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Nomenclature

1C-PUR

a,b

AE

CFRP

D,p

DMA

ELS
ENF

EPI
ERR

EWP

One component polyurethane

Maximum Energy release rate value in [J/m?]

Crack length in [mm]

Fatigue Coefficients given in Eurocode 5: Design of timber structures
Acoustic Emission

Area

Compliance in [m/N]

Experimentally determined constants for Paris equation

Carbon Fiber Reinforced Polymer

Experimentally determined constants for Hartmann-Schijve equation
Dynamical Mechanical Analysis

Elastic Modulus

End-Loaded Split

End-Notched Flexure

Emulsion-Polymer-Isocyanate

Energy Release Rate

Engineered wood product

External work of load
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HCF
IC

IW

kfat

LCF
LEFM
LVL
MF

MUF

PRF

PUR

Rc

Physical value of Energy Release Rate in [J/m?]
Maximum energy release rate measured in one cycle
Minimum energy release rate measured in one cycle
Threshold energy release rate

Glued Laminated Timber

Glued in rods

High cycle fatigue

Intercell failure

Intrawall failure

Stress intensity factor [N/m3/?]

Critical stress intensity factor

Reduction factor for fatigue design given in Eurocode 5: Design of timber struc-

tures

Low cycle fatigue

Linear Elastic Fracture Mechanics
Laminated Veneer Lumber
Melamine Formaldehyde
Melamine Urea Formaldehyde
Number of cycle

Phenol Resorcinol Formaldehyde
Polyurethane

Load in [N]

Crack resistance

R-ratio, ratio of min stress/max stress
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TW Transwall failure
U Strain Energy
UF Urea Formaldehyde
W Surface Energy
w Width
WEFP Wood Fracture/Failure Percentage
Bx Geometry parameter
oy Far Field Stress
v Poisson’s constant
07 Minimum stress
0yp Maximum stress
0,, Average stress
09 Endurance limit
k Constant for fatigue design given in Eurocode 5: Design of timber structures
@ Shift Parameter for fatigue Model (see Paper II)

A Slope Parameter for fatigue Model (see Paper II)

Additional specific nomenclature are given at the start of the paper in the main investi-

gation section.



Summary

Wood, as natural composite material, is generally considered to have a good resistance
against fatigue loading due to its fibrous structure and viscoelastic properties. Nowa-
days, timber structures are generally an assemblage of several wood pieces adhesively
bonded and the influence of the adhesive on the fatigue performance remains largely
unknown. The influence of the adhesive properties (stiffness, presence of fibers, type of
adhesive system) on the fatigue performance was investigated in this thesis. The first
hypothesis was to investigate if ductile adhesives are able to dissipate a higher amount
of energy per loading cycle compared to brittle adhesives. This amount of dissipated
energy would not participate to damage accumulation in the bond line. This hypothesis
was investigated in paper I on pure adhesive film samples and verified on adhesively
bonded wood lap-shear samples in paper II. The results showed that samples bonded
with ductile adhesives are able to sustain a higher number of cycles than samples glued
with brittle adhesive systems. This is probably due to a more homogeneous stress
distribution for the ductile adhesively bonded samples. In paper II, a new fatigue
model has been developed to analyze experimental fatigue results. This model is a
combination of a physical and a statistical model which allows to describe the behavior
at low and high relative strengths, i.e., for the complete lifetime of the specimen. For
lap-shear samples, the strength degradation with increasing number of loading cycles
takes place through an accumulation of micro-damages. The loading situation, however,
is different if a macro crack is present in the sample. Indeed, the modulus and strength
degradation during the fatigue loading will be the result of the propagation of cracks.
The influence of the adhesive properties on the crack growth was investigated in paper
IIT and paper IV. In both papers, the sample chosen is a 4-point End-Notched Flexure
specimen (4-ENF), where the crack propagation occurs in Mode II (shearing). In paper
I1I, it was shown that the crack propagation of adhesively bonded wood joints can
be described using the Paris equation. In paper IV, the domain of application of the

Paris equation was expanded using the modified Hartman-Schijve equation which, for
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the first time, was applied to successfully describe the fatigue fracture of adhesively
bonded wood joints. It was shown in paper III and paper IV that the brittle adhesive
systems have generally a slower speed of crack propagation at similar applied stress
level compared to ductile adhesives. The addition of fibers to the adhesive was also
shown to increase the performance of the ductile adhesive. The reason for the better
performance of the brittle adhesives are investigated in paper V. A new fractography
technique combined with an unsupervised pattern recognition of Acoustic Emission sig-
nals with source location was developed. With this, it was shown that in samples glued
with the brittle adhesive system, the crack does not propagate in the adhesive layer but
at the interface with the wood or directly in the wood. Crack propagation hence results
in a slower crack speed at higher energy release rate due to the higher wood/adhesive
adhesion. Hence, it appears that the development of a high-performance adhesive for
fatigue loading is a complex topic as the choice of adhesive properties depend on the
presence of cracks and loading situation. Further developments should investigate the
modification of the surface properties of the bond line to increase the adhesion of the
wood with the adhesive, allowing to combine the advantage of a ductile adhesive with a

crack propagation at the wood interface.



Zusammenfassung

Holz als naturlicher Verbundwerkstoff gilt wegen seiner faserartigen Struktur und den
viskoelastischen Eigenschaften allgemein als resistent gegentiber Ermiidungsbelastung.
Heutzutage bestehen Holzstrukturen meist aus einem Verbund mehrerer, verklebter
Holzteile und der Einfluss des Klebers auf das Ermiidungsverhalten ist weitgehend
unbekannt. Die vorliegende Dissertation untersucht den Einfluss von Klebereigen-
schaften (Steifigkeit, Faseranteile, Klebstofftyp) auf das Ermiidungsverhalten. Eine
erste Hypothese fiur die Untersuchung war, ob duktile Klebstoffe mehr Energie pro
Lastzyklus dissipieren konnen als sprode Kleber. Diese dissipierte Energie wiirde dann
nicht zur Schadigungsentwicklung in der Klebfuge beitragen. In der Publikation I
wurde diese Hypothese fiir reine Klebstoff-Priiffkorper in Form dunner Filme unter-
sucht und in Publikation II mittels verklebter Zugscherprifkorper verifiziert. Die
Ergebnisse zeigten, dass mit duktilen Klebern verklebte Prufkorper eine hohere Anzahl
Lastwechsel aushalten als jene mit sproden Klebstoffen. Dies ist wahrscheinlich auf
eine homogenere Spannungsverteilung in den duktil verklebten Prufkorpern zurtick-
zufiuhren. In Publikation Il wurde ein neues Modell zur Beschreibung des experimentell
beobachteten Ermiidungsverhaltens entwickelt. Dieses kombiniert ein physikalisches
mit einem statistischen Modell, damit das Verhalten bei vergleichsweise niedrigen wie
auch hoheren Belastungen und somit fur die gesamte Lebensdauer des Prufkorpers
dargestellt werden kann. In Zugscherprufkorpern wird die Abnahme der Festigkeit
mit zunehmender Anzahl Lastzyklen durch Zunahme von Mikroschiadigung bewirkt.
Die Belastungsart andert allerdings, falls im Prufkorper ein makroskopischer Riss
existiert. Tatsachlich resultiert die Festigkeitsabnahme wahrend Ermiidungsbelastung
aus Risswachstum. Der Einfluss der Klebstoffeigenschaften auf die Rissausbreitung
wurde in den Publikationen III und IV untersucht. In beiden Publikationen wurde der
sogenannte 4-Punkt End Notched Flexure (4-ENF) Prufkorper (End-gekerbter Biege-
balken) gewahlt, bei dem Rissausbreitung in Mode II (Scherung) erfolgt. In Publikation

III wurde gezeigt, dass die Rissausbreitung in verklebten Holzverbunden mit der Paris-
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Gleichung beschrieben werden kann. In Publikation IV wurde der Anwendungsbereich
der Paris-Gleichung mittels der modifizierten Hartman-Schijve-Gleichung erweitert,
die hier zum ersten Mal erfolgreich fur die Beschreibung des Bruchverhaltens unter
Ermudungsbelastung genutzt wurde. In den Publikationen III und IV wurde gezeigt,
dass sprode Klebstoffe bei vergleichbarem Lastniveau im Vergleich mit duktilen Kleb-
stoffen generell eine langsamere Rissausbreitungsgeschwindigkeit zeigen. Die Beigabe
von Fasern in den Kleber fithrte ebenfalls zu einer Verbesserung des Verhaltens duk-
tiler Klebstoffe. Die Griinde fiir das bessere Verhalten sproder Klebstoffe wurden in
Publikation V untersucht. Es wurde eine neue fraktografische Methode kombiniert mit
uniberwachter Mustererkennung von Schallemissionssignalen mit Quellenortung en-
twickelt. Damit wurde gezeigt, dass in Prufkorpern mit sprodem Klebstoff der Riss sich
nicht im Kleber, sondern an der Grenzflache mit dem Holz oder sogar im Holz ausbreitet.
Rissausbreitung ergibt daher, wegen der hoheren Adhasion von Holz und Kleber, eine
niedrigere Rissausbreitungsgeschwindigkeit bei hoherer Energiefreisetzungsrate. Daher
scheint die Entwicklung von Hochleistungsklebstoffen fur Ermudungsbelastung ein
komplexes Thema zu sein, da die Wahl der Klebstoffeigenschaften von dem Auftreten
von Rissen sowie der Belastung abhangen. Weitere Entwicklungen sollten Modifikation
der Oberflache der Klebfuge studieren, um die Adhasion von Holz mit dem Kleber zu
erhohen, was erlauben wurde, den Vorteil duktiler Klebstoffe mit Rissausbreitung an

der Grenzflache zu Holz zu kombinieren.
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1. Introduction

1.1 Background and research gap

The use of adhesives is essential for the wood industry as it allows to assemble small
wooden elements into large engineered wood products through different bonding
processes. Recently, new challenging timber structures have been designed and pro-
duced around the world, for example the Mjosa Tower in Brumunddal near Oslo with
a height of 85.4 meters and the Hoho Vienna tower with a height of 84 meters. Such
structures, due to their size and/or domain of application are exposed to extraordinary
loading conditions. Especially, the influence of cyclic load due to winds are higher
so that fatigue effects may become more prominent. Currently, the wind loads are
considered as static loads for the structures mentioned above. Cyclic or dynamic loads
can cause damage accumulation over long time period, those effects are only considered
(according to EN 1995-2 Section 6.2 for bridges) for parts of bridges and connections
that are subject to frequent stress changes due to traffic or wind loads. In this standard
only few connection types are defined, glued bonds are not specified and hence the

influence of the adhesive is not considered.

An adhesive accepted for an application in structural engineering wood products has
to fulfill the requirements given in EN 302 (for phenolic and amino plastic adhesives)
and in EN 15425 (for one-component polyurethane (1C-PUR) and emulsion-polymer-
isocyanate (EPI) adhesives). These standards examine the performance of the adhesive
exposed to dead load, live load, weathering, climate extremes and interactions of the
previous mentioned effects by means of accelerated aging tests. The requirements
for live loads do not demand any test under cyclic loading (only variable humidity
conditions), implying that the requirements for an adhesive are only based on tests
realized under quasi-static loading. This supposes that the properties of the adhesive

under cyclic loads are correlated to the properties obtained under quasi-static loading.
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Research objectives and thesis structure

In (Smith et al.,[2003), a literature review found no clear influence of the adhesive on
the fatigue performance of Engineered wood product (EWP). However (Bachtiar et al.,
2017), showed that the performance of adhesives under cyclic fatigue loading could
not be predicted from tests performed under quasi-static loading and that rigid and
brittle adhesive systems are performing better under low cycle, high amplitude fatigue
(LCF) whereas ductile adhesives tend to perform better under high cycle, low amplitude
fatigue (HCF). The reason, explaining the influence of the adhesive properties on the
performance of the wood joints loaded under cyclic fatigue loading remained unclear

and required further investigation.

1.2 Research objectives and thesis structure

The main research objective was to understand which adhesive properties influence the
fatigue performance of the adhesively bonded wood. The goal of these investigations is
to develop an understanding of the adhesive wood bonding performance under cyclic
loads, and to improve the knowledge of the fatigue phenomenon in adhesively bonded
wood joints with a possible application in a design guideline. This dissertation provides
a broad collection of experiments examining different mechanical aspects of bonded

wood loaded under cyclic loading.

In paper I, the hypothesis presented by (Bachtiar et al., 2017) that ductile adhesives
with a low modulus of elasticity are dissipating a higher amount of energy for each
cycle than brittle and stiff adhesives is investigated on adhesive film samples only under
cyclic loading and variable relative humidity. In paper II, the results obtained in paper I,
for adhesive film samples are compared to adhesively glued specimens. Specifically, the
stress-cycles curves (S-N) of glued lap-shear samples are determined for different wood
moisture contents. The failure of the lap-shear samples used in paper II occurs through
accumulation of micro-damages in highly stressed zones. This raises the question if the
influence of the adhesive system is similar if macro-damages (crack) are a priori present
in the sample. This questions was studied in papers III and IV, where the influence
of the adhesive system on the damage propagation is examined by investigating the
rate of crack propagation and energy release rate under cyclic fatigue loading for three
adhesive systems. In paper V, a new fractography technique is combined with acoustic
emission signals measured during crack propagation to explain the different behavior

observed between the adhesive systems.
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Specific research objectives

1.3 Specific research objectives

* Paper I: Influence of humidity and frequency on the energy dissipation in wood

adhesives

— Objectives: the hypothesis that ductile adhesives with a low modulus of elasticity
are dissipating a higher amount of energy for each cycle than brittle and stiff
adhesives is investigated. If ductile adhesive dissipate a higher amount of
energy into heat during each cycle, this energy cannot participate to the crack
propagation and may explain the better fatigue performance of ductile low

elastic modulus adhesive systems.

— Method: In order to avoid the influence of the wood (and its variability)
adhesives only were tested using a Dynamical Mechanical Analysis (DMA).
Samples of five different adhesive systems are exposed to cyclic loading
under three different ambient moisture levels (35%, 65% and 85% relative

humidity).

— Main Results: It is shown that 1C-PUR adhesives dissipate more of the
stored energy than Melamine Formaldehyde (MF) and Phenol Resorcinol
Formaldehyde (PRF) adhesives. Humidity increases the dissipative processes
in all PUR adhesives, especially in the polyamide fiber filled adhesive. PRF
adhesive is less influenced by humidity until 85% R.H. While for all other
tested adhesives the dissipative processes generally increase with higher
humidity. The damping of the investigated MF adhesive increases with
increasing humidity. The influence of the frequency on the energy dissipation
is low for all tested adhesives in the investigated frequency range. Further
fatigue tests with glued wood samples are needed to confirm the results

observed on the free standing adhesive films.

* Paper II: Reaction kinetics in relation to the influence of the humidity on fatigue

behavior of wood lap joints

— Objectives: the hypothesis that ductile adhesives with a low modulus of elasticity
are dissipating a higher amount of energy for each cycle than brittle and stiff
adhesives is examined for adhesively bonded samples. Also, the hypothesis

that addition of fibers slow down the crack propagation and therefore improve the

14



Specific research objectives

fatigue lifetime is tested on specimens glued with three different adhesives
two 1C-PUR and one PRF adhesive.

— Methods: Both 1C-PUR adhesives are based on the same prepolymer with the
only difference that small polyamide fibers are added to one of the adhesive
(HB110). Lap-shear samples are first tested under quasi-static loading to
determine their maximal strength. Then, the number of cycles prior to
the rupture of the sample is measured for each sample tested under cyclic
loading at approximatively 30-50-85% of the mean maximal strength and at

different moisture levels.

— Main Results: The results point out that 1C-PUR adhesive without fibers
can sustain more load cycles for a similar relative stress compared to the
other tested adhesives. It is also observed that for high ambient moisture
levels, the adhesion between the wood and the 1C-PUR is degraded, whereas
it remains relatively constant for the PRF adhesive system. The correlation
between the fatigue performance and the amount of energy dissipated is not
sufficient to explain why the ductile 1C-PUR adhesives are performing best.
If this were the case, the HB 110 adhesive containing the fibers would have
the best performances (as it has the highest tan delta value in paper I). Here,

the adhesive without fibers is performing better.

* Paper III: Adhesive wood joints under quasi-static and cyclic fatigue fracture
Mode II loads

— Objectives: In paper II, only samples without obvious defect or crack are
tested. This represents a type of fatigue where microdamages accumulate
until forming a macro crack which then propagates until the failure of the
specimen. In paper II, only a very limited crack propagation can be observed
due to the very unstable crack propagation. The presence of cracks (due to
delamination or swelling/shrinking effect) is very common in real timber
structures and should be specifically investigated. For this reason, this
specific aspect of fatigue, the crack propagation under fatigue loading is
examined in this paper.

— Method: Adhesively bonded wood samples glued with the same adhesive
tested in paper I and paper II (two 1C-PUR adhesives and one PRF) are tested

under four points end-notched flexure quasi-static and cyclic fatigue loading
at 5 Hz

15



Specific research objectives

— Main results: In the case of crack propagation, it seems that the higher
adhesion of the brittle adhesive allows for the crack to propagate in the wood
at a slower rate and higher energy (this hypothesis is later examined in paper
V). Indeed, the brittle rigid adhesive system is performing better than the
ductile 1C-PUR adhesives. A further result obtained in this paper is that the
fatigue crack propagation of adhesively bonded wood joints can be described

using the Paris equation based on a fracture mechanics approach.

* Paper IV: Feasibility study on Hartman-Schijve data analysis for mode II fatigue

fracture of adhesively bonded wood joints

— Objectives: Despite being successful for describing the fatigue crack prop-
agation, the Paris equation (presented in paper III) has several limitations.
To extend its range of application, the feasibility of applying the Hartman-
Schijve equation to wood joints is investigated and published here for the

first time ever.

— Method: The same crack propagation data presented in paper III is examined

using the Hartmann-Schijve equation.

— Main Results: It is shown that this equation can be successfully applied to
the analysis of the crack propagation data and that it confirms the results
obtained in paper III. Also, a discussion about the application of the modified

Hartman-Schijve equation in a design guideline is presented.

* Paper V: Fractography combined with unsupervised pattern recognition of acous-

tic emission signals for a better understanding of crack propagation in adhesively
bonded wood

— Objectives: Which layer in the bond line is more favorable for a crack prop-
agation is discussed. The question is whether a crack propagation in the
wood-adhesive interface is favorable in terms of energy and/or speed of crack

propagation compared to a propagation at the adhesive interface.

— Method: The acoustic emission signals obtained during the crack propagation
are monitored and classified using an unsupervised pattern recognition
algorithm. The classification clusters are compared with the different type of

failure observed with a new fractography method.

16



Specific research objectives

— Main Results: It is shown that, a crack propagation in the wood interface
(corresponding to link 6-7 in is generally slower as more obstacles have
to be overcome for the crack to grow through the complex wood anatomical
structures. The addition of fibers in the adhesive had a similar but lesser
effect.

17



2. Wood Bonding

2.1 Material

In all the experiments presented in this thesis, beech wood (Fagus sylvatica L.) is
used as testing species. Even though spruce (Picea abies L.) is the most used species
for manufacturing glued laminated timber (GLT) elements, beech wood is generally
preferred for adhesive testing. This is mainly due to the higher strength of beech wood
compared to spruce. Due to the low strength of spruce, the fracture of the sample is
always located in the wood and not in the adhesive, and hence limits the loading of
the bond line. Due to the use of beech wood for manufacturing the lap-shear samples,
it was decided to use the same species for all the tests. The same three adhesives are
tested in each experiment to be able to compare the effects and results in a systematic

way. These adhesives come from two different adhesive systems:

* Phenol Resorcinol Formladehyde adhesive - The Aerodux 185 with hardener HRP
155 is one of the oldest industrial adhesive systems on the market. It was already
used during the second world war for the manufacturing of airplanes plywood
and remains in use today. Airplane components are subject to high dynamic
loads (Muller et al.,[2004). It represents therefore a good point of comparison to
estimate the performance of other adhesives loaded under cyclic loading. It is one
of the best performing adhesives for structural wood bonding, and, hence, it is
often used as reference to compare the performance of other adhesives (Klausler
et al., 2013), (Clerc et al.,|2017). The main disadvantage of this adhesive, aside
from the dark brown color, is that it contains a high amount of formaldehyde
which is carcinogenic. For this reason, the GLT manufacturers are looking for

alternatives in order to avoid exposing their employees to formaldehyde.

* One-Component-Polyurethane adhesives. Two 1C-PUR adhesives were used in
this dissertation, the HB 110 and the VN 3158, both produced by Henkel AG.

18



Anatomy of the bond line

1C-PUR adhesives represent an interesting alternative to PRF due to the absence
of Volatile Organic Compound (VOC) in the formulation and their relative ease
of use (no mixing is required). An overview of the research on 1C-PUR adhesive
for hardwood gluing was published by (Luedtke et al., 2015) However, their
performance under high moisture conditions is not yet as good as that of PRF
adhesives. The HB 110 is approved for usage in load bearing structures, the VN
3158 is however an experimental adhesive which is not certified. The VN 3158
adhesive is based on the same prepolymer as the HB 110 with the only difference
between both systems being that the HB 110 contains short polyamide fibers
(approx. length of 500 ym and width of 50 ym) and the VN 3158 not. 1C-PUR

was used to investigate the influence of fibers on the fatigue properties.

2.2 Anatomy of the bond line

In this chapter an overview of wood adhesive bonding is presented. A bond line is an
assemblage of two wood lamellas with an adhesive layer in between. Depending on
the model approaches, this adhesive layer is divided into three sub-layers, the middle
cohesive and the outer adhesion layers. (see Fig. [2.1). In the cohesive layer, only the
portion of the adhesion layer without any contact with the wood is considered. The
two adhesion layers are defined as the layers in contact with the cohesive layer of the
adhesive and the wood adherent layer.

It is likely that adhesive molecules will have different properties depending on whether
they are bonding with similar adhesive molecules or with the wood substrate (Ren and
Frazier, 2012). The model presented by (Marra, [1992) proposed a chain like analogy
to describe the fracture of the bondline. In this model the bond line is divided into
9 different layers (see Fig. inferring that the bond is only as good as the weakest
link in the chain. Link 1 is the pure adhesive phase, unaffected by the substrates and
assumed to be homogeneous. Links 2 and 3 represent the adhesive boundary layer that
may have cured under the influence of the substrates and is no longer homogeneous.
Links 4 and 5 represent the interface between the boundary layer and the substrate and
constitute the “adhesion” mechanism. Links 6 and 7 represent wood cells that have
been modified by the process of preparing the wood surface and/or the bonding process
itself. For example, surface preparation techniques such as sanding, planing or flaking
will cause small damages in the wood cells, likely increasing the potential of failure in

the bond at that location. Finally, links 8 and 9 represent the unmodified wood. In a
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Anatomy of the bond line

classically designed adhesive bond the weakest link should be the wood, meaning that
failure of the bond should happen in the links 8 and 9. This was extensively discussed
by (Hass et al.,[2012) (Klausler et al.,2014) as for longitudinal tensile lap-shear samples,
only a weak correlation exists between percentage of wood failure and strength of the
bond. This point is further discussed in paper V. A simplification of the Marra Model
was proposed by (Habenicht, [2009), that divides the bond line into 3 sub-layers. This
model is presented in Fig.

Upper Wood substrate

L1 -

/

Figure 2.1 - Anatomy of the bond line with cohesive layer, adhesion layers and lower and upper wood

substrate corresponding to 9 layers model from (Marra},[1992) depicted on the left

The chain-like analogy used to describe rupture in both above described models, can
also be used as analogy to understand the behavior of the bond line under fatigue
loading. Indeed, each layer has to contribute in order for the bondline to sustain a given
stress. This analogy was used by (Clerc et al.,|2017) to study the ageing behavior under

moisture-temperature combination of the bond line and by (Klausler et al., 2013) to
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Bonding mechanisms

study the influence of the moisture in static application. In both papers, adhesive film
samples were manufactured to study the influence of one parameter on the cohesive
properties of the bond line without influence of the wood. This approach was discussed
by (Ren and Frazier}|2012) who noted that the morphology of the adhesive is changed in
contact with the wood and that therefore studying only film samples could lead to wrong
conclusions. For this reason, adhesive film testing is an important addition to obtain a
better understanding of wood bonding, but only together with bonded specimen testing,
a comprehensive understanding of bonding of wood can be obtained. In the case of this
thesis, the first question was to examine the influence of the cohesive properties of the
adhesive on the fatigue behavior. It was supposed that ductile adhesives with a low
elastic modulus dissipate a higher amount of energy per loading cycle and hence have
better performance. This hypothesis was examined in paper I. These results were then
compared with two different types of bonded wood specimen in article I and III, IV

respectively.

2.3 Bonding mechanisms

Several mechanisms are used to explain the adhesive bonding of the wood.

» Adhesive penetration: It is important to distinguish the macropenetration, i.e.
the penetration and fixation of the adhesive in the cavities and pores of the
wood and the micropenetration, the penetration of the adhesive in the cell wall
of the adherent. The importance of the macropenetration has been overstated
in the past (Habenicht, |2009). Today, chemical and physical interactions and

micropenetration are considered to be more significant. (Hass et al.,[2012)

* Physical forces: These bonds are based on the physical affinity between the
molecules of the adherent and adhesive. The Van der Waals forces include dis-
persal forces, dispersion forces and dipole-dipole interactions. The strongest
secondary bonds are hydrogen bonds, which are most likely involved in the adhe-
sion of wood and adhesives. These forces are typically relatively weak compared
to ionic and covalent bonds, as they do not result from a chemical bond, they are

also more susceptible to disturbance for example under influence of moisture.

* Covalent forces: They are chemical bonds in which atoms share electron pairs.

This is the type of interaction that provides the highest binding force. As a result,
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its use in the development of adhesives has always been privileged. A covalent
bond is possible between the hydroxyl groups in the wood and some adhesive

components such as isocyanate, aldehyde and epoxy.

The strength of the bond line is given by the type and number of molecules and their
interaction between the adhesive and the adherent as well as temperature, moisture
and stress state. For example, for 1C-PUR adhesives, the bonding is mainly due to
physical forces, no covalent bonds are formed. These physical forces are reversible
and one issue of 1C-PUR adhesives is that the reaction of the isocyanate with water is
quicker than with any of the other hydroxyl-containing compounds, and when water is
present, hence the water-isocyanate reaction dominates all others (Weaver and Owen),
1995). Furthermore, 1C-PUR adhesives are mainly only bonding on the surface of the
wood cells, no penetration in the wood cell walls was observed by (Hass et al.,[2012).
On the contrary, PRF adhesives infiltrate the cell wall and they are also suspected to
form primary bonds with the wood cell wall polymers (Kamke and Lee, |2007), (Yelle
and Ralph, |2016). A detailed description of the chemical formulation of 1C-PUR can be
found in (Clauss et al.,[2011) and in (Habenicht} 2009) for phenol resin adhesives.
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2.4 Fracture under Quasi-static loading

2.4.1 Introduction

The mechanics of materials is based on the concept of stress and strain theory. This
simple and elegant approach has laid the foundation of classical structural engineering
for several hundred years. And yet, in many practical situations, this model must be
refined as in stress theory the influence of material defects is not directly considered.
Indeed, using the stress theory, the materials is generally simplified as a continuum in
which stress is homogeneously distributed. However, once heterogeneity or defects are
present this is no longer the case. The first mechanical consideration of the influence
of defects on the strength of material was published by Griffith (Griffith) 1921), hence
laying the foundation of fracture mechanics. In this chapter the concepts of fracture
mechanics are presented and applied to bonded wood, first considering a quasi-static
loading and then the influence of cyclic fatigue loading.

Fracture mechanics can be approached with two different ways, the strain energy
release rate, which is based on the global energy balance of Griffith and the stress
intensity factor, which is based on the local stress distribution around a crack tip. Both

approaches are summarized in the next section.

2.4.2 Strain Energy Release Rate

In a closed system, if an elastic body is deformed by an external load, there is elastic
strain energy stored in the body in addition to the change in the potential energy of the
load system. In this approach, the presence of a crack is accounted for in the energy
balance by the surface energy of the crack areas. According to Griffith, if a crack is to
grow, the total energy must either be reduced or unchanged. This may be written in
terms of system equilibrium:

d _dW

At -U=a 1)

where dAr is the incremental change in crack area (Ar), F the external work of load, U
the strain energy and dW is the increment in surface energy (W) associated with the
crack formation. In linear elastic fracture mechanics, the left-hand side is commonly
referred to strain energy release rate G and the right-hand side as crack resistance R.

G and R both have units of energy per unit area (e.g. J/m?). G can be interpreted as
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the energy available to grow a crack of the size of a unit area, while R, is the energy
required for propagation of a unit area of crack. Generally, the crack growth condition
is written in terms of a critical strain energy release rate (ERR) G, which should be a
material constant and independent on the sample geometry. G can be calculated for an

elastic body subjected to load or displacement control using equation:

Lpzd_c

G=
2w da

(2.2)

where w is the width of the sample, P the load, C the compliance and a the crack length.

2.4.3 Stress intensity factor

In this approach, instead of considering the global energy state of a structure before
and after the crack growth, only the local stress state at the crack tip is considered. A
fracture criterion can hence be obtained which is a function of the specimen geometry,

applied load and crack length:

K = proxVa (2.3)

where i is a dimensionless geometry parameter, oy is the far field stress and a is the
crack length. The stress intensity factor (K) units are stress times the square root

=3/2). Once, K reaches a critical value K, (defined as the critical

of length (e.g. Nm
stress intensity factor) a crack in the material will grow. K, is also often referred to as
fracture toughness of a material. This stress intensity factor approach was developed
for assessing crack growth in metals (simplified as homogeneous isotropic materials). In
the case of wood, the anisotropy and inhomogenity of the material must be considered
to determine the stress concentration at the crack tip. Furthermore, as noted by (Smith
et al., 2003), the stress intensity factor approach assumes a nominally sharp crack
tip, which is not necessarily the case for wood, where the crack tip in the complex
structure of the material often cannot be defined as clearly as in homogeneous materials
(van der Put,|2007). As wood is a natural composite material, the approach chosen in
this thesis relies on the strain energy release rate. It should however be emphasized that

both approaches, which are basically predicting the fracture strength of a particular

structure should be equivalent. The following equation allows to reconcile the two
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approaches:

G =— (for plane stress)

E ) (2.4)

G=(1- 1/2)? (for plane strain)

with v the poisson coefficient, E the modulus of elasticity.

2.4.4 Mode of rupture

The G and K values are generally expressed according to different basic modes (I,ILIII)

of crack opening. Each mode corresponds to a given type of load application, as shown

in Fig.[2.2}

o b

Crack propagation direction

Figure 2.2 — A. Schematic drawing of load distribution corresponding to Mode II loading, B. Sample
geometry of tensile shear stress sample used in paper II, C. End-notched flexure sample used in paper III
and IV.

* Mode I is the opening mode, where the crack grows due to a tensile stress normal

to the plane of the crack

* Mode II is the sliding mode, where the crack grows due to shear stress acting

parallel to the plane of the crack and perpendicular to the crack front
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* Mode III is the tearing mode, here the crack grows due to shear stress acting

parallel to the plane of the crack and parallel to the crack front

Mode I is the most studied mode for most materials and also for wood. In wood
structures, due to the significant anisotropy, strength in the radial, tangential direction
is only 1% of that in the longitudinal direction (Niemz and Sonderegger,|2017). For this
reason, mode I fracture perpendicular to the grain has received the most attention from
engineers and wood scientists (Yoshihara and Satoh) 2007),(Xavier et al., 2011), (Rhéme
et al.,2013), (Ammann and Niemz, 2015b) . This has as consequences that during the
design of timber structures, load application perpendicular to the grain is avoided or
should at least be minimized (Smith et al., 2003). Furthermore, considering a Glued
Laminated Timber (GLT) beam loaded in bending, the main tensile stress occurs in the
lower lamella of the beam. In this case, the adhesive has no influence on the design of
the beam as the maximal stress occurs in the wood. If the beam is shorter, however,
shear stresses become predominant and, in this case, the highest stress could occur
in the bondline. Also, if a delamination or damage is already present in the bondline,
due for example to inhomogeneous adhesive application or high moisture/temperature
loads, high shear stresses will appear at the crack tip due to the non-linear stress
distribution. For these reasons, the main investigations of this thesis focus on the study
of the G properties obtained under Mode II loading as it seems more relevant for the
performance of the adhesive. Mode III loading was not studied in this thesis, as it
represents a less common loading situation for typical timber engineering structures.
Nonetheless, its study using a similar setup as presented by (Yoshihara, 2005) could
be relevant to better understand the effect of differential swelling and shrinking of the
wood on the adhesive in glulam.

The G value obtained under Mode II must be directly associated to a wood property
with specific orientation of the wood. With three axes of symmetry (longitudinal, radial
and tangential) nine different G values exist for one type of mode loading. The complete
characterization of the fracture toughness of wood would therefore imply to obtain
27 different G values for accounting for the different direction of load application
considering the different wood growth axes.

The application of fracture mechanics to wood lacks a standardized testing method.
This is especially true for Mode II where it is quite complex to obtain a pure mode II
stress at the tip of the crack in an anisotropic material. Several geometries have been
investigated by different authors to obtain pure Mode II loading (Smith et al., 2003). A

comparison of different test methods applied on bonded joints between Carbon Fibre
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Reinforced Polymers (CFRP) was recently published (Perez-Galmes et al., 2018)), which
concluded that End-Loaded Split (ELS) test method is the most suitable method to
measure the mode II fracture toughness. This test method provide large and stable
crack propagation regions, it requires however a complex test fixture in comparison
with the 4 point end-notched-flexure (4-ENF) test method This method has been
used to characterize laminated composite such as CFRP and adhesively bonded wood
under quasi-static and cyclic loading (Martin and Davidson, 1999), (Yoshihara and
Satoh),2007). Its manufacturing is straightforward. It is however affected by friction at
the adhesive layer. This effect was estimated to be negligible in the 3-ENF specimen
and increased to 5.1% in the 4-ENF by (Schuecker and Davidson, 2000), who also noted
that if the compliance calibration method is used as data reduction method, frictional
effects will likely be overestimated. This effect remains relatively small compared to
the coefficient of variation of wood properties, which is around 20%. In reality, no pure
Mode I or II loading exist, and generally a combination of different modes or mixed-
mode loading is encountered. This amount is however very low for 4-ENF samples,
but can vary depending on the crack propagation path. (Ammann and Niemz, 2015a)
examined the influence of mixed-mode fracture toughness of PRF and PUR adhesives
bond lines in European beech wood, showing that the toughness of PRF and 1C-PUR
bond joints performed similarly as plain wood. (Ammann and Niemz, 2015a) also noted
that the failure of PRF joints was mainly located in the wood, whereas for 1C-PUR
the failure was located at the adhesive interface, which confirm the results shown in
paper II. This was also noted in (Ammann and Niemz, 2014), who also showed that
the loading rate was positively correlated with the fracture energy for bonding joints
glued with 1C-PUR, MUF and PRE. (Ammann and Niemz, |2015b) also investigated
the fracture energy of glued bond joints in Mode I for 1C-PUR and PRF adhesive and
(Xavier et al.,2011) for epoxy adhesive.

2.5 Fatigue and fatigue fracture in wood and adhesively
bonded wood

2.5.1 Introduction

Fatigue is the process of progressive localized permanent structural change occurring
in materials exposed to sustained and fluctuating loading which may culminate in

crack formation and growth or complete fracture after sufficient number of fluctuations.
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Typically, fatigue failure occurs at a stress intensity lower than that required to cause
in-elastic behavior or fracture under monotonic loading. In this thesis, two different
aspects of fatigue will be investigated. First, the strength degradation of a specimen,
without macroscopic defects, under cyclic fatigue loading will be investigated. Then,
the crack propagation under cyclic fatigue loading, where the energy and number of
cycles needed to grow a macroscopic crack (artificially created) will be observed. Both

approaches will be specified in the following sections.

2.5.2 Strength degradation under cyclic loading

Wood and wood based products are also affected by the fatigue phenomenon. In this
case, damage initiates as micro cracks which eventually aggregate leading possibly to
macrocracks or failure.

Due to the absence of macrodefects, LEFM cannot be directly applied. In this case, a
more empirical approach is generally chosen where the number of cycles until failure of
the sample at a defined relative stress is observed. First the mean maximum strength is
obtained by quasi-static tests on a number of specimens. Then, a new sample is loaded
under cyclic fatigue at a given percentage of this previously defined mean ultimate
strength. The number of cycles until rupture is then noted. By repeating this approach
at several load levels, the S-N (stress cycle diagram) is obtained as shown for example
in Figure[2.3]

It is generally observed that with decreasing stress level o, ;, the number of cycles
until failure increases. Once a sufficiently low stress level is applied, even a large
number of cycles (often exceeding several millions, i.e., beyond the number of cycles
experienced during the life-time of the part or structure for which the specimen is
tested) will not yield rupture. This stress level is often interpreted as endurance limit
hypothetically requiring an infinite number of cycles to failure. The existence of such a
limit in composite materials or wood, is, however, still debated. The assumption of an
endurance limit is a reasonable working hypothesis (similar as ERR threshold value)
(Smith et al.,|2003). This value depends on the type of loading, the type of specimen,

the moisture content, the R-ratio and the loading frequency.

Influence of R-ratio and type of loading Table presents a range of results from
different studies about the fatigue properties of wood for different types of loading,
R-ratio and loading frequency according to (Forest Products Laboratory,|1989). Most

of the studies were done with a R-ratio of 0.1, meaning that the stress o7 is 10% of the
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Figure 2.3 — Example of fatigue test data representation, the specimen i was tested at a stress level 0y,
until rupture after N; cycles. In this example, a specimen was tested using a sinusoidal function with an

R-ratioof R = GU—’
up

maximum stress o,,. The peak stress level, expressed as a percentage of estimated
static strength, is associated with the fatigue life time in millions of cycles. In the first
three lines of table the effect of the R-ratio is demonstrated. The fatigue flexure
strength decreases as R-ratio range decreases. This was also confirmed by (Tsai and
Ansell|, 1990), which studied the effect of R-ratio on 0 — N curves for sliced African
mahogany LVL loaded in flexure, demonstrating that as the R-ratio approaches unity
(which corresponds to static stress), the fatigue life increases. On the other hand, fully
reversed load results in the shortest fatigue life. For other types of loading, it can be
noted that fatigue strength is slightly lower in shear than in tension parallel to the grain.
Also, fatigue strength in compression parallel to the grain is high compared with other
properties. The influence of different waveforms studied by (Okuyama et al., 1984),
demonstrated that square waves are the most damaging due to their highest stressing

rate and longest residence period.
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Table 2.1 — Influence of the Type of loading, R-ratio and Loading frequency on the peak stress level and
fatigue life according to (Forest Products Laboratory), (1989)

Type of loading  R-ratio Loading Frequency Peak stress Fatigue life,
[Hz] level [%] N (10°cycles)
0.45 30 45 30
Flexure 0.0 30 40 30
-1.0 30 30 30
Tension 0.1 15 5 30
~0.0 40 60 3.5
Compression 0.1 40 75 3.5
Shear 0.1 15 45 30

Influence of the loading frequency According to (Forest Products Laboratory, |1989),
no clear relation has been established between the effect of the loading frequency and
the fatigue strength. However, (Okuyama et al.,|1984) showed that the number of cycles
to failure increase with increasing loading frequency for compression and tension.
This was confirmed by (Clorius et al., 2000) which also demonstrated the opposite for
compression perpendicular to the grain where it was noted that the number of cycles to
failure decreases with increased frequency. (Bach,|1975) noted that for compression
parallel to the fiber the time to failure is inversely proportional to the loading frequency.
(Clorius, |2002) concludes that the effect of frequency should be considered with the
interaction of the duration of load and the loading direction. The loading frequency
must be selected to avoid an increase of the specimen temperature which could modify
the specimen properties. (Clerc et al.,|2017) noted a modification of 1C-PUR adhesive
properties (increase of rigidity) after several weeks exposure at a temperature of 70°C.
The temperature resistance of the adhesive is however dependent of the exact chemical
formulation. The wood substrate properties show little influence to a temperature
increase below 100°C. (Myslicki, 2016) proposed a short-time procedure at a frequency
of 5 Hz without temperature increase in the wood. It should however be mentioned that
a higher loading frequency means a higher average loading rate which could possibly
also influence the fatigue strength. For bridges, pedestrians induce frequencies in the
range of 0.8-2 Hz (Ingodlfsson et al., 2012), whereas for cyclic wind loads the frequencies
are in the range of 0.01 to 1.0 Hz (Hirsch and Bachmann, 1995). In paper III and IV
a loading frequency of 5 Hz is chosen while in paper II the samples are loaded with a

frequency of 1 Hz.
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Influence of the adhesive The influence of the adhesive on the fatigue strength is also
a discussed point. Based on flexural fatigue results (Tsai and Ansell, [1990) concluded
that solid wood and laminated wood do not fundamentally differ in fatigue behavior.
This point is however discussed by (Sterr} 1963) who observed that the fatigue strength
of laminated beams is 23 % higher than solid beams, density and moisture being equal.
Also, the influence of the type of adhesive is not evident, (Ota and Tsubota, 1967) Ota
and Tsubota suggested that the type of resin does not affect the fatigue behavior, while
(Tsai and Ansell, 1990) mentioned that urea resin to be marginally better than phenol
resin on laminated Japanese cypress. In the context of this thesis, no experiment was
designed to compare solid wood and laminated wood. As nowadays, most of the timber
structures are composed of GLT or LVL elements, it was decided to focus solely on the
influence of the type of adhesive on the fatigue behavior. More recently, (Aicher and
Stapf], 2010) showed that lumber finger joints glued with a one-component polyurethane
are sensible to the fatigue phenomenon under constant or cyclic loading but that once
released from loading the residual strength of run-out specimens (2 million cycles) is

equal to the quasi-static strength prior to testing.

2.5.3 Crack propagation under cyclic-fatigue loading

In Linear Elastic Fracture Mechanics (LEFM) under monotonic loading, crack prop-
agation occurs once the crack tip stress intensity reached the critical value for this
material. Under cyclic-fatigue loading, however the crack growth happens at a value
well below the critical value (K or G). The fracture mechanics approach consists in
relating the change in crack length da over a number of load cycles dN to the range of

stress intensity factor, this relationship can take the form of:

da

N - f(AK) (2.5)
where a is the crack length, N is the number of cycles at a range intensity factor AK.
In equation da/dN is as the crack length growth per load cycle. Intuitively it can
be expected, that the greater the stress range at similar absolute stress, the faster the
crack grows. Using this simple empirical assumptions, different types of functions can
be used to model equation (Paris and Erdogan, |1963)) compared different crack

propagation laws and proposed a relatively simple power model to describe crack
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propagation:

da m
IN - C(AK) (2.6)

where C and m are experimentally determined constants. The original formulation
of equation |2.6|used the stress intensity range AK as it was mainly applied on metals.
For composites, as stated earlier, the use of the strain energy release rate is generally
preferred. From a fracture mechanics point of view, the stress intensity factor is
proportional to the square root of the energy release rate K ~ VG according to equation

Several formulations are commonly used, G,,;, (maximum ERR), G,,;,, (minimum

ERR), AG = G, — Gi OF % In Figure|2.4} a typical fatigue crack growth diagram
da

is shown. The x-axis represents the energy release rate. The y-axis (73) is the crack

increment over one cycle. Both axis are displayed using on a logarithmic scale. Generally,

this diagram is separated into three distinct regions:

* Region I: For low energy release rate, the crack increment becomes smaller leading
to an asymptotically small crack growth. The value G;, is defined as the threshold

ERR below which no crack growth occurs.

* In region II the crack growth is linear (if both axes are plotted in a logarithmic

scale). The Paris equation can be applied only in this region.

* Region III: for high energy release rate, the crack increment per cycle increases
leading to the rupture. The ERR value A correspond to the maximum ERR

measured during one quasi-static test.

Paper III in the main investigation section explores the applicability of the Paris equation
to adhesively bonded wood.

The Paris equation is only valid to describe the stable crack growth in region II of the
fatigue test. No information can be gained on the behavior in fast/slow crack growth
regions. An estimation of the Gy, value would be especially valuable for design purpose
in order to estimate the ERR below which no crack propagation occurs. To extend the
Paris-equation beyond the linear fatigue crack growth range, (Hartman and Schijve,
1970) proposed a new equation for the study of aluminum alloys which was changed
by (Jones et al., 2012) as modified Hartman-Schijve (HS) equation to represent Mode I,

Mode II, and later Mode I/II delamination growth in composites, according to equation

2.7

= =\
da _D[ Gmax_ Gthr] (2.7)

AN B - VGmax/A
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Paris equation Hartman-Schijve equation
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Figure 2.4 - Typical fatigue crack-growth diagram with three distinct crack growth regions: Region I,
small ERR leading to asymptotic small crack growth, Region II: linear crack growth, Region III: high
ERR leading to rupture

where a is the crack length, N the number of cycles, G,,,, the maximum ERR measured
during one cycle, Gy, the threshold ERR value, A the maximum ERR value and D, j
being fit parameters. Using the HS-equation, the complete data set can directly be used
for analysis. In comparison, data analyzed with the Paris equation should be carefully
chosen so that only the linear part of crack growth is analyzed. However, a more refined
data reduction method is needed to be able to estimate the four parameters for the HS-
equation with sufficient accuracy (instead of two for the Paris equation). Furthermore,
two of the HS-equation (A and Gyj,) have a physical meaning as described above,
whereas the parameters of the Paris-equation are only fit parameters. The application
of the Paris equation and of the Hartman-Schijve equation to crack propagation in
adhesively bonded wood is specifically examined and further developed in paper III
and IV respectively.

2.6 Wood anatomy in a fracture mechanics context

In this section, a brief description of the wood anatomy is given with an emphasis
on its influence on the failure mechanisms. Three types of fractures can be observed

at the wood cell level: intercell, intrawall, and transwall, as illustrated in Figure
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Intercell failures (IC) occurs at the middle lamella and represents the separation of
cells. Intrawall failure (IW) refers to failure within the secondary wall, most often at the
secondary wall S2/S1 interface. When the fracture path cuts across the wall, the failure
is described as transwall (TW). Several authors suggest that different failure modes
exist between static and fatigue loading. For compression loading, (Kollmann,|1968)
noted a typical failure pattern due to the buckling of tracheids. A similar failure pattern
was observed by (Tsai and Ansell, 1990) on the compression side of Khaya laminates
bending specimen. In tension, the fatigue damages are more difficult to distinguish
from quasi-static damages. The main weakness in the wood cellular structures is in
the transverse to the grain direction. Under tensile loading, small defects in the wood
can generate shear loading which can then result in slippage between and within the
cell wall layers, cracking in secondary wall layers and longitudinal splitting along the
grain. High density changes in the interfaces latewood-earlywood are likely to generate
such failures, as observed by (Tsai and Ansell, 1990) on Sitka specimens. They also also
noted that the possible failure mechanism of wood under tension loading still needs
to be investigated. The previous observations were however all recorded for softwood.
In hardwoods, failure results in an extremely complex fracture surface with transwall
failure that follows the S2 microfibril angles in cells having a thick S2 layer. (Smith
et al.,[2003).

Additionally, the influence of the bond line on the failure mechanisms must be consid-
ered. The study of the failure modes of glued in rods in LVL and glulam showed that
with increasing glue-line thickness, the percentage of failure at the resin-rod interface
(for a 2mm glue-line thickness) (Madhousi and Ansell, |2004) increases. The highest
percentage of wood failure was observed for a 0.5mm glue-line thickness, the authors
noted ruptured cells due to splitting under fatigue loading. However, 0.5mm is still
relatively thick in comparison to a max 0.1 mm glue-line thickness, common for surface
bonding in glulam. Also, a comparison of the failure mechanisms observed for glued in
rods with surface gluing should consider that higher local stresses in the vicinity of the
rod are obtained. In Figure two examples of the influence of the adhesive and the

wood anatomy on the crack propagation path are shown.

The samples shown in [2.6are lap-shear specimens according to EN 302-1. In Figure
the original adhesive is shown in dark blue for the 1C-PUR and in black for the PRF.
After failure, the samples were re-bonded using an adhesive with a fluorescent additive.
The cross-section of the sample was then observed under a UV-microscope, the crack

line is shown in light blue. Hence, it can be seen that the crack tends to follow weak
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Vessel
Growth ring border

Figure 2.5 — a. Example of crack Intrawall and Transwall (TW) failure in Beech wood - b. Example
of Transwall, Intrawall (IW) and Intercell (IC) failure (acc. to (Smith et al.}|[2003) for spruce) Main

anatomical cuts for beech wood

points of the wood anatomy, for example zones with a high concentration of vessels.
Further, it is possible to observe multiple fracture lines. These examples also show that
different fracture layers are possible for the same samples, with a crack propagating
through the cohesive layer, then the adhesive and the wood for the same sample. It
should however be noted that the influence of the wood anatomy is possibly exaggerated
compared to beech samples as ash wood is a ring-porous hardwood. In beech wood the
vessel distribution is more diffuse porous, whereas for ash wood most of the vessels
are concentrated at the annual ring transition. One common difficulty in the study of
fracture behavior is that description of the fracture can only be done once the sample
has failed. It is hence difficult to understand which mechanisms are leading to the

failure and how the damages accumulate. Recent investigations combined fractography
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analysis with Acoustic Emission (AE) measurement to gain a better understanding of the
damage development (Baensch, 2015). AE testing in based on analyzing acoustic waves
caused by rapid stress changes in materials. This technique is highly sensitive, quasi-
nondestrucive, with a high-time resolution (us — ms) and has been applied successfully
to in-service inspection as well as material characterization (Ando et al.,|2006), (Bertolin
et al., 2020). An overview of investigation using Acoustic emission in delamination
investigation is presented by (Bohse and Brunner,|2008). In comparison with industrial
composites, few studies use AE for damages characterization of wood samples and even
less for adhesively bonded wood. A more detailed state of the art summary of the use

of AE to characterize wood and bonded wood fracture can be found in paper V.
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Figure 2.6 — Influence of the adhesive system on the crack propagation path in ash Wood. On the right

side, the PRF system original adhesive is shown in black and on the left side the 1C-PUR original adhesive

in dark blue. The crack path is shown with a light blue fluorescent adhesive.
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3. Main investigation

3.1 PaperlI-Influence of humidity and frequency on the

energy dissipation in wood adhesives
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Abstract

In this paper, the frequency dependent energy dissipation of typical wood adhesive
under cyclic stress was studied on film adhesive samples. Three moisture-curing
one component polyurethane (1C-PUR) adhesives with relative ductile behavior, one
melamine formaldehyde (MF) and one phenol formaldehyde resorcinol (PRF) adhesives
both with a more brittle behavior were prepared to study the viscoelastic properties at
different relative air humidities (RH). Dynamic Mechanical Analysis (DMA) in tensile
mode was used to determine loss modulus, storage modulus and loss factor Tan Delta
on free standing adhesive films. It has been shown that 1C-PUR adhesives dissipate
proportional more of the stored energy than MF and PRF adhesives. Humidity increased
the dissipative processes in all PUR adhesives, especially in the polyamide fiber filled
adhesive. PRF adhesive is less influenced by humidity. While for all other tested
adhesives the dissipative processes generally increased with higher humidity, humidity
decreased the damping of the investigated MF adhesive. The influence of the frequency
on the energy dissipation is low for all tested adhesives in the investigated frequency
range. Further fatigue tests with glued wood samples are needed to confirm the results

observed on the free standing adhesive films.
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Introduction

The fatigue behavior of wood caused by alternating mechanical and environmental
impacts was the topic of many researches during the 1900-1940 years (Kollmann 1951).
Afterwards a dwindling interest in studying the dynamical properties of wood could be
noticed since wood was slowly replaced by metal and composite materials. Nowadays,
timber construction is gaining in interest and more ambitious construction projects are
envisaged such as high multi-storey buildings and wind turbines. For such projects,
knowledge about the behavior of construction timber exposed to dynamical excitation
is essential. Although the behavior of wood during fatigue has been studied (Kollmann
1951, Bonfield & Ansell 1991) the behavior of glued wood under dynamic stress has
been hardly investigated (Muller et al. 2004). It was shown (Muller et al. 2004)
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that the fatigue behavior of glued wood specimen seems to depend on the adhesive
properties. Brittle adhesives with high modulus of elasticity (MOE) perform better
under high intensity and low cycle fatigue (LCF), while ductile adhesives with low MOE
are more suitable for low intensity and high cycle fatigue (HCF). However, the nature
of interaction between wood and adhesive during fatigue testing is understood less
clearly. A classification of wood adhesives has been proposed (Frihart 2009) where wood
adhesives are classified not only according to their chemical but also their mechanical
behavior. This classification resulted in two different groups: The in-situ polymerized
group containing the relatively rigid, highly cross-linked polymers such as UF, MF, MUF,
PF and PRF and a second group, the pre-polymerized adhesive containing the flexible
polymers such as PUR and PVAc. Generally, MOE values of amino resin adhesives’ are
higher than those of phenolic adhesives, while in comparison PUR adhesives exhibit the
lowest range of MOE values (Konnerth et al. 2006, Konnerth et al. 2007). An overview
of adhesive mechanical properties can be found in Ref. (Stoeckel et al. 2013). Wood
adhesives, as viscoelastic material, produce hysteresis energy during fatigue. Some of
the dissipated energy is released as heat, but most is absorbed in the sample, raising
its temperature. At low frequency, the increase of the temperature is negligible. But
at higher frequency-excitation the temperature of the specimen may exceed the glass
transition temperature of Hemicellulose and Lignin wood component (Sandberg et
al. 2013) and therefore change its behavior from glassy to rubbery properties. One
component polyurethane (1C-PUR) adhesives are characterized by significantly lower
stiffness and hardness compared to amino- and phenoplastic resins, such as melamine
formaldehyde (MF) and phenol resorcinol formaldehyde (PRF) system, but absorb
more deformation energy and show ductile failure behavior leading to lower wood
failure percentage (Clauf et al. 2011). The application of more ductile adhesives in
glued laminated timber should allow an increasing fatigue performance caused by
a higher energy dissipation of the adhesive. Assuming that the fatigue failure will
result in crack initiation and propagation (Dao & Dicken 1987), it can be hypothesized
that, while dissipating a higher amount of energy by deformation, this released energy
will not contribute to crack propagation and finally to the failure of the bondline.
Dynamical Mechanical Analysis (DMA) is an efficient method to characterize the energy
dissipation of cured adhesive film samples. The DMA allows examining the influence
of the frequency of excitation, the temperature of the polymer as well as the moisture
content of the polymer on the energy dissipation of the cured adhesive. DMA in

tensile mode showed interesting results on PVAc film samples (Lopez-Suevos & Frazier
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2006), where an influence of the frequency on the loss factor Tan Delta was shown.
The maximal energy dissipation occurred at 1 Hz. In addition to the frequency, the
moisture content of the wood also influences the mechanical properties of the wood
adhesive compound (Kollmann 1951), and therefore should be considered. Klausler et
al. investigated the influence of humidity on the tensile strength and tensile E-modulus
of different wood adhesives (Klausler et al. 2013). The tests on 1C-PUR, MF and PRF
wood adhesive showed a distinct influence of moisture on the tensile strengths and MOE.
Generally, by increasing the relative humidity a softening of the adhesive was observed,
whereby phenolics and structural amino resin showed highest sensitivity (Stoeckel
et al. 2013). In this study, the energy dissipation of brittle and ductile adhesives is
investigated using DMA in tensile mode. Three different 1C-PUR, one MF and one
PRF adhesive were chosen for DMA testing under defined climatic conditions. As
the frequency of oscillation in timber construction is generally low, only the energy
dissipation at low frequency (0.1 Hz-10 Hz) was considered. In order to understand
the specific performance of the different adhesives excluding the influence of wood,

only cured, free standing adhesive films were produced and tested in this study.

Material and method

Adhesives

Five commercially available wood adhesives were chosen: 3 different 1C-PUR, 1 MF
and 1 PRE. For the one component polyurethane (1C-PUR) adhesive system, LOCTITE
HB 110 PURBOND (short: HB 110) was selected containing polyamide fibers. The
second PUR-type, VN 3158 is based on the same polymer as the HB 110 but was
prepared without fibers to differentiate the influence of the adhesive polymer and the
fiber. Additionally, the LOCTITE HB S309 PURBOND (short: HB S309) was used as a
commonly available 1C-PUR adhesive with a different polymer formulation than the
HB 110. For the Melamine Formaldehyde (MF) system, the GripPro Design adhesive
A002 was chosen, mixed with a ratio of 100:50 with the hardener H002. For the Phenol
Resorcinol Formaldehyde (PRF) adhesive, the Aerodux 185 was chosen, mixed with a
ratio of 100:20 with the hardener HRP 155.
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Preparation of cured film samples

1C-PUR (HB S309, HB 110 and VN 3158) cast sheets of approximately 100 um thickness
were produced using a film applicator under low humidity conditions in a dry box (<
10% RH). The low relative humidity allows slow curing of the adhesive and therefore
helps to reduce the formation of gas (CO,) bubbles. After curing at least one week at
20 °C and 65% R.H, the film samples were punched out using a stamping tool. MF
and PRF adhesive films were processed at 20 °C and 65% R.H using a film applicator.
The samples were punched out before complete curing of the adhesive, approx. 2-3
h after mixing of the components. For DMA testing the films were cut into rectangle
specimen with a width of 6 mm. Afterwards specimen were randomly separated into 3
batches for conditioning at 20 °C and 35%, 65% and 85% RH respectively. All samples
were conditioned for a minimum of two weeks before testing. Prior to DMA tests the
thickness of the specimen was measured. MF (147 + 15 um), PRF (234 + 19 ym) and
HBS 309 (76 + 12 um) showed relatively uniform film thickness while VN 3158 (99 + 46
pum) and HB 110 (103 + 26 um) varied widely due to the difficulties during preparation.

Dynamic mechanical analysis (DMA)

Viscoelastic properties of cured adhesive films were investigated with a DMA Q800
including DMA-RH Accessory (TA Instruments, New Castle, USA). The DMA-RH
Accessory allows mechanical properties of a sample to be analyzed under controlled
and/or varying conditions of both relative humidity and temperature. Free standing
polymer films were assessed via film-tension mode at a constant temperature of 20
°C and three different humidity conditions 35%, 65% and 85% RH (according to the
preconditioning of the samples; as described in section 2.2). After the sample was
placed in tension between a fixed and moveable clamp the DMA-RH Accessory chamber
were closed to reach the set temperature and relative humidity. A dictated starting
point of 0% RH and a fixed humidity ramp rate of only 2% RH per minute required
an equilibration time of at least 5 min before starting the measurement. All tests were
conducted as frequency sweeps from 0.1 Hz to 10 Hz and 0.1% strain as a level within
the linear response. For each sample group, three separate measurements were taken
to generate an average DMA response. Presented data for MF and PRF adhesives were
measured with this Test routine 1. The results of PUR films measured with routine 1
showed high standard deviation and anomalies, probably due to insufficient curing of

the films during storage under low air humidity conditions. Therefore, a second test
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routine was set up. For Test routine 2 PUR films were conditioned at 20°C and 85% RH
before the DMA test. Samples were assessed again via film-tension mode as frequency
sweeps from 0.1 Hz to 10 Hz, with 0.1% strain and at a constant temperature of 20°C.
In contrast to the procedure described above, every single sample was measured at the
three different humidity conditions (35%, 65% and 85% RH) in a row using the RH
step mode. After achieving the chamber condition of 20°C/85% RH the first frequency
sweep was conducted at 85% RH. Afterwards the humidity was decreased to 65% RH
and the sample equilibrated 600 min before the next frequency sweep. The humidity
was decreased further to 35% RH, and finally the sample equilibrated 600 min before
the last frequency sweep. For each PUR group, three separate measurements were
taken to generate an average DMA response. Only samples measured with Test routine
2 wer e used for the main experiment. Additionally, specimens of HB 110 and VN 3158
adhesives were investigated with a DMA RSA III (TA Instruments, New Castle, USA).
The free standing polymer films were assessed via film-tension mode in the temperature
range of - 100°C to +150°C with a heating rate of 2 °C/min at 1 Hz frequency and 0.1%
strain amplitude. The temperature corresponding to the peak value of loss modulus E"
vs. Temperature curve was taken as the dynamic glass transition temperature (Tg) as
recommended in the standard ASTM D 4065-94.

Fourier transform infrared spectroscopy (FTIR)

Based on the assumption that some of the PUR films were not fully cured before DMA
tests, the degree of curing for the different PUR adhesive films was monitored by FTIR.
Spectra were recorded on a Tensor 27 (Bruker, USA) in the range of 4000-500 cm™!
with 32 scans per measurement. All recorded spectra were normalized to the reference
peak at 1600 cm™! , which corresponds to the aromatic v (C==C) peak and does not
participate in the reaction. Particular attention was paid to the characteristic peak at
2250-2270 cm™! , which is indicative of the isocyanate stretching vibrations (-NCO-).
An obvious peak in these ranges indicates an incomplete consumption of isocyanate

and therefore an unfinished or insufficient curing process.

Results and discussion

According to ISO 6721-1:2011 (E) the storage modulus E’ is the real part of the complex

modulus and proportional to the maximum energy stored during a loading cycle. E’
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represents the stiffness of a viscoelastic material. The loss modulus E" is the imaginary
part of the complex modulus and proportional to the vibrational energy dissipated into
heat during one loading cycle, while the loss factor Tan Delta is commonly used as a
measure of the damping as the ability of relaxation and recovery of the polymer chains

after deformation.

Influence of humidity on the viscoelastic properties

The average storage modulus, loss modulus and loss factor Tan Delta measured at
constant temperature of 20 °C and at 1 Hz frequency are presented in Figs. 1-3
respectively. The influence of the humidity is shown for each adhesive. Rigid adhesives
such as MF and PRF show higher storage and loss moduli, compared to the PUR
adhesives, because of their generally aromatic nature of the backbone, their high degree
of cross-linking and therefore their limited ability of deformation. PUR adhesives with
more flexible backbones allow easier deformation, measurable in lower storage and loss
moduli. Against expectation the fibre-reinforced 1C-PUR adhesive HB 110 shows the
lowest storage modulus, also compared to the not reinforced 1C-PUR adhesives. A lower
storage modulus after incorporation of the fibers indicates a reduced cohesive energy
between macromolecular chains and an insufficient interfacial bonding between fiber
and polymer. With increasing humidity adhesives are less stiff, seen as a clear decrease
of all storage moduli (Fig. 1), due to the plasticizing effect of water. The strongest
plasticizing effect shows HB 110 with a decrease of 37% after increasing the relative
humidity from 35% to 85%. The storage modulus of MF and PRF decreased by 25%,
while the moduli of the unfilled 1C-PUR adhesives decreased by 18%. There is only a
slight influence of moisture on the loss moduli of all 1C-PUR adhesives and also on PRF
(Fig. 2), while the loss modulus of the MF adhesive declined by nearly 40%. A declined
E" value indicates a decrease of the vibrational energy dissipated into heat during one
loading cycle. The average loss factor Tan Delta (damping) measured at a frequency of 1
Hz is presented in Fig. 3. The damping gives the balance between the elastic phase and
viscous phase in a polymeric structure. HB 110, the fiber-reinforced adhesive, shows
the highest Tan Delta value, which indicatives the best damping behavior, while all
other adhesives are more elastic, represented by a lower Tan Delta value. Ester linkages
and urethane linkages of polyurethanes can undergo hydrolysis, which leads to chain
scission. The free volume increases and allows an easier sliding of the chain segments

(Kovacevic¢ et al. 1993). This trend was more obvious for HB 110, compared to the not
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fiber filled PUR adhesives. The observed difference is probably due to high sensitivity
of polyamide fibers to humidity as investigated by Ref. (Parodi et al. 2018). The
damping of PRF was less influenced by humidity, due to the good hydrolysis resistance
of the C—C bonds between the phenolic part and formaldehyde (Dunky & Niemz 2002).
A contrary behavior has been observed for the amino-resin. Hydrolyses on MF also
leads to scission of polymer-melamine crosslinks, but followed by the formation of
melamine-melamine crosslinks, which are much more rigid than the polymer-melamine
ether linkages (Bauer 1986). As a result, dissipative processes and also the damping

capacity are decreasing.
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Figure 2 — Loss Modulus at 1 Hz frequency and 20 °C for all adhesives at 35%, 65% and 85% RH (s mean,
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Influence of the frequency on the viscoelastic properties

The loss factor Tan Delta measured in the range of 0.1 Hz—10 Hz at constant temperature
of 20 °C is presented in Fig. 4. Every mean value curve consists of 3 single measure-
ments each. The influence of the frequency on the energy dissipation is small in the
investigated frequency range. Except MF all other adhesives show an unchanged trend
over the frequency range, irrespective of whether they were tested in dry or humid
condition. The dissipation predominantly decreases slightly with increasing frequency.
The dissipation behavior of MF adhesive changed, depending on the moisture content
of the sample and the relative humidity of the surrounding. While the dissipation of the

dry samples (35% RH) increased with increasing frequency, a decrease was measured
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Figure 3 — Tan Delta at 1 Hz frequency and 20 °C for all adhesives at 35%, 65% and 85% RH (cmean, -

median, O standard deviation).

for the moist samples (65% and 85% RH). The influence of the frequency is being
superimposed by the influence of the humidity.

Effect of fibers on the dissipation behavior

HB 110, a 1C-PUR adhesive reinforced with polyamide fibers and VN 3158, the same
polymer without fibers as a reference were tested to investigate the effect of the fibers on
the dissipation behavior. All samples were conditioned at 20 °C and 65% RH before test.
The transition temperatures of these adhesives are shown in Fig. 5. The glass transition
of the soft segment at a temperature of about -80 °C is not influenced by the addition
of polyamide fibers. A second transition visible at 54 °C for VN 3158 can be assigned

to the transition of the hard segment. The incorporation of fibers into the polymer
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Figure 4 — Influence of the frequency on the loss factor Tan Delta for all adhesives at 35%, 65% and 85%
RH.

matrix leads to a significant decrease of the transition temperature from 54 °C to -7 °C.
This is an indication of an increased free volume and a reduction of cohesive energy
between macromolecular chains. Furthermore, results let suppose, that the interfacial
bonding between fibers and polymer is low. Results show that in this particular case
the addition of fibers allows higher energy dissipation in the temperature range of -30
°C up to around 50 °C, while above 50 °C fibers improve the thermal stability of the
PUR adhesive.

Fourier transform infrared spectroscopy (FTIR)

Results of PUR films measured with Test routine 1 showed high standard deviation and
anomalies as Fig. 6 exemplifies. Despite the expected decrease of the storage modulus
due to plasticizing effect of water, samples stored and tested in 85% relative humidity
showed the highest storage modulus. That is probably due to expected insufficient
curing of the films during storage under low air humidity conditions (35% and 65%
RH). To verify this suspicion, FTIR spectra were measured on thinner and thicker

VN 3158 samples (Fig. 7). Particular attention was paid on the characteristic peak at
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2250-2270 cm™! which is indicative of the isocyanate stretching vibrations (-NCO-).
All samples stored at 20 °C/35% RH showed a clear peak at 2270 cm-1. This indicates
an incomplete consume of isocyanate and therefore an unfinished or insufficient curing
process, which probably resulted in the observed low storage moduli as seen in Fig. 6.
In contrast all samples stored at 20 °C/85% RH showed no peak in this region. Samples
which were stored at 20 °C/6% RH showed some film thickness dependence. While
thin specimen seemed to be complete cured with no peak at 2270 cm™!, a slight peak
could be detected for all thicker specimen. It seems, that there is a surplus of isocyanate
in the adhesive films for 1C-PUR adhesives that does not react or only very slowly
at room temperature. Only exposure to relative high air humidity or temperatures
will allow a complete reaction of isocyanates. This effect has already been observed
by Clerc et al. (2017) on adhesive films and by Klausler et al. (2013) on glued wood
samples. Measurements of the Tan Delta values over the complete frequency range on
insufficient cured samples, reveal a Tan Delta value approximatively 15% lower than
fully cured samples. All samples revealing a insufficient curing were excluded from the

main experiment.
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Conclusion

The energy dissipation of 5 different adhesives was tested using DMA. The influence of
frequency and relative humidity was investigated on three 1C-PUR adhesives, one MF
and one PRF adhesive. More brittle adhesives such as MF and PRF show bigger absolute
Storage moduli and Loss moduli than the 1C-PUR adhesives. The fiber filled 1C-PUR
adhesive has the best damping behavior, conspicuous by the highest Tan Delta values,
compared to all other tested adhesives. PRF showed the lowest damping behavior. The
high energy dissipation of the 1C-PUR is best explained by the ductile mechanical
properties of the adhesive. The lower elastic modulus of such adhesive is due to a less
dense polymer network, which allows greater deformation. During these deformations,
the long polymer chains will dissipate heat through friction. In comparison, the more
brittle adhesive such as MF and PREF, are storing a higher amount of elastic energy
in their denser polymer network but release a smaller amount of energy in friction.
Humidity increased the dissipative processes in all PUR adhesives due to hydrolysis of

the polymer chains. This effect was particularly strong for the fiber filled adhesive HB
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Figure 7 — Representative FTIR spectra of thin VN 3158 specimen (normalized to reference peak at 1600
cm™! ); - Samples were stored at 20 °C and different humid conditions (35%, 65%, 85% RH).

110. Dissipative processes of PRF were less influenced by humidity, attributable to the
good hydrolysis resistance of the C—C bonds. A different behavior has been observed for
the amino-resin, where higher moisture leads to decreased dissipative processes due to
the formation of melamine-melamine crosslinks. The influence of the frequency on the
energy dissipation was low in the investigated frequency range. A uniform tendency for
all adhesives could not be observed. All adhesives showed slightly different behavior
with increasing frequency. One corollary to the high ductility of 1C-PUR is that such
adhesives are more sensible to creep effect than brittle adhesives. As mentioned by Ref.
(Frangi et al. 2004), creep can be a limiting factor especially at higher temperature for
structural application. Therefore, any further increase of the ductility of the adhesive in
order to improve the fatigue performance should be done considering the influence of
creep. General attention should be paid on the curing condition of free PUR films. FTIR
measurements confirmed an unfinished or insufficient curing process, especially of
thicker samples, which were stored at low humid conditions (35% RH). As reported by
Ref. (Sandberg et al. 2011), the properties of cured adhesive depend on multiple factors,
such as temperature, humidity and curing time. Furthermore, significant changes in
wood adhesive polymerization were observed by Ref. (Ren & Frazier 2013) between
adhesive polymerized in wood or in plain films due to wood-adhesive interactions.

The obtained results shall therefore be considered with caution and applicable for
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the adhesives. However, a good correlation is generally found between tests done
on polymer films and directly in the bond line (Konnerth et al. 2006, Stoeckel et al.
2013). In accordance with the obtained results, 1C-PUR, especially fiber reinforced
1C-PUR adhesives are an interesting alternative to amino and phenol resins in cyclic
fatigue loaded structures, due to their higher energetic dissipation. The obtained results
confirm that PUR obtained longer fatigue life as MUF and PRF adhesive (Bachtiar et al.
2017). However, further testing is needed to explain the better performance of brittle
adhesives in low cycle fatigue (LCF) when compared to PUR adhesive. The application
of the obtained results to wood bonding should be done carefully as the combined
system is more complex with regard to energy dissipation and fatigue. Further tests
are needed to investigate the energy dissipation and fatigue behavior of wood samples

glued with the tested adhesives.
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Abstract

It is generally assumed that the properties of wood against fatigue are good, but little
is known about the properties of adhesively bonded wood, which represents today
most of the wood-based products. Lap-shear samples glued with three common wood
adhesives (two ductile one component polyurethane system and one brittle phenol
resorcinol adhesive) were tested under cyclical loads at three different climates (20°C,
35%-50%-85% relative humidity). For the analysis of the data, an empirical model
based on reaction kinetics was developed. In addition, a probabilistic model was used
to estimate the endurance limit and the expected run-outs lifetime. Both models were
combined to accurately model fatigue at high and low relative stress intensity. It was
shown that ductile one component polyurethane (1C-PUR) adhesives perform better
than brittle adhesive system under dry climates (35%-50% R.H.). However, for higher
relative humidity, the brittle phenol resorcinol formaldehyde (PRF) adhesive showed
better performance, most probably due to a better wood-adhesive adhesion in wet
climate. An average endurance limit for tensile shear stresses between 20%-48% of
the mean tensile shear strength was estimated for the tested adhesives. It was shown
that the model parameters could be linked to fundamental physical constants through
the reaction kinetics approach, however, further research are needed to correlate these

parameters to specimen specific quantities.

Keyword

Wood Adhesive, S-N curves, Fatigue modelling

Nomenclature
Ay Cross section of a flow unit
C,B Reaction rate constant
E, Activation energy
Fq,F,,..,F, Generic name for coefficients of the Foschi and Yao Model

h Plank’s constant
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TSS
W, W, Wy

Vb

A,5,p

Yf

Loading rate

Boltzmann’s constant

Work terms of the activation’s energy
Number of cycles

Threshold cycles limit

Number of cycles and stress of failure for specimen i
Number of bonds

Gas Constant

Absolute temperature [K]

Tensile shear strength [MPa]

Work due to external constrains

Maximum localized strain deformation

Damage index (a = 0 in undamaged state, @ = 1 at failure)

Accumulated damage during the uploading phase

Location, scale and shape parameter of a Weibull distribution

Shape parameter of equation 12
Jump of flow segment at activation
Strain

Stress

Mean stress on the flow unit
Ultimate tensile shear strength
Upper strength limit in cyclic test

Lower strength limit in cyclic test
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0o Endurance limit
Ao Stress range

@ Shift parameter of equation 12

Introduction

The accumulation of cyclic loads over longer periods of time may lead to damage of the
structure at stress levels below the structural design strength. This fatigue phenomenon
also impacts wood and was well studied until the end of Second World War, where
this field of study lost interest due to the advent of composite materials and light
metals (Tsai and Ansell 1990). Even though the study of the influence of the adhesive
properties on the quasi-static properties of wood-glued joints is a field that has already
been well studied (Stoeckel et al. 2013), few recent papers have specifically investigated
the influence of different type of adhesive on the fatigue performance of bonded wood.
Recently, (Bachtiar et al. 2017) showed that adhesives with different elastic moduli
have led to different fatigue performances, which were not obvious under quasi-static
loading conditions. The brittle adhesive systems (melamine-urea-formaldehyde, (MUF),
fish and bone glue) seem to perform well under high intensity, low cycle fatigue (LCF)
while the more ductile adhesive (1C-PUR) system perform better under low intensity,
high cycle fatigue (HCF). It is possible that the ductile 1C-PUR dissipate a higher
amount of strain energy into heat, which is consequently not available for damage
accumulation (Kunniger et al. 2019). Even though different adhesion phenomena
are observed depending on the chemicals nature of the adhesive systems, it remains
generally valid that brittle tested adhesives possess a denser interconnected polymer
network, responsible for the high elastic modulus and providing also basically more
connecting points to the wood, resulting in a better adhesion and to a higher wood
fracture percentage (Bachtiar et al. 2017). It remains however unclear how the wood
moisture content, type of loading and the type of adhesive influence the shape of the
Stress-Cycle number curve (S-N curve) especially for high cycle fatigue. The influence
of increased humidity on adhesively bonded wood lap-joint loaded under quasi-static
loading has already been well studied (Klausler et al. 2013). For all types of adhesives,
a decrease in the shear strength is generally observed with increasing wood moisture
content. Under cyclic fatigue loading, only a mild sensitivity of the fatigue strength

to moisture content was noted by (Lewis 1962) on plain wood. Due to the difficulty
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of obtaining fatigue data for very high number of cycles, fatigue models are used to
extrapolate the data outside the test range assuming a given material’s behavior. The
majority of models used for the derivation of Stress-Cycle curves (S-N curves) from
experimental data are to some extent based on empirical assumptions (Smith et al.
2003). Analyzing fatigue results is a notorious difficult task due to the scatter (for same
load levels a variation of 2 order of magnitude is common) and to the low number
of samples. In this paper a new model based on reaction kinetics was developed to
specifically analyze the results of cyclic fatigue testing and facilitate the comparison of
the different wood adhesives. In order to obtain a realistic depiction of low-cycle fatigue
phenomena, a probabilistic model was used to estimate the endurance limit and the
lifetime of run-out specimen (samples which did not fail during the tests). The goal of
this paper is to compare the performance of three different wood adhesives under cyclic
fatigue loading, in order to determine which adhesive, and corresponding adhesive

properties, seem optimal to sustain fatigue loads.

Fatigue Modeling

Derivation of the fatigue damage model based on reaction kinetics

approach

Krausz and Eyring described long term effects in materials on the basis of a reaction
kinetics approach (Krausz and Eyring 1975). The principle of this approach is that in a
solid, molecules occupy equilibrium positions and are vibrating about the minimum of
the free energy potential. In the absence of mechanical stress, there is no movement
of the solid or parts of solid as there are on average as many jumps to the right or to
the left of the energy barrier (Fig 1, A.). When the molecules are displaced from the
equilibrium positions by an applied stress (Fig 1, B.), the potential energy is increased.
This means that the potential energy surface is changed, making the reaction more
probable, decreasing the barrier height with W, in forward direction and increasing the
barrier height with W, in backward direction. Where W = Wj, + Wy = 0 A A represents
the work of the external constrains. In Fig 1. the influence of a tensile stress o on the
potential energy of a flow unit A is demonstrated using a simple tensile test example. It
shall be noted, that flow unit can represent molecules, groups of molecules or filaments,
fibrils etc.

Caulfield (Caulfield 1985) applied this approach on wood assuming a single energy
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Figure 1 — A. For a material with no external stress, the potential energy barrier is symmetrical, meaning
the tendency for a flow unit (Af) to jump the barrier Ea is the same in either direction. B. Once this
material is exposed to a stress (o), the potential energy barrier is distorted by the external work W;, and

Wy and the tendency for flow unit to jump over A in the direction of the applied stress is greater than in

the opposite direction

barrier obtaining equation:

N

h E, AfA
7,0l ) g
where kj, is the Boltzmann’s constant, T the absolute temperature, h the Planck’s con-
stant, E, is the activation energy, As is jump of the flow segment, Ay the cross section
of a flow segment, R the Gas constant and o the applied stress. This model assumes
that for a constant stress over time, the material will creep until a localized strain
deformation (yj) is reached, at which point in time the specimen will fail. Van der Put

used a similar approach, extending the theory using a multiple set of energy barriers,
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showing the applicability to describe both creep and damage phenomena (van der Put
1986), (van der Put 1989). For high levels of stress, as in the case of fatigue loading and

crack growth, the bond breaking equation can be simplified and written as follows:

n
U—UO)

Oy

de
E :(C+B€)(

(2)

Where € is the strain associated with linear flow (C) and plastic flow (Be = damage de-
velopment) and t is the time. Parameters B and C are reaction rate constants describing

how many flow units jump over the energy barrier given by equation:

C,B= —exp(_E“) (3)

where E, is the activation energy for the different reaction rate constants and n is the

work term of the activation energy, which describe how much the energy barrier is

of s
Nmka

where oy is the part of the mean stress on the flow units, A the jump of the flow

shifted under the influence of a mechanical stress: n =

segment at activation and N,, is the number of flow units per unit area, see also (Krausz
and Eyring 1975), 0 — o0y is the effective stress on the flow units, oy is the endurance limit
(also called threshold stress level) below which no damage occurs, o, is the ultimate
strength .

In an independent way (Barrett and Foschi 1978) developed an empirical model assum-
ing that the damage propagation is function of the applied stress and current damage.

This state variable model is shown in the following equation:

da

— =F(o(t),« 4
= F((t)a) (4)
Where a is the damage index (o = 0 in undamaged state, « = 1 at failure), o(t) the
applied stress at time t and « is the current damage. The above equation can then
be written in form of a power series expansion which can then be expressed as the

following model (Barrett and Foschi 1978):

dd—ctt:Fl(U—Uo)F2+F3a (5)

With Fy, F,, F3, F4 being parameters without assigned physical meaning and o, the
endurance limit. The first term on the right-hand size describes that the damages
accumulate for load higher than the endurance limit, however this model had an

unwanted feature, due to the F3 parameter in the second term on the right-hand side, it
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will always lead to failure (van de Kuilen 1999). Later this model was further developed
and improved by (Foschi and Yao 1986) :

il_f = Fy[0 - 090, ]2 + F3[0 - 0p0,,]F4a (6)

It appears that the form of Equation 6 is equivalent to Equation 2, when the plastic
strain € is considered as damage formation:
da ” 1 7
E:C[U—O()O'u] +B[U—UOGM] o ( )
where n; and n, are different work term of activation energy corresponding to different
processes (van der Put 1989). Thus, the Foschi & Yao equation can be explained by
the physical parameters of equation 2. Equation 7 can then be integrated to obtain
the number of cycles until fracture for a given stress, assuming a Time — Load cycle
equivalence (N; =} ot;):
B 1
- B[U o GOGu]’12

B+ Clo — g0, |

N
(o) a.B+ Clo —o0g0, ]

(8)

The value for a. which represents the accumulated damage during the uploading phase

in an (equivalent) creep test, can be approximated by (Yao and Foschi 1993):

o — 0y ny+1
)

1—00

The value for C can be approximated by (Yao and Foschi 1993):

k(g +1)

Cx~
[Uu(l - GO)](n1+1)

(10)

where k is the loading rate. Foschi and Yao (1986) assumed that the four fitting parame-
ters (B, C, n,, ny) of equation 8 are positives, independent random variables with log
normal distributions. The estimation of the parameter is useful in order to simplify the
model as they allow to judge which damage process is predominant. For a specific usage
in cyclic fatigue testing, the average loading rate, k, is oscillating constantly with an
average value close to zero. For this reason, it results that the C coefficient in equation
10 is very small and can be neglected. Considering this, equation 8 can be simplified

into:

Blo —ogoy ] |\ (0 —dg0y)

ny+1
N(o) = ! 1n[((1_(’0‘7”)) } (11)
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This model is actually a combination of two terms, the first term ﬁ
0—000,]"2

which has the same form as the Madison Model (Wood 1947) multiplied with the second

1_0—00.14 )111+1
term In [(—G_aoau

accounting to the non-linear damage accumulation near the ultimate strength. For each
term, the parameters n, and n; should be adjusted to the relative influence of both

processes. However, mathematically the expression

- B 1
(np+1)- ln[((cly_(;‘;?:))] is equivalent to ln[(—é_f,gg_z )n1+

] As any strictly positive number

can be obtained by multiplying two numbers, only one parameter is needed to model

the influence of the parameter B and n; such as @ = nlgl Therefore, if these parameters

are obtained through a fitting process, it is not directly possible to account for the
relative importance of both terms as there is an infinity of B and n; value resulting in
the same ®@. For this reason, the final equation was simplified to contain only three

fitting parameters (P, A and oy).

N(O‘)ZCD[O‘—O‘OO'M]_A-IH[(:%)] (12)

As shown in Figure 2, each parameter has a clear influence on the shape of the S-N
curve. The @ parameters influencing the shift of the S-N curve along the cycles axis
without modifying the slope of the curve, the A parameters influencing the slope of the
S-N curve and the 0\ parameter representing the asymptotic behavior of the S-N curve

for N —> Inf, e.g. the endurance limit.

Interpretation of the physical meaning of the parameters @ and A:

Using the van der Put model to derive the value of the coefficient gives the following

estimation:
_ (m+1) _ ( 9p1Apah h (E_)
©="5" =N, or T &n P&t
and A to:
_ o _ 9520
A - nz - Nm,Zka

from these equations, the coefficients of 1 Al,ijl,Ea,af,z, Ay, Ny, » are unknown and
should be determined through fitting to the data. As previously explained, it is mathe-
matically not possible to distinguish the influence of the work term #; and the activation

energy term B, for the same reason it is not possible to directly distinguish the influence

65



Main investigation (Paper II)

of the different coefficient listed above. However, the equation 12 can be used as an
analogy to give insight in the fatigue phenomena. For example, with increasing tem-
perature, the parameter @ and A will decrease, meaning that the S-N curve will shift
to the left and the curve will become steeper. In term of reaction kinetics, this means
that with increasing temperature, the probability of a molecule to shift its energetic
level is increased hence increasing the rate of damage accumulation, and therefore
decreasing the lifetime of the specimen. The influence of temperature on time to failure
of adhesively bonded specimens has been clearly shown in (Knorz et al. 2018) shifting
the time-to-failure line to the right at elevated temperatures. Also, as it could be ex-
pected, having a higher activation energy or higher flow unit strength will increase the
lifetime of the specimen. It is recognized however that for wood, even though activation
energy is generally related to bond slip (in contradiction to primary bond breakage),
determination of activation energy will always lead to a ‘mean’ value because the large

variety of molecules (cellulose, hemicellulose and lignin).

Parameters estimation

In equation 12, the parameters @, A and oj should be fitted to the data. The fitting

parameters of the Model 2 were obtained through minimization of the function:

n

) (log(N(a)) -~ log(N;))? (13)

i=1
Where 7 is the number of tested samples, Ni and o; the number of cycle and respectively
the load level until rupture of the considered sample. Using equation 13 to obtain
the fitting parameters will always result in an endurance limit (sometimes also named
fatigue limit) of zero. Meaning that any load, no matter how small, will ultimately
lead to the failure of the specimen. The existence of a fatigue limit is well established
for metal, it remains however unclear if such a limit exist for wood (Nielsen 2000a).
Several authors estimated an endurance limit for a specific loading type and type of
specimen, for example (Kyanka 1980) estimated an endurance limit around 35-50%
of the maximal bending stress for wood and wood composites, (van der Put 1989)
estimated an endurance limit around 35 % of the maximal load, whereas (Ogawa et al.
2017) predicted an endurance limit of 60% of the maximal load level for compression
loading perpendicular to the grain of Japanese cypress. But ultimately, all above
mentioned endurance limit values are resulting from extrapolation of a mathematical

model out of the range of experimental data and should therefore only be considered as
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estimation. Nevertheless, it seems that assuming an endurance limit for wood and wood
composites is an acceptable working hypothesis (Smith et al. 2003). For fatigue models
based on Foschi and Yao, the endurance limit is understood as a fitting parameter or
as an external constant which should be chosen according to a given reference. As
explained previously, if the endurance limit is set as fitting parameter, its value will
be minimized to zero. This is also the case in the Damaged Visco-elastic Material
theory of (Nielsen 2000a, 2000b) which predicts that material such as wood will fail
irrespective of an endurance limit. Ultimately, the estimation of an endurance limit with
mechanical/empirical models outside the testing range without clear expectations of
the behavior of the wood at such loads is bound to be imprecise. Concerning this issue,
an interesting approach consists in using a probabilistic fatigue model (Castillo and
Fernandez-Canteli 2009). This model is based on a modified three-parameters Weibull
distribution, in which the cumulative distribution for fatigue lifetime at a given stress
range and the cumulative distribution for the stress range at a given lifetime are not
independent and must satisfy a compatibility condition. Fulfilling this compatibility
conditions allows to establish a functional equation F(N, opeltac) in the form a Weibull

model, as shown under equation 14:

B
EF(N,Ac)=1-exp [_((ZOgN — Ny)(logAa — ay) —/\) };

o
(logN — Ny)(logAo —op) > A

(14)

Where Nj is the threshold cycle limit, oy is the endurance limit. A,9, 8 are location,
scale and shape Weibull parameters, respectively. This model was validated for metal
fatigue tests (Koller et al. 2009) and for concrete (Castillo and Fernandez-Canteli 2009),
as the basic assumptions of this model are also valid for composites, its validity should
extend to composites material such as wood. Using equation 14 to fit the data allows to
obtain an estimation of the endurance limit. This estimated value can then be used as

constant oy in equation 12.

Dealing with run-out

Due to practical limitation it is often not possible to test each sample until failure,
especially for low stress values. For this reason, a maximal lifetime was fixed (here
at 1.2E6 cycles) upon which samples were defined as run-out. Dealing with such
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