor-
malization of data by the measured inputs or by en-
vironmental cycles (summer, winter) ;

- statistical analysis of data to determine the eurre
state of the system.

After catastrophic events such as earthquakes, seixee
snow loading, etc, the structural health monitorprgcess
must provide reliable information about the integief the
structure.

5. Conclusion

The review of the theoretical ideas was done ireotd per-
ceive and identify for the future, the researcledions able
to identify the damage detection induced by delatidm in
wood products and in wood-based composites usitrg-ul
sonic and low-frequency vibration measurementsafprac-
tical implemented technology. This imply three maspects
: the understanding of the theoretical aspectde@lto the
physical phenomena for delamination initiation gnowth ,
the development of models and testing procedunas,tlae
developments and validation of specific codes. déeelop-
ment of wood — based composites testing methodsdofgir
delamination detection must be encouraged as patheo
efforts being made to control the performance o kost
building materials.
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