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Abstract 

Wood is one of the oldest building materials in the world, however some recent 

construction materials are also based on wood, such as Laminated Veneer Lumber 

(LVL). Bearing in mind the changes in fire regulations that now allow the 

construction of multi-level wooden buildings, wood products such as plywood, cross 

laminated timber (CLT), LVL or oriented strand board (OSB), are becoming 

increasingly more important in construction. To avoid critical situations and to 

maintain safety standards when applying wood based materials, more detailed 

information on damage accumulation and interaction is required for adequate design 

and durable implementation of wood materials in load bearing elements in building 

constructions. 

Compared with solid wood, there is still limited knowledge on damage and failure 

mechanisms in these materials, especially at the microscopic scale. The damage 

progress in wood involves several length scales of the wooden hierarchical structure, 

complying with the growth rings at the mesoscopic scale, that occur on account of the 

composition of chemical constituents and the arrangement of cell types and cell wall 

structures at the microscopic level. In the case of the plywood, which is focused on in 

the studies presented here, the failure behavior differs from that of solid wood due to 

the additional length scale introduced by the layered structure of bonded veneers. 

Thus, the material behavior is mainly influenced by the orientation of the veneers as 

well as the used adhesive. 

The detailed behavior of these materials under load, with the complex interactions 

between size and properties of the microstructural units, their interfaces, and the 

micro-and mesoscopic stress distributions yielding the observed macroscopic failure, 

is focused on. To this aim, the tensile failure of several plywood materials consisting 

of three up to six layers was monitored by the Acoustic Emission (AE) method, which 

provides high time-resolution (µs - ms) for damage initiation and accumulation on all 

length-scales. AE is the phenomenon of generating transient or continuous elastic 

waves by releasing stored elastic energy in materials by means of, e.g., plastic 

deformation or crack propagation, and hence, the detection of AE by means of piezo-

electric sensors mounted on the material’s surfaces facilitates recording multi-scale 

information on damage progress covering almost the whole specimen volume. 

Furthermore, to facilitate the interpretation of the AE results, the specimen’s surfaces 

were monitored by CCD cameras for post-calculations of strain field formations by 

applying the method of digital image correlation (DIC).  
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Compared to the damage accumulation in solid spruce, a more distinctive exponential 

increase in damage growth was determined for the plywood materials. Hence, it is 

demonstrated that the destruction of plywood undergoes two damage growth rates 

clearly generated by the layered structure. The first damage growth rate is mainly 

restricted to the single layers releasing only about 30% of the total fracture energy, 

whereby the defect growth is larger the more layers constitute the plywood structure. 

Furthermore, a larger number of defects occurring during the first defect growth rate 

are found to predict a higher tensile strength of the material. The second rate of defect 

growth starting at about 70% of the ultimate stress indicates the path of lowest 

resistance sought through all layers. 

The comparison of model layered wood made of clear spruce lamella and industrially 

produced plywood comprising to process-related pre-damages (lathe checks) has 

proven that the presence of pre-damages decreases the detected amount of AE. 

Besides, the model layered wood reveals a relatively higher share of microscopic 

scale damages than the industrial plywood materials. 

Furthermore, the unsupervised pattern recognition (UPR) method for frequency based 

AE signal classification, originally developed for fiber-reinforced composite 

laminates, was applied to wood and layered wood materials for the first time. This 

implementation is straightforward, since these composites and wood both have 

distinct microstructures with anisotropic elastic properties. Firstly, to validate this 

cluster technique, tensile tests on miniature specimens made of spruce wood were 

monitored by AE and, simultaneously, by synchrotron radiation micro computed 

tomography (SRµCT). Analogous to the different grain orientation of the veneers in 

the plywood, stress was applied parallel and perpendicular to the grain. By means of 

the UPR method, two classes of AE signals were identified, whereby one class of AE 

signals is characterized by a relatively high share of low frequency components and 

the opposite is true for the second class. Correlations of this cluster formation with the 

details of the crack propagation extracted from the SRµCT tomograms led to the 

hypothesis that the signature of relatively slow cell separation mechanisms and rapid 

cell wall cracks might be the origin. The same tests were performed on bonded 

miniature specimens that consist of two clear spruce wood lamellae joined together, 

which yielded similar cluster results that were also assigned to separation mechanisms 

and cell wall cracks. A third cluster exclusively attributed to the failure in the 

adhesive layers was not identified. However, based on the combination of SRµCT 

images and related AE cluster patterns, it is assumed that AE signals generated by 

crack mechanisms of the adhesive might be among the signals of the low frequency 
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cluster assigned to separation mechanisms. This may also be true for the laboratory 

scale specimens made of model layered wood and industrial plywood, since the UPR 

technique subsequently applied to the AE detected while tensile testing the different 

layered structures of plywood also yielded only two AE signal clusters. Similar to the 

results of the miniature tests, the clusters differ in signals of relatively high shares of 

low frequency and high frequency content and are thus assumed to also be caused by 

separation or by shear mechanisms and cell wall cracks, respectively, which 

essentially occur over the whole test duration. Furthermore, the broad range in AE 

energy of the detected events over the whole test duration proves that multi-scaled 

damages are present during both damage growth rates. 

The knowledge gained on the microscopic as well as on the mesoscopic scale failure 

behavior and fracture pattern for different layered plywood materials enables an 

improved understanding of the complex interactions between dimension and function 

of the structural elements for failure evolution. Beside further clarification of the 

damage micromechanics of wood-based materials, new advances in test and 

monitoring methodology and in experimental characterization, analysis and evaluation 

were obtained, regarding the combination of AE and SRµCT monitoring as well as 

adaptation of the new UPR approach. 
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Zusammenfassung 

Holz ist einer der ältesten Baustoffe der Welt und zugleich der Rohstoff für noch 

junge, neu entwickelte Materialien wie beispielsweise dem Furnierschichtholz 

„Laminated Veneer Lumber“ (LVL). Seit im Rahmen der europäischen 

Harmonisierung der Bauvorschriften die Brandschutzvorgaben Änderungen 

unterliegen, erleben insbesondere holzbasierte Baustoffprodukte wie Sperrholz, 

„Cross laminated timber“ (CLT), LVL und „Oriented Strand Board“ (OSB) einen 

Aufschwung im Bausektor. Um kritische Situationen zu vermeiden und die Sicherheit 

bei der Verbauung von Holzwerkstoffen gewährleisten zu können, ist es unerlässlich 

deren Schädigungsverhalten, die Ausbildung, Ansammlung und Wechselwirkung 

auftretender Schädigungen im Detail zu kennen. Nur so können spezialisierte 

Produkte für Konstruktionen entwickelt und die Tragfähigkeit lasttragender Holz-

Elemente verbessert werden. 

Verglichen mit dem umfangreichen Kenntnisstand zum Verhalten von Vollholz, 

besteht für viele Holzwerkstoffe noch Aufklärungsbedarf, insbesondere hinsichtlich 

des Schädigungsverlaufs im mikroskopischen Bereich. Bedingt durch die 

hierarchische Struktur, erfolgt die Schadensausbildung im Vollholz auf verschiedenen 

Größenskalen, beispielsweise an den Jahrringsgrenzen (mesoskopische Ebene) wo 

verschiedene Zelltypen (mikroskopische Ebene) einen Schwachpunkt in der Struktur 

darstellen können. Bei Holzwerkstoffen wird das Materialverhalten zusätzlich 

beeinflusst durch die Holzpartikelgröße, Ausrichtung und Anteil an verarbeitetem 

Holz sowie Bindematerial und Klebstoff. Im Falle des hier schwerpunktmäßig 

untersuchten Furnierwerkstoffes Sperrholz, sind die Furniere, deren Faserorientierung 

und Qualität sowie der verwendete Klebstoff von Bedeutung.  

Ziel dieser Arbeit ist es, die Versagensentwicklung von Sperrholz unter Belastung 

detailliert zu beschreiben. Dabei werden die komplexen Wechselwirkungen zwischen 

Größe und Funktion der mikro-strukturellen Elemente und deren Grenzflächen 

untersucht und die zum makroskopischen Versagen führenden mikro- und 

mesoskopischen Spannungsverteilungen analysiert. Zu diesem Zweck wurden 

verschiedene Sperrholzmaterialien, bestehend aus drei bis sechs Furnierlagen, auf Zug 

bis zum endgültigen Versagen belastet und die auftretende Schallemission (AE, aus 

dem Engl.: Acoustic Emission) gemessen. Das Phänomen AE ist die Ausbreitung 

transienter und kontinuierlicher elastischer Wellen im Material, welche beispielsweise 

durch plastische Verformungen oder Rissbildung verursacht werden. Mit Hilfe von 

piezoelektrischen Sensoren, die auf der Materialoberfläche befestigt werden, sind 
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diese Wellen detektierbar. Auf diese Weise wird die mehrskalige, über das gesamte 

Probenvolumen auftretende Schadensausbildung und -ansammlung, in hoher 

Zeitauflösung (ms-µs) erfasst. Da die Informationen aus der AE schwer zu 

interpretieren sind, wurden die Probenoberflächen während der Belastungstests 

zusätzlich mit CCD Kameras aufgenommen. Die generierten Bilder, nachträglich 

mittels Digitaler Bildkorrelation (DIC, aus dem Engl.: Digital Image Correlation) 

ausgewertet, liefern die Dehnungsfelder an der Probenoberfläche. 

Während Vollholz eine eher lineare Schadensansammlung unter fortschreitender 

Belastung aufweist, wurde für die untersuchten Sperrhölzer ein exponentieller 

Zuwachs an Schädigungen festgestellt. Dementsprechend konnten für Sperrhölzer 

zwei Defekt-Zuwachsraten bestimmt werden, die eindeutig auf den Einfluss der 

Lagenstruktur zurückzuführen sind. Die erste Defekt-Zuwachsrate wird hauptsächlich 

durch die Schwachstellen in den einzelnen Lagen verursacht, wobei etwa 30% der 

insgesamt auftretenden Bruchenergie (anhand der Korrelation zwischen Bruchenergie 

und Energie der AE Signale ermittelt) freigesetzt wurden. Eine größere erste Defekt-

Zuwachsrate korreliert tendenziell mit einer höheren Festigkeit, und ermöglicht somit 

eine grobe Vorhersage zur Materialfestigkeit. Die zweite Defekt-Zuwachsrate setzt 

bei etwa 70% der maximalen Last ein, wobei dann der Weg des geringsten 

Widerstandes „global“ über alle Lagen des Sperrholz-Prüfkörpers gesucht wird. 

Gegenüber dem „idealisierten“ Lagenholz, welches aus fehlerfreien, auf-Dicke-

gehobelten Fichtenholzlamellen hergestellt wurde, generierte das industriell gefertigte 

Sperrholz mit seinen typischen, verarbeitungsbedingten Vorschädigungen (Schälrisse) 

eine niedrigere Anzahl AE Signale. Es wurde festgestellt, dass der Schadensverlauf 

im idealisierten Lagenholz einen vergleichsweise hohen Anteil an mikroskopischen 

Schäden aufweist. 

Mit Hilfe eines Ansatzes zur Mustererkennung wurden die gemessenen AE Signale 

klassifiziert. Die verwendete Methode wurde ursprünglich für Untersuchungen an 

polymeren Faserverstärkten Verbundwerkstoffen (FVW) entwickelt. Es werden 

ausschließlich frequenzbasierte Parameter der AE Signale ausgewertet. Für die 

Grundlagenforschung in der Holzwissenschaft wird die Implementierung dieser 

Mustererkennungsmethode als vielversprechend bewertet, schließlich weisen FVW 

und Holz bzw. Holzwerkstoffe starke Ähnlichkeiten bezüglich dem Zusammenhang 

zwischen Struktur und Funktion sowie den daher rührenden anisotropen 

Eigenschaften auf. Um die Methode für Holz zu validieren, wurden zunächst 

Miniatur-Prüfkörper aus Fichtenholz geprüft und die AE gemessen. Gleichzeitig 

wurden die Prüfkörper mittels Synchrotron-Strahl-basierter Mikro-Computer-
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Tomographie (SRµCT) untersucht. Die Mustererkennung identifizierte zwei Klassen 

von AE Signalen, wobei eine Signalklasse durch eher niedrige Frequenzanteile, die 

zweite Signalklasse durch überwiegend höhere Frequenzanteile charakterisiert ist. Die 

Ergebnisse der Mustererkennung wurden durch detaillierte Auswertungen der 

zugehörigen SRµCT-scans ergänzt, beispielsweise durch Analysen der entstandenen 

Risse und Bruchflächen. Es konnte eine erste Hypothese aufgestellt werden, welche 

den Ursprung der zwei Signalklassen zum einen mit den eher langsamen Vorgängen 

der Zell-Separation und zum anderen mit den spröden Zellwandrissen erklärt. Die 

gleichen Untersuchungen wurden an weiteren Miniatur-Prüfkörpern durchgeführt, 

welche aus zwei miteinander verklebten Fichtenholzlamellen bestanden. Die 

Ergebnisse der Mustererkennung ähneln jenen der Vollholzproben. Eine dritte 

Signalklasse, die eindeutig dem Klebstoffversagen zuzuordnen wäre, wurde nicht 

identifiziert. Jedoch lässt der Vergleich zwischen den Bruchbildern und den leichten 

Abweichungen in den Hauptparametern der Schallsignalklassen vermuten, dass die 

vom Klebstoffversagen generierten AE Signale insbesondere in der 

niederfrequenteren Signalklasse abgebildet werden. Ähnliches ist für die 

Untersuchungen an den Sperrholzproben anzunehmen, denn auch hier wurde eine 

Signalklasse mit eher höheren und eine mit eher niedrigeren Frequenzanteilen 

identifiziert. Die Ursprünge dieser Signalklassen sind vermutlich auch hier 

Zellwandbrüche und Separations- bzw. Schermechanismen. Beide Versagenstypen 

treten während des gesamten Belastungsverlaufs, bis hin zum endgültigen Versagen 

des Materials auf. Für beide Defektzuwachsraten wurde, für beide AE Signalklassen, 

eine breite Variation der Defekt-Größen (anhand der Amplituden und Energien der 

auftretenden Schallemissionssignale) und damit auch eine mehrskalige 

Schadensentwicklung festgestellt. 

Die durchgeführten Untersuchungen ergeben ein besseres Verständnis der komplexen 

Wechselwirkungen zwischen Größe und Funktion der verschiedenen 

Strukturelemente während der Schadensentwicklung in Sperrholz. Die Überwachung 

von Schadensentwicklung in Holzwerkstoffen mittels Kombination von AE und 

SRμCT sowie die Vorstellung des neuen Ansatzes zur Mustererkennung von AE 

Signalen liefern fortschrittliche Methoden zur experimentellen Charakterisierung, 

Analyse und Auswertung im Feld der Holzforschung und unterstützen die 

Weiterentwicklung von Test- und Überwachungsmethoden. 
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1 Introduction 

1.1 Background 

Over the past fifty years, society’s awareness of ecological sustainability has come to 

the fore and is becoming more and more recognized as an integral part of everyday 

life. Climate change and industrial globalization have encouraged international 

climate and energy policies to focus on strategies of consistent and long-term 

direction for development (COM 2010). Considering that resource management and 

resource efficiency hold the key to the future of the manufacturing industry, 

renewable natural resources are becoming ever more prevalent in the production 

environment replacing conventional materials and initiating the creation of novel 

applications.  

In this context, wood products represent a not insignificant factor, and although wood 

is one of the oldest building materials in the world, some recent products are also 

based on wood, such as the so-called “Baubuche” (www.pollmeier.com, Dworschack 

2014) and Laminated Veneer Lumber (LVL). Furthermore, political, economic and 

technological factors, e.g. concerns about products’ ecological footprint, require the 

design and application of new wood based products. Thus, wood products, among 

others plywood, LVL, glue laminated timber, cross-laminated timber (CLT) or 

oriented strand board (OSB) are becoming increasingly more important in the 

building sector, in particular with regard to the changes in fire regulations allowing 

multi-storey wooden buildings (Manninen 2014). 

The usage of wood materials as load bearing elements, however, may entail certain 

risks when improperly installed. Even minor carelessness in handling the material 

may have serious and irreparable consequences. To avoid critical situations and to 

maintain safety standards, more detailed information on damage accumulation and 

interaction in engineered wood products is required. A detailed description of the 

damage process in layered wood is a challenge even today, since failure of structures 

results from damage accumulation due to various individual sub-macroscopic 

mechanisms. The complexity of damage progress in wood is hardly traceable because 

it involves several length scales of the wooden hierarchical structure in agreement 

with the growth rings at the mesoscopic scale based on the composition and 

arrangement of cell types and cell wall structures at the microscopic level, built up by 

chemical constituents (in the range of tenths of nm). In the case of the plywood, the 

failure behavior differs from that of solid wood, due to the additional length scales 

introduced by the layered structure of bonded veneers. By means of standard tests on 
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plywood (DIN 52376, DIN 52377, EN 310), the sub-macroscopic structure-function 

relation extends over a continuum, whereas complex interactions between size and 

properties of the microstructural units, their interfaces and the micro- and mesoscopic 

stress distributions leading to macroscopic failure are still yet to be gathered and 

largely remain to be explained. Concerning this issue, developments in experimental 

setup and, especially the non-destructive monitoring methods have now reached a 

level that bridge this gap and enable a more detailed insight into microscopic damage 

processes.  

The method of AE is sensitive to damage mechanisms on several length scales and the 

development in AE monitoring and analysis benefits from the fast improvements in 

electronics and computing performance. During the last two decades, the testing 

method of AE had lost importance in the field of wood research. However, today’s 

improved technology and data processing again offers high potential for multi-scaled 

material characterization and possible future monitoring of (wood) products in 

service. Since the AE method yields high time resolution for the determination of 

failure stresses and separation of damage events, it is expected to provide further 

details of the damage evolution on the different length scales in plywood. The 

additional combination of AE with optical monitoring methods entails advances in 

experimental characterization, analysis and evaluation, since the key challenge in AE 

analysis is the assignment of detected AE signals to their origins within the material.  

1.2 Research objectives and motivation 

The damage evolution in wood depends on a huge number of features, such as the raw 

density, share of early and latewood tissue, the arrangement of cellular structure due 

to certain wood species and the angle between fiber orientation and loading direction, 

among others. Based on this, the failure behavior of layered wood structures is 

affected by the different lay-ups constituted by the grain orientation of the layers. The 

adhesive and the interface layers also influence the material’s mechanical behavior. 

The goal of this experimentally oriented thesis was the comprehensive 

characterization of the damage evolution in layered wood structures to yield an 

improved understanding of ultimate failure. This comprises two aspects of 

characterizing damage accumulation and failure, namely (1) damage mechanisms 

occurring below the macroscopic scale, i.e., on a level where they take place as 

individual events; and (2) their interaction and accumulation leading to macroscopic 

failure. (Fig. 1.1).  
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Figure 1.1 Schematic of ultimate failure of layered wood material as a result of 
individual microscopic mechanisms  

An integrated description of failure behavior for a multi-scaled analysis demands 

clarification of the initial crack formation at low level stresses as well as on dominant 

deformations and damages and their final coalescence into mesoscopic or even 

macroscopic cracks. To this aim, the following key issues are focused on in the 

present thesis (Fig. 1.1):  

- The start and the accumulation of defects at sub-macroscopic scale 
- The identification and size of damage mechanisms at sub-macroscopic scale 
- The changeover from microscopic mechanisms to larger scale damages 
- The dynamic in damage increase in terms of defect growth rates 
- The impact of the layered structures on the linear and non-linear failure 

behavior 
- Predictions of the ultimate tensile strength by means of damage events 

occurring prior to failure 
- The impact of intrinsic pre-damages (veneer lathe checks) on AE behavior 
- The occurrence and interpretation of identified AE signal classes 

Notably, the material characterization is evaluated as a function of progressive 

stresses to associate the material’s behavior over a continuum and its structure 

function in microscopic or mesoscopic scale. Furthermore, decoding the origin of 

structural changes by means of verifying certain parameters of the detected AE is also 

sought. Besides the analysis of AE signal parameters in the time domain, e.g., AE 

amplitude, AE energy, features of the signal’s frequency spectra are also focused on, 

particularly to identify similarities and, based on this, to assign features of the 

detected signals to their microscopic source mechanism. Therefore, the UPR method, 

which is based on features extracted from the frequency spectra, is employed. The 

approach for signal classification applied in the present study was originally 

developed for failure identification in fiber reinforced composites (Sause et al. 2012a, 

Sause et al. 2012b). Since these composites and wood both have distinct 

microstructures with anisotropic elastic properties (Fratzl et al. 2004), the 
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implementation of the UPR method for AE signal classification of failing wood seems 

to be straightforward and promising. 

This experimental approach combines complementary non-destructive methods to 

perform real-time studies on failure development at microscopic and macroscopic 

scale constitutes a significant advance in experimental characterization of wood 

products or wood. The outcome of this research work will be of relevance for the 

design of new, more damage resistant wood-based products with better performance 

and improved damage resistance and durability regarding the end usage. Furthermore, 

the obtained findings could positively be transferred to other types of materials, e.g., 

fiber-reinforced polymer-matrix composites in a biomimetic approach. Micro-

mechanics and modelling the mechanical behavior of wood products or other complex 

composite materials may profit from the detailed insight gained from this project. 

Moreover, especially in the field of production or in-service of the end products, (non-

destructive) online monitoring methods are becoming more and more important and 

thus, basic research is also needed to single out suitable testing and monitoring 

procedures and pave the way for their application. 

1.3 Structural overview 

In general, studies on failure behavior of wood, specimens made of clear wood 

without intrinsic defects as they occur within industrially produced plywood, e.g., 

knots or pre-cracks, are conducted. For a first validation of damage evolution in 

layered wood, quasi-static tensile tests at laboratory-scale, according to DIN 52377, 

were performed on specimens made of clear spruce wood lamellae. The tests were 

monitored by acoustic emission (AE) and digital image correlation (DIC), whereby 

the damage initiation and accumulation of the simplified type of laminated veneer 

lumber and the simplified type of plywood are studied with regard to the increasing 

test progression. Thus, the energy content of detected AE signals reveals a correlation 

with strain field formation. The sizes of occurring damage events are analysed by 

means of AE amplitude distributions. (Chap. 6.1, Paper I) 

Similar tests are performed on plywood specimens from industrial production. Due to 

the different lay-up of the plywood samples consisting of three, four, five or six 

veneers of spruce wood, differences in damage are analyzed by means of AE and DIC 

results as a function of the applied stress levels. Damage growth rates are determined 

and a first classification of AE signals is performed by means of energy content of the 

AE signals. (Chap. 6.2, Paper II) 
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The impact of pre-damages within the plywood materials is discussed in more detail 

in Ritschel et al. 2013 and summarized in Chap. 6.3. Thus, the AE results detected for 

the specimens made of clear spruce wood lamellae and for the industrially produced 

plywood are compared by means of cumulative AE activity and energy, as well as by 

the AE amplitude distributions. (Chap. 6.3) 

Similarities of the AE signals detected for a certain material are assumed to be caused 

by the same source mechanism. An unsupervised pattern recognition approach based 

on the frequency spectra of the AE signals detected is employed to identify AE signal 

classes to provide an interpretation of related source mechanisms that occur when 

stressing wood materials. For a first assessment of the approach originally developed 

for fiber reinforced composites (Sause 2010) applicable to AE detected on stressed 

wood products, miniature specimens made of clear spruce wood are tested under 

tension. To achieve this, two different loading cases, longitudinal and radial applied 

tensile stresses leading to different fracture patterns of the ultimate failed specimens, 

are performed. (Chap. 6.4, Paper III) 

Similar tests on longitudinally and radially loaded miniature specimens made of clear 

spruce were monitored by the AE measurement and, simultaneously, by synchrotron 

radiation micro computed tomography (SRµCT) to establish an improved 

interpretation of the AE cluster results obtained from the unsupervised pattern 

recognition technology. This combination is of outstanding benefit, since the SRµCT 

monitoring provides insight into the microscopic structure of tested specimens at the 

initial condition, the crack evolution at different states as well as the final fracture 

and, additionally, the associated crack formation and propagation in the spatial 

domain that results from the accumulation and interaction of single damage events 

detected in AE. (Chap. 6.5, Paper IV) 

The adhesive layer within a bonded wood structure such as plywood also influences 

the material’s mechanical performance and is thus expected to generate different 

cluster patterns in AE behavior due to lay-ups differing in the grain angles of the 

bonded wooden layers. Hence, further miniature specimens made of clear spruce 

wood bonded together with urea formaldehyde adhesive (UF) are investigated by 

employing the same experimental design and analyzing methods such as those used 

for the miniature specimens made of clear solid spruce. (Chap. 7.1) 

As a reference for the laboratory scaled specimens of clear solid spruce, model 

layered wood without process-related pre-damages and industrially produced 

plywood, AE signal classification was performed using the previously tested UPR)
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Table 1.1 Overview on the presented studies 

Material Model layered 
wood  
 
(Clear spruce 
lamellae bonded 
with UF) 

Industrial 
plywood  
 
(Spruce veneers 
bonded with PRF) 

Clear solid spruce 
 
 
 
 

Clear solid spruce 
 
 
 
 

Bonded wood 
 
 
(Clear solid spruce 
bonded with UF) 

Model layered 
wood & industrial 
plywood 
(Columns 1 & 2) 
 

Specimen’s test 
section 2 cm2 2 cm2 1 mm2 1 mm2 1 mm2 2 cm2 

Imaging method DIC DIC - SRµCT SRµCT DIC 

Focus in AE 

Damage onset & 
accumulation 

 
Damage intensity 

Damage onset, 
accumulation & 
growth rate 

Prediction of  
ultimate failure 

Signal 
classification based 
on spectra 

First interpretation 
of detected AE 
clusters 

Improved signal 
classification based 
on spectra 

Calibration of crack 
sizes ( by means of 
the related SRµCT 
scans) 

Improved signal 
classification based 
on spectra 

 

Comprehensive 
description of the 
failure 
development 

Focus in imaging 
method 

Elongation strain Elongation strain 

Shear strain  

- Fracture zone  

Damage type 

Size of fracture 
area 

Fracture zones  

Influence of the 
adhesive layers  

Elongation strain  

Compression strain 

Shear strain 

Paper  I II III IV Supplementary 
investigations 

Supplementary 
investigations 
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approach. Therefore, only the results of the broad band AE sensors - SE 1000-H were 

evaluated which are likely to be comparable to the sensors used for the miniature 

tests. For each industrially produced plywood type, a comprehensive description of 

damage progression is presented including the obtained AE signal clusters, AE 

amplitudes and the localization of the detected AE signals, which are furthermore 

supplemented by selected results of the strain field formations determined by means 

of the DIC method. (Chap. 7.2) 
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2 The raw material wood 

2.1 Anatomy of wood 

Wood reveals a complex hierarchical structure (Fig. 2.1), whereby the arrangement of 

cellulosic and non-cellulosic components constitute its composite character, from the 

macroscopic length scales down to the sub-microscopic level. At the macroscopic 

scale, wood is recognized as a cellular solid. The cellular composition is designed to 

serve the three fundamental functions of a plant, which are water transport from the 

roots to the leaves, the storage of biochemical substances and the plant’s stability. 

Nature has created a number of different varieties of cell arrangements entailing the 

diversity of wood species (Wagenführ 2000). As a result of their early phylogenetic 

development, the simplest design evolved to form softwoods. The material 

investigated herein is the softwood spruce (Picea abies [L.] Karst.). 

Due to the natural dimensions of the tree trunk, the cellular arrangement keeps a 

cylindrical symmetry, which is utilized to define the anatomical directions (Fig. 2.2a). 

The rotation axis runs in the longitudinal (L) direction and two further orientations are 

defined perpendicular to this. The radial (R) direction is normal to the symmetry axis, 

also passing the growth rings perpendicularly, whereas the tangential (T) axis touches 

the growth rings as a tangent. Based on this, three distinctive planes are determined 

(Fig. 2.2b). Since the plywood material consists of rotary cut veneer, the longitudinal-

tangential (LT) plane is the primary focus in the following chapters. Furthermore, a 

wood block can be described by means of the geometric or the polar coordinate 

system (Fig. 2.2c). 

For softwoods, more than 90% of the whole cellular structure are constituted by 

tracheid cells (Fig. 2.3a), whose rotation axis is oriented in the L direction. Similarly 

to composite tissue, the tracheids can be regarded as the reinforcing structural element 

embedded in the more ductile middle lamellae, which can be seen as the lignin matrix 

(Dinwoodie 1978).  

Within the growth rings, tracheids differ in early wood cells formed at the beginning 

and latewood cells formed in the later section of the growth ring. For spruce wood, the 

early wood tracheids are characterized by relatively thin walls of 2-5µm cell wall 

matter enclosing a cell lumen of 15-45µm diameter. In contrast, the latewood 

tracheids have cell walls of 9-12µm thickness and diameters of 6-22µm. This cell 

composition constitutes the density profile of increasing density within a single 

growth ring (Lanvermann et al. 2013) in the R orientation (from early wood to 
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latewood). The length of spruce wood tracheids ranges between 1-5mm. Other 

structural elements are the wood rays, which run in the R direction. Especially in the 

case of spruce wood, the wood ray is uniserial (a single string of parenchyma cells 

one above the other). In general, the rays consist of three up to twenty parenchyma 

cells characterized by an averaged diameter of 10µm forming wood rays of up to 

200µm in height. Spruce wood also includes resin channels, oriented longitudinally as 

well as radially. Since the resin channels represent less than 1% of cells, they will not 

be discussed further. 

 

Figure 2.1 Hierarchical structure of softwood revealing its composite structure on 
the different length scales. Modified version of the original artwork by M. 
Harrington, University of Canterbury, New Zealand. 

 
Figure 2.2 Anatomical axes and principal planes in wood. a) Longitudinal (L), radial 
(R) and tangential (T) direction. b) Radial section (RL), tangential section (LT) and 
cross section (RT). c) Geometric (x1, x2, x3) and orthotropic (L, R, T) axes of a wood 
block, angles (Ψ1, Ψ2, Ψ3) of the polar coordinate system. 
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Figure 2.3 a) 3D microscopic structure of spruce wood generated using synchrotron 
based tomographic microscopy. b) Lay-up of tracheid cell wall: Primary (P), first 
secondary (S1), second secondary (S2) and third secondary (S3) cell wall; modified 
version of the original Brändström 2002. 

The anisotropic nature of wood originates from the arrangement of tracheids oriented 

in the L direction and the wood rays running parallel to the R axis. In contrast, no 

structural elements are aligned in the T direction. Tracheids in particular show a 

complex ultrastructure (Fig. 2.3b) substantially contributing to the mechanical 

performance (Salmen and Burgert 2009). The tracheid’s cell wall reveals the character 

of a layered composite that is built from the outer primary cell wall (P) enclosing the 

three-layered secondary cell wall (S1, S2 and the inboard S3) as organized in a 

composite laminate (Brändström 2002; Neagu et. al 2007). Each cell wall layer 

reveals a certain composite character due to the arrangement of the micro-fibrils 

embedded in a lignified matrix (Frey-Wissling 1936; Mark 1981). Thereby, the S2 

layer contributes the most to the mechanical behavior of the tracheid, since it is a 

major bulk of the cell wall; approximately 70% (Fengel and Stoll 1973). The 

reinforcement of the S2 layer is adjusted in the L direction, which is induced by the 

orientation of the micro-fibrils nearly parallel to the tracheid axis. 

2.2 Elasticity and strength 

The mechanical properties, such as elasticity and strength, of a single wood species 

are influenced by a number of factors including fiber-load angle, loading case as well 

as the loading speed. As substantiated by uniaxial loading tests, wood exposed to 

moderate stress levels shows a linear elastic behavior and is consequently described 

by Hooke’s Law (Eq 2.1) (Carrington 1921; Noack and Roth 1976). Thus, the 

correlation between stress and strain gives a measure of the stiffness C of a uniaxial 

loaded material, also known as the elasticity (E) or the modulus of elasticity (MOE).  
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𝜎𝑘𝑙 = 𝐶𝑖𝑗𝑘𝑙𝜀𝑖𝑗 (2.1) 

For the mathematical description of the wood’s anisotropic character, the most 

common degree of anisotropy accepted is that of orthotropic material symmetry 

(Bodig and Jayne 1993). Therefore, idealized wood is presumed to be a continuum 

substance with its anatomical directions L, R and T coinciding with the symmetry 

axes (Hörig 1935, Hearmon 1941). Applying Hooke’s law to this three-dimensional 

behavior, the tensorial form relates nine components of stress to nine components of 

strain (Eq. 2.2), where the stiffness tensor C is a fourth rank tensor comprising the 

elastic characteristic of the material by 34=81 parameters.  

[
 
 
 
 
 
𝜀1

𝜀2

𝜀3

𝛾12

𝛾13

𝛾23]
 
 
 
 
 

=

[
 
 
 
 
 
𝑆11 𝑆12 𝑆13 0 0 0
𝑆21 𝑆22 𝑆23 0 0 0
𝑆31 𝑆32 𝑆33 0 0 0
0 0 0 𝑆44 0 0
0 0 0 0 𝑆55 0
0 0 0 0 0 𝑆66]

 
 
 
 
 

[
 
 
 
 
 
𝜎1

𝜎2

𝜎
𝜏12

𝜏13

𝜏23]
 
 
 
 
 

 
(2.2) 

Since the compliance matrix S is the inverse of the stiffness matrix C, and further, 

considering the orthotropic character that defines the symmetry of elastic properties 

along three mutually perpendicular planes, the compliance matrix is given by the 12 

components Sij. The diagonal components Sij of the compliance matrix are the inverse 

of the Young’s modulus Eij and the shear modulus Gij, whereas the non-diagonal 

elements depend on the Poisson ratio (Tab. 2.1), which is a quotient of the strain 

normal to the load direction εi and the strain parallel to the loading direction εj 

(Eq. 2.3). By further postulating the symmetry of the non-diagonal elements, the 

tensor is simplified to nine independent elastic parameters (Bodig and Jayne 1993). 

For the description of wood, the coordinate system L-R-T is employed for the strains 

ε,  and the stresses σ, τ; consequently subscripting: L=1, R=2 and T=3. Since rotary 

cut veneers coincide with the LT-plane, the two-dimensional approximation of the 

compliance matrix is sufficient to describe the elasticity of the plywood’s material 

component veneer (Eq. 2.4) (Bodig and Jayne 1993, pp. 347). Regarding the 

softwood’s cellular composition, the tracheids (which constitute more than 90% of the 

components) run in the L direction, whereas the T direction lacks such an alignment 

of reinforcing cell components. It follows that wood reveals its strongest anisotropy 

between both the L- and T- directions, whereby, on average, the Young’s modulus in 

the L direction is more than twenty times that in T direction (Bodig and Jayne 1993, 

pp. 115). 
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Table 2.1 Lists of the diagonal and non-diagonal components of the compliance 
matrix for description of wood. 

Diagonal components  Non-diagonal components 

𝑆11 = 𝐸1
−1  𝑆12 = −𝜗12𝑆11 𝑆21 = −𝜗21𝑆22 

𝑆22 = 𝐸2
−1  𝑆13 = −𝜗13𝑆33 𝑆31 = −𝜗31𝑆11 

𝑆33 = 𝐸3
−1  𝑆23 = −𝜗23𝑆33 𝑆32 = −𝜗32𝑆22 

𝑆44 = 𝐺12
−1    

𝑆55 = 𝐺13
−1    

𝑆66 = 𝐺23
−1    

𝜗𝑖𝑗 = −
𝜀𝑖

𝜀𝑗
 ;   𝑆𝑖𝑗 = 𝑆𝑗𝑖  ;   𝜗𝑖𝑗 ≠ 𝜗𝑗𝑖   

(2.3) 

[

𝜀𝐿

𝜀𝑇

𝛾𝐿𝑇

] = 

[
 
 
 
 

1

𝐸𝐿
−

𝑣𝐿𝑇

𝐸𝐿
0

−
𝑣𝐿𝑇

𝐸𝐿

1

𝐸𝑇
0

0 0
1

𝐺𝐿𝑇]
 
 
 
 

[

𝜎𝐿

𝜎𝑇

𝜏𝐿𝑇

] (2.4) 

 

The shear modulus in transverse RT plane is significantly lower than the shear against 

the L direction. For further comparison, the mechanical properties of spruce wood 

under tensile stress derived from several studies are listed in Tab. 2.2. Further, the 

ratios were determined from the data by Keunecke et al. (2007) (Eq. 2.5, Eq. 2.6). 

 

𝐸𝐿 :  𝐸𝑅  :  𝐸𝑇 ≈ 32 ∶ 1.6 ∶ 1 

𝐺𝐿𝑅 :  𝐺𝐿𝑇  :  𝐺𝑅𝑇 ≈ 11.6 ∶ 11.1 ∶ 1 

(2.5) 

(2.6) 

 

Due to the composition and arrangement of the cellular tissue, the mechanical 

properties of wood parallel to the grain significantly differ from that perpendicular to 

the grain (Gillis 1972; Gibson 2012). The characteristic stress-strain curves of tensile 

loading wood parallel and perpendicular to the grain demonstrate the significant 

differences in stiffness and strength (Fig. 2.4). Furthermore, the brittle nature of wood 

under tension is revealed by the significantly linear elastic region coming to a short 

inelastic deformation before ultimate failure.  
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Table 2.2 Mechanical properties of Norway spruce (Picea abies [L.] Karst.) exposed 
to tensile load. 

Modulus of Elasticity (MPa) EL 14956 

12800 

Požgaj et al. 1997 

Keunecke et al. 2008 

 ER 625 

3088 

612.5 

Keunecke et al. 2008 

Požgaj et al. 1997 

Welling 1987 

 ET 397 

555 

413.3 

Keunecke et al. 2008 

Požgaj et al. 1997 

Welling 1987 

Strength (MPa) σL 80…90 

21…90…245 

Sell 1997 

Wagenführ 2000 

 σR 3.6 

4.8 

Keunecke 2008 

Welling 1987 

 σT 2.6 

3.93 

Keunecke 2008 

Welling 1987 

 σ┴ 1.5…2.7…4 Wagenführ 2000 

 Since wood is a hygroscopic material, the relation between moisture content and 

mechanical properties is the focus of numerous studies (Neuhaus 1983; Hering 2011; 

Ozyhar 2013). Comparing strength values for several wood species shows the 

correlation between strength and density (Gibson 2012). Analogous to the elasticity, 

the strength behavior of wood shows differences due to the applied fiber-load angles. 

Loading wood parallel to the grain yields the highest values of ultimate strength for 

all loading types, while R and T values are almost similar. For further comparison, the 

mechanical properties of spruce wood exposed to tension are listed from literature 

(Tab. 2.2). 

 
Figure 2.4 Mechanical properties of wood under tension. a) Typical stress-strain 
curves of wood tensile loaded parallel and perpendicular to fiber direction. b) 
Influence of fiber-load-angle to tensile strength (Kollmann 1951). 
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2.3 Fracture and failure under tension load 

2.3.1 Crack growth system 

Origin and appearance of fracture are multifarious, due to the microscopic properties 

of the material. The fracture is the consequence of crack nucleation and propagation 

when a material is exposed to stress. The formation or the growth of a crack creates a 

new surface by separation processes, respectively resolving bonding forces. Since, 

under tensile load, wood is a brittle material, the crack propagation is describable by 

the concept of linear elastic fracture mechanics (LEFM). A characteristic measure of 

energy available for an increment of crack extension is the strain energy release 

rate G, which, for wood, mainly depends on the temperature and moisture content 

(Debaise et al.1966).  

Griffith energy balance:  

𝐺𝐺 =  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 (2.7) 

G Strain energy release rate; dU Energy consumption associated with created 
crack area; dA Change in crack area 

 

Figure 2.5 Crack growth system for a wide plate of a material with Young’s 
modulus E and fracture toughness Gc, initially containing a crack length of 2a, is 
stressed in plane. 

𝜎𝜎𝑓𝑓 =  √𝐸𝐸𝐺𝐺𝐶𝐶
𝜋𝜋𝜋𝜋   (2.8) 

𝜎𝜎𝑓𝑓  Fracture stress; E Young’s modulus; a Crack half-length; GC Fracture 
toughness. 

Equivalent to the theory of Griffith (1921), a characteristic measure of fracture is 

given by the energy consumption 𝑑𝑑𝑑𝑑 due to the creation of a certain crack area 𝑑𝑑𝑑𝑑 

(Eq. 2.7). Thus, the internal strength of the material with Young’s modulus 𝐸𝐸 needs to 

be overcome (Fig. 2.5.). The corresponding critical energy release rate, the fracture 

toughness 𝐺𝐺𝑐𝑐 (Eq. 2.8), expresses the resistance against ultimate fracture offered by 

the material already containing cracks (Anderson 2005). The fracture toughness 𝐺𝐺𝑐𝑐 is 

a material specific property, which, in the case of brittle materials such as wood, is 

mainly affected by the surface energy. For an arbitrary structure, the fracture strength 
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decreases with increasing square root of crack size (Eq. 2.8). Fracture mechanisms in 

wood are of relevance when considering the failure analysis of plywood. The fracture 

toughness of wood is closely linked to the wood’s density. By applying fracture 

mechanics to the wood’s microscopic structure, its fracture toughness for crack 

propagation normal to the grain was found to be 10 times larger than for crack 

extension parallel to the grain. For a more comprehensive description, the reader is 

referred to Ashby et al. (1985).  

2.3.2 Modes of crack extension  

Crack extension can be caused principally by three types of loading modes (Fig. 2.6): 

Modes I, II and III. Mode I (opening cleavage) describes the tensile cracking by 

stresses opening the crack flanks. Thus, the applied tension provokes crack growth 

normal to the load direction. Mode II (in plane shear) is induced by shear loads arising 

from an opposed displacement of the crack flanks parallel to the direction of the crack 

propagation. In contrast, mode III (out of plane shear) summarizes all the stresses that 

cause a displacement of the crack flanks transversely to the crack propagation 

direction. For example, this mode appears when a crack is exposed to torsional 

stresses. 

 

Figure 2.6 Three types of loading: Opening cleavage Mode I, In-plane shear Mode 
II, Out of plane shear Mode III. 

Due to wood’s anatomical axes, six different scenarios of crack orientations are 

defined. In the notation the first letter specifies the direction perpendicular to the 

crack, the second the direction of the crack propagation (Fig. 2.7). The lathe checks 

act in the TL crack system for the plywood layers loaded parallel to the grain, whereas 

for the cross oriented layers the TR system is applicable. 

Generally, due to its natural character and depending on the tree’s origin history, the 

wood material may already include characteristic intrinsic flaws. When exposed to 

low stress levels, the fracture of wood already starts by opening up and extending 

these intrinsic defects. The crack propagation can be characterized by means of its 

dynamic and lifetime, whereby the orientation of the starter crack plays an important 

role. Applying mode I to cracks oriented parallel to the grain (TL, RL), the crack 

propagates relatively slowly and unstably due to possible crack arrest when reaching 

the tracheid ends or passing the wood rays (Debaise et al. 1966). In contrast, when 

applying the mode I to a starter crack perpendicular to the grain (LR, LT), the rapid 



 

16 

cell wall breaking is of short cracking lifetime and rather stable character (Ashby et al. 

1985).  

 

Figure 2.7 Crack systems in wood due to its three anatomic directions: Longitudinal 
(L), radial (R) and tangential (T). 

In the following, a rough overview of typical fracture patterns and mechanisms are 

presented on a macroscopic as well as a microscopic scale, whereby the case of 

uniaxial tensile loading is of main interest due to the tests carried out on the layered 

wood materials and plywood products here investigated. 

2.3.3 Axial tension parallel to the grain 

When tensile loading a clear spruce wood specimen (with intrinsic flaws below 

macro-scale included, veneer lathe checks excluded), the ultimate failure is initiated 

by the fracture of the tracheids.  

 
Figure 2.8 Fracture pattern of wood tensile loaded in the longitudinal direction. a) 
2D tomogram shows crack propagation that pauses within the latewood zone of 
spruce wood. b) ESEM image of the fracture surface shows brittle failure and 
splintering of early wood tracheids of spruce wood. c) Macroscopic fracture pattern 
shows splintering. d) Failure types of wood tensile loaded: 1 splintering, 2 tension 
and shear, 3 shear, 4 brittle tension; Source: Bodig and Jayne (1993). 
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For wood and paper research, the investigation of mechanical performance of wood 

fibers is of great interest (Eder et al. 2008; Burgert et al. 2001); however, the 

outcomes are not transferable to the failure behavior of wood tissues due to the 

interaction of adjacent tracheids. Against crack extension in the R direction, the 

latewood tracheids act as a stronger barrier against breakage than the early wood 

tracheids which is owed to the fact that latewood tracheids consist of thicker cell walls 

than early wood tracheids (Fig. 2.3.a). 

 
Figure 2.9 Cracking types when tensile loading wood: TW(n) Trans-Wall normal to 
grain, TW(p) Trans-Wall parallel to grain, IC Inter-Cellular, IW Intra-Wall. Source: 
Zauner 2013. 

At the microscopic scale, the fracture patterns of the tracheids, as shown in Figs. 2.8a-

b, can include fiber breakages with the crack plane oriented normal to the (early 

wood) tracheid axis (Fig. 2.9, TW(n)) as well as kinds of tear open mechanisms along 

the tracheid cell walls parallel to their axis (Fig. 2.9, TW(p)), which rather occur in 

the transition and late wood zones (Debaise et al. 1966). Moreover, it is suspected that 

the crack growth avoids crossing the wood rays featuring the tissue’s reinforcement 

perpendicular to the load application (Futo 1969). As a consequence of the complexity 

at micro-scale, several fracture patterns at the macroscopic scale can occur: tension 

fracture with splintering (Figs 2.8c-1, d), combined shear and tension (Figs 2.8.c-2, c-

3) or brittle failure (Fig. 2.8.c-4).  

2.3.4 Axial tension normal to the grain 

The mechanism of wood failure when exposed to tension perpendicular to the grain 

depends on the loading case and is affected by the density profile across the growth 

ring (Fig 2.10a). Ashby et al. 1985 found the occurring types of microscopic damage 

mechanisms in relation to the ratio of wood density 𝜌𝜌𝑠𝑠 to cell wall density 𝜌𝜌𝑤𝑤. For 

wood species with the ratio 𝜌𝜌𝑠𝑠/𝜌𝜌𝑤𝑤 below 0.2, mainly the unstable cell wall fracture 

TW(p) was observed, whereas a larger ratio indicated both TW(p) and the 

intercellular (IC) or inter-wall (IW) separation mechanisms. The image from the 

Environmental Scanning Electron Microscopy (ESEM) in Fig 2.10b shows the 

fracture pattern of R loaded spruce which reveals both cell wall cracks and cell 
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separations. The separation of tracheids comprises crack growth within the middle 

lamella between adjacent cells yielding the so-called intercellular fracture IC, as well 

as intracellular fracture IW along the cell wall (Fig 2.9) within the cell wall lay-up 

(Fig. 2.3b) (Bucur 2011).  

 
Figure 2.10 Failure behavior of wood tensile loaded perpendicular to the grain. a) 
Weak zone within early wood zone: 1 tension failure in early wood tracheids, 2 
shearing along growth ring, 3 tension failure of wood ray; Source: Bodig and Jayne 
(1993). b) ESEM image of fracture zone in spruce wood tensile loaded in the radial 
direction shows trans-wall cracks and separation of early wood tracheids. c) 
Tomographic reconstruction from spruce wood tensile loaded in the radial direction 
reveals fiber-bridging of the early wood tracheids. 

For R tensioned wood, the fracture zone is formed within the early wood bands 

(Fig 2.10c) revealing tension failure of tracheids (Fig 2.10a-1), whereas the wood rays 

had significantly contributed to the stiffness of the cellular tissue (Burgert et al. 2001; 

Burgert and Eckstein 2001; Reiterer et al. 2002). Tension failure is similarly observed 

in wood rays when loading in the T direction (Fig 2.10a-3) as it is for tensioning the 

cross oriented plies in plywood. Fiber-bridging is another phenomenon observed for 

transverse loading cases (Vasic et al. 2002; Frühmann et al. 2003; Keunecke et al. 

2007; Zauner 2014) that yields a non-linear failure behavior. 
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3 The engineered product plywood 

Wood reveals a high potential for, and finds wide spread applications in, the building 

industry if its pronounced anisotropy can be manipulated and restrained. Designing a 

composite of orthotropic laminae arranged with varying grain angles of the layers 

leads to a reduction of the wood’s anisotropic nature (Fig. 3.1, Keylwerth 1954). For 

instance, plywood built up of plies at 30° grain angles is rather described as an 

isotropic material. Thus, the elastic behavior is a superimposition of the plies’ elastic 

properties. Among other factors, the strength, the modulus of rigidity (shear modulus 

G) and the dimensional change also depend on the lay-up. 

 

Figure 3.1 Polar diagram of Young’s moduli of different plywood structures; 
modified version of the original Keylwerth (1951). 

As an engineered product, plywood has to meet the demands of its final application. 

Correspondingly, EN 313-1 distinguishes plywood products by means of principal 

characteristics such as the durability, mechanical properties, surface appearance and 

surface condition. The design process of a plywood product starts from the veneer 

properties such as wood species, thickness and the arrangement of the plies’ grain 

angles and, based on this, the calculation of the end product with specified properties 

can be performed by means of EN 14272. 
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3.1 History and Application 

The basic principle of plywood, namely the lay-up of veneers alternating in their grain 

orientation, is dated back to the 18th century. Particularly, luxury items like furniture 

and art objects that were manufactured, for instance by David Röntgen who was one 

of the most famous artistic carpenters at that time, captivated with surfaces finished 

with veneer overlay. Thereby, the veneer was bonded on cross laminated wood stripes 

to reduce the wood’s natural tendency toward swelling- and shrinkage-induced 

warping. Veneers were exclusively produced by sawing until the first veneer peeling 

machine was patented in 1818 (Wagenführ et al. 2011). The story of the plywood 

material known today started in the 19th century when the first patents for plywood 

were applied by John K. Mayo in 1865 in the US and Karl Witowsky in 1884, 

respectively, in Europe (Shi and Walker 2006). Innovative technological 

developments, for instance the hydraulic hot-compacting press developed by Max 

Harras in 1885 and the first belt dryer developed by Bernhard Hausmann in 1907, 

facilitated the industrial production of plywood. Leopold Lourié recognized the 

potential of the product and founded the first plywood production in Austria in 1903 

(Kollmann 1962). Firstly, plywood was used for packaging products, but quickly 

spread out into new applications like in aircraft construction. Since the 1930s, 

plywood has been a commercial product used for packaging, in furniture and interior 

accessories in automobiles, boats and aircrafts, whereby also plywood molded parts 

and profiles constitute a special product group. Furthermore, they also comprise 

various interior constructions like doors and flooring and, in the building industry, 

exterior grade plywood is applied as formwork panels and roof structures (Perkins 

1962). One of the latest developments is a laminated wood material made from rotary 

cut beech wood, the so-called “BauBuche” designed by Pollmeier 

(www.pollmeier.com, Germany). The product BauBuche allows structures with 

significantly slimmer dimensions, compared to softwood materials, due to its 

exceptionally high strength. For example, the BauBuche aspirates for application as 

building material of wind energy towers since, due to its more advantageous strength 

to weight performance, it allows higher heights (160m) than comparable constructions 

made of steel and concrete (Dworschack 2014). 

3.2 Production 

The raw material for rotary peeled veneer is a straight log, preferentially with a large 

diameter. First, the bark of the trunk is stripped and the trunks are cut to the length 

required. Afterwards, the logs are steamed in a large pit. Based on the producer’s 



 

23 

experience and depending on the wood species and the desired color for the end 

product, the steaming or cooking time varies from a few hours to several days.  

For rotary cutting of the veneer, the log is clamped onto the central axis and is turned 

on its own axis while the veneer is helically peeled from the outside as a continuous 

layer (Fig. 3.2). To control the vibration of the peeling knife and concurrently the 

thickness of the manufactured veneer, a nosebar positioned beyond the knife is 

pressed against the log during rotation (Baldwin 1981; Aydin et al. 2006). By doing 

so, the veneer’s side facing the knife is exposed to bending stresses and thus, fine 

cracks are formed. The depth of the so called lathe checks depends on the wood 

species, the pre-treatment and the cutting conditions as well as the veneer thickness 

(Strübing 1960) and has effects on bonding quality.  

 
Figure 3.2 Principle of veneer cutting including a possible lathe check induction. 

In general, the veneer thickness ranges from 0.1mm up to a few mm. In the following 

processing stage, the continuous peeled veneer is cut into sheets by means of an 

optical optimization clipper system before carefully being dried in a belt dryer. 

Afterwards, the veneer quality is proven, whereby defects are detected optically and 

then are repaired by inserting patches. The veneers are sorted by quality to be applied 

to the outermost surface layers or for building the core of the plywood.  

To allow the production of panels of large dimensions, plies are produced by joining 

veneers with their grain orientation parallel to each other and end to end. By a roller 

system, both ply sides are covered with glue, combined following a certain lay-up 

scheme, and then hot pressed in a multiday light press. Pressing parameters depend on 

the requirements for the curing of the adhesive (Pizzi and Mittal 2003). Regarding the 

analysis of damage evolution within the plywood material, it has to be pointed out that 

the processing of the veneers, including the steaming of the logs, the rotary cutting 

and drying of the veneers, extremely stresses the wooden structure and already 

induces relevant pre-damages. 
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3.3 Plywood composition 

3.3.1 Definitions 

The plywood material is a panel product. The basic wood elements are rotary peeled 

veneers which are typically of less than 1mm up to 6mm thickness. The adjacent 

layers are bonded with synthetic adhesives under pressure, whereby the grain of each 

layer is oriented at right angle to the adjacent ones.  

Definitions according to EN 313-2: 

Plywood “Wood based panel consisting of an assembly of 
layers glued together with the direction of the 
grain in adjacent layers usually at right angles.” 

Long grain plywood “Plywood in which the grain of the outermost plies 
is parallel or nearly parallel to the long edge of the 
panel” 

Ply “Either one single veneer or two or more veneers 
joined edge to edge or end to end.” 

Layer “Either one ply or two or more plies glued together 
with their grain direction parallel or another 
material.” 

The lay-up is symmetric about the panel’s middle axis. Therefore, plywood has an 

odd number of layers, in which each layer may consist of one or more plies. 

Moreover, the grain on both outer surfaces runs in the same direction. By this 

symmetry, a balanced laminate panel is achieved that is less prone to swelling- and 

shrinkage-induced warping (Kollmann 1962). The high potential of the plywood 

material is offered in its load bearing performance by revealing a high level of 

strength to weight ratio and, at the same time, advantageous material consumption. 

3.3.2 Characteristics of the adhesive 

In plywood production, different types and qualities of adhesives are available for 

designing the optimal product regarding the final application and, especially, the 

related climatic conditions (EN 636). Interior plywood products are normally bonded 

by adhesives based on urea formaldehyde (UF), whereas phenol resorcinol 

formaldehyde resin (PRF) is used in construction and industrial plywood (exterior 

application) ensuring the materials durability and dimensional stability (Sontag and 

Norton 1935).  
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Table 3.1 Mechanical properties of UF and PRF adhesive taken from literature 

 Urea formaldehyde resin  

(UF) 

Phenol resorcinol 
formaldehyde resin 

(PRF) 

Tensile strength (MPa) 60.2 ±  15.31 33.8 ± 13.32 

Young’s modulus (GPa) by 
tension of films 

3.5 ± 91 3.4 ± 8.92 

Young’s modulus by 
Nanoindentation (GPa) 

123 7.784 

Shear strength (MPa) 14.86 ± 3.155 14.65 ± 1.925 
1 Bolton and Irle (1987); 2 Kläusler et al. (2013); 3 Stöckel et al. (2010); 4  Clauss et al. 
(2011a); 5 Clauss et al. (2011b)  

In the here tested laminate materials both adhesives are used, the industrial plywood 

contains the PRF adhesive and the materials manufactured in the laboratory are glued 

with UF (type Placol 4507, 160g m-2, 60% solid resin concentration) adhesive. The 

Young’s moduli of pure UF and PRF adhesive films from tensile tests (Tab. 3.1) are 

lower than that of spruce in the L direction (Tab. 2.2) and higher compared to that of 

spruce in the T direction. It follows that the cross layers which are stressed in the T 

direction in the plywood composition are reinforced by the adherent bond lines. 

Similar to the wood, the bond lines based on UF or PRF behave in a brittle manner 

when exposed to load (Serrano and Enquist 2005; Kläusler et al. 2013). 

The mechanical performance of the plywood product is influenced by the quality of 

the adhesive (Serrano and Enquist 2005; Wang 2012; Hass et al. 2012a). It has to be 

mentioned that the assessment of the glue line quality remains a persistent problem 

until today (Devallance et al. 2007; Hass et al. 2012b). However, an increasing share 

of solid resin yields a comparably higher strength of the board and an increasing share 

of adhesive per board thickness raises the Young’s modulus of the plywood (Okuma 

1976; Niemz 1993). For industrial plywood production, the adhesive mix includes 

approximately 2/3 solid resin and, on average, the application of the adhesive mix is 

approximately 200g m-2, whereby both veneer sides are glued. To avoid glue stains, 

additives like flour are mixed in. Besides the quality of the adhesive, the impact of the 

wood-to-adhesive bond line composition on failure behavior is also affected by the 

veneer quality (Aydin 2004; Aydin et al. 2006; Demirkir et al. 2013), which is a key 

parameter for determining the penetration of the adhesive into the cellular wood 

matter (Frihart 2006; Kamke and Lee 2007; Hass 2012). Thus, reducing the veneer 

roughness provokes an increase in percent of wood failure (DeVallance et al. 2007; 
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Kläusler et al. 2014) and the minimization of depth and number of lathe checks yields 

comparably larger failure loads (Rohumaa et al. 2013). 

3.4 Mechanical characterization of plywood 

The performance of the plywood depends on the wood species and the grade of the 

veneer used (Norris et al. 1961) as well as on the type of adhesive. For example, the 

UF based adhesives are used for interior application, whereas exterior construction 

plywood is often produced with PRF resin (EN 313-1 1996; Kollmann 1962; Okuma 

1976; Forest Products Laboratory 2010). Further, the lay-up pattern of the plies 

contributes to the final material’s properties. The most common structure is the so-

called balanced laminate (Forest Product Laboratory 1964). Balanced plywood, as 

investigated herein, consists of twin pairs of veneers with the same thickness, the 

same elastic parameters but with different grain orientation angles. The material 

symmetry about the plane of the center is given by using an odd number of layers, 

thus both outermost surface layers’ grain orientations are parallel to each other. For 

the analogy between plywood and fiber reinforced composites, the two main 

categories of basic components, namely matrix-polymer and reinforcement, are 

constituted by the wooden layers due to their grain orientation relative to each other, 

while the adhesive layers’ impact on the mechanical behavior is rather negligible due 

to its portion by volume being less than 2% (Okuma, 1967; Hearmon 1943). 

Correspondingly, the standard EN 14272 for calculation of plywood properties also 

excludes the influence of the adhesive layers.  

The following paragraphs focus on the mechanical properties of plywood loaded 

under tension by regarding the material as symmetrically layered. This is adequate 

enough for the issues focused on herein, but generally constitutes a rough 

approximation. A more comprehensive approach is given by EN 14272 and used for 

designing specified plywood products, which provides a calculation method by 

regarding the plywood as a non-symmetrical structure due to the different quality of 

each ply. The elasticity of the plywood is evaluated by regarding the plies as an 

orthotropic continuum. In contrast, in terms of the fracture characterization, the 

intrinsic length scales of the wooden layers, and further, the process-related pre-

damages, also need to be recognized. 

3.4.1 Elasticity of plywood as continuum 

When testing plywood to obtain the technical characteristic values, the material is 

regarded as uniform. A perfect adhesion between the veneers is assumed which yields 

uniform strains of the materials cross section layers. Consequently, slipping effects of 
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the single layers are ignored. By doing so, the continuum description is applied to the 

plywood meanwhile the mathematical description depends on the layers’ grain 

orientations to each other. For instance, plywood built up of plies at 30° grain angles 

is rather described as an isotropic material. In contrast, since the plywood materials 

investigated herein are solely composed of wooden layers oriented orthogonally to 

each other, their elastic properties are described mathematically in terms of the 

orthotropic symmetry (Eq. 2.2) (Bodig and Jayne 1993; Hearmon 1943; Gerrard 1987; 

Keylwerth 1954). Thus, the plywood’s symmetry axes coincide with the grain 

orientation of both outermost surface layers running parallel to each other. In total, the 

elasticity of the homogenous plywood material can be expressed by nine independent 

parameters (Fig. 3.3), since the non-diagonal terms of the compliance matrix are 

symmetric Sij=Sji (Eq. 2.3). 

 

Figure 3.3 The axes of symmetry for the plywood are presented. With respect to 
Eq.2.2 for the description of an orthotropic continuum, the 1-, 2-, 3- directions 
correspond to the x-,y-,z-axes. 

3.4.2 Elasticity of plywood as a component description 

For characterization of the elasticity of the single layers, the plywood is regarded as a 

composite laminate material of fiber reinforced plies acting in the elastic range. Thus, 

uniaxial stresses applied to the plywood are assumed to yield uniform strains over the 

cross section. The adhesive primarily affects the strength and secondly the elasticity 

of the plywood. The deformation in the elastic range mainly depends on the plies and 

their grain orientation. Exemplarily, this approach of the uniform elastic deformation 

model is demonstrated for a plywood material consisting of three layers by three 

Hooke springs, whereby the two outermost layers with the grain orientation parallel to 

load direction are represented by the spring constant k1 and the cross oriented (90°) 

middle layer is represented by the spring constant k2 (Fig. 3.4).  
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Figure 3.4 Uniform elastic deformation  model for the orthotropic arrangement of a 
three-layered plywood. The two outermost layers with the grain orientation of 0° are 
represented by the spring constant k1 and the cross oriented (90°) middle layer is 
represented by the spring constant k2.Source: Bodig and Jayne (1993). 

𝜀𝜀 =  𝜀𝜀𝑛𝑛 + 𝜀𝜀𝑛𝑛+1 (3.1) 

𝜎𝜎 = ∑ 𝜎𝜎𝑛𝑛 (3.2) 

𝐸𝐸 = ∑ 𝐸𝐸𝜎𝜎𝑛𝑛 (3.3) 

𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = ∑ 𝑋𝑋𝑛𝑛 (3.4) 

With: Xn = φnXn ; X Property; φ Volume portion 

Following the theory of uniform strain (Eq. 3.1), all springs with their spring rate ki 

undergo the same displacement u when exposed to uniaxial stress (Fig. 3.4). 

Therefore, depending on the individual stiffness, different stresses are produced in 

each layer. Hence, the total stress σ for deformation is the sum of the stress σn in each 

spring and respectively in each layer (Eq. 3.2). Consequently, the elastic property E of 

the plywood is a superimposition of the plies’ elasticity En (Eq. 3.3), whereas, the 

individual plies’ contributions follow the law of mixtures. This rule constitutes that 

the contribution of each component Xn on the final product’s character X is weighted 

by the component’s proportion of volume φ (Eq. 3.4). The basic components are 

distinguished by the grain orientation of the veneer layers related to the direction of 

the load application, i.e. the reinforcing plies with their L direction, and the cross core 

ply with the veneer’s T direction. The elastic behavior of the plywood is a 

superimposition of the wood’s Young’s moduli in the L and T directions (Eq. 3.5). 

𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝜑𝜑𝐿𝐿𝐸𝐸𝐿𝐿 + (1 − 𝜑𝜑𝐿𝐿)𝐸𝐸𝐿𝐿 

𝜑𝜑𝑁𝑁 =  𝑑𝑑𝑛𝑛
𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

 

(Eq. 3.5) 

(Eq. 3.6) 

In general, for rotary cut veneer the tangential Young’s modulus ET is assumed to be 

only 1/35 of that for the L direction (EL) (Bodig and Jayne 1993). This additional 
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reduction compared to the ratio postulated for clear wood (Eq. 2.5) takes account of 

the weakening pre-damages, the so called lathe checks, introduced when producing 

the veneers (King 1966; Plath 1974; Bodig and Jayne 1993; EN 14272). Finally, the 

EL can be approximated (Fig. 3.5), while the ratio of layer thickness to plywood 

thickness is of main importance (Eq. 3.6); length and width are equal for all plies. The 

calculation of the elastic parameters as stated here is only applicable to uniaxial stress. 

However, when calculating the elasticity for bending or torsion, the calculations need 

to be transformed. Since the shear properties of a plywood panel are mainly 

influenced by the ply thickness, the moment of inertia and the area of moment has to 

be taken into account (Hearmon 1943; Norris 1962; Bodig and Jayne 1993). 

 

Figure 3.5 Stress-strain curves from tensile tests on solid spruce (loaded 
longitudinal) and plywood made of spruce. The industrial plywood products consist 
of 3, 4, 5 or 6 veneer layers. For comparison, the calculated Young‘s moduli E of 
veneer layers tensile loaded in the longitudinal (EL=12GPa) and tangential 
(ET=1.2GPa) directions are supplemented. 

3.4.3 Strength 

The tensile strength of plywood mainly depends on the grain orientation of the layers. 

With increasing angle between the grains of the outermost surface layers, the tensile 

strength significantly decreases. Furthermore, the strength decreases with increasing 

thickness of the plies. Also the adhesive type and its way of application, e.g. by a 

roller system or impregnation, influence the strength, which generally is improved 

with increasing portion of solid resin (King 1966; Niemz 1993). Particularly, 

regarding the veneer quality, the occurrence of lathe checks induced when rotary 

cutting the veneers is a well-known issue in plywood industry that should not be 

underestimated (Rohuma et al. 2013). Studies (e.g., Norris 1962, Ohya et al. 1992, 

Denaud et al. 2012) found this phenomenon varying with wood species and veneer 

thickness, but the technologic parameters of the veneer production also play an 

important role (Aydin et al. 2006). A minimization of lathe checks comparably 

improves the plywood strength (DeVallance et al. 2007; Rohumaa et al. 2013). 
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To predict the ultimate failure of composite materials, various strength criteria have 

been proposed. For laminated materials, these criteria are based on the performance of 

the single layers L oriented (Altenbach et al.1996). One of the most common strength 

criteria, namely the tensor polynomial strength theory for anisotropic materials, is 

well known as the Tsai-Wu-criteria (Tsai and Wu 1971). This theory states the 

description of failure as a macroscopic criterion containing unknown parameters that 

must be determined experimentally via realizable loadings. Similar to fiber reinforced 

composites, Hashin and Rotem (1973) and Hashin (1980, 1981) developed improved 

strength criteria that distinguishes between failure in the fibers and failure in the 

matrix while assuming transversal isotropy of unidirectional reinforced fiber 

composites. Its suitability for numerically investigating the failure behavior of 

plywood has been demonstrated by Ivanov et al. (2008). 

3.4.4 Fracture and failure under tension load 

To establish a comprehensive analysis of the failure behavior in plywood, numerous 

levels of its structural organization ranging in dimensions from 10-2m to below 10-6m 

need to be considered: Microscopic damage phenomena accumulate, as they occur in 

the cellular structure of wood, and the process-related pre-damages in the veneers 

grow further passing the layers and glue lines and, finally, resulting in the ultimate 

fracture of the plywood. Thereby, one of the main impacts on the damage 

development is given by the load angle that is applied to its wooden layers.  

Due to the wood’s anisotropic character, the wood layers that are tensile loaded in the 

T direction (cross plies) are assumed to be the first source of damage formation 

(Fig. 3.6). Moreover, the mechanical performance of the wooden layers is additionally 

reduced by the presence of lathe checks. In terms of damage initiation and formation, 

these pre-damages induce a further dimension affecting crack opening and growing in 

the range of 10-3m and beyond. 
 

 

Figure 3.6 Crack evolution in tensile loaded plywood monitored by means of a high 
speed camera (image recording rate of 25000 images each second): Cross ply failed 
first. 
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3.4.5 Rolling shear and shear strength 

The structure of plywood with the different grain orientations of the single layers 

induces the phenomenon of rolling shear (Fig. 3.7). Rolling shear occurs because the 

deformation under loading is not equal for each layer due to larger resistance of the L 

loaded layers compared to the cross oriented ones tensioned in the T direction in the 

RT plane. Since the shear strength in the RT plane is low due to the cell arrangement, 

hence, applying tension in the T direction results in shear forces at the boundary 

between the thin-walled early wood tracheids and the thick-walled latewood tracheids. 

Thus, deformation patterns are caused, which reveal that the wood fibers roll off 

across the grain, whereby the rolling shear modulus is mainly influenced by growth 

rings’ alignment of the cross layers (Görlacher 2002). 

 
Figure 3.7 Typical fracture pattern of tensile loaded plywood made of 5 and 4 
veneers. The arrows show the cracks of rolling shear in the cross plies. 

While the shear modulus is rather unaffected by the plywood thickness (Ehlbeck and 

Collin 1985), the shear strength is mainly influenced by the number of layers to the 

material thickness ratio (Hearmon 1943). The shear strength of the plywood is mainly 

affected by the bonding quality and the size of lathe checks, whereby deep checks in 

the plies lead to a decrease of shear strength (Aydin et al. 2006; Rohumaa et al. 2013). 

3.4.6 Failure mechanisms in the bond line 

For plywood, several delamination effects are defined (ASTM D 1038), whereby most 

influencing issues are induced to the material while processing (veneer peeling and 

drying, plywood pressing) (Sinha et al. 2012). Besides the rupturing of the wooden 

structural elements, failure of the adhesive itself or at the interface between the 

adhesive and the adherent veneer will also occur. For instance, open joints between 

two adjacent veneers, voids and starved joints in the adhesive layers contribute to 

delamination and thus separation of the layers in plywood (Bucur 2011). Commonly, 

the definition of the bond line includes the pure adhesive part as well as the interface 

to the wood cells (Okuma 1976). Besides crack openings, shear and peel mechanisms 

may also occur in the bond line. Shear mechanisms result from forces applied parallel 

to the bond line, whereas peel mechanisms are caused by forces that tend to separate 

the parts of the bond line. 
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3.5 Simulation of progressive failure in plywood 

The simulation of failure behavior of plywood, analogous to fiber reinforced laminate 

composites, constitutes a complex undertaking (Car et al. 2002; Landis et al. 2002; 

Ivanov et al. 2008). Modeling the damage evolution within the component wood 

requires approaches that consider the multi-scaled functionality of its hierarchical 

architecture (Vasic et al. 2002; Wittel et al. 2005; Hofstetter et al. 2008; Mishnaevsky 

and Quing 2008; Saavedra Flores and Friswell 2013). In the case of plywood, beside 

the intrinsic length scales of wood, additional length scales induced by the lay-up 

composition affect the damage evolution differently. Therefore, Ivanov and Sadowski 

(2009a) emphasized a micromechanical material approach involving a lattice network 

model that is based on the representative volume cell taken from the cellular structure 

of the veneers.  

Figure 3.8 Simulation of damage mechanisms in plywood; Source: Ivanov and 
Sadowski (2009b). 

By doing so, the numerical simulations of tensile tests on veneers with varying fiber-

load-angles demonstrated that the phenomenon of fiber-bridging within the veneers, 

leading to a decrease in material resistance with progressive loading, was possibly 

more important than initially presumed. Furthermore, this approach was implemented 

to model the failure behavior of the plywood components during compact tension 

tests (Ivanov and Sadowski 2009b). Thus, the linkage between delamination, fiber 

rupture in the L loaded plies and matrix cracks in the cross plies was demonstrated. 

By this, it was shown that the impact of the adhesive might be of less importance if 

the adherent veneer reveals distinct weakness in the lay-up (Fig. 3.8). 
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4 Damage monitored by acoustic emission (AE) 

4.1 Definition and principle 

When materials are exposed to external stresses (mechanical, chemical, thermic, 

hygric or combinations), at certain stress levels short-term, locally restricted 

dislocation and deformation will occur (EN 1330-9). During this formation of internal 

structural changes, elastic energy is released in various forms, whereby one of them is 

acoustic emission (AE): The generation of transient elastic waves inside the material 

(EN 13554). Since these waves can be detected by piezoelectric sensors (AE sensors) 

mounted on the material’s surface, information on the crack initiation and propagation 

processes can be obtained.  

 
Figure 4.1 Principle of AE measurements 

The stress wave received by the AE sensor is firstly converted into an electrical AE 

signal, then electrically amplified by a preamplifier and finally fed to an AE 

acquisition system (Fig. 4.1). In general, the AE system includes parallel 

measurement channels combining the parametric input (stress, displacement, etc.), the 

AE signal processing and the communication to the front-end PC. Altogether, beside 

information on the AE’s origin, the AE measurements imply a process chain starting 

with the load application to the material up to the final data analysis and, thus, 

numerous factors influencing the end result have to be taken into account: Loading 

condition, density, elasticity and morphology of the material tested as well as type, 

position, sensitivity and response of the sensor, frequency filtering and amplification 

by the pre-amplifier and, finally, settings of the AE system (e.g., sampling rate, 

trigger, data acquisition rate). 

In the field of material testing and characterization, the aim of AE measurements is to 

detect emission sources and, possibly, to locate and identify them. In general, the 

assignment of the complex AE signal waveforms to their source mechanism is 

difficult and thus numerous approaches have been investigated for answering this 
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question. For more AE basics and details on its measurement and analysis, the reader 

is referred to Miller et al. (2005), Grosse and Ohtsu (2008) and Sause (2010). 

4.2 Advantages and challenges 

The AE method provides a huge potential for extensive in-situ failure analysis of 

materials, since it provides information on sub-macroscopic failure phenomena as 

well as on the overall damage accumulation. Compared to other non-destructive 

testing methods (NDT) such as ultrasonic testing, in AE test procedures, the test 

object itself (exposed to external stress) releases the energy that will be detected. The 

high time resolution that the defect generation is recorded with is considered the main 

benefit of this method. AE signals are detected by high sampling rates (clock rate 

pulses of down to 100ns), and hence, large data volumes are acquired. Thus, dynamic 

processes regarding structural changes such as crack propagation and plastic 

deformation can be observed in-situ during the entire load progress without 

obstructing the actual experiment. Depending on specimen size, material properties, 

and chosen number of sensors, AE detection can cover the whole volume of the 

specimen. Thus, differences in AE sensitivity must be taken into account with respect 

to the sensor’s frequency response, the position of the sensors and their distances to 

possible AE source location as well as the morphology of the material investigated. 

In contrast to ultrasonic methods, AE monitoring of stressed materials is an 

irreversible procedure and an individual test is not repeatable. The same shape of 

specimen of a certain material does not necessarily yield similar AE activities in 

testing due to intrinsic differences in micro-structure and damage accumulation as 

well as present pre-damages. Furthermore, the most important challenge in AE 

analysis is to assign the features of the detected AE signals to their source 

mechanisms. A substantial and detailed interpretation of AE signals originating from 

structural failures requires additional information, e.g. by visualizing the structural 

changes. For the improved assessment of the detected AE characteristics, material 

research employs comparative studies and combinations of several measurement 

methods. Selected combinations, e.g., of AE and imaging methods are presented and 

discussed in Chap. 4.6. 

4.3 Signal parameters 

When the material is stressed, the signals typically recorded are discrete burst signals, 

i.e., transient AE which occur randomly. The first step in AE analysis is the 

discrimination of AE signals from the measurement’s prevailing background noise. 
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Therefore an appropriate threshold THR in voltage amplitude is chosen (Fig. 4.2a). 

Consequently, only signals that overcome the threshold are detected AE signals. The 

time of crossing the threshold setting is defined as the AE signals’ arrival time t0. In 

general, the AE signals peak amplitude APeak, which occurs after the rise time tR, is 

(much) larger than the background noise.  

 

Figure 4.2 a) Schematic of AE signal parameters in the time domain: Threshold 
THR of signal detection, Peak amplitude Apeak, Risetime tR, Counts C, Duration tD. 
b) Parameters of the AE signal in frequency domain: Peak frequency PF, Center of 
gravity frequency CGF, Partial power PP. 

When performing the AE measurement with at least two sensors, AE events can be 

localized along the distance between the sensors. Therefore, with respect to the 

acoustic propagation speed in the material, AE events are separated based on the AE 

detection within the feasible difference in arrival times at the sensors (Kurz et al. 

2008). Usually the AE signal of a detected AE event (typically represented by more 

than one single AE signal) that first arrives at a sensor is employed for AE analysis.  

The AE behavior of a stressed material is evaluated by first analyzing the AE activity 

and then the AE intensity. The AE activity is based on the number of AE events 

detected, following EN 1330-9, in terms of time units or external parameter units. A 

single AE event of large amplitude APeak and long duration time tD produces more 

counts C than a smaller AE event. The duration tD of the AE signal is a few 

microseconds up to a few milliseconds (Pardee and Graham 1978).  

For further details on the material’s failure behavior, the AE intensity is determined, 

often in terms of APeak or signal energy. Assuming AE monitoring of a homogeneous, 

isotropic material, ideally by means of linear broadband sensors, the APeak is a 

measure of crack size and was shown to be proportional to crack volume (Ohtsu and 

Ono 1986) as well as to crack surface area (Lysak 1996, Sause 2010). Thus, the 

energy content of a source mechanism can quantitatively be characterized by the 

energy of an AE signal, if the proportionality between both is given. For this case, in 

terms of fracture mechanics, similar loading conditions and stable crack growth are 

basically presupposed. Further, it has to be taken into account that this correlation can 

only be employed for AE signals detected within the far-field of the sensors. The 
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near-field behavior (widely varying amplitudes in the electrical signal) is difficult to 

gauge and possibly distort the AE results. However, the AE energy can be determined 

by integrating the absolute or the squared values of the signal‘s voltage curve over 

time (Miller et al. 2005). The latter case, also used herein (Tab. 4.1), is known as 

“true” energy parameter. The energy results can be directly related to physical 

parameters such as fracture energy or strain rate, as shown by, e.g., the analysis of 

carbon fiber and copper by Sause (2010).  

Table 4.1 Parameters extracted from time and frequency domain of the AE signal 

Feature Abbrev. Definition 

Amplitude (mV, dBAE) A Measured AE Amplitude (mV) 

𝑑𝐵𝐴𝐸 = 20 log10

𝐴

1𝜇𝑉
 

with 1 µV reference Voltage at sensor 
output 

Energy (V2s) E 𝐸𝑖 = ∫ 𝑈2(𝑡)𝑑𝑡
𝑡

𝑡0

 

Peak frequency PF Frequency of maximum magnitude in 
spectrum 

Center of gravity frequency  CGF ∫𝑓 ∙ 𝑈(𝑓)𝑑𝑓

∫𝑈 (𝑓)𝑑𝑓
 

Weighted peak frequency WPF √𝑓𝑃𝐹𝑓𝐶𝐺𝐹 

Partial Power PP 
∫ 𝑈2(𝑓)𝑑𝑓

𝑓2
𝑓1

∫ 𝑈2(𝑓)𝑑𝑓
𝑓𝑒𝑛𝑑

𝑓𝑠𝑡𝑎𝑟𝑡

 

 

These and other features extracted from the time domain of the AE signal waveform 

are often evaluated as cumulative or rate function of progressive time or test 

parameter (Brunner et al. 1995a, Brunner et al. 1995b, Nordstrom et al. 1997). Thus, 

damage initiation and accumulation are describable, for example in AE amplitude 

distribution, accumulated AE energy or energy rate. In the case of cyclic loading 

procedures, information on irreversible phenomena in material structure can be 

evaluated by two types of AE occurrence: If AE just occurs at stress levels exceeding 

the previous stress level, known as the Kaiser effect, structural changes formed during 

the previous loading cycle will not evolve further until higher stresses are applied. 

This is different for the Felicity effect, which describes the reappearance of AE prior 
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to the maximum stress level of the previous loading cycle being reached (Grosse and 

Ohtsu 2008).  

Besides the conventional AE parameters extracted from their time domain (Fig. 4.2a), 

the features determined in the AE signal’s frequency domain also provide information 

(Fig. 4.2b, Tab. 4.1). In the case of wood, the frequency of AE events is in the range 

of 100kHz – 2MHz (Bucur 2006). Each AE frequency spectrum contains information 

on the nature of the source event and on the integrity of the specimen’s geometry 

(Stephen and Pollock 1971, Hamstad et al. 2002). However, when detecting the AE 

signal, depending on the source-sensor distance and sensor characteristic, the signal 

undergoes further distortion. Thus, for frequency based analyses, linear broadband 

sensors are commonly used, since their frequency response is well balanced compared 

to resonance sensors. Furthermore, attention needs to be paid to the acquisition 

settings, since the spectra significantly depend on the sampling rate of the waveform 

detection and on the waveform length (number of samples per wave) employed. 

Analyses of the AE frequency spectra are based on the approach that similar source 

events are assumed to generate similarities within the spectra. A key challenge is to 

identify those similarities with the corresponding origin. Therefore, first, several 

features are extracted from the spectra, such as the peak frequency (PF), which is the 

frequency at the peak magnitude in the spectra, and the center of gravity frequency 

(CGF), which is equivalent to first moment of inertia, calculated as the sum of 

magnitude times frequency divided by the sum of magnitude (Tab. 4.1). Furthermore, 

the weighted peak frequency (WPF) is calculated from the square root of the product 

of PF and CGF and partial power (PP) levels can be estimated for weighting a defined 

frequency range (Tab. 4.1) (Sause et al. 2012a). This subdivision of the spectra 

facilitates the identification of meaningful frequency features yielding a reliable signal 

classification, since the impact of the measurement acquisition gets devaluated. 

4.4 Acoustic propagation  

4.4.1 General basics  

Once an AE event is produced, the response of the surrounding structure to the short 

shock is an elastic deformation. The elastic wave of this deformation propagates 

through the material. In an infinite solid media, different wave types can be formed, 

depending on particle motion relative to the direction of wave propagation. In the case 

of a longitudinal wave, the particles move parallel to the direction of the wave 

propagation, whereas a transverse wave is characterized by particle vibrations normal 

to the propagation direction. Assuming propagation media of linear isotropic 
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character, the velocity of wave propagation is significantly higher for the longitudinal 

than for the transverse wave. That is why the longitudinal wave is designated the 

Primary-wave (P-wave) and the transversal is the Secondary-wave (S-wave). Both P 

and S waves propagate independently of other, whereby their velocities of 

propagation are independent of their frequencies but influenced by density. 

Furthermore, the P-waves are affected by the material’s modulus of elasticity (MOE) 

and the S-waves correlate with the shear modulus of the propagation material.  

For finite propagation media, surface waves are formed by refraction of P- or S-waves 

into the propagation material’s peripheral surface and then are guided by the 

specimen’s geometry along the surface. The guided wave thus contains the 

contributions of both P- and S-wave. In case of an infinite propagation medium with 

only one single free surface, Rayleigh waves as a special type of guided waves occur. 

Another special wave type, the Lamb waves, is found for solid objects with two 

parallel running free surfaces such as plates, plate- or shell-like structures. Moving 

either symmetric or antisymmetric with respect to the midline of the plate or shell, 

corresponding Lamb wave modes can be distinguished. In contrast to the P- and S-

waves occurring in an infinite propagation medium, the propagation velocity of Lamb 

waves strongly depends on frequency and wavelength, and on the ratio of wavelength 

and plate thickness, respectively. This wave property is known as dispersion. Except 

for special cases of short wavelength (Rayleigh waves) and for symmetric Lamb 

waves (even with very long wavelengths), the propagation velocity is almost constant. 

Guided waves are present in laboratory scale specimens such as those used for 

material characterization. The types of waves that occur are affected by the 

specimen’s geometry. 

As already outlined (see Chap. 4.3), the propagation of waves has a noticeable impact 

on the features of the detected AE. Thus, several effects leading to attenuation of 

acoustic waves within the propagation medium need to be taken into account. Since a 

real solid material includes inhomogeneities, either at the microscopic or macroscopic 

scale, for attenuation, the ratio of wavelength and size of the inhomogeneity is of 

relevance. Note that defects induced into the structure during load application also 

constitute inhomogeneities affecting the AE features. The wave propagation is less 

influenced when the wavelength is of a significantly larger value than the size of the 

intrinsic inhomogeneities. As both are in the same range, attenuation depends on 

frequency (Landis and Shah 1995). Hence, wave propagation suffers from reflection 

and dissipation processes at the structure’s inner interfaces. Moreover, AE signals 

contain several frequency components. Thus, frequency dependent differences in 
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propagation velocity lead to an extended duration of the AE signal which is of 

constant energy content but of lower amplitudes; known as the phenomenon of 

dispersion. Another kind of attenuation purely depends on the distance between 

sensor and location of the AE source. The more distant an AE source is the less 

intensive (density in wave energy) is the detected AE signal. 

4.4.2 Acoustic propagation in wood 

In terms of acoustic propagation, wood is a dispersive material affecting distinctive 

attenuation due to its anisotropic character and the strong heterogeneity at several 

length scales (Bucur and Archer 1984). Influencing factors are the density as well as 

the cellular composition and arrangement which vary for each species. Also the 

moisture content is of importance. The most comprehensive study concerning these 

issues was published by Burmester (1965). By means of testing numerous wood 

species of certain densities, the relationship between density and acoustic propagation 

velocity determined is less significant (Bucur 2006, Niemz 1995). Nevertheless, for 

wood species of lower density (softwoods), such as spruce (Picea excélsa Link), 

higher acoustic propagation velocities were measured than for hardwoods, such as 

beech wood (Fagus sylvatica L.), which are of higher densities (Burmester 1965, 

Fig. 4.3).  

 

Figure 4.3 Acoustic propagation velocity of spruce and beech along the longitudinal 
direction versus density. Modified version presents the original data of Burmester 
(1965). 

However, in a single wood log, for example, the acoustic propagation velocity follows 

the anisotropy of wood. In the L direction, the P-wave velocities are typically in the 

range of 4000 to 6000m/s, whereas in the R and T directions less than 50% of this 

velocity is reached. Due to the lack of conducting cellular elements, the lowest 

propagation velocity is in the T direction (Bucur 2006). With increasing frequency 

(100kHz to more than 1MHz), attenuation increases, whereby in the L direction, the 

attenuation is lower than in the R and T directions (Bucur and Böhnke 1994).  

Bucur and Feeney (1992) proved that the attenuation in wood is sensitive to its 

anisotropic nature, since, in contrast to the wave propagation in the T direction, in the 
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out-of-axis propagation the L direction of wood yields the highest frequency-

dependent dispersion. Regarding the structural composition, when comparing the 

acoustic properties of spruce and limba wood, spruce with its strictly radially oriented 

tracheids was found to act more complexly, similar to fiber reinforced composite 

materials. In contrast, the diffuse porous limba wood behaves more like a 

homogenous solid (Burmester 1965). Concerning the growth ring arrangement, the 

acoustic propagation velocity (in the L and T direction) is different in early wood and 

latewood, and further, lower than the velocity in solid wood, which is probably 

affected by dispersion caused by the specimen geometry (Bucur 2006). Burmester 

(1965) assumed that, besides the density and MOE of wood, the existence and length 

of wood cells parallel to the direction of the acoustic propagation also have a 

significant impact on acoustic velocity. He found a higher acoustic velocity for the 

comparatively longer latewood cells than for early wood cells. In the case of acoustic 

wave propagation in the R or T direction, a higher propagation velocity corresponds 

to a larger width of annual rings (Bucur and Perrin 1988).  

Moreover, increased moisture content leads to reduced propagation velocity with 

critical impact occurring at the fiber saturation point (Sakai et al. 1990; Booker et al. 

1996). Studies were carried out on the influence of the specimen’s geometry, whereby 

a small height to width ratio of the cross section corresponded to higher propagation 

velocity and, less attenuation, respectively. (Bucur 2006). Furthermore, the 

attenuation coefficients have to be taken into account, especially when carrying out 

AE measurements on large wood specimens. To enable the AE detection over the 

whole specimen, an adequate number of sensors must be mounted and the coupling of 

the sensors has to be optimal. Therefore, a smooth specimen surface is advantageous 

which can be produced by planing or cutting with a microtome blade. Furthermore, 

the coupling media is also of relevance for improving sensitivity. 

4.5 AE studies on wood exposed to external stress 

The very first report to investigate the AE phenomena at all was also the very first to 

monitor the AE of failing wood: To solve problems concerning seismology, in 

1933/34 Kishiouye studied the amplification and recording of AE generated when 

wood failed under bending stresses (Drouillard 1994). Nevertheless, it took until the 

1960’s for the AE method to achieve practical application in material testing of wood 

and wood based materials. Since then, application of the AE method as well as AE 

analysis has substantially progressed due to developments in technology and the 

associated improvements in signal processing. Though AE signals and their 
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parameters are a kind of measured quantity, so far, the assessment of the material 

behavior by means of AE is still somewhat of a qualitative nature rather than quoting 

specific numeric values. In general, explicit AE parameters are identified by 

employing comparative analyses, and of different materials, respectively. 

In wood research, the material behavior when exposed to climatic or mechanical 

stresses is usually studied by the AE method, yielding far more details on the induced 

structural defects at the sub-macroscopic level. Poliszko et al. (1990) compared the 

results obtained from wood swelling experiments as well as those from tensile tests on 

wood specimens (performed at different moisture contents) with each other. Thus, the 

relation of the relative number of detected AE signals as a function of the degree of 

wood swelling and the relative wood moisture content as a function of the critical 

strains in wood supported the similarity in deformation and, consequently, the analogy 

in underlying mechanisms. The number of defects (measured in terms of number of 

AE signals) and the magnitudes of damages (measured in AE amplitudes or energies) 

were found to increase with increasing degree of inhomogeneity (Ansell 1982; Ando 

et al. 1992; Molinski et al. 1991). Due to the more heterogeneous arrangement of 

tracheids and/or vessels and the perpendicular oriented rays in the RT plane, relatively 

more damages occur in that plane compared to the LT plane (Molinski et al. 1991). 

indicate the significant differences between the two qualities of beech wood. The high 

numbers of acoustic signals corresponding to opposite wood drying are caused by the 

creation of radial cracks (Fig. 2) and also by cell wall fractures in early wood fibres 

(Fig. 3).  

By means of comparative drying experiments of beech tension and opposite 

(“normal”) wood monitored by AE and Scanning electron Microscopy (beech), 

differences in AE behavior was linked to different damage mechanisms as a 

consequence of different cell structures (Cunderlink et al. 1996). Since wood drying is 

a key technical and economic issue in the wood industry and the AE method has 

emerged as a potential method for monitoring and controlling of drying processes, 

many studies have focused on the AE analysis of wood drying experiments (e.g., 

Quarles 1992, Beall et al. 2005, Rosner and Kawamoto 2010). In the course of this, 

the crucial question explicitly concerns the identification of AE parameters on AE 

classes and associated magnitude and kind of damage. Lee et al. (1996) performed a 

pattern recognition analysis of five features chosen from the time domain and two 

features chosen from the frequency domain. This approach yielded a classification of 

AE signals into two clusters, but since signals of both clusters occurred over the 

whole drying process, it was not possible to identify critical states by means of signal 
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types, nor was it possible to provide a control to regulate the kiln drying. Kim et al. 

(2005) first performed a correlation analysis (principal component analysis) to reduce 

multicollinearity in AE parameters and, based on the resulting classes, trained 

artificial neural network classifiers to identify AE signals due to surface checks or 

water movements. Moreover, investigation of old cultural objects made of wood 

demonstrated that old wood under climatic stress generates significantly more AE 

signals than comparable new wood (Jakiela et al. 2007 & 2008). Rosner (2012) found 

that irreversible drying processes were traceable by a relatively higher AE activity 

rate of signals with low frequencies (<175kHz) than were those for reversible 

mechanisms.  

Studies on the elastic mechanical properties analyzed by AE are often complemented 

by imaging methods like post-test microscopy of fracture zones. One of the most 

comprehensive investigations on the mechanics of wood failure was performed by 

Debaise et al. (1966), who described the damage evolution of tensile stressed wood 

(perpendicular and longitudinal) in terms of cumulative AE density, i.e. the AE 

activity per stressed area. Thus, the onset of AE revealed the damage initiation in 

wood at a range of 5-20% of ultimate stress, which is in accordance with the 

observation of the swelling experiments of Poliszko et al. (1990). While the stress-

strain curve of wood tensile loaded in the L direction shows a linear relationship, the 

damage accumulation measured cumulatively in AE signals reveals nonlinearity 

(Debaise et al. 1966). Further, Sato et al. (1985) demonstrated the relationship 

between the material’s modulus of rupture and the stress level of the AE onset. The 

dependence of the detected AE on wood species and loading case was already 

determined by numerous experiments on different wood species exposed to tension, 

bending or compression (Debaise et al 1966; Ansell 1982; Vautrin and Harris 1987; 

Niemz and Lühmann 1992). Thus, spruce wood under tensile loading was found to 

generate a comparatively high number of AE signals (Niemz and Lühmann 1992). 

Since significant pre-damages in wood generate a relatively high AE activity, possibly 

due to friction mechanisms of pre-damaged fibers, the history of the tested wood 

material also needs to be taken into account (Sonderegger and Niemz 2003; Ando et 

al. 2006). In the case of decayed wood, brown-rotted (cellulose degradation) wood 

generates more AE signals than white-rotted (lignin degradation) wood (Amamura et 

al. 1991).  

Numerous details on the sub-microscopic failure behavior of wood were obtained by 

analyzing the cumulative AE activity and AE rate in connection to stress application, 

but nevertheless, already by the 1980’s the appeal for more detailed correlation 
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between AE features and mechanical properties arose (Ansell 1982; Vautrin and 

Harris 1987). Almost twenty years later, Aicher et al. (2001) and Dill-Langer et al. 

(2002) employed two dimensional localization algorithms to localize AE signals 

detected while tensile testing timber specimens made of spruce (parallel and 

perpendicular to the grain). By doing so, increased local accumulations of AE signals 

were found to be close to the failure zones of the ultimately failed specimens, and thus 

the potential of the AE method as a predictor of damage evolution and failure in wood 

was proven. Moreover, since the 1990’s, features of AE signal intensity became of 

more interest in regard to analyzing the fracture mechanics of wood. Ando et al. 

(1991, 2006) proved that the AE amplitude distribution revealed different microscopic 

damage phenomena and thus suggested the trans-cellular cracking to generate higher 

AE amplitudes than cell separation mechanisms. A comparable study on the failure 

behavior of flax fibers was published by Romhany et al. (2003). By testing the RL-

crack system of spruce wood, Aicher et al. (1992), among others, screened the 

amplitudes as well as the waveform and frequency spectra of the detected AE signals 

with the objective to decode the origin of micro-cracking phenomena, and thus proved 

the existence of similarities in AE features. The frequency spectra of AE signals 

detected while fracture testing (Mode I) different wood species revealed peak and 

center of gravity frequencies typically ranging below 300kHz for both soft- and 

hardwoods (Reiterer et al. 2000). By means of the basic fracture energy, Landis and 

Whittaker (2000) determined that, for eastern hemlock, one sixth of the fracture 

energy is released and measured in the form of AE energy from experiments on the 

crack propagation through wood loaded under Mode I. Ten years later, Nagy et al. 

(2010) even employed the AE energy release to validate their lattice model based on 

morphological simulations of microscopic damage evolution in wood. 

Within the research field of wood-adhesive joints, adhesive joint failure has also been 

studied by means of AE monitoring (Suzuki and Schniewind 1987; Gozdecki and 

Smardzewski 2005; Smardzewski and Gozdecki 2007; Du et al. 2014). Cyclic tensile 

tests on welded wood joints found a critical Felicity ratio of around 0.9 (Brunner et al. 

2010a; Brunner et al. 2010b). Regarding wood based products, the amount of damage 

measured by AE activity, has been found to be in correlation with the board density 

and the adhesive content, respectively for particleboards (Niemz et al. 1997). A 

comparative study on the internal bond of particleboard, OSB and MDF revealed 

almost similar damage accumulation for both particleboard and OSB, whereas MDF 

generates comparably slower initial rates and higher final rates of AE signals. The AE 

amplitude distribution of MDF follows a comparably more pronounced non-linearity, 

thus, the material fails in a different manner than particleboard and OSB (Beall 1985). 
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Besides the adhesive, wax levels affect failure of internal bonds, for example within 

MDF, which is also reflected in the AE behavior (Rice and Wang 2002). Ohtsuka et 

al. (1993) conducted shear tests of plywood specimens monitored by means of AE; 

the post-processed localization across the plywood thickness demonstrated that the 

AE signals attributed to the core layers yield larger AE amplitudes than those 

generated within the surface layers and glue lines. Furthermore, they observed that the 

locally accumulated AE signals were not in accordance with the fracture zones of the 

specimens. However, by means of combining AE and strain field monitoring of 

destructive tests on wood based materials, the 2D localization of the AE source 

location applied parallel to the board and load direction demonstrated consistency 

with the strain field formation determined from digital image correlation (DIC) (Vun 

and Beall 2004; Brunner et al. 2007). By carrying out these tests on MDF, 

particleboard, OSB and plywood, the prediction of fracture zones was found to be 

easier for more inhomogeneous materials like OSB and plywood (Ansell 1982; Niemz 

et al. 2009). Brunner et al. (2006) proved that the AE activity rate (in terms of load 

history), detected while tensile testing laminated wood specimens as a material 

dependent time-constant is analogous to damage accumulation in glass fiber 

reinforced polymer matrix composites. Another investigation compared the AE 

activity of fiber content regarding the wood fibers’ pre-treatment of wood fiber 

reinforced polymer composites which is one of the most recent wood based products 

(Kocsis and Czigany 2007). Thus, less AE activity was detected when poor fiber-

matrix adhesion was present. Further overviews concerning the AE technique applied 

to wood research are given by Cyra and Tanaka (2000), Beall (2002a), Beall (2002b) 

and Bucur (2006).  

4.6 Combination with additional NDT methods 

More details on micromechanical damage events leading to ultimate material failure 

will be obtained by combining the AE method with additional NDT methods. 

Therefore, non-contact optical methods are suited, particularly when simultaneously 

enabling the in-situ tracking of structural changes with the AE monitoring. One such 

method is optical surface deformation measurement via CCD cameras and strain 

mapping by means of the full-field image analysis technique which enables the 

determination of the contour and the displacements of a loaded test object. Planar as 

well as curved surfaces can be evaluated by two- or three-dimensional digital image 

correlation (DIC) (Chu et al. 1985; Schreier and Sutton 2002; Pan et al. 2009). For 

observation of deformation or crack propagation, the cross correlation algorithm of at 

least two images, e.g. unloaded and loaded state is employed, tracking a random high-
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contrast speckle pattern that has been applied to the object surface. Choi et al. (1991) 

have proven its suitability for investigating the dimensional stability of wood. Using 

DIC, Haldar et al. (2010) demonstrated a multi-scaled mechanical characterization of 

wood, based on the example of Palmetto wood. Valla et al. (2011) proved the high 

sensitivity of the DIC method for strain field measurements of plywood by means of 

good discrimination between individual veneer layers.  

The combination of AE and DIC is a mutually complementary approach for enabling 

an improved and adequate interpretation of AE results (Lyubutin and Panin 2006; 

Hoang et al. 2010). For instance, by simultaneous AE and DIC monitoring of uniaxial 

static tensile tests on specimens made of carbon–carbon composite, deformation of 

carbon fibers was found to be accompanied with an increase in AE activity and strain 

(Panina et al. 2012). Niemz et al. (2009) studied the mechanical behavior of MDF or 

plywood also while monitoring tensile tests with AE and DIC. Thus, an agreement 

between observed macroscopic fracture pattern and linear AE source location as well 

as corresponding surface strain field patterns confirmed the suitability of that 

combination for analyzing the damage evolution in wood and wood based materials.  

Another promising approach is the additional implementation of tomographic 

monitoring, which allows spatial insights on microstructural changes (Cazaux et al. 

1993). Already in 1992, Hayashi et al. (1992) announced that monitoring of stressed 

materials by AE and X-ray computed tomography is an applicable combination for 

investigating damage evolution. Two years later, Kinney et al. (1994) presented the 

high-brightness synchrotron X-ray tomographic microscope suitable for spatial 

reproduction of microscopic structures. Since then technological progress has made 

processing of synchrotron-based X-ray tomograms ever more time efficient, real-time 

studies on damage mechanisms at the sub-macroscopic scale were performed on 

several materials. Synchronous AE and (slow) tomographic monitoring were 

implemented for failure characterization of cement and mortar materials yielding an 

effective voxel size of 300µm3 down to 15µm3 (Chotard et al. 2003; Elaqra et al. 

2007). Another study was performed by combining AE and fast continuous 

tomography for in-situ monitoring of tensile tests on metal, obtaining a pixel length of 

1.4µm (Maire et al. 2007). 

However, when studying the micro-structural changes in wood exposed to external 

stress, the effective resolution is fixed inevitably to the size of cell walls. For this 

purpose, the suitability of X-ray computed micro tomography (µXR-CT) was proven 

while investigating the anatomical features of beech and oak (Steppe et al. 2004). For 

materials built from elements with low absorption contrast, as is the case for the C N 
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O H elements in wood, an improved visualization is possible by phase contrast mode 

(Groso et al. 2006). By analyzing the cellular structure via synchrotron radiation 

phase contrast X-ray tomographic microscopy (SRµCT), within a sufficient 

observation field, a spatial resolution of approximately 1µm3 per voxel can be 

achieved. Based on this, micro cracks of at least 1.5µm are detectable (Trtik et al. 

2007; Van den Bulcke et al. 2009). The high spatial resolution in connection with the 

high brilliance and, additionally, short recording times of SRµCT are advantageous 

conditions for in-situ monitoring of micro-mechanical failure phenomena in this 

context. Most suitable applications are compression or bending tests providing the 

quantification of deformations as well as extensive details on structural changes at 

several loading steps (Forsberg et al. 2008; Badel et al. 2008; Zauner 2012). 

Regarding the studies presented here, it has to be pointed out that recording the more 

spontaneous brittle failure when tensile loading wood is the key challenge in 

tomographic imaging. 
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5 Overview of materials and methods 

5.1 The materials investigated 

In the first test series, layered wood composites manufactured from clear spuce wood 

lamellae (density of 510 ± 53kg m-3) were tested. The number of veneer layers was 

reduced to three layers. Two different types of specimen were produced: the type 

consisting of three unidirectional oriented lamellae (UD) and the cross-plywood (CP). 

In order to prevent lathe checks (typical pre-damages in rotary cut veneers), the 

lamellae were planed. For the bonding, UF based adhesive was used. 

 

 
Figure 5.1 Cross-sections of all materials investigated: Reference specimens made 
from clear spruce wood. Model plywood materials manufactured from clear spruce 
wood planks planed down to 3mm thickness (UD = three layers oriented 
unidirectional, CP = cross ply in the center). Reference specimens made from clear 
spruce wood. Industrially produced plywood materials (PLY) with different lay-up 
made of 3-, 4-, 5,-6 spruce veneers (3mm thick) with process-related lathe checks. 

Table 5.1 Overview of the plywood materials investigated 

 Layered wood based 
without checks 

Industrial plywood (including 
lathe checks) 

Wood component : Spruce wood Spruce wood 

Veneer thickness : 3mm 3mm 

Adhesive : Urea formaldehyde Phenolic resin 
Designation of the 
material type, grain 
orientation of the wood 
layers, Thickness of the 
core layer : 

Solid, [ 0° ], 9mm 

UD, [ 0° 0° 0° ], 3mm 

CP, [ 0° 90° 0° ], 3mm 

PLY 3, [ 0° 90° 0° ], 3mm 

PLY 4, [ 0° 90° 0° ], 6mm 

PLY 5, [ 0° 90° 0° 90°  0° ], 3mm 

PLY 6, [ 0° 90° 0° 90°  0° ], 6mm 

 



 

N … Number of tested specimens, MC … Moisture content, MOE … Modulus of elasticity, UD … unidirectional, CP … crossply, LL = bonded specimen of 2 wooden layers oriented longitudinal, TL 
=bonded specimen of 1 longitudinal and 1 tangential loaded wooden layer, TT = bonded specimen of two wood layers loaded in the tangential direction 

 

 

Table 5.2 Overview on the mechanical performance of the tested specimens and materials based on spruce wood under normal climatic conditions 

Type of 
specimen 

Experimental 
setup 

Layer grain 
orientation to load 

direction N Density MC 
Cross 
section 

Cross-
head 
speed 

Test 
duration Strength Eyy strain MOE 

No. of 
load 
steps 

    (kg/m3) (%) (mm2) (mm/min) (s) (MPa) (%) (GPa)  

Solid Fig. 5.3a [0°] 5 445 ± 18 9 176±1 2.5 204 ± 17 89 ± 8 0.79 ± 0.08 13 ± 0.2 1 
UD Fig. 5.3a [0° 0° 0°] 5 566 ± 39 9 167±3 2.5 134 ± 48 75 ± 12 0.40 ± 0.06 21 ± 2 1 
CP Fig. 5.3a [0° 90° 0°] 5 500 ± 27 9 176±0.73 2.5 159 ± 43 68 ± 8 0.68 ± 0.10 11 ± 3 1 
Solid Fig. 5.3b [0°] 8 400 ± 11 8.6 156±0.77 2.5 151 ± 15 87 ± 9 0.69 ± 0.1 14 ± 1 1 
PLY 3 Fig. 5.3b [0° 90° 0°] 8 508 ± 16 7.2 157±1.3 2.5 107 ± 13 51 ± 6 0.67 ± 0.2 10 ± 0.1 1 
PLY 4 Fig. 5.3b [0° 90° 90°  0°] 8 469 ± 21 7.2 209±2.6 2.5 85 ± 14 33 ± 6 0.42 ± 0.08 9 ± 1.8 1 
PLY 5 Fig. 5.3b [0° 90° 0° 90°  0°] 8 420 ± 7 7.1 272±3.0 2.5 67 ± 8 18 ± 3 0.34 ± 0.07 9 ± 1.8 1 
PLY 6 Fig. 5.3b [0° 90° 0° 0° 90°  0°] 8 436 ± 12 7.2 330±5.6 2.5 154 ± 44 31 ± 4 0.42 ± 0.09 9 ± 2 1 
L Fig. 5.3c [0°] 7 280±11 8.3 1.17± 0.23 0.6 1080±360 54±11   1 
L Fig. 5.3d [0°] 1 349 8.3 1.2 0.6 6420 62   4 
R Fig. 5.3c [90°] 7 337±6 7.8 4.08± 0.19 0.3 3240±360 8±1   1 
R Fig. 5.3d [90°] 1 342 8.5 4.15 0.3 5400 6.34   2 
LL Fig. 5.3d [ 0° 0°] 1 452 9.1 1.0176 0.6 2910 44   3 
TL Fig. 5.3d [ 90° 0°] 1 478 - 1.51 0.3 2900 30   3 
TT Fig. 5.3d [ 90° 90°] 1 450 7.9 2.6 ± 0.04 0.3 3360 2.68   3 
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The industrially produced plywood investigated was made from 3mm thick spruce wood 

veneers (approximately 460kg m-3, manufacturer information); originally produced for 

exterior application in construction by using the PRF based adhesive. Different lay-up 

structures, all symmetric, were tested: The typical and well-known three- and five-layered 

plywood products as well as plywood made of four veneers and plywood containing six 

veneers. A rough overview of all plywood materials investigated is given in Fig. 5.1 and 

Tab. 5.1. For reference, solid spruce wood was also tested. 

 

Figure 5.2 Miniature specimens investigated under tension. Solid specimens of clear spruce 
wood: a) radial (R) and b) longitudinal (L) specimens. Bonded wood specimens: c) two 
bonded lamellae longitudinally oriented (LL), d) two bonded lamellae tangentially oriented 
and e) one longitudinal and one tangential lamella bonded to each other. Dimension in mm. 

Experiments at microscopic scale were performed on miniature specimens made of clear 

spruce wood (approximately 330kg m-3). Tensile tests were carried out for two loading 

cases: longitudinally (L) and radially (R) stressed. Furthermore, some miniature specimens 

of two spruce wood lamellae bonded with each other were tested (Fig. 5.2). Analogous to 

the layered wood composites UD and CP, the miniature specimens were also bonded with 

UF adhesive. An overview on the testing conditions and the mechanical performance of all 

tested materials and specimens is given in Tab. 5.2. 

5.2 The experimental setups 

For a first validation of damage evolution in the layered wood composites UD and CP, 

quasi-static tensile tests at laboratory-scale, according to DIN 52377, were monitored by AE 

and DIC (Fig 5.3a). Similar tests were performed on plywood specimens from industrial 

production (Fig. 5.3b). Further, the AE was monitored for miniature specimens made of 

clear spruce wood tested under tension (Fig. 5.3c). Similar tests were monitored by the AE 

measurement and, simultaneously, by SRµCT (Fig. 5.3d).  
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Figure 5.3 Overview of the experimental setups used in the investigations. a) Standard 
tensile tests on laboratory scale specimens made of layered wood materials UD and 
CP. b) Standard tensile tests on laboratory scale specimens made of industrially 
produced plywood materials. c) Tensile tests on miniature specimens made of clear 
spruce wood. d) Tensile tests on miniature specimens made of clear spruce wood and 
made of two spruce lamellae glued together.  

 
Figure 5.4 Response curves measured of a) the miniature sensor type M31, b) the resonant 
sensor type SE 150-M, c) the broad band sensor type SE 1000-H and d) the multipurpose 
sensor type VS 45-H. These measurements were performed by using the VST (by means 
the Vallen Sensor Tester, Vallen GmbH, Germany). 

The AE systems used in the studies performed here is digital AMSY6 equipment (Vallen 

GmbH, Germany) with ASIP-2 channels, which convert the AE signal into a digital data 

stream. Fig. 5.4 presents the average response curves of the sensor types used in these 

investigations: the miniature sensor type M31, the resonant sensor type SE 150-M, the broad 

band sensor type SE 1000-H and the multipurpose sensor type VS 45-H. Due to the strong 

acoustic attenuation of wood, sensors need to be placed relatively close to the defect 
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generating zone of the specimen. Hence, detection within the near-field and respective 

effects on measurements could not be excluded. For the frequency based pattern recognition 

performed herein, it can be assumed that the rather resonant characters of the AE sensors are 

negligible for signal classification (see Chap. 4.3). 

5.3 Acoustic properties of the investigated materials 

In preparation of the studies presented here, the attenuation of surface waves was tested for 

solid spruce wood and industrial plywood made of spruce veneers. Therefore, pencil break 

tests were performed (Fig. 5.5). Blanks of 20cm x 200cm were cut from the same plywood 

boards used for specimen preparation. Boundary effects and reflections cannot be excluded. 

The strongest attenuation coefficients were determined for three-layered plywood (layer 

thickness of 3mm), especially for a distance of pencil break to sensor below 40cm (Fig. 5.6., 

Tab. 5.2). The maximum attenuation value of plywood is about 1dBAE cm-1, which is in 

good agreement with other studies on wood (Bucur 2006; Landis 2008). In comparison to 

the plywood, the solid spruce reveals better acoustical properties.  

 

Figure 5.5 a) Principle of the pencil lead break (Hsu-Nielsen source). b) Coordinates of the 
attenuation tests. 

Table 5.2 Attenuation coefficients for spruce wood and several plywood structures (PLY3-
6) determined for three sensor types by means of pencil lead breaks (Hsu-Nielsen source). 
The coefficients are presented for two different detection zones; compare Figs. 5.5.-5.6. 

 Attenuation coefficient ( dBAE cm-1 ) 

Sensor type: SE 150-M SE 1000-H VS 45-H 

Distance (cm): 10-40 41-70 10-40 41-70 10-40 41-70 

Solid spruce 0.41 0.62 0.39 0.34 0.17 0.09 

PLY 3 1.01 1.00 0.99 0.19 0.36 0.32 

PLY 4 0.67 0.48* 0.50 0.39 0.48* 0.24 

PLY 5 0.78 0.73 0.59* 0.23 0.44 0.59* 

PLY 6 0.72 0.72 0.71 0.36 0.38 0.39 
* … attenuation coefficient determined for distance of 10cm to 70cm 

Moreover, it has to be pointed out that the specimen geometries of all experiments are plate-

like structures (see Chap. 4.4.1). Thus, it is assumed that the AE waves are lamb waves. 
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Depending on source type and position within the specimen’s geometry, possibly symmetric 

and antisymmetric waves are generated (Vergeynst et al. 2014). 

 
Figure 5.6 Attenuation in solid spruce and in plywood made up of 3, 4, 5 and 6 layers. 
Amplitudes of the performed pencil lead breaks (Hsu-Nielsen source) detected by the 
multi-purpose AE sensor VS45-H are plotted vs. the distance to the sensor. 
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Abstract 

As a first step towards developing a test methodology for characterization of microscopic 

damage mechanisms in wood-based materials, quasi-static tensile tests were performed on 

simplified laboratory-scale specimens of laminated veneer lumber (LVL) or plywood and 

compared with solid wood. The tests were monitored by acoustic emission (AE) and digital 

image correlation (DIC). Evaluation of the AE and DIC data indicated distinct differences 

between the specimen types with respect to the time sequence of damage growth resulting in 

macroscopic failure. Sufficient time resolution in data recording is crucial for the 

interpretation of the mechanical behavior and the damage accumulation.  

Keywords  

Wood materials; Load tests; Damage mechanisms; Nondestructive testing; Acoustic volume 

methods; Optical surface methods 

Introduction 

Wood is an anisotropic material that is organized in a complex hierarchical structure. 

Parallel to the growth direction of wood, the cellulose fibers, embedded in a matrix of 

hemicelluloses and lignin, provide the high longitudinal strength [1]. This can be seen as 

analogous to fiber-reinforced polymer-matrix (FRP) composite materials. Hence, plywood 

and laminated veneer lumber (LVL) are composed of several layers of adhesively bonded 
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veneer. The fiber orientation of the individual layers of LVL and plywood has a significant 

impact on their mechanical properties. Layered wood-based materials show many analogies 

to FRP laminates, specifically, orthotropic mechanical properties and similarities in acoustic 

emission (AE) behavior under tensile loads [2]. 

Knowledge of the mechanical behavior and of the damage evolution of engineered wood-

based materials is limited, especially at the microscopic scale. The present contribution deals 

with an approach to analyze the micromechanical damage phenomena in layered wood 

materials under tensile load. It focuses on the mechanisms occurring below the macroscopic 

scale and their interaction and accumulation leading to localized damage and, finally, to 

macroscopic failure. As a first step, tensile tests are performed at macroscopic laboratory 

scale in combination with the simultaneous monitoring of acoustic emission (AE) and digital 

image correlation (DIC). 

Previous studies have shown the applicability of AE in studies of damage accumulation in 

wood (e.g., [2-4]). Further tests have explored the feasibility of combining different 

nondestructive testing methods for this purpose [5]. Many wood products show a good 

correlation between AE and DIC results in tensile tests [6].  

Experimental Design 

Materials and specimens 

For this investigation, flawless spruce wood (Picea abies L. H. Karst.) was chosen, because, 

in comparison to hardwoods, it releases higher numbers of AE [7]. In industry, laminated 

veneer wood is produced from rotary-cut veneer. This investigation focuses on the two-

layered materials; plywood and laminated veneer lumber (LVL). Plywood usually consists 

of an odd number of veneers, where the fiber orientation of adjacent veneers is directed at 

right angles. In contrast, the structure of LVL consists of almost no, or only a few, cross 

layers. 

For the initial investigations presented here, the structure of plywood and LVL was 

simplified. The industrial production of peeled continuous veneer causes cracks oriented in 

the fiber direction. This type of pre-damage does not occur in specimens manufactured in 

the laboratory, since the spruce layers used for the wood materials were planed down from 

wooden planks. Analogous to the orientation of the growth rings within the rotary-cut 

veneer, the laminates were prepared with horizontal annual growth rings in the cross-

section. To limit the complexity, the number of veneer layers was reduced to only three 

layers. In total, three types of sample structures were manufactured. For the laminated wood 
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type plywood samples, the middle layer was oriented perpendicular to the two surface layers 

[0°; 90°; 0°], hence the material type consisting of one cross ply in the middle is called 

“CP”. The LVL like structured samples differ in that all three layers are oriented 

unidirectional [0°; 0°; 0°], accordingly they are called “UD”. For comparison of AE results, 

samples of solid wood (SW) with a thickness of 9mm were also prepared. For the later 

discussion of the three materials, one representative sample of each was chosen. 

Table 6.1 Physical properties of solid spruce wood (SW), laminated wood type LVL (UD) 
and laminated wood type plywood (CP) 

Material Orientation  
of the layers 

n Raw density 
(kg/m3) 

MC 
(%) 

MOE 
(GPa) 

Tensile 
strength 
(MPa) 

Tensile 
strain 
(%) 

SOLID [0°] 5 445±18 9 13±0.2 
 89±8 0.79±0.08 

UD [0°,0°,0°] 5 566±39 9 21±2 75±12 0.40±0.06 

CP [0°,90°,0°] 5 500±27 9 11±3 68±8 0.68±0.10 

n… Number of tests; MC … Moisture content; MOE … Modulus of rupture 

The density of the solid spruce used to produce the different materials is about 

510 ± 53kg m-³, thus its distribution is in the range of the wood’s natural variability. There 

are differences in the density of the material types (Tab. 6.1). The reason for this is, firstly, 

the selection of the wooden lamellae for each material type. In regard to this, the challenge 

of manufacturing the samples is the required dimension of the clear wood lamellas due to 

the possible dimension of the natural grown trunk. On the other hand, the processing of the 

layered materials has another major impact on the material’s density. The lamellae for the 

layered wood specimens have a thickness of 3mm. For bonding the lamellae, urea 

formaldehyde (in total 130g m-2 applied on both sides) was used as adhesive. The cold 

pressing was performed at a pressure of 1.8N mm-2 for 8h. 

Specimens, according to DIN 52377 [8], were cut from the material types for the tensile 

tests. From each sample type five specimens were tested. Since this German standard is for 

tensile tests on plywood, the specimen geometry was not favored for use on solid wood 

samples. However, for purposes of comparison, this geometry slightly modified was also 

used for the solid wood samples. To avoid failure of the specimens near the clamped end 

(spruce wood is a very soft wood material), the clamping areas of the specimens were 

reinforced with semicircular pieces of hardwood (Fig. 6.1). 
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Experimental Setup 

Investigations on AE of wood materials under various load types have shown that wood 

under tensile load releases high numbers of AE [9]. On this account, macroscopic tensile 

tests were performed (laboratory scale, in adaption to DIN 52377 [8]) with in-situ 

monitoring of AE and of surface deformation by DIC (Fig. 6.1). 

 
Figure 6.1 Experimental setup including specimen with coordinates of area of interest and 
sensor positions.  

These quasi-static tensile tests were performed on an universal test machine (Zwick Roell 

100) with a load cell calibrated in the load range of 100kN. The specimens were clamped 

mechanically with wedge grips. In all tests, load was applied under displacement control 

with a constant cross-head speed of 2.5mm min-1 until the specimen failed (defined by a 

load drop of -5kN ms-1). The SW and the UD specimens were tensile loaded in the fiber 

direction. When testing the CP, the fiber-load-angle on both surface layers was 0°. 

Consequently, its middle layer was loaded perpendicular to fiber orientation. The machine 

load signals were recorded synchronously with the AE and DIC data with a time resolution 

of about 250ms. 

The AE monitoring is a volumetric measurement method performed with digital AE 

equipment (AMSY6, Vallen Systeme GmbH, Germany) with a sampling rate of 10MHz. 

Three different types of piezoelectric sensors were used to ensure the AE detection within a 

broad range of frequencies: Two flat response displacement sensors (type SE1000-H, sensor 

unit 1), sensitive to AE from 300kHz to 1MHz, provide data for further waveform analysis. 

Two additional 150kHz resonant sensors (type SE150-M, sensor unit 2) allow comparison 

with previous tests on a wide range of materials [6]. To cover the lower frequency range, 

two multipurpose sensors (type VS45-H, sensor unit 3) were applied. These six sensors were 
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coupled to the surface of the specimens with silicone-free vacuum grease and fixed with 

metallic spring clamps. To avoid any influence on the synchronous image recording, all 

sensors were placed outside the area of interest in which the failure of the specimen was 

expected (Fig. 6.1). The frequency range of the preamplifiers (AEP3, gain of 34dB into 

50Ω, Vallen Systeme GmbH, Germany) was limited between 30kHz to 960kHz. The rearm 

time was set to 3.2ms. Since the sensors detect interfering signals of various high amplitudes 

due to their sensitivity and are influenced by their position relative to the sample’s fixture, 

different threshold settings were selected. Hence, the lowest threshold was 33dBAE whereas 

the highest was 43dBAE, depending on the signal noise level. The conventional AE signal 

parameter set [10] was recorded during the test.  

Before the tensile tests, simulated AE signals (i.e., Hsu-Nielsen sources [11]) were applied 

on the surface of the specimens to determine the average signal speed and the signal 

attenuation in each specimen. The determined average sound speeds of about 4100m s-1 to 

5200m s-1 agree fairly well with literature values [12]. For CP, the acoustic wave speed 

transverse to the fiber direction is significantly lower than that in fiber direction. Hence, CP 

yields the lowest average value of about 4100m s-1.  

Depending on specimen type and material composition, preliminary tests yielded different 

attenuation curves. Generally, it is difficult to clearly distinguish near- and far-field ranges 

in these curves. For all material types, a large scatter in attenuation behavior was observed 

for signals applied with a distance to the sensor of up to 30cm. In the tensile tests, AE is 

detected only at small source-sensor distances of less than 30cm. Due to the specimen 

dimension and the small distance between the sensors, a quantitative determination of the 

longitudinal attenuation characteristics of the specimens is difficult. Consistent with the 

preliminary tests on the specimens, an average attenuation of about -1dBAE cm-1 was 

determined for all materials. 

Attenuation and average sound velocity depend on the anatomical features of the wood, e.g. 

fiber load angle and alignment of growth rings. In the longitudinal direction, wood fibers 

(tracheids) transmit elastic waves well. In comparison, the significantly lower share of ray 

cells is sufficient for transmitting acoustic waves in the R direction. The highest attenuation 

and the lowest wave speed occur in the tangential direction due to the absence of continuous 

structural elements [12], [13]. 

The DIC system is a non-contact optical method to determine surface displacements [14], 

[15]. The displacements and strains are computed by the cross-correlation of two images, 

one in a loaded and the other in the unloaded state, respectively. To enable the system to 
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evaluate displacement fields, a high contrast random pattern is applied on the surface of the 

specimens. The three-dimensional DIC equipment includes two synchronized CCD-cameras 

(maximum resolution of 2048x2048 pixels). This allows for the correlation of surface 

displacements in the three-dimensional domain. The displacements on the wide side of the 

specimens were monitored. During the trials the cameras of the DIC system took images at a 

frequency of 2Hz. The processed images had a resolution of 0.21x0.01mm pixel-1. 

Deformation and elongation growth were analyzed with respect to the load direction.  

Results and Discussion 

Mechanical properties of the materials 

The mechanical properties of wood and wood-based materials depend on a variety of 

structural features, e.g. the raw density and moisture content, fiber load angle and alignment 

of the growth rings, but also the history of the wood. Furthermore, wood is an anisotropic 

material. Consequently, with increasing fiber load angle, strength decreases. 

The SW samples yield tensile strengths of 89±8MPa and ultimate strains of 0.79±0.08% 

(Tab. 6.1). The UD and the CP material tolerate less stress due to disruption of the naturally 

grown structure of wood by cutting. The UD specimens show average tensile strengths of 

about 75±12MPa and ultimate strains of 0.40±0.06%. In contrast, as expected, the 

orientation of the middle layer of CP results in a reduced tensile strength of about 68±8MPa, 

but at higher failure strain (0.68±0.10%) compared to the UD samples. This can be traced 

back to the strength of wood transverse (R) to fiber orientation that is approximately 1/30 of 

tensile strength parallel to fiber direction [16]. 

 

Figure 6.2 Stress levels of the selected specimen types: Solid spruce specimen, UD 
specimen of LVL type and CP specimen of plywood type. 

For comparison purposes, the stress level of the representative specimens of SW, UD and 

CP is normalized by maximum load (Fig. 6.2). In the range of 10% to 30% stress level, all 

three specimens behave approximately linear. The test duration for the SW as well as for the 

CP specimen was in the same range. Changes in the plastic range are clearly visible. The 
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UD sample fails in a more brittle manner, it tolerates more stress per unit time and, 

compared to the SW and the CP sample, fails after half the test time of SW and CP. 

AE activity and intensity 

Damage growth in materials releases elastic energy, among others, in the form of AE. 

Tensile loading of the specimens showed no evidence of identifiable damage at stress levels 

less than 50%, but AE is already detected at very early stages of applied stress. AE signals, 

therefore, indicate mechanisms acting at the sub-macroscopic scale. 

Table 6.2 Acoustic emission activity of solid spruce wood (SW), laminated wood type LVL 
(UD) and laminated wood type plywood (CP) 

  Average number of cumulative AE signals  
per sensor unit 

 Sensor unit 1 
SE 1000-H 

Sensor unit 2 
SE 150-M 

Sensor unit 3 
VS 45-H 

Solid n = 5 1001  518 25857  7092 51884  7517 

UD n = 5 897  478 6024  2492 11659  7051 

CP n = 5 8815  2518 30182  9891 47792  16450 

n… Number of tests;  

As a first step in the AE analysis, AE activity and intensity are evaluated. AE activity is 

based on the number of detected single signals. AE intensity, i.e. looking at measures for the 

magnitude of the AE signals, provides information on the amount of energy released. The 

analysis takes into account all events recorded until maximum load was reached, thus also 

the beginning of macroscopic failure. 

The AE activity of the three sensor units (Tab. 6.2) shows trends for the different specimens 

as follows: SW generates AE activity similar to that of CP. The AE activity of UD is 

comparatively lower. This correlates with the ultimate strain values (Tab. 6.1). Since AE 

activity also depends on test duration, it has to be considered that test duration for UD is less 

than for SW and CP. During testing, the first AE signals occurred at very low stress levels 

for all three materials (Figs. 6.3a, 6.4a, 6.5a). Of course, the start of AE activity depends on 

the threshold setting and on the attenuation in the material. Presumably, AE activity (and 

hence microscopic events) starts even earlier than detected with the specific threshold 

settings selected here. On evaluating the AE activity from the start of the test until the stress 

level of 40% is achieved, for the representative sample of UD the lowest average AE 

activity was detected (sensor unit 2), whereas SW and CP generated more than twice as 
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much. With increasing stress level, the AE activity of the UD (Fig. 6.4.a) and CP specimens 

(Fig. 6.5a) propagates roughly exponentially. 

Furthermore, by analyzing the exponential increase of AE activity via a bi-linear approach, 

the location of the intersection of both straight lines can be interpreted as a “knee-point”, 

indicating the onset of significant damage accumulation [17]. For UD and CP, this point of 

intersection is found at a stress level of approximately 30% to 50% of maximum load. In 

contrast to UD and CP, the AE activity of SW (Fig. 6.3a) increases in a roughly linear 

manner with test duration. This indicates a fairly constant damage evolution with time with 

distributed damage accumulation rather than early localization of significant damage. 

 

Figure 6.3 Acoustic emission of selected solid wood specimen (SW): a) AE activity, 
expressed in cumulative number of signals vs. test duration; b) AE intensity, expressed as 
cumulative AE signal energy; c) Average acoustic emission energy per event (time 
differential of 0.05 s) depending on the progress of the test. 

Contrary to the AE activity (Figs. 6.3a, 6.4a, 6.5a), the cumulative AE intensity shows 

distinct, step-wise increases in AE energy that seem to occur stochastically (Figs. 6.3b, 6.4b, 

6.5b), but at different times into the test for the different materials.  Furthermore, the AE 

intensity is also expressed in terms of the average energy per event, depending on the 
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progress of the test duration (Figs. 6.3c, 6.4c, 6.5c). For the differential analysis, a time 

interval of 0.05s was chosen. 

In the case of SW, step-wise increases of cumulative AE energy do not occur prior to 50% 

of ultimate stress (Fig. 6.3b). As soon as SW is stressed, diffuse micro cracks begin to form. 

With increasing load, microscopic damage phenomena accumulate and lead to the formation 

of flaws throughout the wooden structure of the entire specimen. Mesoscopic damage and 

stress distribution then yield the stepwise increase in AE energy. Although cracks pass 

through the cell walls in early wood, the fibers are mainly pulled apart in latewood [18] 

generating AE events of high energy values. Correspondingly, close to failure, average AE 

energy values per event (Fig. 6.3c) of more than 1E06 (in units 1E-14 V2 s) are recorded. 

This is consistent with the splintered fracture pattern of wood loaded parallel to the fibers 

(Fig. 6.8a).  

 
Figure 6.4 Acoustic emission of selected specimen of laminated wood type LVL (UD): a) 
AE activity, expressed in cumulative number of signals vs. test duration; b) AE intensity, 
expressed as cumulative AE signal energy; c) Average acoustic emission energy per event 
(time differential of 0.05 s) depending on the progress of the test. 

For the tested UD sample, the cumulative AE energy (Fig. 6.4b) shows stepwise increases at 

lower stress levels than SW. This is substantiated by the structure function relation of its lay-
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up. The Young’s Modulus of UF adhesive is approximately in the same range as that of 

spruce wood. Since the wood cells at the interface with the adhesive are penetrated and 

filled by UF, these interface layers show a significantly higher modulus [19] and this results 

in local stiffening of the UD specimens. However, it is likely that intrinsic micro cracks 

exist in the UF adhesive layer already prior to load application [20]. Upon loading, damage 

accumulates in the wood lamellae and the adhesive layer yielding early stepwise increases in 

AE energy [21]. In addition to this, the AE onset in UD (Fig 6.4c) shows more variation in 

average energy per event than SW (Fig 6.3c). To form global flaws within the entire 

specimen, the crack path is forced to change to larger scales faster because of the more rigid 

material composition. 

 
Figure 6.5 Acoustic emission of selected specimen of laminated wood type plywood (CP): 
a) AE activity, expressed in cumulative number of signals vs. test duration; b) AE intensity, 
expressed as cumulative AE signal energy; c) Average acoustic emission energy per event 
(time differential of 0.05 s) depending on the progress of the test. 

For the CP, the cumulative AE energy graphs rapidly increase to comparatively high levels 

of E08 (in units 1E-14 V2 s) shortly after the test was initiated (Fig. 6.5b). The average AE 

energy per event also yields high values (Fig. 6.5c) throughout the whole test duration for 

CP. This is different from SW and UD, where a limit of E07 (in units 1E-14 V2 s) of average 
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AE signal energy is only exceeded at fracture. All in all, the high AE intensity in the CP is 

combined with high AE activity. The observed AE intensity is consistent with significant 

damage in the cross layer, even at low applied stress levels due to the low strength 

perpendicular to the fiber direction. At the interface between the layers oriented parallel and 

normal with respect to the loading direction, shear mechanisms (typically rolling shear [22]), 

delamination [23] and inter-cellular damage (matrix cracks) [24] occur. Macroscopic failure 

then evolves from this combined mesoscopic damage, yielding a roughly exponential 

increase in AE activity up to fracture (Fig. 6.5a). 

 
Figure 6.6 Peak amplitude distribution of AE signals detected by the sensor type SE150-M 
(sensor unit 2) for the three selected samples of solid spruce wood (SW), laminated wood 
type LVL (UD) and laminated wood type plywood (CP). 

Following an approach originally developed in geophysics [25], the AE intensity data 

(detected by sensor unit 2) are plotted as amplitude distribution, i.e., number of AE signals 

as a function of the peak AE signal amplitude (Fig. 6.6). Therefore, the range of amplitudes 

is limited by the threshold setting (43dBAE) and the maximum dynamic range of the AE 

equipment (100dBAE). The amplitude distribution of the three representative specimens 

roughly follows a decreasing linear trend with increasing amplitudes. The absolute value of 

the slope of these curves is defined by the b-value. Independent of the absolute number of 

signals recorded, a high b-value, i.e., a steep slope, indicates a higher relative share of AE 

signals with low amplitudes in the data set. Empirically, the relative shares of low, medium 

and high amplitude AE signals can be correlated with respective amounts of microscopic, 

mesoscopic and macroscopic damage that occurred during testing. 
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Figure 6.7 b-values of solid spruce wood (SW), laminated wood type LVL (UD) and 
laminated wood type plywood (CP) at different amplitude ranges: a) 43-54dBAE, b) 55-
74dBAE, c) 75-100dBAE. The evaluation focuses on the peak amplitude distribution of AE 
signals detected by the sensor type SE150-M (sensor unit 2) and is based upon five datasets 
for each sample type. 

In the analysis presented here, the b-value is calculated and averaged for three amplitude 

ranges (43-55dBAE, 55-75dBAE, 75-100dBAE) for each specimen (Fig. 6.7). Average b-

values and their standard deviation are distinctly different for the different materials in the 

three amplitude ranges. The relatively high b-value (b=0.21±0.02) for SW in the range of 

55dBAE to 74dBAE (Fig. 6.7b) compared to those of UD (0.13±0.03) and CP (0.13±0.01) 

implies a higher number of damages mechanisms acting at the microscopic scale [26]. For 

the CP, there clearly is a higher relative share of large amplitude AE signals and hence a 

higher relative number of damage mechanisms yielding a larger scale AE energy emission. 

The b-values for UD are similar to those of CP in the lower two amplitude ranges, but 

clearly higher for the highest amplitude range (75-100dBAE). 

The differences between the three specimen types shown by the amplitude distribution and 

b-value analysis reflect the morphology and lay-up of SW, UD and CP. For SW, damage 

mechanisms act over the entire volume of the specimens resulting first in distributed local 

micro-damage. With increasing load and continued accumulation of microscopic damage, 

micro-cracks start to coalesce into mesoscopic and, later, into macroscopic cracks that 

finally lead to macroscopic failure. The inherent variability in the properties of solid wood 
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result in a roughly similar standard deviation for the SW b-values in the three amplitude 

ranges. 

For CP type specimens, the b-values are low in all three amplitude ranges, and the standard 

deviations are significantly lower than for the other specimen types. The corresponding 

relatively high share of larger amplitude AE signals is consistent with the occurrence of 

greater damage (also indicated by the high average AE energy per event, see Fig. 6.5c) 

throughout the test.  

The morphology of CP with a fiber orientation of the center layer normal to the loading 

direction, and hence lower strength in that layer, already induces significant damage in the 

cross ply in the early stages of tensile loading. With increasing load and significant damage 

in the center layer, damage mechanisms then start acting in the outer layers and the adhesive 

with progressive damage until macroscopic failure. This damage sequence seems to be very 

reproducible as shown by the very low standard deviation of the average b-values. Intrinsic 

variability of wood (and maybe adhesive) properties only plays a minor role at best. 

UD specimens show low b-values and large standard deviations in the lower amplitude 

ranges of the distribution (Fig. 6.7a, b), but also the highest b-value of all specimen types, 

however with low standard deviation, for the highest amplitude range (Fig. 6.7c). This can 

be explained by the lay-up interplay, all layers of fibers oriented parallel to the loading 

direction and adhesive layers, as well as the effect of the inherent variability of wood 

properties. Compared with SW the damage is limited in size to some extent by the three-

layer morphology and results in the lowest relative share of large amplitude AE signals (75-

100dBAE).  

The different behavior observed among the three specimen types (SW, UD, CP) by AE 

activity and intensity analysis shows that AE is well suited for investigating and 

discriminating damage accumulation from a variety of microscopic damage events in wood 

materials. Furthermore, it provides a basis for a consistent sequence of damage progression 

(from microscopic, mesoscopic to macroscopic) under quasi-static tensile loads. 

Specifically, the complex interaction between morphology (lay-up and microscopic wood 

structure) and inherent variability of wood properties is clearly reflected in the AE data. 

Strain field distribution by DIC 

The development of strain fields corroborates the interpretation of the AE data and the 

related damage progress for the different materials. For all three sample types, the start of 

the load application induces diffuse singular strain fields that appear on the entire specimen 
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surface within the observed area. The diffuse points of small deformation indicate micro 

mechanisms at the surface of the specimens (within the wooden structure). With further test 

progress, strain formation differs for SW, UD and CP. 

For SW, with increasing load (>50% of the ultimate stress) these initial diffuse flaws extend 

further (Fig. 6.8a). Subsequently, at stress levels of more than 70%, localized regions of 

higher strains than their surrounding area, appear and clearly reoccur. This is the state from 

which damage accumulation and interaction take the path of least resistance leading to 

ultimate failure. 

 
Figure 6.8 Sequences of the progress of strain distribution until failure for the selected 
specimen a) solid spruce wood (SW), b) laminated wood type LVL (UD) and c) laminated 
wood type plywood (CP) at different stress levels (%). The ultimate failure is located 
between 20-26cm of the specimen’s longitudinal axis. 

In the case of UD, the occurrence of diffuse strain fields (Fig. 6.8b) is followed by the rapid 

development of a more balanced strain field with increasing load. This process is repeated 

several times up to a load range of about 70%. The reappearance of the diffuse strain points 

mostly relates to the step wise increases in the cumulative AE energy. Bearing in mind the 

limited observation area on only one surface layer of the UD specimens, appearance and 
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disappearance result from the damage accumulation and the interaction in the three single 

wooden layers and the adhesive. Shortly before failure, localized dominating deformation 

patterns reappear, surrounded by simultaneously shifting strain fields and changing strain 

points. Fortunately, for the UD specimen presented here (Fig. 6.8b), the weakest point 

leading to ultimate failure is on the observed surface layer. Already at 30% of failure load, 

this region of damage accumulation is indicated by the strain field distribution. In this case 

the interaction of the lay-up becomes slightly less clear, but is still perceptible. However, by 

means of the strain field distributions, a prediction of the failure location was intrinsically 

not possible for the SW as well as for the UD samples.  

While the diffuse pattern of strain formation of the CP specimens persists (Fig. 6.8c), at 

about 30% of failure load, regions of higher strain start to form and become localized. This 

deformation development at low stress is evidence of damage perpendicular to the load axis 

in the center layer of the specimen. Further, with increasing stress (more than 50%), these 

localized regions of higher strain values remain, whereas the surrounding diffuse strain 

pattern extends and develops more coherent areas. This is an indicator of the increasing 

importance of the surface layers stressed parallel to the fibers for damage progress. A 

prediction of failure location for the CP material is hence possible by the strain field 

distribution. 

Comparison of the AE and DIC analysis 

AE and DIC yield complementary information, mainly due to their characteristic as 

volumetric (AE) and surface method (DIC). Furthermore, AE is more sensitive than DIC to 

microscopic mechanisms and events. DIC, on the other hand, yields information on the 

(surface) location of significant strain concentrations. 

The analysis presented and discussed so far clearly shows that both layered wood materials, 

UD and CP, differ significantly in their damage behavior and failure from SW. This is 

evident from, for example, the amplitude distributions (Fig. 6.6) and the b-values (Fig. 6.7). 

However, there is also clear evidence for different damage accumulation between UD and 

CP. In the early stages of tensile loading, CP yields on average clearly higher AE energies 

per event than SW and UD. Typically for CP, more than 80% of the total cumulative energy 

(including that emitted during macroscopic failure) is recorded during the first 40% of 

applied stress. High energy bursts are clearly more frequent in CP than in SW and UD 

material (Figs. 6.3c, 6.4c, 6.5c). Looking at the DIC (Fig. 6.8) data from the late stage of the 

tensile test, DIC shows clear evidence for different strain distributions between UD and CP.  
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Combining this information, it can be concluded that number and magnitude of microscopic 

events from AE differ between UD and CP, starting already at low stress levels. However, a 

precise prediction of failure location was not possible (neither by DIC nor AE monitoring). 

The DIC analysis of CP material shows evidence of significant damage much earlier than 

SW. The strain distribution indicates the localized area of damage accumulation with high 

strains several seconds before macroscopic failure. 

Conclusion and outlook 

The combination of acoustic emission (AE) and digital image correlation (DIC) data from 

tensile tests on three different types of wood materials clearly indicate different patterns of 

damage initiation and accumulation leading to macroscopic failure. The specimen types 

were solid wood (SW), a simplified type of laminated veneer lumber (UD) and an analogous 

simplified type of plywood (CP).  

Compared with SW, damage initiation and accumulation in UD and CP under quasi-static 

tensile loads is affected by the layered structure and the adhesive bonds, as well as by the 

relative fiber orientation in the layers. CP yields significant early damage on the 

mesoscopic, and maybe even macroscopic scale in the center cross-ply. In UD, significant 

damage starts later than in CP, but earlier than in SW. This is mainly shown by AE intensity, 

i.e., average AE signal energy per event and the cumulative AE energy curves as a function 

of time. Analysis of AE signal amplitude distributions (again a measure of AE intensity and 

related to the damage size) in terms of the so-called b-value indicated that the layered 

morphology of the UD and CP specimens yielded a larger share of higher amplitude signals 

compared with SW. This correlates with localized damage on the mesoscopic and maybe 

even macroscopic scale, occurring relatively early at stress levels below 50% in the layered 

specimens, which then evolve into macroscopic fracture. The findings for SW are consistent 

with a fairly continuous damage evolution in which microscopic damage mechanisms acting 

throughout the volume of the specimens coalesce into mesoscopic and finally macroscopic 

damage, ultimately leading to fracture. 

As an outlook, it can be noted that the tensile tests on simplified specimen types presented in 

this paper would be complemented by tests on plywood specimens from industrial 

production in the near future. This is expected to yield information on the effects of damage 

present in the specimens from the industrial veneer cutting and manufacturing process. The 

damage mechanisms will be further investigated by combining AE with microscopic 

techniques on smaller specimens. The insights gained from these investigations may, in the 

future, also prove beneficial for improving fiber-reinforced polymer (FRP) matrix laminates 
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and making them more damage resistant by transferring morphological features from wood 

to FRP in a biomimetic approach. 
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Abstract 

Several plywood materials made from spruce wood and, for comparison, solid spruce wood 

were investigated focusing on the sub-macroscopic damage evolution during tensile loading 

of the specimens. The destructive tests were simultaneously monitored by the acoustic 

emission (AE) method and strain field deformation measurement using digital image 

correlation (DIC). The bilinear interpretation of exponential defect growth identified the 

start of significant nonlinear behavior at 70 % of ultimate strength for all plywood materials. 

However, already the preceding and more stable damage evolution at lower stress levels has 

indicated a variation in intensity of the source mechanisms evaluated by AE energy of the 

detected events. Additional information on the formation of strain field concentration, which 

correlates with discrete accumulation in AE events and increased spreading in the 

distribution of AE energy, reveals the complexity of pre-damage due to the variation in 

cracks’ magnitude and timescales involved. The correlation between ultimate tensile 

strength and damage accumulation below 70 % of ultimate strength is determined, as well as 

the influence of layered structures on damage size shown by the percentage distribution of 

AE energy. 
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Introduction 

Characterization of damage evolution in wood is a challenge even today. Numerous failure 

mechanisms have already been extensively documented, especially from various structural 

elements and load cases. However, since several length scales are involved, such as those 

introduced by the chemical constituents, cell wall structures, the composition and 

arrangement of cell types at the microscopic level and also the annual rings at the 

mesoscopic scale, the complexity of damage progress in wood is hardly traceable (Kollmann 

1961; Smith et al. 2003). 

Moreover, in the case of wood-based products, such as those studied in the present 

contribution, the investigated plywood materials, with their layered structure of bonded 

veneers, induce additional mechanisms at the mesoscopic and macroscopic dimensions. This 

entails having to analyze the layered material as a continuum matter, while concurrently 

focusing on its sub-macroscopic structure-function relation (Ivanov and Sadowski 2009). 

Therefore, one of the most suitable methods is acoustic emission (AE) analysis, because of 

its sensitivity to elastic waves that have been caused by structural changes at several length 

scales. Thus, the measurement of AE facilitates multi-scale information on damage progress 

covering almost the whole specimen volume (Scruby 1987; Beall 2002; Grosse and Ohtsu 

2008). 

Studies on wood failure using the AE method have already substantiated its nonlinear 

progress. Furthermore, crack initiation and accumulation, due to load application, have been 

analyzed for several wood species with respect to the fiber orientation (Debaise et al. 1966; 

Ansell 1982; Reiterer et al. 2000; Aicher et al. 2001; Ando et al. 2006; Bucur 2006) as well 

as for several wood-based products (Dunlop 1980; Vun et al. 2005; Brunner et al. 2006; 

Niemz et al. 2009). Since it is well known that tension loading of wood generates a high 

degree of AE (Niemz and Lühmann 1992), the present destructive investigations on 

plywood were performed by tensile loading applied parallel to the grain orientation of the 

face veneers. However, since the most crucial issue concentrates on the interpretation of AE 

parameters, additional measurements, such as optical methods, are needed. For that reason, 

the AE measurement is combined with the digital image correlation (DIC) monitor on one of 

the face veneers. This method provides additional information on the materials’ behavior by 

evaluation of the strain field formation (Valla et al. 2010), also revealing indirect 

information about the underlying plies. In conclusion, the monitoring of tensile tests 

simultaneously by AE and DIC yields a detailed description of damage evolution due to the 
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layering up of several plywood materials and, by means of a comparison with solid wood, 

further information is derived. 

The present study focuses on the characterization of damage progress of plywood materials 

during tensile load by taking a closer look at the following issues: 

- The onset and the accumulation of defects at microscopic scale. 
- The changeover from microscopic mechanisms to pre-damage events at larger 

scale leading to ultimate failure. 
- The dynamic in damage increase in terms of defect growth rates. 
- The impact of the layered structures (regarding grain orientation of the veneers) on 

the linear and non-linear failure behavior. 
- The link between the occurrence of damage events prior to failure and the ultimate 

tensile strength. 

Therefore, the AE activity is analyzed as a function of progressive strain and applied stress 

level. Furthermore, the individual damage events and mechanisms at several length scales 

and their interaction are focused on in more detailed by AE energy and complementary DIC 

analysis. 

Material 

The present investigation was carried out on several commercial plywood materials with 

differently layered structures. The basic constituents are the same: industrially produced 

rotary-cut veneers of spruce glued together with phenol resin (water boiled proofed). 

Altogether, 3-layered and 5-layered plywood materials (EN 14272 2011) consisting of three 

to six veneer plies (designated as plywood types 3-6), each of 3 mm thickness, were tested 

(Fig. 6.9). Plywood type 3 consists of three layers, whereas the grain of the core ply is 

oriented perpendicular to the surface layers. The basic layer structure of plywood type 4 is 

similar to that of plywood type 3, but its core contains an additional cross grained ply (DIN 

EN 313-2 1999) (Fig. 6.9). Analogous to the plywood type 3, the structure of plywood type 

5 includes an odd number of veneers. Its core layer is oriented long grained, embedded in 

adjoined cross-plies. Plywood type 6 contains a double core of long grained plies compared 

to plywood type 5. In accordance with EN 14272 (2011), plywood type 3 and type 4 are 

regarded as 3-layered plywood materials, whereas plywood types 5 and 6 are defined as 5-

layered plywood material (Fig. 6.9). 
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Figure 6.9 Layered structures of investigated plywood materials differentiated by their core 
lay-up 

 

Figure 6.10 Schematic of the experimental setup 

The specimens (Fig. 6.10) were prepared in accordance with the German standard 

DIN 52377 (1978) for tensile tests on plywood. Tensile load is applied parallel to the grain 

orientation of the face layer. Moreover, specimens of the same geometry (with a thickness of 

9 mm) were made of flawless solid spruce wood (Picea abies L.) for purposes of 

comparison. Overall, eight samples of each material type were tested, which is considered a 

minimum sample number regarding the natural variation in wood. Nevertheless, eight 

samples facilitate ranking the materials properties and obtaining sufficient information on 
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damage evolution for each sample (Fig. 6.11a). However, it has to be taken into account that 

the plywood materials are not of the same stock as the solid wood material. 

 
Figure 6.11 a) Average stress-strain graphs of the investigated specimens made of several 
plywood materials and of the solid spruce wood specimens. b) Relation between the lay-up 
ratio (share of the cross grained layers to share of the long grained layers) and the low ratio 
of stress (5%-quantile) to Young’s Modulus (50%-quantile) of the tested material samples. 

Table 6.3 Characterization of the investigated material samples. 

 N 

Structure  
Lay-up 

ratio T 
Raw 

density MC MOE 
Tensiles
trength 

Ultimate 
Elongat. 
Strain 

  [ - ] [mm] [kg/m3

] [%] [GPa] [MPa] [%] 

Ply 3 3 I – I 
0.5 9 500 

(3) 7.2 9.6 
(14) 

51 
(11) 

0.58** 
(17) 

Ply 4 4 I – – I 
1 12 464 

(4) 7.2 9.0 
(25) 

29 
(28) 

0.37 
(30) 

Ply 5 5 I – I – I 
0.67 15 419 

(1) 7.1 5.6 
(34) 

18 
(19) 

0.34 
(32) 

Ply 6 6 I – I I – I 
0.5 18 435 

(3) 7.2 8.0 
(40) 

30 
(10) 

0.42 
(23) 

Solid 1 I 
0 9 400 

(3) 8.6 13.5 
(10) 

87 
(11) 

0.69 
(16) 

N…Number of wooden layers; T…Original thickness before planing down by 0.5 mm per surface, each 
veneer of 3 mm thickness; MC … Moisture content; MOE … Modulus of elasticity. 

Mean Value (Variation Coefficient [%]), no. of Samples n=8, ** n=7 

Due to the materials’ varying origin and history, there are differences in their densities 

(Tab. 6.3). Hence, the correlation of increasing strength with increased raw density applies 

to plywood, but the solid wood has to be regarded separately. Just for validation, it can be 

noted that the mechanical properties (Tab. 6.3) of the tested solid wood specimens 

correspond to those reported by several references (e.g., Wagenführ 2000).  

Since the selection of the commercial plywood panels was made arbitrarily, more precise 

information on processed raw material cannot be provided. Therefore, a validation of the 
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material samples is given by the ratio of the tensile strength (5%-quantile) to the Young’s 

Modulus (50%-quantile) estimated from the tensile tests. Thereby, the material samples are 

characterized by the lower ratio of the material’s ultimate strength and elastic behavior. 

Obviously, the correlation between this ratio and the lay-up ratio (defined as the number of 

cross grained plies divided by the number of long grained plies) shows the influence of the 

cross grained plies in relation to the material’s total thickness (Fig. 6.11b). 

Regarding the final tensile strength parallel to the board orientation (long grain), the cross 

grained plies of course have no significant impact on this characteristic property value of the 

plywood product (EN 14272 2011). Since the present investigation focuses on preceding 

multi-scaled damage evolution, the ratio of the weak cross-grained plies within the cross 

section of the specimens is not negligible and thus is taken into account by the layup ratio 

divergent from the calculation of the thickness to layer ratio proposed by Plath (1974). The 

quality of the un-planed plywood panels, only defined by the grade of the face veneers, is 

assigned to class III/III (DIN 68705-2 2003) due to present open defects such as knots and 

lathe checks. The plywood specimens as well as the solid wood specimens were planed 

down by 0.5mm each to create smoother surfaces, in order to improve the coupling of AE 

sensors to the specimens. 

Methods 

For quasi static tensile tests, the specimens were fixed in the universal test machine (type 

Zwick Roell, load cell calibrated to 100 kN) with mechanically self-tensioning clamping 

grips. Stress was applied under displacement control with a constant crosshead speed of 

2.5mm/min until the specimen failed (defined by a load drop of at least -5kN/ms). 

The AE measurements were performed with digital AE equipment (type AMSY-6, Vallen 

Systeme GmbH, Germany) using a sampling rate of 5MHz. The rearm time was set to 1ms, 

and the recording of the AE signals was performed with a resolution of 4096 samples per set 

including 200 pre-trigger samples. In each case, two multipurpose sensors of type VS45-H 

were used, characterized by a relatively flat response displacement in the range of low 

frequencies between 20kHz up to 200kHz, and two 150kHz resonant sensors of type SE150-

M, which are sensitive in the range of 150kHz to 450kHz (Fig. 6.10). The sensors were 

coupled to the planed surfaces of the specimens with silicone-free vacuum grease and fixed 

with metallic spring clamps. Prior to acquisition, the AE signals were amplified by an AEP3 

preamplifier (AEP3, gain of 34dB into 50Ω, Vallen Systeme GmbH, Germany) and were 

limited by a (digital) band-pass filter of 30kHz to 960kHz. The threshold was set to the 

minimum noise-free level 43dBAE. Noise signals from the grips were excluded by means of 
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two additional guard sensors coupled to both specimen clamps on the testing machine. The 

AE analysis includes only AE signals (first hit of AE event) recorded prior to the 

macroscopic failure. 

Deformation measurement was performed by the non-contact optical method of two-

dimensional DIC. Therefore, during the tensile tests, the area of interest on one wide side of 

each specimen (Fig. 6.10 detail A) was monitored with a CCD camera (maximum resolution 

of 2048x2048 pixels). The images were taken at a frequency of 2Hz. Specimens were 

illuminated by means of a diffuse white-light source. However, to enable full field strain and 

displacement field measurements, a high contrast random pattern was applied to the surface 

of the specimens by air-brushing. Displacements, strains and shear were post-processed by 

the cross-correlation of a subset in the undeformed image mapped to the corresponding 

subset in a deformed image. The processed images have a resolution of 0.12±0.01mm/pixel. 

The evaluation focuses predominantly on the strain field formation with respect to the load 

direction (eyy). Additionally, shear (exy) was also considered. Both nondestructive methods, 

AE and DIC measurements, were synchronized by the load signal output of the testing 

machine. 

Results and discussion 

Mechanical properties and fracture patterns 

First, the several tested (layered) wood materials are regarded as a homogeneous material. 

Therefore, their mechanical behavior at the macroscopic scale is determined by the stress-

strain curves (Fig. 6.11a). Until shortly before failure, the plywood materials type 3-5 

consisting of three, four or five veneers behave in a quasi-brittle manner, just like the solid 

spruce wood specimens. In contrast, the plywood type 6 shows a distinct plastic deformation 

at large stresses.  

The Young’s Moduli of the plywood types 3, 4 and 6 are of similar level at 8-10GPa 

(Tab. 6.3), whereas the plywood type 5 has the lowest Young’s Modulus of <6GPa. 

Obviously, the highest stiffness is determined for the solid specimens with an averaged 

Young’s Modulus higher than 13GPa (Tab. 6.3). The variation coefficient of the Young’s 

Modulus, which increases with every additional layer in the plywood structure, points to the 

more complex elastic behavior of the multilayered structures. Certainly, layered structures 

of more plies degrade the ultimate strength of the final plywood product (Kufner 1966). 

Accordingly, of all the tested plywood types, type 3 shows the highest strength of 

approximately 50MPa, and ultimate strains of almost 0.6% (Tab. 6.3). However, in contrast 
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to the elastic behavior of plywood, the ultimate strength linked to fracture formation at the 

macroscopic scale correlates with the lay-up ratio of the number of cross grained plies to 

that of long grained plies within the plywood’s structure. For plywood types 3 and 6, which 

contain one half long grained plies as cross grained plies (lay-up ratio of 0.50), the variation 

coefficients of ultimate strengths and strains are lower than that of plywood type 4 (layup 

ratio of 1.00) and type 5 (layup ratio of 0.67). Thus, the increasing share of cross-plies 

within the layup section provokes variation in failure behavior. 

Since the layered structures are exposed to complex loads and hence, in addition to 

elongation, shear behavior is also involved (Keylwerth 1954; Norris et al. 1961). However, 

the averaged results of shear strain of the face veneers are not evident, since the shear strain 

of the rotary peeled veneers is mainly influenced by the defined growth ring edges on the 

longitudinal-tangential plane.  

 

Figure 6.12 Exemplary fracture patterns of plywood type a) 3, b) 4, c) 5 and d) 6 that has 
been exposed to tension. e) Knot in the core layer of plywood type 6 specimen (indicated 
by arrow). 

In all tested plywood samples, several types of damage occur that are characteristic for 

plywood (Fig. 6.12). The final fracture of the plywood specimens passes through several 

layers, irrespective of their grain orientation, but it does seem to depend on a number of 

structural features, such as grain orientation among others, and intrinsic flaws or the grade of 

adhesive layers (Vassiliou 1996). The degraded glue lines and especially the damaged 

interfaces of the bonded plies lead to delamination and separation of the adjacent veneers. 

This was preceded by crack propagation in the cross-grained veneers, formed by shearing 

the wood structure normal to the grain orientation (Görlacher 2002), where the alignment of 

growth rings as well as the grain orientation of the enclosing layers plays a role. Hence, 

cracks opened in the longitudinal-radial (LR) plane and cavities of various sizes were 
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created in the R plane. Also the fractured layers with longitudinal grain orientation show 

shear failures due to the position of the interface of early and latewood. 

The damage development of plywood types 3 and 4 are dominated by cracks within their 

cross plies, entailing flaws within the associated bond line interfaces, which are mainly 

caused by rolling shear. Compared to the damage in plywood type 3 (Fig. 6.12a veneer 2), 

the crack lengths in the cross-grained layers of plywood type 4 are longer due to its double 

cross-grained core (Fig. 6.12b veneers 3 and 4). The most stressed layer in plywood type 5 

is its long grained core layer (Fig. 6.12.c veneer 3). Hence, rolling shear within the cross 

layers (Fig. 6.12c veneers 2 and 4) occurred mainly close to the inner bond lines. The 

fracture of the presented specimen continues by shear and tension failure of the core ply 

(Fig. 6.12c veneer 3). The presented specimen of plywood type 6 (Fig. 6.12d) shows the 

most complex failure path, where all damage mechanisms described above occurred, but of 

even larger size. Compared with plywood type 5, the double long grained core of plywood 

type 6 is stiffer. Besides, one core layer (Fig. 6.12d veneer 3) includes an additional flaw in 

the form of a knot (Fig. 6.12e), inducing the surrounding crack path formation. 

Acoustic emission activity and knee point evaluation 

Since macroscopic failure is preceded by crack initiation and accumulation at the 

microscopic and mesoscopic scale, analyzing the results from AE measurements gives 

additional information about the damage evolution within the tested plywood structures. For 

this reason, the AE analysis is limited to AE events preceding the macroscopic failure and 

ending with an AE signal linked to the highest stress value of the tensile test.  

To quantify the damage, the AE activity is summarized by the cumulative numbers of 

detected AE events. In comparison to the tested plywood samples, the solid wood specimens 

generated the highest number of AE events (Tab. 6.4). Specimens of the plywood type 6 

solely showed an AE activity of approximately the same amount. For plywood type 3, even 

though its specimens have the same physical dimension as the solid wood specimens, only 

half the AE activity of that for solid wood was measured. Besides the fact that glued wooden 

structures generally generate a lower number of AE events than solid wood (Gozdecki and 

Smardzewski 2005), the intrinsic pre-damage due to industrial production of plywood is also 

of relevance. In particular, lathe checks have already led to a prior release of the material’s 

elastic energy during veneer processing. The AE activity monitored by the two different 

sensor types (Tab. 6.4) is almost the same (Harris and Dunegan 1974). 
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Table 6.4 Acoustic Emission activity and energy of the investigated materials. 

 AE Cumulative Activity a 

[ 103 ] 

AE Cumulative Energy * 

[ 10-5 Vs2 ] 
  SE150-M VS45-H SE150-M VS45-H 

Ply 3 6.2 ± 2.8 7.0 ± 2.7 1.5 (62) 2.6 (57) 

Ply 4 5.2 ± 3.8 3.7 ± 2.2 1.2 (60) 1.0 (67) 

Ply 5 4.0 ± 2.2 4.5 ± 2.6 0.7 (72) 1.2 (86) 

Ply 6 11.1 ± 4.7 13.9 ± 5.7 2.2 (61) 3.0 (48) 

Solid 14.6 ± 3.5 16.3 ± 8.5 0.8 (70) 0.8 (86) 
Mean value (variation coefficient %), n = 8; no. of samples 
a AE signals of ultimate specimen failure excluded 

An overview on damage initiation and accumulation during the load application is given by 

the cumulative AE activity plotted versus strain (Fig. 6.13a-b). Thus, the AE activities of the 

plywood samples are presented normalized to the cumulative AE activity of solid wood. The 

cumulative AE activity of solid wood roughly follows a linear curve, but with a lower slope 

closer to failure strain (Fig. 6.13a). The normalized curves of the plywood samples increase 

exponentially. Comparing the diagrams that present the AE activities measured by SE 150-

M (Fig. 6.13a) and VS 45-H (Fig. 6.13b), the curves are almost similar. Furthermore, the 

normalized cumulative AE activity is set in relation to the stress level defined by the 

progressive load normalized to the ultimate tensile strength (Fig. 6.13c-d). Hereby, the 

curves of plywood types 3 and 4 overlap at stress levels below 50%. This similarity in 

normalized AE implies an almost similar damage accumulation at the microscopic scale for 

both plywood types. At higher stress levels, plywood type 4 shows a slower increase in AE 

activity than plywood type 3. The number of detected AE signals is probably reduced by the 

path length between the originating source and the sensor location (Aicher et al. 2001), and 

thus induced reflection and attenuation of the AE signals (Bucur and Feeney 1992).  

Since cumulative AE of the plywood materials behave exponentially as a function of time or 

load, it can be seen by interpreting these curves using the bi-linear approach (Fig. 6.14) that 

the intersection of both straight lines leads to the so called knee-point strain value 

(Kuznetsova et al. 2013). These knee-point values are interpreted to identify the switch from 

dominating microscopic mechanisms to significant damage onset at a larger scale. For all 

plywood samples, the knee-point strains were determined from the AE activity progress 

independently for each sensor type (Tab. 6.5). In accordance with the almost similar AE 
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activity curves detected by the two sensor types (Fig. 6.13a-b), the estimated strain values 

and the related stress levels at the knee-points are comparable (Tab. 6.5). 

 
Figure 6.13 Normalized cumulative Acoustic Emission activity of solid spruce and 
plywood materials in unit of elongation strain measured by sensors of type a) SE 150-M 
and b) VS 45-H. Normalized cumulative Acoustic Emission activity of solid spruce and 
plywood materials versus level of ultimate stress measured by sensors of type c) SE 150-M 
sensor and d) VS 45-H. All curves are averaged from 8 specimens of each material. 

 

Figure 6.14. Principle of bi-linear approach to analyze cumulative Acoustic Emission 
activity 

Obtained data reveal the onset of significant damage in plywood type 3 at strain values of 

about 0.4%. If plywood consists of more than three layers, regardless of their fiber 

orientation, damage growth on a larger magnitude starts earlier, specifically at strain values 

of approximately 0.2% (Tab. 6.5). The larger range of elastic behavior of plywood type 3 

might be affected by the adhesive and the interface layer, respectively. While the core ply is 

of the same size as each face ply, the two stiff wood-adhesive interfaces play a more 

important role than they do in plywood with a higher number of core layers, and 

respectively with a greater thickness of the core layer (Okuma 1976). However, for all tested 
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plywood materials the stress levels associated with the knee-point values are almost equal 

(70±5%). Entailing a low variation of 4% in the determination of the knee-point stress levels 

in the case of plywood types 3 and 4, the additional cross grained core layer in plywood type 

4 induces an earlier acceleration in AE activity growth at 68% of ultimate stress, whereas 

the knee-point for plywood type 3 was determined at 74 % stress level. Moreover, the knee-

point in AE activity predicts the start of viscoelastic behavior (Vun et al. 2005), the 

significant non-linear behavior of plywood type 6 observed in the stress-strain curve above 

20MPa (Fig. 6.11.a) correlates with the identified knee-point at 75% stress level (Tab. 6.5). 

Extending the bi-linear approach, the slopes of both straight lines indirectly indicate two 

rates of flaw growth (however, as a function of strain rather than time) derived from the AE 

activity rates (Fig. 6.14). The first AE activity rate characterizes the initial damage 

accumulation mainly at the microscopic scale, whereas the second AE activity rate, 

determined from the stress levels of ca. 70% until the ultimate failure, characterizes the 

damage increments leading to structural changes at the lay-up’s mesoscopic and 

macroscopic scales. Here, the AE activity rates are defined by the number of detected AE 

events per 0.01% of the progressive strain (Tab. 6.5). 

Table 6.5 Longitudinal strain and stress level at knee point in Acoustic Emission activity 
and rates in Acoustic Emission activity of several plywood materials and solid spruce. 

 Elongation strain 
at knee point 

[ % ] 

Stress level 
at knee point 

[ %] a 

1st AE Rate 
(Initiation) 

[ s / (0.01 %) b ] 

2nd AE Rate 
(Initiation) 

[ s / (0.01 %)b ] 

 

SE
15

0-
M

 

V
S4

5-
H

 

 

V
S4

5-
H

 

SE
15

0-
M

 

SE
15

0-
M

 

V
S4

5-
H

 

Ply 3 0.41 
(19) 

0.39 
(17) 

74 
(4) 

39 
(45) 

53 
(38) 

258 
(24) 

291 
(29) 

Ply 4 0.23 
(33) 

0.22 
(30) 

68 
(4) 

59 
(52) 

52 
(48) 

281 
(63) 

227 
(46) 

Ply 5 0.20 
(28) 

0.19 
(32) 

67 
(8) 

79 
(45) 

75 
(64) 

248 
(46) 

283 
(46) 

Ply 6 0.23 
(29) 

0.22 
(27) 

75 
(21) 

132 
(17) 

191 
(30) 

531 
(49) 

694 
(53) 

Solid    225 
(29) 

236 
(27) - - 

Mean value (variation coefficient), n = 8; no. of samples, s; no. of detected AE signals  
b % of ultimate stress; b % elongation strain 

Among all tested plywood materials the initial (first) AE activity rate rises with almost every 

additional ply, irrespective of the grain orientation of the attached veneer (Tab. 6.5). Even 

bearing in mind the high coefficients of variation, this is still consistent since every 

additional ply implemented in the material structure offers additional wood matter. 

Accordingly, additional adhesive joints are being stressed and damaged simultaneously. 
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Hence, flaw development is accelerated. Analogous to the Young’s Modulus indicating the 

material behavior at low stress levels within its linear elastic range, the first AE activity rate 

characterizes the consequences of damage initiation and accumulation within the structural 

elements of the tested plywood samples at the microscopic scale. 

 
Figure 6.15 Correlation between the ultimate strength of plywood materials and their 
cumulative number of detected Acoustic Emission events due to development of initial 
damages 

Furthermore, continuing the progressive damage evolution of plywood types 3, 4 and 5 from 

stress levels >70%, the second AE activity rate of about 200-300 AE events per 0.01% strain 

is more than twice that at low stress levels. Hence, even though crack paths switch to larger 

scales due to the layered structure, the flaw growth rate of the plywood types 3, 4 and 5 at 

high stress levels (second AE activity rate) is almost similar to the increase of defects in 

solid wood. This is due to the increased stress applied to the long grained plies behaving 

almost similar to the solid wood specimens (Ansell 1982). However, in accordance with its 

mechanical behavior (Fig. 6.11a), the second AE activity rate of plywood type 6 is clearly 

different. In accordance with its distinct plastic deformation on the macroscopic scale, 

damage growth increases to more than 500 AE events per 0.01% strain. This is more than 

double of the second AE activity rate compared to plywood type 5, which contains only one 

long grained veneer in the core layer. This is not in contradiction with the distinct plastic 

deformation already mentioned above, because these structural changes at greater scale are 

accompanied by an increased number of damages of smaller size. 

In conclusion, the damage accumulation within the initial state of destruction below the 

knee-point is found to be in correlation with the ultimate strength of plywood (Fig. 6.15). 

The exception of plywood type 5 is discussed below in more detail. 
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Acoustic emission intensity and strain field formation 

Besides the AE activity summarizing the number of occurring damage events, the AE 

energy (Eq. 6.1) of the detected events specifies the intensity of the caused damage. All in 

all, the destructive tension tests of the plywood materials release a total AE energy yielding 

almost double that of failing solid wood (Tab. 6.4), even though plywood samples generate 

a lower number of AE events. Again, the only exception is plywood type 5, which released 

more or less the same AE energy as the solid spruce wood. First, for a better understanding 

of the damage processes, the cumulative curves of the AE energies averaged for each 

material sample are expressed as a function of the applied stress level (Fig. 6.16). The 

cumulative AE energy is expressed relative to the absolute AE energy output of each tested 

material type, and consequently, at stress levels of 100%, all curves continue by a 

normalized cumulative AE energy of 100%. 

𝐸𝐸𝑖𝑖 = ∫𝑈𝑈2(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑡𝑡

𝑡𝑡0

 (6.1) 

Ei AE Energy [V2s]; U Magnitude of AE signal; t0 Arrival time of AE signal; 
(t - t0) Duration of AE signal. 

 

 
Figure 6.16 Acoustic Emission  energy (detected by sensor type SE 150-M) due to stress 
level of several plywood materials and of solid spruce. 

While the AE activity curve of solid wood increases linearly with increasing stress levels 

(Fig. 6.13c), its cumulative AE energy follows an almost exponential increase path 

(Fig. 6.16) and hence indicates the nonlinearity in damage evolution (Nagy et al. 2010). In 

the case of plywood materials, the exponential increase in normalized cumulative AE 

activity (Fig. 6.13c) is accompanied by an almost exponential increase in normalized 

cumulative AE energy (Fig. 6.16). At the identified knee-point levels (approximately at a 

stress level of 70%), each of the plywood materials released <30% of their total AE energy, 

whereas the solid wood released <10% at the same stress level (70%). By the time the 
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plywood materials had approached close to 100% of the stress level, they had already set 

free >50 % of their total AE energies (Fig. 6.16). In particular, plywood type 3, until shortly 

before its total fracture, had already released 90% of its total AE energy, whereas the solid 

wood generated <50% of its total AE energy release at comparable stress level. 

 

Figure 6.17 Acoustic Emission energies of the signals against stress level, exemplary 
presented for one specimen made from a) solid spruce wood, b) plywood type 4 and c) 
plywood type 5. The subplots present the Acoustic Emission energies of three different 
limitations: 1-10 x10-11V2s (1), 0.11-1.0 x10-11 V2s (2), 0.01-0.10 x10-11 V2s (3). 

Since the AE energy of the detected AE events can be used as a measure of damage 

magnitude (Harris and Bell 1977), the AE signals are classified with respect to their energy 

content (Fig. 6.17). This evaluation is performed for AE events detected by the sensor type 

SE150-M. Thus, for investigated materials, the number of signals of each class, relative to 

the absolute number of AE signals, revealed three main classes; class 1 includes signals with 

AE energies of 1-10 x10-11 V2s, class 2 contains the signals of 0.11-1.0 x10-11 V2s, and class 

3 those of 0.01-0.10 x10-11 V2s. Moreover, for selected specimens, the AE energies of the 

single AE events are plotted versus applied stress level (Fig. 6.17a-c). Since the AE energies 

are within a range of less than 10-12 up to 10-8 V2s, the plots only present the three main AE 

energy classes already described above. 

For solid wood, only 2% of the detected AE signals were due to AE energy class 1. The 

distribution of AE events within the energy range of class 1 of 10-11-10-10V2s increased with 

increasing stresses (Fig. 6.17a class 1). Especially at stresses above 50%, there are several 

discrete stress levels identified by accumulations of AE events ranging from 10-11-10-10V2s. 

At these discrete stress levels, AE events of approximately 10-10V2s are accompanied by a 

huge number of AE events of lower energy content. The AE energy has been found to be a 

measure of the damage size, thus the increased distribution of AE energies indicates the 

variation of damage due to increased stress application (Qi et al. 2010). Hence, it is 

concluded that, at those discrete stress levels yielding a high variation in AE energy in all 

three energy classes, complex pre-damages are formed. These high variations in AE energy 

are also consistently represented throughout the plots of AE energy class 2 (Fig. 6.17a class 
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2) and class 3 (Fig. 6.17a class 3). Substantially, about 23% of the detected AE signals for 

solid wood are counted among AE energy class 2 and 73% belong to class 3. This fact might 

correlate with the presence of two main source mechanisms, as already found by Ando 

(Ando et al. 2006). However, the limitation of the evaluation due to stress levels <70% of 

ultimate strength does not completely exclude damages above the microscopic structure. 

While 73% of AE signals due to class 3 originated from microscopic damages with very 

high probability, the events of energy class 2 might be caused by possible pre-damage at a 

higher scale (Fig. 6.17a). Altogether, the AE energy release characterizing the damage 

evolution in solid wood under tension is dominated by a large amount of microscopic 

damage events generating AE energy contents of <10-12V2s. 

In the case of plywood samples, another percentage distribution in AE energy per event is 

obtained, which is similar for all plywood types. This correlates with the fact that the failure 

progress of plywood is dominated not only by microscopic damage mechanisms, but also by 

flaw growth at the mesoscopic scale due to the layered structure. Hence, more than 10% of 

the detected AE events are assigned to AE energy class 1, whereas with increasing stress 

level, AE energies of approximately 10-10 V2s occur more frequently (Fig. 6.17b-c class 1). 

These 10% are due to energy class 1 of significantly high energy values, which lead to 

significant increases in the cumulative AE energy curves of single specimens. This is 

interpreted as an instable flaw growth that shows the effect of damage evolution due to the 

crack size range induced by the layered structure. Furthermore, the plywood materials also 

release a higher share (35-37%) of signals in AE energy class 2. Within the energy range of 

class 2, plywood (Fig. 6.17b-c class 2) and solid wood (Fig. 6.17a class 2) clearly show an 

accumulation of AE energies beyond 0.3x10-11V2s. Moreover, the more balanced AE energy 

distribution of events assigned to energy class 3 (Fig. 6.17b-c class 3), and additionally, the 

minor share of 40-50% of AE events of class 3, might result from the less microscopic 

damage initiation within the wooden structure. The growth of intrinsic lathe checks is of 

larger magnitude and, hence, expected to yield AE events of energy class 1 or 2. Also, 

matrix cracking is presumed to yield AE energy class 1 and 2. Possibly, fiber breakages 

within the long grained plies are also reflected in AE energy class 1 and even by AE energy 

values >10-10V2s, whereas debonding is likely to appear in the lower range of AE energy 

class 3 (Haselbach and Lauke 2003, if wood materials and polymer-composites are assumed 

to behave analogously). 

To sum up, the multiple AE energy classes occurring during plywood tensile loading, which 

altogether show an increasing energy trend of AE events (Fig. 6.17b-c), result from the 

cracks progressing through an additional length scale introduced by the layered structure of 
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the plywood. The linear elastic behavior of tensile stressed plywood is mainly dominated by 

the lower strength of the cross-grained plies. This is verified by the correlation of the ratio of 

cross-grained plies to the share of events of AE energies above 10-12V2s (energy class 1, 2 or 

even above). Thus, with the increasing ratio of cross grained plies, the share of AE events 

induce cracks a somewhat larger than micro-cracks (Fig. 6.18). Above the linear elastic 

behavior of tensile stressed plywood, until the initiation state runs out, the damage 

accumulation is less dependent on the lay-up ratio (Fig. 6.18). For all plywood materials 

there is an almost similar share of AE events inducing cracks larger than micro-cracks at an 

AE energy >10-12 V2s. 

 

Figure 6.18 Influence of lay-up ratio on the share of Acoustic Emission events with respect 
to the Acoustic Emission energy of >10-12 V2s evaluated until the stress level of 30 % 
(linear range) and 70% 

Finally, more detailed insight in damage evolution is obtained exemplarily for plywood type 

4 and type 5 by correlating the AE energy results (Fig. 6.17b-c) and the strain field 

development monitored by the DIC method (Figs. 6.19-6.20). Therefore, sequences of the 

elongation strain (eyy) and the shear strain (exy) formation at discrete stress levels as a 

percentage of the ultimate strength are presented for the selected plywood specimens.  

Hence, for the plywood specimen type 4, a first formation of local concentrations in higher 

elongation strains of approximately 0.3% shows the pattern of the specimen’s weak region 

(Fig. 6.19c1) at 38 % of ultimate strength. By further increasing the stress level, a more 

homogeneous elongation strain formation at 57% stress level develops (Fig. 6.19c2). 
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Figure 6.19 Visualization of deformation of a selected specimen made of plywood type 4 
detailing a) the fracture pattern through the layered structure, b) area of interest monitored 
by Digital image Correlation including the cracks 1 and 2, c) progress of strain and shear at 
several levels of stress (% of ultimate strength). 

Finally, the pattern of weakness does not reoccur until a stress level of 77% is reached 

(Fig. 6.19c3). In contrast, for plywood type 3, the reoccurring patterns of high strain 

concentrations already start at about 30% of ultimate strength and remain until failure 

(Ritschel et al. 2013). These differences in elongation strain field can be explained by the 

different importance of the interface of adhesive and wood close to the face veneers. 

Plywood type 4 consists of a double cross grained layer with an adhesive in-between. This 

adhesive interface reinforces the cross-grained core layer normal to the load direction, due to 

the penetration of the adhesive into the intrinsic flaws of both core plies (Okuma 1976). 

Thus, the core layer dominates the damage evolution. Consequently, both interfaces close to 

the face veneers are of less relevance. Concurrently, a shear strain of more than 0.1% is 

distributed over the entire surface at stress levels below 30% and further yields first local 

shear strain concentrations at 38% stress level, which steadily increases until the specimen 

fails (Fig. 6.19c4-6). Hence, at 38% of ultimate strength, the ultimate elongation strain of 

the brittle phenol resin glue line between the core and the face veneer is mainly overcome 

(Serrano 2004; Serrano and Enquist 2005) and shear dominates the failure behavior. The 

fracture (Fig. 6.19a) of the specimen plywood type 4 clearly shows the presence of rolling 

shear, just like the other plywood types. 
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However, it must also be mentioned here, that the presented specimen is an exception 

among all specimens of plywood type 4, because it forms significant shear strain due to the 

arrangement of the cut annual rings enclosing the dominant weakness point. Excluding the 

shear strain of the specimen, the averaged shear strain of plywood type 4 registers 0.10% 

(80% coefficient in variation). Nevertheless, this specimen works well for interpretation of 

AE results, because the original DIC monitoring photographs enable tracing the initial crack 

opening of the first macroscopic crack (Fig. 6.19b, crack 1) caused by the significant pattern 

in elongation strain and shear strain at a stress level of 77% observed in the face veneer. 

This pre-failure in the long grained face ply is also reflected in the AE energy plots of all 

three AE energy classes, revealing a large distribution of AE energy per event close to the 

discrete stress level of 77% (Fig. 6.17b). Further, a similar pattern in AE energy occurs at a 

stress level of approximately 95% (Fig. 6.17b), which is generated by the formation of the 

second crack. Finally, the ultimate failure of the specimen brought the first crack to its final 

size shown in Fig. 6.19b (crack 2).  

For plywood type 5, the most stressed ply is the long grained veneer in the core. Strains 

detected by DIC are affected essentially by details of surface deformation only. However, 

the surface deformation is also affected by the deformation of the underlying layers. Thus, 

inhomogeneous patterns of small strains are not replaced by significant concentrations in 

elongation strain until 80% stress level (Fig. 6.20c1-3). The formation of shear strain 

concentrations shows a similar trend (Fig. 6.20c4-6). The AE measurements, especially the 

plots of the AE energy per event (Fig. 6.17c), do not indicate the complex pre-damages. 

Significant accumulation of AE events at discrete stress levels is absent. Nevertheless, the 

fracture of the selected specimen shows complex damage through all five plies (Fig. 6.20a), 

and implies a very brittle failure behavior of the specimen. It also has to be taken into 

account that the sensitivity of the sensors is reduced due to the layered structure: number of 

veneers, and presence of adhesive interfaces as well as the increase of the specimen’s 

thickness. However, the AE onset yields a wide spread of AE energy per event within all 

three classes. Hence, damage initiation and accumulation also includes multiple mechanisms 

distributed over several length scales due to the intrinsic lathe checks within the veneers and 

the layup.  

All in all, the high variation of AE energies indicates damage mechanisms of several length 

scales. For plywood types 4, 5 and 6 shear mechanisms dominate the damage progress 

below the knee-point level (Tab. 6.5). However, above the knee-point of 70% of ultimate 

strength, and the correlated strain values above 0.2%, the long grained face plies play the 

more important role. 
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Figure 6.20 Visualization of deformation of a selected specimen made of plywood type 5 
detailing a) the fracture pattern through the layered structure, b) area of interest monitored 
by Digital image Correlation, c) progress of strain and shear at several levels of stress (% of 
ultimate strength). 

Summary and Conclusion 

Multi-scaled damage initiation and accumulation from tensile loading was investigated for 

plywood samples consisting of three, four, five or six veneers of spruce wood. Additionally, 

specimens of solid spruce wood were tested for comparison purposes. The destructive tests 

were performed under tension parallel to the board direction at a constant displacement rate 

synchronously monitored by AE and DIC. Due to the different layup of the plywood 

samples, differences in damage progression are reflected in the detailed analyzes of AE and 

DIC results.  

- Damage accumulation of plywood is characterized by an exponential 
increase, expressed in the exponential curve of the cumulative number of AE 
events with progressive test duration. 

- The amount of damage that occurred, measured in numbers of detected AE 
events, is approximately the same size for plywood types 3, 4 and 5. 
Significantly more damage is observed for the plywood type 6. This is in 
compliance with the plastic deformation already observed at the macroscopic 
scale in the stress strain graph. 

- Two growth rates (number of AE events per 0.01% elongation strain) are 
identified in the damage evolution:  The initial state of damage growth is 
represented by the 1st rate, while the 2nd rate specifies the increase of 
damage progress leading to ultimate failure.  
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- With increasing number of veneers, the 1st rate also increased. Thus, the 
initial flaw development is accelerated, because each additional veneer 
implemented in the material structure offers additional matter (of wood and 
adhesive joints) that is stressed and damaged simultaneously.  

- For all plywood samples the 2nd rate of damage increase leading to ultimate 
failure is nearly quadruple the amount of the initial rate. This is attributed to 
the fact that microscopic and mesoscopic damage mechanisms act through 
the veneers and bond lines, and coalesce into mesoscopic and macroscopic 
scale due to lay-up, finally leading to ultimate failure. 

- The state of initial damage accumulation ends at approximately 70% stress of 
ultimate strength, whereas shear mechanisms dominated the damage progress 
below the knee-point level (see Fig. 6.14) and the long grained face plies play 
the more important role above the knee-point level.  

- The initial AE is affected by the degradation of the natural wooden structure 
of the veneers by pre-damages (e.g. lathe checks) induced while processing 
the plywood. 

- Within the range of initial damage accumulation (less than 70 % of ultimate 
stress), less than 30% of absolute AE energy is released by all plywood 
materials. However, multi-scaled damage mechanisms are already included. 
This is indicated by a high variability in AE energy content of events that 
covers almost six decades from 0.001-100x10-11V2s.  

All in all, the suitability of combining AE measurement and the optical method of DIC has 

been substantiated. Furthermore, the high time resolution in AE analysis enables more 

detailed investigations of complex damage mechanisms allowing further verification of 

parameters encoding the origin of structural changes. 
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6.3 Comparison of model layered wood & industrial plywood 

Further results of model layered wood materials (UD and CP; 5 specimens for each) 

manufactured in the laboratory without inducing numerous pre-damages compared with the 

(pre-damaged) plywood industrially produced (plywood type 3-6; 8 specimens for each) are 

presented. Also the results of solid spruce specimens from the 1st (5 specimens) and the 2nd 

(8 specimens) test series are shown. Firstly, the AE behavior of CP and industrial plywood 

materials is presented by focusing on the AE activity and AE intensity over the duration of 

the test. The AE amplitude distributions for all materials are discussed in the second part. 

6.3.1 Cumulative number and energies of AE signals 

In order to compare the AE behavior of the tested plywood types, which were manufactured 

in the laboratory with less pre-damages (CP) and industrially produced (plywood type 3-6), 

the results of one single test of each material type are presented. In Fig. 6.21., the stress 

curves, the cumulative number and energy of the AE signals located by the sensors of type 

SE 150-M are plotted against test duration for each specimen type.  

 
Figure 6.21 Failure behavior of five different types of plywood specimens characterized by 
their a) stress curves, b) cumulative number and c) cumulative AE energy of AE signals 
detected and located by means of two SE 150-M sensors. Results are based on one single 
specimen selected from each material type. 
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Regarding the stress curves, the industrial plywood types 3-5 follow linear elasticity, 

whereas the CP specimen made of clear spruce lamellae reveals plastic deformation at 

higher stresses (Fig. 6.21a). The stress behavior of plywood type 6 also started in the linear 

elastic range, but the relationship becomes rather nonlinear already before 50% of test 

duration until ultimate failure. 

The total number of AE signals detected for the four industrial plywood specimens is low 

compared to the CP specimen. Particularly, the plywood type 3 consists of lay-up, which is 

almost similar to that of the CP specimens, shows significant differences in AE behavior. 

Though, the CP was glued with UF adhesive and, contrarily the plywood types were 

produced using PRF, these differences cannot solely be attributed to the adhesive 

performances, particular with regards to their almost similar MOE (Tab. 3.1). Hence, it is 

concluded that the larger amount of pre-damage induced when processing the industrial 

plywood leads to relatively lower AE activity. Moreover, the linear stress curves of the 

plywood types 3-5 correlate with an exponential increase in defect growth based on AE 

activity (Fig. 6.21b).  

In contrast, elastic and plastic parts in stress behavior, as observed for the CP and the 

plywood type 6, generate bi-linear defect growths. For all specimens, CP as well as plywood 

type 3-6, the AE energy release is of almost similar range; between 10-6 V2s and 10-4 V2s 

(Fig. 6.21c). However, the CP generates the highest absolute value of cumulative AE 

energy. At 50% ultimate stress, CP released about 30% of its absolute AE energy, whereas 

the AE energy output of the industrial plywood yields only approximately 1% (Fig. 6.21c). 

The lower AE energies produced by the industrial plywood are also explained by the energy 

released earlier due to process-related pre-damages. 

6.3.2 Amplitude distributions 

An assessment of AE intensity is presented by means of the amplitude distribution. The 

amplitude distributions presented here are the averages of all first hits of AE signals detected 

from each specimen from each material type (Fig. 6.22). For comparison purposes, the 

relative number of AE signals (scaled logarithmically) is plotted against the peak AE signal 

amplitude (scaled in dBAE). The range of amplitudes is limited by the minimum value of 

43dBAE (related to the threshold setting) and the maximum dynamic range of the AE 

equipment (100dBAE). For completeness, the distributions are presented for each material 

type and for each sensor type and thus, reveal roughly similar slopes (b-value, see Chap. 

6.1) by the sensor types for a certain material type (Fig. 6.22). Since the subsequent studies 

are mainly based on the SE 1000-H sensors (Chap. 6.), the corresponding amplitude 
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distributions (Fig. 6.22e-f) are discussed in more detail. The reference specimens made of 

spruce wood are analyzed separately for the first (Chap. 6.1) and the second (Chap. 6.2) test 

series. Though, the properties of both spruce wood materials are very similar (Tab. 6.6), a 

significant deviation between both slopes (Fig. 6.22e, gray and black curves) is observed.  

Table 6.6 Overview of the mechanical properties of the laboratory scale reference 
specimens made of clear spruce tested during the 1st (Chap. 6.1) and 2nd (Chap. 6.2) tensile 
test series: 

 
n 

MC 
(%) 

Raw 
density 
(kg m-3) 

Tensile 
strength* 

(GPa) 
MOE* 
(MPa) 

Tests 
presented ir 

 

1st series 5 9.0 445±18 89±8 13±0.2 Chap. 6.1 

2nd series 8 8.6 400±11 87±9 14±1.0 Chap. 6.2 
n… Number of tests; MC…Moisture content; MOE…Modulus of elasticity; * Longitudinal direction 

 

Figure 6.22 Amplitude distributions of the investigated layered wood and plywood 
materials and solid spruce (compare Fig. 3.3): a-b) Relative cumulative numbers of AE 
signals detected by the sensor type SE 150-M, c-d) VS 45-H and e-f) SE 1000-H plotted 
against AE amplitudes. Distributions are the averages over all specimens of the specific 
material types tested.  
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The distribution of the 2nd tests series reveals a higher b-value than that of the 1st series. In 

addition to the natural variability of wood, the different sensor positions also contribute to 

this difference, since the data evaluated are based on located events (VISUALAE Location 

Calculation, Vallen System GmbH). In the 2nd series the SE 1000-H sensors were only 

30mm apart (in the 1st series: 100mm apart) and closely located to the reduced tests section 

of the dog bone specimens. Hence, in the 2nd series, the SE 1000-H sensors may have been 

more sensitive to AE signals of low amplitude. 

The CP yields a relative large share of amplitudes not higher than the reference solid wood 

of the 1st series (Fig. 6.22e), which could be affected by the 100mm sensor distance and the 

attenuation effects (0.1dBAE mm-1) coupled with that. However, the situation is different 

when detecting AE with the SE 150-M (Fig. 6.22a) and the VS 45-H sensors (Fig. 6.22c). 

As already stated in Chap. 5.1, the b-value for UD is similar to those of CP in the lower two 

amplitude ranges, but clearly higher for the highest amplitude range between 75 to 100 dBAE 

(Fig. 6.22e). 

A comparison of the amplitude distributions of CP and industrial plywood types 3-6 shows 

significant differences for all three sensor types (Figs. 6.22b, d, f). The industrial plywood 

materials show rather an almost linear decrease in amplitude distributions, whereas the 

curvature of CP is more similar to that of solid spruce. For the plywood type 3 in particular, 

with its layup being very similar to CP (3 wooden layers of 3 mm thickness each with a 

center cross ply), but with intrinsic pre-damages such as lathe checks, a significantly lower 

b-value is observed meaning a lower share of signals with low amplitudes than for CP 

(Fig. 6.22f). Thus it is assumed that the damage initiation and accumulation in industrial 

plywood generates damage events of larger magnitude than in clear solid wood and the 

model layered materials. Furthermore, compared to the CP generating amounts of AE events 

from the beginning of AE onset at tension stresses of 1-2GPa, for the industrial plywood 

type 3, the AE onset, also in the range of 1-2GPa, is characterized by few separate AE 

events that occur with progressing test duration followed by more significant occurrences of 

AE events at stresses clearly above 2GPa. Based on this, it is concluded that most damage 

events at the microscopic scale were already eliminated while processing the industrial 

plywood.  
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Abstract 

Tensile tests on miniature spruce specimens have been performed by means of acoustic 

emission (AE) analysis. Stress was applied perpendicular (radial direction) and parallel to 

the grain. Nine features were selected from the AE frequency spectra. The signals were 

classified by means of an unsupervised pattern recognition approach, and natural classes of 

AE signals were identified based on the selected features. The algorithm calculates the 

numerically best partition based on subset combinations of the features provided for the 

analysis and leads to the most significant partition including the respective feature 

combination and the most probable number of clusters. For both specimen types 

investigated, the pattern recognition technique indicates two AE signal clusters. Cluster A 

comprises AE signals with a relatively high share of low-frequency components, and the 

opposite is true for cluster B. It is hypothesized that the signature of rapid and slow crack 

growths might be the origin for this cluster formation. 

Keywords 

Acoustic Emission - Frequency spectrum - Microscopic damage mechanisms - Spruce - 

Unsupervised Pattern Recognition 
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Introduction 

Research results are not yet available concerning tracking back the evolution of a wood 

fracture zone to its origin. Such research should determine the temporal-spatial occurrence 

of damage mechanisms and their interactions at different length scales, i.e., in the cell wall 

at the microscale and in the tissue at the mesoscale and macroscale. However, damage 

mechanisms have been frequently studied (Ashby et al. 1985; Frühmann et al. 2003), and 

failure scenarios have also been investigated in model analyses (Hofstetter et al. 2008; 

Saavedra Flores and Friswell 2013). The synchronous monitoring of multiscaled damage 

evolution, as a result of load exposure, is difficult because of the limited observable length 

scales. The acoustic emission (AE) method facilitates the detection of damage events at the 

microscopic and macroscopic scale. Additionally, the high time resolution in the range of μs 

allows detailed monitoring of the damage evolution. Nevertheless, the most challenging task 

is to assign features of the detected AE signals to their sources. A multitude of approaches 

focuses on this issue. The conventional AE analysis investigates the parameters of the AE 

signals in the time domain (Fig. 6.23a) by means of AE signal amplitudes (Debaise et al. 

1966; Ansell 1982; Ando et al. 1992a; Cunderlik et al. 1996; Lee et al. 1996; Aicher et al. 

2001; Kim et al. 2005; Rosner 2012). Other studies focused on the AE frequency features 

(frequency domain, see Fig. 6.23b) (Ogino et al. 1986; Tyree and Sperry 1989; Reiterer et 

al. 2000; Jakiela et al. 2008).  

The present contribution introduces an approach based on frequency spectra of the detected 

AE events followed by pattern recognition. To the best of the authors’ knowledge, this 

approach to AE analysis of wood materials is unprecedented. The AE frequency spectra 

contain the main characteristics of the signal’s origin (Stephens and Pollock 1971), and thus, 

similar source mechanisms are assumed to generate similar AE frequency features near the 

source location. The propagation of AE through the material is accompanied by reflection 

processes, which induce intrinsic similarities to the AE signal. To classify the AE signals 

properly, these similarities have to be identified and weighted for their significance. 

Therefore, the method of unsupervised pattern recognition (UPR) is a useful tool. It is a 

purely mathematical approach to obtain dataset partitions by means of multivariate data 

analysis. The approach for signal classification applied in the present study was originally 

developed for failure identification in hybrid materials (Sause et al. 2012a). Its applicability 

is well established in the field of failure mechanism studies of fiber-reinforced composites 

(Sause et al. 2012b). Because these composites and wood have distinct microstructures with 

anisotropic elastic properties (Fratzl et al. 2004), the implementation of the UPR method for 

AE signal classification of failing wood seems to be straightforward and promising. 
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Figure 6.23 Parameters of AE signals in a) time domain and b) frequency domain. a) A 
pretrigger of 18 μs was chosen, the frequency spectra were calculated from the first 25.6 μs 
of the detected signal (extraction window). b) The unsupervised pattern recognition was 
performed by using nine frequency features: PF, CGF (Eq. 6.2), WPF (Eq. 6.3), and PP1–6 
(Eq. 6.4). 

Materials and experimental design 

The specimens were cut from clear spruce wood [Picea abies (L.) Karst.] grown in the 

canton of Grisons (Switzerland) at altitudes above 1000m (age approximately 250 years). 

The mechanical properties of that wood stock, which is characterized by a low average raw 

density of approximately 340kg m-3, have already been described by Sonderegger et al. 

(2008). 

Table 6.7 Characterization of the investigated radial (R) and longitudinal (L) spruce wood 
specimens (mean ± StdD) 

Type n Density MC Cross 
section 

Growth 
ring width 

Traverse 
velocity 

Test 
duration 

Tensile 
strength 

  (kg/m3) (%) (mm2) (mm) (mm/s) (s) (MPa) 

R 7 337±6 8.5 4.1±0.2 1.49±0.10 0.005 54±6 8±1 

L 7 280±11 8.3 1.2±0.2 - 0.010 18±6 54±11 

n… Number of specimens, MC … Moisture content 

The tests presented here were carried out on miniature specimens to allow the 

implementation of the testing setup into a synchrotron computed microtomography 
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(SRμCT) beam line for further investigations. Two sets of specimens were manufactured 

regarding the applied fiber-load angle (Fig. 6.24a, b). The specimens prepared for load 

application in the radial (R) direction will be denoted as R specimens, and those prepared for 

load application parallel to the grain will consequently be denoted as longitudinal (L) 

specimens. 

The first step in sample preparation was cutting blanks of dimension 30×5.7×2.3mm3 

(length×width×thickness), whereby the most important step was the preparation of a plane 

cut of one specimen surface by a microtome blade. The created surface has the sufficient 

quality for coupling the piezoelectric AE sensors. Failure in the R specimens is expected 

mainly within the earlywood (EW) (Müller et al. 2003). Thus, L specimens were selected 

for comparability also from EW, resulting in the low density of 280kg m-3 (Tab. 6.7). To 

ensure crack initiation between both AE sensors, the specimen’s geometry is tapered. The R 

specimens have only a two-sided taper of approximately 4 mm2 test cross-section, whereby 

approximately five to six growth rings are within the tapered volume. In contrast, the L 

specimens are taper shaped at all four sides, yielding a test cross-section down to 1 mm2. 

The specimens were transferred into the specimen supports made of aluminum with a single 

component polyurethane adhesive, which enabled an interlocking mount of the specimens in 

the testing device by a connection thread (Fig. 6.24c). 

 

Figure 6.24 Design of a) the radial specimens and b) the longitudinal specimens glued into 
the specimen holders. c) Experimental setup. 

Tensile tests were performed with a loading device for miniature specimens (Zauner et al. 

2012) with a load cell of 1kN, which was designed to be implemented at the synchrotron 

beam line. The load application was performed under displacement control. Tests were 

continued up to the ultimate failure of the specimen. The R specimens were loaded with a 
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cross-head speed of 0.005mm s-1, whereas the L specimens were tested at 0.01mm s-1 to 

prevent possible creeping in the adhesive within the specimen supports. In total, seven 

specimens of each type were tested. Despite their low densities (Tab. 6.7) and taking into 

account the size effect yielding heightened strengths due to the tiny test cross-sections, the 

tensile strengths of the specimens are in good agreement with values determined by 

Wagenführ (2000). The high standard deviation of the strength measured for the L 

specimens might be due to different density profiles within the growth rings located in the 

cross-sections (Lanvermann et al. 2013). 

The AE monitoring was performed with a digital AE equipment (AMSY-6, Vallen Systeme 

GmbH, Icking, Germany). Two miniature piezoelectric sensors [type M31 (Fuji Ceramics 

Corp., Shizuoka, Japan)] with a coupling area of 3mm in diameter were mounted single 

sided on the surface of the specimen (Fig. 6.24c). The even mounting of the AE sensors’ 

piezoelectric bearing face was facilitated by precisely machined sensor supports. Silicone-

free vacuum grease was used as couplant (Pöllath J.P. Labortechnik, Bamberg, Germany) 

between sensor and specimen surface. The M31 AE sensors are sensitive to a frequency 

range of 300kHz–800kHz, in which the sensor response is almost constant (±3dB; see 

Fig. 6.25). Below 300kHz, the sensor response steeply decreases by approximately -30dB. 

Because the sensors are positioned quite close to the specimen’s failure zone, far field 

attenuation effects are assumed to be negligible (approximately 0.25dB cm-1; Bucur and 

Böhnke 1994), but higher attenuation in the near field zone around the source cannot be 

excluded. However, regarding the different cell compositions of both specimen types (L 

specimens of EW tracheids, R specimens containing growth rings), the AE detection of the 

R specimens might be affected by a higher damping due to the differences in density within 

the growth rings (growth ring width of approximately 1.5mm; Tab. 6.7). The frequency 

range of the preamplifiers (AEP3, gain of 34dB into 50Ω; AMSY-6, Vallen Systeme GmbH, 

Icking, Germany) was limited between 30kHz and 960kHz. The detection of the AE 

waveforms was performed with a sampling rate of 10MHz, yielding a signal duration of 

409.6μs including an 18μs-pretrigger. The threshold was set to 32.1dBAE (≈0.04mV). The 

chosen rearm time of 1ms is based on empirical values. 

The AE measurement performed with two sensors enables the localization of AE events. 

However, tracking the source position is not considered in this investigation, but exclusively 

AE events localized between both sensors (max. 10mm distance) are selected for AE 

analysis. The acoustic propagation velocity through spruce wood is ca. 6000m s-1 in the L 

direction and ca. 2200m s-1 in the R direction (Sonderegger et al. 2008), and based on this, 

the AE events can be separated by means of AE detection by both sensors (Kurz et al. 2008) 
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within the maximum possible difference in arrival times (≤10μs). The waveforms from the 

first signal of each AE event provide the basis for all analyses presented here. Hence, in the 

following, these first signals of the AE event are denoted as AE signals. The number of 

detected AE signals during one single tensile test is quite low (on average 16 AE events for 

each test). To ensure a suitable statistical database for pattern recognition processing, the 

extracted AE feature datasets of all seven tests are analyzed simultaneously for each 

specimen type. 

 

Figure 6.25 Average frequency response curve of the miniature AE sensors. 

Method of UPR: The UPR technique was applied for evaluation of AE signal features 

extracted from the frequency domain. To this purpose, the AE signal frequency spectra were 

calculated via Fourier transformation (Hamming window function, 256 samples) applied to 

the first 256 samples of the AE signal in the time domain (0-25.6μs) excluding the 18-μs 

pretrigger (Fig. 6.24a). The limitation in the time domain was set with regard to the rise time 

of the AE events ranging from <1μs up to 10μs to ensure the proper selection of signal 

features only from the first part of the signal burst. Because the lifetime of an AE source 

event is in the range of some ns to a few μs (Pardee and Graham 1978), the most significant 

effects of the source mechanism are expected at the beginning of the signal’s arrival at the 

sensor. The propagation of AE through the material structure is accompanied by reflection 

processes causing intrinsic similarities in the AE signals. Especially in tiny specimen sizes, 

as investigated here, these self-similarities must be considered in AE frequency analysis. 

The input features for the cluster algorithm are selected exclusively from the AE signal’s 

frequency spectra. Besides the peak frequency (PF) (Fig. 6.24b) and center of gravity 

frequency (CGF) (Eq. 6.2), the weighted PF (WPF) (Eq. 6.3) is also introduced as an AE 

feature. The WPF combines the PF and the CGF for an improved representation of the AE 

signal frequency spectra. Additionally, the total frequency range is divided into six different 

partial power levels (PP) (Eq. 6.4, Fig. 6.24b). To yield comparable frequency spectra, these 

features were normalized by their maximum magnitude for eliminating the influence of 

different source excitation energies. Altogether, these nine frequency features are chosen as 

input parameters for the pattern recognition approach.  
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Center of gravity frequency  (6.2) 

Weighted peak frequency  (6.3) 

Partial power 
 

(6.4) 

The UPR algorithm used in the current study tries to find the best possible partition by 

investigating subset combinations of the features given. Partitions are compared based on 

cluster validity measures, and the optimum partition that includes the respective feature 

combination and the number of clusters is returned. The details of this algorithm have been 

described by Günter and Bunke (2003) and Sause et al. (2012a). 

In the present study, all possible subset feature combinations are evaluated, ranging from the 

predefined minimum number of four features to the maximum nine previously defined 

features. Thus, in total, 382 possible feature sets are investigated. Another limitation of the 

algorithm is related to the expected number of signal clusters. Generally, the expected 

number of clusters should be within the range of the number of actual physical damage 

phenomena or mechanisms and possibly additional noise sources. The discrimination of 

different emission phenomena is difficult, although intrinsic damage phenomena are 

provoked by the applied fiber-load angles because of the complex hierarchical structure of 

wood and the spectral sensitivity of the AE sensors. Hence, the cluster algorithm is applied 

to seek for 2, 3, …, 10 possible clusters, which yields 3438 partitions to investigate in total. 

The Euclidean distance is the basis for the distance measurement of the dataset inputs. 

Based on this metric, as cluster validity indices, the Davies-Bouldin index R (Davies and 

Bouldin 1979), the Tou index τ (Tou 1979), the Rousseeuw’s silhouette value S (Rousseeuw 

1987), and Gamma statistic σ (Calinski and Harabasz 1974) are calculated to obtain a 

measure for the cluster separation. A voting scheme combining the rankings of these 

individual indices yields the partition with the optimal performance based on points, 

whereby the best possible performance is rated by a maximum of 100 points (Sause et al. 

2012a).  
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Results and discussion 

The UPR technique was performed separately for the R and L specimen types. In both cases, 

one feature combination (rated with 100 points) was found to be the numerically best 

separation of the AE signals into two clusters (Tab. 6.8). For the R specimens, the obtained 

feature combination consists of the PF, the CGF, and the WPF as well as PP4. For the L 

specimens, the feature combination also comprises the PF, CGF, and the WPF, but it is 

based on PP2 instead. For comparison of the pattern recognition result, the PP4 and the 

WPF were chosen to present the cluster results of both specimen types (Fig. 6.26) as the 

significance of the clusters is reflected most clearly by their WPFs.  

 
Figure 6.26 The clustering of the AE signals yields the two clusters A and B. Partial power 
4 range of 600-800 kHz) versus weighted peak frequency are presented for AE signals 
detected during tensile testing of the spruce specimens in the a) radial and b) longitudinal 
directions. 

For both specimen types, the signals of cluster AR (R tests) and AL (L tests) contain WPFs 

below 500kHz, while those of cluster BR and BL contain WPFs above 500kHz. Furthermore, 

signals of the B clusters show a larger share of high-frequency content (compared to the A 

clusters) due to an average PP4 of approximately 40% (Tab. 6.9). Hence, the clusters can 
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roughly be differentiated into signals with a relatively high share of low-frequency (A 

clusters) and high-frequency (B clusters) contents, respectively.  

For the R tests, 60 signals are assigned to cluster AR and 55 signals to cluster BR (Tab. 6.9), 

which is more or less a ratio of 1:1. Within the damage history (Fig. 6.27), the brittle failure 

behavior of the R specimens is reflected, as the AE starts just shortly before the ultimate 

failure (above 70% of maximum load). Furthermore, a clear trend in AE onset is not 

observable, as the cluster AR matches with the AE onset in 3 of 7 cases. During load 

progression, the AE amplitudes of both clusters increase, mainly ranging from 40 dBAE up to 

80 dBAE. Near and during the ultimate failure of the R specimens, the maximum AE 

amplitudes reach values above 80dBAE in both clusters AR (Fig. 6.27a) and BR (Fig. 6.27b). 

Hence, for tensile loading in the R direction, both clusters and their origin mechanisms are 

assumed to have a rather equal standing in damage evolution. 

Table 6.8 Results of clustering of the radial (R) and longitudinal (L) specimens  

Type n No. C Points* FC R τ S σ 

R 7 2 100 28 0.6246 3.0205 0.6325 299 

L 7 2 100 10 0. 5605 3. 4826 0.6734 350 

* Maximal possible points: 100; n…Number of test; No. C…Number of cluster; FC…Feature 
Combination; R…Davies–Bouldin-index; τ…Tou-index, S…Rousseeuw’s Silhouette value; σ… Calinski 
and Harabasz index. 

Feature Combination No. 10: peak frequency, weighted peak frequency, center of gravity frequency, 
partial power 2 (200-400kHz). 

Feature Combination No. 28: peak frequency, weighted peak frequency, center of gravity frequency, 
partial power 4 (600-800kHz) 

Table 6.9 Cluster characteristics 

C N 

PF 

(kHz) 

CGF 

(kHz) 

WPF 

(kHz) 

PP 1 

(%) 

PP 2 

(%) 

PP 3 

(%) 

PP 4 

(%) 

PP 5 

(%) 

PP 6 

(%) 

AR 60 
278 

(85/376) 

399 

(286/491) 

332 

(181/399) 
23±10 35±8 16±5 23±7 3±2 0±0 

BR 55 
671 

(583/723) 

495 

(412/616) 

572 

(518/648) 
15±7 22±6 16±5 

43±1

1 
4±2 0±0 

AL 42 
276 

(269/290) 

439 

(300/500) 

346 

(286/374) 
17±8 40±8 11±4 27±9 5±2 1±0 

BL 80 
687 

(593/737) 

524 

(383/650) 

595 

(514/674) 
12±6 23±7 12±5 

46±1

0 
7±3 1±0 

C…Cluster; N…Number of signals; PF…Peak frequency; CGF…Center of gravity frequency; 
WPF…Weighted peak frequency; PP… Partial power 

median (min / max); PP: mean ± StdD 
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Figure 6.27 Stress and AE signal amplitudes versus test duration of two specimens tensile 
loaded in the radial direction, distinction between both clusters AR and BR is included. 

Furthermore, in the frequency domain, both clusters reveal broadband spectra with three 

distinct peaks at approximately 100kHz, 280kHz, and 670kHz (Fig. 6.28c, d). Consistently, 

the plot of PP4 vs. WPF (Fig. 6.26a) indicates a possible separation of cluster AR (with low-

frequency components) into AE signals with a WPF close to 200kHz and AE signals close 

to 330kHz. The available miniature sensor is limited to frequencies between 300kHz and 

800kHz (Fig. 6.25), and therefore, a low significance in difference of the low-frequency 

components (compared to that of the high-frequency domain) might be caused by this 

limitation. Additional research is needed to clarify the role of several parameters (e.g., 

material properties and specimen geometry) influencing these frequency peaks. However, 

the cluster AR is characterized mainly by low-frequency components below 600kHz, which 

is also reflected in PP1–PP3 containing ca. 75% of the signals’ frequency content (Tab. 6.9). 

The signals of cluster BR contain more high-frequency components. The normalized average 

magnitude at the PF of 670kHz is not significantly larger than the comparable peak in 

cluster AR (Fig. 6.28c, d). The more significant difference, compared to the cluster AR, is 

found in the lower normalized average magnitude at 280kHz. This implies a lower relative 

share of low-frequency content, which thus results in a relative increase in PP4. To sum up 

the R tests, both clusters AR and BR are essentially differentiated by their relative share of 

low-frequency content. The normalized average AE signals of clusters AR and BR in the 
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time domain are clearly different (Fig. 6.28a, b). In comparison to the average waveform of 

cluster AR, that of cluster BR is more similar to a characteristic burst signal with fast 

oscillations vs. time. 

 
Figure 6.28 Averaged normalized AE signals of cluster AR (a, b) and cluster BR (c, d) 
detected during tensile testing of the spruce specimens in the radial direction. AE signals 
are presented in time domain (a, c) and frequency domain (b, d). 

The ratio of signals attributed to clusters AL and BL differs when tensile load is applied in 

the L direction (42:80), which is different to the R load results (60:55). Moreover, in 

contrast to the linear behavior of the R specimens (Fig. 6.27), the stress curves while loading 

parallel to the grain show premature, transient load drops (Fig. 6.29), which are also 

accompanied by AE signals for both AL and BL. The deviations in the stress curves reveal 

predamages, probably of truncated tracheids on the tapered edges. Analogously to the R 

tests, the AE onset was generated either by cluster AL (Fig. 6.29a) or by cluster BL 

(Fig. 6.29b). With progressive load application, there is a consistent and corresponding 

increase in the AE amplitude values (40-80 dBAE) in both signal clusters. Moreover, cluster 

BL solely generates the maximum AE amplitudes during the ultimate failures, and thus, 

cluster B possibly indicates the L specimens’ total destruction. Contrary to the R specimens, 

the generated maximum AE amplitudes generated here generally remain below the 80dBAE 

(Ando et al. 1992b). 

Comparing the normalized average waveform of both clusters in the time domain, the 

signals of cluster AL start with a short term of fast oscillations (0-10μs) and level off in 

slower oscillations (Fig. 6.30a). The average signal of cluster BL (Fig. 6.30b) shows a burst 

signal similar to that of cluster BR. Both clusters reveal broadband spectra, but only two 

distinctive peaks at approximately 280kHz and 690kHz (Fig. 6.30c, d). Cluster AL is 
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characterized mainly by low-frequency components, which are most notably reflected in the 

contribution of PP2 with approximately 40% of the signals’ frequency content (Tab. 6.9). In 

contrast, the relative share of high-frequency components in cluster BL is reflected in PP4–

PP6, which yields about 54% of the frequency content beyond 600 kHz. Compared to 

cluster AL, the magnitude of the peak at 690 kHz in cluster BL shows a significant increase 

(Fig. 6.30c, d). This leads to the pronounced differences in PP2 and PP4 between both 

clusters. Consequently, in contrast to clusters AR and BR, clusters AL and BL are 

differentiated by their relative share of high-frequency content. 

 
Figure 6.29 Stress and AE signal amplitudes versus test duration of two specimens tensile 
loaded in the longitudinal direction, distinction between both clusters AL and BL is 
included. 

Clusters A and B are almost of similar nature for the R and the L tested specimens 

(Fig. 6.26), as indicated by the averaged WPF of approximately 340kHz (cluster AR and AL) 

and 580kHz (cluster BR and BL), respectively. Thus, it is assumed that the source 

mechanisms are similar in both specimen types. The peaks at approximately 670–690kHz, 

observed in all clusters (Fig. 6.28c, d, Fig. 6.30c, d), might be caused by longitudinal waves 

propagating parallel to tracheid axes and thus correspond to the frequency response of the 

structural vibration (600kHz up to 700kHz) (Bucur 2006). Tyree and Sperry (1989) 

suggested that cellulose induces the high-frequency components. At microscopic scale, the 

transcellular fracture yields rapid crack growths (Debaise et al. 1966). With respect to the 
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characteristic WPFs of the AE clusters, it is worth considering that the signature of such 

rapid crack growths might well be reflected within both B clusters, especially with regard to 

the ultimate failure of all seven L specimens generating the maximum amplitudes seen 

solely in cluster BL (Fig. 6.29). 

 

Figure 6.30 Averaged normalized AE signals of cluster AL (a, b) and cluster BL (c, d) 
detected during tensile testing of the spruce specimens in the longitudinal direction. AE 
signals are presented in time domain (a, c) and frequency domain (b, d). 

For interpreting the low-frequency A clusters (Fig. 6.26), the 1:1 ratio of the AE signals 

observed in clusters AR and BR for R tests gives a first hint. Following Ashby et al. (1985) a 

ratio of the material density (Tab. 6.7) to the cell wall density (1500kg m-3) above 0.2 

indicates the phenomena of cell wall cracks as well as cell separation, which also applies to 

the tested material. Thus, since the B clusters are assigned to rapid cell wall cracks, the 

formation of the A clusters could tentatively be attributed to slow cell separation 

phenomena. 

Since the AE amplitude values for both signal clusters increase more or less alike, the 

attributed damage mechanisms are not restricted to certain amplitude values as expected by 

Ando et al. (1992a) or Romhány et al. (2003). Instead, this might reflect the complexity in 

failure behavior due to the cellular composition resulting from the strong interaction 

between both cellulose fibrils and the lignin matrix. 

Conclusions  

This preliminary study introduces a new approach of UPR to identify clusters of AE signals 

detected on wood under tensile stress. For each loading case, tensile loading spruce 

specimens in the R and L directions, the two clusters A and B of AE signals were detected: 

AE signals of cluster A are characterized by WPFs of approximately 340kHz, whereby those 
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of cluster B yield WPFs of approximately 580kHz. A first working hypothesis assumes the 

A clusters to indicate slow crack growth such as cell separation mechanisms, whereas the B 

clusters are attributed to transcellular cracks. To provide a substantial evidence of the 

cluster’s origin, subsequent experiments combining this setup with synchronous SRμCT 

monitoring are continued in another study. 
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Abstract 

Tensile tests of miniature spruce wood specimens have been performed to investigate the 

damage evolution in wood at the microscopic scale. For this purpose, the samples were 

stepwise tensile loaded in the longitudinal (L) and radial (R) directions and the damage 

evolution was monitored in real-time by acoustic emission (AE) and synchrotron radiation 

micro-computed tomography (SRμCT). This combination is of outstanding benefit as 

SRμCT monitoring provides an insight on the crack evolution and the final fracture at 

microscopic scale, whereas AE permits the detection of the associated accumulation and 

interaction of single damage events on all length scales with high time resolution. A 

significant drawback of the AE testing of wood has been overcome by means of calibrating 

the AE amplitudes with the underlying crack length development. Thus, a setup-dependent 

and wood species-dependent calibration value was estimated, which associates 1μm2
 crack 

area with generating of 0.0038mV in the detected AE amplitude. Furthermore, for both L 
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and R specimens, AE signals were classified into two clusters by using a frequency-based 

approach of unsupervised pattern recognition. The shares of AE signals of both clusters 

correlate with the ratio of the relative crack area of the interwall and transwall cracks gained 

from the fractographic analysis of SRμCT scans. 

Keywords 

acoustic emission (AE), damage evolution, in situ monitoring, spruce, synchrotron radiation 

microcomputed tomography (SRμCT), tensile test, unsupervised pattern recognition (UPR) 

Introduction 

The observation of the complex hierarchical interdependency of damage phenomena within 

the wooden structure is a key challenge (Frühmann et al. 2003; Saavedra Flores and Friswell 

2013). For an improved understanding of the failure behavior, the acoustic emission (AE) 

measurement is a useful tool that enables a multiscale analysis of the damage progress with 

respect to load history in the whole specimen’s volume. An additional advantage of the AE 

method is the high time resolution during the recording of defect generation. However, the 

interpretation of AE data is difficult concerning the signal’s origin. In a previous study 

(Baensch et al. 2015) a new unsupervised pattern recognition (UPR) technique based on AE 

frequency features was adopted for wood. This algorithm, which had already been 

established for composite materials (Sause et al. 2012a, b), seeks for the numerically best 

partition of selected frequency features to identify the natural classes of AE signals.  

A substantial and detailed interpretation of these AE clusters requires additional 

information. For this purpose, in situ X-ray tomography is suitable, as it allows a 

comprehensive 3D observation of microstructures (Cazaux et al. 1993; Stampanoni et al. 

2006). Further, the feasibility of real-time studies on submacroscopic damage mechanisms 

by combining synchronous AE and tomographic monitoring has already been proven for 

several materials (Chotard et al. 2003; Elaqra et al. 2007), whereby an effective pixel length 

down to 15μm was reached. Another study was performed on metals yielding a spatial 

resolution of even 1.4μm3 (Maire et al. 2007). For the investigation of the anatomical 

features of the wooden microstructure, the suitability of micro-computed tomography proves 

to be satisfactory, because a spatial resolution down to 1μm3 is feasible (Steppe et al. 2004; 

Trtik et al. 2007; Van den Bulcke et al. 2009). The microstructure of wood under different 

moisture loads has also been investigated by synchrotron radiation micro-computed 

tomography (SRμCT) (Derome et al. 2011). Moreover, for a miniature wood specimen 

under bending load, Forsberg et al. (2008) showed the potential of the SRμCT method to 
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evaluate the deformation at microscale by means of digital volume correlation. In the 

present study, tensile tests of miniature spruce wood specimens will be performed to 

investigate the damage evolution in wood at the microscopic scale, which should be 

simultaneously monitored by AE and SRμCT. The expectation is that the SRμCT results 

will provide complementary evidence for interpreting AE signal clusters already presented 

in a previous study by Baensch et al. 2015. 

Materials and Method 

The investigations were carried out on approximately 250-year-old clear spruce wood 

(Picea abies (L.) Karst.) grown at 1000 m altitude in the canton of Grisons (Switzerland). 

The specimens were taken from the same wood stock whose mechanical properties were 

already described by Sonderegger et al. (2008) and Baensch et al. 2015. 

 

Figure 6.31 Specimen geometries and experimental design. 

Two specimens differing in fiber-load-angle were in focus. The radial (R) specimen was 

loaded in the R direction, and the longitudinal (L) specimen was loaded parallel to the grain 

(Fig. 6.31a, b), whereby an L specimen was selected that only contained earlywood within 

the tested cross-section. The specimens were manufactured from blanks with dimensions of 

30×5.7×2.3mm3 (length×width×thickness). To ensure a defined crack initiation within the 

volume of interest (VOI), which can be monitored by both AE and SRμCT (Fig. 6.31c), the 

specimens were tapered. The L specimen was taper shaped at all four sides, yielding a test 

cross-section of 1mm2 (Fig. 6.31b), whereas the R specimen had only a two-sided taper of 

approximately 4mm2 test cross-section (Fig. 6.31a), which could not be reduced further due 

to the fragile structure. The specimen geometry is in accordance with that tested by Baensch 

et al. 2015. 
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The SRμCT trials were carried out at the TOMCAT beam line, a synchrotron beamline at 

the Paul Scherrer Institute in Villigen, Switzerland (Stampanoni et al. 2007). The tensile 

tests were performed with a loading device (load cell of 1kN) for miniature specimens 

designed for implementation at the synchrotron beam line (Zauner et al. 2012). The R 

specimen was loaded with a cross-head speed of 0.005mm s-1 and the L specimen was 

loaded with 0.01mm s-1 (Tab. 6.10). For load transmission, a plug system of three tubes was 

put over the specimen and fixed by a thread washer at the upper end (Fig. 6.31c). This three-

pieced plug system was needed to facilitate the mounting of AE sensors. The center tube 

was made of polyamideimide (PAI 4203, Fa. Quadrant EPP Deutschland GmbH, Sinsheim, 

Germany). The duroplast PAI (165 MPa compression strength) was suitable for the SRμCT 

monitoring of load tests on wood specimens because of its low absorption of the radiation. 

Table 6.10 Characterization of the investigated spruce wood specimens 

Specimen Density 
Moisture 
content 

Cross 
section 

Speed of 
traverse Load steps 

 kg m-3 % mm2 mm sec-1 - 

L 349 8.3 1.20 0.010 5 

R 342 7.8 4.15 0.005 2 

Specimen 
Test 

duration Strength 
SRµCT 

resolution 
Thickness of 

cell wall 
Acoustic 
velocity* 

 min MPa µm px-1 µm px-1 m s-1 

L 107 54.3 0.65 5.2±1.5 6000 

R 89 6.3 1.62 8.1±1.1 2200 
* Sonderegger et al. 2008 

To enhance the contrast of the X-ray images, a propagation based phase-contrast 

reconstruction algorithm was applied (Paganin et al. 2002). The details on the SRμCT 

monitoring parameters are presented in Tab. 6.11. The resolution was changed for both 

specimen types, allowing a field of view large enough to monitor the total VOI of the taper 

shape. Thus, for the L specimen, a digital resolution of 0.65μm px-1 could be realized, 

whereas, in the case of the R specimen, a lower digital resolution of 1.62μm px-1 was 

reached. AE monitoring was performed with a digital AE equipment (AMSY-6, Vallen 

Systeme GmbH, Icking, Germany). Two miniature piezoelectric sensors (type M31, Fuji 

Ceramics Corp. Shizuoka, Japan) with a coupling area of 3 mm diameter were mounted 

single sided on the surface of the specimen (Fig. 6.31c). The sensor coupling was achieved 

by silicone-free vacuum grease (Poellath J.P. Labortechnik, Bamberg, Germany). AE 

sensors were sensitive to the frequency range of 300-800kHz. The frequency range of the 
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preamplifiers (AEP3, gain of 34dB into 50Ω, Vallen Systeme GmbH, Icking, Germany) was 

limited to the range from 30 to 960kHz. Moreover, guard sensors (SE 150-M, Dunegan 

Engineering Co., Inc. Midland, USA) were mounted onto the testing device and on the 

mounting table at the beam line.  

Table 6.11 Acquisition settings for SRµCT monitoring 

Energy of radiation 20 keV 

Mode Phase contrast 

Scintigram size recorded by CCD camera 2048 px x 2048 px 

Rotation 180° in 0.12° steps 

Projections 1501 

Dark field projections 32 

White field projections 150 

Recording time of one scan 6 minutes 

Monitoring the longitudinal specimen objective UPLAPO10x 

Field of view, digital resolution 1.43 x 1.43mm2, 0.65µm px-1 

Monitoring the radial specimen with the objective UPLAPO4x 

Field of view, digital resolution 3.58  x 3.58mm2, 1.62µm px-1 
 

For AE analysis, only the first signal of an AE event detected by both sensors (maximum 

distance of 10 mm) was evaluated by means of 1D localization (Kurz et al. 2008). AE 

signals were windowed with a Hamming window function (Tab. 6.12), and the selected 

frequency features were extracted from the frequency spectra. For the UPR algorithm, nine 

features in total (Tab. 6.13) were chosen as input, namely, the peak frequency (PF), the 

center of gravity frequency (CGF), weighted peak frequency (WPF), and six partial power 

(PP) levels (Sause et al. 2012a ). 

Before each test, the specimens were preloaded to < 20% of the ultimate stress and an initial 

SRμCT of the intact structure was recorded. The tensile tests were performed stepwise by 

stopping the traverse at predetermined positions, which were preliminarily defined with 

respect to the predicted AE occurrence. Specifically, in pre-tests (Baensch et al. 2015), the 

AE onset was evaluated by means of the applied traverse displacement. Before and after 

each load step, the quality of the AE sensor coupling was checked by autocalibration (in the 

course of which, each sensor served subsequently as an emitter and a sensor). When the 

displacement ceased, the load immediately decreased, indicating the relaxation processes of 

the wood.  
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Table 6.12 Acquisition of AE waveform detection and settings of frequency spectra 
calculation 

Threshold setting 32.1 dBAE (≈ 0.04 mV) 

Rearm time 1 ms 

Sampling rate 10 MHz 

Signal duration 409.6 µs, 18 µs pre-trigger included 

Signal evaluation First signal of AE event based on 1D-
localization  

Fourier Transformation of waveform 

Extraction window in time domain: 

 

First 256 samples of the waveform 

0 µs - 25.6 µs (18 µs pre-trigger excluded) 

Window function: Hamming window of 256 samples 

Frequency spectra 0-1200 kHz 

 

Table 6.13 AE frequency features used to perform the unsupervised pattern recognition 

 

To minimize the risk of recording artifacts (structural movement) within the tomograms due 

to relaxation, an idle time of 1–2 min was allowed before starting the SRμCT scan, which 

was also monitored by AE. However, performing the SRμCT scan might have a destructive 

impact on the tiny, wooden test cross-section due to relaxation processes during the time the 

Feature Abbrev. Definition  

Amplitude (mV) A Measured AE Amplitude (mV) 

Peak frequency PF Frequency of maximum magnitude in frequency 
spectrum 

Center of 
gravity 
frequency  

CGF 
( )

( )

f U f df

U f df




 

Weighted peak 
frequency WPF 

PF CGFf f   

Partial Power PP 

 

 

2

1

2

2
end

start

f

f
f

f

U f df

U f df





 

PP1: 0 - 200 kHz  

PP2: 200 - 400 kHz 

PP3: 400 - 600 kHz 

PP4: 600 - 800 kHz 

PP5: 800 - 1000 kHz 

PP6: 1000 - 1200 kHz 
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traverse is arrested. For this reason, only selected SRμCT scans were performed. Thus, the 

tests imply a sequence of test stages comprising one or more loading steps, which are 

completed by one SRμCT scan. The tests were continued up to the ultimate failure of the 

specimens. AE and SRμCT data were synchronized by the load signal output of the testing 

device.  

Results 

UPR 

For each specimen, the UPR technique yielded the numerically best separation of the 

detected AE into two clusters (Fig. 6.32). These clusters (Fig. 6.32, black circles) are in 

good agreement with those from the pre-investigation (without SRμCT) by Baensch et al. 

(2015) (Fig. 6.32, gray squares); thus, the validity of the tests is proven. One cluster (A) 

comprises AE events of a relatively high share of low-frequency components, expressed by 

an average WPF of approximately 350kHz. In contrast, the other cluster (B) contains AE 

events of a relatively high share of high-frequency components, which is characterized by an 

average WPF of approximately 575kHz. A first working hypothesis to explain this AE 

behavior assumed that the A clusters indicated slow crack growths (e.g., cell separation 

mechanisms), whereas the B clusters signified brittle crack growths due to cell wall cracks 

(Baensch et al. 2015 ). 

 

 
Figure 6.32 The clustering of the AE signals yields the two clusters A and B. Partial power 
4 versus weighted peak frequency (Table 6.13) are presented for AE signals detected during 
tensile tests on spruce specimens loaded in the a) longitudinal and b) radial direction. The 
reproducibility of the clusters is demonstrated by comparing the seven pre-trial results in 
the laboratory (gray squares) with the specimens tested at the SRµCT beamline (black 
circles). 

L specimen 

During four test stages (I–IV), a total of eight load steps were applied to the L specimen 

until its ultimate failure (Fig. 6.33). AE and SRμCT monitoring gained complete data sets 
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for the test stages I to III (Fig. 6.33a–c), whereas an SRμCT scan of the fractured specimen 

after the last test stage IV ( Fig. 6.33d) yielded insufficient quality for reconstruction on 

account of the artifacts that distorted the tomograms due to the movement of the specimens. 

The cuboid in Fig. 6.34a represents the volume (650×650×650μm3) including all damages 

detected by SRμCT until the test stage III. In total, the observed cracks affected 

approximately 140 tracheids, which is equivalent to 10% of the tracheids within the entire 

VOI of the specimen. 

 
Figure 6.33. Tensile test on the longitudinal specimen: a) test stage I, b) test stage II, c) test 
stage III and d) test stage IV with the ultimate failure (load step 8). Stress and AE signal 
amplitude vs. test duration. The two AE signal clusters AL and BL are separated in plots. 

During the first load step (Fig. 6.33a), only AE events of cluster BL were generated. 

However, in light of the pre-investigations consistent with the current results (Baernsch et 

al. 2015), the cluster type matching the AE onset is rather random. In the test stage II 

(Fig. 6.33b), the traverse was displaced four times to yield a sufficient stress application for 

AE generation. Because no AE was detected during the first three steps, a SRμCT scan was 

not performed. However, AE was detected during relaxation after the fourth traverse 

displacement in the test stage II, whereby cluster BL already yielded AE amplitudes more 

than 3mV (Tab. 6.14). During the test stage III (sixth load step) and the subsequent 

relaxation (Fig. 6.33c), cluster BL yielded the maximum AE amplitude of 8.4mV for the 

whole test, whereas cluster AL only generated AE amplitudes < 4.1mV (Tab. 6.14). During 

the last two load steps in the test stage IV (Fig. 6.33d; Tab. 6.14, steps 7 and 8), the intention 

to increase the load application until the ultimate failure of the L specimen was achieved. 

For this reason, a SRμCT scan was omitted after the seventh load step. For both load steps 7 
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and 8, the generated AE showed a high number of signals in both clusters with a wide range 

of AE amplitudes. 

Table 6.14 AE Parameters of the loading steps for the longitudinal and radial specimen 

Specimen 
 

Test 
stage 

 

Load 
step 

 
N 

( - ) 

Minimum 
AE amplitude 
Cluster A / B 

(mV) 

Maximum 
AE amplitude 
Cluster A / B 

(mV) 

Cumulative 
AE amplitude 
Cluster A / B 

(mV) 

L 

I 1 0 / 5 - / 0.10 - / 0.26 - / 0.92 

II 2-5 5 / 19 0.12 / 0.22 0.64 / 3.56 1.60 / 17.41 

III 6 25 / 46 0.05 / 0.06 4.09 / 8.37 11.00 / 42.57 

IV 
7 35 / 88 0.07 / 0.05 2.99 / 4.19 22.25 / 67.14 

8 58 / 96 0.07 / 0.05 3.06 / 4.19 27.59 / 66.48 

R 
 1 3 / 7 0.06 / 0.09 4.44 / 15.40 4.57 / 20.41 

 2 17 / 41 0.04 / 0.04 52.27 / 35.86 156.03 / 102.86 
N…Number of AE events of the clusters A / B 

 

Figure 6.34 a) Initial state of the longitudinal tested specimen. This cubic section includes 
the state of crack after the load steps 1-3. Dimension: 650 x 650 x 650 µm3. Resolution of 
the reconstruction: 1 Pixel (px) = 0.65 µm. The sections A and B are shown in detail in 
Figure 5. b) For the crack length measurements, the cube is cut into 15 sections of 50 px 
thickness in the radial direction. c) Crack length 𝑐𝑐𝑇𝑇 is measured along the cell walls in the 
LT plane for each of these 15 sections. Analogously, the crack length (𝑐𝑐𝑅𝑅) is determined. 
Based on both measurements, the average crack length 𝑐𝑐𝑐 is estimated. 

Although no cracks were observed after the first load step (I), the reconstructions after 

reloading the specimen (II) revealed significant damages (Fig. 6.35). As the crack is only 

visible in the surrounding cell wall, 3D volume subsets visualize the cell walls rather than 

single slice images. Thus, with respect to the average tracheid dimensions in the radial-

tangential (RT) plane, the selected volume (Fig. 6.34a) was cut along the R direction into 15 

sections of 50px thickness (32.5μm) corresponding to the white lines marked in the RT 
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plane in Figure 6.34b. Additionally, this subdivision into 15 sections was repeated along the 

tangential (T) direction. The diameter of one tracheid (27±3.7μm) is smaller than the 

section’s thickness (32.5μm); therefore, the focus was only on one boundary containing cell 

walls of the two connected tracheids within the sections. 

 
Figure 6.35 Crack growths through the microscopic structure of the longitudinal stressed 
specimen. The cube represents the part of the specimen involving the whole crack evolution 
detected after load steps 2 and 3. a) In section A the crack growth is tracked in the LT-
plane. b) In section B the crack growth is tracked in the LR-plane. The dimensions of 
sections A and B are 650 x 650 x 32.5 µm3. 

For sections A and B (Fig. 6.34a), the initial state and the states of the crack after test stages 

II and III are presented in Fig. 6.35. After the test stage II, the LT plane in section A already 

shows cracks crossing the tracheid cell wall boundaries (Fig. 6.35a), which indicates 

transwall cracks as well as cracks within the middle lamella. The identified crack tip 

(Fig. 6.35a, detail a) propagated further in the test stage III with larger and stepped 

displacements (Fig. 6.35a, detail c) in the L direction. Moreover, the crack path avoids 

passing through the wood rays. The LR plane in section B (Fig. 6.35b) shows no damage in 

test stage II, whereas the crack path in stage III (Fig. 6.35b, details b and c) also switches its 

propagation along the L direction. Hence, it seems that interwall cracks are of more 

relevance during the test stage III than in the earlier stage. This additionally coincides with 

the ratio of the signal numbers attributed to clusters AL and BL, changing from 5:19 after the 

test stage II to 25:46 after the stage III (Tab. 6.14 ). 

The crack at three different stages (I–III) was recorded by both AE and SRμCT, and a 

calibration between the results of both methods was attempted. For this purpose, the AE 

amplitude was taken as a measure of damage magnitude. This approach is probably closest 
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to the amplitude of the elastic wave that is proportional to the newly formed crack area 

(Radon and Pollock 1972; Lysak 1996; Sause 2010). Thus, the crack area (square 

micrometer of cell wall matter) and the corresponding cumulative AE amplitudes after each 

test stage II and III were compared (Tab. 6.15).  

Table 6.15 Correlation between crack growth c̅ and cumulative AE amplitudes A for the 
longitudinal specimen 

State* 𝑐𝑅 𝑐𝑇 𝑐̅ 𝑆̅ ∑A Correlation 

 px px px µm2 mV % 

I 0 0 0 0 0.92 
} = 30 

II 1470 2088 1780 6016 19.02 

III 5095 6472 5783 19547 73.50 = 100 
*State of the tested specimen at the test stage 

The crack length in both states was measured within the 15 SRμCT sections along the R 

direction as well as along the T direction (Fig. 6.34c). The crack length is measured within 

the tracheid cell wall volume containing both cell walls of two adjacent tracheids. The 

average crack length c was estimated from the measured crack length, once in the R 

direction cR and a second time in the T direction cT (Fig. 6.34c) for the stages II and III 

(Tab. 6.15). For the L specimen, the averaged double cell wall thickness ccw is of 5.2μm 

(Tab. 6.10). Hence, the averaged crack area S̅  (Tab. 6.15) is calculated based on the 

averaged crack length c and on the double cell wall thickness tcw (Eq. 6.5). 

S̅ =  0.65
μm

px
× c̅(px) × tCW(μm) (6.5) 

The crack size in the ultimate failed state is unknown; thus, the crack area after the test stage 

III (19547μm2) is defined as 100% (Tab. 6.15, III). The corresponding AE amplitude of 

73.5mV cumulated for stages I to III is equally defined as 100%. With respect to the crack 

size at the test stage III, the crack area measured after the test stage II is 30% (Tab. 6.15). 

Although no damages were found within the sample reconstruction of the SRμCT scan after 

the test stage I (possibly due to relaxation and crack closing processes), the AE detected 

there indicates initial pre-damages of the later crack. As a result, the AE amplitudes of the 

test stages I and II are summed up, also yielding 30% of the total cumulative AE amplitude. 

By this, the cumulative AE amplitude is found to behave proportionally to the area of the 

crack (Lysak 1996). Based on this, a scale factor b was approximated by the ratio of the 

cumulative amplitude A (73.5mV) to the averaged crack area S (19547μm2) at the test stage 

III (Eq. 6.6) 
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b =  
∑ A

∑ S̅
= 0.0038 

mV

μm2 (6.6) 

However, the amplitude of AE events is setup dependent; therefore, SRμCT is required to 

calibrate the coefficient b for crack size measurements. For the tests presented here, a crack 

area of 1μm2 is associated to approximately 0.0038mV in the detected AE amplitude (Eq. 

6.6). This correlation allows an estimation of the length scale of the damage events detected 

in AE. Consequently, the threshold setting of 0.04mV might enable detecting damage events 

that are too small for observation within the tomograms. The correlating crack area of 

approximately 10.5μm2 (whereas the averaged double cell wall thickness is 5.2μm) implies 

a crack length of 2μm, which falls beyond the effective resolution of the SRμCT 

measurements. The same applies for the maximum AE amplitude measured during the first 

load step (Tab. 6.15, I). During the ultimate failure, the maximum AE amplitude of 8.4mV 

was generated in cluster BL (Tab. 6.14), whereby the resulting crack length c̅  of 

approximately 424μm consistently correlates with half the edge length of the specimen’s test 

cross-sections (Tab. 6.10). 

Nevertheless, the correlation value of 0.0038mV μm-2 has to be treated with caution, as it 

assumes homogeneous material properties. Thus, a differentiation of the cracking 

components is lacking, although their Young’s modulus has a main impact on the measured 

AE amplitude (Scruby 1985). For instance, the Young’s modulus of lignin in the middle 

lamellae (3GPa; Cousin 1978) is smaller by a factor of about 10 than that of the cell wall 

(25GPa; Eder et al. 2009), and this is the reason why cracks in the middle lamellae of 1μm2 

should yield AE amplitudes lower than 0.0038mV. A direct and unambiguous correlation is 

not feasible between the cumulative AE amplitudes generated by each cluster and the 

attributed crack types because the crack’s origin cell wall layers are difficult to track within 

the SRμCT reconstructions. 

R specimen 

The R specimen was tested in two test stages. During the first load step (Fig. 6.36a), 10 AE 

events were recorded, which already revealed a significant range of AE signal amplitudes 

(0.06–15.4mV; Tab. 6.14). However, no structural changes and damages were observed 

within the corresponding SRμCT scan. The second loading reached the maximum stress of 

6.7MPa, whereas the ultimate failure of the R specimen occurred during the subsequent 

relaxation process, a few seconds after the traverse had been stopped (Fig. 6.36b). During 

the ultimate failure, AE events of both AR and BR clusters yielded amplitudes above 10mV 

(Tab. 6.14). The damage analysis is supported only by the SRμCT scan of the failed state; 
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thus, the whole fracture surface was analyzed (i.e., particularly the broken specimen’s 

bottom half). The obtained results are exemplarily presented by means of the selected 

detail C (Fig. 6.37). Detail C has dimensions of 650×650×650μm3 and thus represents 10% 

of the total fracture zone, which is located within the earlywood zone, clearly identifiable by 

comparing the initial state (Fig. 6.38a) and the failed state (Fig. 6.38b). A fractographic 

analysis of the fracture zone differentiates between transwall cracks and the peeling of the 

tracheids by interwall cracks within the middle lamellae or possibly by intrawall cracks 

within the primary cell wall (cell separation phenomena). The procedure from this analysis 

performed for the whole fracture zone is demonstrated by detail C in Fig. 6.39a. 

 

Figure 6.36 Tensile test of the radial specimen: a) load step 1 and b) load step 2 including 
the ultimate failure. Stress and AE signal amplitude vs. test duration. The two AE signal 
clusters AR and BR are distinguished. 

To provide a quantitative assessment of the contribution ratio of both fracture types, the 

fracture surface was subdivided into units. Each of these units is limited in size to one 

tracheid in the T direction and 80μm (50px) in the L direction; see the definition in 

Fig. 6.39a. A projection map of the damaged surface in the LT plane was obtained, which 

indicates the relative positions of tracheids and wood rays and further distinguishes the units 

characterized by transwall cracks or cell separation (Fig. 6.39a). Approximately 70% of the 

total fracture surface shows cell wall cracks. Overall, 100 wood rays and 50 tracheids are 

affected, and each of the tracheids shows both damage types.  

This observation is in agreement with the study by Ashby et al. (1985), who predicted the 

occurrence of both cell wall cracks and cell separation phenomena for a ratio of the raw 

density to the cell wall density (1500kg m-3) beyond 0.2, as is the case for the spruce wood 

tested here. The impact of the wood rays’ mechanical performance on the crack formation 

through the walls of the adjacent tracheids becomes obvious, because all parts of those 

tracheids that completely enclose one wood ray show a similar damage type (Fig. 6.39a). 
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Figure 6.37 The dimension of the fracture zone of the spruce wood specimen tensile loaded 
in the radial direction is represented by the rectangular box. The back side of the cube 
shows the fracture path through the RT-plane. Exemplarily, the results are presented for 
selected detail C. Position and dimension (650x650x650µm3) are represented by the smaller 
gray cube. Resolution of the reconstruction from SRµCT monitoring: 1 Pixel (px) = 
1.62µm. 

 

Figure 6.38 Spruce wood specimen tensile stressed in the radial direction. Detail C (650 x 
650 x 650 µm3) at initial state a) and at failed state b). 

For an improved visualization of this linkage in the fracture formation (Fig. 6.39b), the 

intact wood rays were segmented from the reconstruction of the initial state (black) and 

finally were superimposed onto the reconstruction of the failed state (gray). For the section 

in Fig. 6.39b, the failure within the earlywood implies three wood rays a to c. The failure in 

the vicinity of both wood rays a and b occurred close to the latewood zone, and they are 

assumed to have induced strong reinforcing effects on the adjacent earlywood tissue. In 

contrast, the weak point of the wood ray c was located deeper inside the earlywood zone. 

The failure of that wood ray induced a pullout mechanism, yielding a complex tensile shear 

fracture of the adjacent tracheids in the first row and even in the second row Fig. 6.39b, 

tracheids 9 and 10). The mechanical performance of wood rays and their position relative to 

each other affect the magnitude of the damage events (Reiterer et al. 2002) and, therefore, 

influence the AE amplitude during loading the tissue in R direction. 
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Figure 6.39 Fractographic analysis a) Fracture surface of detail C presented as a 2D 
projection pattern (LT plane). For the fractographic analysis, the surface is divided into 
units. In the longitudinal direction, the length of one unit is 50 px ( ̴ 80 µm), in the 
tangential direction the size of one unit is due to one tracheid. Cell wall cracks and cell 
separation are differentiated in the TL plane. In the RL-plane the complex shear fractures 
include 29 units of cell wall cracks and 4 units of cell separation. b) Section of the fracture 
zone from the detail C (L-axis: 1050-1100 px). For visualization of the wood rays’ 
influence on damage development, the intact wood rays segmented at the initial state (dark 
colored) are superimposed on the reconstruction of the ultimate failure (gray colored). For 
orientation, the late wood zone is highlighted. Wood rays a and b failed close to the late 
wood zone. The weak point of wood ray c, located deeper within the early wood zone, led 
to tensile shear failure in the RL-plane. 

The scale factor b (Eq. 6.6) was applied to AE signals detected during the first load 

application of the R specimen, for which a maximum AE amplitude of 15mV (≈3950μm2) 

was monitored, whereas the damage was not detected in the SRμCT scans. Taking into 

account the double cell wall thickness of 8μm (Tab. 6.10), the correlated averaged crack 

length c (Eq. 6.6) of approximately 490μm (≈305px; resolution of 1.62μm px-1) is physically 

possible, particularly because this AE event of cluster BR is assumed to be cell wall damage. 

If the crack would not have affected the cell wall of two adjacent tracheids and would occur 

only within the cell wall of one single tracheid, it would not be detectable. within the 

SRμCT scan. Another explanation could be the possibility that the crack closes during the 

relaxation process before the SRμCT scan is performed. The ultimate failure generated 

maximum AE amplitudes of 36mV in cluster BR (Tab. 6.14), correlating with an averaged 

crack length c̅  of approximately 1180μm, which is more or less half the edge length of the 

specimen’s test cross-section (Fig. 6.31a; Tab. 6.10).  

Moreover, a correlation between fiber breakage and the number of detected AE events can 

be assumed, which is also usually the case in composite materials (Harris et al. 1972). Based 

on this, the ratio of the relative crack area of the cell wall crack (67%) and cell separation 
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(33%) estimated from SRμCT also might be reflected by the relative number of detected AE 

events due to cluster BR (70%) and cluster AR (30%) (Tab. 6.14). 

Conclusion 

Tensile tests on miniature spruce specimens, R and L loaded under tension, were monitored 

by AE and simultaneously by SRμCT. This combination is very useful because the SRμCT 

monitoring provides insight on the microscopic structure of tested specimens under initial, 

crack evolution, and final fracture development. AE is a supplementary data source, which 

makes possible to detect the associated crack formation and propagation in the spatial 

domain, which results from the accumulation and interaction of single damage events.  

The 3D SRμCT monitoring yields the following main observations at the microscopic level: 

the crack path usually avoids crossing wood rays, which are the weak points within the 

wood structure when loading in the L direction. For tensile loading in the R direction, the 

main impact of the reinforcing wood rays on the fracture pattern shows similar damage 

types observed for those tracheids that completely enclose one wood ray. Each single 

tracheid within the fracture zone shows both transwall and interwall cracks. 

An approximate correlation between the crack size from SRμCT scan and the crack 

formation detected by AE was obtained: a crack area of 1μm2 was associated to 

approximately 0.0038mV in the detected setup-dependent and wood species-dependent AE 

amplitude. Depending on the threshold setting of 0.04mV, the AE method turned out to be 

sensitive to minimum defect sizes of 10.5μm2, which scales with the tracheid cell wall’s 

thickness. 

Two clusters were determined by means of the frequency based UPR approach. This 

supports the previously outlined hypothesis that the low-frequency cluster A is assignable to 

interwall cracks and the high-frequency cluster B to cell wall cracks in the tracheids. For the 

L specimen, the increasing share of AE events due to the cluster AL seems to correlate with 

more pronounced crack propagation switching parallel to the grain. For the R specimen, the 

shares of AE events of both clusters AR and BR (30%/70%) correlate with the ratio of the 

relative crack area of the cell wall crack (67%) and cell separation (33%) estimated from the 

fractographic analysis.  

Further insights may be obtained by performing a 3D morphological analysis of SRμCT 

scans for the evaluation of the deformation at the individual cell scale for the different load 

states as well as by simulating the AE waves’ origin from the damage process and their 

propagation in the wood materials. 
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7 Supplementary investigation 

7.1 Pattern recognition on miniature specimens made of glued spruce wood  

7.1.1 Materials  

The investigation was carried out on bonded wood specimens of miniature size made of 

clear spruce wood (Picea abies (L.) Karst.). Contrary to the industrial plywoods glued by 

phenolic formaldehyde resorcinol (PRF), urea formaldehyde adhesive (UF) was used 

(Tab. 3.1) for gluing the wood lamellae of the laboratory scale specimens made of model 

layered wood as well as of the miniature specimens presented in the following. Three 

different specimen types were tested; whereby the geometry of these miniature specimens is 

similar to that of the miniature specimens made of solid spruce wood (Chaps. 6.4, 6.5). Each 

specimen type consists of two wooden layers which are glued together by one single 

adhesive layer. In all three cases the adhesive layer is oriented parallel to the load direction 

(shear stresses). The specimen types differ in fiber-load-angle of the wooden layers: The 

“LL” specimen (Fig. 7.1a) consists of two wooden layers oriented with tracheid axes 

parallel to load direction (longitudinal); The “TL” type (Fig.7.1b) consists of one 

longitudinally and one tangentially loaded wooden layer; The “TT” specimen (Fig. 7.1c) 

consists of two wooden layers loaded in the tangential direction. For each type, the results 

are presented by means of selected single specimens.  

Table 7.1 Characterization of the bonded spruce wood specimens investigated 

Sample Raw 
density 

MC Cross 
section 

Speed of 
traverse 

Tensile 
strength 

Load 
steps 

Test 
duration 

 kg m-3 % mm2 mm sec-1 MPa - min 

LL 471 9.1 1.01 0.010 44 3 60 

TL 478 - 1.51 0.010 30 3 49 

TT 450 7.9 2.60 0.005 2.68 3 56 
MC…Moisture content 

The LL specimen was designed to investigate the damage evolution located close to the 

adhesive layers in the plywood type 6 with two center veneers oriented in the L direction 

which is also similar to the adhesive-wood connections in LVL materials (all plies run 

parallel to each other; loaded in the longitudinal direction).  
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Figure 7.1 Photographs of the bonded miniature specimens tested under tension. a) The LL 
specimen of two longitudinal oriented wooden layers, b) TL specimen of one longitudinal 
and one tangential oriented wooden layer and c) TT specimen of two tangentially oriented 
wooden layers bonded with urea formaldehyde adhesive (UF). Compare also Fig. 5.2. 

The TL specimen was developed in accordance to two adjacent plies oriented perpendicular 

to each other, as is the case for three- (CP, plywood type 3-4) and five-layered (plywood 

type 5) plywood. Since the impact of wooden layers loaded in L direction was assessed to be 

significant in the miniature specimens, the TT specimen was designed to focus on the failure 

behavior of adhesive-wood interfaces loaded in the T direction. This design is also in 

accordance with the linkage of two cross oriented center veneers in the plywood type 4. In 

this case, since the wooden tissue lacks structural reinforcing elements when loaded in the T 

direction, the reinforcing, load bearing structure is the adhesive layer. 

The specimens were manufactured from blanks with dimensions of 30 x 5.7 x 2.3mm3 

(length x width x thickness). To ensure a defined crack initiation within the volume of 

interest that can be monitored by both AE and SRµCT, the specimens were tapered at all 

four sides yielding a test cross section of 1-2.6mm2 (Tab. 7.1). For a detailed description of 

the specimen preparation, see Zauner 2014. 

7.1.2 Experimental setup and AE data processing 

The experiments (Fig.5.2.d) were performed analogously to those presented in Chap. 6.5. 

The trials were carried out at the TOMCAT beamline at the PSI Villingen. The tensile tests 

were performed with a loading device (load cell of 1 kN). The TT specimen was loaded with 

a cross-head speed of 0.005mm s-1, and the LL and TL specimens with 0.01mm s-1. In 

tomographic monitoring, a digital resolution of 1.62µm px-1 was realized. The AE 

monitoring was performed with digital AE equipment (AMSY-6, Vallen Systeme GmbH, 

Icking, Germany); using two miniature piezoelectric sensors (type M31, Fuji Ceramics 

Corp. Shizuoka, Japan). For AE analysis, only the first signal of an AE event detected by 

both sensors (maximum distance of 10 mm) was evaluated by means of 1D localization. The 

AE signals were windowed with a Hamming window function, and selected frequency 
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features were extracted from the frequency spectra as input parameters to the UPR 

technique. 

7.1.3 Results and Discussion 

For each specimen the unsupervised pattern recognition technique yielded the numerically 

best separation of the detected AE signals into two clusters (Tab. 7.2). The four main 

features to identify similarities between the different waveforms are the peak frequency 

(PF), center of gravity frequency (CGF) and weighted peak frequency (WPF) and the partial 

power 2 (PP2) instead of partial power 4 (PP4) as conducted for the tested solid wood 

specimens (Chap. 6.4). However, for comparison purpose, the results are presented with the 

same set of features as for the latter; PP4 plotted against WPF (Fig. 7.2). For later 

comparison between the results of both miniature and laboratory scaled specimens, another 

plot presents the PP2 against WPF (Fig. 7.3). 

Table 7.2: Results of clustering of the radial (R) and longitudinal (L) specimens 

Sample NC Points* FC R τ S σ 

LL 2 89 7 0.521 3.190 0.674 84 

TL 2 100 7 0.557 3.256 0.669 290 

TT 2 100 7 0.643 3.070 0.594 676 
* Maximal possible points: 100; 

n…Number of test; No. C…Number of cluster; FC…Feature Combination; R…Davies–Bouldin-index; 
τ…Tou-index, S…Rousseeuw’s Silhouette value; σ… Calinski and Harabasz index. 

Feature Combination No. 7: peak frequency (PF), weighted peak frequency (WPF), center of gravity 
frequency (CGF), partial power 2 (200-400kHz) (PP2). 

Essentially, two clusters with WPFs of around 300kHz (A clusters) and 570kHz (B clusters) 

were sought out by the UPR technique. The B clusters, compared with the A clusters, yield a 

higher contribution from PP2. The former ranges from about 10% to about 80% for all 

specimen types, the latter from about 0% to 40%. These signal classification results are very 

similar to those derived from testing solid spruce wood (L and R specimens). In the case of 

the L and R specimens, the two clusters have tentatively been attributed to inter-wall cracks 

(cluster A) and to cell wall cracks in the tracheids (cluster B). 

However, the identification of two clusters with comparable WPF ranges and similar 

amounts of PP4 raises the question of how the layered structure of the bonded miniature 

specimens with different layup (LL, TL, TT) affects damage behavior compared with solid 

wood. The plots of PP4 vs. WPF (Fig. 7.2), clearly reveal that the A cluster forms different 

patterns of distribution due to different lay-up systems. For the LL and the LT specimen, the 

pattern of both clusters A and B (Fig. 7.2a-b) are comparable to that for the R specimens 
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(Fig. 6.32b). Equivalent to the R specimens, the A cluster indicates a possible separation 

into AE signals with a WPF close to 180kHz and AE signals close to 330kHz, though the 

AE signals with WPFs ranging from 0-400kHz are found to be only associated with the 

single A cluster. In the case of the TT specimen, the A cluster could be subdivided into three 

clusters, since a possible third cluster occurs at 240kHz (Fig. 7.2c). However, these different 

distribution patterns of the A clusters might be generated by possible different underlying 

microscopic damage mechanisms due to the lay-up systems loaded. 

 
Figure 7.2 Cluster formed by pattern recognition of acoustic emission signals (detected by 
two miniature sensor M31) for the bonded wood specimen types a) LL, b) TL and c) TT are 
shown; full circles belong to cluster A, open circles to cluster B. (c) Load steps 1 (black), 2 
(red) and 3 inclusive ultimate failure (blue) distinguished for specimen TT. The frequency 
feature partial power PP4 (600-800kHz) is plotted against the weighted peak frequency 
WPF. 

 
Figure 7.3 Cluster formed by pattern recognition of acoustic emission signals (detected by 
two miniature sensors type M31) for the bonded wood specimen types a) LL, b) TL and c) 
TT are shown; full circles belong to cluster A, open circles to cluster B. For comparison 
with Figs. 7.10 & 7.11 the frequency feature partial power PP2 (200-400kHz) is plotted 
against the weighted peak frequency WPF. 
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Figure 7.4 Fracture pattern of the bonded LL specimen with the view a) parallel and b) 
perpendicular to load after load step 4. c) The microscopic structure after the previous 
loading step 3. The position within the specimen is the same in b) and c). Wood layer W1 
and W2 bonded together with urea formaldehyde adhesive (A). Early wood (EW), 
transition wood (TW) and latewood (LW) tissue are distinguished. 

The appropriate explanation is supported by the results from the SRµCT scans recorded 

between the loading steps. The LL specimen (Fig. 7.4), especially the scan taken after the 

ultimate failure of the specimen (Fig. 7.4a, b), shows a crack path mainly running along the 

growth ring boundary (T direction) and along the grain (R direction), whereby passing the 

glue line seems to have no impact on the crack path propagation (Fig. 7.4: View of the 

specimen’s test cross section, load direction in the L direction, perpendicular to R and T). 

Furthermore, numerous single tracheids fiber bridges were observed (Fig. 7.5). Since UF 

adhesive provides mechanical properties that are in the same range as that of spruce when 

stressed in the L direction, significant weakening or reinforcing effects by the adhesive 

might be excluded. Instead, the line of least resistance mainly progressed within the two 

longitudinal loaded wood layers (the load bearing elements in the LL lay-up). The same 
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conclusion was derived by means of Environmental Scanning Electron Microscopy (ESEM) 

images of the fractured cross section, as the complex fracture pattern was formed within 

both wood layers, whereas the adhesive reveals a smooth fracture surface (Fig. 7.6a). 

 

Figure 7.5 Section of fracture pattern in bonded miniature specimen LL. Fiber bridging at 
the growth ring border in the a) RT and b) LR plane. 

 
Figure 7.6 Fracture surface at the cross section of the tensile loaded miniature specimens 
LL (a) and TT (b) taken by ESEM. 

However, it has to be pointed out, that the bonded miniature specimens tested herein, do not 

provoke the typical tension shear failure, since wood and adhesive layers are loaded equally 

as described by Hooke springs connected parallel and exposed to pure tension load 

(Fig. 3.4). In the case of the TT specimen, the fracture surface of the adhesive looks the 

same and the wood parts reveal a smooth fracture surface (Fig. 7.6b). However, the 

complexity of its failure behavior is more visible after observation of the tomographic scans 

taken after each applied load step. In the Fig. 7.7.a, a section of the specimen after the 

second loading is presented whereby the reconstruction was cut through the glue line to 
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show one half of the specimen with adjacent adhesive. Within the UF adhesive layer, small 

crack lines induced during hardening are observed (Hass et al. 2012).  

 
Figure 7.7 a) Crack evolution within the adhesive layer (urea formaldehyde) of the 
miniature TT specimen is presented by a section of the half specimen. The cut passes the 
reconstruction through the adhesive layer. Frontal view to the crack opening within the 
adhesive layer after a) the 2nd and c) the 3rd loading. 

 

Figure 7.8 Section of fracture pattern in bonded miniature specimen TT. Tracheid bundle 
separated by fiber bridging mechanisms close to the adhesive layer (urea formaldehyde). 

It seems that crack initiation is located in the adhesive layer and crack lines propagate 

further parallel to the load direction. After the second loading, significant cracks in the 

adhesive layer are observed running perpendicular to the load direction (Fig. 7.7b), whereby 

the crack opening also results in displacements within the bordering tracheid tissue 

(Fig. 7.7a). The tracheids are lifted along the T axis, parallel to the direction of load and 

crack opening. Cell separation mechanisms and cell wall cracks occur along the RL plane 

(Fig. 7.6b). The comparison of these crack openings after the second and third loading steps 

gives an insight into the relevance of the adhesive within this layup structure of the TT 

specimen when exposed to tensile load (Fig. 7.7b-c). Another detail selected from the 

ultimate fracture surface detected immediately after failure shows a tracheid bundle bridge, 

which was pulled out very close to the glue line (Fig. 7.8). 

The PP4 vs. WPF plot distinguishes the AE signals with regard to their occurrence due to 

the three loading steps applied to the TT specimen (Fig. 7.2c; first, second, third step = 
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black, red, blue colored). This reflects the mechanisms of the starting crack (second loading) 

and of further crack openings (third loading and ultimate failure) as well as the increased 

consequences for the surrounding tissue in the cluster pattern. However, regarding the three 

loading steps, no significant trend of occurring cluster positions on the WPF axis is 

determined. After the first loading step (black colored), few signals of the cluster A already 

cover the WPFs of 180kHz to 380kHz (Fig. 7.2c). During the third loading step and the 

ultimate failure, some AE signals of both cluster A and B show an increased contribution of 

PP4 (meaning a higher share of high frequency components). However, to verify this 

tendency, more tests are needed. 

The analysis of the TL specimen was not continued, since, unfortunately, the quality of the 

SRµCT scans is unsuitable. Also the investigation by means of ESEM has proven 

unsatisfactory due to the couplant for sensor coupling covering the fracture surfaces of the 

specimen (Fig. A.1). 

7.1.4 Conclusion 

Similar to the miniature tests on solid spruce wood, the acoustic emission signal 

classification by an unsupervised pattern recognition approach yields two signal clusters for 

tensile tests to failure for the bonded miniature specimens for the same levels of partial 

powers. The clusters essentially differ with respect to higher shares of low and high 

frequency components. It is assumed that AE signals generated by damage mechanisms of 

the adhesive layer might be covered by the A cluster as discussed for the LL and TT 

specimens. The impact of the adhesive layer on the damage evolution of the TT specimen 

was proven by the reconstructions of the SRµCT scans, whereas the failure behavior of the 

LL specimen was mainly dominated by the wooden layers with the tracheid axes oriented 

parallel to the load direction. This different outcome of the rather brittle UF adhesive is a 

result of the different grain orientations of the adhered wooden layers. Compared to the UF 

adhesive (Tab. 3.1), the longitudinally loaded layers have stronger load bearing capabilities, 

whereas the tangential loaded wood layers reveal greater weakness. The cluster results 

plotted as PP4 against WPF prove these observations, since the cluster patterns of the TT 

specimen shows a more individual pattern compared to the solid spruce tested in L and R 

direction (Fig. 6.32) than the LL specimen. It is assumed that AE signals generated by crack 

mechanisms of the adhesive are among the signals of the low frequency cluster. This 

tentative conclusion, however, will have to be verified by further investigations, possibly by 

performing similar tests using other combinations of adhesives and wood species with 

greater difference in mechanical performance and with a larger number of specimens. 



 

148 

7.2 Pattern recognition on laboratory scaled specimens made of layered wood 

7.2.1 Materials and experimental setups 

For pattern recognition analysis, the datasets of the investigated layered spruce wood 

manufactured in the laboratory (Chap. 6.1) and those of the tested industrial plywood 

materials (Chap. 6.2) were used. For reference, the analysis was also performed for solid 

spruce wood specimens of 9 mm thickness. The overview on the different materials is given 

in Fig 5.1 and Tab. 5.1. The specimen shape was adapted from DIN 52377. The quasi-static 

tensile tests were carried out on a universal test machine (Zwick Roell 100, load cell 100kN) 

with a constant cross head speed of 2.5mm min-1 (Fig 5.3a, b; Tab. 5.2). 

The AE measurement was performed with commercial equipment (type AMSY-6, Vallen 

Systeme GmbH, Icking, Germany) using three types of sensors (two each of types SE 150-

M, VS 45-H and SE1000-H from Dunegan Engineering Corp.). In the following chapters, 

supplementary evaluations for all three sensor types are presented. Further, the UPR 

technique was performed only for the SE-1000H sensors. Their frequency response fits best 

with that of the miniature sensors (type M31 from Fuji Ceramics Corp.) used in the 

experiments on miniature specimens (Chaps. 6.4, 6.5, 7.1). The sensor positions differ for 

the model layered wood (UD and CP) from those monitoring the industrial plywood 

(plywood type 3, 4, 5, 6) and the reference solid wood (SOLID). When testing the UD and 

CP specimens, the SE 1000-H sensors were mounted about 100mm apart (Fig. 5.3a), whilst 

monitoring the tests on industrial plywood and solid spruce, the SE 1000-H sensors were 

mounted 30mm apart (Fig. 5.3b). This was necessary to ensure good detection quality also 

for the plywood type 6 with its large thickness of 18mm. In both cases, both SE 1000-H 

sensors are mounted on the same side of the specimen, as close as possible to the area of 

interest which was also monitored by a DIC system. The following supplementary AE 

analyses are based on the first signals of the AE events detected and localized by both 

sensors of each sensor type. In the following, these AE event signals are denoted as the AE 

signals. 

7.2.2 Data processing for cluster analysis 

The detection of the AE waveforms was performed with a sampling rate of 5MHz yielding 

signal duration of 819.2µs including 38µs pre-trigger (Fig. 6.9), which is different from the 

miniature tests (10MHz sampling rate, 409.6 µs signal duration, see Chap. 6.4). The 

threshold settings for the SE 1000-H sensors range from 0.04 mV up to 0.06mV (Tab. 6.3). 
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Figure 7.9 Parameters of AE signals in time and frequency domains. a) A pre-trigger of 
38µs is chosen, the frequency spectra were calculated from the first 120µs of the detected 
signal (extraction window). b) The unsupervised pattern recognition was performed by 
using nine frequency features: peak frequency (PF), center of gravity frequency (CGF), 
weighted peak frequency (WPF) and partial powers (PP). 

Table 7.3 Acquisition of AE waveform detection and frequency spectra calculation settings. 

SE 1000-H sensor threshold settings 
when testing the material … 

UD: 35.5 dBAE (≈ 0.06 mV) 

CP: 33.2 dBAE (≈ 0.05 mV) 

plywood 
type3-6: 35.1 dBAE (≈ 0.06 mV) 

Solid: 35.1 dBAE (≈ 0.06 mV) 

Rearm time 1 ms 

Sampling rate 5 MHz 

Signal duration 819.2  µs, 38 µs pre-trigger included 

Signal evaluation First signal of AE event based on 1D-
localization  

Fourier Transformation of waveform  

Extraction window in time domain: 

 

First 600 samples of the waveform 

0 µs - 120 µs (38 µs pre-trigger excluded) 

Window function: Hamming window of 600 samples 

Frequency spectra 0-1200 kHz 

  
The AE signals frequency spectra were calculated via Fourier transformation applied to the 

first 600 samples of the AE signal in the time domain (0µs-120µs) excluding 38µs pre-

trigger (Fig. 7.9a). Therefore, the AE signals were windowed with a Hamming window 

function (600 samples) (Tab. 7.3). The input features for the cluster algorithm are selected 

exclusively from the AE signal’s frequency spectra (Fig. 7.9b). According to the analysis of 

the miniature tests (Chaps. 6.3 and 6.4), beside the WPF, additional eight features in total 

(Fig. 7.9b) were chosen as input for the UPR algorithm, the PF, the CGF and six PP levels. 

To yield comparable frequency spectra, these features were normalized by their maximum 
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magnitude to eliminate the influence of different source excitation energies. To ensure a 

suitable statistical database for UPR processing, the extracted AE feature datasets from all 

tests (five tests for each CP and UD, eight tests for plywood type 3-6 and solid spruce) are 

analyzed simultaneously. 

7.2.3 Results and Discussion 

Cluster results 

For all material types, the UPR technique yielded the numerically best separation of the 

detected AE into two clusters (Figs. 7.10-7.11; Tab. 7.4.). Thus, the highest ratings were 

estimated for the solid spruce, the UD and plywood type 6 specimens. Furthermore, by 

excluding the UD material with its outstanding lay-up structure, it can be observed that the 

performance of the partitions (best possible performance is rated by a maximum of 100 

points) decreases as the layers that form the plywood structure decrease in number. The best 

partition of 89 points was rated for the plywood type 6, whereas the rating for type 3 only 

yielded 73 points. However, these ratings imply that the occurrence of two clusters is 

generally still expressive enough, since they are above 60 points (Sause et al. 2012).  

 
Figure 7.10 Cluster from pattern recognition of acoustic emission signals for a) solid spruce 
and the model layered wood specimens b) with all layers aligned unidirectional (UD) with 
the tensile load and c) with the center cross ply (CP) normal to the tensile load. Only 
signals from the first hit sensor type SE 1000-H are shown: full/red circles indicate cluster 
A, open/ blue circles indicate AE emitted by cluster B. 

For all materials except the plywood type 3, the obtained feature combination consists of the 

PF, WP, PP1 and PP2. For the plywood type 3, the feature combination also comprises the 

PF, WPF, the CGF and the PP3 (Tab. 7.4). For the purpose of comparing the cluster results 

of all tested material types, the PP2 and the WPF were chosen (Figs. 7.10-7.11) as the 

significance of the clusters is reflected most clearly by their WPFs.  

Consistent with the investigation on the miniature specimens, the A clusters comprise AE 

events of a relatively high share of low frequency components, expressed by an average 

WPF of around 130kHz. The B clusters contain AE events of a relatively high share of high 

frequency components, which is characterized by an average WPF of approximately 
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300kHz. Furthermore, the A clusters yield a higher contribution from PP2 compared with 

the B clusters. For the A clusters, the PP2 ranges from about 0% to about 60%, whereas the 

B clusters are characterized by PP2 ranging between 20% to 70%. The cluster pattern of CP 

(Fig. 7.10c) compares well with the clusters from the industrial plywood (Fig. 7.11). 

 

Figure 7.11 Cluster from pattern recognition of acoustic emission signals for the industrial 
plywood specimen types designed with a) 3 layers, b) 4 layers, c) 5 layers and d) 6 layers. 
Only signals from the first hit sensor type SE 1000-H are shown: full/red circles belong to 
cluster A, open/blue circles belong to cluster B. 

Table 7.4 Results of clustering of solid spruce, model layered wood and plywood 
specimens 

Material n 

No. of 
AE 

signals No. C Points* FC R τ S σ 

SOLID 8 180 2 99 13 0.699 2.676 0.580 295 

U D 5 36 2 100 13 0.511 3.744 0.659 130 

C P 5 1765 2 75 13 0.638 3.057 0.591 1268 

PLY 3 8 1434 2 73 5 0.829 2.221 0.568 564 

PLY 4 8 1522 2 89 13 0.581 3.380 0.640 2551 

PLY 5 8 804 2 89 13 0.626 3.193 0.622 1197 

PLY 6 8 1693 2 98 13 0.629 3.129 0.614 2305 
* Maximal possible points: 100; n…Number of tests; No. C … Number of clusters; FC Feature 
Combination; R Davies–Bouldin-index; τ Tou-index, S Rousseeuw’s Silhouette value; σ Calinski and 
Harabasz index.  

Feature Combination No. 5: peak frequency (PF), weighted peak frequency (WPF), center of gravity 
frequency (CGF), partial power 3 (200-400kHz) (PP3). 

Feature Combination No. 13: peak frequency (PF), weighted peak frequency (WPF), partial power 1 
(0-200 kHz) (PP1), partial power 2 (200-400 kHz) (PP2). 
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Figure 7.12 Averaged normalized AE signals of cluster A (a-b) and B (c-d) detected during 
tensile testing of solid spruce in the longitudinal direction. Characteristics are presented in 
time (a, c) and frequency (b, d) domains. 

 

Figure 7.13 Averaged normalized AE signals of cluster A (a-b) and B (c-d) detected during 
tensile testing of the model layered wood with three layers aligned unidirectional (UD). 
Characteristics are presented in time (a, c) and frequency (b, d) domains. 

For the solid spruce specimens, the normalized average AE signals of both A and B clusters 

in the time domain are typical burst signals for all tested materials (Fig. 7.12), whereas the 

normalized average AE signals of clusters A and B in the time domain are clearly different 

for the plywood materials (Figs. 7.13-7.15). For the industrial plywood, the average 

waveform of cluster A compared to that of cluster B is less similar to a characteristic burst 

signal and shows rather slow oscillations vs. time (Fig. 7.15). The same is also true for the 

UD and CP (Figs. 7.13-7.14). The averaged signal of the B cluster for solid spruce 

(Fig. 7.12c) as well as that of the A cluster for plywood type 5 (Fig. 7.15a) reveal possible 

reflections after 200µs, which are not taken into account since the extraction window in the 
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time domain is limited between 0µs-120µs (vertical lines in the time domains in Figs. 7.12-

7.15a, c). 

 

Figure 7.14 Averaged normalized AE signals of cluster A (a-b) and B (c-d) detected during 
tensile testing of the model layered wood with one center cross ply (CP). Characteristics are 
presented in time (a, c) and frequency (b, d) domains. 

 
Figure 7.15 Averaged normalized AE signals of cluster A (a-b) and B (c-d) detected during 
tensile testing of plywood type 5. Characteristics presented in the time (a, c) and the 
frequency (b, d) domains are very similar to the other industrial plywood types 3, 4 and 6. 

In the frequency domain, both clusters reveal broadband spectra, for all tested materials. 

Thus, the main peaks are located at approximately 70kHz and 330kHz (Figs. 7.12b, c & 

Figs. 7.15b, c). Generally, the spectra of solid spruce and the UD are almost similar. CP is 

rather comparable to plywood types 3-6. This makes sense, since the spectra of the plywood 

types are affected by their layup structure including cross-plies which is not the case for 

solid spruce and UD. However, despite the varying layered structure of the industrial 
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plywood types, their spectra reveal very strong similarities, possibly indicating the damage 

mechanisms that either occurred in the parallel or cross oriented plies. However, the 

identification of two clusters with comparable WPF ranges and similar amounts of PP2 

raises the question whether the underlying microscopic damage mechanisms are the same in 

all types of specimens; plywood as well as solid spruce and UD. 

Table 7.5 Cluster characteristics 

Material 

 
No. layers 

Cluster 

 

N* 

 

PF 

(kHz) 

CGF 

(kHz) 

WPF 

(kHz) 

PP 1 

(%) 

PP 2 

(%) 

PP 3 

(%) 

SOLID 1 
A 

B 

124 

56 

78±35 

319±44 

288±60 

303±36 

144±28 

310±28 

47±11 

34±7 

30±8 

45±8 

10±4 

12±4 

UD 3** 
A 

B 

18 

18 

77±24 

292±42 

242±50 

305±35 

135±26 

297±27 

58±10 

33±5 

26±7 

46±8 

7±3 

11±3 

CP 3 
A 

B 

1618 

147 

92±30 

270±58 

213±52 

260±36 

137±27 

263±35 

66±15 

42±7 

21±13 

44±8 

5±3 

8±4 

plywood 
type 3 3 

A 

B 

1245 

189 

67±22 

304±62 

238±56 

302±43 

123±24 

301±44 

57±13 

33±9 

26±8 

45±9 

8±4 

11±6 

plywood 
type 4 4 

A 

B 

1254 

268 

71±24 

313±54 

243±57 

310±43 

129±26 

310±38 

57±12 

33±8 

26±8 

43±8 

8±4 

14±6 

plywood 
type 5 5 

A 

B 

661 

143 

74±27 

315±55 

234±53 

303±50 

129±27 

307±44 

57±12 

34±9 

28±9 

44±8 

8±4 

13±6 

plywood 
type 6 6 

A 

B 

1428 

265 

74±29 

287±61 

231±61 

310±47 

127±29 

296±44 

59±14 

33±8 

25±9 

43±8 

7±4 

13±6 
* Number of signals; mean±SD; ** grain of all three layers is oriented parallel to each other 

The number of AE signals detected and located in solid spruce and UD is significantly lower 

than for the plywood materials (Tab. 7.5). CP generated a few hundred signals more than 

plywood type 3 (both of which have the same layup structure, but CP is almost without pre-

damages). Among the industrial plywood, type 5 generated an extremely low number of AE 

signals, almost half that of CP and plywood type 3, 4 and 6. For the latter, most AE signals 

were evaluated. The percentage of signals assigned to the A cluster is beyond 80% for all 

industrial plywood materials, yielding almost 90%, in the case of plywood type 3 and CP. In 

contrast, for the solid spruce, the A cluster represents only 70% of all detected signals. This 

ratio of cluster A to B is the opposite to the cluster results of the miniature L-specimens 
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(Chap. 6.4, A:B = 42:80). Presumably, for the L-specimens, the size effect led to the 

different shares of damage mechanisms assigned to the clusters.  
 

 
Figure 7.16 AE signal amplitudes from cluster A and B (detected by the sensor type SE 
1000-H) for selected specimens as a function of time, stress and strain (DIC measurement): 
a) Solid spruce, model layered wood with b) three layers aligned unidirectional (UD) and 
with c) the center cross ply (CP), industrial plywood types d) 3, e) 4, f) 5 and g) 6. 
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However, within its damage history, the solid spruce also shows similarity to the miniature 

specimens, since the cluster B matches in seven of eight tests with the ultimate failure, and 

further, in five of those seven cases, the B cluster yielded the maximum AE amplitudes 

during ultimate failure (Fig. 7.16a). Thus, and in accordance to the miniature L-specimens, 

the cluster B is assumed to indicate the L specimens’ macroscopic failure. No similar trends 

were observed for the CP and industrial plywood specimens. The occurrence of clusters 

during loading of plywood seems rather random (Figs. 7.16c-g). This is also the case for 

solid spruce and UD specimens, when comparing more than one specimen of each material 

type. The early occurrence of A clusters in the case of the solid spruce specimen (Fig. 7.16a) 

was not observed in all cases. The same holds for the large number of B cluster signals 

detected for the UD (Fig. 7.16b), especially regarding the fifty-fifty signal ratio between 

cluster A and cluster B determined over all tested UD specimens (Tab. 7.5). The very late 

AE onset was observed in all five UD specimens, but only with the detection by the SE 

1000-H sensors (Fig. A.2-A.3). This could be due to the sensibility of the SE 1000-H 

sensors, which is lower than for the SE 150-M and the VS 45-H sensors (Fig. A.2). 

Generally, for all specimens, the first AE events occurred as soon as 1/4 to 1/3 of the 

maximum load was reached (Fig. 7.16). For all types of plywood, in both clusters A and B, 

the AE event amplitude values seem to appear randomly rather than restricted to a certain 

limit in amplitude or stress level. Thus, the AE amplitude histories of CP, plywood type 4 

and 5 show large scatter in AE amplitude values and occurrence in time, and thus, almost no 

linkage between the appearance of clusters A and B was found. In contrast, in the case of 

plywood type 3 (Fig. 7.16d), at 70s of test duration, close to the DIC image 3, few AE 

signals of cluster B are accompanied by numerous signals of cluster A. The same is 

observed for the plywood type 6 (Fig. 7.16g) at 80s test duration, close to the DIC image 2. 

This is possibly explainable by a certain defect generation within the load bearing outer plies 

oriented longitudinally, respectively, causing damages in the intermediate cross plies. 

However, by means of AE parameters (amplitude, energy, etc.) as well as focusing on the 

appearance of clusters with respect to load history, a clear identification of the clusters’ 

origin is not possible.  

Localization in AE and DIC 

The following analysis combines the results from DIC and the AE detection by means of all 

three sensor types, and takes into consideration the identified clusters by the detection of the 

sensor types SE 1000-H. Therefore, the results of a single test of each specimen type are 

presented and discussed in the following. The selected specimens are the same as presented 
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in Fig. 7.16. To gain an overview, photos of the fractured specimens are shown, including 

the Y-coordinates to allow locating the cracks. The results of AE measurements present the 

Y-location of the located AE events detected by the SE 1000-H (distinguishing the clusters 

A and B), as well as by both sensor types VS 45-H and SE150-M. The results of the AE 

analysis as well as the stress and strain history are plotted against time. Strain curves of 

elongation strain (eyy), compression strain (exx) and shear strain (exy) were measured by the 

DIC method. Furthermore, the numbers 1 to 4 mark certain points in time when those DIC 

images were taken. The results of DIC analyses of these four images are presented in 

another figure. By doing this, comprehensive descriptions of the failure behavior of solid 

wood and all industrial plywood types are provided. For the UD and CP the results 

presented in Chap. 6.2 were supplemented by the AE location, but not further discussed 

herein. These results are provided in Figs. A.2-3. 

The damage evolution in the tensile loaded solid spruce specimen (Fig. 7.17) developed a 

complex fracture pattern. The specimen’s broad side monitored by DIC shows splintering 

tension between 14 and 15 cm on the Y axis, the back side shows brittle fracture that is 

located between 22 and 23 cm (Fig. 7.17.c). Unfortunately, both macroscopic cracks are 

positioned outside the area of interest (AOI) monitored by DIC. Both narrow sides of the 

specimen reveal the crack path running along the growth ring boundary oriented parallel to 

the load direction. This part of the fracture passes the AOI, but leaves no significant traces in 

the eyy strain fields (Fig. 7.17.d). Within recording image 4 taken at 137s, very close to the 

AE that signalizes the subsequent ultimate failure (Fig. 7.17a, b), the compression strain 

field exx formed a large area of increased strain values between 19 and 21cm (Fig. 7.17d) 

which is linked to the inner shear crack along the growth rings (Fig. 7.17c). It is plausible 

that the locations of the AE events detected by SE 1000-H (Fig. 7.17a) are also due to that 

part of the fracture. The amount of AE detected by the SE 150-M is less, but the VS 45-H 

sensors show massive AE, especially located between 14 and 17 cm which fits well with the 

lower fracture part (Fig. 7.17a, b). With respect to its frequency sensitivity to low frequency 

components (<100 kHz), possibly, shear or friction mechanisms are detected which are 

assumed to generate low frequencies. In accordance to this, the SE 1000-H also detected low 

frequency signals of cluster A in the lower part of the AOI.  

The plywood type 3 specimen after ultimate failure (Fig. 7.18a-d) reveals no significant 

fracture path, but the broad sides are covered by numerous cracks running parallel to the 

load direction (Fig. 7.18c). These cracks are lathe checks which opened further with 

progressive stress. This kind of crack was observed for all industrial plywood materials 

tested. Furthermore, within the cross ply (at the narrow sides of the specimen), cracks occur 
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that are caused by rolling shear. This kind of crack was observed more pronounced for the 

specimen of plywood type 4 (Fig. 7.19c). These cracks are oriented perpendicular to the 

load direction. The VS 45-H detected numerous AE signals in the upper part of the plywood 

type 3 (Fig. 7.18b), but fracture patterns as well as DIC results reveal no corresponding 

characteristic changes close to that location (Figs. 7.18c-d). Also the DIC results related to 

the recorded image 3 at 70s of test progress give no hint to changes in damage evolution 

which would have otherwise helped to explain the accumulation of cluster A signals at 70s. 

The strain patterns do however comply with those taken at recording point 2. The stress 

curve also shows no deviations (Fig. 7.18a, b).  

However, it might be the case that the origin of the cluster A accumulation at 70s test 

duration is mainly located within the center ply or the adhesive layer, which are only 

indirectly monitored by the DIC due to its influence on the strain formation at outer surface 

ply. A similar observation is made for the specimen of plywood type 4 between the 20th and 

30th s of test progression. Here, also an accumulation of signals assigned to the A cluster 

appears between 18 and 20cm. Regarding the strain field formation in exx, compared to the 

1st recorded image, the 2nd one reveals a region of increased strain values (also between 18 

and 20 cm) (Fig. 7.19d). Within the eyy strain field, no locally restricted region of increased 

values is formed. The photographs of the fractured plywood type 4 specimen show rolling 

shear below 18 cm, but it seems that the stress field continued within the adhesive layer 

between the cross ply and the surface ply on the left (Fig. 7.19a). However, the sensors VS 

45-H as well as the SE 150-M detected only minimal amounts of AE (Fig. 7.19b). 

The fracture pattern of plywood type 5 (Fig. 7.20a-d) contains a brittle failure at the 

surface’s veneer, fully monitored by DIC (Fig. 7.20c). Furthermore, besides the rolling shear 

cracks within the cross ply, the left cross ply includes the crack path running along the 

adhesive layer at the border to the center ply (L-oriented). However, indications such as 

locally increased strain values were not determined (Fig. 7.20d). Some AE signals of cluster 

B are located at 19 cm (Fig. 7.20.a) close to the brittle crack of the surface veneer 

(Fig. 7.20c). Generally, cluster B is accompanied by AE signals of cluster A.  

As already discussed in Chap. 6.2, the plywood type 6 specimen formed very complex 

fracture patterns over the layup structure. The high AE activity measured for plywood type 6 

yields a complex location pattern for all three sensor types (Fig. 7.21a, b). Shortly before 

80 seconds into the test’s progress, all three sensors detected massive amount of AE signals. 

Thus, AE events of cluster A predominantly appeared (Fig. 7.21a). The related image 2 

recorded by the DIC system reveals a local increase in exx, and significant changes in exy 
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positioned in the upper part of the AOI (Fig. 7.21d). The fracture path at the narrow sides of 

the specimen (Fig. 7.21c) provides further information on crack development. In Fig. 7.21c, 

the weak point within the right cross layer can be seen. The crack could be continued within 

one or both L-oriented center layers or within the adhesive layer. Thus, both cracks within 

the cross ply oriented perpendicular to the load direction and adhesive failure could possibly 

be correlated to low frequency AE events, especially considering that the AE accumulation 

was also clearly detected by the low frequency sensitive VS 45-H sensors (Fig. 7.21b). 

For all plywood types tested, the bulk of AE events assigned to cluster A seems to correlate 

with significant formations of locally restricted regions of increased or decreased shear (exy) 

and compression (exx) strain. One exception was found for plywood type 5, since it yields 

the same ratio of 80% for AE events of cluster A as determined for the other industrial 

plywood types, but in contrast, the DIC results show a rather uniform strain field 

development in elongation, shear and compression strain. This might be due to stress 

compensation within the L oriented centre layer not significantly affecting strain field 

formation at the surface layer. Here, the major disadvantage of the DIC measurement as 

surface monitoring method emerges and needs to be taken into account. The same could be 

assumed for DIC measurements of plywood type 6, but here, the two reinforcing center 

layer (L oriented) cause larger differences in central surface layer stresses. These stresses are 

reduced by means of rolling shear within the cross plies, which is also reflected in strain 

field formation at the outer surface. 

7.2.4 Conclusion 

For the laboratory scaled specimens of clear solid spruce, model layered wood (UD, CP) and 

industrially produced plywood (plywood types 3-6), the AE signal classification by an 

unsupervised pattern recognition approach yields two signal clusters. The clusters 

essentially differ with respect to higher shares of low (cluster A) or high (cluster B) 

frequency components. This confirms the evaluation of the miniature tests on solid spruce 

and bonded wood specimens. That the miniature specimens yield higher WPF for the 

clusters than laboratory scale might be due to specimen size and signal attenuation. 

Furthermore, the different sensor types also appear to have influenced the AE waveform 

characteristics.  

However, compared to solid spruce, for the plywood materials, no separate, third signal 

cluster was detected that can be attributed to the adhesive layers. Besides, by applying the 

UPR technique to tensile tests of bonded miniature specimens with different grain 

orientation of the wooden layers, monitored by AE and SRµCT, two clusters, which are also  
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Figure 7.17 Failure behavior of a selected spruce wood specimen by means of AE detected 
and located by a) the sensors SE 1000-H including the clusters A (unfilled/blue) and B 
(filled/red), and by b) the sensors VS 45-H (filled/black diamond) and SE 150-M (unfilled/ 
black square). c) The macroscopic crack path close to the area of interest (AOI) monitored 
by DIC is shown by photographs of all four sides of the specimen. d) Selected results 1-4 
determined by DIC show the strain field formation at different points of progress 
throughout the test. 
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Figure 7.18 Failure behaviour of a selected plywood specimen consisting of three veneer 
layers (plywood type 3) by means of AE detected and located by a) the sensors SE 1000-H 
including the clusters A (unfilled/blue) and B (filled/red), and by b) the sensors VS 45-H 
(filled/black diamond) and SE 150-M (unfilled/ black square). c) The macroscopic crack 
path close to the area of interest (AOI) monitored by DIC is shown by photographs of all 
four sides of the specimen. d) Selected results 1-4 determined by DIC show the strain field 
formation at different points of progress throughout the test.  
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Figure 7.19 Failure behavior of a selected plywood specimen consisting of four veneer 
layers (plywood type 4) by means of AE detected and located by a) the sensors SE 1000-H 
including the clusters A (unfilled/blue) and B (filled/red), and by b) the sensors VS 45-H 
(filled/black diamond) and SE 150-M (unfilled/ black square). c) The macroscopic crack 
path close to the area of interest (AOI) monitored by DIC is shown by photographs of all 
four sides of the specimen. d) Selected results 1-4 determined by DIC show the strain field 
formation at different points of progress throughout the test. 
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Figure 7.20 Failure behaviour of a selected plywood specimen consisting of five veneer 
layers (plywood type 5) by means of AE detected and located by a) the sensors SE 1000-H 
including the clusters A (unfilled/blue) and B (filled/red), and by b) the sensors VS 45-H 
(filled/black diamond) and SE 150-M (unfilled/ black square). c) The macroscopic crack 
path close to the area of interest (AOI) monitored by DIC is shown by photographs of all 
four sides of the specimen. d) Selected results 1-4 determined by DIC show the strain field 
formation at different points of progress throughout the test.  
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Figure 7.21 Failure behaviour of a selected plywood specimen consisting of six veneer 
layers (plywood type 6) by means of AE detected and located by a) the sensors SE 1000-H 
including the clusters A (unfilled/blue) and B (filled/red), and by b) the sensors VS 45-H 
(filled/black diamond) and SE 150-M (unfilled/ black square). c) The macroscopic crack 
path close to the area of interest (AOI) monitored by DIC is shown by photographs of all 
four sides of the specimen. d) Selected results 1-4 determined by DIC show the strain field 
formation at different points of progress throughout the test.  
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distinguishable into signals of higher shares of low or high frequency components, were also 

determined. However, for the different layered structures of the bonded miniature specimens 

(regarding the fiber-load angles of the wooden layers), the SRµCT scans revealed significant 

differences concerning the impact of the adhesive layer on the damage history, which seem 

to be also reflected by the cluster pattern with respect to the low frequency cluster. It was 

speculated, that AE signals generated by crack mechanisms of the adhesive are among the 

signals of the low frequency cluster. The same may be true for the laboratory scaled 

specimens made of model layered wood and industrial plywood. The macroscopic 

mechanical properties of the different specimen types as well as the fracture pattern are 

clearly different. Though no cluster can clearly be assigned solely to damage events within 

the adhesive layers, it is indisputable that the adhesive layers are damaged. Thus, the 

question remains whether the feature extraction needs to be improved for the applied UPR 

technique or the damage types need to be reinterpreted to also be applicable to failure within 

the adhesive, for example, crack openings parallel or perpendicular to load direction. 

Larger sized damages, as in the laboratory scaled plywood specimens, yield AE signals 

representing microscopic mechanisms acting locally. For the plywood materials, almost 

80% of detected AE are of low frequency components. Thus, the bulk of AE events assigned 

to the low frequency cluster A seem to correlate with significant formations of locally 

restricted regions of increased or decreased shear (exy) and compression (exx) strain. Based 

on this, AE signals of cluster A are tentatively assumed to be linked to mechanisms within 

the cross oriented layers. Regarding the laboratory scaled specimens made of solid spruce, 

the ultimate failure generating B clusters in seven of eight cases is in agreement with 

observations from the longitudinally tested miniature specimens. It is hence speculated that 

the same microscopic cell separation mechanisms and trans-cellular cracks, as identified in 

X-ray micro-tomography images of miniature specimens, also produce the AE signals 

during damage accumulation in plywood materials under tensile load. 
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8 Synthesis 

8.1 Main findings 

8.1.1 Solid spruce wood 

The brittle failure behavior of solid spruce wood, as revealed by its stress-strain behavior, 

correlates with a roughly linear increase in defect growth measured by means of cumulative 

AE signals with test duration. A damage growth rate of about 200 defects was determined 

per 0.01% elongation strain (Paper II). Thus, the majority of defects are of relatively small 

magnitude as determined by means of amplitude distribution. Microscopic defects act 

throughout the whole specimen’s volume, as proven by the initial diffuse flaws observed in 

AE source location as well as in strain field formations that, beyond 50% up to 70% of 

ultimate strength, coalesce into damages at larger, mesoscopic or even macroscopic scale. 

Hence, the damage progress in solid wood starts with a continuous damage accumulation of 

microscopic damage mechanisms acting throughout the volume of the specimen and is 

continued by a final coalescence of damages into mesoscopic and macroscopic cracks 

shortly before the ultimate failure (Paper I). 

The cumulative AE energy follows an almost exponential increase, and hence indicates the 

nonlinearity in damage evolution. Over the whole test duration, AE signals of higher and 

lower AE energy content occur, indicating different magnitudes of damages. However, 

about 73% of the detected AE signals are characterized by relatively low AE energies of less 

than 10-12V2s (Paper II). 

The unsupervised pattern recognition (UPR) technique applied to AE detected when tensile 

loading the laboratory scaled specimens according to DIN 52377 (Chap. 7) as well as to the 

miniature specimens with a test cross section of 1-4mm2 (Paper III) yields two signal 

clusters. These clusters essentially differ with respect to higher shares of low and high 

frequency components. The distinct average low and high frequency components for the two 

clusters, however, seem to depend on specimen size. Miniature specimens of solid spruce 

and bonded spruce layers yield somewhat higher weighted peak frequency (WPF) for the 

clusters than laboratory scale specimens. By means of the Synchrotron radiation micro 

computer tomographic (SRµCT) images recorded while testing the miniature specimens, the 

low frequency cluster is tentatively assigned to slow crack growth phenomena such as cell 

separation mechanisms, whereas the high frequency cluster is attributed to trans-cellular 

cracks (Paper IV). 
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Regarding the laboratory scale specimens, damages of larger size yield many AE 

representing microscopic mechanisms acting locally. It is hence speculated that similar 

microscopic mechanisms are the origin of the two clusters determined for the laboratory 

scale specimens. It has to be taken into account that the miniature sensor type M31 is 

significantly less sensitive to frequencies below 100kHz. The AE measurement of laboratory 

scale specimens performed by means of the sensor type SE 45-H with its sensitivity at 

frequencies below 100kHz proved the presence of AE signals characterized by low 

frequencies. Hence, it can be reasoned that these low frequency signals also occur as a result 

of the damage in the miniature specimens but were less likely to be detected due to the 

sensitivity of the used sensor type M31. This could lead to a preferential recording of signals 

with specific frequency content and hence have an effect on the frequency range of the 

clusters from pattern recognition as well as on the number of signals in each cluster. For 

both miniature and laboratory scale specimens, the generated AE showed a high number of 

signals in both clusters with progressive loading, and hence, it can be concluded that a 

certain kind of damage mechanism is not restricted to damage initiation or a certain stress 

level range. However, while tensile loading solid wood in the longitudinal direction, trans-

cellular cracks (attributed to high frequency clusters) often match the ultimate failure of the 

specimen. Based on AE signals detected during tensile loading miniature specimens of solid 

spruce and on the related SRµCT scans, a calibration between AE amplitudes and 

underlying crack length development was performed (0.0038mV µm-2). For AE studies on 

wood materials, such a calibration was realized for the very first time. However, the 

calibration value is not generally applicable to AE signals generated in wood, since the AE 

measurement strongly depends on the experimental setup also given that, for example, the 

AE amplitudes are significantly influenced by the wood species, the propagation distance of 

the signals through the material and the sensor position and response (Paper III; Paper IV; 

Chap. 7). 

8.1.2 Layered wood material 

Tensile tests on miniature specimens made of bonded wood (UF adhesive) demonstrated the 

different impact of the adhesive layer depending on the grain orientation of the joint wood 

layers. While the failure of the LL specimen made of two longitudinally oriented wooden 

layers was mainly the result of the damage evolution within the wooden tissues, the 

adhesive played a more important role in the case of the TT specimens with its two 

tangentially oriented wooden layers. This was proven by the fracture progress detected in 

the SRµCT scans of the tested specimens. The corresponding cluster patterns of AE signals 

yielded two clusters, characterized by either low or high frequency contents, similar to the 
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miniature specimens made of solid wood, which are also attributed to the same source 

mechanisms. However, small differences within the low frequency cluster are observed for 

the TT specimen whose failure was dominated by the failure of the adhesive layer. Thus, it 

is hypothesized that possibly AE signals generated by adhesive cracks are among those low 

frequency signals, cannot be resolved as a separate cluster (Chap. 7). 

The brittle failure behavior of industrial plywood materials (phenol resorcinol formaldehyde 

adhesive), as revealed in the stress-strain behavior of plywood types 3-5, associates with a 

roughly exponential increase in defect growth measured by means of cumulative AE signals 

with test duration (Paper II). For the plywood types 3-5, more or less the same number of 

defects was measured regardless of the different numbers of layers. The stress-strain 

behavior of the plywood type 6 shows a distinct plastic deformation prior to ultimate failure 

that is, besides the longer test duration, the reason for the significantly larger number of 

defects (double the defect number for plywood types 3-5) (Paper II). In comparison to the 

model layered wood CP (UF adhesive), which was manufactured in laboratory without 

inducing pre-damages such as veneer lathe checks, the industrially produced plywood 

materials generated less damage events (AE events). Additionally, in regard to the relating 

amplitude distributions, the model layered wood CP reveals a relatively higher share of 

microscopic damages (expressed in a higher b-value at amplitudes below 70dBAE) than the 

industrial plywood materials (Chap. 6.3). 

Employing the bi-linear approach to the exponential increase in damage growth, two growth 

rates were estimated for the plywood materials indicating the occurrence of initial cracks (1st 

rate) and the damage accumulation through the whole specimen finally leading to ultimate 

failure (2nd rate) (Paper II). The initial rate of damage growth increases with increasing 

number of layers, whereby only about 30% of AE energy, which also gives a relative 

measure of fracture energy, was released. At 70% of ultimate stress, the 2nd rate of damage 

growth commenced, which is almost quadruple the 1st rate. The 2nd rate implies defect 

increase caused by relatively larger sized damages including numerous microscopic and 

mesoscopic scaled mechanisms. The presence of two defect growth rates, which is affected 

by the layered structure of plywood materials, is a main difference in damage evolution 

compared with that in solid wood (Papers I; II). Thus, at the beginning, the continuous 

damage accumulation is restricted to the single layers, which was further found to be in 

correlation with the ultimate strength: A larger number of defects occurring during the 1st 

defect growth rate predicted a higher tensile strength of the material. A comparable 

correlation could not be proven for the tests of solid spruce. The 2nd rate of defect growth 

indicates the path of lowest resistance through all layers (Paper II). 
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Moreover, the technique of unsupervised pattern recognition was applied to the AE detected 

when tensile loading the laboratory scaled specimens made of model layered wood (CP, 

UD) and industrial plywood (plywood types 3-6) (Chap. 7). Two clusters were identified, 

which differ with respect to higher shares of either low or high frequency components, 

similar to the cluster results of the laboratory scaled specimens made of solid spruce. A third 

cluster exclusively attributed to the failure in the adhesive layers was not identified. 

Regarding the results of the bonded miniature specimens, based on the combination of 

SRµCT images and related pattern recognition of the AE, it is assumed that AE signals 

generated by crack mechanisms of the adhesive might be among the signals of the low 

frequency cluster. This may also be true for the laboratory scaled specimens made of model 

layered wood and industrial plywood. The coincidental occurrence of both AE signal 

clusters at the beginning of load application until the ultimate failure of the specimen shows 

that different kinds of damage mechanisms (attributed to the AE clusters) occur during both 

growth rates (Chap. 7). Furthermore, the broad range in AE energy of the detected AE 

events over the whole test duration proves that multi-scaled damages are generated during 

both growth rates (Paper II). 

8.2 Hypotheses and open questions 

The complexity in failure behavior of wood and layered wood materials such as plywood 

was demonstrated by the results obtained through monitoring the sub-macroscopic damage 

evolution. Therefore, tensile tests were carried out on solid spruce, model layered wood 

made of clear spruce wood lamellae bonded together with UF adhesive and plywood 

materials industrially produced including process-related pre-damages (lathe checks). These 

destructive tests were simultaneously monitored by means of AE and the strain field 

measurements (DIC), which allow studying the sub-macroscopic damage evolution within 

the materials. Supplementary, tensile tests of miniature scaled specimens made of solid 

spruce and bonded (UF) spruce layers were monitored by combining the AE and SRµCT 

methods. On average, the miniature specimens are sized more or less a 20th of the size of the 

standard specimens according to DIN 52377 (1987). 

Via application of the method of UPR to the AE results, similarities of the detected AE 

signals are identified that are assumed to give indications of their source mechanisms. For 

all tested materials, whether for the miniature specimens or for the laboratory scaled ones 

(DIN 52377 1987), two clusters of AE signals were determined. One cluster is characterized 

by low frequency AE signals and the other by dominating high frequency components. 
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Based on the correlations of the results by means of AE and SRµCT obtained from the 

miniature tests, a first hypothesis assigns the low frequency clusters to cell separation 

mechanisms, whereas the high frequency clusters might be the consequence of brittle trans-

wall cracks. One specific characteristic in the cluster pattern was shown for the tested radial 

miniature specimens made of solid spruce: the low frequency cluster could be divided into 

further two clusters. A similar observation was made for the miniature specimens made of 

two spruce wood layers loaded tangentially which were bonded together with UF: In this 

case, the low frequency cluster could be subdivided into three clusters. Since the impact of 

the adhesive layer on the failure behaviour of this specimen was proven by the SRµCT 

scans, it is assumed that mechanisms due to the adhesive might also be included in the low 

frequency cluster. 

For the laboratory scaled specimens of model layered wood and industrial plywood, the two 

clusters identified by the pattern recognition technique contain somewhat lower frequency 

components than those detected for the miniature specimens. This is consistent since high 

frequencies undergo stronger attenuation with increasing distance between source location 

and sensor position. Due to the wood morphology, the clusters are assigned to the same 

mechanisms for the larger specimens as for the miniature specimens. The analysis of the AE 

cluster results and strain field formations (DIC) versus test progression led to the 

consideration that the low frequency cluster is linked to mechanisms within the cross 

oriented layers or is possibly dominated by shear mechanisms. 

For all tested materials and specimen sizes, their macroscopic mechanical properties as well 

as their meso- and macro-scale fracture pattern reveal clear differences. Regarding the 

occurrence of both clusters with progressive tensile load, their distributions in time and in 

their ranges in amplitudes do not indicate significant differences. 

To sum up, the complex microstructure of wood yields complex crack paths and damage 

patterns involving different mechanisms acting simultaneously throughout the duration of 

the test. However, only two clusters of AE signals were determined for different material 

types and specimen geometries, thus opening up new questions to be answered. Additional 

investigations are needed to validate the interpretation of the clusters obtained by 

unsupervised pattern recognition; the following main issues should be focused on further: 

I. Is there further evidence for the assignment of the low frequency cluster to 
cell separation/shear mechanisms and the high frequency cluster to be 
generated by trans-wall cracks, or is another possible interpretation of the 
similarities in the frequency spectra more valid (e.g. vibration or resonance 
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phenomena due to the cellular wood morphology and/or specimen 
geometry)?  

II. Could one or both clusters possibly contain different mechanisms? This is 
based on the possible separation of the low frequency cluster of the radially 
tested miniature specimens or the bonded miniature specimens. Even for the 
laboratory scaled specimens of model layered wood (UD and CP), the 
position and pattern of the low frequency clusters might indicate more than 
one single kind of damage mechanism. 

III. Is the impact of damage within the adhesive layers detectable by means of 
AE measurement? 

The datasets generated during this research work, either by means of AE, DIC or SRµCT, 

are very extensive and demanding with respect to extracting information, and hence, 

potential for further analysis remains. In the following section, beside proposals for further 

investigations, also further analysis to be done on those existing databases will be noted. 

8.3 Potential for future research 

The experiments detecting the microscopic damage in miniature specimens by combining 

the AE method with the in-situ SRµCT monitoring (TOMCAT beam line at the PSI) yielded 

datasets at different load states of the specimens. An ongoing analysis of the reconstruction 

from the SRµCT monitoring will focus on describing structural deformations at microscopic 

scale. From these results, a dedicated segmentation and geometric parameterization of 

specific wood cells is currently being performed (Fig. 8.1) and, based on a 3D 

morphological approach, the volumetric strain fields at different load states are analyzed 

(Fig. 8.2) and discussed with regard to the final fracture path (Sanabria et al. 2015).  

 

Figure 8.1 Segmentation of a) wood tracheids, b) resin canal and c) wood rays from SRµCT 
dataset. 
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Figure 8.2 Provisional results of the 3D morphological analysis of SRµCT scans developed 
and provided by Sergio J. Sanabria. a) Cells are categorized into cells located at the edge of 
the volume of interest (VOI), wood rays and tracheids identified and implemented for 
analysis. Tracheids that are not sufficiently identified for analysis are excluded (light red). 
b) Tracheid cells identified in each loading state (dark-red) are registered by an individual 
cell index. c) The XX-deformation (parallel to load direction) of the cellular structure at the 
loaded state is given in arbitrary units (a.u.). 

Thus, the developed 3D morphological approach allows the determination of the 

deformation based on the individual cells (Fig. 8.2a, b) identified at each monitored load 

state which differs from the approach by Forsberg et al. 2010 who performed DVC by 

means of correlating selected subsets without an identification of the individual cells. 

Therefore, a relatively large sub-volume (correlation windows) of 323 voxels with 16 pixel 

separation between consecutive sub-volumes was used. The improved 3D morphological 

approach of DVC by Sanabria et al. 2015 enables tracking the deformation of the individual 

cells and, based on this, yields higher resolution of deformation (Fig. 8.2c).  

Moreover, since these trials yielded structural information of more than six different 

specimens on their initial state and after ultimate failure, a statistical investigation focusing 

on the dimensions of cells that have been involved in fracture could reveal parameters of the 

weakness points within a tissue. Therefore, the fracture zone needs to be identified within 

the undamaged initial state of the specimen and then, it has to be evaluated first to determine 

that no pre-damage was locally induced while processing the specimens. A reference section 

could be chosen from an undamaged region of the specimen. When counting the cells within 
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these sections and measuring their dimension, the frequency of morphological cell features, 

for example calculated in ratios of cell wall thickness to cell diameter of the tracheids and 

height and length of wood rays could be estimated. Complementary to this, the evaluation of 

distances between different types of cells (position of the tracheid with regard to the 

surrounding wood rays) would be worthwhile allowing for an insight on the performance of 

the tissue structure. Additionally, these databases might also be helpful for future modeling 

work of multi-scale wood failure.  

Regarding the analysis of the tested miniature specimens made of bonded wood, improved 

image processing of the SRµCT scans could reveal further insight into the failure behavior 

of the adhesive as well as of the adhesive-wood interface. Furthermore, employing a 

calibration of AE amplitudes detected and crack area measured within these specimens 

could possibly help to identify AE signals generated by a failing adhesive. Complementary 

to this, the AE energy could be correlated with crack volume if values can be reliably 

determined. 

Moreover, although not yet realized because it is not easily applicable to the 3D morphology 

of wood tissue, the segmentation of cracks for 3D visualization would be worthwhile. 

Indeed, the demonstration of fracture paths by means of destructed wood hinders 

overviewing its real extent. Furthermore, this could be the link between FEM simulations of 

AE signal sources (Fig. 8.3) and AE clusters from experimental tests, since crack extension 

in 3D could be measured and set in relation with AE amplitude or energy values as a 

measure for crack area and volume, and, additionally, it could be compared with simulations 

of crack opening directions. 

The insights on submicroscopic damages in wood materials yielded in the here presented 

research work are mainly based on newly identified parameters of AE. Though, first 

interpretations were done, some uncertainties raised questions as outlined in the previous 

section. Therefore, two different approaches are suggested in the following that are 

anticipated to yield further insight. 

Finite element simulation of signal sources, signal propagation and signal recording is 

expected to provide crucial information for reliably assessing signals from the different 

microscopic damage mechanisms. Therefore, Sause (2010) developed a comprehensive 

approach that takes into account the elastic properties of microscopic crack tips to model 

prototype mechanisms (dipole vs. multi pole sources) as observed in fiber reinforced 

composites. Furthermore, AE signal propagation within the specimen is modeled including 

the formation of guided waves. Beside the properties of the source mechanisms generating 
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the AE such as source excitation time, source energy and source position, the impact of the 

specimen geometry and propagation medium on the AE frequency spectra are also 

investigated. Based on the frequency features of the AE events, damage mechanisms can be 

studied. A preliminary analysis was already performed for the tensile tests on the miniature 

specimens made of solid spruce and this demonstrated that the excitation time of the AE 

source mechanism (different speeds of crack opening) significantly changed the frequency 

content of the AE signal (Vergeynst et al. 2014) (Fig. 8.3). Hence, the herein presented 

interpretation of both obtained clusters is supported. However, a further comprehensive 

investigation on combinations of excitation time, source location and crack opening 

direction might yield more reliable evidence. Moreover, studying the impact of the specimen 

geometry on location of the frequency peaks in the spectra, e.g. by changing the specimen 

thickness and the depth of the taper shapes will yield a better understanding of the 

influencing parameters’ relevance. Further investigations could provide more solid proof by 

implementing a detailed sensor model. Possibly, questions concerning the cluster results 

obtained from damaging the bonded miniature specimens or the laboratory scaled plywood 

specimens (20 times larger than miniature tests) could also be implemented in the 

simulations. 

 

Figure 8.3 A model for visualizing wave propagation in the tested miniature specimen 
made of solid spruce. Original by Vergeynst et al. 2014.  

The simulations will provide meaningful arguments for a conceptional discussion on the 

interpretation of the source, but since the morphology of wood is not included (a 

homogenized material is used), wood specific damage mechanisms such as trans-wall cracks 

or cell separation mechanisms will not definitively be proven by this. However, in principle, 

experimental methods could indeed help considerably, since the failure of several wood 

species is well known to undergo different kinds of damage. For example, carrying out 

further tensile tests of miniature specimens made of spruce (Picea abies [L.] Karst.) and yew 

(Taxus baccata L.), both loaded in the radial direction, the expected differences in damage 
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evolution could yield evidence for the interpretation of the low frequency cluster since the 

failure of yew is the consequence of comparatively more cell separation events than it is the 

case for spruce wood (Keunecke et al. 2007). Hence, for yew, a higher share of AE events 

characterized by low frequency components would be expected.  

To clarify the sensitivity of the AE monitoring to the adhesives, test series of miniature 

specimens made of wood bonded with different adhesives should be performed. For 

instance, Polyurethane resins (PUR), which are more ductile than the stronger adhesives 

based on melamine urea formaldehyde (MUF), will probably form more damage events (AE 

events) than the latter. Further, shear processes will be investigated by varying the thickness 

of the adhesive layer, since increased shear forces occur in thicker adhesive layers under 

stress. However, regarding the current experiences with experiments of the bonded 

miniature specimens (no symmetry in layer thicknesses due to the easily damageable, 

manually grinded taper shape), it is proposed to develop improved specimen geometries 

analogous to shear test specimens typically used for studies on wood-adhesive-joints in 

accordance to EN 302-1 (2013) (Fig. 8.4a). The specimen geometry introduced by Dill-

Langer et al. (2002) and modified by Hass et al. (2013) (Fig. 8.4b) to investigate typical 

failure mechanisms in adhesives may even have the potential to be scaled down to be tested 

with the universal micro-testing machine designed by Zauner (2014), but it would have to be 

monitored with the miniature sensors M31 once suitable sensor holders are also designed. 

However, the size effect has to be taken into account and, hence, failure patterns are 

assumed to differ from those obtained in laboratory scale specimens. The observation of 

damage evolution within the adhesive layer by means of SRµCT is assessed to be difficult, 

since wood matter and adhesive matter detected in the SRµCT scans are not easily 

separated. When using UV-fluorescent markers within the adhesive, a combination of ex-

situ microscopy based on daylight-images and UV-light images of the fracture surfaces 

enables the evaluation of percentage wood failure and adhesive failure (Kläusler et al. 2014) 

which could possibly reveal a correlation with the AE activity and the AE clusters. 

 

Figure 8.4 Specimen geometries to study the failure of wood-adhesive joints. a) Specimen 
geometry in accordance to EN 302-1 (2013), b) Specimen geometry originally designed by 
Dill-Langer et al. 2002 and modified by Hass et al 2013. 
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Concerning the studies on failure behavior of plywood it may be appropriate to design a new 

testing procedure at laboratory scale in accordance to the shear tests EN 314-1 (2005) or 

ASTM-D905 (2013). It is suggested to manufacture selected layered structures in the 

laboratory using industrially produced veneers, and thus to induce certain defects with 

known positions such as adhesive-free regions at the wood-adhesive interface or artificial 

crack openings oriented parallel and perpendicular to the load direction. By doing so, the 

AOI might match well with the dominant region of damage accumulation for the non-

destructive monitoring (AE, DIC, etc.) and the evaluation and interpretation of detected 

results could be easier and more precise. Possibly, the experimental setup designed by 

Kamke et al. (2014) could be extended by AE monitoring to provide the progress in AE 

analysis of damage mechanisms in wood and adhesive. 

Moreover, if pre-defined defects implemented in the specimen are sufficiently large enough 

to dominate the specimen’s failure while also being small enough to allow for additional 

monitoring by a high-speed camera, then the detected images could provide details of crack 

formation. As part of the pre-trials of the present study, tensile tests on laboratory scale 

plywood materials were also monitored by a high speed camera. Thus, the failing structure 

was recorded with 25.000 images per second which was found to be insufficient to observe 

the crack propagation in wood. However, today’s state of the art ultra-high speed cameras 

allow recording about 350.000 images per second (Phantom camera v2511) when 

monitoring the same AOI (10x10mm2) with an image resolution of 128x256 pixels. Using 

such a new camera, the achieved time resolution of 3x10-6s-1 would be close to that of the 

AE monitoring rather than other in-situ imaging methods and possibly, with this very high 

time resolution, more details of the crack propagation could be captured. However, since the 

obtained pixel size of 50 to 100µm2 might prove inadequate for tracking strain field 

formation, a combination with a CCD camera will be needed to employ DIC for further 

information on displacements and deformation (Müller et al 2005, Valla et al. 2011).  

Regarding in-situ SRµCT monitoring of failing wood without load stops, extraordinary 

challenges with many problems need to be solved due to the fine microscopic structure and 

its spontaneous failure development and its rather unpredictable localization, especially 

under tensile load. Once, this predominantly technology driven method yields an adequate 

resolution in pixel size and time resolution, high-speed imaging systems could capture the 

structural changes and strain fields in the wooden tissue generated in high rate events. In the 

view of material characterization, this full-field approach would allow better understanding 

of the factors affecting the structural performance. 



 

177 

Finally, for the sake of completeness, other approaches concerning the investigation of the 

damage evolution in layered wood materials have to be mentioned, which were originally 

outlined within the proposal this project, but not realized due to changes in the experimental 

plan.  

I. Studies on fracture toughness by tensile testing of compact tension (CT) 
specimens can be used to yield crack propagation or delamination along 
specified planes which yield a single dominant damage mechanism. To 
provoke dominant failure mechanisms, the tests could be carried out with 
different crack modes along the different planes of wood and the crack 
propagation could be monitored by means of AE and digital imaging. In 
addition, the influence of wood moisture content on the AE could be 
investigated for several climates. 

II. Moreover, the tensile tests on miniature specimens presented here as well as 
the macroscopic CT tests described above, could be complemented by 
meso/micromechanical tests observed in-situ in an ESEM, perhaps again 
monitored with AE. 

III. The dynamic mechanical thermal analysis (DMTA) allows measuring the 
viscoelastic response of the specimens, which provides insight into the 
structure-property relationship by applying varying mechanical loads in the 
linear-elastic regime. DMTA has, in some cases, proven sensitive to changes 
on the microscopic and even molecular scale, in particular with respect to the 
interaction between wood particles and adhesive. With additional humidity 
control accessories, DMTA equipment can explore the elastic mechanical 
behavior of laminated wood specimens with different levels of damage in a 
range of environmental conditions between dry and wet. However, the 
monitoring of DMTA by means of AE measurement might be a challenge in 
realization and would be limited by the sensors’ application temperature 
range. 
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APPENDIX 

 

Figure A.1 Fracture surface at the cross section of the tensile loaded miniature specimens 
TL (consists of one longitudinally and one tangentially loaded wooden layer) taken by 
ESEM. Surface covered with AE coupling media. 
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 Figure 
A.2 Failure behavior of a selected model layered wood consisting of three clear wood 
laminates of spruce that are unidirectionally oriented (UD). AE detected and located by a) 
the sensors SE 1000-H including the clusters A (unfilled/blue) and B (filled/red) and by b) 
the sensors VS 45-H (filled/black diamond) and SE 150-M (unfilled/ black square). c) 
Selected results 1-5 determined by DIC show the elongation strain field formation at 
different points of progress throughout the test. The macroscopic crack path monitored by 
DIC is shown by the photo (c, 6). 
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 Figure 
A.3 Failure behavior of a selected model layered wood consisting of three laminates of 
clear spruce wood with the cross oriented ply in the middle (CP). AE detected and located 
by a) the sensors SE 1000-H including the clusters A (unfilled/blue) and B (filled/red) and 
by b) the sensors VS 45-H (filled/black diamond) and SE 150-M (unfilled/ black square).  
c) Selected results 1-5 determined by DIC show the elongation strain field formation at 
different points of progress throughout the test. The macroscopic crack path monitored by 
DIC is shown by the photo (c, 6). 
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