ETH Library

Mechanical performance of glue
joints in structural hardwood
elements
Doctoral Thesis
Author(s):
Ammann, Samuel D.
Publication date:
2015
Permanent link:
https://doi.org/10.3929/ethz-a-010575524
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

Diss. ETH No. 22967

Mechanical Performance of Glue Joints
in Structural Hardwood Elements

A thesis submitted to attain the degree of
Doctor of Sciences of ETH Zurich
(Dr. sc. ETH Zurich)

presented by
Samuel David Ammann
MSc ETH Civil Eng, ETH Zurich
born 22nd December 1984
citizen of Neunforn TG

accepted on the recommendation of
Prof. Dr.-Ing. Dr. h.c. Peter Niemz, examiner
Prof. Dr. Ingo Burgert, co-examiner
Prof. Dr. Klaus Richter, co-examiner

2015

Elvira, Herbert, Rachel, Rebecca, Anita,
Beverly, David, Philipp, John, Stefan, Andres,
Nikita, Thomas, Gabriele, Oliver, Walter, Sven,
Peter, Melanie, Stéphane, Silke, Tim, Martin,
Tobias, Verena, Andrea, Johannes, Michael,
Sonia, Falko, Sebastian, Valentin, Donald,
Munish, Christine, Laurent and Robert ..

thank you!

Table of Contents
Nomenclature

VII

Summary

XI

Zusammenfassung
1 Introduction

XIII
1

1.1

Motivation and Objective

1

1.2

Structure and Approach

3

2 Fundamentals of Wood as Building Material
2.1

Characteristics of Wood

2.2

Failure Mechanisms of Wood and Basics of Fracture

2.3

7
7

Mechanics

14

Adhesive Bonding of Wood

23

3 Applied Methods

35

4 Mixed-Mode Fracture Toughness of Bond Lines of PRF and
PUR Adhesives in European Beech Wood

39

5 Speci c Fracture Energy at Glue Joints in European Beech Wood 57
6 Fibre and Adhesive Bridging at Glue Joints in European Beech
Wood

79

7 Comparative Adhesion Analysis at Glue Joints in European
Beech and Norway Spruce Wood by Means of Nanoindentation

93

V

Mechanical Performance of Glue Joints in Structural Hardwood Elements

8 Quality Assessment of Glued Ash Wood for Construction
Engineering
9 Synthesis

109
129

9.1

Discussion of the Results

129

9.2

Comparison and Discussion of the Applied Methods

131

9.3

PRF Joints in Beech Wood

133

9.4

PUR Joints in Beech Wood

134

9.5

MUF Joints in Beech Wood

135

Acknowledgement

137

References

139

List of Figures

155

List of Tables

159

Publications and Conference Contributions

161

Curriculum Vitæ

163

VI

Nomenclature
Abbreviations
A1

treatment according EN 302-1 [1] Tab. 1: storing at standard atmosphere

A4

treatment according EN 302-1 [1] Tab. 1: soaking in water,
wet testing

A5

treatment according EN 302-1 [1] Tab. 1: soaking in water,
dry testing

A95

ageing procedure: storing at high relative humidity

AW

ageing procedure: outdoor weathering

ACC

ageing procedure: controlled cycles of high and low relative humidity

CAT

closed assembly time

CI

con dence interval

CLT

cross laminated timber

CV

coef cient of variation

DCB

double cantilever beam

DMF

dimethylformamide

EPI

emulsion polymer isocyanate

F

fast: testing at elevated speed (sample annotation)

FEM

nite element method

FM

face-milled joint surface (sample annotation)

HMR

hdroxymethyl resorcinol

L

longitudinal direction of wood

LVL

laminated veneer lumber

M1

mode 1 (fracture mechanics)

M2

mode 2 (fracture mechanics)
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MC

moisture content

MDI

methylene diphenyl diisocyanate

MDF

medium-density breboard

MF

melamine formaldehyde

MM

mixed mode (fracture mechanics)

MOE

modulus of elasticity

MUF

melamine urea formaldehyde

MR

mixing ratio

NI

nanoindentation

P

planed joint surface (sample annotation)

PF

phenol formaldehyde

pMDI

polymeric methylene diphenyl diisocyanate

PRF

phenol resorcinol formaldehyde

PUR

polyurethane

PVAc

polyvinyl acetate

R

radial direction of wood

RH

relative humidity

S

slow: testing at reduced speed (sample annotation)

SD

standard deviation

SW
T

solid wood
tangential direction of wood

TSS

tensile shear strength

UF

urea formaldehyde

WBL

weak boundary layer

WF

wood failure

WFP

wood failure percentage

Latin Letters
Ac

contact aera of indentation tip

Af

fractured area, cracked surface

As

cross section area

a

crack length
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Nomenclature

ae

semi-major axis of ellipse

be

semi-minor axis of ellipse

c1,2,3

constants derived experimentally

E

Young's modulus

F

force

G

shear modulus

G

speci c fracture energy

Gel

strain energy release rate

H

hardness

I

moment of inertia

J

line integral

K

stress intensity factor

Kc

fracture toughness

KI,c

fracture toughness for mode 1 load

KII,c

fracture toughness for mode 2 load

Kα,c

fracture toughness for speci c load angle α

MCT

momentum at crack tip

n

number of specimens

~n

normal vector

P
r

strain energy
polar coordinate (distance)

S

unloading stiffness

s

segment on integration path (arc length)

T

stress tensor

t

sample thickness

Ub

rupture energy for bre and/or adhesive bridges

Ui

initial rupture energy

Utot

total rupture energy

u

displacement of loading point

~u

displacement vector

w

sample width

W

work

Wel

work carried out on elastic body

Wi

indentation work
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x

cartesian coordinate

y

cartesian coordinate

Greek Letters

X

α
Γ

load angle
path of line integral

ζ

correction factor

κ

timoshenko shear coef cient

ξ

base point rotation angle

π

mathematical constant: π ≈ 3.14159

ρb

bulk density

σ

stress

τu

ultimate tensile shear strength

ψ

polar coordinate (angle)

Summary
Adhesive bonding is an essential task in modern timber engineering. It
allows to overcome the natural limitations of timber; elements of any
desired dimension can be realised, anisotropy and defects
or coloured heartwood

e.g. knots

can be minimised and the homogeneity can be

increased. But it has to be objected that any joint is again a potential
weak point. Therefore, the general principle of European construction
standards, namely that every joint has to be stronger than the elements
it joins, is also valid here. This is ensured by respective testing standards.
The spruce is

since 100 years and more

Europe's most important

wood resource for timber engineering. Consequently, the testing standards focus mainly on this wood species (or softwoods in general). A
transfer of these standards onto other wood species is, due to the material's complexity and the structural and chemical variability between the
wood species, only of limited application. New approaches have thus to
be employed to verify the load bearing capacity of glue joints1 in other
wood species.
The European beech (Fagus silvatica L.) is the most common broad-leafed
tree species in Switzerland. It has good mechanical properties of which
the timber engineering can bene t. The focus of this study therefore
was on the failure mechanisms of glue joints in beech wood, realised
with different, commercially available adhesive systems. The fracture
toughness of cracks within the bond line, crack propagation at the glue
joint and wood bre and adhesive bridging after failure were investigated.
1 glue

and adhesive are used synonymously in the present study
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Additional nanoindentation experiments were conducted to analyse the
adhesion of the adhesives onto the wood cell wall.
Joints of phenol resorcinol formaldehyde (PRF) showed constantly good
results, the determined characteristics generally lay in the same range
as those for solid beech wood, wherein also the crack propagation takes
place. It can be concluded that such joints have the necessary strength
to be used in timber constructions. The long term behaviour however
should rstly be further examined, since this was only partially feasible
here.
Polyurethane (PUR) has good fracture mechanical properties, but these
cannot be activated in beech wood joints. The weakest link of PUR joints
in beech is the adhesion. The gained results indicate that if the adhesion
can be optimised through adequate priming or adhesive formulation ,
this adhesive system will be a versatile alternative to conventional adhesive systems.
The nanoindentation is capable to show the effects of external factors
on the glue joints and allows the comparison of different adhesives. It
could for example be shown what previously was assumed: moisture
cycles under controlled conditions as well as under outdoor weathering
have a positive impact on the adhesion of PUR onto beech wood (on
the microscopic scale), with spruce wood (Picea abies Karst.) in contrast,
there is no such impact notable. This positive effect however can not be
upscaled, as the other experiments conducted here have revealed.
The terminally conducted standard tests EN 302-1 [1] and EN 302-2 [2]
on industrially produced elements made of ash wood (Fraxinus excelsior
L.) illustrated the dif culty of these testing standards: none of the investigated adhesive systems

of six in total

were able to ful l the

requirements of the standards EN 301 [3] or EN 15425 [4]. Only the PRF
was able to achieve the demanded tensile shear strengths. Time will tell
to what extent these standard tests estimate the quality of such elements,
since just such ash wood elements are already realised in Swiss timber
constructions.

XII

Zusammenfassung
Im modernen Holzbau spielt die Verklebung eine essentielle Rolle. Durch
die Verklebung können die von Natur aus gegebenen Limitationen des
Holzes überwunden werden; so können Elemente jeglicher Dimension
realisiert werden, Anisotropie und Fehlstellen
spielsweise

Äste oder Farbkern bei-

minimiert und die Homogenität erhöht werden. Es muss

jedoch bedacht werden, dass jede Klebfuge an sich wieder eine potentielle Schwachstelle darstellen kann, weshalb auch hier der allgemeine
Grundsatz europäischer Baunormen gilt: Eine Verbindung muss stärker
sein als die Bauteile, die sie verbindet. Dies wird wiederum durch Prüfnormen gewährleistet, welche von Bauteilen zu erfüllen sind. Da die Fichte
in Europa seit über 100 Jahren die wichtigste Ressource für Bauholz ist,
sind konsequenterweise auch die Prüfnormen generell für diese Holzart
(oder Nadelhölzer allgemein) ausgelegt. Eine Übertragung dieser Normen
auf andere Holzarten

insbesondere auf Laubhölzer

ist aufgrund der

Komplexität dieses Materials und der strukturellen und chemischen Variabilität zwischen den Holzarten nur bedingt sinnvoll. Um die Festigkeit
von Klebeverbindungen in anderen Holzarten zu eruieren, müssen daher
neue Ansätze gewählt werden.
Die Rotbuche (Fagus silvatica L.) ist der häu gste Laubbaum der Schweiz
und kann durch ihre guten mechanischen Eigenschaften dem Holzbau
zugutekommen. Deshalb lag der Fokus dieser Arbeit bei den Versagensmechanismen von Klebfugen in Buchenholz, hergestellt aus verschiedenen, kommerziell verfügbaren Klebstoffsystemen. Die Bruchzähigkeit
von Rissen in der Klebfuge, das Risswachstum an der Klebfuge und die
Faser- und Klebstoffbrücken nach dem Versagen wurden untersucht. Des
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Weiteren wurde die Adhäsion der Klebstoffe an die Zellwand mittels Nanoindentierung analysiert.
Klebfugen aus Phenol-Resorcin-Formaldehyd (PRF) zeigten durchgehend
gute Resultate, die ermittelten Kennwerte liegen im Bereich jener reinen
Buchenholzes, worin auch das Risswachstum generell statt ndet. Daraus kann geschlossen werden, dass solche Klebfugen genügend hohe
Festigkeiten erzielen, um auch im Bauwesen Anwendung zu nden. Dem
Langzeitverhalten muss dazu jedoch noch weitere Beachtung geschenkt
werden, da dies hier nur bedingt machbar war.
Obwohl der untersuchte Polyurethan-Klebstoff (PUR) gute bruchmechanische Eigenschaften ausweist, können diese in Buchenanleimern nicht
mobilisiert werden. Die Schwachstelle liegt nicht im Material, sondern
in der Adhäsion dieses Klebstoffes an das Buchenholz. Die Resultate legen nahe, dass, falls die Adhäsion optimiert werden könnte

sei dies

durch entsprechende Grundierung oder Klebstoffformulierung , damit
ein Klebstoffsystem zur Verfügung stünde, welches eine gute Alternative
zu herkömmlichen Systemen bieten würde.
Durch die Nanoindentierung konnten Effekte äusserer Faktoren auf die
Klebfuge aufgezeigt, und unterschiedliche Klebfugen verglichen werden.
So konnte beispielsweise bestätigt werden, was früher vermutet wurde: Feuchtezyklen

sowohl unter kontrollierten Bedingungen wie auch

bei Freibewitterung

wirken sich auf mikroskopischer Ebene positiv auf

die Adhäsion des PUR an Buchenholz aus, bei Fichtenholz (Picea abies
Karst.) hingegen haben sie keinen Ein uss. Dieser positive Effekt lässt
sich jedoch nicht hochskalieren, wie die anderen hier durchgeführten
Experimente gezeigt haben.
Abschliessende Normprüfungen (Zugscherfestigkeit nach EN 302-1 [1]
und Delaminierungsbeständigkeit nach EN 302-2 [2]) an industriell gefertigten Bauteilen aus Eschenholz (Fraxinus excelsior L.) zeigten die Problematik der Prüfnormen auf: Keines der geprüften Klebstoffsysteme
von insgesamt sechs

konnte den Anforderungen der Normen EN

301 [3], beziehungsweise EN 15425 [4] erfüllen. Einzig der PRF erreichte
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Zusammenfassung

die geforderten Zugscherfestigkeiten. Inwieweit diese Normprüfungen
die tatsächliche Qualität solcher Bauteile widerspiegelt wird die Zukunft
zeigen, denn ebensolche Eschen-Elemente wurden bereits in schweizer
Bauwerken realisiert.

XV

1 Introduction
1.1 Motivation and Objective
Wood has always been used as building material, it is widely available
and easy to work with [5]. Coniferous trees are mostly preferred to broadleafed trees, they have a straight growth and are generally lower in density.
Lower density in means of wood physics also stands for a good machinability, but also for a reduction in the strength parameters and lower
Young's moduli [6]. The softwoods were nevertheless favoured in construction engineering during the past centuries and still are and their
trees consequently were cultivated also in regions originally dominated
by broad-leafed trees (e.g. Swiss Plateau, Jura Mountains) [5, 7]. However, regarding the development of the wood reserves in Switzerland's
forests, one can see that during the past ten years the population of
spruce decreased by 7.6 × 106 m3 (−4 %) in volume [8]. In the same time
the beech gained 4.3 × 106 m3 (+6 %) [8]. These two species represent
the most common soft- and hardwood species in Switzerland, but this
trend is equally valid for soft- and hardwood in general. The increasing
hardwood reserve will lead to an increase in hardwood harvest. Instead
of the currently usual energetic use, an intermediate step, e.g. as building material, could add value to this resource and would be a reasonable
application of the additional hardwood [9].
The increasing environmental awareness during the last decades also
lead to a rising demand for wooden building structures, and this trend
seems to continue. Simultaneously, engineering structures are getting
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more complex, demanding materials of high strength. Thus disregarding hardwoods as building material is nowadays not appropriate. These
woods have a good potential to further promote wooden structures by
supporting or replacing softwood elements in zones of high load. However, every wood species has its speci c mechanical and chemical characteristics and is therefore, with regard to load-bearing structures, not
simply interchangeable [10].
Wood strongly reacts on changes in environmental conditions. Of most
importance for timber engineering are the dimensional changes caused
by changing moisture: wood as hygric material swells with increasing
moisture, or shrinks respectively when losing moisture. These dimensional changes may cause problems for structures as a whole. More important, though, are the dimensional changes within a wooden element.
Wood always aims for an internal moisture equilibrium with respect to its
surrounding air humidity. When the surrounding air humidity increases,
the wood will also adsorb a certain amount of moisture. This diffusion
process causes a moisture pro le in the cross section, and consequently
also a stress pro le. When joining wood, e.g. by glueing, the situation
gets more complex, since the different wood parts likely have different
moisture equilibria, diffusion parameters and mechanical properties. Additionally, the glue joint itself may serve as diffusion barrier and therefore
may induce even more internal stresses [11]. When such internal stresses
reach a critical level, cracks will be formed to release those stresses and
propagate with a possibly fatal outcome for the whole structure. Such
consequences however are rare, physical and chemical properties are
well known for many wood species. Especially spruce wood as Switzerland's most common wood in civil engineering is well studied and its
bonding performance continuously improved during the past 100 years.
The properties of beech wood are also relatively well known [12], but the
lack of knowledge about its bonding performance is certainly one of the
reasons why it is seldom used as building material.
These circumstances motivated in 2012 the launch of the National Research Programme Resource Wood (NRP 66), with aims to develop sci-
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enti c principles and practical approaches for making the renewable
resource wood more readily available and widely used [13]. The present
project is part of the NRP 66 and had the objective to promote the use
of hardwood for structural elements. To do so, more knowledge on
bonding hardwood elements and their failure shall on the one hand
be gathered, and on the other hand the safety on predicting the long
time behaviour shall be increased. Therefore the present project was
sub-divided in numerical and experimental investigations. The numerical simulations investigate the moisture transport, stress distribution,
fatigue and delamination to increase the predictability of the safety of
bonded hardwood. The experimental investigations determine the yet
unknown physical properties of glue joints necessary for the numerical
simulations, illustrate the behaviour of cracks at such joints at their different stages and develop testing methods suitable fur glue joints in
hardwood. The latter

experimental

investigations are covered in this

study, using fracture mechanical approaches, standard tests, and small
scale experiments; the study concerning the numerical investigations
can be found in Hassani [14].

1.2 Structure and Approach
The chapters 4 8 are published in peer-reviewed scienti c journals and
represent the main research of this study. The content of these chapters
is reproduced exactly as they were published. The publications are not
presented in chronological order, but sorted by topic. Details on the
publication are given at the beginning of each of these chapters.
The structure of the study follows that of a crack: from crack initiation
through crack propagation until nal rupture. These three topics are
discussed in the chapters 4 6 and are supplemented with two further
perspectives on wood bonding, i.e. investigating the adhesion on the mi-
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croscopic scale (chapter 7), and the quality assessment of glue joints
using standard methods (chapter 8).
Firstly, chapter 2 gives basic information on wood as building material and highlights the main differences between soft- and hardwoods.
Aspects of adhesive bonds are illustrated, and fracture mechanical approaches are discussed.
Chapter 3 then brie y introduces the conducted experiments and the
methodology of the subsequent chapters.
Chapter 4 investigates the fracture toughness in bond lines under different load angles and humidity levels. The fracture toughness is a basic
characteristic in linear elastic fracture mechanics to describe the critical
stress eld around a crack tip initiating crack growth.
Chapter 5 focuses on the crack growth at glue joints and determines the
speci c fracture energy of various adhesive joints under different humidity levels. The speci c fracture energy indicates how much energy per
area is needed to rupture a material. Also the path of the crack is of
relevance, showing the weakest link at glue joints. A novel approach in
wood physics of testing and data evaluation was used.
Chapter 6 has a closer look at ruptured surfaces. Ruptured wooden surfaces have, depending on the crack opening, bres that still form bridges
between the two surfaces. In case of glue joints with elastic adhesives,
also adhesive bridges are possible. These bridges are studied; their maximum span length was measured, and the energy to rupture those was
recorded.
In chapter 7 the adhesion of the adhesives was investigated on the micron
scale. When placing the tip of a nanoindenter directly at the interface
of wood and adhesive, one can measure the force necessary to separate
them, allowing direct conclusions on the adhesion [15]. This study was
also done with different adhesive systems, and in addition, also spruce
wood serving as reference was used for adherends.

4
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Chapter 8 discusses the quality of adhesively bonded ash wood using
the methods of the European Standards (EN). Standards are mostly
developed for softwoods, it is therefore not always easy for hardwood
elements to pass such tests. Especially the delamination resistance
test according to EN 301 [3], or EN 15425 [4] respectively, is a major
hurdle. Industrially produced ash glulam elements were therefore tested
for delamination resistance, and tensile shear tests were performed to assess the quality of glue joints in ash wood. Additional chemical analyses
were performed to nd reasons for the differences in bonding performance between spruce, ash and beech wood.
In the nal chapter 9 the ndings of the main experiments discussed in
the chapters 4 8 are summarised and nal conclusions are drawn.

5

2 Fundamentals of Wood as
Building Material
2.1 Characteristics of Wood
2.1.1 Common Characteristics
Wood has four main characteristics which have to be taken into account
when used as building material. These four characteristics are:
t the inhomogeneity and anisotropy of the physical properties and
t the hygroscopy, which together lead to
t different failure mechanisms and
t dimensional changes of wood.
All wood species share these characteristics, but with varying distinctiveness. In addition, most species have certain peculiarities, chemical
or structural, that have to be considered individually. It is therefore not
trivial to substitute the wood from one species with that from another,
especially if the wood has to be glued (see section 2.3, page 23).
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2.1.2 Anisotropy
The anisotropy of the wood follows the directions of a tree's growth.
Tree stems are typically 10 to 50 times longer than they are in diameter
[16], hence the highest loads occur in longitudinal direction (L, primary
growth) and consequently the longitudinal direction of wood has the
highest strength. Most wood cells are, with their tubular shape, oriented
in this direction, not only because of the necessary strength, but also for
water and nutrient transport (tracheids, vessels). Substances are also
transported in the radial direction (R, secondary growth), i.e. from inner
to outer regions of the trunk and vice versa, but to a lesser extent. Wood
rays are responsible for the radial transport, and simultaneously provide a
certain stiffness for the wood in radial direction [17]. No cells are oriented
in the third, tangential, anatomical direction of the wood (T), transportation is only possible through pits. Therefore this is also the direction of
least strength in wood. Fig. 2.1 on page 12 depicts wood surfaces along
the different anatomical directions, which also indicate the anisotropy of
wood. Tab. 2.1 lists mechanical properties along the different anatomical
directions, also illustrating the anisotropy.
The anisotropy of wood is accompanied by the natural inhomogeneity,
from tree to tree, and within one trunk itself. To overcome the inhomogeneity, one can either grade the wood according its mechanical characteristics, or split and join it as desired. Normally, a combination of both is
done. The ner the wood is disintegrated, the more can the inhomogeneity and anisotropy be reduced, but strength and stiffness are reduced
likewise (e.g. particle board), and the costs rise.

2.1.3 Hygroscopy and Dimensional Changes
The hygroscopy of wood arises from its chemical structure. The three
main chemical components are cellulose, lignin and hemicelluloses the
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Tab. 2.1 Average properties of the herein discussed woods: beech
(Fagus silvatica), ash (Fraxinus excelsior L.) and spruce (Picea
abies Karst.) [8, 10, 12, 18 23]. Moisture-dependent values
are given for standard atmospheric conditions.
CH wood stock (2010)
Raw density

Beech

Ash

Spruce

75

15

192

[106 m3 ]

750

670

470

[kg/m3 ]

Young's modulus

L
R
T

14 400
2 280
1 160

12 900
1 500
800

11 000
800
450

[MPa]
[MPa]
[MPa]

Shear modulus

LR
LT
RT

1 240
930
380

1 180
810
380

650
600
50

[MPa]
[MPa]
[MPa]

Tensile strength

L
R
T

110
20
9

140
13
9

90
4
3

[MPa]
[MPa]
[MPa]

Compressive
strength

L
R
T

45
11
6

43
11
10

40
4
4

[MPa]
[MPa]
[MPa]

Hardness (Brinell)

L
R/T

71
35

64
41

31
12

[MPa]
[MPa]

Shrinkage (maxima)

L
R
T

0.3
5.8
11.8

0.2
4.9
8.1

0.3
3.6
7.8

[%]
[%]
[%]

43
24
32
1.7
5.3

38
25
36
5.2
5.8

40
28
31
2.3
4.7

[%]
[%]
[%]
[%]
[ ]

Cellulose content1
Lignin content1
Hemicellulose content1
Extractives2
pH
1
2

structural substances
e.g. resins

generally not 100 %, remainders: mineral compounds

located in voids and cell lumina
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structural substances of wood (see Tab. 2.1) [24]. Basically, cellulose
forms chain-like structures, responsible for the tensile strength of wood.
These cellulose structures, bundled together in micro brils, are embedded in a matrix of lignin and hemicelluloses, which themselves stiffen
the wood cell walls and bear compression loads. Cellulose and hemicelluloses both have hydroxyl groups, making these components hydrophilic,
and are responsible for the moisture uptake and the hygroscopy of wood.
Lignin in contrast is relatively hydrophobic and thus limits these effects to
some extent [25]. The amount of adsorbed water depends on the environmental relative humidity. Wood therefore strives for a certain equilibrium
moisture content by water uptake or release, depending on changes in
the environment.
The dimensional changes of wood are direct cause of its hygroscopy. Adsorbed air humidity is stored in the cell walls, causing them to swell

or

shrink respectively, when releasing moisture. This applies to all relative
humidities, implying that wood dimension changes take place with all
changes in relative air humidities between 0 % to 100 %. When approximating 100 % relative humidity (RH), the bre saturation point, i.e. the
maximum amount of adsorbable water, will be reached. At this point,
most wood species have a moisture content of 27 % to 32 %, referring
to dry weight [26]. Additional water, as for example in green wood, is
stored in the cell lumina, and does not provoke any further swelling [27].
The extent of swelling and shrinkage is again concordant with the wood's
anisotropy: least swelling occurs in longitudinal, most swelling in tangential direction of the wood (Tab. 2.1). Cause are as for the anisotropy
the orientations of tracheids and rays, but also their inner structure is of
importance [27, 28].
The dimensional instability of load-bearing timber is a major problem in
construction engineering. This is not because of the global dimension
changes, e.g. the length of a beam, but because of local differences
within the beam, resulting in internal stresses. Changes in the surrounding RH cause the wood to adapt to the new condition. This is a diffusion
driven process taking its time. The surface wood consequently adapts

10
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faster to the new environment than the inner regions, resulting in a crosssectional moisture pro le, which in turn leads to internal stresses due
to constrained swelling. Resulting tensile stresses may lead to crack
formation, impairing the structural integrity, or even culminating in a
collapse. The standards therefore subdivide the timber elements in moisture classes [29] or utilisation classes [30] and de ne speci c criteria,
depending on which moisture levels have to be expected in the wood.

2.1.4 Characteristics of Herein Discussed Woods
The herein carried out research focuses on beech wood from the European beech, Fagus silvatica L., but also European ash (Fraxinus excelsior
L.) and Norway spruce (Picea abies Karst.) wood were included. The basic properties of these woods are collected in Tab. 2.1. Their appearance
along the three anatomical directions is illustrated in Fig. 2.1.
Beech is a diffuse-porous hardwood of bright colour with optional formation of red heartwood. Wood rays are pronounced, as can be seen
in Fig. 2.1, and the annual rings are inconspicuous. The wood is easily
machinable, and, if steamed, also well bendable. The treatability is also
good as long as no red heartwood is used. The durability of beech wood
is generally low, with regard to insect infestation and fungi as well as
weather-resistance. The wood tends to warp and crack when drying too
quickly because of the high shrinkage coef cients, and demands special
care when glue joints or varnish are involved, depending on the application. [18, 19]
The strength parameters however qualify beech wood for a good candidate as building material. The Young's moduli are high compared with
other woods that may come into question, and the tensile and compressive strengths are within the same range of those (Tab. 2.1) [19].
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The European beech is domestic in Switzerland and a highly competitive
species, it thus once formed vast pure stands in the Swiss Plateau and
Jura Mountains. These pure stands declined because spruce as more
ef cient wood producer was favoured in silviculture. Beech is however
still the second most common species in Switzerland (regarding wood
stock), after the spruce. [8, 31, 32]
Ash is, in contrast to beech wood, a ring-porous hardwood. The difference is clearly visible in Fig. 2.1 when regarding the RT plane. The annual
rings are therefore easily recognisable. Other properties are similar to
the beech wood: the colour is bright, and formation of coloured (brown)
heartwood is also possible. Ash wood is also in the same durability class
as beech wood, well machinable and has a good treatability (except for
the coloured heartwood). It is however less prone to warping and cracking
while drying, since the shrinkage coef cients are lower. [18, 19]
The mechanical properties of ash wood are also good. Young's moduli
and shrinkage coef cients are comparable with other hardwoods, but
the tensile strength is better than of most competitors [19].
The European ash is a tree with a relatively straight growth, compared with
other broad-leafed species in Switzerland. Pure stands are not present,
but it can well compete with the beech in moist areas. It is the second
most common broad-leafed tree species in Switzerland. [8, 32]
Spruce is a softwood with the annual rings well recognisable, as well as
the resin channels (see Fig. 2.1). Heart- and sapwood are indistinguishable by colour. The wood has a low durability and is susceptible to fungus
and insect infestation, the treatability is also bad. It dries quickly and
without problems. The wood can very well be machined, resin is seldom
a problem. [18, 19]
The Norway spruce is actually native to mountainous areas, but it was
favoured in silviculture early on, since it is an unpretentious tree that
grows straight and rapidly. For the same reasons it is the preferred wood
resource still nowadays and consequently leads by far on the list of the
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most common tree species in Switzerland. It is therefore also the most
important wood in civil engineering, also in Europe, and very popular in
the paper industry. The strength parameters are in the same range as
those from other softwood species, but lower than the ones of beech and
ash wood. The spruce has in return a lower density, equalising this difference to some extent. This can be highlighted by the speci c modulus,
i.e. the elastic modulus divided by density, and the speci c strength, i.e.
the strength divided by density. These parameters are illustrated in Tab.
2.2. [8, 18, 19, 31]

2.2 Failure Mechanisms of Wood and Basics of
Fracture Mechanics
2.2.1 Failure Mechanisms
The anatomical structure of wood, responsible for its anisotropy, also
leads to different failure mechanisms, depending on the wood orientation and whether the loads are tensile or compressive. When simplifying
the wooden structure with a model of bundled pipes, one can easily
descry the different failure mechanisms. Such a model is illustrated in
Fig. 2.2. Tension leads in general to brittle failure, whereas compression
allegedly leads to plastic deformation. These deformations under compression actually arise from collapses within the cell wall structure, and
are technically speaking not of plastic kind, even though such might be
involved. Compression in the longitudinal direction results in cell wall
buckling [33]. Such failure only occurs locally by forming buckling bands
in areas of maximum load or minimum strength respectively (see Fig. 2.2
bottom right). Additional loads lead to further deformation of existing
bands, while the surrounding wood remains intact [34, 35]. Compression
in radial or tangential direction results in sponge-like deformation of the
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Tab. 2.2 Speci c moduli and strengths for beech, ash and spruce,
derived from Tab. 2.1.
Beech

Ash

Spruce

Speci c Young's
modulus

L
R
T

19.2
3.0
1.5

19.3
2.2
1.2

23.4
1.7
1.0

[106 m2 /s2 ]
[106 m2 /s2 ]
[106 m2 /s2 ]

Speci c shear
modulus

LR
LT
RT

1.7
1.2
0.5

1.8
1.2
0.6

1.4
1.3
0.1

[106 m2 /s2 ]
[106 m2 /s2 ]
[106 m2 /s2 ]

Speci c tensile
strength

L
R
T

147
27
12

209
19
13

191
9
6

[103 m2 /s2 ]
[103 m2 /s2 ]
[103 m2 /s2 ]

Speci c
compressive
strength

L
R
T

60
15
8

64
16
15

85
9
9

[103 m2 /s2 ]
[103 m2 /s2 ]
[103 m2 /s2 ]

cell structure of either mainly the softwood (radial load), or soft- and latewood likewise (tangential load) [36]. In such way densi ed wood can also
be used as construction material (named Lignostone) and was popular in
the middle of the 20th century [37], but is nowadays not of importance
anymore [38].
Tensile failure can be characterised by the amount of bre bundles that
have be ruptured transversally, e.g. tracheids and vessels under longitudinal load or wood rays under radial load. Under tangential load, the
cells have only to be separated perpendicular to their orientation. The
brittle nature of wood under tension is however independent from the
load angle, only the ultimate strength varies, as already stated earlier.
Tensile failure under longitudinal load seldom leads to rupture with an
even crack surface. The crack paths can be rather complex, with vast
areas of shear failure between bre bundles [39]. Tension perpendicular
to the grain leads to either a failure in the earlywood or failure paths
along the wood rays, depending on load angle and the wood's peculiarities regarding ray formation and pore distribution [39]. Such failure is
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simpliﬁed pipe model
of wood

tensile strain:

Fig. 2.2

compressive strain:

Failure mechanisms in wood, explained on a simpli ed pipe model.

oftentimes accompanied by bre bridging [40]. Fig. 2.2 illustrates this
behaviour (second left). The extent of bre bridging depends on the bre
length of the species [41].

2.2.2 Basics of Fracture Mechanics
When regarding the failure mechanisms of wood it becomes obvious that
tensile loads are more problematic than compressive loads, even though
the tensile strength is higher (Tab. 2.1, page 9). The brittle nature of
wood under tension can lead to immediate failure, without any previous
indication. The ultimate tensile failure is per se a separation of one solid
body into two or more parts. This separation begins with an initial crack,
which starts to propagate and nally ruptures the original body. As this
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description of failure suggests, are fracture mechanisms very local and
take place on a small scale around the crack tip. These mechanisms
around a crack tip are dominated by its singularity and consequently
cannot be satisfactorily described with continuum mechanics.
Describing cracks by approximated ellipses as done by Inglis [42] in 1913
helps understanding why solid elements fail at loads below their computed strength, but it also illustrates why continuum mechanics are not
capable to completely solve this problem. Assuming an in nite plate
under uniaxial tensile stress σ, and cutting an elliptic hole with ae as
semi-major and be as semi-minor axis, whereas be is aligned parallel to σ,
the maximum stress σmax occurring at the ellipse is:


2 · ae
σmax = σ · 1 +
be

(2.1)

σmax occurs at the vertices of the major axis. To converge the ellipse
towards a crack, be has to be reduced. It is apparent that this would soon
lead to unreasonably high stresses.
In 1921 Grif th [43] therefore proposed a new approach considering energies instead of stresses. Any external force applied to an elastic solid
will carry out a work Wel that is conserved as strain energy Pel within
the solid. Due to the conservation of energy, any change in external load
results in a change of strain energy:

Wel + Pel = 0
Pel = − Wel

(2.2)

State 1 in Fig. 2.3 illustrates such an arbitrary elastic solid containing a
crack of length a and an external load F . At state 1, this solid contains
a certain strain energy Pel,1 . In state 2, the length of the crack has been
extended by ∆a. But at the same time, a certain stress σ has been introduced at the new crack surface along ∆a. This σ has a magnitude
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and distribution in the manner that the new crack surfaces at ∆a keep
in touch and the same strain as in state 1 is maintained within the solid.
Therefore, Pel,2 in state 2 is still the same as Pel,1 . This load σ, being
an external load, can now be reduced to zero, and the nal state 3 with
the extended crack a + ∆a is reached. This procedure is also known as
virtual crack closure technique. Since now an external load has been removed, the strain energy consequently must be lower too. This reduction
in strain energy was used to extend the crack and is thus proportional
to the fractured surface. Assuming a constant sample width w, the fractured surface ∆Af equals ∆a · w. Therefore, the released energy per unit
crack length can be written as:

Gel = −

lim

∆Af →0

∆Pel
∆Af

(2.3)

1 dPel
= − ·
w da
Hence, crack growth releases strain energy. Gel is commonly known
as strain energy release rate. Grif th [43] summarises his approach as
follows:
It is known that, in the formation of a crack in a body composed of molecules which attract one another, work must be
done against the cohesive forces of the molecules on either
side of the crack. This work appears as potential surface energy, and if the width of the crack is greater than the very
small distance called the `radius of molecular action,' the energy per unit area is a constant of the material, namely, its
surface tension. [43]
Upon this theory, a simple failure criterion can be stipulated: failure will
occur if more energy is released than necessary for surface creation. The
strain energy in an elastic system can directly be deduced from the work
carried out by the external forces, therefore no knowledge is needed
about local details of the crack. It has however to be kept in mind that a
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state 1

state 2

F

Fig. 2.3

state 3

F

F

Arbitrary elastic solid illustrating the virtual crack closure technique.

strictly elastic solid has been presumed for this approach. f
Years later, in 1968, Rice [44] presented his approach on investigating
cracks. His approach is, as later can be seen, a more general view on
the ideas of Grif th [43]. He found the now widely known and used J
integral. J is a line integral around the crack tip and is de ned by Rice
[44] as follows:
Z 
J =

P dy − T · ~n ·


∂~u
ds
∂x

(2.4)

Γ

Wherein P is again the strain energy, T the stress tensor, ~n is the normal
vector to the path Γ, ~u the displacement vector and ds is an element of
arc length along Γ [44]. These parameters are also illustrated in Fig. 2.4
(left). The J integral is path-independent and zero over any closed path,
as long as no external forces are applied within the path. The proof for
these two statements can be found in Rice [44].
It can further be shown that J · ∆a corresponds to the energy

ow

through Γ while the crack extends by ∆a, thus:
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J =

1 ∂W
1 ∂P
·
= − ·
w ∂a
w ∂a

(2.5)

Wherein a constant width w of the solid is presumed. The resemblance
between Eq. (2.3) and Eq. (2.5) is obvious, but the J integral is in contrast
to Grif th's [43] approach not limited to elastic materials and it is, due to
its independence of the integration path, generally more versatile. [45]
Besides the advancements in the energetic knowledge of cracks, progress
was also made in understanding stress distributions around crack tips.
Westergaard [46] used a complex variable as stress function and computed solutions for several problems. His approach was later adopted by
Irwin [47] who generalised the method and introduced the stress intensity
factors. At the same time Williams [48] adopted another approach from
Westergaard [49] and found a general solution for stress distributions
near crack tips. Merging the results from Irwin [47] and Williams [48],
one can summarise their ndings as follows:


σr



K
 
√I
 σψ  =
4 · 2πr
τrψ



5 cos ψ2 − cos 3ψ
2


3 cos ψ2 + cos 3ψ
2 
sin ψ2 + sin 3ψ
2


5 sin ψ2 − 3 sin 3ψ
2
KII 

√
+
 3 sin ψ2 + 3 sin 3ψ
2 
4 · 2πr
− cos ψ2 − 3 cos 3ψ
2


(2.6)

For sake of simplicity only a two-dimensional situation is presumed. The
stresses are denoted in polar coordinates r and ψ, as illustrated in Fig.
2.4 (right). σr and σψ are therefore the normal stresses in r and ψ respectively, and τrψ is the shear stress. KI and KII are the stress intensity
factors for the fracture mode 1 and 2 respectively. Fig. 2.5 illustrates
these fracture modes. The third independent fracture mode

mode 3

can be handled analogously, but will no further be discussed here. Eq.
(2.6) hence stands for the general mixed modes between mode 1 and
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y

ds
x

Fig. 2.4

Illustration for J integral components (left) and
stress intensity characterisation (right).

mode 2. The singularity in Eq. (2.6) at the crack tip (r = 0) is obvious,
but in contrast to Inglis [42] illustrates Eq. (2.6) the stress distribution
around the crack tip and the intensity of the stress concentration with
the K factors. These K factors depend on the geometry of crack and
element as well as of the external loads. But as single unknowns in Eq.
(2.6), these K factors suf ce to describe the stress eld near a crack
and therefore can serve as failure criterion, i.e. as soon as K reaches a
critical value Kc the crack will propagate. Kc is the fracture toughness
and a material constant, generally indicated as KI,c , KII,c and KIII,c for
the three independent fracture modes (Fig. 2.5). As for Grif th's [43]
approach for the strain energy release rate, Williams [48] and Irwin [47]
assumed a linear elastic material, thus this theory also is only valid for
materials with plastic deformations limited close to the crack tip.
Since the theories discussed above all aim for the same goal, their ndings have to correlate. When separating the J integral into its elastic
fraction Jel and the plastic fraction Jpl , it can be shown that

Jel = Gel =

2
KI2 + KII
E0

(2.7)

With
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fracture modes
mode 1
mode 2
mode 3

Fig. 2.5

Fracture modes. The lower crack surface is coloured dark.

(
0

E =

E

for plane stress

E
1−ν 2

for plane strain

(2.8)

Wherein E is the Young's modulus and ν is the Poisson's ratio. [45, 50]
Several test setups can be used to characterise a material with the described fracture parameters. The most convenient way is to rupture a
sample and determine the fracture energy by dividing the applied work
by the fractured area. A such determined fracture energy can be related
to an averaged Gel or J , but it must be considered that the fracture
behaviour and energy consumption varies while the crack propagates,
especially at initial propagation and nal rupture. Determining Kc of a
material is more complex due to the dependence of the stress intensity
factors from the sample geometry. Such experiments therefore are oftentimes accompanied by numerical analyses to be able to link specimen
geometry with external loads to gain Kc . If a numerical analysis is not
feasible it is also possible to consult one of the many reference books
like e.g. Murakami et al. [51], where stress intensity factors are listed for
numerous geometries.
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2.3 Adhesive Bonding of Wood
2.3.1 Prerequisites and Adhesive Types
Because of the characteristics of wood, adhesive systems for wood bonding have to meet certain basic criteria:
t wood surfaces are never perfectly plane, the adhesives therefore
need a certain lling capacity.
t moisture is always present in the wood due to its hygroscopy. The
adhesive systems therefore have to be compatible with this moisture during the lifetime of the bonded element.
t the dimensional instability of wood due to moisture changes leads
to internal stresses, also at glue joints. The adhesive systems have
either to withstand those stresses, or be exible enough to allow
partial movement within the glued element. [52]
There are however many adhesive systems that meet these requirements,
using different bonding mechanisms. Adhesives can basically be split in
two categories: physically setting or chemically reactive adhesives. The
physically setting adhesives consist of the nal adhesive polymers that
are either lique ed by heat (hot melts) or organic solvents, or are dispersed in water. The curing therefore takes place by cooling or releasing
solvents or water respectively. A prominent representative of this category is the white glue or PVAc, a dispersion of polyvinyl acetate (hence
PVAc) in water. PVAc is one of the most used adhesives in wood bonding because it is easily applicable and non-hazardous. It can virtually be
found in any carpentry, and also the furniture industry oftentimes uses
this adhesive. However, since PVAc is a water-based dispersion, its joints
are not water-resistant and thus disqualify the adhesive for load-bearing
elements. [53]
Chemically reacting adhesives cure by forming macromolecules, via polyaddition or -condensation.

The majority of adhesives used in wood
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products industry base on urea formaldehyde (UF) resin, its main reaction is a polycondensation. Fig. 2.6 illustrates the structural formulæ
of urea, formaldehyde and other basic adhesive components later discussed. These adhesives have a number of good characteristics; they are
easy to handle, inexpensive, are widely available and form bonds of high
strength. They have however two major drawbacks: they are sensitive
to high moisture, and the included formaldehyde can be hazardous to
health. Formaldehyde is not only emitted during the production, but also
after curing. This lead to problems in the past since these adhesives
are widely used in particle board and medium-density breboard (MDF)
production, which again are commonly used for furniture, bringing the
formaldehyde into the living spaces. This problem was identi ed in the
1970's and is practically solved by now. The sensitivity to moisture can
be overcome by admixing e.g. melamine. Melamine formaldehyde (MF)
resin has also a good bonding performance, especially with regard to
swelling and moisture resistance. Melamine though is relatively expensive, thus mostly a combination of UF and MF is used, namely melamine
urea formaldehyde (MUF) resin, to have the advantages of both adhesives.
[53 56]
Another important group besides the urea based adhesives are the phenol
formaldehyde (PF) resins and their derivatives. With the achievements of
Bækeland [57] in 1909, PF resins quickly became the rst synthetic resin
with commercial success [58]. PF resins are easily recognisable by their
reddish brown colour and are characterised by a good water resistance
and low formaldehyde emission. Their reactivity is however also lower
than e.g. for UF. The PFs are therefore generally processed at increased
temperature. Bonding wood at high temperatures though is only of limited application for load-bearing structures, but can be used in board
production (MDF, particle board, LVL, CLT) when moisture and weather
resistance is demanded. One derivative of the PF, the phenol resorcinol
formaldehyde (PRF), however, can well be used in timber engineering,
since the additional resorcinol greatly increases the adhesives' reactivity
and thus can be applied cold-setting. The very good weather resistance
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of the PF is still maintained in the PRF. These adhesives are therefore
preferably used for outside applications or if high environmental moisture
cannot be precluded. [53, 54, 58 60]
Polyurethanes (PUR) are a relatively new adhesive type in wood bonding
[61]. PUR adhesives can be realised as physically setting or chemically
reactive. The latter ones however are prevalent. They are available as oneor two-component systems, but both base on the same principle, namely
a polyaddition of polyol and isocyanate. Two-component systems simply
consist of one component polyol and one component isocyanate, mixed
together at a proper ratio, depending on the desired bond properties.
One-component PURs consist of polyol with an excess of isocyanate,
forming chains with remaining functional isocyanate groups attached.
These isocyanate groups can now react with water and form a solid bond
under elimination of carbon dioxide. As cause of its hygroscopy is moisture always present in wood, which is therefore an ideal adherend for
one-component PUR glue joints. The contained moisture in the wood
normally suf ces for the hardening of the adhesive, being above 6 %.
PUR adhesives can produce both exible or rigid bonds. Rigid bonds are
achieved with branched polyols and high excess of isocyanate, resulting
in distinct cross-linking between the reactants. Flexible bonds emanate
from linear polyols with less excess of isocyanate, thus having only limited
cross-linking potential. The polar ethyl carbamate groups of the PURs
allow good adherence on many materials. PURs consequently have many
applications, in automotive and rail industry, but also in many other disciplines of the technical industry. The strengths of one-component PUR are
certainly the simple usage due to being only one component, universality,
lack of formaldehyde and, with regard to processing, unproblematic disposal and cleaning of the machines. Their application for load-bearing
timber constructions is, as already mentioned, quite new, but a great
effort is made in wood science to promote the PUR, e.g. by Kläusler [62]
or Clauÿ [63]. Mechanical properties of such an adhesive and other main
adhesives used in this study are listed in Tab. 2.3. These values were
determined on adhesive lms [64], without adherends. [53, 54, 62, 65]
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Tab. 2.3

Mechanical properties of the herein used
adhesives, as determined by Kläusler et al.
[64].

MUF
PRF
PUR

Tensile strength
[MPa]

Young's modulus
[MPa]

40
34
27

2 500
3 400
1 000

Another versatile adhesive type for wood bonding are the emulsion polymer isocyanates (EPI). EPI adhesives are always two-component systems,
one component being the emulsion, the other component being the
hardener. The EPIs generally use water-based emulsions of mainly ethylene vinyl acetate, PVAc, or acrylate or styrene based polymers. The
hardener of EPI consists, as the name indicates, of isocyanates. They
serve as cross-linking agents for the polymers and consequently need
at least two NCO groups. An isocyanate typically used is the methylene
diphenyl diisocyanate (MDI) or polymeric MDI (pMDI). Both MDI and especially pMDI can also be used as adhesives themselves, their toxicity
and high costs however limit their application for special purposes. As
for the PURs, the isocyanates produce carbon dioxide while the EPI cures,
leading to a certain foaming. Depending of the composition of the EPI,
the properties of the adhesive can be varied by composition and degree
of cross-linking, resulting in e.g. various processing times and bond line
stiffnesses. [53, 54, 66]
To improve the adhesion on wood surfaces, it is also possible to apply a
primer prior to bonding. Primers can have various functionalities: they
can improve the curing of the applied adhesive, improve the accessibility to functional groups, or stabilise the wood. Priming is possible
for any adhesive, but it is not always worthwhile since an additional
processing step would be required. The simplest thinkable primer for
one-component PURs is water. It can increase the reactivity on the wood
surfaces or simply ensure that enough OH-groups are present for the
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curing of PUR, especially if the environmental air humidity is low at the
manufacturing site. The swelling of the wood surface may also ease the
access to its hydroxyl groups (see Adhesion Through Adsorption, page 30).
However, water may not be the best primer if swelling the wood is its main
task, since this is caused by hydration at exactly these hydroxyl groups
and thus might hinder the adhesion. To bypass this circumstance, other
swelling agents are required. Ashton [67, 68] investigated the usability of
different swelling agents and concluded that dimethylformamide (DMF)
could well be used as such a primer to enhance the adhesion. Its structural formula is depicted in Fig. 2.7. The priming process with DMF does
not involve formaldehyde, formaldehyde-free bonding is thus possible in
combination with e.g. PUR. However, DMF itself is toxic, and special care
has thus to be given while handling, especially at high concentrations.
The effects of DMF on wood, PUR and their glue joints was studied in
detail by Kläusler et al. [69, 70].
Another priming liquid that shows signi cant improvements on bond line
properties is the hydroxymethyl resorcinol (HMR) and its derivatives (see
Fig. 2.7 for chemical structure) [71]. HMR can be used in combination
with PUR as well as with MUF, PRF or EPI. HMR serves as coupling agent.
It is however doubted that this primer chemically reacts with the adhesives themselves, since HMR primed wood panels bond well even if the
actual bonding takes place weeks after priming. The improved bond quality seems to arise from a stabilised wood surface, reducing stresses and

HMR

DMF
HO

O

OH

N
OH

Fig. 2.7
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strains within the bond line. The mechanisms of HMR at glue joints are
not yet completely understood and are still topic of research. [70, 72 75]

2.3.2 Principles of Adhesion Theory
Background
The understanding of wood adhesive bonding has changed a lot over
time. Earliest models only considered a linkage between adhesive and
adherend as relevant, being the adhesion. This is illustrated as the rst
model in Fig. 2.8. Taking wood as adherend, and considering its variability,
the chain of linkages has to be extended, since the adhesion on the rst
adherend could differ from that on the second adherend (Fig. 2.8, second
model). However, not only the characteristics of the wood itself are relevant for the adhesion, but also the surface preparation of the wood, e.g.
planing or face-milling (Fig. 2.8, third model). Surface preparations are
always accompanied by subsurface damage, depending on machining
and condition of the tools (Fig. 2.8, fourth model). Finally, not only the
difference of the wood and its machining should be considered; the application of the adhesive plays also a role (e.g. on one or both surfaces,
open time) as well as the migration of its components within the joint,
resulting in different compositions within the adhesive and its boundary
layer. Summing up all these factors results in a chain with a total of nine
different links. This chain is depicted as fth model in Fig. 2.8 and is
oftentimes simply referred as Marra's model [76]. As for every chain, the
weakest link de nes its strength. A failure within an A- or W-link (Fig. 2.8)
is considered cohesive failure. Cohesive wood failure is used as quality
measure (e.g. in CSA O112.9-10 [77]) because it suggests that the joint
is stronger than the wood. The task of identifying cohesive wood failure
however is not trivial, because a failure in the wood subsurface (S-link,
Fig. 2.8) can look the same, but may have different origins. Chemical
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components of the adhesive or its curing might induce stresses or premature damage in the subsurface, resulting in lower strength compared
to the regular wood [70, 78]. Differentiating between deep and shallow
wood failure as de ned by ASTM D907-11a [79] can obviate this problem
to a certain extent.
With regard to the actual adhesion between adhesive and wood, one
mainly has to focus on the interface and the wood subsurface (I- and
S-link in Fig. 2.8). Several mechanisms in these zones are responsible for
the stability of a glue joint, which namely are:
t adsorption,
t diffusion,
t mechanical interlocking, and
t weak boundary layers.
Adhesion through electrostatic forces does also exist. These forces however are of minor importance in wood bonding and thus are not further
discussed here. [54]

Adhesion Through Adsorption
The adsorption theory of adhesion states that the adhesion arises from
intermolecular forces, occurring whenever two materials come in contact
on the atomic level. In wood bonding, these forces consist of one or more
of the following:
t van der Waals forces:
· London,
· Debye,
· Keesom;
t hydrogen bonds, and
t covalent bonds.
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Symbolising adhesive bonds in wood with chains of
factors and linkage mechanisms, according to Marra
[76, 80].
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The listed forces are sorted by increasing strength. The presence of covalent bonds in the wood adhesive interface, being the strongest thinkable
bonds, is debatable and topic of many investigations [59, 81]. The presence and importance of van der Waals forces and hydrogen bonds in
contrast are generally accepted. Van der Waals forces are in any case
present as soon as contact on atomic level is given. The prerequisites for
hydrogen bonds are given by the wood (hence its hygroscopy) as well as
by any adhesive mentioned before. [54, 59, 82]

Adhesion Through Diffusion
In the diffusion theory, one assumes that adhesion arises from diffusion
of molecules from both partners

adhesive and adherend

through the

interface into each other. Therefore, while the adsorption theory is strictly
limited to the adherend's surface, the diffusion theory covers the penetration of the adhesive into the wood cell wall (not to be confused with
the penetration into the cell lumina, see Mechanical Interlocking below).
In order for the diffusion to take place, a certain solubility and mobility
of the molecules are required. These prerequisites might be given by the
amorphous components of wood. Regarding the adhesives, only in situ
polymerising adhesives like PRF or MUF may contain components able to
diffuse into the cell wall, for prepolymerised adhesives like PUR and EPI
this phenomena is rather unlikely. Primers like DMF and HMR in contrast
are able to diffuse and support the adhesion in this matter. [54, 78, 83]

Mechanical Interlocking and Weak Boundary Layers
Mechanical interlocking occurs when a liquid adhesive partly penetrates
a porous adherend before hardening. Then, once hardened, adhesive and
adherend form a hook-and-loop-like system. In case of wood adherends, a
porous system, being the cell lumina, is given. The penetration of the adhesive depends on its wetting capability (contact angle), hardening time,
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and the properties of the wood (pore distribution and accessibility, grain
angle, etc.). Too much adhesive penetration however is counterproductive, because it may lead to starved bond lines. Mechanical interlocking
can also occur between the two adherends directly; either when the surfaces are rough, or, mainly in case of softwood, when the latewood of one
adherend comes together with the earlywood of the other while pressing.
The contribution of such interlocks for the bond strength depends on
the load angle, since they only come into account when shear forces are
present. The general opinion about the presence and contribution of mechanical interlocking commuted between inexistent and indispensable
during the last 100 years; for a deeper insight into this discussion shall
be referred to Packham [84]. [82, 85]
Weak boundary layers (WBL) are, strictly speaking, not part of the adhesion. They are however of technical importance for glue joints and hence
shall not be omitted. WBLs are zones of low strength close to the bond
line, thus impairing also the strength of the joint. In wood adherends,
they can arise from polluted surfaces, resin, preexisting cracks or damage due to machining. Also WBLs of chemical nature are possible, e.g.
degradation through environmental in uences (UV-light, water) or migration of extractives. Such WBLs make pretreatments of wood adherends
inevitable and consequently the surfaces of wood boards to be bonded
are prepared generally within 24 hours before adhesive application. The
surfaces are mostly prepared by planing, sanding or face-milling. Most
WBLs can be avoided like this, except for the damages caused by the
machining itself. The degree of damage depends on the process and the
conditions of the tools involved [86]. Priming the surfaces, as mentioned
previously, can also reduce WBL by strengthening and stabilising the
wood subsurface. [82, 87]
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2.3.3 Concluding Remarks
The highlighted adhesion theories do not mutually exclude each other.
Their occurrence depends on both wood type and adhesive system. Consequently there is no adhesive system that ts all needs in wood technology. The in uence of the wood species cannot be neglected; not only
the differences between soft- and hardwood or diffuse- and ring-porosity
are of importance, even little differences in chemical composition may
have strong impact on the bond quality. Also the presence of coloured
heartwood, as it optionally can occur in ash and beech wood, in uences
the glue joints, along with the presence of extractives and mineral compounds (see Tab. 2.1 on page 9 and especially chapter 8) [53, 88, 89].
Their detailed study however would go beyond the scope of this thesis,
but is covered by many other research, e.g. Schmidt [88]. It is hence
evident that wood adhesive joints have to be individually examined for
their quality and depending on their nal application. [54, 82]
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3 Applied Methods
Here an overview of the conducted experiments and their general methodological approach is presented. Speci c aspects of the methodology
are given in each chapter.
The basics of fracture mechanics discussed in section 2.2.2 were adapted
on glue joints. The adhesives in focus were PRF a well established wood
adhesive in timber engineering

and PUR, a relatively young adhesive

in this industry. The other adhesives discussed in the previous section
were, where feasible, also considered.
Fracture toughness and speci c fracture energy were both investigated,
even though they should correlate, as stated in section 2.2.2. Reason is
the complex situation around glue joints, illustrated in Fig. 2.8 on page
31, superimposed with the singularity of a crack. Additionally, both experimental setups approach the seemingly same problem from different
perspectives. Therefore investigating both Kc and G allows to draw conclusions on both, the glue joints and the experimental setup themselves.
(Chapters 4 and 5 on page 39 and page 57, respectively)
The fracture toughness was measured under variable climatic conditions
and load angles using an Arcan test mount. The location of the initial
crack tip is essential, it was therefore placed directly in the bond line using
thin silicon lms. For the determination of the speci c fracture energy
though, the initial crack tip is of minor importance, as an advanced approach of data evaluation was used. The crack tip was therefore de ned
using a microtome blade. Simple double cantilever beam (DCB) specimens with centric glue joint were taken to measure G for mode I, but the

35

Mechanical Performance of Glue Joints in Structural Hardwood Elements

crack propagation rate was held constant to determine potential in uences of the testing speed.
To complete the view on cracks at glue joints, subsequent bre and adhesive bridges after failure were examined. The used approach has similarities with the experiments concerning fracture energy, but with the
sole focus on the rupture of the bridges, with no theoretical basis in
fracture mechanics. The initial crack was
toughness experiments

analogously to the fracture

de ned with silicon lms within the bond line.

The samples (depicted in Fig. 6.2 on page 84) were rigidly attached to
the testing device to guarantee that the crack faces are parallel at any
time of the experiment. This allows to transfer the displacement of the
crack faces into bridge length and correlate it with the energy dissipation.
(Chapter 6 on page 79)
Two further topics were discussed which indirectly deal with fracture at
glue joints: the adhesion on cell wall level, and standard tests estimating
the quality of glue joints from a technical point of view. The adhesion
onto the cell wall was examined by nanoindentation technique, where
a diamond tip is pressed directly in the interface between adhesive and
cell wall. Applied force and displacement then allow to draw conclusions
on the adhesion energy. This method of measuring the adhesion of the
adhesive directly onto the cell wall was established by M. Obersriebnig
who kindly accompanied and supported this investigation. Theoretical
and technical aspects can directly be found in chapter 7 on page 93 and
in depth information is provided by Obersriebnig [90].
The quality assessment of glue joints using the standard tests EN 302-1
[1] and EN 302-2 [2] pursued two questions: do hardwood samples pass
these tests, and can they indeed estimate the quality of new (i.e. hardwood) engineered wood, as they do not have such materials in focus.
Industrially produced specimens were used for this set of experiments,
produced exactly the way beams were produced and used in Swiss buildings. Tensile shear tests (EN 302-1 [1]) and delamination tests (EN 302-2
[2]) were performed, and chemical analyses were conducted to identify
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potential causes for the differences in the results for different wood species. (Chapter 8 on page 109)
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Abstract
The fracture behaviour of bond lines in hardwood has been studied.
The joints of a phenol resorcinol formaldehyde (PRF) resin and a onecomponent polyurethane (PUR) adhesive with European beech wood
(Fagus silvatica L.) adherends were examined for their fracture toughness
(Kc ). The initial crack tip was placed directly in the adhesive as a thin
silicon lm. Thereby, the examination of the bond line, and not the solid
wood, can be assured. Five different load angles were applied, from fracture mode 1 to mode 2, with an Arcan test mount. Additionally, three
sample series conditioned at the relative humidities (RH) of 50 %, 65 %
and 95 % of the surrounding air were tested. The results clearly show
an increasing Kc of both adhesives with increasing shear stresses. This
observation is valid for all RHs, but the differences decrease with increasing RH. The moisture dependency is more pronounced in PUR than in
PRF glue joints. PUR generally shows a lower Kc than PRF, with the only
exceptions being KI,c and KII,c in dry climate. The subsequent crack
propagation in the PRF samples mainly takes place in the wood adherend, whereas, in the PUR samples, the cracks remain within the bond
line (adhesive failure). Nevertheless, the performance of PUR glue joints
is not worse than that of the solid wood, which can be attributed to the
ductile behaviour of the adhesive.
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4.1 Introduction
Hardwoods are gaining popularity in European timber construction industry. The common hardwoods have a good potential to either locally
support softwood constructions at zones of increased load or even replace
softwood constructions by a slimmer design, on account of the higher
values of their elementary parameters of strength and stiffness [10]. However, due to the hygric nature of wood, higher mechanical properties also
result in higher internal stresses caused by environmental changes, most
notably changes in the surrounding humidity. Therefore, in timber engineering, softwoods cannot simply be replaced with hardwoods based on
their superior parameters, and the purpose of the construction and its
local conditions also have to be taken into account.
Nowadays, wooden structural elements are mostly glued either simply
to get the desired cross-section or to achieve a certain homogeneity
within a wooden element. Such glue joints are crucial for a structure's
safety. Nonetheless, the processes responsible for the performance of
glue joints, especially in hardwoods, are not entirely apparent and are
still a topic of many scienti c research investigations [91]. Most wood
adhesives are designed for use in softwood and have proven their quality
countless times. However, hardwood applications are rare due to the lack
of knowledge and missing standards. Consequently a better understanding of the bonding mechanics is necessary to produce reliable, adhesively
bonded hardwood elements and to broaden the application of hardwoods
in general.
A good approach to determine the safety of a structure would be a numerical simulation. However, the task to model the wood itself is already
a considerable challenge [92 97] that must be accompanied with simpli cations due to the lack of experimental data and the complexity of
the material itself. Therefore most numerical investigations focus only
on one speci c problem: Danielsson and Gustafsson [92] analysed quadratic holes in glulam elements with a probabilistic approach and achieved
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results close to the experimental tests. Finger joints and their modelling
were elaborately investigated by Serrano [97]. Hanhijärvi [94] analysed
the mechanosorptive behaviour, and Ormarsson [95] focused on distortions induced by moisture changes. Crack propagation in solid wood was
analysed by Qiu et al. [96]. Another approach is modelling the materials themselves, not limiting to a speci c application. Hering [93], for
example, developed an extensive material model ( nite element method
(FEM)) for beech wood and glued elements, but the work was focused
only on the elastic range due to the complexity of wood and its numerous
parameters.
As also stated by Danielsson and Gustafsson [92], the application of existing standards (for softwoods) would also not deliver satisfactory results,
since they are based on empirical values and their test setups do not base
on realistic scenarios [2]. Therefore, it is important to examine glue joints
in hardwoods experimentally and from different perspectives for a reliable prediction of a structure's behaviour and to guarantee its structural
safety for decades.
Here, an attempt is made to study the fracture behaviour of cracks within
the bond lines in hardwood. To characterise the fracture behaviour, the
fracture toughness was measured under ve different load angles (mode
1 to mode 2). The relative humidity (RH) was varied and two different
adhesives types were observed.

4.2 Materials and Methods
4.2.1 Sample Preparation
European beech wood (Fagus silvatica L.) was in focus. The samples
were prepared from the same trunk lumbered in the region of Zurich,
Switzerland (temperate climate). Prior to sample preparation the raw
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beech wood boards were conditioned at standard atmospheric conditions
(20 ◦C, 65 % RH) until the equilibrium moisture content was reached. At
that point, the wood had a density of approximately 706 kg/m3 and a
moisture content (MC) of 14.5 %. After conditioning, the slats of approximately 5 cm × 6.5 cm × 40 cm were cut out and glued according to the
manufacturers' guidelines. The investigated adhesives are as follows:
t phenol resorcinol formaldehyde resin (PRF) Aerodux (glue 185 RL
with hardener HP 155) provided by Bolleter Composites AG, Arbon,
Switzerland, and
t one-component polyurethane (PUR) HB S 709 provided by PURBOND AG, Sempach-Station, Switzerland.
Before joining the slats, thin silicon coated lms with a thickness of 35 c m
were inserted into the bond line for the initiation of the crack (Fig. 4.1).
This procedure was adapted from ISO 25217 [98]. After bonding, the slats
were rst stored again at standard atmospheric conditions for 7 days and
then conditioned to the desired environmental humidity. Three sample
series were conditioned:
t dry climate: 20 ◦C, 50 % RH, MC: 11.0 %,
t standard climate: 20 ◦C, 65 % RH, MC: 14.6 % and
t wet climate: 20 ◦C, 95 % RH, MC: 21.1 %.
Finally, samples of 6 mm × 50 mm × 130 mm were cut out so that they
contained an initial crack (i.e. silicon lm) of approximately 25 mm length,
see Fig. 4.1 for illustration. The orientation of the anatomic directions
was chosen so that the crack propagates in the longitudinal direction
and both late- and earlywood are present on the crack plane, i.e. with an
annual ring angle of 60◦ to 90◦ respective to the glue joint.
The orientation of the annual rings in the bonded samples was chosen so
that they coincide with industrial bonded elements, and the crack tip was
placed directly in the adhesive to assure the investigation on the adhesive,
not the solid wood. Therefore, the role of the solid wood was of minor
importance, and the focus clearly was on the adhesive systems. The frac-
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Fig. 4.1

25 25 6
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bond line
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Sample preparation and geometry (units in mm).

ture behaviour of solid wood is well investigated in different anatomical
directions and with different MC. Ozyhar et al. [99] completed extensive research, which included fracture mechanics, on the same source of
beech wood as observed here.

4.2.2 Test Setup and Data Evaluation
The experiments were conducted on a Zwick/Roell Z010 universal testing
machine with a 10 kN load cell and an Arcan test mount (Fig. 4.2). The
Arcan test mount can be modi ed to realise load angles on the glue joint
from 0◦ to 90◦ in 22.5◦ steps. A load angle α = 0◦ therefore corresponds
to the fracture mode 2 (M2), and α = 90◦ corresponds to the fracture
mode 1 (M1). Mixed modes (MM) are denoted with the respective load
angle as index (e.g. MM22.5 for α = 22.5◦ ). In Fig. 4.2, an exemplary test
setup for M1 (90◦ ) is shown. For greater clarity, the other load angles are
also denoted in this gure.
The tests were performed with a constant displacement rate of 0.5
mm/min resulting in an experimental duration between 30 s and 90 s.
Displacement and corresponding load were recorded during the experiments. The displacement, however, is not relevant for the data evaluation
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67.5°

90°

45°
22.5°
0°

0°
22.5°
45°
90°

Fig. 4.2

67.5°

Arcan test with mounted sample. The illustration
left indicates the different load angles. The photo
shows an actual test setup for M1. The dashed line
indicates the glue joint.

(see Eq. (4.1a c)) and therefore the crosshead movement was taken as
measure. The exact initial crack length and sample geometry were measured straight after testing the samples.
With the gathered data the fracture toughnesses, Kc , were calculated
with the following formulæ:

KI,c = ζI (α) ·
KII,c = ζII (α) ·
Kα,c =

q

Fmax √
· π·a
w·t
Fmax √
· π·a
w·t

2 + K2
KI,c
II,c

(4.1a)
(4.1b)
(4.1c)

Wherein Fmax is the load, at which crack propagation is initiated, w and t
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are width and thickness of the sample, respectively, a is the initial crack
length and ζI and ζII are the respective correction factors, depending on
the load angle α (see Tab. 4.1). These form factors were adapted from
Richard and Benitz [100].
After testing the samples, the wood failure percentage (WFP) was analysed according to EN 302-1 [1]. The statistical signi cance was evaluated
according to DIN 53804-1 [101] with a 5 % level of signi cance. The standard deviations (SD) are given for the measured values and the con dence
intervals (CI) are given for the derived results (i.e. Kc ).

4.3 Results and Discussion
The above-mentioned calculation of Kc with the corresponding correction factors base on isotropic materials and might therefore not be valid
for wood or wood-based products. However, this evaluation is still a passable approximation due to the lack of a numerical analysis (FEM) and
allows the comparison of the results. For a more precise analysis, i.e.
basing on the FEM, all experimental results are presented in Tab. 4.2 and
the actual sample geometries are listed in Tab. 4.3. The material properties for such an analysis can be found in the work of Kläusler et al. [64] for
the adhesives and Ozyhar et al. [99, 102] for the beech wood, since both
of them used materials from the exact same source as was used here.
For a better overview, the Kc values with corresponding CIs are illus-

Tab. 4.1
α
ζI
ζII
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and Benitz [100].
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67.5

45
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0

[◦ ]

2.810
0

2.539
0.571

1.918
0.990
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1.295

0
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Tab. 4.2

Material properties and results for different load angles
α. ρb : bulk density, MC: moisture content, Kc : fracture
toughness, n: number of specimens, WFP: wood failure
percentage.

Material properties

50 % RH

20 ◦C

ρb : 708 P14 kg/m3
MC: 11.0 %

65 % RH

20 ◦C

ρb : 706 P13 kg/m3
MC: 14.6 %

95 % RH

20 ◦C

ρb : 720 P27 kg/m3
MC: 21.1 %

Adh.

α
[◦ ]

Kc PCI
[MPajm]

n
[-]

WFP
[%]

PRF

90
67.5
45
22.5
0

1.34 P0.25
1.90 P0.27
1.65 P0.06
1.66 P0.14
2.43 P0.15

8
8
8
8
8

85
90
95
95
90

PUR

90
67.5
45
22.5
0

1.07 P0.11
1.01 P0.23
1.08 P0.10
1.00 P0.18
2.21 P0.37

8
7
8
7
5

0
0
0
10
80

PRF

90
67.5
45
22.5
0

1.11 P0.10
1.62 P0.27
1.42 P0.15
1.51 P0.10
2.30 P0.15

8
8
8
8
8

80
90
95
100
100

PUR

90
67.5
45
22.5
0

0.71 P0.07
0.77 P0.11
0.82 P0.08
0.79 P0.11
1.85 P0.18

10
11
11
10
10

0
0
0
5
25

PRF

90
67.5
45
22.5
0

1.70 P0.13
1.51 P0.26
1.40 P0.13
1.28 P0.11
1.73 P0.10

8
8
8
8
7

90
80
80
95
100

PUR

90
67.5
45
22.5
0

0.74 P0.13
0.80 P0.08
0.71 P0.09
0.69 P0.08
1.12 P0.13

7
6
6
10
7

0
0
0
0
0
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n
[-]

Width
[mm]

Length
[mm]

a0
[mm]

PRF

Mean and SD of the sample geometry. a0 : initial crack
length.

50 % RH
65 % RH
95 % RH

40
40
39

6.78 P0.17
6.55 P0.10
6.76 P0.13

49.17 P0.07
49.56 P0.19
49.30 P0.21

24.61 P0.59
24.37 P0.97
23.49 P0.72

PUR

Tab. 4.3

Specimen

50 % RH
65 % RH
95 % RH

35
52
36

6.82 P0.12
6.59 P0.08
6.81 P0.24

49.09 P0.22
49.49 P0.26
49.40 P0.10

24.28 P1.06
23.99 P0.77
24.62 P1.06

trated in Fig. 4.3 for PUR and Fig. 4.4 for PRF. In these

gures the

monotone piecewise cubic interpolation (after Fritsch and Carlson [103])
was applied to respect any local extrema, most evident at KI,c and KII,c ,
respectively.
The bulk density of the used wood lies within the common range found in
literature, being at 706 kg/m3 at standard climatic conditions. The MCs
(Tab. 4.2) are slightly higher compared with literature values [102, 104,
105], but are within the normal range.
No signi cant differences of the Kc of the PUR glue joints can be found
between load angles from M1 to MM22.5 , but a signi cant increase is visible from MM22.5 to M2. This observation applies to all three climate steps.
It can be assumed that PUR glue joints perform equally well independent
of the load angle until a certain percentage of shear force is reached.
In the regular to dry climates, wood failure starts to occur occasionally
when decreasing the load angle to 22.5◦ . As for Kc , a distinct increase
in WFP is notable between MM22.5 and M2. It thus seems plausible that,
at that angle, towards pure shear load, bonding mechanisms come into
account that signi cantly increase the glue joint's performance. Possible
mechanisms can be differences in the stress eld, surface roughness and
mechanical interlocking.
Similar observations can be made for the PRF in the dry and standard
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climates as for the PUR, except that KI,c is lower than those at the MM.
However, at the wet climate an unexpected behaviour was observed. The
measured KI,c of the PRF are not only higher than at standard atmosphere, they are even at the same level as KII,c in the wet climate. The
minimum Kc can be found at a load angle of 22.5◦ respective to the bond
line, being signi cantly lower than KI,c and KII,c . An explanation for
this behaviour has not been found, neither in the evaluation nor in the
literature.
Regarding the WFPs of both adhesives (see Tab. 4.2), it becomes apparent
that shear stresses at glue joints promote wood failure in the system. In
general, PRF predominantly produces wood failure, whereas PUR mostly
fails in adhesion (see also Ammann and Niemz [106]). However, both
adhesives show increasing WFPs with decreasing load angle. As already
stated, the adhesive systems seem to bene t from decreasing load angles
because of the better distribution of stresses at the glue joint and better
physical bonding (roughness, mechanical interlocking) at the interface
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parallel to the joint, which is also notable in the WFP.
Despite the generally low WFP of PUR these glue joints do not perform
worse than the solid wood [102, 104]. This behaviour might seem surprising at rst sight, but it can be explained with the material characteristics
of the adhesive. PUR, in contrast to PRF or solid wood, shows a ductile
behaviour under tensile load, with a distinctive plastic deformability [64].
This characteristic allows for a better stress distribution along the glue
joint and hence leads to a lower stress concentration at the crack tip
[107 109]. The reduced stress concentration in the bond line also diminishes the likelihood of wood failure. The fact that PUR has a higher
tensile strength than beech wood perpendicular to the grain con rms
that the weakest zone in PUR glue joints in beech wood is the adhesion
[64, 99, 110]. However, having the superior KI,c , a failure in the adhesion
is preferred over wood failure, at least for M1 loads.
Both adhesive systems show generally decreasing Kc with increasing RH.
The effect is more pronounced on M2 than on the other modes. For European beech wood, Ozyhar et al. [99] found that, in general, all strength
parameters (including KI,c ) decease with increasing RH. Kläusler et al.
[64] found that the strength of PUR also decreases with increasing RH,
but PRF in not in uenced. Thereupon, it can be concluded that the decrease of Kc of PRF glue joints is mainly attributed to the wood properties,
and not the adhesive itself. With regard to PUR, a greater decrease in
Kc has to be expected when increasing the humidity. On assessing the
mean values of the KII,c of PUR (see Tab. 4.2), when switching from a RH
of 50 % to 95 %, one can clearly see that a factor of 2 exists, but PRF only
changes by a factor of 1.5 between these values. Thus, PUR glue joints
are indeed more in uenced by the RH than the PRF ones. However, as
already stated, this effect is most notable for M2. The Kc of PUR at M1
and the MMs are also lower at the standard climate than the dry climate.
However, no further changes are present between the standard and wet
climates and all Kc for the mentioned load angles stay at approximately
0.75 MPajm. The Kc of PRF still decreases at the MMs when switching
to wetter climates, but only at a statistically insigni cant rate.
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The PRF glue joints mostly perform better than those of PUR. The differences are most distinct at the MMs, where PRF already has increased Kc ,
but PUR remains at the same level of KI,c . Since PUR is in uenced by different RHs and PRF is not [64], the divergence between the performance
of these adhesives increases together with the surrounding RH. Furthermore, at 50 % RH, no signi cant differences of KI,c and KII,c are present
between the adhesives. Therefore, if the RH is further decreased, one
can assume that the PUR might even outperform the PRF.

4.4 Conclusions
From the conducted experiments on glue joints in European beech wood,
the following conclusions can be drawn:
t PUR glue joints perform equally well when the applied load angle
on the bond line is greater than 22.5◦ .
t At load angles below 22.5◦ the Kc of PUR increases rapidly.
t The Kc of PRF increases with decreasing load angles.
t Shear stresses at glue joints promote wood failure. PRF joints
mainly fail in the wood, PUR in the joint itself.
t The weakest link of PUR glue joints in beech wood is the adhesion.
Nevertheless such glue joints do not perform worse than the solid
wood.
t The moisture dependency is more pronounced in PUR than in PRF
glue joints, which can be attributed to the adhesives' properties.
t At wet climates, PRF glue joints achieve higher Kc than those of
PUR. However, at a moderate dry climate (50 % RH) no signi cant
difference is present between PUR and PRF for KI,c and KII,c .
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Tab. 4.4 Maximum load Fmax at crack initiation for
the different adhesive systems and humidities.
Fmax
[N]

n
[-]

Fmax
[N]

50 % RH

90
67.5
45
22.5
0

8
8
8
8
8

563 P125
868 P130
924 P 45
1 225 P131
2 026 P185

8
7
8
7
5

462 P 62
461 P118
613 P 71
736 P153
1 866 P257

65 % RH

PUR

n
[-]

90
67.5
45
22.5
0

8
8
8
8
8

453 P 53
730 P150
775 P111
1 093 P 85
1 883 P159

10
11
11
10
10

295 P 45
355 P 73
452 P 65
571 P106
1 524 P184

95 % RH

PRF
α
[◦ ]

90
67.5
45
22.5
0

8
8
8
8
7

740 P 80
719 P159
800 P 92
950 P100
1 463 P124

7
6
6
10
7

317 P 67
367 P 35
407 P 63
514 P 95
942 P126
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Supplementary Results
Additional experiments, not published in this article, were carried out
on joints of a melamine urea formaldehyde (MUF). The MUF used was
Kauramin (glue 683, hardener 688), provided by BASF, Ludwigshafen,
Germany. The joints were manufactured, prepared and tested the same
way as the other samples in this chapter, but only one mixed mode was
investigated, i.e. MM45 . The bonding parameters were strictly adapted
from the manufacturer's guidelines. This procedure however was found
to be problematic, as it mostly lead to starved bond lines. The results
of the remaining samples that could be tested are illustrated in Fig. 4.5.
These results however do not represent the actual characteristics of MUF
and therefore were omitted in the publication. The scatter of the data
indicates the poor bonding, the Kc of the remaining samples however lay
within a good range, compared with PUR and PRF. This suggests that a
modi ed bonding process might result in joints of good performance, as
for example can be seen later in chapter 6.
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Abstract
The speci c fracture energy G at glue joints in hardwood was investigated
by using a novel approach of testing and data evaluation. European beech
wood was bonded with a speci c one-component polyurethane (PUR)
adhesive and a speci c phenol resorcinol formaldehyde resin (PRF) to
produce double cantilever beam (DCB) specimens. These specimens
were stored at different relative humidities (50 %, 65 % and 95 %) prior
to testing. Additionally, DCB specimens manufactured out of differently
aged glulam elements were also evaluated. Special care was given to a
constant crack propagation rate during examination, and only the middle
part of the specimens was evaluated to avoid in uences of the discontinuities at crack initiation and nal rupture. The PUR series were tested at
three different crack propagation rates to check for a potential in uence
on G. The PRF specimens failed mostly in the wood, with an average
wood failure of 90 %. Thus no difference was notable between the PRF
and solid wood samples. Their G was around 0.85 N/mm for the regular
and dry climates and 1.35 N/mm for the wet climate. All aged series had
a 10 % to 15 % reduced G, but with lack of signi cance. The PUR specimens failed in adhesion, independent from climate, ageing or testing
speed, and had an average G of 0.24 N/mm. The novel approach, i.e. with
constant crack propagation rate and evaluating the data only partially,
worked well and can be recommended for further research.
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5.1 Introduction
The increase in ecological awareness and the general trend towards sustainability during the past decades has made wood a favourable alternative compared to steel or concrete as building material. In the European
timber construction sector, it is mostly the coniferous species that are
used as building materials [111, 112]. They have, in general, a straighter
growth and higher growth rates than broad-leafed trees and are therefore
economically more attractive. However, considering hardwoods as building material is not only ecologically worthwhile, but also practical from
an engineer's standpoint. The common hardwood species have higher
strengths and Young's moduli than softwoods and thus could accomplish
the same tasks with slender designs. However, hardwood products are
also more expensive due to higher offcuts, have a higher density and are
more prone to moisture changes (i.e. high shrinkage values) [10]. But one
of the main reasons why e.g. European beech wood has not established
itself on the market as building material so far is the lack of knowledge
about its bonding performance. Adhesive bonding is indispensable in
wood construction to overcome dimensional limitations and to homogenise the natural variability of the material (quality enhancement). Wood
adhesives however are mostly designed for use with softwoods and standards mainly focus on softwood designs [29]. Applying current standards
(e.g. EN 302-1 [1], EN 302-2 [2]) to estimate the performance of adhesive
joints in hardwood is thus not necessarily appropriate, also because their
methods are not always realistic, but prove validity experimentally. It
is therefore important to investigate the performance of glue joints in
hardwoods from a general perspective. Measuring the speci c fracture
energy at a propagating crack is a simple yet informative method to
do so, since the theory and experiments are rather basic, but authentically reveal the weakest link (i.e. adherend, adhesive or adhesion) and
its capacity of energy dissipation in the system. Here, beech, the most
common hardwood in Switzerland [8], was bonded with one well established adhesive system, a phenol resorcinol formaldehyde (PRF) resin,
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and one comparatively young adhesive in this sector, a one-component
polyurethane (PUR) [54, 61]. Both adhesive systems have a wide range of
applications and perform well in various material combinations. Recent
research topics for these adhesives were, amongst others, bonding glass
or polymer plates to timber [113, 114].

5.2 Materials and Methods
5.2.1 Sample Preparation
Regular Samples
All samples were produced with European beech wood (Fagus silvatica
L.) from a single trunk. The tree was lumbered near Zurich, Switzerland,
a region with temperate climate. The slats were stored at standard atmospheric conditions (20 ◦C, 65 % relative humidity (RH)) until the equilibrium moisture content was reached. At that point, the wood had a
normal raw density of 750 kg/m3 and a moisture content (MC) of 14.7 %.
Boards of approximately 42 cm × 42 cm × 4 cm were planed and bonded
with the following adhesives:
t PRF Aerodux (glue 185 RL with hardener HP 155) provided by Bolleter Composites AG, Arbon, Switzerland, and
t PUR HB S 709 provided by PURBOND AG, Sempach-Station, Switzerland.
The bonding procedures were strictly adapted from the manufacturers'
guidelines: PUR was applied on one side with a spread quantity of
180 g/m2 to 200 g/m2 and pressed for 175 min, PRF was applied on both
sides each 225 g/m2 and pressed for 240 min. The applied pressure for
both adhesives was 1.2 MPa.
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While planing, the boards were slightly inclined (~ 1◦ ) to achieve a potential grain angle towards the glue joint in the crack propagation direction.
This reduces the risk of the crack propagating too far from the specimen's
centre. The annual ring angle on the glue joint was between 60◦ and 90◦
for all samples.
The bonded boards cured for seven days at standard atmosphere and
then the samples were cut roughly into shape. These samples were then
distributed into three different climatic chambers and again stored until
the moisture equilibrium content was reached. The climatic conditions
applied were
t 50 % RH, 20 ◦C, resulting in a wood MC of 11.6 %,
t 65 % RH, 20 ◦C, with a wood MC of 14.7 %, and
t 95 % RH, 20 ◦C, with 21.5 % MC.
When the wood was acclimatised, the samples were cut into their nal
shape of 20 mm × 66 mm × 390 mm. Details for these double cantilever
beam (DCB) specimens are illustrated in Fig. 5.1. The initial crack was
cut using a circular and a scroll saw, the crack tip was de ned with a
microtome blade. Measured from the loading point, the initial crack had
a length of 4 cm.
Solid wood (SW) samples were prepared and conditioned using the same
method as for the bonded samples, only the inclination while planing was
omitted. Finally, a thin layer of white ærosol paint was applied on one
side of the specimens to increase the contrast against the crack. On this

grain angle ~1°

glue joint

66
20 40

330

[mm]

20

initial crack length
Fig. 5.1 DCB geometry, in [mm].
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brightened surface, a 20 mm grid was applied to later be able to identify
the crack length basing on video images.

Aged Samples
Three sets of variably aged glulam elements were available and were also
used for sample preparation. The beech wood used for the glulam elements came from the same region as for the regular samples, but from
a different trunk. The adhesives and their respective applications were
identical. The glulam elements consisted of six boards each 45 cm long,
15 cm wide and 3 cm thick. These boards were stored at standard atmosphere until moisture equilibrium content was reached and the glulam
elements were bonded at the same climate. The ends of the elements
were sealed with a thick alkyd resin coating to avoid end grain moisture
diffusion, and thus imitated moisture pro les of long glulam beams.
Ageing of all wood beams took place between March 2012 and May 2014.
The three different processes were
t natural, indirect weathering (AW),
t one cycle of dry and wet relative air humidity (ACC), and
t constant high relative air humidity (A95).
The A95 samples (see Tab. 5.1 for a nomenclature summary) were stored
for two years at 20 ◦C, 95 % RH. The ACC samples were rst stored at
20 ◦C, 50 % RH for 150 days, then at 20 ◦C, 95 % RH for 250 days, and then
again at 20 ◦C, 50 % RH until the samples were tested. The AW samples
were stored outdoors in a roofed depot. They were protected from rain,
but complete evasion of snow during winter was impossible due to wind.
Temperature and relative air humidity were recorded directly at the glulam elements, mean daytime values and approximated sine curves are
shown in Fig. 5.2.
After ageing, the glulam elements were cut into samples. For these experiments here the top and bottom glue lines were taken. The sample
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Tab. 5.1

Nomenclature.
Example, PUR/AW/F: PUR
bonded specimen, outdoor weathered, tested
with fast crack propagation rate.

PRF
PUR
SW

samples bonded with PRF resin
samples bonded with PUR
solid wood samples, plain beech wood

50
65
95
A95
ACC
AW

regular samples stored at 20 ◦C, 50 % RH
regular samples stored at 20 ◦C, 65 % RH
regular samples stored at 20 ◦C, 95 % RH
aged samples stored at 20 ◦C, 95 % RH
aged samples, cyclic conditions: 50 % / 95 % RH
weathered samples: outdoor, roofed

F
S

fast, high crack propagation rate (PUR only)
slow, low crack propagation rate (PUR only)

preparation was done using the same method as for the regular samples.
Only the sample height had to be reduced to 60 mm because of the board
thickness in the glulam elements. All other procedures were kept the
same. The outdoor weathered glulam elements were acclimatised at
standard atmosphere before sample preparation.

5.2.2 Test Setup and Data Evaluation
A Zwick/Roell Z010 universal testing machine with a 10 kN load cell was
used for all experiments. The load was applied perpendicular to the glue
joint, i.e. in pure opening mode. Ammann and Niemz [106] found an inuence of the testing speed on the measured results. For this reason the
crack propagation rate was held constant in this study and remained in
the range of 3 cm/min to 4 cm/min. For the PUR bonded samples an additional series with increased (~ 40 cm/min) and reduced (~ 0.4 cm/min)
crack propagation rates were tested.
Assuming that most deformations during the experiment are of an elastic
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100

RH [%]

80
60

30 T [°C]
10

-10

Fig. 5.2

J J A S O N D J F M A M J J A S O
2012
2013
18-month excerpt of mean daytime temperature
and RH at the weathered glulam elements (AW).
The grey lines are approximated sine curves.

type and the only plastic deformations that occur take place in close
range to the crack tip (linear elastic fracture mechanics), a simple relation between crack length a and load point displacement u can be found:

u = 2·


F · a3
F ·a
+
+ ξ·a
3 · EI
κ · As G

(5.1)

In Eq. (5.1) the rst two terms in the brackets basically represent the
de ection of one cantilever beam at force F , with Young's modulus E,
moment of inertia I, cross section area As , shear modulus G, and κ being
the Timoshenko shear coef cient. To this de ection the displacement
caused by the base point rotation ξ is added (see Fig. 5.3 for illustration).
When increasing the displacement, one critical point u0,cr will be reached,
at which the crack propagation is initiated. When the subsequent crack
growth is assumed to be self-similar, the momentum MCT = F0,cr · a0 at
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F

process zone

u

Ý
a
Illustration of displacement u, force F , crack length
a and base point rotation ξ of one cantilever.

Fig. 5.3

the crack tip has to be, among other parameters, constant, leading to a
quadratic relation between a and u:

u = 2·


MCT
MCT · a2
+
+ ξ · a + ...
3 · EI
κ · As G

(5.2)

2

= c1 a + c2 a + c3
This relation is valid for all u ≥ u0,cr . It shall be mentioned here that Eq.
(5.1) and consequently the rst part of Eq. (5.2) could be further re ned.
However, as long as self-similar crack growth is presumed, additional renements are not necessary, since all complements would still lead to
a quadratic relation between a and u with three constants c1,2,3 . These
constants can be found experimentally and, as preliminary tests showed,
can be tted very well based on the data sets of only three specimens.
Therefore four tests per climatic condition and per bonding type were
conducted to determine the appropriate constants. These tests were not
further evaluated, since their own parameters were only approximated.
As example in Fig. 5.4 shows an experimental data set from one DCB
specimen with appendant curve ttings to obtain the proper constants
for each series.
The testing machine was driven displacement-controlled. The displacement speed was adjusted every 500 c m based on Eq. (5.2) together with
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(

)
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0

Fig. 5.4
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crack length a [mm]
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Data set from one DCB specimen showing appendant curve ttings to determine c1,2,3 . Top: quadratic relation between displacement u and crack
length a. Bottom: veri cation of constant crack
growth rate.
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the determined constants. This approach lead to the following displacement rates at standard atmosphere and normal crack propagation rate:
PUR specimens started at 0.4 mm/min and went up to 1.5 mm/min, PRF
and SW specimens started at 0.5 mm/min and went up to 2.3 mm/min.
Video images of the propagating crack were acquired with the frame
rate synchronised with the data acquisition rate of the testing machine.
Thereby every data point was coupled with an image of the specimen,
which was later used to determine the crack length. The information
content of the images was reduced to two states (monochrome): white
for the intact state, black for the cracked state (see Fig. 5.5). This method
delivers a simple de nition of the crack tip and allows the measurement
of the crack length depending on the displacement of the loading point.
The resolution of the video images was in the range of 200 dpi to 230 dpi,
thus measuring the crack length with an accuracy of 1 mm was regarded
as appropriate.
The speci c fracture energy G was calculated as follows:

1
G =
·
Af

Zu2
F du +

F1 u1 − F2 u2
2Af

(5.3)

u1

A graphical interpretation of Eq. (5.3) is illustrated in Fig. 5.6. The indices in Eq. (5.3) represent the states at the beginning and the end of
the evaluation. Af is the cracked surface during evaluation. As a start
point for the evaluation, a crack length of approximately 6 cm was chosen.
The samples were not evaluated from the initial crack onwards to ensure
that the crack propagates in the weakest zone (wood, adhesive, or interface) and to have a proper crack tip during examination. The evaluation
was stopped at a crack length of roughly 16 cm, since preliminary tests
showed a rather large in uence of the specimen's end on the fracture
behaviour, especially for PUR samples.
For each regular series, 12 samples were tested. For the aged series, only
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Fig. 5.5

Video image of a SW/65 sample. The numbers on the
sample provide a visual aid for measuring the crack
length.

10 samples were available. The statistical evaluation was done according
to DIN 53804-1 [101] with a level of signi cance of 5 %.

5.3 Results and Discussion
5.3.1 Controlling the Crack Growth Rate
The direct approach used here to calibrate the relation between crack
length and displacement (or force respectively), a compliance calibration,
delivered very satisfying results, despite only using 4 specimens per series
for this calibration. The basic idea to keep the crack growth rate constant
worked well; however, the compliance of the PUR bonded samples was
slightly overestimated, resulting in a higher growth rate. The SW and
PRF samples were both tested at a crack tip velocity of 3.1 cm/min, the
regular PUR samples at 3.8 cm/min. Despite this deviation the different
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force
Fmax
a1 ≈ 60 mm
F1
a2 ≈ 160 mm

F2

G·Af

u1
Fig. 5.6

u2

displacement

Load displacement curve of a SW sample, with
indicated fracture energy G · Af .

specimen types can still be compared, since the intentional varied crack
growth rates showed only little effect on the speci c fracture energy of
PUR (see Fig. 5.8). The PUR samples with reduced crack growth rate
were tested at 0.4 cm/min, and those with increased crack growth rate at
38.3 cm/min.

5.3.2 Speci c Fracture Energy
PRF Glue Joints and Solid Wood
A summary of all the gained results is given in Tab. 5.2 (PRF and SW) and
Tab. 5.3 (PUR). In order to have a better overview, the speci c fracture
energies with respective con dence intervals are illustrated in Fig. 5.7
and Fig. 5.8.
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Results for PRF and SW. n: number of specimens tested, WFP: wood failure percentage.

Tab. 5.2
Type

PRF

SW

n
[-]

GPCI
[N/mm]

WFP*
[%]

50
65
95
A95
ACC
AW

9
7
8
8
8
8

0.829 P0.228
0.888 P0.188
1.295 P0.333
1.125 P0.234
0.741 P0.205
1.115 P0.157

60. . . 90. . . 100
65. . . 90. . . 100
50. . . 85. . . 100
70. . . 95. . . 100
100. . . 100. . . 100
50. . . 85. . . 100

50
65
95

10
11
11

0.892 P0.235
0.832 P0.154
1.391 P0.231
* min. . . mean. . . max

No differences in G can be found between the PRF samples and solid
beech wood. This is not very surprising, since the cracks at the PRF glue
joints mainly propagated in the adherend, not the adhesive, as indicated
by the wood failure percentage (WFP, see Tab. 5.2). The results from Ammann and Niemz [106] suggest that PRF might perform worse than solid
wood, if the crack propagates in the adherend subsurface according to
Marra's [76] bond model. The results found here however do not deliver
any similar evidence.
No signi cant changes in G for beech wood take place between 50 %
RH and 65 % RH, resulting in 0.83 N/mm to 0.89 N/mm. At 95 % RH G
is average at 1.39 N/mm, signi cantly larger than at the regular to dry
climates. The results for beech wood gained within these studies are
generally higher than those found in literature. Values from Frühmann
et al. [115], Vasic and Stanzl-Tschegg [116] and Majano-Majano et al. [117]
range from 0.31 N/mm to 0.56 N/mm for the RL system and 0.26 N/mm
to 0.73 N/mm for the TL system of beech wood at standard atmospheric
conditions. These studies are baseed on compact tension like specimens
with a ligament length of around 15 mm and fracture surfaces of only
1 cm2 to 2 cm2 . In regard to the ndings of Stanzl-Tschegg et al. [118],
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50 PRF
65
95
A 95
A CC
A W
50 Beech
65
95
0
Fig. 5.7

0.5

1
G [N/mm]

1.5

Mean G with con dence intervals for PRF glue joints
and solid beech wood.

one has to expect that such compact geometries deliver much lower values for the fracture energy than more spaciously dimensioned samples.
Besides the variable shapes, the different approaches of analysing the
data also have to be considered. Common practise is to consider the total
fracture surface after rupturing the sample, i.e. analysing the complete
sample, whereas here only a fraction of the sample was investigated to
avoid the discontinuities at crack initiation and nal rupture.
The increase in fracture energy of the beech wood with increasing MC has
to be attributed to an increase in plasticity of the wood. The additional
water in the cell walls leads to reduced strength parameters [6, 99], but
simultaneously favours the disbanding and relocation of the hydrogen
bonds within the cell wall matrix, resulting in more distinct plasticity.
The individual cell wall components by themselves do not experience any
actual damage [25, 119]. Information on the relation between MC and
plasticity of beech wood is scarce. One can however approximate the data
from yield strain and ultimate tensile strain values. Taking the ndings of
Ozyhar et al. [99] for example, one can see that the plastic strain of beech
wood increases by roughly 20 % in the radial direction, and even triples
in the tangential direction, when increasing the MC from 5.9 % to 16.3 %.
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Tab. 5.3

Results for PUR. n: number of specimens
tested, WFP: wood failure percentage.

Type

n
[-]

GPCI
[N/mm]

WFP*
[%]

Slow
0.4 cm/min

50
65
95

10
9
10

0.235 P0.042
0.178 P0.023
0.187 P0.017

0. . . 0. . . 20
0. . . 0. . . 0
0. . . 0. . . 0

Fast
38.3 cm/min

50
65
95

10
11
12

0.300 P0.043
0.223 P0.039
0.222 P0.029

0. . . 0. . . 10
0. . . 0. . . 0
0. . . 0. . . 0

50
65
95
A95
ACC
AW

10
11
11
9
7
10

0.235 P0.042 0. . . 0. . . 20
0.236 P0.029 0. . . 0. . . 0
0.237 P0.051 0. . . 0. . . 0
0.256 P0.061 0. . . 0. . . 0
0.303 P0.035 0. . . 0. . . 10
0.223 P0.024 0. . . 0. . . 0
* min. . . mean. . . max

Regular
3.8 cm/min

Therefore it seems plausible that, even though the strength parameters
are negatively in uenced, the speci c fracture energy increases with the
MC. A similar behaviour is observed by Majano-Majano et al. [117]: their
measured values in the RL system increase steadily between 33 % RH and
95 % RH. Their values for the TL system however show no clear trend.
Vasic and Stanzl-Tschegg [116] in contrast show no clear trend for the
RL system: at 30 % and 98 % RH G is at the same level (0.57 N/mm), but
the value at 65 % RH is lower and the value at 80 % RH is higher. This
variability illustrates the complexity of the fracture mechanisms in wood
and the sensitivity of the different interactions involved.
The fracture energies for all aged PRF specimens are lower than for their
regular equivalent, but with a lack of signi cance. The G for the PRF/A95
and PRF/AW series are at the same level, being at 1.12 N/mm. This is a
reduction of roughly 14 % compared to the PRF/95 series. The PRF/ACC
are reduced by 11 %, compared to the PRF/50. The WFP of PRF is not
in uenced by any of the applied ageing processes. Two possible reasons
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S 65
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Fig. 5.8
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Mean G with con dence intervals for PUR glue joints.

could be the cause of these differences: either the variability of the wood,
because the aged glulam elements were made of wood from a different
trunk, or two years of ageing reduce the fracture energy by 10 % to 15 %.
However, it is clear that the different ageing processes applied all have
the same effect on PRF glue joints in beech wood.

PUR Glue Joints
All PUR specimens fail in adhesion, independent of testing speed, climate or ageing, and show only little to no wood failure, see Tab. 5.3. The
different climatic conditions show no in uence on the speci c fracture
energy of PUR glue joints, the mean value for all series is 0.24 N/mm.
This is 3.6 times lower than the PRF/50 and PRF/65, and even 5.5 times
lower than PRF/95. The tensile strength of beech wood perpendicular to
the grain is below the tensile strength of PUR [64, 99], but wood failure,
nevertheless, only occurs occasionally at 50 % RH. Neither the characteristic plasticity of the PUR adhesive [64] nor the plasticity of the beech
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wood (as discussed above) can be mobilised, because the adhesion fails
rst [106].
Higher crack propagation rates generally result in higher G values than at
lower crack propagation rates. The mean values of G for the PUR/F are
roughly 20 % to 25 % higher than for the PUR/S throughout all climates.
This difference however lacks signi cance and considering also the PUR
specimens at regular speed, no clear trend can be observed since their
mean values do not lie between the slow and fast series as one would
expect.
Ammann and Niemz [120] found that the occurrence of wood failure in
PUR glue joints increases when the environmental RH is lowered. The
same was also found here, albeit only rudimentarily. One reason could
be the internal stresses induced by changing the environmental RH after
bonding the wood. These stresses are most pronounced at the glue joint,
since the bond line acts as a diffusion barrier [121]. This explanation
solely however is insuf cient, since these stresses must be more distinct
at 95 % than at 50 % RH; however, the strength parameters of the wood
and PUR are lower at this humidity. It seems more likely that the adhesion itself pro ts from the lower RH than a weakening of the material
caused by internal stresses. The more polar water disrupts hydrogen
bonds between the adhesive and the wood. Therefore, less water in the
system favours the formation of bearing hydrogen bonds at the joint [63].
The aged PUR series show no special characteristics compared to the regular series, taking into account the scattering (see Fig. 5.8). The PUR/AW
is on the lower end and the PUR/ACC on the upper end of the spectrum.
The PUR/A95 have a wider scattering distribution than the other series,
the mean value is congruent with the regular series. One remarkable
difference however is the signi cant gap in G between the PUR/ACC and
PUR/AW samples themselves. It is already known that moistening and
redrying PUR glue joints in wood can have a positive effect on the mechanical properties, at least on small scales (see Kläusler et al. [64, 86] and
Ammann et al. [110]). In their results however no differences between the
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arti cial and natural weathering processes are present, even though their
ageing was tougher than in this study. Here, the results for the naturally
aged specimens are signi cantly lower than for those with controlled climate changes. This divergence partly originates from the geometry: here
massive glulam elements of 18 cm thickness were weathered, whereas
the fore cited studies used only small boards with a total thickness of not
more than 1 cm. Such small geometries are prone to warping, but simultaneously have less internal stresses. The supposed re-arrangement of
the adhesive's segments while moistening [64] thus might only promote
the adhesion as long as the concomitant internal stresses stay below a
certain level.
Veigel et al. [122] used the same PUR adhesive for their study of the
fracture energy in softwood (Picea abies Karst.). They found G for PUR
in spruce wood being around 0.36 N/mm. This is clearly above the ndings here, but also above the G of the spruce wood itself [115, 116, 123].
Thus PUR is capable of delivering its full potential in spruce wood, by
even enhancing the joint over the adherend. The WFP is not indicated in
Veigel et al. [122], but one can assume that their samples mainly failed in
the adherend subsurface, not adhesively or cohesively in the glue [124].
Therefore it seems plausible that PUR could even contribute to hardwood
joints, if the WFP and consequently the adhesion could be increased [70].
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5.4 Conclusions
The conducted DCB experiments on PRF glue joints in beech wood allow
drawing the following conclusions:
t PRF glue joints fail in the adherend, the fracture energy is thus
identical with solid beech wood.
t G of beech wood under pure opening mode is at 0.85 N/mm for
regular to dry climates.
t Beech wood at humid conditions has a distinctly increased G (1.35
N/mm at 95 % RH). Thus, the increase in plasticity outweighs the
reduction in strength of beech wood with regard to G.
t All applied ageing processes had the same in uence on PRF glue
joints, a probable reduction in G by 10 % to 15 % within two years,
with no change in WFP.
The ndings for PUR glue joints in beech wood can be summarised as
follows:
t the weakest link at PUR glue joints in beech wood is the adhesion;
0.24 N/mm were needed on average for crack propagation.
t wood failure is seldom observed. Testing speed, climate and ageing
all displayed no in uence on the WFP.
t no signi cant in uence of the ageing processes on the adhesion
was observed.
t the supposed re-arrangement of the adhesive's segments while
moistening [64] depends on the specimen size and moistening process and can not always in uence the adhesive's performance in a
positive way.
One has however to keep in mind that a broad variety of formulations
for these adhesives exist and hence their performance varies too. Consequently, the ndings here are not necessarily valid for all of them.
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The rst basic idea in this investigation, namely holding the crack propagation rate constant, worked well. The results though do not reveal any signi cant in uence of the propagation rate within the covered rates here,
thus an average propagation rate of 4 cm/min with constant load point
displacement seems adequate for further research. The second idea of
only evaluating the middle part of the DCB specimens however is recommended when conducting such experiments. Strongly increased crack
growth rates were observed at ligament lengths below 10 cm, rates not
covered here, and thus their in uence on the results can no longer be
disregarded.
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Abstract
The bre and adhesive bridging at glue joints in European beech (Fagus silvatica L.) was investigated under standard atmospheric conditions (65 %
relative humidity, 20 ◦C). Solid wood samples were taken as reference.
Three different types of adhesives were used for bonding: melamine urea
formaldehyde resin (MUF), phenol resorcinol formaldehyde resin (PRF)
and one-component polyurethane (PUR). A compact sample geometry
was used to assure only little displacement at initial rupture, leaving as
many bridges as possible intact. The load was applied displacement
controlled in pure opening mode. The loading rate was varied between
5 c m/min to 3125 c m/min to highlight possible creep and rate effects.
The results of the MUF, PRF and solid wood samples however show no
dependency on the loading rate. Only the rupture energy of the PUR
samples increases with increasing loading rates, from around 350 N/m to
450 N/m. This range is completely congruent with literature values. MUF,
like PRF, tend to 100 % wood failure, but while MUF exhibits the same
behaviour as solid wood, PRF performs worse.
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6.1 Introduction
Structural hardwood elements have gained more popularity in civil engineering during the last decade. Shapes are getting more complex and
high ratios of slenderness are favoured. Consequently the demands on
structural elements are rising and thus the use of hardwood becomes
more appealing. Common hardwoods like beech (Fagus silvatica L.) have
higher strength parameters and moduli of elasticity than the more frequently used spruce wood (Picea abies Karst.) [6]. However, beech also
has higher shrinkage and swelling coef cients than spruce [10], which
together with the high mechanical properties leads to increased internal
stresses and increases the risk of delamination at glue joints. In addition, wood adhesives are mostly developed for use with softwoods and
might not be totally suitable for use with hardwoods. Therefore the basic
behaviour of glue joints in hardwoods has to be studied from different
perspectives to reliably estimate the load bearing capacities of adhesively
bonded structural hardwood elements.
Several approaches were pursued to overcome this problem. Sonderegger et al. [121] for example analysed the in uence of different adhesives
on the diffusion processes and highlighted moisture concentrations at
glue joints, which potentially increase the risk of delamination. Clauÿ
et al. [125] studied the formulation of PUR adhesives and the in uence
of different components on the bond performance, and Schmidt et al.
[126] wanted to optimise the manufacturing process of hardwood elements to ful l the required standards. Glue joints were also investigated
on the micro scale: Hass et al. [127, 128] studied the pore space of beech
wood and the resulting penetration behaviour of adhesives into it, and
the adhesion of different adhesives onto the wood cell wall was measured
by the use of nanoindentation [15, 110].
Fibre bridging is a well-known phenomenon and ubiquitous in wood fracture [40, 118, 129], but it is normally simply regarded as part of a propagating crack and has never been studied on its own. Therefore, an attempt
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was made here to separate the bridging from the fracture itself to determine absolute values of bridge spans and energy consumption of their
rupture. Requirements from the fracture mechanical standpoint were of
lower priority, since only the behaviour after initial failure was of interest.

6.2 Materials and Methods
6.2.1 Sample Preparation
All experiments were performed under standard atmospheric conditions
(65 % relative humidity, 20 ◦C). Before sample preparation the wood was
stored at standard atmosphere until moisture equilibrium was reached.
European beech (Fagus silvatica L., density: 645 P10 kg/m3 , moisture content: 14 %) was used as adherend and bonded with three different types
of adhesives:
t one-component polyurethane (1C PUR) HB S 709 provided by Purbond AG, Sempach-Station, Switzerland,
t melamine urea formaldehyde resin (MUF) Kauramin (glue 683,
hardener 688) provided by BASF SE, Ludwigshafen, Germany, and
t phenol resorcinol formaldehyde resin (PRF) Aerodux (glue 185 RL,
hardener HP 155) provided by Bolleter Composites AG, Arbon, Switzerland.
All bonding parameters were strictly adopted from the manufacturers'
guidelines.
The beech wood boards with an approximate size of 7 cm × 40 cm were
planed to a thickness of 3 mm. The adhesives were applied within 24
hours after planing. Before the adherends were joined, 35 mm wide silicon paper strips (thickness: 35 c m) were placed directly in the adhesive
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(see Fig. 6.1). The silicon paper has two characteristics: it impedes
the bonding at its speci c location, and stresses are concentrated at its
edges, serving as almost crack-like failure initiation in the glue joint [98].
The bonded boards were conditioned for a minimum of 7 days before the
nal specimens were cut out. One sample was taken from each side of
each silicon paper strip, as denoted in Fig. 6.1. In the last step the sample
face opposite the silicon paper was concave shaped (see Fig. 6.2). This
step was necessary to reduce the stress concentration along the edges,
which in preliminary tests led to problems in the xation (see Sec. 6.2.2).
The nal samples contain 2 cm2 (10 mm × 20 mm) silicon paper and 1 cm2
(5 mm × 20 mm) actual bonded area with a sample height of 6 mm. The
exact geometry is shown in Fig. 6.2 and is based on the ndings of Olejniczak and Gustafsson [130]. The compact shape is necessary for an initial
failure at only little displacement, leaving the bre and adhesive bridges
intact.
Solid wood (SW) samples were shaped the same way as the bonded
samples. Instead of silicon paper the initial crack was de ned using a
scroll saw and a microtome blade for the nal crack tip.

sample
specimen
Fig. 6.1

silicon
paper

glue
joint

beech wood
boards

Bonded boards (sketch).
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6.2.2 Test Setup
All experiments were conducted on a Zwick/Roell Z010 testing machine
with a 10 kN load cell. Aluminium T-sections with a ange and web thickness of 4 mm were mounted in the machine clamps and aligned for at,
parallel surfaces perpendicular to the loading direction (see Fig. 6.3). In a
rst step the sample was attached to the lower T-section with a cyanoacrylate adhesive. While curing of the cyanoacrylate, the machine was
used as pressing device with approximately 90 % of the original adhesive
bonding pressure to prevent damage at the glue joint. After 1 hour the
machine was opened, cyanoacrylate was applied on the upper sample
surface and then the machine was closed again for 1 hour. After curing
of the cyanoacrylate the pressure was slowly reduced. When the point of
zero pressure was reached, the actual measurement started. Five loading rates were used: 5 c m/min, 25 c m/min, 125 c m/min, 625 c m/min and
3125 c m/min, resulting in complete separation of the adherends within
a few seconds up to approximately 3 hours. These increments shall
highlight possible creep and rate effects on the gathered results.
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loading direction

aluminium T-section

sample

machine clamps

Fig. 6.3

Test setup with mounted sample.

6.2.3 Data Evaluation
With the given sample geometry and test setup, failure will occur immediately after a critical stress level is reached at the silicon paper edge in
the adhesive or at the prede ned crack in the solid wood, respectively.
The initial rupture takes place after very little displacement, leaving intact
as many bre and adhesive bridges as possible. The abrupt failure allows
classifying the results into two states: intact state with no notable damage, and ruptured state including bridging until complete separation of
the adherends, as noted in Fig. 6.4 (see also Stanzl-Tschegg et al. [118]).
The failure type, cohesive or adhesive, was estimated according to EN
302-1 [1] and denoted as wood failure percentage (WFP).
Besides the maximum displacement, umax , that the bridges can span and
the failure type, the energy needed to overcome the bridging is also of interest. The total speci c energy, Utot , invested to separate the adherends
corresponds to the integral of the force F over displacement u divided
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Fig. 6.4
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Representative normalised load displacement curve.

by the fractured area Af and can be separated into the initial rupture energy Ui (corresponding to the light grey area in Fig. 6.4) and the bridging
rupture energy Ub (corresponding to the dark grey area in Fig. 6.4):

Utot = Ui + Ub

1
=
·
Af

uZmax

F du

(6.1a)

0

1
·
Ui =
Af

Zui
F du −

Fi · ui
2Af

(6.1b)

0

Ub

1
=
·
Af

uZmax

F du +

Fi · ui
2Af

(6.1c)

ui

Wherein Fi and ui are the force and the displacement, respectively, at
the time of the initial rupture.
Utot cannot be equalised with the speci c fracture energy G, commonly
found in literature covering fracture mechanics. The compact sample
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geometry interferes with the stress eld before initial rupture, leading to
complex stress situations around the crack tip. However, the bridging effect bene ts from the compact geometry, with also short bridges staying
intact after initial rupture. Additionally, Utot can still be compared within
the sample size, and Ub is not affected.
Statistical signi cances of the gathered results are evaluated according
to DIN 53804-1 [101] with a level of signi cance of 5 %.

6.3 Results and Discussion
6.3.1 In uence of Loading Rate
Most of the results show no signi cant dependency on the loading rate.
Therefore, where no in uence was measurable, the results were grouped
together by the adhesive type.
No signi cant in uence of the loading rate was measurable for the MUF,
PRF and SW specimens. The maximum stress, σmax , at rupture increases
by trend with increasing loading rates, but with lack of signi cance.
In PUR specimens, the total speci c energy, Utot , increases at higher
loading rates, as shown in Fig. 6.5. The bridging energy however is not
affected, with a mean value of 82 P10 N/m (see also Fig. 6.7). Also
the extent of the bridging energy compared to the overall energy is not
signi cantly affected, being in the range of 21 P2 %.
In Fig. 6.5 the grey area indicates the speci c fracture energy of PUR as
found in the literature, extending the range 300 N/m to 500 N/m [97, 122].
As this gure shows, the results found here are completely congruent with
the literature values, even though no proper conditions for fracture mechanic testing are given here. Thus the rupture behaviour of PUR glue joints
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Mean values and con dence intervals of Utot of the
PUR bonded samples for the different loading rates.

mostly depends on the adhesive and cohesive behaviour of the adhesive,
rather than on the adherend.
Gagliano [131] came to similar results concerning the effect of loading
rate on adhesively bonded wood. Despite using a viscoelastic polyvinyl
acetate latex as adhesive, he was not able to measure a signi cant in uence of the loading rate on his results.

6.3.2 Wood Failure Percentage
All the MUF bonded specimens have a WFP of 100 %. For the PUR bonded
specimens, the WFP is 0 %. The results for PRF specimens are more variable (see Fig. 6.6). Approximately half of the specimens exhibit the same
performance as the MUF specimens, with a mean WFP of 85 %. However,
a WFP as low as 30 % was also observed. These two specimens did not
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in the boxplot indicates the mean value and the
cross indicates the median.

fail in adhesion, but failed cohesively inside the adhesive. This behaviour
could be caused by poor bonding. The WFP of the PRF specimens correlate with the total rupture energy (Fig. 6.6), but not with the loading
rate.

6.3.3 Bridge Span and Rupture Energy
The mean values of the energies and the bridge spans with their respective con dence intervals are shown in Fig. 6.7. This gure clearly shows
that MUF bonded samples act like the solid wood samples. Their maximum bridge spans are identical and the bridging energies do not vary
signi cantly. The increased total energy can be explained with the higher
fracture toughness of MUF compared to beech wood, as noted by Watson et al. [132]. These results correspond with a WFP of 100 %. Hence,
properly produced MUF glue joints in beech wood are tougher than the
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sole wood (under standard atmosphere) and therefore do not in uence
potential failure in such elements.
PRF in contrast, having a similar behaviour to MUF regarding the WFP,
shows signi cant shorter bridge spans and lower rupture energies than
solid wood. The mean bridge span of PRF bonded specimens corresponds
to 75 %, and the bridging energy to 50 % of the solid wood specimens. The
maximum stresses at initial rupture however are equal. Subsequently, it
can be concluded that, even when the failure occurs in the adherend,
the PRF in uences the failure mechanism. The weakest zone of such
glue joints therefore is not the bond line, but the adjacent adherend in
contact with the PRF. Konnerth et al. [133] conclude that PRF adhesive,
or components of it, penetrate the wood cell wall, and Adamopoulos et al.
[134] measured a penetration depth of PRF into beech wood of 240 c m.
Accordingly it seems plausible that the penetration into the cell wall reduces the strength parameters of the wood up to 240 c m on both sides of
the glue joint, resulting in a failure in the adherend close to the bond line.
This zone corresponds to the adherend subsurface according to adhesive
bond model of Marra [76].
In civil engineering it is generally premised that a bonding has to be
tougher than the joined elements. This basic principle is also adapted in
standards for structural wood products such as EN 386 [135] or ASTM
D2559-12a [136]. There, a certain amount of wood failure is demanded,
assuming that wood failure represents the strength of the adherend.
However, the ndings herein reveal an ambiguity in the interpretation of
the WFP.
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6.4 Conclusions
The experiments carried out in this study allow the following conclusions:
t the peculiarities of bre bridges at brittle glue joints are not affected
by variable loading rates.
t PUR with beech adherends fails in adhesion. The energy needed
to overcome this adhesion depends on the loading rate.
t MUF and PRF glue joints both fail in the adherend, but:
· MUF glue joints act like the solid wood,
· PRF glue joints are weaker than the solid wood.
However, one has to keep in mind that these ndings are not universally valid and have to be seen in the right context, as already stated by
Custódio et al. [137].
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Abstract
To gain a better insight into the delamination behaviour of glue joints in
hardwood, the adhesion at the cell wall level was investigated. By the
use of nanoindentation techniques, the adhesion, hardness and Young's
modulus of adhesively bonded European beech wood (Fagus silvatica L.)
was analysed. To highlight differences between soft- and hardwood adherends, Norway spruce wood (Picea Abies Karst.) was also investigated.
One-component polyurethane (PUR) and phenol resorcinol formaldehyde
resin (PRF) were used for bonding. Untreated and aged samples (arti cially and naturally weathered) were analysed and compared to silylated
samples as reference, assuming the silylation reduces the adhesion to a
minimum. From the gathered results it can be concluded that arti cial
ageing has the same effect as natural weathering on, both, adhesion
and the properties of the single components of a bond. In beech wood,
weathering increases the adhesion of PUR signi cantly. For PUR in
spruce wood, the adhesion is not affected by any treatment. Tensile
shear tests signi ed a reduced adhesion in all silylated samples. Additionally, the stiffness and hardness of both adhesives were found to be
reduced by approximately 10 %. As a consequence, the applied silylation
is not considered as adequate treatment for reference samples.
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7.1 Introduction
Reinforcing softwood timber constructions locally with hardwood components, or hardwood constructions generally, can improve the competitiveness of timber designs compared to those made of steel or concrete. To safely estimate the durability of such structures it is essential
to understand possible failure mechanisms. In hardwood elements, the
critical zones normally are the glue joints. Delamination is a potential
consequence if the glue joints are not designed properly.
In Europe the standard delamination test for glued-laminated timber is
speci ed in EN 391 [138]. Basically, short glulam elements are soaked
in water under alternating vacuum and high pressure and then dried afterwards in a warm and dry air current. This procedure was developed
for softwood and has proven its validity. Hardwood elements however
barely pass this test because of their high modulus of elasticity (MOE, E)
combined with high shrinkage and swelling coef cients [6]. Moreover,
adhesive systems are generally designed for use with softwoods and thus
might not be suitable for the demands of hardwoods. The vessel network
in beech wood for example may lead to starved glue joints, if adhesives
are not properly adapted to hardwood applications [127].
In general, standards have to be feasible and cannot claim to be realistic or
scienti c. Hence the testing method EN 391 [138] is not suitable for hardwood elements, whether they are manufactured properly or not. Firstly
the mechanisms of the wood adhesive system have to be investigated
based on their basic behaviour in order to later be able to assess the durability of adhesively bonded hardwood elements. Nanoindentation (NI)
is a technique that allows investigating one fundamental mechanism of
adhesive bonding: the adhesion at the interface of wood cell wall and
adhesive on the micron scale level [139].
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7.2 Materials and Methods
7.2.1 Sample Preparation
Before sample preparation the wood was stored at standard atmospheric
conditions (20 ◦C and 65 % relative humidity) until equilibrium moisture
content was reached. After each procedure step, the samples were again
stored at standard atmosphere.
To emphasise differences between adhesively bonded hard- and softwood,
one prominent species of each was analysed. Adhesive bonds were manufactured according to the requirements indicated in EN 302-1 [1] for
lap-joint specimens. Therefore, boards of European beech (Fagus silvatica L., density: 635 kg/m3 at standard atmospheric conditions) and
Norway spruce (Picea Abies Karst., density: 435 kg/m3 at standard atmospheric conditions) wood were planed with sharp blades to a thickness
of 5 mm. For all boards, the annual ring angle was between 60◦ and 90◦ .
Adhesives were applied directly after planing and processed according to
the manufacturers' guidelines. The adhesives used were one-component
polyurethane (1C PUR) and phenol resorcinol formaldehyde (PRF) resin.
The 1C PUR (HB S 309) was provided by Purbond AG, Sempach-Station,
Switzerland. The applied PRF (Aerodux 185, hardener 180) was provided
by Dynea AS, Lillestrøm, Norway.
Samples of approximately 2 mm × 2 mm × 2 mm containing the glue line
were cut out of the bonded boards. After embedding the samples in
epoxy under vacuum, they were attached to the NI sample holders and
the surface was prepared with a Leica ultramicrotome using a histo diamond knife. Details regarding the specimen preparation procedure can
be found in Konnerth et al. [133]. The cutting direction was perpendicular
to the wood bres, parallel to the glue joint.
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7.2.2 Arti cial and Natural Weathering
Samples were available from PUR bonded beech boards that were directly exposed to the weather for a period of 45 months (February 2009
to November 2012). These boards were prepared the same as described
in section 7.2.1. The weathering took place on a at roof in Zurich, Switzerland. To avoid standing water on the wood, the samples were inclined
by 45◦ , facing south.
For quick ageing simulations, the procedures from EN 302-1 [1] Tab. 1
can also be applied. Kläusler et al. [64, 86] found a signi cant increase
in tensile strength of awless 1C PUR lms after A5 treatment according
to EN 302-1 [1]. For PUR glue joints in beech wood they found that the
shear strength after A5 treatment is at the same level as the untreated
reference (A1). For this reason, A5 treated samples were also investigated
here to compare the arti cial with the natural weathering and highlight
possible differences and changes in the mechanical behaviour of 1C PUR.

7.2.3 Silylation
By the silylation of wood, the hydroxyl groups react with silanes [140],
resulting in an increased hydrophobicity of the wood surface. Half of
the boards were silylated after planing to reduce wettability with water
and, consequently, also with adhesives of polar character. Such samples
were intended to serve as references for the zero adhesion (see Sec.
7.2.4). Based on results from Obersriebnig et al. [15], the silylation was
adapted from Mohammed-Ziegler et al. [141]. For the silylation treatment,
samples were kept rst in a 1 vol% n-hexane solution of Trichloro(octadecyl)silane (CAS No. 112-04-9) under continuous stirring for one hour,
rinsed afterwards with pure n-hexane and then air-dried. This procedure
was repeated with a 1 vol% n-hexane solution of Chlorotrimethylsilane
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(CAS No. 75-77-4). After these silylation steps the sample preparation
continued as described in section 7.2.1.

7.2.4 Testing Methodology
The NI experiments were conducted according to the procedure proposed by Obersriebnig et al. [139] and performed on the Hysitron TI
900 Triboindenter. A force controlled function was used for the material
characterisation with a single loading increment (400 c N) and unloading
after a holding time of 5 s. Four indents (uniformly distributed around
the lumen, see Fig. 7.1) were performed per analysed wood cell wall to
avoid artefacts due to varying angles between the micro brils and the
indenter tip, as observed by Konnerth et al. [142]. Hardness H and MOE
of the wood cell wall and adhesive were measured with a Berkovich-type
tip with a total opening angle of 142.3◦ . The experimental data was
evaluated according to Oliver and Pharr [143]:

S
·
E =
2
H =



π
Ac

 12

Fmax
Ac

(7.1a)
(7.1b)

wherein S is the unloading stiffness, Ac is the contact area of the indentation tip and Fmax indicates the maximum force.
The adhesion between adhesive and wood cell wall was investigated by directly placing the indentation spots at the interface. The interface at the
third layer of the secondary cell wall was investigated, either directly at
the glue joint or inside adhesive lled lumina (see Fig. 7.2). A cone shaped
diamond tip with an opening angle of 60◦ and a tip radius of approximately
10 nm was used in combination with a four-step displacement controlled
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Fig. 7.1

Indentation spots in the wood cell
wall (beech).

load function (see Fig. 7.3). This load function was found to work best
for this type of experimental setup by Obersriebnig et al. [139] and was
thus adapted. The total indentation work Wi , i.e. integrating force over
displacement, at the interface was taken as a measure for the adhesion.
Silylated samples served as references, assuming the silylation reduces
the adhesion to a minimum (see 7.2.3) [15]. The difference between regular and silylated samples should therefore indicate the energy needed
to overcome the adhesion force (see Fig. 7.5 for example). The validity of
the assumption can be assessed on the macroscopic scale with ordinary
tensile shear tests according to EN 302-1 [1]. A signi cant reduction
in shear strength together with a signi cant decrease in wood failure
indicates a reduction in adhesion (see Sec. 7.3.1).
The statistical evaluation of the gathered results was conducted according to DIN 53804-1 [101] with a level of signi cance of 5 %.
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bond line
empty lumen
adhesive
Fig. 7.2

wood cell wall
indentation spot

Possible indent positions,
marked with an .

7.3 Results and Discussion
7.3.1 Macroscopic Shear Strength
To determine the in uence of the silylation on the macroscopic scale,
the tensile shear strengths τu of untreated and silylated samples were
compared. The untreated sample series all ful l the requirements from
EN 301 [3] and EN 15425 [4], being in the range of 11 N/mm2 for bonded
spruce to 13 N/mm2 for bonded beech specimens, see Tab. 7.1. Fracture
predominantly occurred in the wood. Silylation reduced the macroscopic
strength for both adhesives by the same percentage for a given species.
In beech wood the strength was reduced by 90 %, whereas the reduction
in spruce wood was only 55 %. No wood failure occurred in either wood
species. The variance between the wood species might be caused by
differences in the mechanical interlocking, or by different impacts of the
silylation. Assuming that the adhesion of the adhesive to the cell wall is
in fact zero, the remaining part of the bond performance could be interpreted as contributed by the mechanical interlocking within the range of
10 % to 45 % for the entire bond performance. The reduction itself can
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Fig. 7.3 Load function for adhesion measurements according to Obersriebnig et al. [139].
also be induced by adhesives impaired by the silylation, as mentioned
later in section 7.3.2.

7.3.2 Material Properties
In Tab. 7.2 an overview of the measured bulk material characteristics
is given. Hardness and MOE of the wood cell wall were found to be
identical for both wood species. Other NI surveys found that the MOE
of the spruce and beech wood cell wall and hardness of both woods was
within the range of 15 000 MPa to 21 000 MPa and 300 MPa to 550 MPa
[125, 142, 144 147], respectively. Regarding the typically observed variability of results of mechanical properties determined by NI on wood, the
values gathered here are within the same range, but at the upper limit.
The mechanical properties found for the adhesives are congruent with
other NI surveys, and roughly twice as high as adhesive lm measurements determined on the macroscale [64, 125, 148, 149]. The scale effect
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Tab. 7.1

Tensile shear strengths τu of the glue joints
with corresponding con dence intervals, wood
failure percentages and number of specimens
tested (n).

Spruce
Spruce silylated
Beech
Beech silylated

τu
[MPa]

Wood failure
[%]

n
[-]

10.98 P1.40
5.01 P1.26
12.80 P1.30
1.02 P0.93

100
0
s 90
0

15
5
8
5

can be explained by pore spaces and material aws that do not come into
play in NI experiments, since the indentation spots were placed at hand
selected sound locations.
According to Konnerth et al. [133], PUR adhesives do not penetrate the
wood cell wall, whereas PRFs do. This also becomes apparent in the
experimental data (Tab. 7.2), where wood cell walls in contact with PRF
show increased stiffness and hardness by approximately 7 %. The only
signi cant difference between the two wood species emerges from the
silylated samples. Beech wood was not signi cantly in uenced by this
treatment, whereas spruce wood shows increased properties in the same
order as caused by the PRF penetration. The combination of PRF and
silylation in spruce wood however does not show any further effect. Other
in uences of the treatments are not present.
The mechanical properties (Tab. 7.2) of the cured adhesives in the glue
joint do not depend on the wood species. As for the wood, the treatments do not affect the adhesives, with silylation as the only exception.
For both adhesives, the silylation reduces hardness and MOE by approximately 10 %. This (statistically signi cant) decrease might be explained
by an altered curing behaviour due to the increased hydrophobicity of
the wood surface, since water plays a substantial role in the curing processes of both adhesives. In this case the applied silylation cannot be
considered as an adequate treatment for reference samples.
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Tab. 7.2 Characteristics and coef cients of variation (CV)
of wood cell walls and adhesives.
E
[MPa]

CV
[%]

H
[MPa]

CV
[%]

20 200
21 600
21 700
21 000

5.1
4.4
5.2
4.1

450
480
480
480

5.7
5.6
6.3
5.8

PUR
2 300
PUR silylated
2 100
PRF
7 400
PRF silylated
6 700
* Data only available for spruce wood

12.2
9.5
12.1
5.3

130
120
420
380

9.2
10.2
7.0
8.8

Wood cell wall
Wood cell wall (PRF)*
Spruce silylated (PUR)
Spruce silylated (PRF)

7.3.3 Adhesion Properties
To compare the various indentation works and thus the adhesion, the
bulk material characteristics have to be constant over the whole sample
spectrum and unaffected by the treatments. This prerequisite is ful lled
by all sample series except the silylation. Nevertheless these results are
kept as reference, keeping in mind the results from section 7.3.2. An
overview of the indentation works (Wi ) at the interface of the different
sample series is given in Fig. 7.4 and Fig. 7.6.

Adhesion of PRF
The indentation works at the interface of PRF and spruce are in the same
range of magnitude as for beech and statistically no difference is evident
(Fig. 7.4). Considering similar bulk cell wall properties of both spruce and
beech (Tab. 7.2), and similar bulk adhesive properties it can be concluded
that adhesion of PRF to both wood species are of the same value.
From the macro-mechanical tensile shear tests (see Sec. 7.3.1) signi cant
differences in bond performance are evident. In light of the similar adhe-
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Beech A1
(vessel)
sil.
Spruce A1
sil.
200
Fig. 7.4

250
300
Wi [µNm]

350

Indentation work at the intimate interface
of PRF and wood cell, untreated (A1) and
silylated samples.

sion, together with the high wood failure percentage, the entire difference
in bond performance may be attributed to the well-known differences in
macroscopic strength of beech and spruce, which is mainly due to different density values. The mean indentation work is approximately 310 c Nm
and reduces by about 20 % (see also Fig. 7.5) for both species after silylation. An insigni cantly higher effect of the treatment can be observed in
the case of spruce wood as adherend, however scattering of indentation
work also considerably increased, especially for beech wood as substrate.
For the case of assumed zero adhesion for a water based adhesive on
silylated specimens, the indentation work represents a maximum of 20 %
adhesion energy for the PRF on a wood adhesive system, meaning that
even small contrasts in indentation work may be interpreted as a significant reduction in adhesion. Obersriebnig et al. [15] came to a similar
conclusion for urea formaldehyde (UF) resins. They found a maximum
UF adhesion energy of about 15 % in contact with spruce wood.

Adhesion of 1C PUR
Regarding PUR adhesive bonds, a couple of interesting ndings can be
observed as illustrated in Fig. 7.6. First of all, indentation work, and con-
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1000
PRF
PRF, silylated

force [µN]

750

500

250

0

0

Fig. 7.5

200

400
600
displacement [nm]

800

Load displacement curves, displacement controlled, silylated vs. regular PRF glue joint.

sequently adhesion at the interfaces of untreated beech wood, is similar
for the two tissue bres and vessels. The indentation work is slightly
lower in spruce interfaces, however the effect is insigni cant.
In strong contrast to observations made on the PRF adhesive, silylation
shows only an insigni cant and non-systematic effect on PUR interfaces.
Beech wood bres, same as spruce wood tracheids, show slightly decreased mean values for indentation work and, in the case of spruce, are
combined with increased scattering. Remarkable is the slight increase in
indentation work observed for interfaces on beech wood vessels.
PUR responds with very little changes in adhesion for all three silylated
substrates, whereas PRF shows considerable losses in adhesion. This
observation might be surprising as silylation is regarded as a surface inactivation process. However, by regarding the chemical nature of the
adhesives it is clear that the adhesive with the higher polar character
(PRF) demonstrates a more signi cant effect on changes in polarity than
PUR. PUR may be regarded as an adhesive with signi cantly less polar
character compared to PRF, consequently decreases in polarity of the
substrate surface, as caused by silylation, causes a lesser decrease (and
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Beech
(ﬁbre)

A1
sil.

Beech A1
(vessel)
sil.
A5
w.
Spruce A1
sil.
A5
150
Fig. 7.6
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200
Wi [µNm]

250

Indentation work at the intimate interface of
PUR and wood cell for various treatments as
an indicator for differences in adhesion; sil.:
silylated, w.: naturally weathered, A1/A5:
treatments according EN 302-1 [1] Tab. 1.

Comparative Adhesion Analysis at Glue Joints in European Beech and Norway Spruce
Wood by Means of Nanoindentation

partial increase) in adhesion behaviour of PUR bonds.
With regard to the adhesion, natural and arti cial weathering have the
same effect on PUR in beech wood. In both cases the indentation work
increases by about 16 %. This observation is concordant with conclusions
from Kläusler et al. [64], where they assume that the increased local mobility whilst moistening [150] is accompanied by a rearrangement of the
hard and soft segments in the polymers, which consequently bene t the
hydrogen bonds. Hence not only the adhesive itself pro ts, but also the
wood adhesive interface, resulting in an increased adhesion [151].
The adhesion of PUR in spruce wood is not affected by any treatment,
only the coef cients of variation (CV) are doubled by silylation and weathering. The assumed rearrangement of the polyurethane's structure by
weathering (mentioned above) is either not valid or simply has no further
effect here, whereupon it could be concluded that the adhesion of PUR in
spruce wood already reaches its optimum after manufacturing the glue
joint.

7.4 Conclusions
Silylation works well to reduce the adhesion of water based adhesive systems (e.g. PRF). However, it has to be doubted that only the adhesion
is in uenced by this treatment, since a signi cant decrease in MOE and
hardness was found for both adhesive systems, yet increasing values
were measured for spruce wood. This behaviour seems to be caused by
the silylation. Additionally the adhesion of PUR is not affected at all by
this treatment.
Despite the uncertainties of the silylated samples, some comparative
conclusions can still be drawn. The major ones are:
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t arti cial weathering according to EN 302-1 [1] has the same effect
on the NI results as 3 years of direct weathering.
t in beech wood, weathering increases the adhesion of PUR signi cantly, corresponding to increased indentation work by 16 %.
t MOE and hardness of the single components are unin uenced by
weathering.
t PUR in spruce wood is unaffected by any treatment.
t the adhesion of PUR is by trend higher in beech than in spruce
wood.
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Abstract
Delamination resistance and tensile shear strength (TSS) are essential for
load-bearing timber structures. Thus these two factors were investigated
on industrially bonded ash wood (Fraxinus excelsior L.) to check for the
suitability of adhesively bonded ash wood as a building material. Two
melamine urea formaldehyde (MUF) resins, two polyurethanes (PUR),
one emulsion polymer isocyanate (EPI) and one phenol resorcinol formaldehyde (PRF) resin were taken for bonding. Face-milled and planed
surface series were made to highlight potential differences. For PUR,
an additional series with dimethylformamide primed surfaces were also
made. The in uence of the mixing ratio (MR) and the closed assembly
time (CAT) were analysed for one MUF system. The samples for the TSS
were tested in dry and wet conditions. 80 % of the tested series met the
standard requirements [3, 4] at dry, whereas only 30 % passed at wet condition. None of the adhesives tested were able to pass the delamination
test. No distinct in uence of the different parameters studied is notable
for most of the adhesive systems, only extended CATs and lower MRs
seem to improve the bond quality of MUF. In addition, chemical analyses
were performed to nd evidence for the poor bonding performance. It
was found that acidic extractives, fatty acid content and pH of ash fell
within the range of beech and spruce wood, with only formic acid being
an exception with an amount four times higher than the other two wood
species.
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8.1 Introduction
The increase in hardwood harvest in Europe, particularly in Switzerland,
is reasonable grounds for devising further applications of these species
in construction engineering [9]. The hardwood reserves in the forests are
accumulating [8] and thus another economic use besides their energetic
utilisation is desirable. The common hardwoods have better strength
properties than the more utilised spruce wood and thus have good potential in the construction sector. However, wooden construction designs
usually need the wood to be adhesively bonded, e.g. as glued laminated
timber (glulam) or laminated veneer lumber (LVL), to achieve the demanded load bearing capacity. Technical standards de ne certain minimum requirements for such glue joints to guarantee safety and quality.
Softwoods have been used in glued timber constructions now for more
than 100 years. Thus their potential and applications are already well
known. One consequence however is that adhesive systems are often
designed for use with softwoods and consequently technical standards
focus on their application. Hardwood applications in contrast are relatively young. Their feasibility has to be veri ed and their potential and
problems have to be fathomed rst.
The quality of glue joints is typically evaluated with tensile shear tests [1]
and delamination tests [2]. The second test in particular is a major hurdle
for hardwood elements. It is basically a stress test for the joint by maxing
out the swelling and shrinkage coef cients of the adherends, involving
cycles of soaking in water with high pressure and vacuum, followed by
drying in an air current at a raised temperature. Hardwoods have, in
comparison with softwoods, higher swelling coef cients, higher Young's
moduli and higher strengths, which altogether sum up to higher internal
stresses when changing moisture. Thereby a failure at the joint is more
likely in hard- than in softwood elements. Only recently were Schmidt
et al. [126] able to show that glulam elements made of beech wood can
pass the delamination test according to EN 302-2 [2], following speci c
bonding parameters. Their ndings however also show how dif cult it is
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to pass this test with bonded hardwood. A similar study for ash wood glulam was done by Knorz et al. [152], but they could not nd any adhesive
technology that would ful l the minimum requirements of the standards
[3, 4].
In this study the in uence of surface preparation, priming, mixing ratio (MR) and closed assembly time (CAT) on the glue joint performance
of industrially bonded ash wood was investigated. Chemical analyses
were conducted to determine the acidic wood extractives and fatty acids
of beech, ash and spruce samples to identify potential causes for the
different bonding performances. This research thus provides further
information and contributes to realising a future solution for bonding
hardwoods.

8.2 Materials and Methods
8.2.1 Materials
The ash wood (Fraxinus excelsior L.) used for all experiments was sorted
beforehand by density and ultrasonic measurement. The used wood had
a raw density of 650 P25 kg/m3 and a moisture content of 11.8 P0.7 %.
Before bonding, the wood surfaces were either planed (P) or face-milled
(FM). Both wood sorting and surface preparation were conducted on the
same machines for all experiments. Six adhesive systems of four different adhesive types were used for bonding, namely; two melamine urea
formaldehyde (MUF) resins, one phenol resorcinol formaldehyde (PRF)
resin, one emulsion polymer isocyanate (EPI) and two polyurethanes
(PUR). The adhesive systems MUF1, MUF2, PRF and EPI were provided
by Dynea AS, the PUR1 and PUR2 by Jowat AG. All bonding parameters were strictly adopted from the manufacturers' guidelines. For the
MUF1 system the bonding parameters CAT and MR were varied: CATs
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of 10 min, 20 min and 30 min, and MRs with 100 m%, 60 m% and 35 m%
hardener admixture were processed (later designated as e.g. 35 % MR).
Both PUR systems were supplemented by a further surface treatment,
where 40 g/m2 of pure (99.8 %) dimethylformamide (DMF, CAS No. 6812-2) was applied to the planed surfaces as primer. DMF was found by
Kläusler et al. [70] to be a suitable primer to improve the bond quality of
PUR in combination with beech wood.

8.2.2 Tensile Shear Tests
The samples for measuring the tensile shear strength (TSS) were produced as required by the standard EN 302-1 [1]. All the above-mentioned
specimen types were ivestigated, and the MUF1 series were complemented with an additional CAT of 40 min. The nal specimens were split
into two groups and each of them subjected to either A1 or A4 treatment,
according to EN 302-1 [1]. No further treatment was conducted on the
A1 group besides storing at standard atmosphere (20 ◦C, 65 % relative humidity) until testing. However, the A4 group specimens were immersed
in boiling water for 6 h, followed by immersion in cold water for 2 h and
tested immediately afterwards, i.e. in wet conditions.
All experiments were conducted on a Zwick/Roell Z010 universal testing machine with a 10 kN load cell mounted. The machine was operated
displacement-controlled at constant 0.8 mm/min. This displacement rate
was suitable for both the A1 and A4 series, since all specimens failed
within 30 s to 90 s, as speci ed by EN 302-1 [1]. The percentage of wood
failure (WF) was recorded directly after mechanical testing.
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8.2.3 Delamination Tests
The specimens for the delamination test were produced in an industrial
glulam beam plant using the same materials and parameters mentioned
above. Ash glulam elements consisting of six lamellæ each 30 mm thick
(mainly at grain) and roughly 5 m in length were produced to cut out
the nal specimens according EN 302-2 [2]. PRF and MUF2 had to be
omitted due to limitations of the glulam beam plant. Also the MUF1 with
P surface were not feasible, however the FM series with all variations of
MR and CAT were possible.
The test procedure was adopted from EN 302-2 [2] (adhesive type I), i.e.
soaking under cycles of vacuum and high pressure, followed by drying at
increased temperature (65 ◦C). The specimens undertook, in total, three
such cycles of soaking and drying. These experiments were performed at
two different laboratories to verify the reproducibility of the results. Both
laboratories used therefore the same testing parameters.

8.2.4 Chemical Analyses
Chemical analyses were carried out to identify potential causes for the
variability in bonding quality between different wood species. Therefore,
besides the ash wood, also beech (Fagus silvatica L.) and spruce (Picea
Abies Karst.) wood were taken into account to determine the three
following properties:
t content of acidic extractives,
t content of fatty acids, and
t pH value.
Before the extraction the wood samples were milled using a Retsch mill
equipped with a 1 mm sieve.
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For the determination of the content of acidic extractives 10 ml of 0.025m
NaOH were added to 1 g of the milled wood sample, treated in an ultrasonic bath for 60 min, and subsequently shaken for approximately 12 h.
The mixture was then ltered to obtain a clear extract. The determination
of acetic acid and formic acid was carried out using an Ion chromatograph
Metrohm 761 Compact IC with Metrohm 813 Compact Autosampler Programm: 761 PC Software 1.1, Metrosep Organic Acids

250 column,

eluent: sulphuric acid (0.5 mmol/l) / acetone (15 %), temperature: 23
P3 ◦C.
The fatty acid content was determined according to DIN 55957 [153].
This method focuses on the separation of fatty acids by the number of
carbon atoms (preferably 14 to 18) and by the number of double bonds
(up to three). The procedure includes addition of 70 ml of 0.5m NaOH in
methanol to 8 g of milled wood, 2 h treatment in an ultrasonic bath and
shaking for approx. 12 h. After ltration, 20 ml of the extract are boiled
under re ux for 1 min. Subsequently, 10 ml of 14 % boron tri uoride solution in methanol is added and the mixture is boiled for another 2 min
whereupon 10 ml of heptane are admixed and the solution is boiled for
1 min. The solution is then cooled down and salted out by addition of saturated sodium chloride solution and shaking. Finally, the upper organic
phase is separated and dried over sodium sulphate. The determination
of the fatty acids' composition was determined by gas-chromatography
using a RTX-65 30 m × 0.25 mm × 0.50 c m column.
The pH-measurement was carried out after cold water extraction of milled
wood with deionized water using a wood-to-water ratio of 1:10. The extraction procedure is similar to that of the determination of acidic extractives.
Determination of the surface pH was carried out on wood board sections
using a glass electrode with a at tip. The pH value was measured at
two sites per wood species after 2 min wetting of the wood surface with
0.4 ml of deionized water for each site.
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8.3 Results and Discussion
8.3.1 Tensile Shear Tests
In Tab. 8.1 all results for the TSS under A1 conditions are given. The
results for the A4 conditions are shown in Tab. 8.2. Besides the mean
TSS, WF, and number of specimens n, also the coef cient of variation
(CV), and the con dence interval (CI) are illustrated. For the CI a level of
con dence of 95 % was used. The statistical evaluation of the gained data
was done according to DIN 53804-1 [101]. The data are also illustrated
in condensed form in Fig. 8.1 for a better overview. Note that the box
plots show the mean value instead of the median, since the mean value
is relevant for ful lling the standard requirements.
To pass the standards EN 301 [3] and EN 15425 [4], the TSS has to be, on
average, above 10 MPa for A1 and 6 MPa for A4 testing. These thresholds
are actually for beech wood, however, since beech and ash wood have
similar strength properties, these thresholds were simply adopted here
as quality measure. Approximately 20 % of the series failed to pass at A1,
and 70 % failed at A4.
Signi cant differences are present between the MUF1 variants, but no
clear trend is notable. For the 100 % MR, the lowest TSSs are measured at
20 min CAT, but both longer and shorter CATs produce signi cant higher
TSSs. A similar observation can be made for 60 % MR, but not for 35 %.
The surface preparation shows no in uence on MUF1. The TSSs for
planed or face-milled surfaces are statistically identical, with only two
exceptions: the 60 % and 35 % MR both show, in combination with a
30 min CAT and FM surface, a fatal drop in TSS below the 10 MPa hurdle,
i.e. they do not ful l the EN 301 [3] requirements, but at the same time
still show 100 % WF. Additionally the MUF1 with 100 % MR, 20 min CAT
and FM does not ful l these requirements (again with 100 % WF), but the
same P variant does. The TSS FM is 9.86 MPa, the TSS P is 10.16 MPa,
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Tab. 8.1 Results for TSS under A1 conditions.
Adh.

MR
[%]

Surface

TSS
[MPa]

CV
[%]

CI
[MPa]

n
[-]

WF
[%]

10

P
FM

12.33
11.58

15
8

0.86
0.44

20
20

98
100

20

P
FM

10.16
9.86

7
11

0.36
0.52

17
20

94
100

30

P
FM

11.43
11.08

14
8

0.76
0.44

19
20

94
100

10

P
FM

12.32
12.33

5
10

0.30
0.58

16
20

100
100

20

P
FM

10.75
11.23

12
12

0.59
0.63

20
20

98
100

30

P
FM

12.52
9.83

9
8

0.53
0.43

20
15

91
100

10

P
FM

11.51
12.51

10
13

0.54
0.89

20
15

100
99

20

P
FM

12.64
11.87

19
10

0.71
0.67

48
15

74
100

30

P
FM

11.80
9.66

11
10

0.36
0.55

49
15

81
100

40

P

12.35

18

0.83

30

54

40

P
FM

10.88
12.91

9
8

0.56
0.51

15
18

100
98

PUR1

P
P + DMF
FM

9.85
8.92
11.44

17
10
13

0.79
0.42
0.72

20
19
20

94
78
90

PUR2

P
P + DMF
FM

12.65
9.72
10.83

6
16
15

0.35
0.71
0.76

19
20
20

97
85
70

100

CAT
[min]

MUF1
60

35

MUF2

25

PRF

20

30

P
FM

11.49
11.19

11
15

0.57
0.78

20
20

100
100

EPI

15

15

P
FM

11.54
11.95

12
10

0.66
0.53

20
20

100
61
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but with no statistical difference. The MUF2, PRF and EPI series show
similar behaviour as MUF1, with TSS between 11 MPa to 12 MPa.
The PUR specimens also show mainly wood failure at dry conditions, but
not as much as the other adhesive systems. The surface preparations
also have a stronger in uence. Both PUR1 and PUR2 do not pass the
10 MPa in combination with planed and DMF primed surfaces. The PUR1
also fails the test without the primer, but the FM version does not, with
a signi cantly higher TSS. For the PUR2 it is just the opposite, the P surface results in a signi cantly higher TSS than the FM surface; however,
both are above 10 MPa. DMF as primer for PUR glue joints in ash wood
thus seems not to contribute any advantage, unlike its application in
beech wood joints [70]. A recently released commercial primer might be
an alternative [154], or also hydroxymethylated resorcinol [72, 75] might
increase the bond quality in ash wood. This, however, would have to be
covered in further research.
Under wet conditions (A4) most series cannot pass the demanded 6 MPa
hurdle. Again the CAT and surface preparation have no clear in uence
on the TSS of MUF1, but lower MRs seem to promote higher TSSs. With
100 % MR only one variant was able to pass; with 60 % MR two, and with
35 % four variants passed. However, none of the MUF2, EPI or PUR series
passed the test. Only the PRF series achieved both TSSs above 6 MPa.
Thus PRF is the only adhesive system that reliably ful ls the EN 301 [3]
criteria regarding TSS, independent of surface preparation. Six of the
19 parametric setups for the MUF1 also ful l these requirements, but
no distinct trend is notable. Only lowering the MR for MUF1 seems to
slightly improve the TSS for A1 and A4 conditions.
A correlation between WF and TSS can only be found for the PUR systems,
i.e. more WF corresponds with higher TSS. The other adhesive systems
do not exhibit a similar behaviour. The lowest WF percentage under dry
conditions is, for example, found in one MUF1 series with TSS above
12 MPa, but other series with 100 % WF are below 10 MPa. Thus, WF may
not be a suitable measure for the quality of glue joints, as already stated
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Tab. 8.2 Results for TSS under A4 conditions.
Adh.

MR
[%]

CAT
[min]

Surface

TSS
[MPa]

CV
[%]

CI
[MPa]

n
[-]

WF
[%]

10

P
FM

4.73
5.51

37
6

0.82
0.15

20
19

37
6

20

P
FM

5.49
5.42

15
8

0.39
0.20

20
19

15
8

30

P
FM

5.70
6.01

15
7

0.59
0.19

11
20

15
7

10

P
FM

5.68
5.83

18
12

0.48
0.36

20
18

18
12

20

P
FM

6.15
5.36

6
5

0.18
0.15

19
17

6
5

30

P
FM

6.36
5.79

9
6

0.28
0.19

17
15

9
6

10

P
FM

5.64
7.11

17
12

0.45
0.47

20
15

17
12

20

P
FM

5.56
6.66

20
5

0.37
0.18

39
15

20
5

30

P
FM

6.36
6.60

16
14

0.33
0.51

40
15

16
14

40

P

5.29

19

0.39

29

19

40

P
FM

5.90
5.88

6
11

0.21
0.31

14
20

6
11

PUR1

P
P + DMF
FM

4.24
4.55
5.47

23
38
11

0.45
0.80
0.27

20
20
20

23
38
11

PUR2

P
P + DMF
FM

5.01
5.40
4.76

13
23
13

0.31
0.61
0.28

20
19
20

13
23
13

100

MUF1
60

35

MUF2

25

PRF

20

30

P
FM

7.44
6.35

10
4

0.36
0.14

20
13

10
4

EPI

15

15

P
FM

5.20
4.41

25
9

0.63
0.19

19
19

25
9
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: TSS / WF planed
: critical TSS values

Results for the TSS tests. Top A1, bottom A4 condition. Note that box plots show mean values instead of
median.
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by many authors before [70, 152, 155]. However, under A4 conditions
FM surfaces tend to produce more WF compared to P. This nding is
concordant with Knorz et al. [156].

8.3.2 Delamination Tests
Tab. 8.3 and Fig. 8.2 show the delamination test results. In Fig. 8.2 the
results are shown separately for the two laboratories. The differences
between the laboratories are generally small and, with regard to the requirements, come to the same conclusions.
The lowest average delamination was recorded at 28 % for the PUR2 with
planed and primed surface. This value however is still far beyond the demanded 5 % [4]. Therefore no adhesive system tested was able to meet
the requirements of the standard. Most series failed with more than 60 %
delamination.
Besides these high values, two clear tendencies for MUF1 are remarkable.
Firstly, the delamination decreases with decreasing MR and, secondly, the
delamination decreases when extending the CAT. These tendencies are
also present for the TSS, but less distinctive than for the delamination.
The ndings here are in general concordance with Knorz et al. [152].
They also found that increasing the CAT can improve the delamination
resistance of MUF glue joints. However, contrary to the investigations
here, they found a positive trend when increasing the MR of MUF. This
divergence however might be due to the different MUF systems used.
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Tab. 8.3
Adh.

Delam.
[%]

CV
[%]

n
[-]

FM
FM
FM

89
75
78

8
15
8

6
6
6

10
20
30

FM
FM
FM

89
51
33

7
29
29

6
6
6

10
20
30

FM
FM
FM

46
40
38

23
9
25

6
6
12

PUR1

P
P + DMF
FM

88
96
97

8
4
3

12
12
12

PUR2

P
P + DMF
FM

89
28
79

6
19
7

12
12
12

P
FM

51
89

29
6

6
12

MUF1

EPI
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Results from the delamination tests, showing
the percentage of delaminated joints with CV.
MR
[%]

CAT
[min]
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Delamination test results measured at two different
laboratories. Note that 5 % is the threshold.
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8.3.3 Chemical Analyses
Tab. 8.4 shows the results of the determination of acidic extractives of
the investigated wood samples. Beech wood contains the lowest concentration of acidic components. Consequently, its pH value is the highest
compared to that of ash and spruce wood. The acid content, as well as
the pH value of ash wood, fall within those of beech and spruce. However,
a remarkable difference regarding the distribution of acetic and formic
acid concentrations among the three wood species can be observed. Although spruce wood contains the highest amount of acidic components,
ash wood contains the highest amount of formic acid. It exceeds the
formic acid concentration of the other wood samples by a factor of 4.
The results of the surface pH measurements correspond with those of
the acidic extractives.
During storage of solid wood, fatty acids can migrate from inner wood regions to the surface. They might decrease or obstruct the wood-adhesive
interaction by forming thin non-polar lms that interfere with the physical
or chemical interaction of both components, e.g. formation of hydrogen
bonds or, in the case of isocyanates, of polyurea or polyurethane bonds.
It was therefore important to determine the content of fatty acids within
the wood samples. The results are compiled in Tab. 8.5.
The results show that spruce wood contains the highest amount of fatty
acids, whereas in beech wood far less of these substances were found.

Tab. 8.4 Results of the acidic components' content as well
as the pH values of the extractives and surfaces.
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Ash

Beech

Spruce

Acetic acid
Formic
acid
P

227
51
277

114
10
124

423
13
436

[mg/kg]
[mg/kg]
[mg/kg]

Extractives pH
Surface pH

5.18
5.26

5.39
5.40

4.74
4.97

[-]
[-]
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However, ash and spruce have comparable contents of unsaturated fatty
acids. The most abundant among them are listed separately in Tab. 8.5.
Strong or medium strong acids may act as catalysts for the reaction of
isocyanates with wood surfaces. Therefore the distinctly higher concentration of acetic acids and the resulting lower pH value can serve as
an explanation for the generally good adhesion performance of spruce
wood. Fatty acids in concentrations found in this study obviously do not
interfere with the formation of adhesive bonds.
Other structural prerequisites such as surface porosity or accessibility of
OH groups of lignin or carbohydrates at the wood surface may affect the
gluability of different wood species even more. Since isocyanate groups
of the adhesive prepolymer require the presence of OH groups to form
urethane or urea bonds, the wood surface has to provide such groups.
Recent investigations of the hydroxyl content of different wood species
or their polymer constituents show that hardwood species such as beech
or ash wood contain lower concentrations of OH group than softwood
species. This is the result of a signi cantly higher content of partly acetylated xylan-based hemicelluloses [157, 158] in hardwood with up to 70 %
of C-2 and C-3 positions being acetylated, as well as the higher number
of methoxyl groups in hardwood lignins due to a higher concentration of
syringyl moieties [159, 160]. Here, it was shown that the OH-content of
lignins decreases with increasing methoxyl content.
Therefore, isocyanates may encounter less reactive groups on hardwood
surfaces compared to softwood species. Surface treatment with wood
swelling uids, such as polar solvents, obviously improve accessibility of
the OH groups by increasing the speci c wood surface and subsequently
improving the glueing quality.

125

Mechanical Performance of Glue Joints in Structural Hardwood Elements

Tab. 8.5 Content of saturated and unsaturated fatty acids in the
three wood species. The ve most substantial unsaturated fatty acids are listed separately.
Ash

Beech

Spruce

Saturated fatty acids
Unsaturated
fatty acids
P

88
517
606

88
81
169

192
499
691

[mg/kg]
[mg/kg]
[mg/kg]

Oleic acid
Trans-9-elaidic acid
Linoleic acid
Linolelaidic acid
Linolenic acid

80
103
303
0
23

15
0
66
0
0

113
62
235
82
0

[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]

8.4 Conclusions
The gained results within this study allow drawing the following conclusions:
t none of the tested adhesive systems was able the meet the requirements of EN 15425 [4], or EN 301 [3] respectively.
t the PRF was the only adhesive system that reliably achieved the
stipulated TSS.
t the bonding performance of MUF1 pro ts from low MRs and long
CATs.
t WF and TSS correlate only for PUR adhesives.
t no explicit trends were identi able for PUR, EPI, PRF or MUF2 regarding TSS or delamination.
t in the conducted chemical analyses, values for ash wood mostly
lie within the range of beech and spruce wood values. The only
exception is the formic acid content, being four times higher than
for the other species.
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9 Synthesis
9.1 Discussion of the Results
The gathered fracture toughness of the adhesive joints indicate that both
PRF and PUR are capable to bear the loads occuring at glue joints in beech
wood [64, 99, 102, 104]. Differences are however present with regard to
the dependencies on moisture and load angle: in uences of the load
angle are less pronounced at PUR joints, but changes in moisture have
a stronger in uence on PUR than on PRF joints. These differences arise
from the single components, as the strength of PUR generally is stronger
in uenced by moisture as the one of PRF [64]. The different in uence
of the load angle may arise from different developments of adhesion
mechanisms (see section 2.3 on page 23). The crack faces showed that
PRF produces wood failure, whereas PUR fails in adhesion. Nevertheless
PUR joints reach similar Kc as solid beech wood [99]. The supposition
of different developments of adhesion mechanisms is supported by the
results on the speci c fracture energy. In these experiments it became
obvious that the current drawback of PUR is its adhesion onto the beech
wood. Even though this adhesive can engage the demanded strength,
it cannot transmit the stresses between the adherends, as the adhesion
is far too low, only capable to consume 20 % to 30 % of the energy that
beech wood is capable of while fracturing [64, 104, 120]. PRF in contrast
can transmit these forces and consequently the failure occurs in the adherend. The results re ect this behaviour, as the speci c fracture energy
for the PRF samples is congruent with the ones of solid beech wood,
independent of climate or ageing. The gained results are generally higher
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than literature values on beech wood [115 117]. Reason is the compact
sample size used by the cited researchers, with fracture surfaces in the
range of 1 cm2 to 2 cm2 . Such small dimensions also lead to lower G, as
demonstrated by Stanzl-Tschegg et al. [118].
The results of the bridging experiments showed a similar picture; PUR was
the weakest of the investigated adhesives and formed adhesive bridges,
whereas PRF again failed in the adherend, forming wood bre bridges.
However, when comparing the results of PRF with MUF or solid wood,
one can notice that PRF achieves signi cantly lower values bridge span
and energy consuption than the other two, even though all show failure
in the wood. As concluded by Konnerth et al. [133], it seems plausible
that PRF penetrates the wood cell wall and subsequently reduces the
strength in the subsurface (see Fig. 2.8 on page 31), resulting in wood
failure with values below the ones of solid wood. The penetration depth
of PRF is according to Adamopoulos et al. [134] around 240 c m. The observation of probable subsurface damage caused by the adhesive may be
valid on smaller scales, as used in the bridging experiments. When the
crack however propagates, the subsur cial failure at PRF joints seems to
cease in favour of actual wood failure, as the results on speci c fracture
energies on propagating cracks suggest. There

as stated above , PRF

samples achieve identical values as the solid beech wood, indicating that
the adhesive is not involved in the fracture process.
The nanoindentation experiments did not allow to gather absolute values
for the adhesion energies. Consequently, differences between the adhesives were not distinguishable, but such between different treatments on
the same adhesive were. Weathered PUR joints
or naturally

no matter if arti cally

showed an increase in adhesion onto the wood cell wall,

with no changes in the single material properties. This nding is concordant with Kläusler et al. [64], and also the results of the speci c fracture
energy show such a trend, but with lack of signi cance.
The conducted standard tests EN 302-1 [1] and EN 302-2 [2] did not reveal
any new information. None of the adhesives tested were able to ful l the
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thresholds on delamination of EN 301 [3] or EN 15425 [4] respectively.
No general trends were identi able except for MUF: the resistance to
delamination increases with extended closed assembly time and by decreasing the hardener admixture. A similar but less distinct trend was
also notable for the tensile shear strength. These results are basically
concordant with Knorz et al. [152].

9.2 Comparison and Discussion of the Applied
Methods
As stated in section 2.2, fracture toughness and speci c fracture energy
of the same material have to correlate. The respective results of Kc (page
46) and G (page 68) however show opposite trends: for both PUR and PRF
Kc decreases with increasing moisture content, but G of PUR joints are
unaffected, respectively strongly increase for PRF joints at high moisture
contents. One might deduce that the gained results are faulty and thus
not concordant with the theory. But this is not the case. The location of
the crack tip is essential in every fracture mechanical experiment and has
therefore to be placed or determined carefully. This problem was overcome in the Kc experiments by de ning the crack tip with silicon lms
within the glue joint. In the G experiments in contrast, the location of
the crack tip was determined in situ with video images and in retrospect
by analysing the crack edges

the crack thus was allowed to choose its

path independent of its initial placement. As emphasised in chapter 4,
the subsequent crack propagation is not of importance when determining the fracture toughness the way it was done. This procedure therefore
allowed to determine the actual fracture toughness of the adhesive in
the joint, with the stress distribution strongly in uenced by the wood adherends. On the other hand, determining the speci c fracture energy as
done in chapter 5, one can characterise the weakest link of the joint (just
as chosen by the crack itself), being any of the links identi ed by Marra
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[76] (see Fig. 2.8 on page 31). Therefore, Kc and G gained here do not
contradict, but highlight that different links in the joints were analysed.
As it turned out, neither of the adhesives per se were the weakest link of
the joint: the weakest link in PUR joints was the adhesion, for PRF joints
it was the adherend, as identi ed in chapter 5.
Depending on the information of interest, the proper experimental setup
can be chosen. Kc of the adhesive within the joint can well be used in
numerical investigations; it is however strongly recommended to accompany the experiments with numerical analyses of the sample geometry, to
not be dependant on literature values. Determining the speci c fracture
energy at propagating cracks delivers better insights into the mechanical
performance of adhesives. Investigating aged

naturally or arti cially

samples is also no problem. Such experiments consequently can well
be used to estimate the quality of joints, possibly better than currently
used standards (e.g. EN 302-2 [2], see chapter 8). Certainly of interest for
industry, science and standardisation alike would be a set of experiments
following the procedure described in chapter 5 to determine G of specimens treated according EN 302-2 [2]. The outcome could either promote
hardwoods in civil engineering, or con rm general conclusions based on
EN 302-2 [2], also found in other publications.
The experimental setup regarding bre and adhesive bridging was solely
aimed at these bridges, and delivered good insights. As stated in the beginning of chapter 6, the initial stress distribution in the compact sample
geometry is complex and does not allow to draw direct conclusions on
the fracture process, which accordingly was omitted. One concomitant
result

the total speci c rupture energy

however revealed interesting

analogies to literature examining the speci c fracture energy, as they are
completely congruent [97, 122]. The differentiation between fracture energy and rupture energy in the present study was chosen to differentiate
between a material characteristic and an arbitrarily measured quantity.
The importance of this differentiation becomes obvious when comparing
the total speci c rupture energy Utot of PUR from the bridging experiments (chapter 7) with the speci c fracture energy G (chapter 6), as
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these values are

as expected

not identical. Now, as the literature

values on the speci c fracture energy are congruent with the speci c
rupture energy here, one might conclude that the literature values are
more a measured quantity than a characteristic, or that the concomitant
results here still represent the material characteristic, despite the lack
of theoretical background. The latter statement however can directly
be negated with reference to G, as these values do represent characteristics of the joint. The former statement though neither has to be
true, as the materials and bonding parameters used are most likely not
identical. This could also explain the differences between the literature
values and G herein, but also differences in approach and accuracy of
data evaluation have to be taken into account. This observation however
primarily highlights the importance of choosing the proper methodology,
and that concomitant results should be seen critically, with no premature
conclusions.
The nanoindentation technique is an interesting tool to characterise the
adhesion on small scale. The implementation as presented in chapter 7
however did only allow to draw comparative conclusions. Thus, this
method could well be used to characterise effects of modi cations in
adhesive formulation. Determining absolute values of adhesion energy
might be possible and would be of great interest, but further research
has rst to be done in this eld, as for example by Obersriebnig [90].

9.3 PRF Joints in Beech Wood
PRF joints with beech adherends performed well in all conducted experiments, the gained results are generally in the same range as for the solid
beech wood. The measured fracture toughness of cracks within the adhesive in glue joints is higher than for plain beech. This is concordant
with the observations made at propagating cracks, namely that the crack
propagation takes place outside the joint. The subsequent bre bridging
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indicates that premature damage may occur during adhesive application
or curing, but even if this is the case it does not impair the mechanical
performance of the joint as a whole. Aged specimens showed a reduction
in fracture energy, but at the same time no change in the percentage of
WF was recorded. The origin of this diminution can therefore not be
derived; it might be caused by the aged wood or adhesive, alternating
internal stresses at the joint, or any combination of these.

9.4 PUR Joints in Beech Wood
The fracture toughness of cracks within PUR bond lines in beech wood
signi es that these adhesives are capable to deliver good bond strengths,
since its Kc are on the same level as for plain beech. The problem with
such joints though is the adhesion, being the weakest link. This becomes
apparent when regarding the crack propagation or adhesive bridging.
The gained results in these experiments show that neither the strength
of beech wood nor the one of PUR is reached. As the observations
from Veigel et al. [122] suggest, are PUR joints in softwood capable to
achieve higher fracture energies than the solid softwood itself. The PUR,
in contrast to the PRF, therefore contributes to the fracture process and
improves the joint's performance. Cause may be the adhesive's distinct
plastic deformability [64]. However, to activate this behaviour, the adhesion must be optimised rst. If this can be accomplished

through

priming or adhesive formulation , PUR will be able to produce joints of
high strength.
The nanoindentation experiments illustrated what previously was assumed, namely that cycles of moisture can improve the adhesion of
PUR. This was found valid for joints in beech, but not in spruce wood.
This positive effect though cannot be upscaled, as the experiments on
the macroscopic scale revealed. Other effects, most probably through
accompanying internal stress cycles, dominate in the failure process.

134

Synthesis

9.5 MUF Joints in Beech Wood
Optimising the bonding procedures was not in focus, the bonding parameters were therefore always kept the same for all experiments and followed
exactly the manufacturers' guidelines. This turned out to be problematic
when realising MUF joints with beech adherends, since many MUF joints
were starved during manufacturing. The exact same bonding procedure
can result in MUF joints of excellent strength, or in joints hardly capable
of bearing any loads. The sole variable responsible for this discrepancy
was the age of the adhesive: taking the adhesive freshly off the factory
resulted in poor bonding, whereas MUF close to its expiration date resulted in good bonding. With the age of the adhesive also the viscosity
increased, inter alia through loss of water and an increase in solid content as consequence. Therefore, even though MUF bonded samples were
considered in all experimental investigations, they were only feasible for
the bridging experiments.
Fig. 4.5 on page 55 illustrates the gained results of Kc for the tested
MUF joints. Only one mixed mode

MM45

was realised. Many of

these samples could not be tested, as they broke during preparation. The
remaining samples in contrast delivered satisfactory results in average,
but with considerable scattering. It has to be kept in mind that these
results shown consequently do not represent the actual characteristics
of MUF. However, Fig. 4.5 still displays both, the capability of MUF and
its problems. MUF certainly is capable to realise joints of high strength,
as also the bridging experiments indicate. But for a consistently high
quality, the proper production parameters are required. Schmidt et al.
[126] approached exactly this problem and nally came up with a solution
that was capable to even pass the delamination test according EN 302-2
[2].
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