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ABSTRACT

The introduction of laminated timber, glulam being an example, allowed many of
the disadvantages associated with solid wood to be overcome. The disadvantages in
question are mainly those related to the size and shape limits of structural elements
made of solid wood and to the large variability in such material properties of solid
wood as strength and stiffness.

In the present thesis, which comprises both experimental and numerical studies,
such phenomena like the laminating effect and to some extent the size effect are inves-
tigated and discussed using the concept of fracture mechanics.

The experimental part involved the testing of bond line strength, stress vs. defor-
mation and fracture energy of three adhesives (resorcinol-phenol, polyurethane and
polyvinylacetate) and tensile testing of finger-jointed laminations. The results from
bond line tests were used as input data in a nonlinear fracture mechanics model based
on the concept of a fictitious crack. The model was verified by simulating both the
bond line tests and the lamination tests. Parameter studies on the influence of bond
line characteristics on the strength of finger-joints were also performed, together with
analyses of the sensitivity of a finger-joint to defects in the bond line. The influence
of finger-jointing pieces of lumber dissimilar in stiffness was also investigated. These
parameter studies showed the brittleness of the bond line to be an important parameter
in governing the strength of the finger-joint. For brittle resorcinol-phenol adhesive, the
approach adopted, one based on nonlinear fracture mechanics, predicted the strength
of a finger-jointed lamination to differ considerably from the strength predicted by such
classical theories as single point maximum stress theory and perfect elastic-plastic the-
ory. The complete load-displacement response of a finger-joint was determined using a
numerical solution procedure that allowed so-called snap-back behaviour to be traced.
The behaviour of a laminated beam in bending was also simulated. This showed the
laminating effect to partly be explainable on the basis of fracture mechanics.

Keywords: finger-joints, laminated timber, testing, nonlinear fracture mechanics,
finite element method, laminating effect.






NOTATIONS

Notations are explained where they first appear in the text. For clarity, a list of
notations and of the corresponding SI-units is also given here.

Roman letters

A matrix of strain gauge constants [N7L (Nm)™Y
A area [m?]
Aa displacement and rotation increments in FE-analyses [m, —]
b width [m)]
COV  coefficient of variation [-]
d typical size of the structure [m]
E Young’s modulus [Pd]
E. Young’s modulus in the fibre direction [Pd]
e vector of strain gauge readings [—]
Fou ultimate load-bearing capacity [N]
fr strength of the material [Pa)
fom maximum bending stress [Pa)
fi maximum nominal tensile stress in lamination [Pd]
Sroest. estimated maximum nominal stress in lamination

according to beam theory [Pa]
G, critical energy release rate [Nm/m?]
Gy fracture energy [Nm/m?]
h height [m)]
I area moment of inertia [m?]
L length [m]
l finger length [m)]
Len, characteristic length [m)]
M bending moment [Nm]
m,n powers of the strength criteria [-]
N normal force [N]
AP load increment in FE-analyses [N, Nm]
P pitch of the finger-joint profile [m)]
q vector of section forces [N, Nm)|
R load-bearing capacity [N, Nm]
r vector of residuals [-]
s finger tip gap [m]
T,R,L tangential, radial and longitudinal direction [-]
w moisture content [-]



Greek letters

B e

S
<>

QR R 3

Omaz

Trmax

£ 6

ratio of area moments of inertia

power in the expression of normalized strength
shape parameter of the stress-slip relationship
displacement

normal displacement across the bond line
shear displacement across the bond line
horizontal displacement parallel to the grain
vertical displacement perpendicular to the grain
power in the size-effect relationship

Poisson’s ratio

density

normal stress in the bond line

uniaxial normal strength of the adhesive

shear stress in the bond line

uniaxial shear strength of the adhesive

vector norm of the residuals

mixed-mode angle

brittleness number
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1. INTRODUCTION

1.1 Glued laminated timber and finger-joints

Glued laminated timber (glulam) is often used for large beams in place of solid wood.
Glulam is basically what one obtains by glueing several laminations together to pro-
duce the cross-section desired. Approximately a hundred years ago, glulam technology
was developed in Germany. In Sweden, the production of glulam started in 1919 in
Toéreboda. Ever since, glulam has played an important role as an alternative to large
steel and concrete frameworks. Among its advantages are the high relative strength
of the material (strength/density), the ease in working with it and the possibility of
choosing almost arbitrary shapes for it, which is very advantageous architecturally.
Glulam is a good alternative to concrete and steel for arch and dome structures in
particular. The aesthetic value of the naked wooden surface, to be sure, is a matter of
taste, yet it is probable that the vast majority of persons find such a surface appealing
(Figure 1.1).

Figure 1.1. Left: With the use of glued laminated timber, spectacular frameworks
such as the roofing of this German swimming facility can be produced.
Right: Glulam, with its considerable aesthetical value, was chosen for
the restoration of this Danish castle (Koldinghus).

In producing glulam, the lengthwise splicing of the elements, of which the cross-
section consists, is of great importance. In the early days of glulam manufacturing, the
easiest solution was adopted, that of using so-called butt joints. Later, the overlap or

1



2 CHAPTER 1. INTRODUCTION

scarf joint came into use. Today, the glulam industry relies on the finger-joint splicing of
laminations (Figure 1.2). The strength of a finger-joint depends on many factors, such
as the strength and deformation properties of the adhesive, the strength and stiffness
of the surrounding material, and the geometry of the finger-joint. A finger-joint can

Figure 1.2. A finger-joint in spruce. Profile I-20 glued with resorcinol.

represent the weak zone of a lamination, having lesser strength and stiffness than the
surrounding material, yet it may also be just as strong as other parts of the lamination
containing knots and zones of low density, or even stronger.

Finger-joints are sometimes used to improve the strength of low-quality lumber by
being used to replace areas with large knots or other defects. Thus, depending on the
quality of the lumber to be finger-jointed, a finger-joint can either reinforce or weaken
the lamination.

1.2 Aim of the present work

In this report, work done during the past three years on a research project dealing with
laminated wood materials such as glulam is presented. The overall aim of the work here
was to contribute to knowledge and methods for the rational modelling, analysis and
prediction of the strength of laminated wood materials. In particular the modelling of
finger-joints and the influence which finger-joint properties and lamination properties
have on the so-called laminating effect were of interest. The strategy was to use the
knowledge and experience in the field of experimental and numerical methods for wood
adhesive joints inherent in the work of Wernersson [42], based on nonlinear fracture
mechanics theory.

The base of the present work can be expressed in terms of the different system
levels A-C illustrated in Figure 1.3. The experimental work included the testing of
bond lines taken from actual finger-joints and finger-jointed laminations, corresponding
to the levels A and B, respectively. Testing bond lines from an actual finger-joint
provided the characteristics necessary for numerical simulations. These simulations
were verified by testing the finger-jointed laminations. After the numerical model had
been verified, it was used to predict the behaviour and specify the characteristics of a
finger-jointed lamination, level B. The numerical finger-joint model was also used for
parameter studies, including a study of the effect of various defects in the bond line.
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Two numerical studies were carried out on glulam beams (corresponding to level C in
Figure 1.3) in order to extend knowledge of the laminating effect: a study of the stress
distribution in a beam with a small area of low strength and stiffness and a study of the
crack propagation along the outermost lamination of a beam. The crack propagation
study was performed for various lamination thicknesses.

4 N

MACRO STRUCTURAL SYSTEMS, BUILDINGS

C. LAMINATED BEAM PROPERTIES

B. FINGER-JOINT PROPERTIES E

A. BOND LINE PROPERTIES

ADHESIVE, ADHERENTS AND INTERFACE

MICRO (Chemical constituents, microstructure of wood)

N )

Figure 1.3. Different system levels. In the present work, the test programme con-
cerned levels A-B, whereas the numerical studies concerned levels A-C.




4 CHAPTER 1. INTRODUCTION

1.3 Outline

The report is divided into seven chapters. The work done is presented in the order
considered best from the standpoint of presentation. The order is not always the same
as that in which the work was done.

Chapter 2 provides an introduction to the area. It includes a brief description of
wood, finger-joints and glulam. Various of the phenomena of particular interest in the
study are also described, including the laminating effect and the size effect. In addition,
a literature survey [35] of tests of glulam strength and of models for calculating glulam
strength is referred to and summarized.

Chapter 3 deals with the experimental methods adopted, including sample prepa-
ration and test setups, both for the bond line testing and the testing of finger-jointed
laminations. The results of these experiments are presented in Chapter 4.

Chapter 5 provides a short introduction to the bond line model used in the present
work, a model based on nonlinear fracture mechanics (NLFM), together with an ac-
count of the implementation of the model using the finite element method (FEM). The
chapter also presents the results of numerical simulations performed in order to verify
the bond line model. Verification of the bond line model is based on simulations both
of the bond lines tested and of the complete finger-jointed laminations.

Chapter 6 presents a parameter study of the fracture characteristics of a finger-joint.
A sensitivity analysis of the influence of bond line defects is included. Simulations of
the performance of a laminated beam are reported as well.

Concluding remarks, together with a discussion of future research needs, are pre-
sented in Chapter 7.

Certain parts of the work dealt with in this report have been published previously,
as a literature review on glulam and finger-joints [35] (in Swedish) and as workshop
and conference papers [36, 37, 38].



2. BACKGROUND AND EARLIER WORK

This chapter presents the background to the present work. The first section contains a
brief description of the raw material of interest — wood, followed by certain reflections
on today’s methods of enhancing the performance of wood through use of wood-based
materials. A description of the way of determining the resistance of a structural element
as prescribed by the building codes is given at the end of the first section. The second
section deals with the product of main interest in this study — glued laminated timber
(glulam). A short overview of the production and behaviour of glulam is provided.
The phenomena in glulam known as the laminating effect and the size effect are also
discussed. In addition to providing a background to the present work, this chapter also
cites various references on the subject of glulam and finger-joints.

2.1 Solid wood and wood-based materials

A short description of wood is given below. For a more complete description reference
is made to Kollman & C6té [29], Dinwoodie [13, 14] and Bodig & Jayne [6].

2.1.1 A complex material

Wood is doubtlessly one of the oldest building materials known to man. It has been used
in various forms, from tree trunks in pre-historic time to highly engineered materials
such as fibre boards, glulam and laminated veneer lumber (LVL) today. The advantages
of using wood are well known: it has an attractive appearance, is easy to work with,
its strength/weight ratio is high, it has comparatively good heat insulation properties,
it is a renewable material, and if exposed to fire it retains its strength for a reasonably
long period of time. The disadvantages of wood are also well known: the material
properties vary within a very large range, it is an anisotropic material of low strength
perpendicular to the grain, and it is sensitive to the exposure to moisture.

The anisotropy of wood can be explained by the structure of the material. Wood is a
cellular composite consisting of cellulose, hemicellulose, lignin and extractives. With a
deviation of only a few degrees, most wood fibres (90-95%) are oriented in the direction
of the tree trunk. In the present work it is assumed that the fibre direction coincides
with the direction of the log and with that of boards cut from the log. This direction is
referred to as the longitudinal direction and is denoted by L. Two other main directions
are the radial (denoted by R) and the tangential (denoted by T). The orientation of
the fibres in the L-direction is the main cause of the anisotropy of wood. There are also
differences in material properties between the two directions perpendicular to the grain,
although these differences are less pronounced. Typical values for Young’s modulus in
softwoods yield ratios of (Er:Eg:Er) of (20:1:0.5). The difference between the R- and
T-directions is often explained in part by the microfibrils of which the cell walls consist
differing in their orientation on the different sides of the cell, and in part by the radially
oriented cells, or rays, that are present providing reinforcement in the radial direction.
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These ray cells ensure the transport of nutrients in the radial direction. Figure 2.1
shows a piece of wood with the main directions indicated.

R

—

Figure 2.1. A piece of wood, showing the three directions L, R and T.

The large variability in strength and in the other parameters is also found within
a single log. It can be explained by such anomalies as reaction wood, and by knots,
spiral grain and density variation. Differences in climate during the life of a tree is one
of various factors that influence the variability of the material properties within a log.

2.1.2 Engineered wood-based materials

To avoid the disadvantages of solid wood, several engineered wood-based materials
have been developed over the years. Many of these materials are produced using the
same basic concept: cut the solid wood into smaller pieces (sheets, laminations or
even fibres) and put them together again by pressing and glueing them, sometimes at
temperatures of up to 180°C (fibre-boards). Such materials are termed reconstituted
materials. They are more homogeneous than solid wood, their material properties such
as stiffness and strength not varying as much as in solid wood. If the raw material
is disintegrated into fibres or particles which then are randomly oriented in the end
product, the result is a material not as strongly orthotropic as solid wood. In such
reconstituted materials, the properties of the raw material have been smeared out. In
the case of laminated products, this smearing out of the material properties is one of
the factors contributing to the so-called laminating effect.

2.1.3 Design values

In evaluating the performance of wood-based materials, the large variability in strength
and stiffness need to be taken into account if an acceptable level of reliability is to be
assured. The present European building code employs the so-called partial coefficient
method. In terms of this method, the characteristic value of the parameter in question
plays an important role. The characteristic value of the strength, for example, is a
value that is a assured with a certain predefined probability. For limit state design
5-percentile values are often employed. This means that the characteristic strength
of a component (given as a 5-percentile value) is assured for 95% of the components.
If the mean value of the load-bearing capacity is denoted by R,,c.. the characteristic
value, Ry, is given by

Rk - Rmean ° (1 - k0.05 ° COV) (21)

where COV is the coefficient of variation (known or estimated) for the property ex-
amined and kg5 is a factor that depends on the number of samples used to determine
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Rnean and on whether the COV is known or is estimated. For a perfect Gaussian dis-
tribution and a known C'OV', the factor kg5 is 1.64 (for an infinite number of samples).
It is obvious from Equation (2.1) that if the variability of an important parameter such
as strength or stiffness is reduced, the characteristic value used to determine the design
value will become higher.

From the characteristic value, the design value can be calculated. This is usually
done by reducing the characteristic value to account for safety regulations, the duration
of load, the climate and the size of the structural component.

2.2 Glued laminated timber

2.2.1 General remarks

One way of enhancing the performance of timber is to use glued laminated timber or
glulam. Glulam is basically the product one gets by glueing together several layers
of boards (laminations) so as to build up a desired cross-section. The advantages of
glulam are often said to be the following:

e Enhanced strength and stiffness, due mainly to the variation in these parameters
being smaller as compared with solid wood.

e Freedom in the choice of cross-sections, lengths and curvatures of the beams.

e Matching of the lamination qualities within the cross-section (strong high-quality
laminations being placed in the outermost zones of the cross-section).

e Increased accuracy of dimensions and stability of shape during exposure to vari-
ations in moisture.

2.2.2 Production of glulam

The glulam produced in Sweden is composed of 30 to 50 mm thick laminations of spruce.
The thinner laminations are used for curved beams and the thicker ones for straight
beams. The laminations are finger-jointed and are planed prior to being glued together
to form the cross-section desired. A commonly used adhesive in Sweden is resorcinol-
phenol, both for finger-jointing and for the glueing of laminations. Due to the strong
demand for it on the export market (especially to Germany), the use of melamine-urea-
formaldehyde (MUF) adhesive has increased in recent years. MUF adhesive has the
advantage of being transparent, in contrast to resorcinol-phenol adhesive, which is dark
brown. The finger-joints used in glulam manufacturing in Sweden are oriented so that
they are visible on the face of the lamination. The most frequently-used finger-joint
profile is the so-called I-30 profile. In other countries like Germany and Denmark, the
I-20 profile is commonly used. A typical finger-joint with the parameters needed to
define its geometry is shown in Figure 2.2. After the laminations have been glued to
form a particular cross-section, the beam is planed to obtain the shape desired.

2.2.3 Finger-joints

Over the years there have been many investigations, both experimental and numerical,
concerning the behaviour of finger-joints. Experimental work has been carried out
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/ \

. Ty

s

Figure 2.2. A finger-joint can be defined by 4 parameters: [ is the length of the
fingers, s is the gap between the tip and the root, p is the pitch and b is
the width at the finger root/tip.

by Selbo [34], Johansson [26, 27, 28], Radovic and Rohlfing [33], Ehlbeck et al. [15]
and Colling [8], and numerical investigations by Aicher and Klock [2, 3], Milner and
Yeoh [31] and Wernersson [42].

According to [34] and [8] certain geometrical parameters are particularly important
for the strength of finger-joints. In those studies it was shown that the strength of
finger-joints increases with the following:

e A larger [/p ratio.
e A lesser finger root/tip width.

Numerical investigations [2, 3] and [31] show that high stress concentrations (stresses
in the grain direction) develop in the vicinity of the finger tip/root. In Wernersson [42],
the nonlinear behaviour of the bond line is considered, the complete descending branch
of the stress-deformation curve being taken into account.

All the numerical investigations cited above have one thing in common, that of
their being performed for only a part of a finger-joint, commonly a single finger. In
making these calculations, boundary conditions that would apply to a small part in the
middle of an infinitely wide lamination are employed. To the author’s knowledge, no
calculations have previously been made on complete finger-joints, taking the bond line
and its nonlinear mechanical properties into account. Such calculations are presented
in the present study.

2.3 Behaviour of glulam

2.3.1 Strength

Since wood under compression has a large yield capacity, the bending strength of a
glulam beam is often determined by the tensile strength of the outer lamination. Failure
often originates in a knot or a finger-joint. A summary of a large number (1767) of
bending tests involving glulam beams can be found in Colling [8]. Of the 1767 beams
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examined, there were 277 for which the region of maximum bending moment had finger-
joints in the outer tension lamination. Of the latter 277 beams, there were 220 (79%
of these) that failed in the finger-joints. According to Johansson [28], the finger-joints
were of lesser influence: of the 32 beams tested with a finger-joint in the outer tension
lamination in the region of maximum bending moment, only 10 (31%) failed due to
the finger-joint.

The above applies to failure caused by tensile stress in the direction of the grain. For
certain types of notched beams, beams with a hole or curved beams, failure may very
well be caused by tension perpendicular to the grain. The two modes of tensile failure
(parallel and perpendicular to the grain, respectively) have one thing in common, they
are often very brittle and very sudden.

Several methods of predicting the load-bearing capacity of glulam beams in bending
have been proposed. One is the so-called I;,/I,-method given in ASTM [1], which uses
a reduction in the moment of inertia due to knots, as a way of taking the strength-
reducing effects of knots into account. In 1980 Foschi and Barrett presented a model
for the simulation of a glulam beam [18]. This model uses a Monte-Carlo simulation
to predict the strength and the distribution of the strength for a number of beams.
The so-called Karlsruhe model described by Colling in [8, 9, 10, 11] is based on the
ideas of Foschi and Barrett. Another calculation model, PROLAM, was presented in
1985 by Bender et al. in [4] and by Hernandez et al. in 1991 [21].

2.3.2 Size effect

In the late 30’s, Weibull [40, 41] presented his theory on the phenomenon of rupture
in brittle materials. According to this theory, there is a dependence of the strength on
the volume. The reason is that, for a brittle material in which failure is regarded as
a “weakest link” failure, the probability of a severe defect is greater in a large volume
than in a small. The size effect can be expressed in terms either of mean values or
of characteristic values. The difference is obvious if one considers a very large test
specimen. According to the Weibull theory, the strength of a very large beam is low. If
tests are made on a large number of such beams the variability (expressed as COV) is
also low, since a sufficiently large beam will contain a defect that results in the lowest
level of strength according to a three-parameter Weibull distribution, for example.
Since, according to Equation (2.1) the characteristic value depends on the COV, the
characteristic strength of a large beam is approximately the same as its mean strength.
The size factor, expressed as the strength of a small beam divided by the strength of
a large beam, would then depend on whether use is made of the mean values or of the
characteristic values.

The failure of a brittle material in bending is different than failure in pure tension,
since bending involves both tension and compression. Thus, the size effect is also
dependent on the current stress distribution. A discussion of this topic is found in
Colling [7].

Irrespective of whether means or characteristic strength values are used, the size
effect or size factor, k.., is often expressed as:

V n
Koot = (—) <0 2.2
! Vo n< (2.2)

where V' is the current volume and Vj is a reference volume for which the material
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strength was determined. Several investigations of the size effect have been carried out
over the years for determining the dependence of the strength of beams of solid wood
and of glulam on volume. Investigations of this kind on glulam have been carried out
by Ehlbeck and Colling [16] and by Solli [39]. Typical values of  have been found to be
in the range of —0.1 to —0.4. The size effect is often expressed in terms of a depth or a
length factor since beams that are tested according to some standard procedure tend
to have a predefined depth to length ratio, typically one of L/h = 18. The width of the
beam is usually not expected to have any influence. The volume effect as expressed in
Equation (2.2) can then be expressed in terms either of beam length or of beam depth.

A complication that arises in discussions of the size effect for solid wood or for
glulam is the fact that the raw material is manufactured by nature. If one tries to
compare a very large beam with a small one, it is not unlikely that the difference in
strength will have arisen from the large beam being from a larger or faster growing
tree. Here, the “size effect” could in fact be the effect of comparing different materials.

2.3.3 Laminating effect

Consider a lamination tested in pure tension. If a test of this sort was performed
to predict the strength of a glulam beam consisting of laminations of corresponding
quality, it would be found that the strength of the beam was higher than what the
testing of the laminations would predict. This effect, called the laminating effect, can
be expressed as a laminating factor, ki, given by:

fm beam
Kiam = = 2.3
! ft,lam ( )

where f; jqm 18 the tensile strength of the lamination and f,, pear is the bending strength
of the beam, evaluated using ordinary beam theory. Examples of such laminating
factors are found in the work of Larsen [30], and Falk et al. [17]. Larsen found that
for different beam compositions the laminating factor varied from 1.06 to 1.68. The
investigation of Falk et al. yielded laminating factors in the range of 1.35 to 1.65.

An expression for the strength of a glulam beam by use of characteristic values, (in
MPa), is given by Gehri [19]:

fm,beam,k =12 + ft,lam,k (24)

Colling and Falk [12] specify the laminating factor based on characteristic values (in
MPa) as:
Snpeampk = 6.85 +1.14 - fi 10m (2.5)

A similar expression is adopted in the European standard, prEN 1194

fm,beam,k =74+115- ft,lam,k (26)

Due to the difference between the bending strength and the tensile strength of a lami-
nation, the laminating factor as expressed in terms of the bending strength of the lam-
ination, differs from the laminating factor as expressed in terms of tensile strength in
Equation (2.3) above. Furthermore, the difference between bending strength and tensile
strength is more pronounced for finger-jointed laminations, [17], leading to a laminating
factor based on the bending strength that can be less than 1.0. In [17] the laminating
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factor based on the characteristic bending strength, i.e kim = fmbeami/ fmjam b, Was
found to be in the range of 0.70 to 1.15.

The laminating effect has been explained by Foschi and Barrett [18] and Larsen [30]
as an effect of the following:

e In a glulam beam the defects are smeared out resulting in a more homogeneous
material than solid wood. The probability of a defect’s having a serious influence
on the strength of the beam is less than it is in a single lamination.

e A single lamination tested in pure tension, will bend due to knots and other
anomalies. This is due to the stiffness not being constant over the cross-section
of the lamination. If the same lamination was contained in a glulam beam, the
rest of the beam would prevent such bending.

e If a lamination that is tested contains knots or other zones of low stiffness, a pure
tensile test does not represent the true stress distribution found in a beam that is
subjected to pure bending. The adjacent stiffer and stronger laminations would
then take up a larger part of the tensile stresses.

Johansson [25] and Hoffmeyer and Bach [24] investigated the possibility of laminat-
ing tensile lamination(s). The basic idea is to construct the outermost lamination(s) of
a glulam beam using several thin laminations. The results of these two investigations
are contradictory. Whereas Johansson found no significant improvement through use of
such a procedure, Hoffmeyer and Bach did (the characteristic bending strength of the
beams that were tested was improved by 30-50%, depending on the lamination com-
position). The probable explanation is that in the beams that Johansson tested, only
the outermost tension lamination was laminated, whereas in 3 of the 4 compositions
Hoffmeyer and Bach tested the two outer laminations were laminated. In addition, the
degree to which the laminations were laminated also differed.
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3. EXPERIMENTAL METHODS

In this chapter the experimental methods employed are presented. First certain gen-
eral remarks are made concerning the most common ways of testing finger-joints, and
thereafter the preparation of the samples is described. In the present test programme
tests of two different types were performed. The small-specimen tests were performed
to quantify the material parameters needed for modelling the adhesive bond, whereas
the large-specimen tests were performed to verify the model. In the next two sections —
one for each of the two types of tests, namely bond-line testing and finger-joint testing
— the aims of the test programme are considered together with the methods used for
evaluating the test results.

3.1 General remarks

3.1.1 Testing of finger-joints

The most common way of evaluating the strength of finger-joints is probably through
the flatwise bending of finger-jointed laminations. This method is often preferred in
practice, since it is much easier to perform a bending test than a tensile test. In glulam
manufacturing in Sweden, the 4-point bending test of laminations is the method most
frequently employed. It is notable that the strain (or stress) distribution over the
cross-section of the lamination which the most common way of testing finger-joints
yields has no resemblance to the distribution found in a lamination within a glulam
beam. Since in a glulam beam the beam height is much greater than the thickness of
the separate laminations, the outer lamination is subjected to almost pure tension or
pure compression, the strain distribution being almost uniform. In the present study,
finger-jointed laminations were tested in tension.

3.1.2 Testing for fracture mechanical properties

In order to obtain all the parameters needed in the bond model, stable test performance
of the small specimens was called for. The parameters to be obtained are strength,
fracture energy and the shapes of the stress-slip relations (0-6,, and 7-6,-relation). For
test performance to be stable, i.e. a test including the complete descending branch of
the stress-slip relation, the test setup needs to fulfil certain requirements. When the
strength of the material tested is reached, softening begins and a localized failure de-
velops. In order for stability to be achieved, the relaxation of the material surrounding
the fracture process zone must correspond to the deformation developing during crack-
ing. Stable test performance of softening materials thus requires displacement control
as well as considerable stiffnesses outside the fracture process zone. The stiffness out-
side the fracture process zone includes the test specimen, its attachment to the testing
machine, and the testing machine itself, including the load cells, grips, etc. Another
way of expressing the stability requirement is to state that when the material softens,
i.e. when the force applied by the testing machine decreases during the increase in
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deformation, the strain energy released outside the fracture process zone needs to be
smaller than the energy required to extend the fracture zone.

3.2 Sample preparation

3.2.1 From tree to board

The wood used throughout this testing programme is spruce (Picea abies). The reason
for its selection was that almost all the glulam manufactured in Europe today is made
of spruce. The tree from which the specimens were taken was felled in southern Sweden.
The tree was carefully marked, so that it would be possible to trace the original position
of each of the specimens. The boards used in the manufacturing of finger-joints were
taken from less than 10 m above ground level (the tree was approximately 25 m tall)
in order to avoid knots insofar as possible and obtain homogeneous wood without the
presence of juvenile wood. Each board was taken as far from the pith as possible to
reduce the influence of the curvature of the annual rings. This simplifies the numerical
simulations since it allows the wood to be treated as an orthotropic material in which
the orthotropic directions within the board are constant. This in turn allows analyses
to be made in two dimensions, plane stress or plane strain being assumed. The boards
were approximately 3 m long and had a cross-section of 120x40 mm?. The dimensions
refer to the cross-section after sawing and drying, but without planing. Figure 3.1
shows how the boards were taken from the log. In order to avoid boundary effects
when the finger-joints were glued, the width of the boards was chosen so as to be much
larger than the final width of the test specimens. The boards had been stored in a
climate of 20°C and 65% RH for over a year prior to the finger-joints being milled.
The moisture content of the finger-jointed laminations was 12.6% and the density of
the wood at this moisture content was found to be 526 kg/m3 (mean values of 18
specimens, 2 from each lamination), the coefficients of variation being 0.02 and 0.05,
respectively. The density was determined as “wet mass/wet volume”.

ARy
11411

Figure 3.1. The boards were taken from as far from the pith as possible so as to re-
duce the influence of the curvature of the annual rings and avoid juvenile
wood.
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3.2.2 Finger-jointing

To produce finger-joints, each board was cut into 4 samples of approximately 0.75 m
length. Each of these samples was cut into two halves, each half being given the desired
finger profile (I-20) in a milling machine. The geometry of this profile is given, as shown
in Figure 2.2, by the parameters 1, s, p and b, which were 20 mm, 0.6 mm, 6.2 mm and
1.0 mm, respectively. The finger profile was visible on the face of the board.

An adhesive commonly used in manufacturing finger-joints for glulam in Sweden
is resorcinol-phenol (RP). This adhesive has the disadvantage, however, of being dark
brown. Due to demands of the export market, a transparent adhesive, melamine-
urea-formaldehyde (MUF), has been used the last few years years. Recently, new one-
component polyurethane adhesives have been developed as well. These are available
in light “wood-alike” colours.

For the investigation it was decided that three different types of adhesives would
be tested:

e 2-component resorcinol-phenol “RP” (Casco Nobel nr 171142620).
e 2-component polyurethane “PUR” (Casco Nobel nr 1899+1821).

e Polyvinylacetate “PVAc” (Casco Nobel nr 3326).

The decision to test PUR and PVAc was due to the RP-adhesive being very brittle.
PVAc-adhesive is very ductile, the brittleness of the PUR-adhesive lying somewhere
between that of RP and of PVAc. The three glues tested thus represent a large range
in terms of brittleness.

Before the two halves of the board were glued together again, the one half was
rotated 180° around its length axis. This made it possible to obtain an almost perfect
match of the material in the vicinity of the finger-joint when the finger-jointed board,
after curing, was cut lengthwise into two test samples. One sample could then be used
for testing the entire lamination and the other for testing the bond line. Due to this
matching procedure, the curvature of the annual rings of the two jointed board-halves
do not match. In testing the laminations, however, the effect of this mismatch is small
if the curvature of the annual rings is likewise small. This mismatch of annual ring
curvature is shown in Figure 3.2, but for purpose of clarity without the finger-joints.

The adhesive was applied using a piece of lumber in which the same finger profile
was milled in one end. A pneumatic piston was used in glueing the samples together
again. The force of the piston on the finger-jointed lamination was controlled by the
air pressure. A normal force on the lamination corresponding to a mean compressive
stress of about 0.5 MPa was employed. If a higher compressive stress is used, there is
the risk of the wood splitting at the finger roots.

The samples were stored in a controlled climate (20°C, 65% RH) for approximately 6
months prior to the testing of the finger-jointed laminations (the bond lines were tested
approximately 6-10 months after the laminations were tested). When the samples had
cured, they were planed to a uniform thickness (35-40 mm) and then split lengthwise
as shown in Figure 3.2.
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Figure 3.2. One half of the sample was rotated 180° before being glued to the other
half, so as to obtain a good match of the material in the vicinity of the
finger-joint. For clarity, the finger-joints are not shown in the upper
half of the figure. The finger-jointed sample is split lengthwise into two
pieces after curing.

3.3 Bond line testing

3.3.1 Purpose

The purpose of testing the bond line of the finger-joints was to quantify the bond line
material parameters to be used in the numerical modelling of the joint. The parameters
the model contains are the following:

e The tensile- and the shear strength of the bond line, denoted 0,4, and 7.,
respectively.

e The shape of the stress—displacement curves in normal- and shear-deformation
loading (including the descending branch from maximum stress to complete fail-
ure).

These parameters determine the behaviour of the bond line in the model. The
testing of the bond line is not pure material testing since several materials are involved:
the adhesive, the adherents and the interface between the adhesive and adherents. A
model describing the behaviour of the bond line must take into account the coupling
between normal (peel) stress and shear stress. If the model is assumed to correctly
describe this coupling, it is only necessary to perform tests in pure mode I and in pure
mode II. However, if the bond line model is to be calibrated for this coupling effect,
one needs to perform several tests in mixed mode as well. The coupling effect assumed
in the present numerical calculations is described in Chapter 5.

3.3.2 Test setup

The test specimens were taken from boards that matched the specimens for lamination
testing. This assured that the glueing of the bond line was done in the same way for the
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small specimens as for the large ones (complete finger-jointed laminations). One should
note that the grain direction was not parallel to the bond line. For the finger profile
tested the difference is about 6° (1:10.5). This may seem irrelevant at a first glance.
However, since the adherents are strongly orthotropic, with a stiffness ratio of about
1:20 in the two directions in the plane of the specimen, the small grain-to-bond-line
angle was of certain importance. The deviation in grain was not actually measured in
the present study, the grain direction being assumed throughout the study to coincide
with that of the board. The specimens used in the experiments were selected with care
with regard to avoiding knots and deviations in the grain. A small deviation in the
grain, say of less than 5°, is always possible, however.

The testing of the bond line behaviour was carried out in a bi-axial testing machine.
The test setup is shown schematically in Figure 3.3.

The testing machine consists of two cross heads that can be controlled by stroke
deformation or by force. A camera and a frame grabbing computer are also connected
to the testing machine. Using the pictures taken of the specimen during the test, it
is possible to measure by means of image processing the deformations that have taken
place in the vicinity of the bond line. The specimen was attached to a bi-axial load
cell measuring horizontal and vertical load. The test specimen had a glued area of
30 mm?. The bond line was 3 mm long in the direction considered (Figure 3.3). This
short length of the bond line assures a relatively uniform stress distribution, which is
crucial for simplicity in evaluating the test results. The stress distribution was verified
by finite element simulations, see Chapter 5. The specimens were attached to the
testing machine by glueing them to the steel surfaces as indicated in Figure 3.3.

Figure 3.3. Specimen for bond line testing. The bond line direction in the specimen
deviates by approximately 6° from the grain direction. The glued area
is 30 mm?. The specimen is 10 mm in depth. 6, and 6, indicate the

horizontal and vertical relative displacements, respectively.

3.3.3 Methods of evaluation

The displacements and loads recorded were the relative shear and the normal dis-
placements between the two steel parts to which the specimen was glued and the
corresponding horizontal and vertical loads. This global load-displacement relation
obtained was transformed to a stress—relative displacement curve for the bond line.
This was done by subtracting the flexibility of the surrounding material and dividing
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the forces applied by the glued area, a uniform stress distribution over the bond line
thus being assumed. The bond line tests were performed in a manner aimed at resem-
bling the loading present in a finger-joint. The loading directions are thus expressed
in relation to the wood fibres, rather than in relation to the bond line. The consti-
tutive relation for the bond line, however, is expressed in terms of relative motion,
parallel and perpendicular to the bond line. The stress—relative displacement curves
are therefore transformed to the directions parallel to the bond line and perpendicular
to it, respectively. The stress-relative displacement curves are then approximated by
tri-linear relations for input in the model, see Chapter 5.

3.4 Finger-joint testing
3.4.1 Purpose

The purpose of testing the finger-jointed laminations was to verify the numerical model
described in Chapter 5. Through use of three types of adhesive differing markedly in
their mechanical properties, the model could be verified for a wide range of bond
properties. To be able to describe the behaviour of a tension lamination in a glulam
beam it is necessary to test under “beam alike” conditions. As mentioned earlier, one
explanation for the laminating effect is that it is an effect of the test results evaluation,
arising from the simultaneous bending of the specimen. In testing a lamination it is
essential, therefore, to either assure pure centric tension of the specimen or measure the
bending moment that would occur if uniform tensile deformation was enforced. One
way of preventing the specimen from developing curvature is to use a short specimen
which is clamped to the testing machine.

3.4.2 Test setups

Half of the finger-jointed board was used for the testing of complete finger-joints. The
board was cut to a final width of 70 mm and was planed to a thickness of 10 mm. The
total length of the specimens was approximately 420 mm. Specimens were equipped
with ten strain gauges each, four on each wide face side 20 mm from the finger root,
and two on the edges. An LVDT-transducer measuring along a length of 150 mm
was mounted on each face of the specimen. Measuring deformation using the LVDTs
yielded mean values for strain over a large part of the specimen. The placing of strain
gauges and transducers is shown in Figure 3.4.

In performing a test under clamped conditions, so that the conditions will resemble
those of a lamination in a glulam beam, it is useful to measure the bending moments
that can occur. The strain gauges mounted on the specimens provide this information.
If tests are only performed under clamped conditions, a problem arises. If it is as-
sumed that ordinary beam theory applies (i.e. that plane sections remain plane during
deformation) and that the modulus of elasticity is constant over the cross-section it
is a straightforward task to determine the bending moments. Because of variations
in the modulus of elasticity, as well as knots and other anomalies, however, it is not
obvious that this can be done. In order to avoid such uncertainties in evaluation of
the test results, it was decided to conduct two introductory tests in the elastic region
so as to calibrate the strain gauges for section forces occurring when testing to failure.
A four-point bending test in flatwise bending followed by a centric tensile test without
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clamping or bending, was carried out. For sake of simplicity, it was decided to not
perform any edgewise bending tests in the elastic region, since the test specimens were
very thin in relation to their width, making it difficult to perform a four-point bending
test. The two introductory tests just referred to were performed with estimated max-
imum stresses of approximately 7.5 and 15 MPa for the bending test and tensile test
respectively. Following these tests, each specimen was tested to failure in tension under
clamped conditions. The three test setups are shown schematically in Figure 3.5.

Steel plates were glued to the ends of the specimens, Figure 3.6, to prevent the
wood from being crushed in the test under clamped conditions. A 10 mm hole through
which a dowel was placed was drilled in each of the steel plates. The tensile test in the
elastic region was performed by connecting a steel wire to the dowel placed in each end
of the specimen. This assured that no bending due to eccentric loading would occur. A
detail of the test specimen with the dowel, the steel plates and the steel wire is shown
in Figure 3.6.

+—+ = strain gauges

20 mm
| | |
i | 15 mm
| +—t +—t |
} } 40 mm
I I
1 T ! 15 mm
| |
! t !
i Transducer (LVDT)
y 150 mm y

Figure 3.4. The specimens were equipped with 10 strain gauges and 2 transducers
(LVDT).

3.4.3 Methods of evaluation

For each of the two introductory tests performed on each specimen, the strain gauges
gave constants representing strain values [ustr] per section force [N or Nm]. Eight such
constants, one for each strain gauge on the face of the specimen, were determined for
each section force. The strain gauges on the edges of the specimens were not included in
the evaluation, since these strain gauges were placed on the bond line of the finger-joint,
yielding large deformations during the tests. The flatwise bending tests were used to
calibrate the strain gauges for the flatwise bending moment, whereas the tensile tests
were used to calibrate with respect to normal force and to edgewise bending. The
calibration for edgewise bending was performed by assuming ordinary beam theory
to be applicable, the strain gauge constant , determined by the tension test, being
multiplied by the area of the cross-section and then divided by (//c), where I is the
moment of inertia of the cross section for edgewise bending and c is the distance from
the neutral axis to the strain gauge. From the information provided by the 8 strain
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Figure 3.5. Three different tests were performed on each specimen.
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Figure 3.6. Detail of the specimen in finger-joint testing. A steel wire was attached
to the dowel for the introductory pure centric tension test (upper half).
The testing machine used for the tests under clamped conditions had
wedge-shaped grips (lower half).
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gauges, it was possible to determine the section forces of interest (normal force, two
shear forces and two bending moments) in the way described above. The shear forces
could be determined by evaluating the bending moments at two different locations on
the specimen since, due to equilibrium requirements, the bending moments must be
constant or vary linearly. The shear forces, or more specifically the variations in the
bending moments in the specimens, were found to be very small, however. This implies
the bending moments to be nearly constant. Therefore all 8 strain gauges were used
to determine only one set of section forces, these representing the section forces at the
mid-section of the lamination, where the finger-joint is located.

For each specimen, a set of constants can be arranged in a matrix, A, of dimensions
8x 3, each row representing the influence of the three section forces (one normal force
and two bending moments) on a gauge reading, these section forces being representative
for the mid-section of the lamination. Thus

Aqy= ey (3.1)

where qo = [N Myq: Medge]T is a 3x 1 vector containing the section forces and ey is a
8 x1 vector containing the gauge readings. Each row in this system of equations thus
represents the reading for a certain strain gauge for a load case involving normal force,
flatwise bending and edgewise bending, respectively.

In performing the tensile test under clamped conditions the measured gauge read-
ings, e = [e; ey...eg)T, are used in Equation (3.1), yielding:

Ag=e (3.2)

which is an over-determined system of equations. If a trial solution q* to Equation
(3.2) is introduced, the residual r can be expressed as

r=Aq —e (3.3)

The solution sought should minimize the residual in some vector norm. One suitable
norm is the Lo-norm of the residual, which is equal to the sum of squares of the
components in r, i.e.

®=r"r=(Aq" —e)'(Aq" —e) (3.4)
Thus the solution sought is equivalent to minimizing ®, yielding

oo
dg;

0, i=1,2,3 (3.5)

In index notation this yields

0P o 8(7’]'7"]‘) —9 67“]-
a0 aar g
4q; 4q; q

7

j=123,...,8 (3.6)

with
87"]-

oq;

which is valid for constant A. Making use of Equations (3.7) and (3.6) in Equation
(3.5) then yields

a *
= a—qf(Ajqu —ej) = Ajbi = Aji (3.7)

(Ajrgr — €) A5 =0 & Ajidjrgp = Ajie; (3.8)
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In matrix form, this equation is written as
ATAq" = ATe (3.9)

This system of equations is an ordinary one in which the number of unknown variables
is the same as the number of equations. Accordingly, a possible solution is given by

q = (ATA)'ATe (3.10)

This solution is equivalent to the least square fit of the test data to the calibrated
constants of the strain gauges. The solution (Equation (3.10)) is calculated for every
sample in time during the test to failure under clamped conditions. It thus gives the
sectional forces as a function of time. During calibration of the strain gauges, it was
assumed that the relations between sectional forces and measured strains were linear.
Furthermore, it was assumed that this linear relation is independent of the section
forces. It is not required, however, that the stiffness in different parts of the specimen
be equal. In addition, for the evaluation of the flatwise bending and tension, it is not
required that ordinary beam theory be valid.
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4.1 Bond line tests

4.1.1 General remarks

The results for the small-specimen tests are presented in this section. The tests were
performed in order to obtain input data to the material model of the bond line. There-
fore, the diagrams showing stress—relative displacement curves refer to the main direc-
tions relative to the bond line (i.e. parallel and perpendicular to it) since these are the
directions used in the constitutive relations. The corresponding stresses are the shear
stress and the normal stress in the bond line. The forces and displacements recorded
during the tests were however related to the directions parallel and perpendicular to
the grain. Figure 4.1 shows the definition of positive normal stress, o, and positive
shear stress, 7, and the corresponding relative displacements, 6, and s, respectively
together with the relative displacements that were recorded, 6, and 6,.

8,,0>0 SV
‘E>OA:(

/¥V 55 T>0
>0 3,

Figure 4.1. Left: Definition of positive normal stress, o, and positive shear stress, T
and corresponding relative displacements, 0, and 65, respectively. Right:
The forces and displacements recorded during testing related to the di-
rections denoted 8, and 6,.

Three small specimens per lamination were cut out from 9 finger-jointed laminations
altogether (three for every type of adhesive), matching the 9 laminations from the large
specimen tests. The three small specimens originating from the same lamination were
then tested in three different deformation modes. If a lamination glued with a certain
type of adhesive is considered to be independent of the other two laminations bonded
with the same adhesive, in total 27 different tests were performed (3 directions, 3
laminations/adhesive, 3 adhesives). If each adhesive is considered to belong to the
same group, however, 3 repetitions were performed for three loading directions and
three types of adhesive. By treating the tests as being 27 different ones, it was possible
to examine whether any correlation between bond line strength/fracture energy and
finger joint strength existed. Since no such correlation was found, the bond line tests
were treated as being performed on three different adhesives with 3 repetitions for each.

The three loading paths used in the tests were related to the grain direction of the
specimen. The displacements §, and ¢, of the bi-axial testing machine were set to be
parallel to the grain, perpendicular to the grain and 2:1 to it (parallel:perpendicular),
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respectively. Since the bond line direction is somewhat different from the grain di-
rection this results in slightly different paths with respect to bond line directions
(approximately 9.5:1, 0.105:1 and 1.57:1 4,: 6,,). These three modes of testing are
henceforth denoted as the shear-deformation test, the normal-deformation test and the
mixed-mode test, respectively. In order to describe the constitutive relations of the
bond lines, uniazial strengths are needed. The uniaxial strengths ¢4, and 7. were
estimated from the test results, using an interaction formula of the type

o) +Go) (4.1)

where 0,4, and Ty, were determined using a least square fit of the test results. In
Equation (4.1), o and 7 denote the normal and shear strength of the bond line for the
current mode of loading. The strength of the bond line is defined as the point at which
either o or 7 starts to decrease.

The power m was set to 2.0, 1.0 and 1.5 for the RP, PUR and PVAc adhesives,
respectively. For all the small-specimen tests, the stroke rate of the testing machine
was chosen to give approximately the same time to failure as for the lamination test,
i.e. a few minutes. This resulted in stroke rates of 0.001-0.0002 mm/s for the different
adhesives. In the tests performed, the stroke rates were constant for each type of
adhesive. The stroke rates chosen for the PVAc-adhesive were determined, however,
by a trial and error approach before the main series was tested. In a single test of the
PVAc at a stroke rate equal to 1/10 of that adopted for the main series, the strength
of the bond line was reduced by approximately 40%. Such reduction, although smaller
in magnitude, accords with the results for PVAc reported in [42].

The fracture energies were calculated as the total work done during the course of
loading. This work can be expressed as:

Gy = /F ods, + /F 7ds, (4.2)

I being the deformation path leading to complete separation of the bond line. The
normal stress ¢ and the shear stress 7 were calculated assuming a uniform stress dis-
tribution over the fracture area. The deformations ¢, and 6, were calculated by trans-
forming the deformations measured by LVDTs in the vicinity of the specimen to a
coordinate system coinciding with the bond line directions.

4.1.2 RP-adhesive

Since the resorcinol-adhesive was found to be very brittle, certain difficulties concern-
ing the stability of the test arose. A total of 16 tests needed to be performed in order
to achieve the 9 stable tests presented. The stress-displacement curves for the RP-
adhesive tests are shown in Figures 4.2-4.4. For the shear-deformation test, normal
tensile stresses perpendicular to the bond line developed due to the slope of bond
line relative the grain orientation. It is noteworthy that after maximum shear stress
had been reached in the shear-deformation tests, compressive stresses perpendicular
to the bond line developed. This can be explained by the constraint on the deforma-
tion of zero displacement in the normal direction for shear-deformation testing. It is
remarkable, however, that for normal-deformation testing, maximum shear stress de-
veloped long after the maximum normal stress was reached. Although the results for
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the shear-deformation tests appear almost unstable, the descending part of the stress-
displacement curves was in fact recorded during 10-20 seconds, using several samples
ranging from maximum load to approximately 3 MPa. The strengths for the small
RP-specimens, together with a quadratic (m = 2 in Equation (4.1)) interaction used
to estimate the uniaxial strengths, are given in Figure 4.5. The quadratic interaction
yields a uniarial shear strength of 19.3 MPa and a uniazial normal strength of 6.5 MPa.
The fracture energies for the three deformation modes tested were found to be 1250,
560 and 440 J/m? for the shear, mixed and normal deformation mode, respectively.

4.1.3 PUR-adhesive

The polyurethane adhesive was much more ductile than the resorcinol adhesive, and
the response obtained with it showed certain tendencies of nonlinear deformations prior
to peak stress. The stress-displacement curves for the three modes of loading are shown
in Figures 4.6-4.8. As can be seen in Figure 4.9, for m = 1, the fit for strength was
fairly good, implying the interaction to be linear. The fracture energies for the three
deformation modes tested were found to be 740, 420 and 470 J/m? for the shear-,
mixed- and normal-deformation modes, respectively.

4.1.4 PVAc-adhesive

The PVAc-adhesive was much more ductile than the RP-adhesive and there were no
tendencies to instability when the tests were performed. Prior to peak stress, a ten-
dency of a nonlinear plastic hardening deformation was evident. The stress—relative
displacements obtained for the 9 tests are shown in Figures 4.10-4.12. The strength
of the bond line for the three different loading combinations was fitted in terms of
Equation (4.1) to an interaction in which m = 1.5, resulting in a better fit than with
the quadratic interaction employed for RP-adhesive. The strengths obtained in the
nine different tests, together with the fit to the interaction formula, are shown in Fig-
ure 4.13. The fracture energies for the three deformation modes that were tested, as
given by Equation (4.2), were found to be 2080, 1280 and 1380 J/m? for the shear,
mixed and normal deformation mode, respectively. One should note that, since the
PVAc-adhesive showed considerable plastic or nonlinear behaviour prior to peak stress,
the fracture energy values reported, as defined by Equation (4.2), include the pre-peak-
stress work-of-fracture.
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Figure 4.2. Shear and normal stress versus shear displacement 65 for RP-adhesive
in shear-deformation testing.
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Figure 4.4. Normal and shear stress versus normal displacement 6,, for RP-adhesive
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Figure 4.5. Fit of test data (circles) to a quadratic interaction formula corresponding
to Equation (4.1) with m = 2.0 (solid line). RP-adhesive.
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Figure 4.6. Shear and normal stress versus shear displacement 6, for PUR-adhesive
in shear-deformation testing.
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Figure 4.8. Normal and shear stress versus normal displacement 6, for PUR-
adhesive in normal-deformation testing.
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Figure 4.9. Fit of test data (circles) to a linear interaction formula corresponding
to Equation (4.1) with m = 1.0 (solid line). PUR-adhesive.
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Figure 4.10. Shear and normal stress versus shear displacement 65 for PVAc-adhesive
in shear-deformation testing.
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Figure 4.12. Normal and shear stress versus normal displacement 6, for PVAc-
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Figure 4.13. Fit of test data (circles) to interaction formula corresponding to Equa-
tion (4.1) with m = 1.5 (solid line). PVAc-adhesive.
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4.2 Tensile strength of laminations with finger-joints

4.2.1 General remarks

Results of testing the finger-jointed laminations are presented in the following. The
tests were performed using the test setups described in Chapter 3. As indicated earlier,
three types of adhesive were tested: RP, PUR and PVAc.

The results are given in diagram form as the estimated stress at certain points in
the cross-section versus the measured mean stress, i.e. (measured normal force)/(cross-
section area). The estimate is obtained by first evaluating the normal force and bending
moments according to the method described in the previous chapter, expressing the
section forces according to conventional beam theory then as stresses. It is illustrative
to express the loading in terms of stresses in this way, despite this not being neces-
sary, the use of beam theory indeed involving an approximation. The corner points of
the cross-section of the specimen were chosen as the points for evaluating the stresses.
According to beam theory, the maximum normal stress due to bending and to tension
occurs at one of these points provided that, as assumed here, the modulus of elastic-
ity is constant over the cross-section. The corners are enumerated from 1 to 4, see
Figure 4.14.

Figure 4.14. The corner points 1-4 of the cross-section.

The curves 1-4 in the diagrams correspond to these corner points. The curve
without any label represents to the mean value of curves 1-4. This mean value of the
estimated stresses should be the same as the measured mean stress. As can be seen in
the diagrams this is also the case, indicating the method of evaluating the strains by
calibrating the strain gauges for two other load cases and then combining these, being
successful.

The specimens are denoted according to their original position in the log, such as:
Gzyz, where G is a code for the species in question (Picea abies), x is the code for the
level at which the log was cut from the tree, y is the code for the distance from the
pith, and z is the code for the distance from the root-end within the log in question.

The modulus of elasticity can be evaluated in a number of ways, on the basis of the
introductory bending and tensile tests using either strain gauge or transducer readings,
or on the basis of the test to failure under clamped conditions. In the following, the
moduli of elasticity of the specimens as measured by the strain gauges during the
flatwise bending tests are given. In Appendix A, a more comprehensive compilation of
the measured moduli of elasticity, including the moduli of elasticity for separate halves
of the specimens is provided.

Besides using measurement of strain, the modulus of elasticity can be estimated in
an approximate manner on the basis of density using a regression formula. One such
formula is that given by Johansson in [28]:

E = p1.577 (43)
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where the density p is the oven-dry density (dry weight/volume at 12% moisture con-
tent, kg/m?) of the material and E is the modulus of elasticity in MPa. According
to Johansson, [28], this regression formula yields a good fit for Swedish spruce (Picea
abies). The densities measured for the different specimens are listed in Appendix A.

4.2.2 RP-glued finger-joints

The three laminations glued using resorcinol-phenol all failed completely along the
fingers. The failure was mainly in the wood in the vicinity of the bond line, there
being a large amount of wood fibres at the fracture surfaces. The measured strengths
(normal force/area) were 46.8, 56.3 and 50.3 MPa for specimens G15a, G15b and G15c,
respectively. The moduli of elasticity for the specimens were calculated on the basis of
the introductory flatwise bending tests, yielding stiffnesses of 16500, 16500 and 17700
MPa, respectively, for the three specimens. Figure 4.15 shows specimen Glba after
failure. The results of the tests to failure are shown in Figures 4.16-4.18.

4.2.3 PUR-glued finger-joints

Two of the three laminations glued with polyurethane failed completely along the
fingers. The failure in these cases was mainly in the wood in the vicinity of the
bond line, there being a large amount of wood fibres at the fracture surfaces. The
third specimen, G33c, failed along 9 of 11 fingers and along a crack from the fingers
to the support. This specimen is shown in Figure 4.19. The measured strengths
(normal force/area) were 40.0, 41.6 and 44.7 MPa for specimens G33a, G33b and G33c,
respectively. The corresponding moduli of elasticity of the specimens were calculated
on the basis of the introductory flatwise bending tests, yielding stiffnesses of 16600,
17200 and 18000 MPa, respectively, for the three specimens. The results of the tests
to failure are shown in Figures 4.20-4.22.

4.2.4 PVAc-glued finger-joints

Two of the three specimens of finger-joints glued with PVAc failed completely along
the bond line of the fingers (G13c and G13d) while the third specimen (G14a) failed
partially along the fingers and partially in the solid wood. Figure 4.23 shows the par-
tial finger failure of the specimen denoted as G14a. The measured strengths (normal
force/area) were 32.0, 33.6 and 35.0 MPa for specimens G13c, G13d and Gl4a, re-
spectively. The corresponding moduli of elasticity were calculated on the basis of the
introductory flatwise bending tests, yielding stiffnesses of 17600, 17700 and 13600 MPa,
respectively, for the three specimens. It is notable that the specimen G14a, taken from
a different position in the log, showed considerably less stiffness. As mentioned above,
the failure of this specimen also differed from that of the other two specimens. The
results of the tests to failure are shown in Figures 4.24-4.26.
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Figure 4.15. Failure of specimen G15a, RP-adhesive.
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Figure 4.16. Results for sample G15a, RP-adhesive.
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Figure 4.17. Results for sample G15b, RP-adhesive.

60 1

N w B [
o o o o
T T T T

=
o
T

Estimated stress at corner points (MPa)

o
T

0 10 20 30 40 50 60
Stress (Normalforce/Area) (MPa)

Figure 4.18. Results for sample G15¢c, RP-adhesive.
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Figure 4.19. Fuilure of specimen G33c, PUR-adhesive.
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Figure 4.20. Results for sample G33a, PUR-adhesive.
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Figure 4.21. Results for sample G33b, PUR-adhesive.
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Figure 4.22. Results for sample G33¢c, PUR-adhesive.
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Figure 4.23. Failure of specimen G14a. PVAc-adhesive.
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Figure 4.24. Results for sample G13¢c, PVAc-adhesive.



4.2 TENSILE STRENGTH OF LAMINATIONS WITH FINGER-JOINTS 39

Estimated stress at corner points (MPa)
= N w iy a1
o o o o o
wh N

o
T
i

0 10 20 30 40 50 60
Stress (Normalforce/Area) (MPa)

Figure 4.25. Results for sample G13d, PVAc-adhesive.
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Figure 4.26. Results for sample G14a, PVAc-adhesive.
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4.3 Compilation of test results.

A summary of the test results, indicating the strengths and fracture energies of the
adhesives as obtained in the small-specimen tests, together with the measured and
estimated strengths of the finger-jointed laminations is presented in Table 4.1. The
uniaxial strengths of the bond lines are estimated using the interaction formula in
Equation (4.1). This equation is also shown as a solid line in Figures 4.5, 4.9 and 4.13,
respectively.

The specimens used in finger-joint testing were selected with great care and were
subjected to thorough documentation in terms of strain measurement during the test-
ing. Three different types of adhesive were used so that distinct differences in mechan-
ical behaviour would be present. The test results showed very little scatter, each type
of adhesive yielding strengths of the finger-joints within a distinct (unique) interval.
From the introductory bending tests performed on each of the large specimens, the
mean value of the longitudinal modulus of elasticity as estimated from strain gauge
measurements was found to be 16800 MPa. The density of the wood, in turn, was
found to be 526 kg/m? at 12.6% moisture content, as reported in the previous chapter.
This corresponds to an oven dry density of approximately (“dry mass/wet volume”)
467 kg/m?®, corresponding to a modulus of elasticity of £/ = 467577 = 16200 MPa in
terms of Equation (4.3). This deviates by about 4% from the mean value as estimated
from the strain gauge measurements.

Table 4.1. Uniazial strengths of the bond lines (Tymae and 0ymaz) according to Equa-
tion (4.1). The fracture energies (Gyrirmized) are evaluated using
FEquation (4.2). For the finger-joint strengths (f;), the index est. refers
to estimated mazimum stress according to beam theory. The moduli of
elasticity, F, are based on the strain gauge measurements made during
the flatwise bending tests (mean of three specimens). Units are MPa

and J/m?.

RP-adhesive PUR-adhesive PVAc adhesive

Tmaa 19.3 14.2 9.46
Omas 6.50 6.55 6.29
G 440 470 1380
G 1250 740 2080
G fmized 560 420 1280
fi 51.2 42.1 33.5
Fruest. 56.6 46.7 37.2
E 16900 17200 16300

An important outcome of the tests performed is visualized in Figure 4.27. The
figure shows the finger-joint strength in relation to the shear strength of the bond line.
In addition to the individual strength of the 9 laminations tested, the mean value for
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each type of adhesive is also indicated (+). The dashed curve represents a least square
fit of the mean values to an expression of the type y = kz®.

70

N w B a o2}
o o o o o

Finger-joint strength (MPa)

=
o

o
RP4~
PRae)
P O
eliad
puR-¥
Paalle!

10 15
Glue line shear strength (MPa)

20

25

Figure 4.27. Finger-joint strength versus shear strength of adhesive. The mean value
for each adhesive is indicated by '+°. The dashed line is a least square
fit of y = kx® to the mean values.

To clarify the differences in material response, “hand-drawn” mean curves of the
stress-displacement relations for the shear-deformation and normal-deformation tests
are shown in Figures 4.28 and 4.29.
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Figure 4.28. Shear stress versus shear displacement. Mean curves for different adhe-
sives in shear deformation testing.
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Figure 4.29. Normal stress versus normal displacement. Mean curves for different
adhesives in normal deformation testing.
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This chapter provides a background to the numerical studies that were carried out
and deals with the numerical simulations performed for verifying the bond line model.
First, a short description of the bond line model as developed by Wernersson [42] is
presented, together with its finite element implementation. The bond line model and
its finite element implementation is described in greater detail in [42].

Simulations of both the small bond line specimens and the large finger-joint speci-
mens that were carried out are reported in the sections that follow. The small-specimen
simulations were mainly performed so as to verify the assumption of uniform stress
distribution adopted during the evaluation. The large-specimen simulations were per-
formed in order to verify the applicability to the analysis of finger-joints of the present
bond line model.

5.1 A nonlinear model for adhesive bonds

Wernersson [42] presents a mixed mode cohesive crack model for analysis of adhesive
bonds. The model takes into account the descending branch of the stress—displacement
curves for both shear stress and normal stress in the bond. Furthermore, the model
takes into account the coupling between normal stress and shear stress in the bond
line where shear strength decreases when normal stress is acting simultaneously and
vice versa. Emphasis is placed on severe stress states in which a tensile normal stress
acts across the bond line. In the case of compressive normal stress, the bond line
is assumed to act as a linear elastic medium and there to be no reduction in shear
strength. The model is based on an expansion of the uniaxial stress—displacement
relations. All relations are derived for the case of plane stress, any Poisson’s effects
within the bond line being neglected.

5.1.1 Constitutive relations

Let the relative displacement across the bond line be denoted by 6, and é; for opening-
normal and shear deformations, respectively. The constitutive relation of the bond line
is given then by the functions

o =0(by) (5.1)

for pure opening deformation (causing normal stresses only) and
T =1(8,) (5.2)

for pure shear deformation (causing shear stresses only).

In the model these functions were chosen originally as being multi-linear and at the
same time linear elastic to maximum stress.

The bond line model is similar in some respects to such cohesive crack models as
the fictitious crack model, [23], used for the analysis of solid materials assumed to be
homogeneous, although it also differs in some ways. The present modelling involves

43
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at least two different materials, the adherents and the adhesive. In the equilibrium
equations, the influence of bond line thickness is neglected, no account being taken of
the normal stresses in the plane of the bond line, despite the non-zeros thickness of
the bond line. Unlike a cohesive crack model, the deformation across the bond line
here is not zero before and at peak stress. The “pre-peak-stress” deformation generally
includes both an elastic part and a nonlinear plastic part. In the present calculations,
the “pre-peak-stress” performance is modelled, however, by a linear elastic relation.
This implies that in “pre-peak-stress” states the behaviour is inadequately modelled if
nonlinearity is of importance. This could in particular be the case with the PVAc and
PUR-adhesives.

In order to define the constitutive relations for mixed mode loading, the uniaxial
properties for pure normal and shear stress are expanded in the §,-0;—plane. The
state of deformation is given by the components 6, and s or alternatively, in polar
coordinates, by the radial displacement § and the mixed mode angle ¢, defined as:

§ = /82 + 82 (5.3)

¢ = arctan (g—s) (5.4)

The stress—displacement relation is assumed to retain its piecewise linear shape for
radial paths, but vary smoothly with the mixed mode angle ¢. The radial distances
Ok, which define the transition from one linear part, k, to the next, k+1, are defined

by a relation of the type
67:, k m 65 k ) "
~ ) + : =1 5.5
(6%,/’9) (tsso,/’c ( )

where the indices (ng, k) and (s, k) relate to the uniaxial response for normal and
shear stress, respectively. In the present study the powers m and n in (5.5) are set to
m = n = 2 (RP-adhesive), m = n = 1.0 (PUR-adhesive) and m = n = 1.5 (PVAc-
adhesive), yielding a quadratic and linear interaction for the RP and PUR-adhesives,
respectively. For each linear part, k, of the constitutive relation, it is necessary to
define the stresses oy, okt1, 7 and 7411 at the beginning and the end of the interval.
These stresses are related to the corresponding uniaxial stress by the relation

b1 cos

Or = Oo (5.6)
6”0,1
5 si
Th = Top— e (5.7)
630,1

The relations describing the constitutive behaviour of the bond line involve coupling
effects, normal stress thus depending not only on the opening deformation but also on
the shear deformation. This is realistic for the softening region. In the first region
(the elastic “pre-peak-stress” region), the normal and shear stresses are assumed to be
uncoupled. In this subspace of the 6,-0;—plane, the constitutive relations are identical
to the uniaxial relations as given in (5.1) and (5.2), yielding the relations

0 (bn, 6s) = f(6n) (5-8)

7(6n, 6:) = g(6:) (5.9)
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the functions f and g being linear functions of ¢,, and é;, respectively. For the case of
m = n, these relations are valid for §’s for which

()" (37 o
6n0,1 650,1 '
this being derived from Equation (5.5) by replacing 6, and & by 6,(= 6 cosp) and
6.(= dsinp), respectively.

The definition of the non-softening region given in Equation (5.10) corresponds, for
the case of m = 2, to a stress-based failure criterion often used for mixed mode linear

elastic analysis
2 2
(J)+<T):1 (5.11)
O-maz Tmaz

also known as the Norris criterion. Equation (5.5) can be derived from a criterion of
this type since in the elastic region, the normal and shear stresses are proportional to
the deformations 6,, and 6,, respectively.

6 <

5.1.2 Finite element implementation

The bond line model described in the previous section was implemented in a com-
mercial finite element code [22] as a special purpose element. The element is defined
by two nodes, one on each side of the bond line. For practical reasons (related to
pre-processing) the elements are always used in pairs, however, resulting in a 4-node
element without any coupling between its two ends. The constitutive relations which
form the basis of the bond line model are based on a total formulation. In order to
perform general nonlinear analyses the constitutive relations are reformulated to in-
cremental form, the stiffness matrix of the element representing the tangent stiffness,
calculated by differentiating the constitutive relations numerically. In addition to the
tangential stiffness, the contributions of the element to the equations of equilibrium, to
be solved at each node associated with a given element, have to be calculated. These
nodal forces are calculated as the stress multiplied by the area of influence for each
pair of nodes, this area being half the distance between two pairs of nodes, times the
width of the bond line. In using the special purpose element, the user must specify,
along with geometric and connectivity data, the break points on the uniaxial piecewise
linear stress-displacement curves and the powers m and n as defined in Equation (5.5).

5.2 Simulation of small test specimens

5.2.1 General remarks

The results of the bond line tests, evaluated as described in Chapter 3, were verified
by means of FE-analyses. The results of the tests, in terms of the uniaxial stress-
slip behaviour of the bond line, were used as input to the analyses. Such analyses
should yield load-displacement responses close to those recorded during the tests of
the corresponding specimens. Possible significant deviations between the recorded and
calculated curves would indicate either that the assumptions made during evaluation of
the test recordings might not be valid or that the simplified piecewise linear description
of the stress-slip curve could be too crude an approximation.
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In order to take account of the plastic deformations occurring in the bond line, the
total deformation across the bond line at peak stress was modified for the PVAc and
PUR-adhesives. This modification was made as an iterative procedure, the input in
terms of the stress-slip relations being modified successively so as to obtain results as
close as possible to those recorded during testing. Although such an approach is by no
means neutral, it is a way of satisfying the simplifying assumptions made, such as the
assumed linear elastic behaviour of the bond line prior to peak stress.

5.2.2 Input for bond line model

The uniaxial piecewise linear relations that were used as input in the bond line model
are shown for the three different adhesives in Figures 5.1-5.3. Tri-linear relations were
used for all the adhesives since this was considered to provide a reasonably good fit to
the test results. The powers m and n that define the coupling between normal stress
and shear stress in terms of Equation (5.5) were selected (where for all cases m = n) as
2.0, 1.0 and 1.5 for the RP, PUR and PVAc-adhesives, respectively (cf. Figures 4.5, 4.9
and 4.13). For the RP-adhesive, the initial stiffness was very high as compared with
the other adhesive types tested. The RP-adhesive was also the only adhesive showing
very little plastic (nonlinear) deformations, or none at all, prior to peak stress.

Since the RP-adhesive was very brittle, resulting in a non-uniform stress distribu-
tion at peak load, 10% higher values for the uniaxial strength were adopted here than
reported in previous chapter. This increase was found to provide good agreement be-
tween the test results and FE-simulations of the small specimen. Accordingly, uniaxial
strengths of 21.2 and 7.1 MPa were adopted for the RP-adhesive, for pure shear and
for normal mode failure, respectively. The stress distribution at peak load for the shear
deformation test involving RP-adhesive, as calculated in the FE-analysis, is shown in
Figure 5.4. Note that the deformations in Figures 5.1-5.3 do not include the deforma-
tions in the wooden adherents whereas the deformations recorded in the experiments
(Figures 4.28-4.29) do.

5.2.3 Comparison between simulations and tests

FE-simulations of the tests involving small specimens were carried out using the uniax-
ial responses given in Figures 5.1-5.3. The material outside the bond line was modelled
as being linear elastic and orthotropic and in a state of plane stress. The engineer-
ing constants were chosen (z denoting fibre direction) as E, = 16800, F, = E,/30 =
560, G,y = E,/16 = 1050 MPa, v,, = 0.45. The value of F, stems from the introduc-
tory flatwise bending tests and the stiffness relations are based on [5]. For the material
outside the bond line, 4-node isoparametric plane stress elements were employed. The
finite element mesh in an undeformed state is shown in Figure 5.5. The upper and lower
boundaries of the model were prescribed so as to remain plane during deformation, thus
resembling the glueing of the specimen to the testing machine. Figures 5.6, 5.7 and 5.8
show results of FE-analyses that were performed. For the normal-deformation test
(see Figure 5.7), the simulation result differs considerably in terms of the horizontal
force. The tests showed that the bond line at pure normal deformation gives rise to a
shear force. This shear force is not predicted by the current bond line model. Another
interesting phenomenon visible in Figure 5.7 is the fact that the maximum horizontal
force occurred long after maximum vertical force was reached. Such non-simultaneous
softening in mode I and II has been reported for solid wood by Wernersson [42].
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Figure 5.1. Uniazial input used for RP-adhesive in FE-simulations. The solid line

corresponds to pure shear deformation, the dashed line to pure normal
deformation.

25

-
%)
T

i

[aRN
o

Stress (MPa)

O I et il I
0 0.2 0.4 0.6 0.8
Deformation (mm)

Figure 5.2. Uniazial input used for PUR-adhesive in FE-simulations. The solid line

corresponds to pure shear deformation, the dashed line to pure normal
deformation.
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Figure 5.3. Uniazial input used for PVAc-adhesive in FE-simulations. The solid
line corresponds to pure shear deformation, the dashed line to pure nor-
mal deformation.
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Figure 5.4. Stress distribution at peak load for a small RP-glued test specimen as
analysed by finite elements. The solid line represents shear stress and
the dashed line normal stress.
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Figure 5.5. Finite element mesh used to verify results of the small specimen tests.
The dark area represents the bond line, modelled using 25 elements.
Simulations were performed to simulate the shear-deformation tests, the
normal-deformations tests, and the mized mode tests.
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Figure 5.6. Comparison of results of FE-simulation (dashed lines) with results of
tests of the small test specimens (solid lines) for PVAc-glued bond in
shear-deformation testing (6, = 0). The forces relate to the directions
defined as 6, and 6, in Figure 5.5.
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Comparison of results of FE-simulation (dashed lines) with results of
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defined as 6, and 6, in Figure 5.5.

200

150+
{ Horizontal force

=100
£
() I
o J
LOL !
50
ol Verticalforce | RO e S
-50 i i i i i
0 0.1 0.2 0.3 0.4 0.5

Horizontal deformation §, (mm)

Comparison of results of FE-simulation (dashed lines) with results of
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mized mode testing (6,/6, = 2). The forces relate to the directions
defined as 6, and 6, in Figure 5.5.
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5.3 Simulation of large test specimens

The results of the small specimen tests reported in the previous chapter provided input
data to the bond line model. On the basis of the large specimen tests it was possible
to estimate the modulus of elasticity in the fibre direction. The wood was assumed to
be an orthotropic, linear elastic material having the following engineering constants (z
denoting fibre direction): E, = 16800, F, = F,/30 = 560, G,, = E,/16 = 1050 MPa,
Vzy = 0.45. The value of F, stems from the introductory flatwise bending tests and the
stiffness relations are based on [5]. A finite element model of the large test specimens
was constructed using these material data for the bond line and for the wood. The
FE-model, shown in Figure 5.9, consists of about 10500 elements, of which 836 are
bond line elements. Each bond line element is 0.5 mm long and 0.1 mm thick. There
are about 10900 nodes altogether. Use was made of 4-node isoparametric plane stress
elements for the material outside the bond line. A lamination is 421 mm long, 68.2 mm
wide and 10 mm thick.

Bond line thickness =0.1

-
H
L

/‘L/‘\/ L
1 20 (mm)
Figure 5.9. FE-model used in the simulation of large-specimen tests.

The loading was applied by prescribing the horizontal displacements at the nodes
at the two ends of a lamination. These nodal displacements were assigned values
corresponding to horizontal displacement and rotation of the ends of the lamination,
the plane end-sections being assumed to remain plane during deformation. This loading
results in a combined state of normal force and bending moment (edgewise bending).
The bending was intended to resemble the bending that occurred in the tests. Since,
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geometrically, the bond line represents a very small part of the model its influence on
the global response in terms of the total elongation of the lamination is very small and
negligible. From zero to maximum load, the global response of the lamination is thus
an almost perfect straight line. The local performance in the vicinity of the finger-joint,
which determines the load-bearing capacity of the lamination, is markedly nonlinear,
however. Despite the strongly nonlinear performance of the bond line, from a global
perspective the failure appears to be very sudden and brittle.

5.3.1 RP-glued finger-joint

The end rotation applied to the RP-glued finger-joint corresponds to an eccentricity
of normal force that is almost constant during the entire course of loading (0.6 mm)
and to a ratio of formal bending stress (M/ (bh?/6)) to normal stress (N/A) of 0.05.
The end rotations applied are equivalent to a 0.003 rad. rotation of each end per 2 mm
total elongation of the specimen. Using as input the results of the small specimen tests,
the most stressed bond line was found to reach the maximum stress at approximately
25% of maximum global load. In other words, a conventional maximum stress failure
criterion would underestimate the load-bearing capacity of the finger-jointed lamination
by about 75%. The ultimate load was found to be 51.9 kN, equivalent to a mean
normal stress of 76.1 MPa. Due to the small eccentricity of the load that was applied,
the maximum nominal stress at the edge was still larger: 79.9 MPa. The results of the
simulation of the RP-glued finger-joint are shown in Figures 5.10-5.12.
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Figure 5.10. Stress versus total elongation of finger-jointed lamination glued with re-
sorcinol. The solid line shows the mean stress in the cross-section and
the dashed lines show the stress at the edges.

It is of interest to note that at peak load approximately 1/3 of the bond length at
the outermost finger has started to soften (become partly damaged). It is instructive to
compare the total elongation of the lamination at maximum load with the elongation
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predicted for a solid lamination by ordinary beam theory i.e.

L 421

g 16800 - 68.2 - 10

-51.9 x 10° = 1. 12
o 51.9 x 10 907 mm (5.12)

The FE-analysis indicated the total elongation of the finger-jointed lamination to be
1.919 mm at maximum load. The deviation from this is less than 1%.

5.3.2 PUR-glued finger-joint

The PUR-glued finger-joint was also analysed using the results of the small specimen
tests as input. The large specimen tests indicated certain eccentricity to occur during
testing. The finger-joint was thus given an end rotation, one about twice that given
the RP-glued finger-joint, or in other words a rotation of each end-section of 0.006 rad.
per 2 mm of total elongation of the lamination. The ultimate load-bearing capacity
of the finger-joint was found to be 37.8 kN, corresponding to a mean normal stress of
55.4 MPa. Due to the eccentricity given, the maximum nominal stress in the cross-
section of the lamination was 61.1 MPa. Figures 5.13-5.14 present the results of these
simulations in terms of stress distribution along the mostly stressed bond line. At peak
load, approximately 35% of the outermost bond line had started to soften. Figure 5.15
shows a contour plot of the longitudinal stress at maximum global load. The maximum
local stress parallel to the grain is approximately 110 MPa, which is in the same range
as the expected strength of the clear wood in the longitudinal direction. According
to the calculations, the mostly stressed bond line element reached maximum stress at
approximately 60% of the global maximum load. Thus, a linear elastic, maximum stress
failure criterion would underestimate the load-bearing capacity by 40%. Although the
bond line behaviour is strongly nonlinear, the global response in terms of stress versus
elongation is not. Just as for the RP-adhesive, this is due to the bond line representing
geometrically only a very small part of the complete lamination.

5.3.3 PVAc-glued finger-joint

A PVAc-glued finger-joint was simulated using the same eccentricity as for the PUR-
glued finger-joint. The ultimate global load was found to be 35.2 kN, corresponding to
a mean normal stress of 51.6 MPa. The maximum nominal stress in the cross-section
was 56.8 MPa. At approximately 65% of the global maximum load, the mostly stressed
bond line element reached maximum stress and started to soften. The results of the
simulations are presented in Figures 5.16 and 5.17, showing the stress distributions in
an elastic state and at the maximum global load, respectively. For this very ductile
adhesive, the outermost bond line in the finger-joint had softened along almost its
entire length at peak load.
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Figure 5.13. Stress distribution in the outermost bond line of a PUR finger-joint at
15% of maximum load (elastic state).
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Figure 5.15. Stress distributions at mazimum load for a PUR-glued finger-joint.
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5.3.4 Simulation of pure tensile tests

As indicated in Chapter 4, the simultaneous bending of the lamination resulted in the
maximum stress in the lamination present at failure being approximately 10% higher
than the mean stress (see Table 4.1). Thus, if a tensile test is evaluated by measuring
the mean stress only, e.g. by measuring the normal force, an apparent laminating factor
will arise. By performing simulations of pure tensile tests this phenomenon can also be
verified using the numerical model. The results of these simulations are summarized in
Table 5.1. The results indicate that the load-bearing capacity of a lamination is indeed
determined by the maximum formal bending stress in the cross-section rather than by
the corresponding mean stress.

Table 5.1.  Mazimum formal bending stress in cross-section at failure (MPa). The
values for “bending” correspond to the simultaneous bending that oc-
curred in the tests. The values for “no bending” correspond to a perfect
pure tensile test.

Adhesive Bending No bending

RP 79.9 79.9
PUR 61.1 61.0
PVAc 96.8 99.9

5.3.5 Comparison between simulations and tests

In order to facilitate the comparison between the simulations and the tests Table 5.2
gives a summary of the test results and the calculated strengths of the finger-joints. In
this table, the test results refer to the estimated maximum stress in the cross section
at failure according to the method of evaluation described in Chapter 3. This strength
is denoted f;.s.. For each adhesive, three different calculated strengths are also given.
The strength denoted f: nrar is the strength predicted using the nonlinear bond line
model. This strength corresponds to the ultimate loads previously reported in this
chapter. The strength values denoted f; p.iue correspond to the load applied at the
instant for which the strength of the bond line is reached in the mostly stressed bond
line element. These values were reported previously in this chapter. Finally, the
strength values denoted f; iqstic Were calculated assuming the stress distribution along
the fingers being completely uniform, and the ratio of normal stress to shear stress
being equal to the slope of the finger-joint (0.105). In addition, the interaction formula
given in Equation (4.1) was used with m = 2.0, 1.0, 1.5 for the RP, PUR and PVAc-
adhesives, respectively. The strengths calculated in this manner closely correspond to
the strengths predicted by a fully nonlinear analysis using the present bond line model
and assuming the fracture energy to be infinitely large.

The simulations using the nonlinear bond line model give values that overestimates
the strength of the finger-joint by 30-50%. The simulations based on this model,
however, predict the strength of a finger-joint with approximately the same accuracy
irrespective of the brittleness of the bond line. The strength prediction based on
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maximum local stress (f; priesre ), yield values that differ considerably for the brittle RP-
adhesive whereas the value for the PVAc-adhesive coincides with the test result. The
predictions based on a perfectly elastic-plastic bond line overestimates the strengths by
50-120%, the estimate again being the poorest for the RP-adhesive and better for the
more ductile joints. The NLFM-approach can be said to be accurate although badly
calibrated, whereas the two other approaches are not so accurate and, if correctly
calibrated for one type of adhesive, only valid for a narrow range of brittleness of the
adhesive. A model based on nonlinear fracture mechanics (NLFM), such as the one
employed in this study, can be regarded as a unifying theory that includes the brittle
failure at zero fracture energy and the perfect plastic failure as special cases. If such a
model is correctly calibrated it will yield more accurate results than the results obtained
by using a brittle or a perfectly plastic material model.

Table 5.2. Comparison between tests and calculations of mazimum formal stress in
cross-section at failure (MPa).

AdheSiVe ft,est. ft,NLFM ft,brittle ft,plastir;
RP 566 799 (+41%) 20 (-65%) 125 (+121%)
PUR  46.7 611 (+31%) 37 (-21%) 72 (+54%)
PVAc 372 56.8 (+53%) 37 (-0.5%) 57 (+53%)

A probable explanation for the strength level prediction using NLFM being poor, is
in terms of size effect due to variability in strength of the bond line (Weibull effect). The
small test specimen results, which the simulations are based on, involved the testing
of bond lines 3 mm in length. The total length of the bond line in the finger-joint
is approximately 420 mm, i.e 140 times larger. A calibration of the bond line model
using a lower strength than the one recorded in the small specimen tests is therefore
well motivated, but since no data was available on the magnitude of the size effect
(Weibull effect) in bond lines, this was not done. From the numerical results presented
in Chapter 6 it is evident that even a single and small defect in the bond line can
reduce the strength of the finger-joint significantly. Another explanation for the poor
prediction using NLFM, is the uncertainties in the stiffness properties not measured
in the present study. Although perhaps not of decisive influence, the stiffness relations
assumed in the simulations of F,/G,, = 16 can of course also have some influence on
the results. As studied in Chapter 6, differences in stiffness between the two adherents
may influence the results.
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6. PARAMETER STUDY AND NUMERICAL
EXAMPLES

6.1 Parameter study of finger-joint

6.1.1 General remarks

A parameter study of factors affecting the load-bearing capacity of finger-joints was
carried out. In this study the FE-model shown in Figure 5.9 was employed. The com-
putational results are presented using the results for the RP-glued joint in a combined
state of normal force and an edgewise bending moment as a reference case. All FE-
simulations except the study presented in Subsection 6.3.1 were performed using the
nonlinear fracture mechanics model described in Chapter 5.

Since the maximum local elastic stress in the bond line is already very high at a low
external loading of the lamination, the behaviour of the bond line after peak stress is
obviously crucial. The softening of the bond line can develop in a stable manner only
as long as the elastic energy released can dissipate into the fracture process zone(s).
The most obvious parameter to vary is thus that of the fracture energy. The strength of
the bond line and the stiffness of the wood are other parameters of interest. The latter
two parameters are perhaps the most obvious for a non-fracture mechanics approach.
In performing a parameter study of say the fracture energy, one can proceed in a
number of ways. If the normalized stress-deformation curves are kept unchanged,
however, a parameter study can be performed in a simple manner. From nonlinear
fracture mechanics using the fictitious crack model, it is a well established fact that
the ultimate normalized strength of a structure is a function of two parameters only,
the so-called brittleness number w and a parameter v that describes the shape of the
stress-deformation relation [20]. The brittleness number w is the ratio of the size of
the structure to the characteristic length, [.,, of the material in question, i.e.

df?
w=d/le, = EC; (6.1)
where d is a measure of the size of the structure, F denotes the stiffness of the material,
Gy its fracture energy and f; its strength. A large brittleness number indicates that a
linear elastic fracture mechanical approach is appropriate, whereas a small brittleness
number indicates that an approach based on the assumption of a perfectly plastic
material is useful. The influence of the brittleness on the load bearing capacity can be
studied by nonlinear fracture mechanics using the fictitious crack model, for example.
A comprehensive study of this sort can be found in the work of Gustafsson [20].
The normalized strength, F,;;/(d*f;), is a function of the brittleness of the structure,
472/ (EGy):
daf?

Fult _
v

2fr

) (6.2)
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where F denotes an unknown function. Using a power function to approximate F

yields
Fu df? \°
2/ =Gy (EGf B <0 (6.3)

where Cy and [ are constants. This is often a good approximation, at least if the
variation in brittleness is small. Rearranging Equation (6.3) gives

Fult
d2

=Cy PP fPPVEPGTS (6.4)
For the case of linear elastic fracture mechanics (LEFM) it can be shown that 5 = —0.5,

resulting in
Fult —1/2 1/2 ~1/2 EGf

which is the square root size effect predicted by LEFM. For the case of § = 0, Equa-
tion (6.4) becomes

Fui
42
which corresponds to the load-bearing capacity being determined using a stress-based
failure criterion.
In addition to studying the influence of brittleness, a series of simulations was
performed in order to investigate the sensitivity to defects in terms of bond line voids.
Finally, a study of the effect of finger-jointing two pieces of lumber of dissimilar
stiffness is presented. Such a study is of relevance since wood is a material with large
variability in its material properties.

= Co d°f{E°GY = Cof (6.6)

6.1.2 Large variations of brittleness

A parameter study of the influence of the brittleness w on the load-bearing capacity
of finger-joints was carried out. The different values of w were obtained by changing
the fracture energy of the material and letting the dimensions of the finger-joint be
constant. Here, w = (d72,,)/(EGy 1), with d = 68.2 mm, 7,,,, = 21.2 MPa and F =
16800 MPa. The results obtained at very large brittleness numbers w are somewhat
uncertain. This is due to the fracture process zone (FPZ) being smaller for larger
values of w, resulting in too coarse an FE-mesh for the stress gradient present at these
very large brittleness numbers. To avoid this and make the parameter study mesh-
independent, element sizes should be chosen in relation to the size of the FPZ, a finer
mesh thus being used for larger values of w. The results of this parameter study are
shown in Figure 6.1, where the dashed line indicates the somewhat uncertain values at
high brittleness numbers.

6.1.3 Small variations of brittleness

A parameter study concerned with smaller variations in the fracture energy (£25 and
+50%) was also performed through changing the fracture energy for one mode at a
time. Such variations provide valuable information on which mode of fracture is the
governing one at failure. The results of these simulations are shown in Figure 6.2.
The major outcome is that the energy contribution of mode I fracture to the load-
bearing capacity is almost negligible. In the case of both the mode I and mode II
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fl /Tmax
w

Figure 6.1. Variation in normalized load-bearing capacity (fi/Tmaz) of a finger-
jointed lamination (RP-adhesive) at different brittleness numbers (w).
[+ is the nominal maximum stress in the lamination according to ordi-
nary beam theory, Tma is the strength of the bond line (shear strength)
and w is the brittleness of the lamination as given by Equation (6.1).

fracture energies being changed, a 1.0% change was found to cause approximately a
0.4% change in finger-joint strength. According to Equation (6.4), this corresponds to
3 = —0.4. This, in turn, corresponds to a 0.2% change in finger joint strength per 1.0%
change in bond line strength. This prediction was confirmed by numerical simulations.

6.1.4 Defects in the bond line

In this study, two types of defects in the RP-bond line were simulated. First, various
bond line elements were removed from the outermost, most highly stressed bond line
only, followed by simulations of defects in the bond line at every finger tip of the finger-
jointed lamination. The different types of defects are shown schematically in Figure 6.3.
The results of the simulations are summarized in Table 6.1. The table shows that, for
defects of small-size there is no decisive difference between the behaviour for a single
defect at one finger tip and that for there being defects at each finger tip. There are 11
fingers in each half of the finger-joint. Each bond line is approximately 19 mm long, the
bond lines thus having a total length of approximately 21119 = 420 mm altogether.
Already with a single defect 1 mm in length, the reduction in strength is approximately
8%. It is very likely that defects of this magnitude are always present. This is the case
for a brittle adhesive like the resorcinol. For ductile joints the failure takes place at
almost uniform stress distribution, so that in the limiting case for a perfectly plastic
bond line, the strength reduction will be proportional to the reduction in total bond
length. This would for the finger-joint geometry studied, result in a 4-11/420 = 10.5%
reduction in strength for defects of 1 mm length at each finger tip.
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Figure 6.2. Finger-joint strength as a function of fracture energy. The strength and
fracture energies are normalized with respect to the reference case. A
1% change in both mode I and II causes approximately a 0.4% change
in finger-joint strength.

Figure 6.3. Two types of defects were simulated: one defect at the outermost bond
line only (left) and defects at every finger tip (right).
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Table 6.1.  Influence of defects in the bond line(s) on the strength of a finger-joint.
The strengths of the finger-joints, f;, are given in relation to the strength
in the reference case, fip.

Size of defect 1 defect Defects at every finger

(mm) fe/ fro fe/ fro
0.50 0.960 0.956
1.00 0.923 0.913
2.01 0.860 0.830
4.02 0.767

6.1.5 Finger-jointing pieces of dissimilar stiffness

In the reference case for this parameter study, it is assumed that the two pieces of
lumber to be joined are exactly alike in stiffness. Since wood is a material showing
large variability in its material properties, however, it is very likely that the two pieces
are, in fact, dissimilar in stiffness. Thus, a series of analyses was performed in which
the stiffness of one half of the finger-jointed lamination was varied. Since the reference
value for the stiffness is rather high, £, = 16800 MPa, this study was performed
by letting one half of the finger-jointed lamination consist of a material with lower
stiffness. The relations between the stiffness parameters in the different directions
were kept unchanged so that (z denotes fibre direction): E,/F, = 30, E, /G, = 16,
Vzy = 0.45. If the stiffness of the two pieces to be finger-jointed is the same, the stress
distribution along a finger is almost symmetric (cf. Figure 5.11), at least for the fingers
in the middle of the lamination. However, if the two pieces differ in stiffness, the stress
distribution is changed. This could readily lead to that a stiffness reduction in only one
half of the finger-joint being more severe than a reduction in stiffness in the complete
finger-joint.

A series of analyses involving reduced stiffness in the left and in the right half of
the model, respectively, was performed using the FE-model shown in Figure 5.9. The
reduction in the stiffness parameters was 20, 40 and 60%, respectively, corresponding
to a modulus of elasticity in the fibre direction of 13440, 10080 and 6720 MPa. Since
the stress distribution in the outermost bond line is not exactly symmetric, the case
of the left side having a lesser stiffness is the more serious one. This can be explained
by looking at Figure 5.12. From the figure it is evident that the left half of the bond
line is more severely stressed than the right half. Now if the stiffness of the left half of
the lamination is lower than that of the right half, the stresses transferred by the bond
line are concentrated to the left half even more, resulting in the load-bearing capacity
of the finger-joint being lowered. The results of the parameter study are summarized
in Table 6.2. It should be noted that the simulations involving dissimilar stiffness in
the two halves were made assuming the failure of the finger-joints to take place in the
bond line and not in the wood itself. Since the strength of wood can be assumed to be
correlated to its stiffness, it is possible, however, that large stiffness variations tend to
lead to wood failure. This was not included in the present study.
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Table 6.2.
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The influence of finger-jointing pieces of dissimilar stiffness.

The re-

duction in strength in percent compared with the reference case is also

given.

Eiept/Bo  Erigne/Eo o Afi]%)]
1.0 1.0 79.9 0
0.8 1.0 69.3 -13
0.6 1.0 57.5 -28
0.4 1.0 46.7 -42
1.0 0.8 75.4 -6
1.0 0.6 61.9 -23
1.0 0.4 47.2 -41
0.8 0.8 73.4 -8
0.6 0.6 65.3 -18
0.4 0.4 54.6 -32
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6.2 Numerical example — strain softening of finger-joints

6.2.1 General remarks

In order to use the results of a finger-joint simulation in subsequent analyses of a
glulam beam it is necessary to evaluate the force-elongation relation of the joint. If
the behaviour of the joint is known, the approach adopted for the bond at the bond
line level, can be used at lamination level as well, by replacing the finger-joint in a
glulam beam by nonlinear elements. The characteristics of such nonlinear elements
would include the descending branch of the force-elongation relation of the finger-joint.
However, as mentioned in connection to the simulations of lamination behaviour, the
response of a complete finger-joint is unstable and the failure is sudden and brittle
from a global point of view. This can be dealt with in several ways when numerical
simulations are performed: by including inertia effects, by simulating a smaller part of
the lamination and thereby building up less strain energy at peak load, and finally by
using a solution technique that allows snap-back behaviour to be traced. The latter
two approaches were used here for calculating the complete force-elongation relation
of the finger-jointed laminations.

6.2.2 The complete force-elongation response of a finger-joint

By analysing only a small part of the finger-joint, in the manner that Wernersson
describes [42], less strain energy is built up in the model, the problem thus becoming
easier to solve numerically. By assuming that, due to symmetry, only a small part in
the middle of a wide lamination needs to be analysed, the number of elements can be
reduced considerably. The FE-model employed and the assumed symmetry conditions
are shown in Figure 6.4. Each boundary is assumed to retain its initial plane shape
without rotating. This means that the upper and lower boundaries in Figure 6.4 are
kept parallel but that the distance between them is free to change during the analysis.
Each boundary node is free to move in a direction tangential to the boundary. In the
model, use is made of polar symmetry. This means that the displacements at the nodes
along a polar-symmetry line, on either side of the point of symmetry, are equal but
opposite.

To enable the results to be compared with those obtained in the simulations of the
large specimens, the same mesh was used. Furthermore, the so-called Riks algorithm
was employed in the analysis, [22]. This is an arc-length method making it possible
to trace snap-back behaviour. Figure 6.5 shows the basic idea of arc-length methods
in the one-dimensional case. Instead of making equilibrium iterations at a certain
load level, as is done for the case of Newton-Raphson schemes (AP, Ag;), the load-
displacement vector is swept following some pre-defined hyperplane or hypersphere in
load-displacement space until equilibrium is reached (AP;, Aa;).

The results of the FE-analyses of the three different adhesives are shown in Fig-
ures 6.6-6.8. The diagrams, showing the response of the finger-joints in pure tension,
are given as normal stress, fx in Figure 6.4, versus elongation of the finger joint. The
strengths of the finger-joints were found to be 88.2, 68.8 and 55.6 MPa for the RP,
PUR and PVAc-adhesives, respectively. For the large model of the complete finger-
joint, these values were 79.9, 61.0 and 55.5 MPa, respectively (see Table 5.1, “no
bending”). The simplified model thus overestimates the strengths by 10% and 13% for
the RP and PUR-adhesives, respectively, whereas the PVAc-glued finger-joint, due to
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Figure 6.4. Upper: By analysing only a small part of the finger-joint (the shaded
area) the number of elements can be reduced considerably. Lower: The
rather coarse mesh used in analyses of the complete load-elongation re-
sponse of a finger-joint is the same as used in analyses of the large test

specimens.

Load

Displacement

Figure 6.5.

Load

Displacement

Left: In using a Newton-Raphson scheme the iterations within each in-

crement are made to a certain load. Right: The basic idea of arc-length
methods is to sweep the load displacement vector until equilibrium is

reached.
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its extremely ductile behaviour, is almost insensitive to the simplification made. The
failure of the PVAc-glued finger-joint takes place at almost uniform stress distribution
in the complete finger-joint, whereas the other types of adhesives give stress distri-
butions that differ for the outermost fingers compared with the fingers in the middle
of the lamination. In Figures 6.6-6.8, the responses of the finger-joints as calculated
by the FE-program are denoted by a solid line. An equivalent response of a finger-
joint is indicated by dashed lines. This equivalent response is calculated, reducing the
elongation through subtracting the elastic deformation of a solid wooden member of
the same length as the finger-joint that is analysed. Such an equivalent response can
be used in a simplified model of a finger-joint by letting the joint be represented by
nonlinear springs of zero initial length. These spring elements are then assigned stress—
elongation responses equal to those indicated by the dashed lines in Figures 6.6-6.8.
This approach is indicated in Figure 6.9. From the FE-analyses it is also possible
to calculate the critical length of the different finger-joints. Here, the critical length
means the length at which the response becomes unstable, i.e the descending branch
of the stress-elongation response is vertical. For the three adhesives tested, these crit-
ical lengths were found to be 0.75 mm, 12.7 mm and 86.6 mm for the RP, PUR and
PVAc-adhesive, respectively. Thus it is only the PVAc-glued joint that has a critical
length larger than the finger-joint itself.

100
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Stress, fx (MPa)
N
(@]
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0 0.2 0.4 0.6 0.8
Elongation (mm)

Figure 6.6. Response of a RP-glued finger-joint. The solid line is the result of the
FE-simulation. The dashed line is calculated by subtracting from this
the elastic deformation of a solid wooden member of the same length as
the finger-joint.
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Figure 6.7. Response of a PUR-glued finger-joint. The solid line is the result of the
FE-simulation. The dashed line is calculated by subtracting from this
the elastic deformation of a solid wooden member of the same length as

the finger-joint.
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Response of a PVAc-glued finger-joint. The solid line is the result of the
FE-simulation. The dashed line is calculated by subtracting from this
the elastic deformation of a solid wooden member of the same length as

the finger-joint.

Figure 6.8.
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Figure 6.9.

Bond line elements

\\

Solid wood

=== o

N

Finger joint elements
(no initial length)

A possible approach to simplifying the modelling of finger-joints. In-
stead of using a large number of bond line elements and a complicated
geometry, equivalent elements representing the finger-joint response can
be employed. The response of such elements is given in Figures 6.6—6.8
by the dashed curves. The figure is schematic, since no stiffness in the
direction perpendicular to the lamination is indicated.
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6.3 Numerical examples - laminated beam behaviour

Two types of simulations of laminated beam behaviour are presented here. The first is
a linear elastic analysis of a beam subjected to a pure bending moment, using varying
stiffness parameters. These analyses were carried out in order to study the influence of
stiffness variation on the stress distribution in a beam. The second type of laminated
beam simulations concerns the nonlinear behaviour of the bond line of the outermost
lamination. These simulations were performed in order to study the possibility of
predicting the laminating effect by use of a fracture mechanical approach.

6.3.1 Influence of stiffness variation on stress distribution

In analysing a beam of non-homogeneous cross-section, an assumption commonly made
is that plane sections perpendicular to the beam axis remain plane and perpendicular
when the beam is deformed. This assumption leads to the well-known result of a
piecewise linear stress distribution over the cross-section of a glulam beam consisting
of laminations differing in their modulus of elasticity. According to these assumptions,
a zone of lower stiffness would be subjected to stresses of lesser magnitude, in line with
the reduction in stiffness. It is often claimed that such a “weak” zone (e.g. a knot or a
finger-joint) of lower stiffness, and probably thus of lower strength too than adjacent
material, would be subjected to stresses of smaller magnitude and would therefore not
have so strong effect on global beam strength. The present analysis shows that a low
stiffness zone is not necessarily relaxed in the way described above.

The load-case analysed is that of a glulam beam subjected to pure bending. The
linear elastic analysis is performed using plane stress, 4-node, finite elements. At
the boundaries where the bending moments are applied, plane sections of the beam are
assumed to remain plane during loading. The beam is 315 mm in height, (7 laminations,
each 45 mm thick) 600 mm in length and 100 mm in width. There is assumed to be
a zone of lower stiffness in the outer tension lamination. The weak zone is 45 mm
in height, its length varying from 7.5 mm to 600 mm in the different analyses. The
finite element mesh used in the analyses is shown in Figure 6.10. In the weak zone, all
the stiffness parameters are reduced by the same percentage, the surrounding material
being assigned the engineering constants of £,=12000 MPa, £,=400 MPa, G,=600
MPa, and v,,=0.53.

Two types of analyses were performed. In the first series of analyses, the length
of the weak zone was varied from its being of the same length as the beam (600 mm)
to its being of the length of two finite elements in the fine-meshed area (7.5 mm), see
Figure 6.10. In these cases, the stiffness parameters £, E, and G,, in the weak zone
were assumed to be reduced by 25%. In the second series of analyses, the influence of
varying the stiffness reduction was investigated. The weak zone, 30 mm in length, was
reduced in stiffness by 25, 50, 75 and 100%, respectively. In both types of analyses, the
height of weak zone was taken to be the same as the lamination thickness, i.e. 45 mm.

Results

The results of the finite element analyses are shown in Figures 6.11-6.14. Figure 6.11
shows the influence of the length of the weak zone on the stress distribution in the
mid-section. As expected, when the weak zone is as long as the beam, the stress
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Figure 6.10. Finite element mesh. The dark area is the weak zone,
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Figure 6.11. Influence of the length of the weak zone on the stress distribution in the
mid-section in the case of a stiffness reduction of 25% in the weak zone.
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distribution is indeed piecewise linear, in accordance with beam theory. A reduction in
the extension of the weak zone results in a redistribution of the axial stresses. In the
limiting case, as the length of the weak zone approaches zero, the stress distribution is
found to approach the linear one expected in a homogeneous cross-section. According
to beam theory, the length of the weak zone should not affect the stress distribution
at all. Figure 6.12 shows the stress distribution in the mid-section of the beam for a
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Figure 6.12. Stress distribution in the mid-section of the beam for a length of the
weak zone of 30 mm. The stiffness reduction is 25%.

length of the weak zone of 30 mm. The reduction of the stresses in the weak zone is
very local. In Figure 6.13 the influence on the axial tensile force (i.e. the mean stress
in the outermost lamination) in the weak zone is shown. In the case of a weak zone
30 mm in length, the axial force is reduced by only about 3% for a stiffness reduction
of 25%. In Figure 6.14 the influence of the stiffness reduction on the stress distribution
in the mid-section is shown. The four curves represent a 25, 50, 75 and 100% reduction
in stiffness, respectively. As expected, for a 100% reduction in stiffness, the stresses in
the weak zone are zero, since the weak zone then represents a hole or a notch.

The analyses suggest that the simple assumption that a local reduction in stiffness
and strength has only minor influence on beam strength is not valid for small zones
such as knots and finger-joints. Since the stress reduction in a small zone is far from
proportional to the stiffness reduction, the stress is closer to the strength of the material
in a small weak zone than one would expect by intuition.

6.3.2 Laminating effect as predicted by fracture mechanics

Consider a glulam beam consisting of several layers of laminations, each having the
same thickness Ah, Figure 6.15. The load case studied is that of a beam subjected to
a pure bending moment. In the outer tension lamination, the beam contains a weak
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Figure 6.13. Influence of the length of the weak zone on the axial tensile force in the
outermost lamination. The stiffness reduction is 25%.
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Figure 6.14. Influence of the magnitude of stiffness reduction on the stress distri-
bution in the mid-section. The curves represent 25, 50, 75 and 100%
stiffness reduction, respectively. The weak zone has a length of 30 mm.
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zone representing e.g. a knot or a finger-joint. Ifthe weak zone has failed and the beam
still has load-bearing capacity left, its subsequent behaviour may be governed by crack
propagation in the direction of the beam. The grain direction is assumed to coincide
with the length axis of the beam. This situation is illustrated in Figure 6.15

T an
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|
I
Crack path Initial crack (zero width)

Figure 6.15. A laminated beam with an initial crack of a length equal to the lam-
ination thickness. The dashed line represents the crack path at crack
propagation.

Based on the assumptions of linear elastic fracture mechanics (LEFM), Peters-
son [32] derived an expression for the critical bending moment, M., at which a crack

will propagate:
2:Ge-b-E-1
M, = | —r ™ .
TV 1/ef—-1 (67)

where E denotes the modulus of elasticity in the fibre direction, G, the fracture energy
at crack propagation (the energy required to extend the crack a unit area), / the moment
of inertia of the beam (bh®/12, b is the beam width and A its height) and « the ratio
(h — Ah)/h. To use Equation (6.7), the fracture energy must be known. However,
since the fracture energy for wood varies from approximately 200-400 J/m? for pure
mode I to about three times this value for pure mode II, the current mixed mode state
must be known for an accurate choice of the value of GG. to be made. However, if the
mode I value of G. is used with (6.7) what is obtained is a lower bound and often a
fairly accurate approximation.

If a more sophisticated analysis is desired, one needs not only to calculate the
current degree of mixed mode at crack propagation, but also to take account of the
effect of the gradual development of the fracture zone and its non-zero size. A nonlinear
fracture mechanics approach such as that used in the present work allows this to be
solved. To verify Equation (6.7), a series of finite element analyses were performed
using the bond line model described in Chapter 5.

The case studied is that of a beam of height A = 450 mm and length [ = 1600 mm,
cf. Figure 6.15, subjected to a pure bending moment, assuming the plane end-sections
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to remain plane during deformation. Since the analyses were performed taking the
symmetry of the problem into account, only half of the beam in Figure 6.15 needed to
be analysed. To investigate the laminating effect, five different lamination thicknesses
Ah were studied, namely 50, 25, 12.5, 6.25 and 3.125 mm. In each case the length of
the initial crack was assumed to be equal to the lamination thickness, as indicated in
Figure 6.15. The finite element mesh used for the case of a 12.5 mm thick lamination
is shown in Figure 6.16. The elements along the crack path are 0.8 mm long in the fine
meshed area.

Symmetry

M C h=450 mm

i H H I 125 mm

Figure 6.16. Mesh used in finite element analysis. The mesh shown was used for a
lamination thickness and an initial crack length equal to 12.5 mm. The
bond line along which crack propagation is assumed to take place is in
the middle of the fine-meshed area.

The bond line data was chosen in accordance with the values given by Wernersson
in [42], i.e. 6.5 and 10 MPa strength in modes I and II, respectively, the corresponding
fracture energies being 360 and 980 J/m?2. The powers m and n as defined in Equation
(5.5) were set to m = n = 2, and tri-linear uniaxial stress-slip relations were employed.
The wood was modelled as being a linear elastic orthotropic material with the engi-
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neering constants of £,=16800 MPa, E,=560 MPa, G,,=1050 MPa, and v,,=0.45.
The elements not representing the bond line are 4-node isoparametric plane stress el-
ements or triangular constant strain elements for mesh refining. The deformed beam
at maximum load is shown in Figure 6.17.
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Figure 6.17. The deformed beam at mazximum load. The crack has extended 50-60
mm. The displacements are magnified by a factor of 30.

The results of the five different lamination thickness simulations are shown in Fig-
ure 6.18. The five simulations are represented by circles, whereas the dashed lines rep-
resent results based on Equation (6.7) with G, = G, = 360 J/m? and G, = G, =980
J/m?. A major outcome of the simulations is that, as the lamination thickness de-
creases, the crack propagation is increasingly governed by mode II.
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Figure 6.18. Formal bending strength, 6M/(bh?), versus lamination thickness for a
laminated beam 450 mm in height. The circles represent results of FE-
simulations. The dashed lines represent results based on Equation (6.7)
for G. = Gy, (dashed) and G. = Gy, (dashed-dotted).
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Another way of presenting the results of the finite element analyses is shown in
Figure 6.19, displaying the strongly nonlinear behaviour of the beam. This figure
presents the formal bending stress in the outer lamination as a function of the position
of the tip of the fracture process zone (as measured from the symmetry line). For all the
analyses, the load reached a plateau-value. Since this corresponds to the propagation
of a fully developed fracture process zone, constant in shape, LEFM can be expected to
provide an accurate estimate of the peak load, provided the proper mixed-mode value
of G, is employed.
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Figure 6.19. Formal bending stress, 6M/(bh?), versus crack tip position for various
lamination thicknesses. The crack tip position is measured from the
symmetry line, see Figure 6.16.

Figures 6.20 and 6.21 show the stress distribution along the bond line of the outer-
most lamination at peak load for the cases of Ah being 12.5 and 3.125 mm, respectively.
The 3.125 mm lamination gives a stress distribution that differs considerably from the
distributions obtained for the thicker laminations. The thicker laminations have stress
distributions very similar to that obtained for the case of Ah being 12.5 mm. The main
difference is the size of the fracture process zone, which for the 3.125 mm lamination is
approximately 48 mm long. For all the thicker laminations, the fracture process zone
is approximately 25 mm long.

Figure 6.22 shows how the mixed mode state varies during crack propagation. The
curves are given in terms of the mixed mode angle ¢, as defined in Equation (5.4),
versus the crack tip position. The value of ¢ is calculated at the peak shear stress
position.

Finally, Figure 6.23 shows how the different contributions of mode I and mode II
fracture depend on the lamination thickness. Again, it can be seen that a thin lami-
nation yields almost pure mode II fracture.
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Figure 6.20. Stress distribution along the bond line of the outermost lamination at
peak load. The solid line corresponds to shear stress and the dashed to
normal stress. Ah =12.5 mm.
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Figure 6.21. Stress distribution along the bond line of the outermost lamination at
peak load. The solid line corresponds to shear stress and the dashed to
normal stress. Ah =3.125 mm.
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Figure 6.22. Mized mode angle ¢ as defined in Equation (5.4) versus crack tip posi-
tion for different lamination thicknesses.
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Figure 6.23. Energy consumption for different lamination thicknesses at the propa-
gation of a fully developed fracture zone (solid line). The dashed lines
represent the contributions of mode I (dashed) and mode II (dashed-
dotted), respectively.
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7.1 Summary and conclusions

The use of laminated timber such as glulam makes it possible to overcome many of the
disadvantages associated with the use of solid wood. Many of these disadvantages are
related to size limitations and to the large variability in material properties. Such a
phenomenon as the size effect, as explained by Weibull theory is well-known. Another
phenomenon of interest, subject to many discussions in recent years, is the so-called
laminating effect. The various studies presented in this report aimed at contributing to
the development of partially new explanations of the above mentioned effects. Fracture
mechanics provides the basis for these new explanations, both for the experimental and
for the numerical investigations performed.

7.1.1 Experimental studies

The experimental programme involved testing the strength, the stiffness and the frac-
ture mechanical properties of finger-joints and bond lines. The fracture mechanical
properties were tested for three modes of deformation (shear, normal and mixed-mode)
using three different adhesives: resorcinol-phenol (RP), 2-component polyurethane
(PUR) and polyvinylacetate (PVAc). Since the bond lines tested were cut from finger-
joints, the bond lines had an approximately 6° slope to the nominal grain direction.
The tests aimed to record the complete stress—slip relation of the bond line. This
was achieved for all three adhesives, although considerable difficulties were involved in
testing the resorcinol adhesive due to its very brittle behaviour. The other two types
of adhesive showed a much more ductile response, the PVAc-adhesive being the most
ductile of the three adhesives tested. The PVAc-adhesive behaved in a clearly nonlin-
ear way prior to peak stress. This was also the case for the PUR-adhesive, but was
not noticeable at all for the RP-adhesive. In addition to the bond line tests, tests on
finger-jointed laminations of nearly “structural size” were performed. These lamina-
tion tests were carried out in order to verify the bond line model by the use of finite
element simulations of the tests.

The test results for the three adhesives showed little scatter and were found to be
within three separate intervals. The small scatter in the results was probably due to
the efforts made in the careful selection, production and matching of the specimens.
Resorcinol-phenol is an adhesive much used for structural purposes. It also showed the
highest strength of the three adhesives tested, the PVAc-adhesive being the weakest.

When a tensile test of a lamination specimen is performed, simultaneous bending
deformations can occur. If these deformations are not restrained, as they are if the
lamination is contained within a glulam beam, failure of the lamination will occur at a
lower load level. In the tests performed here, the bending was constrained at the ends
of the specimens through their being clamped to the testing machine. In addition, the
bending deformations occurring were measured using strain gauges glued to the surface
of the laminations. The lamination tests yielded values for the strength, evaluated as

83
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(normal force)/(cross-section area), approximately 10% lower than the maximum stress
actually occurring in the cross-section. Thus if the simultaneous bending moment
occurring in the tensile tests is not taken into account when the strengths involved
are evaluated, an apparent “laminating factor” of ki, = 1.10, with ky,,, defined as in
Equation (2.3), will arise. The stresses in the different parts of the cross-section of the
lamination were obtained by the use of strain gauges calibrated for centric tension and
for pure bending.

7.1.2 Model verification

From the small-specimen tests, input data was available for performing numerical sim-
ulations of the behaviour of the different joints tested. Here, the nonlinear fracture
mechanical bond line model of Wernersson [42], was employed, being implemented in
an commercial FE-code, [22]. Verification of the method of evaluating the recordings
obtained from the small specimen tests was done by simulating the small specimen
tests themselves. To verify the applicability of the model to a complete finger-joint,
several simulations of the lamination specimens were carried out. The tests of lami-
nations with finger-joints glued with resorcinol yielded a mean value for the maximum
formal stress of 56.6 MPa. The simulation of these lamination tests gave a strength of
79.9 MPa, which was a 41% overestimate. This overestimate can be mainly explained
by size effect due to variability in strength. The small test specimen results showed the
shear strength of the bond line to be very high (21.2 MPa) and it is not likely that the
idealized situation in the numerical simulation is representative of the entire bond line
in the finger-joint. The finger-joint has a total bond-line length of approximately 420
mm while the tests for bond line properties were carried out on specimens involving
only 3 mm long bond lines. It should also be noted that a conventional linear elastic
brittle finite element analysis, i.e. an analysis on the assumption of zero fracture energy,
predicted the formal maximum stress at failure to be as low as 20 MPa, which is a
65% underestimate. If the bond line is modelled as being elastic-perfectly plastic the
predicted formal maximum stress at failure would be approximately 125 MPa.

The simulations show that the model adopted is useful for the prediction of the load
bearing capacity of finger-joints and also that, since the bond line is a very small part of
the finger-jointed lamination, the response of the lamination is close to that of a perfect
linear elastic member. This is the case if the test is viewed from a global perspective,
in terms of load vs. total elongation. The bond line response is highly nonlinear,
however, and the behaviour of the bond line after peak local stress is crucial for the
overall strength performance of a lamination. Since, from a global perspective, the
performance is linear elastic up to maximum load and the failure is sudden and brittle,
it is easy to jump to the conclusion that the bond line behaves in the same way. In the
present work it was clearly shown that such conclusions cannot be drawn. Simulations
were performed for both centric tensile loading and tensile loading combined with the
bending recorded during the tests. An outcome of these finger-joint simulations was
that the load-bearing capacity of a lamination is determined by the maximum formal
bending stress in the cross-section rather than by the mean stress. For the case of
simultaneous bending in the lamination when a tensile test is performed, this yields an
apparent laminating effect due to the method of evaluation.
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7.1.3 Parameter studies

Parameter studies dealing with the load-bearing capacity of finger-joints were carried
out, using the simulation of the RP-glued finger-joint as a reference case. These studies
concerned the influence of various mechanical properties, the influence of small defects
(bond line voids) and the influence of various stiffness variations in the wood in the
vicinity of the finger-joint. One major outcome was that for a brittle adhesive such as
the RP there is a large potential for increasing the finger-joint strength by increasing
the fracture energy of the adhesive. Despite this, the fracture energy already present
is very beneficial: for the reference values of material parameters it was found that
already at approximately 25% of the global maximum load, peak stress was reached
in the bond line element that was most stressed. This implies that a conventional
brittle stress based failure criterion would underestimate the load-bearing capacity of
the finger-joint by 75%. Study of the bond line voids showed that a RP-glued finger-
joint is very sensitive to small defects. Even a single defect (void) 1 mm in length was
found to reduce the load-bearing capacity of a finger-joint by approximately 10%. It is
highly probable that, in practice, one or more defects of this size are present in most
finger-joints. The influence of the stiffness being reduced in one or both of the two wood
pieces that are finger-jointed was also examined. A reduction in the stiffness of the
wood was found to lead to a reduction in the strength of the finger-joint. The results
of the investigation also show that the strength of a finger-joint can be just as much
influenced by only one of the pieces being of low stiffness as if the mean value of the
stiffnesses is low. A 40% reduction in stiffness of the one half of the finger-joint would
result in a reduction in the strength of 22% — 28%, whereas reducing the stiffness in
both halves by the same amount would result in a reduction in strength of 18%. Indeed,
for more severe reductions in stiffness, the strength should be primarily governed by
the stiffness of the part that is least stiff. This is due to the fact that in the limiting
case of one of the two halves being of zero stiffness, the strength would approach zero.
In the case studied in which one half of the finger-joint was reduced in stiffness by 60%,
the strength of the joint was found to be reduced by 41-42% (cf. Table 6.2). In the
parameter study of brittleness, a 60% reduction in stiffness of the complete finger-joint
resulted in a 32% reduction in the joint’s strength. (cf. Figure 6.1 and Table 6.2).
In the latter case, the strength reduction would be 37% according to LEFM, but 0%
according to a conventional stress-based fracture criterion.

It was also found that a so-called arc length method such as the Riks’ algorithm
is useful for determining the complete load response of a finger-joint, at least in cases
in which only a single finger and a short section of a lamination is modelled. The
complete finger-joint response, in most cases characterized by snap-back behaviour,
was calculated using boundary conditions corresponding to an inner finger. These
boundary conditions yielded an approximately 10-15% overestimation of the strength
for the more brittle adhesives (RP and PUR), whereas the highly ductile PVAc-adhesive
was insensitive to the simplification in modelling.

7.1.4 Simulations of laminated beams

Simulations of laminated beam behaviour were also carried out. In one set of simula-
tions, linear elastic analyses of laminated beams of low stiffness in a small part of the
beam were performed. It is often claimed that a weak zone in a glulam beam, i.e. a zone
of low stiffness and thus probably also of low strength, would not be subjected to the
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most severe stresses, since a high stiffness acts as a magnet to stress. It is often assumed
that the stress reduction in a zone of low stiffness is proportional to the reduction in
stiffness, leading to the well-known piecewise linear stress distribution according to
ordinary beam theory. However, if such a low stiffness zone is small compared with the
beam length, which most certainly is the case for knots and finger-joints, the analyses
presented show that the stress reduction is almost negligible.

A second set of laminated beam simulations involved a fracture mechanics study
of the laminating effect. Simulations of an initially cracked laminated beam were
performed. The laminated beam was assumed to be made up of several layers of
equal thickness, the bond line of the outermost layer on the tension side of the beam
being modelled using the nonlinear bond line model. A hand calculation formula based
on LEFM and given by Petersson [32] was used to verify some of the results of the
nonlinear analyses. These calculations showed one reason for the load-bearing capacity
of an initially cracked laminated beam being higher in the case of thin laminations
than in the case of thick, is that at crack propagation the fracture mode changes. For
thinner laminations, the fracture mode reaches a pure mode II, and since this mode
is generally associated with the fracture energy being much larger, the load-bearing
capacity increases correspondingly.

7.2 Laminating effect

It was stated in Chapter 2 that the laminating effect found in laminated products
traditionally has been explained as an effect of the following:

1. In alaminated beam the defects are smeared out resulting in a more homogeneous
material than solid wood. The probability of a defect’s having a serious influence
on the strength of the beam is less than it is in a single lamination.

2. A single lamination tested in pure tension, will bend due to knots and other
anomalies. This is due to the stiffness not being constant over the cross-section
of the lamination. If the same lamination was contained in a glulam beam, the
rest of the beam would prevent such bending.

3. If a lamination that is tested contains knots or other zones of low stiffness, a pure
tensile test does not represent the true stress distribution found in a beam that is
subjected to pure bending. The adjacent stiffer laminations adjacent to it would
then take up a larger part of the tensile stresses.

The present study aimed at giving partially new explanations to this laminating effect.
The results of the experimental and numerical investigations performed can thus be
summarized:

1. The smearing out or dispersion effect found in glulam beams was not investigated
in the present study.

2. The tensile tests of finger-jointed laminations showed that even for the case of
a short specimen being clamped to the testing machine, an apparent laminating
factor of approximately 1.10 existed.
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3. The linear elastic analysis of a laminated beam of varying stiffness showed that
the stress relaxation in a tension lamination that contains a low stiffness zone of
small size, is negligible.

4. The nonlinear analyses of a laminated beam with an initial crack showed there
to be a small laminating effect. According to the analyses, this effect is only of
importance, however, for laminations thinner than 10 mm.

7.3 Future research needs

The present work centered on the fracture mechanical tests carried out on small spec-
imens, together with verifying tests carried out on matched samples of finger-jointed
laminations. The constitutive model used to characterize the bond lines is a rather
straightforward approximation of the response of a bond line tested in a bi-axial test.
In future work, efforts should be made to improve the constitutive modelling of the
bond lines through including the consideration of nonlinearities prior to peak stress
and in the case of compressive normal stress. Also including time dependent strength
and deformation and extending the model so that possible unloading can be treated in
a more realistic manner, is of interest. The present model is a nonlinear elastic model,
corresponding to reversible performance during possible unloading.

In the future it would also be of considerable interest to include the modelling of
defects in the wood material, such as knots and deviations in grain. The fracturing
of the wood itself is also a feature not included in the present study, emphasis having
been placed instead on the characterization of the bond line. With improved consti-
tutive models of the bond line and more realistic modelling of the wood, it would be
possible to study fracturing both of the bond lines and of the wood itself. In future
studies, such modelling at the structural-size level, could be of major interest. The
main objective could be to model the behaviour of complete glulam beams, taking
into account the nonlinear responses of the finger-joints and of the inter-laminate bond
lines. In addition, Monte-Carlo simulations of the position of finger-joints and of other
defects, in order to further investigate the laminating effect and size effect, could be of
considerable interest.

An interesting phenomenon is the effect of pre-stressing. Pre-stressing is probably
introduced in the production of finger-joints as well as in the production of laminated
beams and its influence on the load bearing capacities might be of importance.

Another topic not much discussed in the report is that of the level of material
modelling. In the present work, the wood was treated as a linear elastic orthotropic
material, the orthotropic directions coinciding with those of the lamination or of the
beam, whichever was the case. In modelling the small test specimens, the differences in
mechanical properties between earlywood and latewood were not taken into account.
Besides earlywood differing from latewood with respect to stiffness and strength prop-
erties, the microstructural differences between the two may very well play a decisive
role in the adhesion of the adhesive to the substrate.
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A. TEST RESULTS FROM FINGER-JOINT TESTS

As indicated in Chapter 4, each of the large test specimens was equipped with 10
strain gauges, 8 of which were actually used in the evaluations. The 8 strain gauges, 4
on each half of the specimen, made it possible to determine the modulus of elasticity
separately for each half of the 9 specimens included in the present study. Measurements
with the strain gauges were made both during the two introductory elastic region tests
and during the test to failure under clamped conditions. In addition to the strain
measurements, data was available from the LVDTs used in the final test to failure
under clamped conditions. The LVDTs were mounted over a measuring length of
approximately 150 mm, one on each flat side of the specimen, cf. Figure 3.4. All of
these test data are given in Tables A.1-A.4. Table A.5 gives the estimated section
forces at peak load, together with the maximum measured mean stress.

Finally, the different densities of the finger-jointed laminations and the correspond-
ing moisture content are given in Table A.6.

Table A.1. Modulus of elasticity of finger-jointed laminations evaluated by strain
gauges during introductory pure centric tension tests.

Glue Specimen  Ejq (MPa)  Eyigne (MPa)

RP G15a 15700 17400
G15b 16900 18200
Gl5c 19200 17100
PUR G33a 15400 15100
G33b 16700 14600
G33c 15800 16000
PVAc G13c 19500 16700
G13d 17500 17400
Gl4a 14400 12500
Mean: 16450
COV: 10.5%
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Table A.2. Modulus of elasticity of finger-jointed laminations evaluated by strain
gauges during flatwise bending tests.

Glue Specimen  Eyf (MPa) — E,igne (MPa)

RP G15a 15900 17000
G15b 16400 16700
Gl5c 18400 17000
PUR G33a 16900 16300
G33b 18100 16200
G33c 18700 17300
PVAc G13c 18700 16600
G13d 18200 17200
Gl4a 14700 12500
Mean: 16800
COV: 8.9%

Table A.3. Modulus of elasticity of finger-jointed laminations evaluated by strain
gauges during tensile tests to failure under clamped conditions. The
evaluation was made at 5-15 MPa.

Glue Specimen  Eyg (MPa)  E,igne (MPa)

RP G15a 15400 16900
G15b 16000 17000
G1l5c 19000 17000
PUR G33a 15600 15400
G33b 17600 15300
G33c 17000 17000
PVAc G13c 20000 16900
G13d 17900 18000
Gl4a 15000 12400
Mean: 16630

COV: 10.2%
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Table A.4.  Modulus of elasticity of finger-jointed laminations evaluated LVDTs dur-
ing tensile tests to failure under clamped conditions. The evaluation was
made at 5-15 MPa.

Glue Specimen E (MPa)

RP G1ba 15800
G15b 18500

Gl5c 17300

PUR G33a 16800
G33b 15400

G33c 16500

PVAc G13c 16900
G13d 16100

Gl4a 12400

Mean: 16190

COV: 10.4%

Table A.5.  Estimated section forces at test to failure under clamped conditions
(N,Mfiat and Meqge) and mazimum nominal stress according to beam
theory (fiest). The mean stress measured (f;) is also given.

Glue Specimen N Myiat Meage frest fi
(kN) (Nm) (Nm) (MPa) (MPa)
RP G15a 31.2 4.1 -18.9 51.9 46.8
G15b 38.7 4.7 -21.6 63.7 56.3
G1l5c 34.8 1.5 -11.6 54.0 50.3
PUR G33a 25.6 1.7 54.1 46.8 40.0
G33b 30.5 1.8 -14.0 49.0 41.6
G33c 29.7 -0.1 6.8 44.2 44.7
PVAc G13c 214 -1.4 29.6 36.3 32.0
G13d 22.3 -2.9 -5.8 36.1 33.6

Gl4a 22.5 -2.6 -37.6 39.2 35.0
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Table A.6. Density, p, and moisture content, w, of the finger-jointed laminations.

Glue Specimen  p(kg/m*) w (%)
RP Glba 520 124
G15b 536 124
G15¢ 518 12.5
PUR G33a 524 124
G33b 509 12.6
G33c 540 124
PVAc G13c 562 12.7
G13d 547 12.6
Glda 480 13.0
Mean: 526 12.6

COV: 5% 2%
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