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ABSTRACT

Failure in wood is commonly considered as a sign of properly chosen adhesive for
wood adhesive joints. It is argued that as the adhesive is stronger than the surround-
ing wood material, no concern has to be given to the adhesive properties in joint
design. However, by means of theoretical arguments in combination with experi-
mental experience in the present study, it is stated that local bond line properties
are of great consequence to global joint load capacity, also in case of failure in wood.
Furthermore, it may be concluded that for many joints, optimal strength can be
expected if the failure is located in the adhesive material instead of the surrounding
wood material. ‘

A nonlinear fracture mechanics model, including gradual softening, for strength
analysis of adhesive joints is presented. It is a unified theory which incérporates
linear and nonlinear elastic analysis as well as conventional stress criteria and lin-
ear elastic fracture mechanics as special cases. Closed-form solutions are given for
pure shear analysis. For mixed-mode a coupled deformation based model is devel-
oped which exhibits path-independence in stresses but path-dependence in fracture
energy. The model is implemented in a finite element code and used for analysis
of some of the proposed test specimens in-glued steel plates and for a parametric
study of finger joints. A major outcome is that both local bond strength and fracture
energy are of importance in strength evaluation of regular wooden joints.

The complete stress-deformation curve for bond lines is determined for pure
shear, pure tension perpendicular to the bond line and in mixed-mode. To perform
stable tests for brittle adhesives, large demands are placed on the test specimen,
setup and testing machine. New small size material test methods have been devel-
oped with emphasis on stiffness and on uniform and univocal stress states. In the
material test series resorcinol/phenol, PVAc and one-component polyurethane were
used. _

Larger specimens to verify and to study fracture propagation are developed in the
study. For the adhesives used in the test programmes, failure in wood occured more
frequently for increased amount of peel stresses. This make the evaluation more
complicated, as the fracture energy is a mixture of wood and adhesive properties
and as the fracture area may be difficult to determine. In shear-dominated failure
processes the correspondence between calculated and experimental results is good.
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NOTATIONS

Notations and symbols are explained in the text when they first occur. In addi-
tion, a list of main notations is given below in SI-units:

A area [m?]

b bond width [m]

v adherend width [m]

o compliance ‘ [m/N]

c displacement ratio, §,/4, [-]

D stiffness variable [Pa/m]
FE Young’s modulus [Pa)
E,  Young’s modulus of wood [Pa)

G energy release rate [Nm/m?
G.  critical energy release rate [Nm/m?
Gy  fracture energy [Nm/m?
Gy, fracture energy in normal direction [Nm/m?
Gys fracture energy in shear direction [Nm/m?]
Gw  shear modulus of wood [Pa]
J.  critical J-integral [Nm/m?
K stress intensity factor [Pa/+/m]
K.  critical stress intensity factor [Pa/\/m]
? length [m]
Ly, characteristic length [m]

Le element length [m]
£y, length of the fracture zone [m]
M moment [Nm]
m,n powers in strength criteria -]

N normal force [N]

P applied load [N]

t thickness [m]

u horizontal displacement [m]
Vv volume [m?]

v vertical displacement [m]
W external energy [Nm/m?

w,  strain energy function [Pa)



adherend stiffness ratio

@

J¢; crossectional parameter

y boundary condition factor

é displacement

bn, normal displacement,

b, shear displacement

Onk,a breakpoint on the multi-linear ¢ — &, curve for a
given ¢

Osk,e breakpoint on the multi-linear 7 — §, curve for a
given

€ strain

€ longitudinal strain in bond element

v Poisson’s ratio

o stress

oy  local normal strength

T shear stress

T local shear strength

i strain energy

Y mixed-mode angle

¥y bond line mixed-mode angle

g  fracture energy based mixed-mode angle
(7 global mixed-mode angle of the test setup
Yk  stress intensity based mixed-mode angle
w brittleness ratio
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1. INTRODUCTION

1.1. General Remarks

1.1.1. Development of adhesive technology

Adhesive bonding is an old skill which has been practiced by man since the birth
of civilization. Numerous natural materials are characterized by their tacky per-
formance, such as clay, wax, resin, egg, etc. These were used for various purposes,
producing e.g. tools or ornaments in the primitive household.

In early days man learnt how to produce adhesives from natural waste products
like animal bones and skin. During the Egyptian era, skilled craftsmen produced
laminated articles of worship and furniture with animal based adhesives of the same
type still used in many handicraft applications [77]. What we refer to today as
structural adhesives were first produced from casein, a waste product in the dairy
industry. These were used in the early glulam industry, and there are numerous
examples of structures built with this technique, e.g. the great halls of many railway
stations with glued laminated beams as load bearing structure, built at the beginning
of the century. After many years of service these large glulam beams and arches
exhibit little or no sign of deterioration.

The modern cross-linked adhesives used for structural applications have, with few
exceptions, been developed during the present century. The pioneers were found
in the airplane industry where the diverse advantages of adhesive bonding were
recognized. The airplane industry is still considered as a frontier in the development
of structural adhesive technology. In this progress, the properties of the adhesive
are allowed to play an active part in structural design. However, as the airplane
industry abandoned wood as the major structural material in favour of aluminium,
and more recently, composites, the development of the wood glueing industry has,
from a mechanical point of view, stagnated.

Large efforts have, however, been made to improve durability, glueing perfor-
mance and other important but more chemistry related qualities, since the devel-
opment of wood adhesive technology is almost extensively run by chemists. In this
development the governing strength criterion has, in general, not been to optimize
the total joint or the bonded structure, but from some standardized test try to
ensure a sufficient strength of the bond line. If such a test is passed it has been
argued that further concern about bond line properties would be unnecessary in
joint design. In contrast to this it will be stated in this report that there are other
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bond line mechanical properties than strength that are often of greater significance
for the load carrying capacity of a joint.

1.1.2. Wood and adhesive joints

Wood fulfills many of the requirements made on modern materials. It has a nice
appearance , is easy to work with and it is a renewable natural resource. Addition-
ally, wood has a reasonable price, a low weight in comparison to its strength and
favourable fatigue properties [11]. In spite of this, wood is regularly more associ-
ated with unfavourable qualities such as sensitivity to moisture changes, insufficient
durability, cracking and relatively large deviations in mechanical properties, which
has resulted in large safety margins in the building codes and to some extent caused
a general lack of confidence in wood as a structural material. However, this lack
of confidence and emphasis on disadvantageous qualities only reflects the need for
research in the area of wood science and technology.

Correspondingly, this may also be true for structural adhesive wooden joints.
They offer a number of favourable qualities, but their reliability is frequently ques-
tioned. Again this may be interpreted as a need for research on properties, modelling
and structural analysis. In order to widen the applicability and to fully utilize their
favourable qualities, wood adhesive joints should be recognized as highly technolog-
ical, demanding skilled design and craftsmanship.

There are some factors that in certain situations may be considered as disadvan-
tageous in using adhesive fasteners. One is the toxicity of many adhesives, involving
problems in the working environment; another is that adhesive bonds need cur-
ing pressure and, probably more important, curing time, and a third is that it is
generally difficult to dismantle a glued connection in a gentle manner.

Fig. 1.1 exhibits four different situations in which adhesive joints may be used.
Adhesive bonding can be one of several methods of fastening, as for the various lap
joints given in Fig. 1.1a. The glued joint will in comparison to various mechanical
joints reveal a more rigid behaviour.

Fig. 1.1b illustrates situations where adhesives may be considered as principally
the only adaptable bonding agent. Similar components produced with alternative
fasteners will not obtain comparative performance characteristics.

Adhesive bonds yield high stiffness to the bonded component compared to me-
chanical fasteners. In many cases, such as the lightweight beam and the floor struc-
ture in Fig. 1.1c, stiffness properties of a component may be of great importance in
design. From a strength evaluation point of view, the bond line in the floor structure
might often not be considered the critical point in design; however, the bond line
may, in case of glueing, significantly increase the composite action of the beam and
the board, inferring considerably larger stiffness of the floor.

A fourth application of adhesive bonding technique is to use the adhesive joint as
a reinforcement, illustrated in Fig. 1.1d. Additional materials of wood, steel, fibres,
etc. can be joined to highly stressed parts of a structure, or even more interesting,
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Figure 1.1: Various applications of adhesive bonding. The bond line may serve as; a)
an alternative to other types of fastener b) the only fastener adaptable ) a stiffener,
by supplying increased composite action d) reinforcements.
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the bond line itself may act as a reinforcing agent. Stress concentrations in the
notch of the beam can be more evenly distributed if a kerf is made in the notch and
filled with a rather ductile adhesive. Suzuki and Sasaki [91] report that a small kerf
filled with toughened epoxy at the notch apex approximately doubles the maximum
load capacity of notched beams.

Using adhesive bonding, where in the design the bond line is allowed to play
a more active part in the structural performance, may decrease the effect of devi-
ation in wood components and strengthen wooden structural elements. Adhesive
bonded wood elements do have a large potential as high technological, lightweight,
strong and fatigue-resistant products, to be used and relied on in many demanding
situations.

1.2. Components of Adhesive Bond Lines

At first sight an adhesive joint may be considered as being composed of only three
components, the two adherends and the adhesive, cf. Fig 1.2. However, a closer look
reveals that the bond layer is constituted of several characteristic zones, including
interface layers between the adhesive and the adherend.

Preparing a wooden joint, the first thing to be done is to cut the wood blocks
into the required size. Cutting wood infers damage to the surface, broken or loose
fibres, burns, stains, etc. Planing the surface will likely make the surface smoother
and more uniform, which will improve the gluability. The next step is to apply
the adhesive. This should be done as soon as possible to prevent airborn dirt from
staining the surface and preventing natural oils, resins, etc., within the wood mate-
rial from migrating to the surface. The penetration of the adhesive depends on its
viscosity in combination with the wettability of the wood surface and also on the
amount of adhesive applied. The curing mechanisms are quite distinct for different
types of adhesive; one-component types cure by emitting or absorbing moisture and
solvents from the surrounding, while typical two-component adhesives interact with
the adherend surface only to a minor extent.

The finished joint consists of two adherends joined by a thin adhesive layer. Al-
though thickness is in the range of only 0.1 to 0.5 mm, the bond line may have
properties that completely govern the performance of the joint, also for very strong
joints. Additionally, bond line properties may extensively depend on the character-
istics of a nearly infinitely thin interfacial layer, or the very extreme wood fibre layer,
with a thickness of maybe a thousandth of a millimeter, Accordingly, it is appro-
priate to determine bond line properties in situ, including the interfaces, which may
then be a function of e.g. the wood species or surface preparation of the adherends.
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| Adherend 1 | Adhesive | Adherend 2 |

Figure 1.2: A wood adhesive bond line. Scots Pine and resorcinol/phenol.

1.3. Topic

The development in adhesion science and technology is mainly conducted by chemists,
which may seem in order, since adhesive properties are matters of chemical com-
pound, choice of constituents, degree of cross linking, etc. For the adhesive manufac-
turer, sales are promoted by topics such as applicability, handling, working environ-
ment, cost, wear on machinery, etc. Mechanical properties are commonly implied
as the manufacturer vouches that adequate strength according to valid codes are
fulfilled. Adequate strength is generally referred to as a sufficiently high value of the
failure load of a joint with standardized geometry or, alternatively, that the failure
of a tested joint is localized to the adherends, i.e. wood failure.

The estimate of strength for many standard test joints is only valid for the joint
actually tested. If the results are to be generalized to some other geometry, the
outcome may be rather different, with much lower strength than expected. Addi-
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tionally, for a large number of joints, local bond strength is no proper bond line
parameter for determination of the load capacity of a joint. Instead, some measure
of energy dissipation at failure will be the most important bond line factor.

The often unexpected performance of adhesive joints may to a large extent be
explained by the lack of sufficient fracture mechanics knowledge in joint design. The
difficulties of predicting strength of bonded components and structures followed by
unexpected failures will undermine the reliability of adhesives as bonding agents.
This is serious, as adhesively bonded wood structures have a large potential. Ac-
cordingly, this should be a concern not only for the adhesive manufacturers, but to
an even larger extent for the wood industry.

There is a pronounced need for improved knowledge of the mechanical behaviour
of adhesive joints, which should be a task for structural engineers. Thorough in-
vestigations have to be performed to find proper methods for analysing joints and
to determine which bond line properties are of significance in joint design. Such
methods should involve fracture mechanics in one way or another. In addition, new
testing methods have to be developed to facilitate an accurate determination of such
material properties.

A general objective of this thesis is to contribute to the progress of developing
new knowledge on mechanical behaviour of adhesive joints. The results presented are
intended to provide more realistic and accurate approaches for analysis and design
of bonded joints and, hence, contribute to the promotion of the use of adhesive
bonding in wood structural design.

1.4. Scope

This thesis is a further development of an earlier report “Wood Adhesive Joints -
Fracture softening properties in shear and in tension” [98]. This previous report
dealt with properties in pure shear and pure tension perpendicular to the bond line.
The present work has been expanded to also include mixed-mode material models
and analysis. Major parts of the earlier report are included in this publication.

The objective of this report is, in general terms, to elucidate the importance
of appropriately considering adequate bond line properties in the design of adhe-
sive joints. A minimum bond strength criterion is generally insufficient. Different
strategies for joint analysis, including stress analysis but with emphasis on fracture
mechanics analysis, are discussed. In addition, a nonlinear fracture mechanics ap-
proach is presented which involves conventional stress criteria and linear fracture
mechanics as special cases. Existing test methods for evaluation of mechanical char-
acteristics of bonds are briefly discussed, and new better-adapted test methods to
determine and verify bond line material models in shear, tension and in mixed-mode
are proposed and evaluated. '

The tests as well as the theoretical analyses are restricted to short term me-
chanical behaviour during monotonical loading. Consequently, duration of load,
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climate, environmental aspect, and effects of cyclic loading, etc., are if considered
only treated to a minor extent. The concept of the present research is new, and may
in the future be generalized to include e.g. creep and moisture effects.

Different adhesives have been used in the test programme. The choice of adhe-
sives was primarily not an attempt to find the most commonly used or the “best”
glues. Instead, as the chemical composition, curing mechanisms, ductility, etc., of
the chosen adhesives are quite different, they are expected to cover a wide span of
wood adhesives on the market.

Except for the small tension test series, the wood species used was Scots Pine
(Pinus sylvestris). In the tension series, Beech (Fagus sylvatica) was chosen as
adherend material in order to reduce the amount of wood failure.

Theoretical analysis and methods for material modelling are in principle not
restricted to a specific choice of adhesive and adherend material. Accordingly, the
analysis, modelling and, to a major extent, also the test methods presented may
also be relevant for other types of materials than wood.

1.5. Overview of the Present Work

1.5.1. Overall characterization of adhesive joints

The mechanical characteristic of a material is determined by its chemical compound
and composition, which in turn is dependent on the physical condition during curing
as well as the environment in which it is supposed to act. From a practical point
of view it is, however, not possible to perform a direct translation of micro scale,
chemical composition into mechanical properties of full-size structural members. To
evaluate mechanical properties of a material it is commonly more convenient to act
at some intermediate level of scale. A hierarchic, micro to macro scale system of
material properties applied to adhesive bonding is given in Fig. 1.3. l

The response of a full-scale structure, for example an adhesively bonded roof
truss, is possible to calculate if the mechanical properties of the components are
well defined. The quality of the joint can be experimentally determined for the
geometry and load case to be expected for the structure. With a proper method of
analysis it may, however, more conveniently be determined from known bond line
and adherend characteristics. In this manner the properties of an arbitrary joint can
be established. Correspondingly, bond line characteristics may be determined from
experiments or, by descending one level in the scale and by methods of analysis,
evaluating the requested properties from known qualities of the bulk material and
the interface of the two materials. Finally, the adhesive bulk properties will be a
function of the chemical composition and the physical conditions involved.

The mechanical properties in adhesive wood bonding are usually experimentally
determined as joint characteristics at the fourth level in Fig. 1.3. The results
are then often generalized to be valid for joints with other geometry and possibly
with other adherend materials to be comprised in some full-size bonded structure.
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Figure 1.3: System levels for characterization of mechanical properties in adhesive
bonding design.
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Recordings from the most common joint tests are, however, generally not possible
to straightforwardly transform into some measure of material quality.

In structural mechanics the material is usually modelled as a continuum on level
2. However, in accordance with the previous discussion it is doubtful whether a
bond line should be considered to be a continuum and, furthermore, strain instabil-
ity and localization within the bond line may cause numerical difficulties if the bond
line is considered to be a continuum. In the present report, the characterization
of mechanical properties is focused on level 3, i.e. on the bond line. These prop-
erties will be influenced by parameters such as bond thickness, adherend material,
surface treatment, etc. With a proper bond line model, this infers the feasibility of
accurately calculating the response of an arbitrary thin joint.

1.5.2. Strategy

The strategy that forms the base of the present study is illustrated in Fig. 1.4 where
the system levels correspond to those in Fig 1.3. The bond line properties are gov-
erned by chemical composition and are also influenced by physical conditions such
as curing condition, loading history, duration of load, age, moisture, temperature,
etc. There are no proper test methods available for direct determination of the re-
quested properties, i.e. stress-deformation relations of bond lines. These properties
are therefore evaluated from global mechanical response of joints, tested at differ-
ent constant physical conditions. The specimens are designed to facilitate a rather
simple procedure of transforming joint response into bond line properties.

To verify the results, the first step is to use the bond line model obtained to
calculate the response of the specimen. The result from such a calculation should
coincide with the experimental results to verify the method of evaluation. The
second step is to prove the generality of the model. This is done by tests on full-scale
joints on which proper methods of analysis have been applied to determine the load-
displacement response. If there is agreement between calculated and experimental
results, the bond line model may be considered as verified.

1.5.3. Disposition of the report

In Chapter 2 methods of fracture analysis are discussed. A brief discussion of con-
ventional methods with emphasis on fracture mechanics is given. The main feature
is the presentation of a coupled mixed-mode non-linear fracture mechanics model
for analysis of adhesive joints.

Chapter 3 deals with test methods. Stable fracture performance in relation to
testing machines and standard test specimens are discussed, and for some specimens
the stress distribution along the bond line is analysed. However, as a main topic,
new methods for evaluation and verification of non-linear fracture mechanics bond
line properties are presented. The test programme includes six major test specimens.
Three methods are given for determination of the complete stress-deformation rela-
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Figure 1.4: Strategy of the present study by means of; a) testing methods, b) evalu-
ation methods and c) calculation methods.

tions, in pure shear, in pure tension and in mixed-mode. In addition, specimens are
given for verification or crack propagation tests in the corresponding modes. Test
results are presented and discussed in Chapter 4.

Numerical analysis is the topic of Chapter 5. The finite element implementation
of the mixed-mode bond line model is presented. Analyses on different applications
are given with emphasis on the bond line characteristics. The strengths of different
standard finger joints are calculated and a parametric study of the influence of
different material and geometrical properties on the finger joint strength is given.
In the same manner a set of steel to wood joints is studied.

Conclusions and final remarks are found in Chapter 6, including a discussion of
the influence of bond properties on joint strength and future research needs.
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2.1. General Remarks

2.1.1. Definitions

In the following a joint is considered to be the entire connection, i.e. composed of
the bonding agent and the materials to be joined, which are called the adherends.
The adhesive is the applied glue material, and the bond line includes the adhesive
as well as the interface between the adhesive and the adherends. In Fig. 2.1 the
geometry of a typical single lap joint is given.

2.1.2. Methods of analysis

What may be regarded as the first analyses of adhesive joints are those of Bleich [10]
in 1924 and Volkersen in 1938 [94]. They analysed the shear force distribution of a
riveted joint by modelling the rivets as an elastic layer followed by an integration of
the shear stress neighbouring each rivet. In the analysis they assumed the bond line
to be a linear elastic shear medium and the adherends to be pure tension bars. The
theory yields very pleasant solutions and it exposes surprisingly good validity for
analysis of many joints with predominating shear stresses. Hence, Volkersen theory
is often used as a reference for more sophisticated methods of analysis but it is not
further discussed here. A more thorough discussion can be found in e.g. [98].

Since the analysis of Bleich was published, a large number of more refined an-
alytical models for adhesive joints have been published. Such analytical methods
provide closed-form solutions suited for parametric studies, but the adaptability is
in general restricted to ideal geometries and rather simple material models.

As the ability of computers rapidly improves, it is by means of numerical meth-
ods possible to solve more complicated problems with regard to geometry, material
models, boundary conditions, etc. The predominating and most general numerical
approach to solving differential equations in structural mechanics is the finite ele-
ment method (FEM) [69, 104] further discussed in Chapter 5. The method can be
employed in the analysis of adhesive joints. By means of FEM, arbitrary geometries
can be analysed and more effort can be put into the development and implementa-
tion of for instance proper material models.

FEM is a powerful tool in structural analysis, but there are some special features
to be considered in analysis of adhesive joints, e.g. that the stress distribution will
be dependent on element-size. If a more accurate stress distribution is required in

13
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Figure 2.1: Single-lap joint geometry.

the analysis, more and smaller elements should be added in regions of concentrated
stresses. It may then be desired to use larger elements in areas with small gradients
to reduce the total number of elements. Then, if the bond is modelled as a thin
layer, this may give rise to numerical problems due to the shape of the elements.

Regardless of whether analytical or numerical methods are used, the bond layer
may be considered in three major ways. The simplest is to assume that the stiffness
properties of the thin bond line have a negligible influence on the stress distribution.
Accordingly, both the thickness and the deformations of the bond may be neglected.
The stress and strain components to be introduced in a strength or fracture criterion
of the bond will be equal to those of the adjacent material in the adherends.

If the bond line thickness is of considerable size in comparison to other dimen-
sions, it will be of significance in the equations of equilibrium and should then be
included in a proper analysis. More sophisticated material descriptions may be
introduced, considering the local stiffness within the bond line. Using FEM, the
bond line can then be modelled as one or several layers of two- or three-dimensional
elements of some finite thickness.

The most common approach used in analytical analysis is a compromise of these
two approaches, where the thickness but not the deformations of the bond line is
neglected. In FEM this approach is also possible by modifying the nodal connections
of the adherend-to-adherend interface according to required bond line properties
and, hence, the problem of aspect ratio will vanish. However, using a standard
FE-code the simplest approach is often to model the bond layer as being of finite
thickness. This approach is employed in the present study and will be further
discussed below. :

A more thorough discussion of the bond line modelling is given in [98], including
some relevant references.
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2.2. Stress Analysis

Theoretical considerations based on fracture mechanics imply that there is in general
some measure of fracture toughness that will partly or totally govern the strength
of adhesive joints. For ductile joints and for joints with a homogeneous state of
stress this property will be of less significance, while for brittle joints it will be the
predominanting bond line property.

For a ductile joint which exhibits a rather uniform stress distribution, it may
be adequate to use stress or strain analysis in connection with some proper failure
criterion. However, various stress or strain based criteria, such as a conventional or
modified von Mises criterion, have not proved to be of general use in adhesive joint
design.

For brittle joints, an adequate failure criterion should include fracture toughness
in one way or another. This can be done by using so-called softening models, which
includes the gradual softening of the material during increasing deformation, i.e. the
complete stress-deformation curve including its descending branch. From the stress-
deformation performance of the material the work required to bring the material to
complete failure can be determined. Such an analysis will henceforth be referred to
as non-linear fracture mechanics, NLFM, and will be further discussed in Sec. 2.4.

Since the work of Bleich, significant contributions have been made in the field of
stress analysis of bonded systems. A good résumé is given by Adams and Wake [1].
Of later work, papers by Bigwood and Crocombe [8, 9] can be mentioned, in which
a sixth order differential equation is describing an overlap joint. The adherends
are assumed to be linear elastic cylindrically bent plates, and the adhesive is a
non-linear layer modelled according to the theory of nonlinear elasticity with a
prescribed stress-strain curve approximated as a continuous mathematical function.
In design, the main problem remains; no adequate and general strength criterion
has been proposed. For very ductile joints, Crocombe [21] suggests a yield criterion,
corresponding to the theory of limit load for perfectly plastic material.

One major benefit of conventional stress analysis is that it makes the analysis
quite straightforward. A linear-elastic stress analysis of a joint may sometimes give
qualitatively valuable information in a design situation and may be used to study
the visco-elastic effect on the stress distribution, see for example [37, 46, 82].

2.3. Fracture Mechanics

2.3.1. General

Fracture mechanics focuses on the failure process of a body and can be beneficially
used for in analysis of bodies with various kinds of stress concentrations. Fracture
mechanics theories are sometimes considered to be inconclusive, assuming real or
fictitious cracks and involving a large number of parameters such as G., Gy, R,
K., Q., J., etc., with curious dimensions and unclear diversities. However, as a
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Figure 2.2: Modes of cracking: a) mode I, b) mode II, ¢) mode III.

phenomenon fracture mechanics is part of daily life for most of us, for instance the
sometimes frustrating exercise of opening a candy bag. It may seem impossible until
a small cut is created in the bag followed by a rapid and unexpected slit propagation
with a total collapse of the bag. Prior to the crack, the stresses are distributed over
a large area, but as soon as the crack is formed, there will be very high stress
concentrations at the vicinity of the crack, which will totally govern the failure
process. Hence, to design an optimal candy bag, information on the strength but
more important the resistance to crack propagation of the bag material is required.

Commonly the fracture process is divided into three separate modes, given in
Fig. 2.2. Mode [ represents the symmetric opening perpendicular to the crack
surface, while mode II and III denote antisymmetric shear separations, as indicated
in Fig, 2.2.

In conventional linear elastic fracture mechanics, LEFM, it is assumed that the
analysed body is infected with some real or fictive initial crack. Fig. 2.3 shows a
cracked body with a crack length a. Linear elastic analysis will entail the stress
state at the crack tip to be singular, which cannot be handled by conventional stress
based criteria. The process zone is assumed to be small in comparison to other
dimensions and the local failure will be brittle. There are a number of textbooks
dealing with linear fracture mechanics in general, e.g. [43, 54], and with emphasis
on adhesive joints, e.g. [3, 53].

2.3.2. Stress intensity approach

In LEFM there are two prevalent approaches for characterization of crack growth.
One is based on stress intensity factors K by which the stress state close to the crack
tip can be described. The stress intensity factors are defined as

K = 1jna V2rro,,(r)
Ky = Iill(]) V271rog,(r) (2.1)
r—
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Figure 2.3: Bonded body with initial crack.

K = lil‘[(l) V21rroy,(r)

for the modes I, II, Il respectively, where r is the distance from the crack tip to a
point straight ahead of the crack, oy, is the normal stress and o,y and o, are the
two shear stress components. K has the dimension force/(length)? or stress-1/length
and may be quantified for instance in the unit MPay/m. The magnitude of the stress
intensity factors depends on the load, the geometry and the material properties of
the cracked body. For isotropic materials, K-values for different geometries are given
in handbooks, see e.g. [43]. The total action of the separate K-values are added
in accordance to the chosen fracture criterion and compared to some critical stress
intensity factor, denoted K.. This takes the general form

Kot = Kiot(K1, Ky, Kir) < K. (2.2)

A frequently used way of adding the action of K-values is according to a quadratic
rule

K3
K, = K} + K3 I < ) 2.3
ot I+ H+1+V- ¢ (2.3)
A modified stress intensity approach, using a generalized bi-material intensity
factor for adhesive joints with non-sharp interface corners, is presented by Groth

[36).

2.3.3. Energy approach

The second major crack growth approach is based on energy considerations. The
crack expansion is characterized in terms of the energy necessary to create a new unit
area of crack surface. The applied energy is called energy release rate or sometimes
crack driving force, G, which may be given in the units Nm/m? or N/m. This
fracture energy is to be compared to its critical value, G,. This critical value may in
addition to surface energy also be generalized to include plastic energy dissipation
and is then often denoted J. [43, 70].

Assuming quasi-static elastic behaviour, the energy released during crack prop-
agation, G, will be equal to the change in applied external energy, W, minus the
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X3

Figure 2.4: A cracked body with volume V and surface S.

change in stored strain energy, d®, per increase of fracture surface, dA, in the body
during a crack propagation, [43], i.e.
dd

G=W-— (2.4)

and the change in applied external energy is defined by
d 1 d ‘L
W= /t“w+/b“v (2.5)

where t; are the tractions on the surface S, u; are displacements and b; are the body
forces. The change in strain energy is

do d du;
—_— = O— 2.
dA dA (/ Jda:J dV) (2:6)

A simple illustration of Eq. (2.4) is given in Fig. 2.5 and is valid for a linear
elastic body, loaded by a single load, P, and with ® = 0 when P = 0. The specimen
elongation goes from u to u + du as the crack propagates from a size A to A+ dA
at constant load. The strain energy is interpreted as the area below the P —u curve
at the present crack length, i.e.

®(A)= 1P u 2.7)
P(A+dA) = 1P (u+du) '
which for the limit of dA — 0 may be expressed as
d
d® Pdu (2.8)

dA~ 2dA
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t u
u u+du
Figure 2.5: Graphical interpretation of the energy release rate, G.
and the change in applied external energy per increase dA is
du
W=P— 2.9
TA (2.9)

if zero body forces are assumed and Pdu is the work of the external load at a crack
propagation, dA. Hence, the energy release rate takes the form

du

G= P— 2.10

2 dA (2.10)

From Fig. 2.5 and Eq. (2.10) and with the displacement at the point of load

application defined as u = C'P, C being the compliance of the specimen, the energy
release rate can be expressed as

e 1 ,(dC™1)

__2 _
G=5P A= 3" "1

(2.11)

which for a body loaded with a single load forms the base of the compliance method,
commonly used in fracture mechanics analysis. Accordingly, G can be expressed as
a function of the change in compliance of a body during unit growth of a crack. The
compliance can be calculated by means of arbitrary methods, such as beam theory or
FEM. Explicit expressions for Eq. (2.11) for a number of simple geometries are given
in [53] and several applications for notched beams has been presented by Gustafsson
(38, 40].

A possible outcome from the compliance method is to express G in terms of
sectional forces. This is done by Petersson [71] and expressed as a critical load
multiplication factor, ¢, given by the formula

2b.G.
BVE BV BVT M M M N} Ny N
1 2 okt TP Al

GA1+GA2_GA+E11 ElL, EITEA "EA, EA

(2.12)

O =
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Figure 2.6: Sectional forces close to the crack tip.

where signs and indices are given in Fig. 2.6 and J is a cross-sectional parameter
considering the non-uniform shear stress distribution across the cross section. The
simplicity of the expression is obtained by assuming the flexibility matrix to be
diagonal. Accordingly, this simple expression is an approximation based on beam
theory, and it may serve as a sufficiently accurate formula in many engineering
applications.

Based on the compliance method, Krenk [57] derives an uncoupled mixed-mode
energy release rate for a symmetric single lap joint in terms of local stress concen-
trations 0,0z and 7,,.; which are determined from beam theory. For sufficiently
slender joints the analysis will correspond to that of Eq. (2.12) but in a general case
it also gives an expression for shorter and more ductile joints, as Eq. (2.24) does for
the case of pure shear.

2.3.4. Mixed-mode fracture criteria

Of the two fracture mechanics approaches discussed above, the energy approach is
considered to have the clearest physical interpretation. It will in the following be
the approach most referred to and discussed in relation to the present theory.

As for stress intensity factors, GG is sometimes separated into the three crack
modes and superposed to a total energy release rate, Gy, in a straightforward
manner

Giot = G1+Gn + Gm (2.13)

For isotropic materials in plane stress the relation between G and K is given by

Gy ! K?
Gy b= ('E) K2 (2.14)
Gm (1 -+ 11)1(121]

Hence, for isotropic materials in plane stress Eq. (2.13) corresponds to the left hand
part of Eq. (2.3). For wood and other orthotropic materials the separate stiffness
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properties should be accounted for. A relation of G and K for orthotropic and
anisotropic materials was given by Sih et al. [87] and conveniently expressed for
mode-I and mode-II in orthotropic plane stress by Suo [90] as

Gy T+p )\ [ \iK?

= 2.15
{ Gn } ( 2E,E, { A K (2.18)
where X and p are defined in engineering constants as

N

E ’ p= 2G - \/Va:y'/ya: (216)
T Ty

and where the coordinates z and y are defined in Fig. 2.3. Due to material symmetry,
there is a relation between the two Poisson’s ratios, i.e. Vgy/Ey = vys/ Ey. In case
of plane strain the elastic constants will change to

E* = B, Y = (Voy + VazVay)
T (1 = VarVas) W (1 = VaslVas)
(2.17)
E* = E, « (Vyo + VysVza)
VU (U —wevsy) Y (1= vgay)

The fracture process in mode-I and mode-II does not in general consume the
same amount of energy. For mode-II, the crack growth characteristics seem to be
governed by the ductility of the adhesive. By studying composites in a scanning
electron microscope (SEM), Bradley [13] reports that, for brittle resins in mode-II
dominated mixed mode, sigmodial shaped microcracks form a considerable distance
ahead of the crack tip, giving significant load redistribution, while for mode-I domi-
nated cracks the process will be a more discreet crack opening. The result is that the
G1./G1. ratio of such composites is usually in the range of 3 to 10. For composites
with very ductile resins, G, is similar in mode-I and mode-II and consequently, the
G/ G1. ratio may be expected to be close to 1.0. However, for very ductile materi-
als it is doubtful whether G is a relevant design property. Chai [15] has shown that
while Gy, is little influenced by bond thickness, the magnitude of G, is significantly
affected by thickness, for thin bonds of both brittle and toughened epoxies.

A common mixed-mode parameter is the phase angle, ¥x = Yr (K7, K ). YK is
a relevant mixed-mode parameter as it is, for linear elastic materials, directly related
to the stress state at the vicinity of the crack tip, cf. Eq. (2.1). If, however, the
governing parameter in the analysis is G, it may be adequate to express Yk as a
function of the corresponding energies 1y = ¥x(Gr, Grr), which is straightforward
from Eq. (2.15), and we get

‘ K [E;
P = arctan (%) = arctan E—;% (2-18)
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Figure 2.7: Classification of ductile to brittle materials with regard to energy release
rate in mived-mode, based on [{2]. a) ductile material. b) and c) brittle material.
d) intermediate toughness material.

He et al. [42] defines three types of material with respect to the total fracture
energy in a mixed-mode space, see Fig. 2.7. The total critical energy release rate,
G, including nonlinear effects, is plotted versus ¥x. Ductile materials (a) fracture
by hole coalescence and expose a minimum G, in the intermediate region. Brit-
tle materials (b) fracture without any crack tip blunting. As Bradley stated, G,
increases significantly with the increase of 1x. This behaviour could inclhide or
be analogously analysed as a frictional problem which is characterized by the the
roughness parameter H (c). For the third type of material, G, can be considered to
be independent of the mode mixity (d).

Wood may be considered to be a brittle material, cf. Tab. 3.1; the ratio Gp./G1,
is in the range of 2-5 [93]. Wu [101] suggested a stress intensity based failure criterion
for a crack along the grain in balsa wood in the form:

I(I > m ( 1"11 ) n
<1.0 2.19
(](16 + Ky, - . ( )

where m and n are set to 1 and 2 respectively. For K, = Kp. = K. and m=n=2,
Eq.(2.19) equals Eq.(2.3). The Wu-criterion was later experimentally verified by
Mall et al. [64] in evaluation of experimental results of eastern red spruce for cracking
along the grain. It was also in principal supported by the results of Woo and Chow
[100] from tests of tropical hardwoods, while Williams and Birch [99] suggest from
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Figure 2.8: Comparison of two different proposed failure criteria for brittle materials.
a1 — a3 Represents Eq. (2.19) [101] with m=n=2, m=1 n=2, m=n=1, respectively.
by — by Represents Eq. (2.20) [48] with A;=0.1 and 0.3.

tests of Scots pine that Kp has no or little influence on the fracture criterion in
the range of tanyx < 3 but some influence on the hardwood utile. Neither of
the two latter references presents pure mode-II tests, and it is thus not possible to
quantitatively apply the criterion in Eq. (2.19).

By using Eq. (2.15), the criterion in Eq. (2.19) can be transformed into energy
release rates and plotted in a G, — ¥ diagram. This is presented in Fig. 2.8, where
the Wu-criterion is represented by the curve ap. In the transformation of Eq. (2.19)
by means of Eq. (2.15) the stiffness properties are assumed to be: E; = 12 GPa,
E, = 0.4 GPa, G,y = 0.75 GPa and vy, = 0.015. The fracture properties, taken
from Mall et al. [64] were assumed to be 0.42 and 2.18 MPay/m for K. and Kiy,
respectively, which corresponds to G = 205 Nm/m? and Gp. = 1011 Nm/m?.
For the Wu-criterion, G. may be considered to be constant in the range of 0° to
60°, followed by an approximately five times increase. Accordingly, G. is relatively
insensitive to changes in shear stress for a mode-I dominated failure, while a small
increase in normal stress will have a severe effect on G, for a mode-II dominated
fracture process.

For adhesive joints, the mixed-mode G, characteristics will differ for each individ-
ual joint, depending on the brittleness. Hence, in the literature there are references
that support the characteristic of the Wu-criterion in Fig. 2.8, e.g. [16, 45, 95], while
others report deviating mixed-mode behaviour [78, 103].
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A strength criterion to fit the increase of G, with ¥, for delamination of thin
films, was suggested by Jensen et al. [48], in the form

GIc
(1 - /\2) sin2 ¢I\’

where A; is a material constant in the range of typically 0.1 to 0.3, for which a
lower value indicates a more brittle material. Eq. (2.20) is plotted in Fig. 2.8,
facilitating a comparison to Eq. (2.19) which is based on recorded wood data. For
the present wood recordings a simple and perhaps sufficient criterion would be a
bi-linear relation in the G, — ¥k diagram. This is suggested by Chai [15] for epoxy
bonds for which the interaction point is experimentally shown to be influenced by
the brittleness and the thickness of the bond.

Ge(¥r) = 1 (2.20)

2.4. Present Analysis including Bond Line Softening

2.4.1. General

The failure process in a small material volume when the material has reached the
peak stress and subsequently will attain a state of complete failure will be studied.
The material degradation is not necessarily abrupt, as it may involve a considerate
amount of energy dissipation. However, due to instabilities, such characteristics are
rarely recorded in direct material testings. This topic will be further discussed in
the following chapter.

The present theory has its origin in the Fictitious Crack Model, FCM, presented
by Hillerborg et al. in 1976 [44]. This model has reached vast acceptance in the
analysis of fracturing concrete [38, 72], but it has also been applied to other materials
such as fibre-reinforced plastics and laminates [4, 84] and wood [12, 38].

The concept of FCM is presented in Fig. 2.9. As load is applied to the specimen,
it will initially behave linear elastic (A), but as the load is increased there will be
micro-cracks in the specimen yielding nonlinear behaviour (B). At peak stress a
localized fracture zone will be formed, which gradually will open during increasing
deformation but decreasing external load on the specimen (C). The surrounding
material will unload when the process zone softens and, hence, to facilitate stable
performance during the complete test, the softening deformations must be larger
than the unloading recovery.

2.4.2. One-dimensional analysis

In the literature there are a few references on joint analysis, including bond line
softening, to be found. For joints loaded perpendicular to the bond line, mode-T
analyses have been presented by Ungsuwarungsri and Knauss [92] and by Stigh [88].

A pure shear analysis has been performed by Ottosen and Olsson [68] using the
same basic assumptions as in Volkersen theory, i.e. pure tension adherends and
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Figure 2.9: Stable test result for a brittle material. The fracture process may be di-
vided into three characteristic stages: A linear elastic, B micro-cracking, C localized
failure.

pure shear adhesive, but using a bi-linear stress-strain bond model including either
plastic hardening or softening. A parametric study on how different characteristic
joint parameters influence joint strength was performed.

The present pure shear analysis is based on a paper presented by Gustafsson in
1987 [39], which was further discussed in [98]. This non-linear fracture mechanics
approach is found to be a unified theory incorporating linear elastic fracture mechan-
ics, linear and nonlinear elastic analysis including some maximum strain or stress
criterion, and limit load ideal plasticity as special cases. By means of the present
theory, it is possible to handle the special cases of linear elastic fracture mechanics
and conventional maximum stress analysis, as well as an intermediate region where
these special models cannot singly describe the failure process. Furthermore, it is
possible to determine if or when the special models are applicable. The present
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Figure 2.10: Single lap joint with constant width by = by = bs.

.
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Figure 2.11: Constitutive relation of a bond line in pure shear.

model is nonlinear in the sense that it has a nonlinear stress-deformation relation,
and it is a fracture mechanics model, since it gives a description of the local mechan-
ical performance of the bond line all the way to its complete separation. Moreover,
major material properties can be expressed in terms of critical energies related to
those in conventional fracture mechanics.

In softening analysis of adhesive joints it is legitimate to consider the bond line
to have no initial thickness. Hence, the deformations will be described as relative
openings across and slips along the bond and the longitudinal strain will equal that
of the adjacent material. A single lap joint of the type in Fig. 2.10 is considered,
for which the bond line is assumed to have no initial thickness. The mechanical
properties of a bond line, given in Fig. 2.11, are constituted by the relation between
the local shear stress, 7y, and the local shear displacement, 6y, across the adheswe
layer.

The predominant bond parameters are strength, 74, and fracture energy, Gy,
which is defined as the energy required to bring a unit area of the bond surface to
complete fracture. This corresponds to the area under the 7, — 8,y curve, i.e.

o
G = /0 Toyd6sy (2.21)

In case of self-similar crack propagation, i.e. if the process zone will maintain its
size and shape during the propagation, the critical energy release rate, G can be
expected to coincide with GYy.

Joint strength, i.e. the load carrying capacity, is defined as the maximum load,
P.oz, during gradual increase of joint deformation, and as the 7, — 6y curve is
bounded, no special fracture criterion is required. The normalized load carrying
capacity or normalized mean shear stress at failure may he expressed as a function
of only three variables [39]

Pras e}
=F 2.22
740 {Emaf ’“’ g] (2.22)

where a = t, Ey /t,E; < 1.0 and ¢ is the shape function of the normalized 75y — 6y
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Figure 2.12: Simplified constitutive relation of a bond line in pure shear.

curve, T, /7s versus é,,/(Gy/75). If @ and g are not changed, the normalized load
carrying capacity is governed by the ratio

0272

w2 S

1= Elthf

(2.23)

which in the following will be referred to as the brittleness ratio. It depends on
the absolute size of the joint through ¢, on its geometric shape through £/t;, on
the stiffness of the adhering material through E; and on the bond line properties
through ratio 77/Gy. '

The inverse of the brittleness ratio may be separated into E1Gy/7} and t;/£2.
E1Gy/7} has the dimension length; it may be regarded as a combined inherent
length parameter for joint materials and it is related to the characteristic length
parameter, £, = EG;/f2, used in analysis of fracture softening solid materials [44],
which relates to the size of the process zone, cf. Eq. (4.3). Ratio t;/¢* can be directly
compared to the empirically determined joint factor, \/t/{, given by de Bruyne [14].

For a symmetric joint, t; = ¢, = t and By = E, = E, with the simplified
constitutive curve shape given in Fig. 2.12 the explicit expression for Eq. (2.22) is

[98]
]Jmaw Y (5]
e = e fagihy | 2.24

bl wy an ( - > ( )

where 7 is given by the present load case, shown in Fig. 2.13. In Fig. 2.14, Eq. (2.24)
is plotted. By means of the brittleness ratio it is possible to distinguish three
zones characterizing joint performance. For the limit case of the brittleness ratio
approaching zero, the right hand expression of Eq. (2405) will approach 1, and Ppes
will be equal to 7¢b¢. A small brittleness ratio corresponds to uniform yielding, and
for an increasing joint loading the entire joint will obtain its maximum stress, 7y,
simultaneously. Accordingly, for small brittleness ratios the single bond variable
affecting joint strength is the local bond strength, 74. The strength criterion will
correspond to the limit load ideal plasticity suggested by Crocombe [21], see Sec. 2.2.

For large brittleness ratios the tanh expression in Eq. (2405) reaches 1, and the
normalized maximum load capacity will become directly proportional to the inverse
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Figure 2.13: Different load cases of a symmetric lap joint: a) tension-tension load-
ing, b) anti-symmetric loading, c) anti-symmetric loading, including adherend bend-
ing.

square root of the brittleness ratio, i.e.

Prnaw = YBJLEG, (2.25)

This corresponds to analysis based on linear elastic fracture mechanics, and Ppyy
will be proportional to /t EG;. Notice that bond line fracture energy, Gy, and the
adherend stiffness modulus, F, have the same dignity in the strength function.

In the intermediate range, P,,q, will be a function of both 77 and /tEGy as well

as of the shape of the 7., — &, curve. In [39], corresponding curves are given for
some different simplified shapes of the 7, — 8, relation for the case of v = 2. A
corresponding analysis based on the J-integral approach has later been performed

by Hu et al. [47].

2.4.3. Mixed-mode analysis

It is a well established rule of thumb that adhesive joints should, if possible, be
designed so that the force transferring will be dominated by shear stresses [41]. In
practical applications, many joints cannot be considered to be in a state of pure
shear and should hence be analysed with respect to a combined stress state. Such
analysis should in a general case include mixed-mode criteria for stresses as well as
for fracture energy.

A mixed-mode joint analysis for thin and flexible joints is presented by Edlund
[27]. The adhesive layer is modelled as a material surface with coupled elastic-
plastic material description including isotropic hardening and damage. Schellekens
[84] presents a similar model for composite structures taking into account the or-
thotropic behaviour with regards to stiffness and strength properties. These models
are based on theory of plasticity and coupled in the sense that the yield condition
is dependent on the mixed-mode stress state. Hardening and softening is accounted
for by expanding and shrinking the yield surface, respectively, through some scalar
multiplication factor.
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Figure 2.14: Normalized joint strength versus brittleness ratio for symmetric lap
joints with different loading conditions.

In the general theory of elasticity three main groups of materials may be dis-
tinguished, namely hyper-elastic, Cauchy elastic and hypo-elastic. For hyper-elastic
materials the strain energy function w, = [ o;;de;; is independent of path and is
hence a potential for stress, while for Caucy elastic materials w, is path dependent.
For hyper-elastic as well as for Caucy elastic materials the stress state is uniquely
defined by the state of strain. The total fracture energy, Gy, is for the in-plane
mixed-mode fracture determined by

Gy = ./F(Jd&n + 7dés) (2.26)

where T is the deformation path that results in complete separation of the actual
bond line, For hyper-elastic materials Eq. (2.26) suggests that Gy = Gy(¥) is
constant.

Hypo-elastic means elastic in a lower sense, but all elastic materials (hyper-elastic
or Caucy elastic) are not hypo-elastic. However, every isotropic elastic material with
invertible stress-strain relation is indeed hypo-elastic. In hypo-elasticity increments
of stress are linear related to increments of strain (as in common incremental theories
of plasticity), and it is possible to enlarge the hypo-elastic approach to account for
inelastic behaviour as well.

In the application to adhesive joints, there is a lack of experimental recordings
able to verify any of the models mentioned above. Furthermore, simple models of
analysis may be valid for certain sets of material but not involve a general cogency,
cf. the classification of mixed-mode fracture resistance by means of brittleness in
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Fig. 2.7. In the present analysis total fracture energy is in general path dependent
(depends on the mode of mixity), and materials involved may be characterized as
Caucy elastic.

As a consequence of assuming negligible bond thickness, the stress components
acting parallel to the bond surface, i.e. with coordinates given in Fig. 2.1, o, and
o,, will not be considered in the fracture modelling. This may be a rational sim-
plification if the adhesive layer is thin and flexible in comparison to the adjoining
substrates. In case of wooden joints the difference in stiffness is not always so pro-
nounced and, depending on the load case, o, may be of considerable magnitude. If
these components are considered to be of significance in the analysis, for instance
in some strength criterion based on principal stresses, the strain components can be
set equal to those of the adjacent material.

An additional consequence of neglecting the bond thickness is that the strain
as a measure has no interpretation, as it is to be related to a zero thickness. In-
stead, corresponding deformation components should be used. If, however, a linear
displacement field is assumed over a fictitious thickness, ', a fictitious strain param-
eter, v/ = §/t', may be used in a FE-code with regular 2-D elements.

For a bond line with negligible thickness a general stress-deformation description
may be given in the form

oy Dy Diz D ][ 6
oy | =| Dn Dn Das | | by (2.27)
Tys D3y Ds; Dss .

where D;; are stiffness variables which may be functions of the current state of stress
or deformation. By prescribing é,, to be zero, the equations are reduced to

&y Dy D[ §,
' - X 2.28
RN} o2
The corresponding relation for the case of 7, =0 is
Dy3D D13D
Dn——p=— Du—=—p— |
& 33 33 by
i Dy3 D3 D23 D3z oY
Dy — Dyy — D
33 33

For the condition of only two stress and deformation components considered, the
notation will be changed in the following to o and r for stresses and 6,, and &, for
opening normal and shear deformations, respectively.

A further assumption that may be introduced is that there is no coupling between
normal and shear stresses and the shear stresses are mutually uncoupled, i.e. the off-
diagonal terms in Eq. (2.27) are zero and Eqgs. (2.28) and (2.29) are identical. This



2.4, PRESENT ANALYSIS INCLUDING BOND LINE SOFTENING 31

b = U3~y

-

———

Figure 2.15: Spring model of the present mized-mode bond line model.

assumption is often acceptable in the elastic state, but in softening such coupling
may be significant. In the present analysis no coupling is assumed in the initial
elastic region but in the softening region there will be a full coupling. Furthermore,
the softening criterion is determined by the mixed-mode deformation state.

The bond line model may be described as two coupled springs, illustrated in
Fig. 2.15. The springs connect two adjacent nodal points of the adherend material.
One tension/compression spring acts perpendicular to the bond surface and one
shear spring acts along the bond line. Whether or not in-plane normal stresses and
strains are included in the analysis, the thin adhesive layer will have a negligible
contribution to the longitudinal global joint stiffness. It is hence not motivated to
add such a stiffness component.

The applied model is a mixed-mode expansion of multi-linear one-dimensional
stress-displacement curves, given in Fig. 2.16. The stress components o and 7 are
defined by the relative displacements é,, and §;.

o = a(dy,,8) (2.30)
7 = 7(6n, 65) (2.31)

Along the positive é,-axis, the ¢ — §, relation is equal to its uniaxial curve
and the shear stress is zero. Correspondingly, along the shear deformation axis the
normal stress, o, will be zero and the shear stress, 7, will coincide with that of the
one-dimensional pure shear relation.

The most severe load case for many joints is the combined opening mode, i.e.
for 8, > 0, and most emphasis has consequently been placed on making a refined
material description in this region. If in the model §, < 0 the o — &, relation is
assumed to be linear elastic, independent of §; and the 7 — &, relation is taken to
be equal to that for §, = 0, i.e. in the pure shear state. The constitutive model is
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Figure 2.16: One-dimensional multi-linear stress-displacement relations.

further symmetric in the sense that

(60, 85) = (62, —65) (2.32)
(60, 8s) = — 7(6n, —6s) (2.33)

Focusing on the first quadrant, i.e. §, > 0 and §; > 0, some typical examples are
given in Figs. 2.17 - 2.18 of assumed stress representations. The stress surfaces in
the examples are generated by use of bi- and tri-linear stress-displacement relations,
respectively.

In order to describe how the stresses o and 7 depend on the relative displacements
6, and &, it is convenient to introduce a polar coordinate system, see Fig. 2.19.
Eqs. (2.30) and(2.31) can then be expressed as

o= o(6,v) (2.34)
= 17(8,%) (2.35)

where

§ = /8248 (2.36)

P o= arctan(gi) | (2.37)

n
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Ezample of assumed bi-linear mized-mode stress-deformation relations.

.
.

Figure 2.17



CHAPTER
2 M
ETHODS OF FRACTURE ANAL
YSIS

34

£
r
s S LA T A
G AR a8
o -
e 2
L7
=

SR
N
SRR

=
s
e R S
"."“““l‘ﬂ/r@z
“"“"Iﬂ!‘!ﬂ: N
""“""“ﬂ!’/ N
""‘f"""o/
oo
e R R W
S
TS
N\
SNy
=—

Figure 2
.18: Eza
: mple of ass
SSU -11
med tri-linear mized-mode st
e stress-deformati
mation relat
1018,



2.4. PRESENT ANALYSIS INCLUDING BOND LINE SOFTENING 35

6nk,’,q 6nk

Figure 2.19: Polar coordinate description.

The mixed-mode stress-deformation relations for o — é and 7 — § are for constant
¥ supposed to maintain its stepwise linear shape, but vary smoothly with the angle
¥. Accordingly, for increasing value of ¥, the o —§ curve will shrink from a maximum
at ¢ = 0, while the 7 —§ relation will expand towards a maximum for ¢ = Z (= 90°).

Let first 6; be a é-value describing the beginning or the end of a linear part of
the stress-deformation curve according to Fig. 2.16. The displacement components,
Onk,q = O costp and b4, = 6k sin are used in the relation

617,k a " 6sk a "
: : = 1.0 2.38
( 5111; ) + ( 6sk ) ( )
in order to define a ]).roper function for §; = §x(), cf. Eq. (2.19). Eq. (2.38) can be
solved easily when m = n,

8u($) = chj:b) + (Sgl:b) ]-m | (2.39)

For the four different combinations of m and n being 1 and 2, the expressions

for éx(v) are

6sk
k(¢) cr COS B + Sin P orm n
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5sk
\/0%70032 P + sin® ¢

1 Ck tan 1 ?
= —§p— |4|1+4 -1} f =1l,n=
6i(¥) 5% Gin o tan 9 (J + ( o ) ) orm=1,n=2

_ 16, tan Ci 2 _ _
Sk(v) = 3o cos ¥ (J1+4<tanz/)> —1) form=2,n=1

ck = — (2.40)

form =n=2

o(¥) =

where

For a given value of § and for the angle 1, the present stresses o, and 7, are
determined by the relations

0o = Oka+t w(g — &) (2.41)
' S41 — Ok

R o Y (2.42)
k+1 — Ok

in accordance with Fig. 2.20
The stresses o, and Ty, are generally defined by the relation

P
Tha = (-——cﬁ———> o (2.43)

¢ + tany
tanp, )’
[ L L 2.44
Ty (ck. +tanv,b) Tk (2:44)
It is easily seen that

_ o forp =0

The = 10 foryp=1%

_ 0 foryp=0

The = \ g forgp=12

The values p and ¢ have to be chosen in order to obtain best possible fit to
experimental values of o} and 7 for various values of 9 in the interval 0 < < .
It was, however, found according to experimental results that even with the simplest
choice

p=q=1 (2.45)

a reasonable agreement could be obtained. Due to this and for the sake of simplicity
only these values of p and ¢ will be used in this report.
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Figure 2.20: Linear stress-deformation relation in radial direction.

"Contour plots of Figs. 2.17 and 2.18 are given in Figs. 2.21 to 2.24 corresponding
to bi-linear and tri-linear models. The material parameters used are: peak stresses
o; = 6.5 MPa and 7; = 10.0 MPa, uniaxial fracture energies Gy, = 360 Nm/m? and
Gss = 980 Nm/m?, and the powers in Eq. (2.38) are chosen to be m = n = 2, cf.
Fig 5.6. The deformation components may be directly interpreted from the contour
figures.

In a finite element analysis, the stiffness components D;; given in Eq. (2.28)
are required. The present nonlinear analysis is made in incremental form and,
hence, the stiffness matrix requested is the tangential stiffness at the actual values
of deformation components &, , and 8, ,. The stiffness matrix may hence be written

as
| do 0o
Du D] _| 00 08 16)
D Do or or '
06, 06,

As the stresses and deformations are expressed in polar coordinates the stiffness
matrix may be expressed by means of the chain rule as

9o 0do 9o 9o 98 06
96, 88, 98 dp || 86, 96,
= (2.47)
o o7 or or || 9y O
06, 06, a6 a6, 06,

The second right hand matrix is obtained through standard derivations and it



38 CHAPTER 2. METHODS OF FRACTURE ANALYSIS

6g, (mm)

018+
016 1
0144
0.12-
014
0.08+
0.06+1
0.047
0.021

; 8, (mm)
015 ‘

g, (mm)

&, (mm)

0 0.05 04 015

Figure 2.22: 7-contour of bi-linear mized-mode model.
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Figure 2.24: 7-contour of tri-linear mized-mode model.
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will take the form [52]

6675 365 costy siny
8 - _sinz/) cos 1) (2.48)
26, 08, 6 6

The components %% and % are also straightforward to determine, as the stress-
deformation relations are assumed to be stepwise linear in the §-direction. Accord-
ingly, the radial stiffness components are expressed as

do Ok41,a — Okya

= kre e 2.4
35 = re1 — o0 (249)
0T Thila = Tha

2L kHle” ke 250
a6 Opy1 — Ok (2.50)

where the stress components are given by Egs. (2.43) and (2.44).

The determination of explicit expressions for the angular stiffness components is
more complicated. This could be done for the special cases of integer values of m and
n, preferably with some symbolic mathematical computer program such as Maple
[66). In the present study, Eqs. (2.49) and (2.50) has been evaluated numerically.
The stresses have been calculated for two close angles ¥ and ¥ + At which directly
gives the angular stiffnesses as ‘

do _o(y+ AY) — ()

55~ A (2.51)
or _t(h+ AvY) — 7()
a5 = A (2.52)

A basic assumption for the applied model is that the deformations § will be
increasing during the loading process. Using the model in case of unloading means
that all deformations are supposed to be recoverable, i.e. at negative deformation
increments the stress level will follow the same curve as for the case of loading,
see Fig 2.25. This is a violation of the expected physical behaviour, but for the
applications in mind in the present study, unloading in the bond are not expected
and it is checked that unloading effects are negligible. An implementation of reduced
stiffnesses at unloading could be introduced, but this requires knowledge of the
unloading characteristics of bond lines in the softening region and such knowledge
is presently not available. If softening is supposed to be a pure plastic process, the
incremental unloading stiffness could be expected to correspond to the initial elastic
stiffness. If on the other hand the softening is due to damage, the unloading path
will be expected to revert to the origin. As for other bond properties, the unloading
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Figure 2.25: Loading and elastic unloading in pure shear.

characteristics may vary with the type of material involved, but it has not been
within the scope of this study to investigate such effects.

The uniaxial fracture energies are given by the input data. For mixed-mode,
the magnitude of Gy is governed by the power parameters m and n and by the
deformation path. The total mixed-mode fracture energy is the sum of the contri-
bution from the two modes as given by Eq. (2.26). The mixed-mode angle, ¥,
given in Eq. (2.18), is not applicable in a straightforward manner. Instead, based
on the present model, it is natural to express the mode-mixity as a function of the
ratio of the deformation components, cf. Eq. (2.37). In order to obtain a better
correspondence to ¥y an angle ¥ may alternatively be used, which is defined as

e = arctan ( G ) (2.53)
an

where Gy, and Gy, are determined as the energies under the respective stress-
deformation curves, using Eq. (2.26).

For a radial deformation paths in the 4, — 6, field, the mode-II component is
illustrated as a solid line in Fig. 2.26. In order to indicate the path dependence
of the fracture energy, Gy for the cases shown given in Figs. 2.21 and 2.22, two
additional paths are calculated and plotted in Fig. 2.27 as a function of the angle 1.
The fracture energy in case A is obtained by following radial paths over the interval
0 < 4y, £ éy. The curves B represents the corresponding fracture energy attained by
moving first from 6 = 0 to § = 4,0 followed by a path in §, direction leading to a
complete failure. The directions are opposite in case C. It is clear that the use of
the model results in a substantial path dependence.

2.5. Discontinuous Performance due to Wood Failure

Wood failure is commonly used as an indication of a proper choice of adhesive.
The strength exposed by the adhesive is interpreted as, from the mechanical point



42 CHAPTER 2. METHODS OF FRACTURE ANALYSIS

2

6.t 6n0

1200

1000

800 2.
& : :
£ z z
£ :
£ 600 : :
X : :
5

400 : :

QOO -+ +vier e %“”“”“,”H”Hé“”””” ............

A I SN S SR S NS N S
50 60 70 80 90

Figure 2.27: Path dependence of the fracture energy.
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Figure 2.28: Discontinuous fracture energy function.

of view, being superior to the wood material, and hence adhesive properties are
of no further concern. However, the present test series as well as other tests, e.g.
[19, 34, 75], have indicated that even though wood failure occurs, the choice of
adhesive affects joint strength and, furthermore, strength may be greater for joints
with a small amount of wood failure than for joints with predominating adherend
failure. This behaviour is difficult to explain from a conventional maximum stress
point of view. Using fracture mechanics it may, however, be expounded in a rather
simple and logical way.

Wang and Suo [95] report that for brittle epoxy-aluminium joints in predom-
inant mode-I, the crack often runs within the epoxy layer rather than along the
epoxy-aluminium interface, although the fracture energy for the epoxy is more than
two times higher than for the interface. As a consequence the mixed-mode frac-
ture energy diagram-in Fig. 2.7 will expose discontinuous characteristics. A more
thorough examinations of the same observation is given in Fleck et al. [32] where
the breaking point was observed to be in the range of ¥x = 15°. They derive an
expression for crack location by means of a bi-material stress intensity approach and
prescribe the crack to follow a path where Ky = 0.

A more straightforward explanation is that the weakest material will fail, inde-
pendent of the fracture energy. For a mixed-mode case this is illustrated in Fig. 2.28,
in which plausible strength criteria for wood and the bond, respectively, are given.
For mode-I dominated failure the bond strength is higher than that of the wood
material, yielding wood failure, and vice versa for mode-II dominated failure. If
the adhesive layer has a larger fracture energy than the wood material, there will
be a discontinuous Gy — v diagram, indicating an abrupt change in joint strength if
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6
Figure 2.29: Effective fracture energy, G5, of adhesive bond lines at wood failure.

fracture energy is the predominating bond property.

With regard to possibility of wood failure, an optimal bond line in a brittle joint
should have a large fracture energy but not be stronger than the adjacent wood
material. In the analysis, two material models should be included, one for the bond
line and one for wood, and the one to be used should be determined by a strength
criterion such as in Fig. 2.28. This is not necessarily unique for wooden joints; in
e.g. metal joining the same phenomenon may occur but possible failure paths will
be in the brittle interface and in the tougher adhesive layer.

A common observation in the literature is that even though there is wood failure,
joint strength is clearly influenced by the choice of adhesive. An explanation of this
is given by Gustafsson [39], and illustrated in Fig. 2.29. In case of wood failure, an
effective fracture energy, G%, may be defined as being a combination of bond line
and wood fracture energies. Joint strength will be a function of fracture energy, but
the magnitude of G may be a function of bond line material curve shape. Assume
two geometrically identical joints bonded by two different adhesives, exposing diverse
characteristic properties. Bond line a exhibits higher strength, larger fracture energy
and higher initial stiffness properties than bond b. Additionally, the adhering wood
material is expected to reveal lower strength, 74, and more brittle behaviour than
any of the bond lines. When load is applied, the bond lines will respond according
to their respective material curves. At the level when actual stress reaches wood
strength, the failure process zone will shift from the bond line to the adhering
wood material, and if wood is assumed to involve a fracture energy of minute size,
the effective energies will be those marked in Fig. 2.29. Bond line a exposing a
considerably larger actual fracture energy than bond b, will, in case of wood failure,
exhibit a substantially smaller effective fracture energy, represented by the striped
area, than bond b, given by the shaded area.



3. EXPERIMENTAL METHODS

3.1. General Remarks

There is a variety of methods for testing mechanical properties of adhesive joints. It
is not possible to pinpoint one of these as optimal, as the objective for testing varies
and as each method has its special advantages and perhaps disadvantages. One
method may be simple to perform in laboratory, but more complicated to analyse
and generalize. Another method might be favourable from the evaluation point
of view, but may be very costly and entail high requirements on the laboratory
equipment and the personnel who will perform the testing.

There are also different objectives for testing. The most common methods are
used to ensure some minimum quality of the bond lines, while the ambition of other
methods is higher. They may primarily be used to determine different material
moduli of bond lines or adhesive bulk materials. In the determination of such moduli,
it is important to refine the state of stress to keep shear properties distinct from
tension and compression properties, also when studying the mixed-mode interaction
between these stress components.

Many adhesive properties can probably most conveniently be determined in bulk.
The adhesive material is then cast into shapes that can be tested in regular stan-
dard tension and compression tests. This approach is commonly used to determine
properties like Young’s modulus and Poisson’s ratio of epoxies and other structural
adhesives. For many wood adhesives, however, the curing mechanism involves inter-
action between the adhesive and the wood surface including exchange of moisture,
solvents, etc. Consequently, bulk properties can be expected to differ from those
of a bond line. For adhesives which set by chemical reaction, too, it is doubtful
whether the properties in bulk are comparable to those in bond lines, especially at
large plastic deformations. Furthermore, the probably most coveted properties are
those in shear. The most commonly used test methods for evaluating shear proper-
ties of bulk materials are rather complicated and require fairly large specimens. As
adhesives tend to shrink during curing, large-size cast blocks may have significant
internal stresses, which may cause micro as well as macro cracks in the specimens.
This effect may also occur in bond lines where the shrinkage is partly restrained, but
the curing process will differ implying rather small internal stresses in thin bonds.
If so, however, the specimen stresses will rather well correspond to those of a real
joint.

Accordingly, for wooden joints it is more warranted to test in situ bond lines

45



46 CHAPTER 3. EXPERIMENTAL METHODS

— 1:

i
10
150 20
a)
5
S—— ][ 5+a
° L
10 L
20
150
b)

Figure 3.1: CEN - prEN 302 shear specimen. a) Thin bonds. b) Thick bonds.

and to define mechanical properties as being those of the bond line, including the
interface to the wood material. The material properties of main concern in joint
design are strength and fracture energy, to which in situ bond testing is well adopted.
The bond line is thin in comparison to the total size of the joint, and even with
modern transducers it is difficult to record small relative motions, especially in
mixed-mode. Hence, if properties like Young’s modulus and Poisson’s ratio are
requested, these are rather difficult to determine, but the development of optical
measuring techniques will most probably facilitate such recordings in the near future.

3.1.1. Standard test methods

For determination of bond line strength there is a number of more or less proper
standard or non-standard methods reported in the literature. A discussion of some of
these methods can be found in [98]. In the following there will be a short presentation
of the CEN - prEN 302 specimen, given in Fig. 3.1, which is the standard method in
connection with Eurocode 5. The specimen is identical to the DIN 53254 specimen.

In [98] one-dimensional evaluation of some standard shear specimens is performed
regarding the uniformity and pure state of stress. According to the one dimensional
analysis of Eq.(2.24) with v = 2.0, 7; = 10 MPa, G; = 980 Nm/m? and E = 13 GPa,
the normalized specimen strength, 7 = Ppe./(77b€), is 0.98. The correspondence
between specimen and bond line strength can thus be expected to be good. It may,
however, be questioned if not the normal stresses in the bond line also will have
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Figure 3.2: Stress distribution in the CEN - prEN 302 shear specimen. The curves
are given for two load levels, P = 1.12 kN (elastic) and P = 1.87 kN (mazimum
load).

an influence on the strength. Fig. 3.2 shows the stress distribution at the limit of
the linear elastic state and at maximum load obtained from a mixed-mode FEM
analysis (with the trilinear R/P model given in Fig. 5.6 and wood properties in
accordance to Eq. (5.38)). The analysis included 50 elements along the bond line.
It is clear that there is a considerable mixed-mode stress state at the bond line ends
with 7/0 &~ 4, and furthermore, the elastic stress state is not quite as uniform as
could be expected. The normalized shear strength is 0.93, which is slightly less than
for the one-dimensional analysis. However, the load at initial plasticization of the
bond line is only about 0.6 times the maximum load carrying capacity for which the
stress distribution is rather uniform. The resorcinol/phenol adhesive in the example
is a rather brittle adhesive. For more ductile adhesives P,,,;/A will be more equal
with the bond line strength ;.

The analysis is made assuming pinned and roller support on the bond line sym-
metry axis at the specimen ends, cf. Fig. 3.2. A rigid support will imply bending
moments in the specimen with an average normal stress, o,, # 0. However, in
accordance with the analysis, a rigid support would in the example only affect the
specimen strength to a minor extent (about 1.5 %, presupposing that no bending is
induced at the mounting of the specimen). Correspondingly, a deviation in stiffness
of the adherends will be of minute effect. A 10 percent difference in stiffness of the
two adherends implies in the example a 0.3 percent decrease of specimen strength.
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A SECTION A-A

Figure 3.3: ASTM D-905 shear test configuration and specimen geometry.
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Figure 3.4: Stress distribution along the bond line of the ASTM D-905 shear specimen
at the limit of the linear elastic state (€) and at mazimum load (m).
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Another standard shear specimen is found in the ASTM D-905 standard. Spec-
imen geometry and the shearing tool are given in Fig. 3.3. The load is applied at a
constant rate of deformation of a movable head. Mean stress at failure as well as the
amount of wood failure is reported. A corresponding FE analysis, using identical
material properties as for the CEN specimen above and with 76 elements along the
bond line was performed. The normalized shear strength was calculated to 0.72,
which is a remarkably low value for a shear strength specimen. The low value is
partly due to the long overlap length (38 mm), but also because of rather large
normal stresses. In Fig. 3.4 the stress distribution is given at the limit of the linear
elastic state and at maximum load obtained from a mixed-mode FEM analysis. An
analysis on the effect of varying the grain direction of the adherends was performed.
The objective was to evaluate the mechanical (stiffness) effects when testing spec-
imens bonded with different grain directions, and to distinguish these from effects
associated with adhesion problems. The normalized strength obtained, for the com-
bination of one adherend bonded along the grain and the other bonded on the end
grain side was ¥ = 0.16, and for end grain to end grain bonding it was slightly
larger, 7 = 0.22. The stiffness of the end to grain bonded adherend was achieved by
changing the positions of the stiffness components Dy; and D, in Eq. (5.38).

Fracture energy is preferably determined as the area under the complete stress -
deformation curve; applicable methods for such recordings for shear are not found
in the literature. However, there is a number of methods reported which study the
propagating failure in adhesive joints to determine critical stress intensity factors,
K., critical energy release rate, (., etc., which may be suitable for an indirect
determination of fracture energy, Gy, see e.g. [53]. The evaluation procedure of the
test results must possibly be changed to agree with the definition of fracture energy.
One of these standard methods, the commonly used double cantilever beam, DCB,
specimen, will be discussed in Sec. 3.3.2.

3.1.2. Stable test performance

To facilitate recordings of the complete stress-deformation curves of brittle adhesive
joints or of brittle materials in general, the stiffness of the material surrounding
the fracture process zone is crucial. Accordingly, it is important to aim at large
stiffnesses of the specimen, the grip arrangements as well as to have a stiff testing
machine. The required stiffness of the testing system is determined by the geometry
of the specimen, the stiffness and by the brittleness of the material to be tested, ¢f.
[72]. A relevant measure of fracture brittleness of a material is the characteristic
length, £, = EGy/ f, which is a part of the brittleness ratio discussed in Sec. 2.4.2.
In case of fracture by crack propagation, £., governs the size of the fracture zone;
for small values the fracture zone is small. To perform tests with a uniform stress
and gradual softening, the specimens have to be short with regard to £,. For
resorcinol /phenol joints in regular softwoods £, is in the range of approximately 10
mm in tension perpendicular to grain. Note that E is a modulus of the adherends,
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Table 3.1: Typical fracture mechanics material properties of some materials [38].

Material Ao fi F Gy \/EGf
mm | MPa| MPa | Nm/m? | MPay/m

Concrete 400 | 3.5 | 35000 140 2
Wood fibre board 120 7 4000 1500 2
Gypsum 20 1 4000 5 0.14
Steel 20 | 1000 | 200000 | 100000 150
Wood L grain 10 4 500 400 0.5
Carbon fibre/epoxy laminate | 8 | 600 | 70000 | 40000 50
Glass 0.5 30 75000 5 0.6

not of the adhesives.

For comparison values of £, and other fracture mechanics material properties
are listed for some different materials in Table 3.1. For large specimens with deep
initial cracks, the parameter ,/EG; corresponds accordingly to Eq. (2.14) to the
critical stress intensity factor, K, and hence also describe the stress state close to
the crack tip.

The values in Tab. 3.1 are approximate but give a qualitative measure of the
test performance for the materials involved. In Fig. 3.5 a plausible test result of e.g.
the CEN-specimen in Fig. 3.1 is illustrated. The total deformation (t) of a specimen
is the sum of the deformations in the bond line (b) and those of the surrounding
material and the testing machine (s). The test is assumed to be carried out being
able to control the grip displacements. At the state where the load has passed
the peak, the bond line begins to soften and concurrently the surrounding material
begins to unload as the applied load decreases. If the unloading deformations are
less than the softening, the test will perform in a stable manner. If not, the specimen
needs to decrease its deformations while the testing machine forces the deformation
to increase. Hence, the specimen will fail in a brittle manner. Possibly the specimen
will not fail completely and the last part of the curve will be recorded. However,
the area below the curve, expressed by Gy, remains unknown.

In accordance with Fig. 3.5 it is poss(ible, from static stiffness considerations,
to establish expressions for stability requirements of the components of the testing
machine, or to determine which specimens can be tested in a stable manner with a
given testing machine.

Modern material testing machines are usually equipped with a computerized
closed-loop control system, see Sec. 3.1.3. In combination with improved optical
transducers that we might expect to be available in a future, the feasibility of record-
ing brittle failure will increase. It will then be possible to choose a controlling length
on the specimen close to the size of the fracture zone.
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6

Figure 3.5: Requirements for stable test performance for a setup with serial stiff-
nesses.

3.1.3. Testing machines

The two most important properties of a testing machine, when testing for the com-
plete stress-deformation curve of brittle materials, are response rate and stiffness.
One of the earliest and most cited stable test series on brittle materials is that
of Petersson [72]. He recorded the normal stress versus the widening of a crack
in plain concrete with a very stiff testing machine. It consisted of two concrete
blocks connected by three insulated aluminium columns. By heating the columns
the aluminium expanded, yielding a rigid but slow separation of the concrete blocks.

In the uniaxial test programme of the present study, a closed-loop, MTS 810,
100 kN testing machine was used. The machine is characterized by being rather stiff
(total stiffness including actuator and 100 kN load cell is in the range of 40 MN/m)
but primarily by being fast, with a responding time of a few milliseconds. This
facilitates a fast response of the machine at rapid stiffness changes of the specimen.
This kind of machine is primarily designed for high frequency dynamic testing, where
the oil under high pressure is forced into and out of the actuators by servo valves.
In a closed-loop system the actual displacement or load in the actuator or external
transducers is commanded by a function generator. The feedback is then read and
subtracted from the command signal and the result is used to drive the servo valve so
that a state of equilibrium is maintained. The servo hydraulic system facilitates very
fast responses, but the perpetual opening and closing of the servo valves may imply
a rather nervous behaviour of the testing machine if it is not carefully calibrated for
the test setup in question.

Mixed-mode tests were performed on a biaxial testing machine with electrome-
chanical actuators, shown in Figs. 3.6-3.8. The main feature of the machine is its
large stiffness; approximately 50 MN/m in the horizontal direction and 100 MN/m
for vertical loading. The machine has at the present date not obtained its final ver-
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Figure 3.7: Setup of the bi-azial testing machine.

Figure 3.8: Mounted specimen on the bi-azial testing machine.
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Figure 3.9: Load-deformation curve with parallel stiffness.

sion. It still remains to increase the stiffnesses to approximately 200 MN/m in both
directions, primarily by improving the actuators and the load cell. The response
~ time is longer than for the servohydraulic machine (MTS 810) but still in the range
of only 10 ms for short strokes. The testing table has a size of approximately 2 -1
m?; it is made of solid steel with T-slots to attach the actuators, load frames, etc.
One actuator is mounted on the table and the other in perpendicular direction on a
crosshead. On each actuator there is also a set of linear bearings on which the test
specimen and a bi-axial load cell are mounted, vouching for well-defined movements
in the two perpendicular directions. The displacements are recorded with LVDT
transducers mounted on the grip arrangements.

In cases where the stiffness of the testing machine is too small, an additional
stiffness may be mounted parallel to the specimen, e.g. by a steel rod frame [31, 72].
For a given deformation, the parallel system means that the total load (t) will be
the sum of the load in the specimen (s) and the parallel frame (f). This is illustrated
in Fig. 3.9 for a case where a softening material curve may be determined in load
control of the testing machine. If the stiffness of the parallel frame (f) is well-
known, the evaluation of the specimen load-deformation curve is straightforward.
Alternatively, a load cell may be placed in series to the specimen, giving a direct
value of the specimen load. However, load cells tend to be rather weak as they must
deform to give a signal, and hence the gain of mounting the parallel frame will partly
vanish. The concept of parallel frame has not been used in this study.

3.2. Bond Line Stress vs. Deformation Fracture Tests

The objective in the development of material test methods has been to find meth-
ods to determine the complete stress - deformation curves in one single test. The
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Figure 3.10: Setup of the small shear test.

approach has been to use a short bond line to obtain a uniform stress distribution.
Further, by using a small specimen and stiff setup, instabilities can be avoided when
the bond line softens. The load is applied on the specimens so that the stress compo-
nents in the bond line will be well defined and possible to distinguish. To facilitate
recordings of the complete failure process, high requirements have to be placed on
the testing machine, the grip arrangements and the test specimen design.

3.2.1. Small shear specimen setup

The test configuration of the pure shear specimen is shown in Fig. 3.10. It was
first presented in [96] and also more thoroughly discussed in [98]. It consists of two
steel grips in which the wooden specimen is attached by epoxy resin. To stabilize
the setup, a steel ball is placed in a slot and tightened by a rubber band. This
counteracts possible bending, torsion and peeling during the test and the previous
handling. Load is applied in compression to simplify the mounting to the test
machine and to reduce the risk of instabilities during loading. Moment across the
specimen is primarily avoided by enforcing the applied load to act through the
symmetry axis of the bond.

Pure shear is achieved through an anti-symmetric loading of the specimen. Ideal
anti-symmetry requires that the steel grips are infinitely stiff in comparison to the
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Figure 3.11: Typical recorded load-deformation curve of bonded specimen and load-
ing/unloading curve of solid specimen.

wood specimen, and that the connection between steel and wood is perfect.

Uniform stress distribution is obtained by using a short bond line, only 5 mm. In
addition, the bond line is shorter than the specimen, which reduces the possibility of
wood failure and simplifies the attachment of the specimen to steel. Non-adhering
PTFE-film (Teflon) was used to limit the length and to control the thickness of
the bond. Linear elastic FE-analysis of the specimen verifies that a uniform stress
distribution is satisfactorily obtained [7]. The adherend size was in the present test
series 10-20-20 mm?, see Fig. 3.10. It was experienced that the test performance
was improved if the wood volume was reduced. In later tests, see e.g. [79] such
improvement was utilized.

In the present setup the deformation was recorded as the relative slip. of the
two steel grips, by clip gauges, which also were used for control of the testing ma-
chine. To transform the recorded force-slip curve of the specimen to a correspond-
ing stress-deformation curve of ‘the bond line, the specimen deformations outside
of the bond line must be regarded. Therefore, loading/unloading tests were also
performed on specimens of solid wood with cuts at the sides of the specimens in
order to simulate the geometry of the glued specimens. In the evaluation of the
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. ‘ Figure 3.12: Setup of the small tension test.

stress-deformation curves of the bonded specimens, cf. Fig. 3.11, the deformation of
the loading/unloading curves for solid wood is subtracted from the bond curves (the
loading curve for the ascending branch and the unloading curve for the softening
part). The possible small error in this evaluation will not affect the peak stress, 7;.
If the specimen outside of the bond line is assumed to be ideally elastic, the area
below the curve, i.e. Gy, will not change. Hence, only the shape of the material
curve might be slightly changed.

3.2.2. Small tension specimen setup

As for the shear specimen, the objective of the small tension specimen is to deter-
mine the complete stress-deformation relation in one single test. The method is
more thoroughly presented in [98] and the setup and specimen geometry are given
in Fig. 3.12. Two solid steel cylinders are mounted in the testing machine. The
specimen is bonded between the cylinders with a fast-curing epoxy. This glueing
procedure will increase the stiffness of the setup and counteract eccentric loading.
To avoid wood failure beech was used as adherend material, and to limit the bond
area PTFE-film was used.

The size of the bond is a compromise between being small enough to achieve
uniform stress and large enough to reduce the influence of possible boundary effects.
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20

Figure 3.13: Geometry of the small mized-mode specimens.

A small test series of four different bond sizes were performed which all gave similar
results. In order to obtain to similarities to the shear specimen, a bond area of
4 .25mm? was chosen. The load was applied with a constant loading rate of the two
cylinders and the evaluation procedure was similar to that of the shear specimen
including loading/unloading tests of pure wood.

3.2.3. Small mixed-mode specimen setup

The setup of the mixed-mode test, including the testing machine, is shown in
Figs. 3.6 - 3.8. The size of the specimen is smaller than in the uniaxial tests to
increase the overall stiffness outside of the fracture zone. Furthermore, the bond
length was reduced from 5 to 4 mm at an initial stage of the test program. The
specimen geometry is given in Fig. 3.13. There is a difference of the location of the
fracture zone for the bonded specimen in comparison to that of pure wood. In the
bonded specimen the bond line is placed in the middle of the specimen, while for
the pure wood specimen the corresponding fracture area is at one of the sides. The
latter choice is to prevent the wood failure area from growing larger than wanted.
The deformations are induced by pulling the linear bearings on which the spec-
imens are attached, cf. Fig. 3.7. The deformation control signal is given by two
LVDT-extensiometers measuring the relative displacements of the grips mounted on
the bearings, in their respective directions. The load cell is built in on the lower grip
of the specimen, cf. Fig. 3.7. It is designed as a four column frame on which strain
gauges are attached in such a way that the normal and the shear strains can be sep-
arated and transformed into corresponding loading measures. The testing machine,
including its signal processing and software, is at this date still in a development
phase. A disturbingly high level of noise in the signals has been considerably reduced
since the test series was completed. In the evaluation it has often been a process of
determining means of noisy signals which may involve errors. Accordingly, some of
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the quantitative values given in Sec. 4.2.3 should be handled with some care, but
there is no reason to question the overall qualitative results of the test series.

The specimen has different stiffness in normal and shear direction which implies
that the ratio between normal and shear deformations in the fracture zone will differ
from that of the bearings. In addition, the fracture zone will change its stiffness
during the tests. In the beginning the stiffness will be fairly large and positive while
during the softening the incremental stiffness will be negative. This implies that for
deformation control on the bearings the ratio of normal to shear deformation in the
bond will vary during the test. This topic is further discussed in Sec. 4.2.3. In the
evaluation of the present test series the aim has been to define the shear to normal
deformation ratio in the bond line to be the initial mean shear to mean normal
deformation ratio of the fracture zone.

The stiffness of the specimen outside of the bond line and the machine was
determined from loading/unloading tests of wood specimens with the same geometry
as for the bonded specimen. The recorded stiffnesses were approximately 1.2 and 2.0
MN/m in normal and shear direction, respectively. In the previous small specimen
tests, the difference of the loading and unloading curves was accounted for in the
evaluation. In the present series this difference was considered to be small and was
not accounted for in the evaluation.

3.3. Verification and Fracture Propagation Tests

To verify the results from the small size specimens and to confirm theoretical consid-
erations in the analysis, longer specimens with non-uniform stress states have been
used. By choosing specimens with appropriate brittleness the influence of strength
and fracture energy can be studied. For brittle joints the maximum load capacity
will be independent of bond strength, and these methods can therefore advanta-
geously be used for determination of bond line fracture energy, provided that the
adherend stiffness is known.

3.3.1. Large shear specimen

The concept of the large shear specimen, illustrated in Fig. 3.14, has previously and
more thoroughly been presented in [98]. The loading is applied anti-symmetrically
with respect to the symmetry axis of the specimen. The bond line will, due to this,
be in a state of pure shear. The bond line will as well get a curved shape when
loaded antisymmetrically. This is because one adherend is exposed to tensile stress
while the other is exposed to compressive stress. This bending effect is accounted
for by choosing the parameter v in Eq. (2.24) to be 0.5. Hence, the normalized
strength takes the form

P tanh (2w)

bl 2w

(3.1)
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Figure 3.14: Geometry and anti-symmetric loading of the large shear specimen,

with the brittleness ratio, w, defined as

. 02 72
o L1

. 3.2
t(V/b)E Gy (3:2)
where (b'/b) is the ratio of adherend to bond line width, i.e. an increased adherend
width may be compensated by increasing the adherend stiffness in the analysis.
For sufficiently large brittleness ratios the normalized joint strength will be pro-
portional to w™!, i.e the maximum load carrying capacity can be expressed as

1
Pras = 5/VO0LEGy (3.3)

Accordingly, P, is independent of £ and 7;. The only material properties of
relevance are the adherend stiffness modulus, F, and bond line fracture energy,
Gy. During a crack propagation the applied load will theoretically reach a plateau
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Figure 3.15: Double cantilever beam (DCB) specimen.

value with a constant magnitude of P, and deviations from this level may thus
be interpreted as variations of \/EGy along the bond line.
The corresponding shear slip at the point of load application can be expressed

5 BP¢ {a N coth 2w(1l — a/e)} (3.4)

T Eth ¢ 2w

as

where § is the relative displacement at the loading points and a is the crack length
[98]. Since there are no transverse shear forces in the adherends, the shear stiffness
of the adherend material will not affect § nor P,.;. This means that the above
equations refer to both isotropic and orthotropic materials. From stability consid-
erations, cf. Eq.(3.10), the large shear specimen may be considered as stable except
for the end of the crack propagation and insensitive to variations of the stiffnesses
of the testing machine and the grips.

3.3.2. Large tension specimen

One of the most commonly used cleavage (mode-I) tests is the double cantilever
beam, DCB, specimen, which has also been adopted in the codes, e.g. ASTM D
3433. The specimen, shown in Fig. 3.15, consists principally of two bonded beams
slit apart by two equal forces, P. The evaluation is based on the compliance method,
cf. Sec. 2.3.3. The compliance is here defined as C' = §/P, and it is determined by
means of beam theory or FEM. From Eq. (2.11) the energy release rate is given as

1, (dC
GC - 21)17111:1: <dA) (35)



62 CHAPTER 3. EXPERIMENTAL METHODS

In ASTM D 3433 an expression for the compliance, C, of the DCB specimen is

given as
8a® R\’

originating from Mostovoy et al. [67]. It includes bending and shear deformations
of the isotropic free beam ends of length a, with v = 0.3. In testing it is commonly
observed that the crack propagation will be partly unstable, implying the recorded
load-deflection curve to be notched. In ASTM it is suggested that the crack arrest
fracture toughness is evaluated as a mean of characterizing the bond material. This
arrest fracture toughness will be influenced by the material properties but it is to
a large extent a measure of the stability of the setup and, hence, its magnitude
will predominantly depend on the stiffness properties of the specimen, the testing
machine and the grip arrangements.

The total deflection, &, will not only be due to bending and shear deformations in
the beams. Rotations of the initially vertical beam cross section at the crack tip and
the deformation of the bond line may also have significant influence. In references
[25, 61] résumés are given of various expressions of C for the DCB specimen found
in the literature. Kanninen [51] has given a solution for an isotropic beam, with
a crack length a and assuming that the rest of the beam is resting on an elastic
foundation at length ¢ — . Then

R N ORIORS {O NI

where the foundation modulus, &, is associated to the stiffness of the adherends as
k =2Eb/h. Eq. (3.7) is valid when £— a is large in comparison to k. For orthotropic
materials Ashizawa [5] modified Eq. (3.7) to include the ratio of longitudinal to
transverse stiffness moduli,

o= il (2) (B i (2)'(2) vos(2)'(2)) o9

where E; and E; are the longitudinal and transverse stiffness moduli respectively,
and the coefficients inside the braces are empirically determined for orthotropic fibre
composites. From Eq. (3.8) it follows that the energy release rate may be determined

from the expression
¢ P7$ma,a’2 ¢ El —} h E1 h 2
Gre 12E1b2h {1—|—1.28 (E) <a> + 0.41 (E}) (—(;) (3.9)

-
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Figure 3.16: Normalized critical energy release rate G. versus a/h. Ei/E, = 81.
Gy is the critical energy release rate based on Eq. (3.6).

Similar solutions for specimens of orthotropic materials are given by Bao et al. [6]
and Komatsu et al. [55]. Also visco-elastic behaviour of the bond line is included in
[55].

In the evaluation of test results, the choice of compliance might be crucial. In
Fig. 3.16, the fracture energy evaluated from Eqs. (3.7) and (3.8), normalized with
respect to the values obtained by Eq. (3.6) and plotted versus the ratio a/h. For
small a/h the evaluated critical energy release rate G, is more than ten times as
high for Eq. (3.8) than for Eq. (3.6). Accordingly, the compliance should be carefully
determined for the type of specimen used.

The load, Ppqs, in Eq. (3.5) is a theoretical maximum load, assuming e.g. that
the fracture process zone has infinitesimal size. The recorded load-displacement
curve, in Fig. 3.17, suggests that P, is in the range of 150 N. However, for a
theoretical curve fitted to the test result, the maximum load capacity is in this
case approximately 30 % larger, and as GG, depends on P, squared an expected
underestimation of G, is about 40 %.

It is from the evaluation point of view desirable to obtain a smooth load-deflection
curve similar to the theoretical curve in Fig. 3.17. A condition for stable crack
propagation is given by Hellan [43],
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Figure 3.17: FEwvaluation example for resorcinol/phenol bonded DCB specimen. In

the end of the test the crack moved into the wooden adherends, yielding a larger

fracture surface and thus adopting a curve at a higher level.

8(G - G,)
e S0 (3.10)

Assuming G, to be constant, its derivative will be zero and, hence, the change of G

with respect to a will form a stability criterion for the specimen. With G, constant,
Eqgs. (3.10) and (3.5) give us stable crack propagation if
d@ 1d ,dC
12 — ) < 11
dA  2dA <P dA) =0 (3:11)

For displacement controlled test conditions the energy release conditions are anal-
ysed for constant §. With P = §/C, Eq. (3.11) may be written as

P? ((FC 2 (dC>2> <o (3.12)

dA? O \dA

2

With a specimen compliance based on Eq. (3.8), the stability criterion of Eq. (3.12)
for the DCB-specimen will always be satisfied. However, if the compliance of the
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Figure 3.18: Stability of a DCB specimen, with C,, = 0, 2.5 and 5 m/MN, respec-
tively.

testing machine and test setup, Cj, is included the inequality may not be fulfilled.
This is considered in Fig. 3.18 for some different values of Cy, for the case of £y = 13
GPa and E; = 0.16 GPa. Accordingly, the stiffness of the setup may be of signifi-
cance in the performance of the test and the initial crack length should be sufficiently
large. Another property that will influence the stability is the change in VEG,. A
variable G, can be included in Eq.(3.10), while a variation in adherend stiffness
must be included in the deduction of the compliance. Such variations has not been
considered in the present study.

From the evaluation point of view, it would be preferable if the recorded load-
displacement curve would take the plateau form as for the large shear specimen in
the previous section. This can be achieved by changing the geometry of the specimen
as suggested by ASTM D 3433 for the contoured double cantilever beam (CDCB)
specimen. The specimen is designed to have a compliance linearly dependent on a,
implying the peak load, P,, to be constant during the test. The spread in stiffness
properties of wood and the difficulty of obtaining a theoretical value of C, suggest
that the specimen should be experimentally calibrated before use. River and Okko-
nen [81] use a contoured specimen made of oriented strandboard sandwiched to a .
wood laminate having the test bond line in its centre. The strandboard part pre-
dominates the stiffness of the specimen and it is calibrated and reused for several
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tests. Other materials such as aluminium may also be used in composite specimens,
as suggested by Scott and River [85].

A different approach to obtain a plateau shape of the load-deflection curve is to
change the loading. The magnitudes of the stresses at the crack tip depend on the
applied load, P, times its lever a. If instead the load is applied as a moment the
stresses at the crack will be independent of the crack length. This is illustrated in
Fig. 3.19. From a stability viewpoint it may be advantageous to combine the moment
load with the contoured geometry. If e.g. a deviation in material properties causes
a steep but stable notch in the upper response curve of Fig. 3.19, the same deviation
will yield a considerably less severe irregularity of the curve for the lower response
curves.

From a more direct energy approach the fracture energy, Gy, may be evaluated
as the energy dissipation during the total failure process of the specimen. This
approach is described in [29] and was used in [12] for a short wooden DCB-specimen,
i.e. a compact tension CT-specimen. In the latter reference an approximate method
to deal with the theoretically very long tail of the P — é curve for the CT-specimen
is described.

Assuming negligible dead-weight of the specimen, the dissipated energy during
the fracture of the specimen will be equal to the area below the recorded P — 6
curve, that is

1 o0
Gy = / Pds 3.13
= (3.13)
where Ay, is the total bond area. In practice the complete P —§é curve will generally
not be recorded, due to local instabilities, and hence, the “true” area must be
approximated in one way or another.

3.3.3. Large mixed-mode bending (MMB) specimen

Mixed-mode testing is complicated as it is difficult to obtain a setup only including
two unequivocally defined, perpendicular stress or deformation modes. In addition,
verification tests on large specimens are preferably made in a standard. uniaxial
testing machine, and the mixed-modity of the stress state should hence depend
on specimen geometry and the point and direction of loading. In the literature
there are various mixed-mode crack propagation specimens presented to be used
for e.g. metal and composites. Two such methods are given in Fig. 3.20. The
four-point bending specimen was suggested by Charalambides et al. [17] and further
analysed in [18]. It will theoretically expose a plateau-shaped load-deflection curve
at propagating failure; the mixed-modity, ¥, will depend on the geometry but
will be in the range of 45°. The mixed-mode flexure specimen (MMF) [83], is a
DCB specimen loaded in bending and may be considered to be a combination of the
ENT shear specimen (mode-II) [83] and the DCB cleavage specimen (mode-I). The
mixed-mode state is achieved by supporting the cracked side of the ENF specimen
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Figure 3.19; Alternative geometry and loading of the double cantilever beam, DCB,
specimen.
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Figure 3.20: Mized-mode crack propagation specimens. (a) Four-point bending
notched spectimen. (b) Mized-mode flexure specimen, MMF.

on the upper adherend instead of the lower. The MMF specimen will expose a
similar load-deflection response curve as that of the DCB specimen discussed in
the previous section, which implies the evaluation to be done with a precautionary
measure. Likewise for a combination of mode-I and mode-/II loading of the DCB
specimen, which has been proposed by Chai [15].

In the present study a mixed-mode bending specimen (MMB) is proposed, which
is a combination of the large shear specimen and the moment-loaded DCB speci-
men [97]. Two different configurations are given in Fig. 3.21. For both specimens
the force-deformation curve will expose a plateau shape, which is positive from an
evaluation point of view. The mode-mixidity will be proportional to the eccentricity
of the applied load. In the upper specimen the adherends will be exposed to pure
bending, but there will be a geometric second-order effect due to increasing separa-
tion at crack propagation. For the lower specimen the steel grips will be in contact
and rotate on two steel balls. The free adherends will be statically indetermined
with a shear force due to the contact reaction. The shear deformations in the beams
will be negligible in comparison to bending deformations for sufficiently large crack
lengths, a. In the present test programme, only the configuration of Fig. 3.21b has
been used and thoroughly analysed.

The geometry of the MMB specimen is identical to that of the shear specimen,
cf. Fig. 3.14, with a bond length of 350 mm and an initial crack length of 100
mm. The wood specimen is glued into the steel grips which are joined by two steel
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Figure 3.21: Mized-mode bending specimens.

balls. The steel grips are loaded in tension, in accordance with Fig. 3.21b. The
load case may be separated into a pure mode-I and a pure mode-1I loading, which
is illustrated in Fig. 3.22. By means of conventional beam theory and linear elastic
fracture mechanics, the energy release rates of the two modes are given as

o P2 e\ 2 |

] = B_E’m (—h-> + shear force effects (3.14)
P2

Gy = 4 e (3.15)

P is the load applied with an eccentricity e, E is the elasticity modulus of the
adherends in bending, b and V' are the widths of the bond and the adherends re-
spectively, and & is the thickness of the adherends. For sufficiently large a, i.e. the
shear deformations can be neglected, the ratio of Gt to G'r; may be expressed as

Gy 3 /e\?
a;-z(z) (3.16)

Accordingly, for zero eccentricity, e = 0, it will be in a state of pure shear, and the
test will be identical to that of the pure shear specimen, while for large values of e,
the stresses will converge towards a pure mode-I state.

The test is run at a constant rate of stroke. For a sufficiently long joint, according
to Eqs. (3.14) and (3.15) the force that propagates the crack will reach a plateau
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Figure 3.22: Decomposition of the applied load in mode-1 and mode-I1.

level. To evaluate G, and Gy, some mean value of the plateau force is to be inserted
into Egs. (3.14) and (3.15).

According to Eqs. (3.14) and (3.15) the maximum bending stresses in the pure
modes can be expressed as

/

Ol = [ (e o) (3.17)
v il /

ol = %,/Ei;z“b (e — 0) (3.18)

Hence, the bending stresses will be highest in mode-I testing as long as Gj. < l;—’GIC.
The magnitude of the stresses in mixed-mode testing are not known as a proper
failure criterion; this is yet to be determined. Eqs. (3.17) and (3.18) imply that
the adherend bending stresses can be reduced by decreasing the ratio ¥'/b, or by
increasing the thickness of the adherends, e.g. an increase of h from 0.02 m to 0.03
m yields a decrease of ¢ by more than 20 %. Alternatively, the bending strength
may be increased by reinforcing the adherends with e.g. strips of fibreglass.

For all fracture propagation specimens with wood adherends, the variation of
adherend stiffness along the bond line must be handled in one way or another. As
for the DCB specimen, it is possible to make a composite MMB specimen. For a
wood-aluminium specimen Eqs.(3.14) and (3.15) will take the form

3 Pl

G = Zm + shear effects (3.19)
P? 1 (hw + hy)?

GII - —I;— <(EA)comp + (EI)comp (320)

where h,, and hy are the wood and aluminium thicknesses, respectively, given in
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Figure 3.23: Geometry of composite MMB specimen.

Fig. 3.23 and the composite stiffnesses are given by
b E,
al 3 Ea[

(EDeomp = E {hi+(ha:—hn)3+ [(hw+hn)3—h2]} (3.21)

(EA)comp = bl (Ealhal + Ewhw) (322)

in which h,, is the distance from the wood-to-aluminium interface to the neutral axis
of the beam, expressed as

hy = ——dla — Zul
7 2Ealhal + Ewhw

(3.23)

To obtain a bending stiffness like that for the pure wood specimen, i.e. h = 20
mm, h, = 3 mm and hy = 11 mm are appropriate thicknesses. Assuming E,;/E,, =
6, a 10 % change in E,, yields only a 1.2 % change in (E1)comp-

The shear deformation term in Eq. (3.19) may be evaluated by means of energy
considerations. For an arbitrary cross section the shear deformation of a cantilever
beam can be expressed as

VL

6shear = /3 : _A (324)

where V is the shear force, G is the shear modulus, L is the beam length (in the
present case, the crack length, a) and A the cross sectional area of the beam. fis a
parameter determined by the shape of the cross section. For a rectangular section,
B = ¢ and for other shapes 3 can be found in handbooks. Correspondingly, 8 may
consider the composite effects of the present specimen and we get

com VL
bshear = Beomp - GAYs (3.25)
comp

where by means of the energy method, see e.g. [73], Boomp can be derived to take

the form
(GA)comp

1
Beomp = §C$ (ET)comp

(3.26)
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for which C, takes the rather inconvenient form

C, = % v { 8 Eal (h5 n hs) 43 4FE,F, h3 (h? _ hi) n Ei (h? ~h72,_)2 n

(ED ooy \ 15 G 3 G G
2
g ( B — h}‘hn+§h?hi——éhi>} (3.27)

where h, = hy — h,, and hy = h,, + h,. Accordingly, the mode-1 energy release rate

may be written as
1 P2e? 3C;(Cs — a?)
] = - 1 2
= T | e (3.25)

The corresponding expression for pure wood adherends, i.e. Eq. (3.14) including

shear terms, is
w E‘UI
o (52) () - voe)

. P? e\?
Gr=3 E,b'bh (X) E, 2
(10a+3(52) #2)

(3.29)



4. EXPERIMENTAL RESULTS

4.1. General Remarks

As a major result of the test programme, it will be shown in this chapter that
adhesive joints expose gradual softening and that, with the suggested methods, it is
possible to record the complete stress-deformation curves in pure shear and tension
as well as in mixed-mode. The main objective of the experimental programme has
been to evaluate the proposed test methods and to give some typical values of bond
line characteristics with regards to non-linear fracture mechanics. Accordingly, little
effort has been devoted to studying the influence of e.g. environmental influence on
the bond line properties. Most of the uniaxial test results have previously been
presented in e.g. [29, 98], but they are considered to have enough reference value to
be recapitulated here.

4.2. Small Specimen Results

4.2.1. Small shear specimen results

The small shear test programme included 17 series of at least six specimens each
and, in addition, three series of solid wood to determine specimen stiffness outside of
the bond line. The parameters varied were type of adhesive, bond thickness, curing
time and deformation rate. In addition, three series were performed to study the
influence of formaldehyde content on the properties of resorcinol/phenol bonds.

In the first test programme, previously presented in [96], three different types of
adhesive were used to comprehend a spread of adhesives on the market. They were a
ductile one-component polyurethane (Casco 1809), an intermediate one-component
PVAc (Casco 3304) and a brittle two-component resorcinol/phenol (Casco 1703+
2624). The latter is the only adhesive that can be considered to expose structural
abilities regarding long term loads, environmental effects, etc. The one-component
adhesives are available in most carpenter stores and, hence, commonly used in di-
verse applications of non-structural bonding. All together these three adhesives
represent, however, rather different chemical constitutions and they may represent
a span in bond line characteristics to be expected in an arbitrary testing situation.

Two curing times and three different deformation rates were applied for each type
of adhesive. Typical mean stress-deformation curves are given in Fig. 4.1 and for
each adhesive mean stress-deformation curves are given in Figs. 4.2-4.4. In Tab. 4.1

73
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Figure 4.1: Stress versus deformation for three different bond lines tested at constant
conditions, deformation rate = 0.0625 mm/min, curing time = 4 days. a) 7 — &,
curves. b) Normalized curves.
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Table 4.1: 74 and Gy for 0.1 mm thick bond lines with different adhesives at different
curing times in days (C) and different deformation rates in mm/min (R).

Number
Adhesive R C | of tests Ty Gy 7}/Gy
stab/tot | [MPa] | [kNm/m? | [GPa/m]

PVAc 1.0 4| 6/6 8.81+0.92 | 1.86+0.52 | 45.5
0.25 4| 6/6 8.78+0.60 | 1.70+£0.29 | 46.2
0.0625 | 4| 6/6 7.36+£0.79 | 2.11+0.2 26.0
0.25 16| 6/6 7.1240.72 | 1.754£0.21 | 29.2
Poly- 1.0 41 6/6 4.06+1.46 | 0.78+0.37 | 21.4
urethane 0.0625 | 4| 6/6 2.844+1.32 | 0.60-£0.29 | 13.6

0.0625 | 16 | 6/6 3.56+0.92 | 0.85+£0.25 | 14.9

Resorcinol/ 0.25 41 2/6 8.7840.60 | 1.0040.07 | 80.1
phenol 0.0625 | 4| 4/6 8.384+0.67 | 0.70+0.11 | 98.7
0.0625 | 16 | 3/6 8.284+1.47 | 0.48+0.04 | 162.5

Wood 0.0625 - 128/28 8.90+1.25 | 0.95+0.19 83.4
(Picea Abies)

the corresponding material properties are quantitatively listed, including tests of
European Whitewood (picea abies) made with the same test method but in relation
to another project [79]. Bostrom [12] reported from tests with another test setup
corresponding figures for Scots pine to be 10.9 £ 0.9 MPa and 0.83 £ 0.05 kNm/m?
for shear strength and fracture energy, respectively. There is a similarity between
the results from resorcinol/phenol bonds and those of pure wood, with regards to
stress-slip curve shape as well as to the magnitude of the material parameters. These
results suggest that testing resorcinol/phenol bonds is, in praxis, to a large extent
a test of the adjacent wood material. By studying the failed surface it is noticed
that a significant amount of wood fibres is involved in the fracture process, hence
supporting this assumption.

In Tab. 4.1 74, Gf and bond line ratio 77/Gy are given. The ratio 77/Gy is
the bond line part of the brittleness ratio defined in Eq. (2.22) and hence a high
ratio will indicate a brittle behaviour while a low ratio corresponds to more ductile
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Figure 4.2: 7 — &, curves for PVAc, tested at different rates of deformation (R) and
curing times (C).
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Figure 4.3: 7 — &, curves for polyurethane, tested at different rates of deformation

(R) and curing times (C).
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Figure 4.4: 7 — &, curves for resorcinol/phenol, tested at different rates of deforma-
tion (R) and curing times (C).

characteristics of the bond line. The different types of adhesives possess different
ranges on a brittleness scale where the polyurethane bonds exhibit the toughest
behaviour with a magnitude of the brittleness bond line ratio of approximately 15
GPa/m, while the brittle resorcinol/phenol bonds expose values about ten times
higher.

There is an obvious difference in characteristic stress-slip performance of the
three adhesives. In general the initial elastic deformations are almost negligible in
comparison to the non-linear deformations. For resorcinol/phenol the major defor-
mation occurs in the softening region while for polyurethane a considerable slip is
observed in the hardening pre-peak stress region.

Due to their distinctive chemical constitutions, the adhesives react differently to
the different testing conditions. The effect is schematically presented in Tab. 4.2.
The three types of adhesive possess different curing mechanisms. PVAc cures by
emitting solvents to the wood material, polyurethane cures by reaction to water ap-
plied in the glue line or absorbed from the adjacent material, while resorcinol /phenol
primarily cures by chemical reaction of the two components. This may explain the
different responses to curing time.

Increased deformation rate yields higher strength for PVAc and polyurethane.
Such rate dependence is a common observation for polymeer materials., The brittle-
ness is also increased for these bonds. However, for resorcinol/phenol the brittleness
tends to decrease with increased deformation rate, which is rather surprising.
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Table 4.2: Effect of testing conditions on the bond line properties.

Condition | Adhesive | 77 | Gy | 7}/G;

Increased PVAc ] ~ 1
curing PU i h ~
time R/P ~ 14 f
Increased PVAc | ~ 1t
deformation | PU T ()
rate R/P ~ Y

The coefficients of variation for PVAc are about 10 % in strength and approxi-
mately twice as large for fracture energy. For polyurethane and resorcinol/phenol,
the approximate values are 40 % and 10 %, respectively, for both strength and frac-
ture energy. The rather high deviation of polyurethane bond lines indicates that
the present polyurethane adhesive is rather sensitive to the glueing conditions. One
conceivable explanation is the possible lack of curing pressure in the bond line during
hardening. Load carrying capacity, Pae, of lap joints may at most be proportional
to 74 and \/é;, cf. limit equations in Fig. 2.14. Hence, the effect of deviation is
considerably smaller for fracture energy than for strength. A 40 % deviation as for
polyurethane would consequently at most affect joint strength with a deviation of
about v/1.40 — 1.0 = 18 %.

In the second test programme, including four series, the influence of bond thick-
ness on the bond line parameters was tested for polyurethane and resorcinol /phenol.
Two thicknesses were used; 0.1 mm and 0.25 mm. Stress-slip curves are presented
in Figs. 4.5 and 4.6 and the evaluated parameters are given in Tab. 4.3. Increased
thickness has a severe influence on the one-component polyurethane bond, while
no significant influence was observed for resorcinol/phenol. Polyurethane cures by
absorbing and reacting to water, and unless sufficient clamping pressure is applied,
the bond will obtain a foamy character. In the case of 0.25 mm bonds, the Teflon
film will act as a spacer and the thick polyurethane bond will not obtain sufficient
pressure during curing.

In the two test programmes the same adhesives were used and also the test
conditions were identical. From this point of view there is a surprisingly large
difference between the results of the two identical series. For resorcinol/phenol the
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Figure 4.5: 7 — 6, curves for polyurethane, tested with different bond thickness.
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Figure 4.6: 7 — 8, curves for resorcinol/phenol, tested with different bond thickness.
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Table 4.3: Influence of bond thickness on bond line parameters in shear. Deformation

rate = 0.0625 mm/min.

CHAPTER 4. EXPERIMENTAL RESULTS

Bond | Curing
Adhesive thickness | time s Gy ryler
[mm] [days] [MPa] [kNm/m? | [GPa/m]
Poly- 0.10 40 2.15 £0.20 | 0.60 £+ 0.04 7.8
urethane 0.25 40 0.45 4 0.06 | 0.18 4 0.04 1.1
Resorcinol /- 0.10 20 10.9 + 0.60 | 0.85 + 0.09 137
phenol 0.25 20 10.0 £ 0.80 | 0.79 £ 0.14 131

strength was 30 % higher and the fracture energy approximately 20 % larger in the
second series. This may be explained by the facts that different pots of glue were
used and that in the latter series the two components were mixed by parts of weight
instead of volume. However, from the discussion above, an important contribution
may be different wood properties in the two series.

A third programme including three test series with six specimen each was made
on resorcinol /phenol to evaluate the influence of formaldehyde content on the bond
line properties [29]. The adhesive was Casco 171142620, which was tested at three
different contents of formaldehyde in the hardener; 22.5 %, 40.0 % and 57.5 %.
The mixing proportion was 1:5 by weight for harderner to glue. The recorded
curve shapes were similar to those above for resorcinol/phenol, and the results are
quantitatively given in Tab. 4.4.

There is a tendency for the bond line to become more brittle at increased -
formaldehyde content, mainly due to decreased fracture energy, Gj.

4.2.2. Small tension specimen results

The pure tension test programme was less ambiguous than that in pure shear. The
main objective was to suggest an adequate method for determination of the com-
plete stress-deformation curve in tension perpendicular to the bond line. No effort
has been made to investigate the influence of testing conditions and environmental
influence on the bond line properties.

The test programme consisted of two parts. The first part was to evaluate a
proper geometry of the bond surface. Four different resorcinol/phenol bond geome-
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Table 4.4: Influence of formaldehyde content in the hardener on bond line parameters
of resorcinol/phenol. Deformation rate = 0.0625 mm/min.

Formaldehyde
content s Gy aler
(%] [MPa] [kNm/m? | [GPa/m]
22.5 103 +£0.6 | 0.71 £0.11 | 151.9+22.5
40.0 10.6 £1.2 | 0.69 £ 0.16 | 167.8 £ 29.8
57.5 10.24+0.4 | 0.56 £ 0.06 | 187.8 £ 25.1

tries were tested, shown in Fig. 4.7. To facilitate a straightforward evaluation of
the test results, the stress distribution should be uniform. As an initial assumption,
all four geometries were considered to exhibit a uniform stress state. Deviations
in the test results would, accordingly, oppose this assumption or suggest that e.g.
boundary effects or insufficient bond line stiffness implies non-uniform properties
over the bond surface.

In the shear test programme it was observed that the results from resorcinol
closely correspond to those of pure wood. In the tension programme it was decided
to use beech (Fagus sylvatica) as adherend material to more likely obtain bond line
properties predominantly influenced by the adhesive. A total of 15 specimens were
tested in the initial part. Each specimen was cured for one week at 20°C and 65 %
RH. The tests were run at a deformation rate of 0.0625 mm/min; for three of the
specimens the exposed failure was partly unstable and, consequently, no fracture

A=10x10 mm 2 A=5x5mm? A=L4Lx 25 mm?2 A=2x125mm?2

Figure 4.7: Different specimen geometries of the small specimen tension test.
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Table 4.5: Results from introductory tensile tests.

CHAPTER 4. EXPERIMENTAL RESULTS

Beech adherends bonded with

resorcinol/phenol.
Bond line Number
geometry of tests of Gy o}/G;y
[mm? | [stable/total] | [MPa] | [kNm/m? | [GPa/m]
10-10 4/5 6.1£0.610.23 £0.01 162
5:5 4/4 56£0.5 | 0.20 4 0.06 157
4.25 2/4 6.1+£0.9)0.21 +0.00 177
2-12.5 2/2 6.1£04}0.20+0.03 186

energy was recorded for those specimens. Mean values with standard deviation of
the bond line parameters are given in Tab. 4.5.

Good correspondence was obtained. Disparities among the different geometries
are small, and overall less than the corresponding standard deviations. Accordingly,
the test method may be considered as well adapted, including uniform stress distri-
bution of bond line stresses, and it is not possible to appoint one geometry as the
most appropriate for the tensile test programme. Due to similarities to the shear
specimen, the 4 - 25 mm? was chosen in the second test programme.

Two series, one with one-component polyurethane (Casco 1809) and one with
two-component resorcinol /phenol (Casco 17034+2624), with 10 specimens each were
tested. The bonds were 0.1 mm thick, cured for approximately two weeks at 20°C
and 65% RH. The tests were run with a constant rate of deformation of 0.0625
mm/min. Estimated mean stress-widening curves of the two series are given in
Fig. 4.8 and in normalized form in Fig. 4.9. The curves expose similar characteristic
shapes as in shear but the magnitudes are smaller, especially for the polyurethane
bonds. Mean values with standard deviations of the recorded bond properties are
given in Tab. 4.6. The fracture was located into the bond line, being a mixture
of adhesion failure with presence of wood fibres from both adherends and cohesion
failure within the glue layer.

Corresponding values for wood are reported in the literature, e.g. [12, 40, 79].
For Scots pine, tensile strengths are registered in the range of 3-6 MPa and fracture
energy values in the range of 300-500 Nm/m? with lower values for round annular
rings and higher moisture content [12]. The figures given in [12] are overall higher
than for the two other references. Regarding brittleness, the resorcinol/phenol to
beech specimens expose a considerably more brittle behaviour than those of Scots
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Figure 4.9: Normalized mean o — §,, curves of resorcinol/phenol and polyurethane
bonds in tension.
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Table 4.6: Tension test results.

Number
Adhesive of tests oy Gy 0}/Gy
[stable/total] | [MPa] | [kNm/m? | [GPa/m]

Resorcinol /phenol 8/10 6.4 +0.8 | 0.36 +0.06 114

Polyurethane 10/10 1.0+ 0.5 | 0.23 £ 0.09 4

pine.

It is most probable that the properties of polyurethane are underestimated. The
small bond size in combination with the Teflon film means that the boundary effects
are too large and the clamping pressure is insufficient. This is also indicated by the
deviation in the recorded values. The specimen with the highest figures exposed
a strength value of 2.0 MPa and a fracture energy value of 0.45 kNm/m?, which
is twice that of the mean values. This was not further investigated in the present
study.

There is a significant difference in recorded fracture energies of the resorci-
nol/phenol bonds in the two sets of test. There were, however, three main differences
in the test situations. Different pots of glue of different ages were used, slightly
different mixing procedures were employed, and furthermore the curing time was

doubled.

4.2.3. Small mixed-mode results

The small specimen mixed-mode test series involved tests on resorcinol/phenol
(Casco 17114+2620) bonds, PVAc (Casco 3304) bonds and some comparative tests
on pure wood. The wood material used had a mean density of 570 kg/m?, an average
moisture content of 11 % and with distances between annual rings in the range of 1.1
to 1.3 mm. The specimens were stored in a constant climate of 20 °C and a relative
humidity of 65 %. The PVAc specimens were cured for 15-17 days before testing;
for the R/P specimens the curing times were in a wider span of approximately 1-3
weeks. The wood specimens and the adherends of the bonded specimens were made
from sapwood of Scots pine (Pinus Sylvestris) with the grain direction in the shear
direction and with a slope of the angular rings, 0., in the range of 30° — 45° to the
normal direction, cf. Fig. 3.13. The bond lines were limited by means of 0.1 mm
Teflon film.

" The bonded specimens were tested at 7 different mixed-mode angles, while the
wood specimens were tested at only 4 different directions in the é, — é,, field. The
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Figure 4.10: Typical recorded stress-deformation curves for R/P (R), PVAc (P) and
wood (W) at ¢, = 45°.

tests were run at a deformation rate of 0.03 mm/min in the dominant direction and
adjusted in the inferior direction to correspond to the present mixed-mode angle.
The testing machine, presented in Sec. 3.1.3, was in a development phase during
the tests. A major problem during the tests was signal noise, which caused some
problems in the evaluation, but more important, the fluctuating signal increased
the frequency of unstable tests. Since the test series was completed the machine
has been improved, and complementary tests showed considerably smoother curves
and improved stability performance of the tests. In the evaluation the results may
nevertheless be considered as significant, except for some of the PVAc results at
large mixed-mode angles, i.e. at shear-dominated failure, which are rather rough
estimates. However, the general tendency should not be questioned.

In Fig. 4.10 typical stress deformation curves are given for the mixe-mode angle
hy = 45°. 1), being the mixed-mode angle of the LVDT-transducers which con-
trols the test, i.e. the mixed-mode angle of the steel grips close to the specimens.
Characteristic fracture surfaces are given in Fig. 4.11. For R/P failure is mainly an
adhesive debonding, involving the outer fibre layer of the adherends, while PVAc
reveals a mixture of adhesive and cohesive failure. For the wood specimens the
fracture surface often was rather rough, but still located along the symmetric axis
of the specimen.

The recorded mean strengths and fracture energies for the mixed-mode angles
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Figure 4.11: Fracture surfaces of R/P, PVAc and wood specimens.

1, and 1, are given in Table 4.7. 1), is the estimated mixed-mode angle of the bond
line corresponding to % in Sec. 2.4.3. This estimate is based on the experiments
and on FE-analysis, further discussed in connection to Fig. 4.24. To obtain a more
accurate value of 1, optical equipment could be used, which was not applicable
during the present test series. Standard deviations are given for R/P and wood,
while for PVAc the rather rough estimates imply that standard deviations would
have rather subjective interpretation. -

The strength values given in Tab. 4.7 are the peak values during the testg. For
the bonded specimens the peak values and, hence, also the softening occurged si-
multaneously in the two directions. For wood, however, the softening occuyred at
different times. This difference is illustrated in Figs. 4.12 and 4.13, in which typical
recorded mean stresses versus time curves are plotted for R/P and wood.

From the recorded curves, force versus displacements of the grips, evaluated mean
stress-deformation curves of the R/P and PVAc bond lines are established, given
in Figs. 4.14-4.17. In the evaluation of stresses, the recorded load is divided by the
bond area, 4-20 mm?, and for the evaluation of the bond displacements the stiffness
outside of the bond lines is estimated to be 2.0 MN/m in shear and 1.2 MN/m
in tension. These stiffness numbers were obtained by loading/unloading tests of
solid wood specimens in the similar manner as performed for the uniaxial tests, cf.
Fig. 3.11. The difference of the loading and the unloading curve was considered small
in comparison to the signal deviations and, hence, no fracture energy reduction was
made due to plastic dissipation of the wood material.

From the recorded curves and the evaluated bond line properties, there is a clear
difference between the PVAc and the resorcinol/phenol bonds. The R/P bonds
exposed the most brittle performance, with the largest number of unstable tests.
For predominating normal directions the curves of the three materials are quite
similar, but as the influence of the shear component increases, the PVAc curves
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Table 4.7: Mized-mode material test results.

87

Strength and fracture energies are

given for different mized-mode angles, 1y, being the initial bond line mized-mode
angle which will converge towards the global angle, 14, during the test, as described

in Fig. 4.24.
Number

Bond | of tests | ¥, | 9 Tfa Ofa Gfsa Gina Gt
(stab/tot) [MPa] | [MPa] | [Nm/m?% | [Nm/m? | [Nm/m?

R/P | 8/11 0]0 0 4.940.9 0 310+100 | 310+100
5/5 6 | 28| 1.4+0.5|4.9£1.1 12+4 | 380460 400+60
5/7 23 {70 | 3.7+0.7 | 5.44+0.6 | 110£16 | 190+30 310+40
6/17 45179 | 6.3+1.7|4.4+1.2 | 55070 | 2804170 | 830+210
5/14 63 | 85| 10.84+1.3 | 2.8+0.6 | 66080 | 50420 71060
4/7 84 | 89 | 12.84+1.1 | 1.1+0.9 | 1250+280 | -20£10 | 12304260
2/5 90 [ 90 | 12.940.7 | 0.60.5 | 1590530 0 1590+530

PVAc | 5/5 010 0 4.6 0 820 820
2/3 6 |28 0.9 3.9 10 570 580
5/5 23 |70 1.9 3.5 100 440 540
3/4 45 | 79 2.5 3.8 320 490 810
5/5 63 | 85 2.8 3.0 600 310 910
5/5 84 | 89 4.2 24 ~1800 70 ~1870
5/5 90 | 90 5.1 - ~3000 10 ~3000

Wood | 6/6 0| 0| 09403 |4.8+0.5 0 475165 475+65
8/9 45 {79 | 8.140.7|3.3+£0.5 | 481+81 | 146+36 627+99
2/2 51 | 82| 9.440.6 | 2.7+0.7 | 552436 75497 627+61
4/4 90 | 90 | 10.9£0.5 | 0.2+0.1 | 112086 0 112086
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Figure 4.12: Typical stress-time curves for R/P at 1y = 45°.
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Figure 4.13: Typical stress-time curves for wood at g, = 45°.
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Figure 4.14: Mean normal stress-deformation curves for resorcinol/phenol bonds at
different mized-mode angles, ;.
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Figure 4.15: Mean shear stress-deformation curves for resorcinol/phenol bonds at
different mized-mode angles, 1,.
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Figure 4.16: Mean normal stress-deformation curves for PVAc bonds at different
mized-mode angles, v,.
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Figure 4.17: Mean shear stress-deformation curves for PVAc bonds at different
mized-mode angles, 1.
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Figure 4.18: Mean softening normal stress-deformation curves for wood bonds at
different mized-mode angles, 1,.
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Figure 4.19: Mean softening shear stress-deformation curves for wood bonds at dif-
ferent mized-mode angles, 1.
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become more extended as the fracture energy increases comparatively much at a
rather low local shear strength.

The wood curves, given in Figs. 4.18 and 4.19 are evaluated according to the
fictitious crack model [44). Hence, the deformation indicated in these figures is the
tensile opening and shear slide, respectively, of the localized fracture process region,
assumed to develop at peak stress due to strain instability. The performance in
tension and shear is evaluated separately. In the evaluation, the unloading of the
material outside of the localized fracture zone is assumed to take place according
to the initial elastic stiffness of the specimen. Hence, dissipation in the wood ma-
terial due to plastic hardening is reduced for, and the fracture energy is the energy
consumed in the softening region.

As stated in the uniaxial tests, the R/P bonds expose similar behaviour as pure
wood, as the fracture process of the strong and brittle R/P is influenced by the adja-
cent wood material. The mixed-mode tests support this assumption. In Figs. 4.20-
4.22 the recorded local strengths are plotted in a o — 7 diagram and compared to

the common failure criterion
(fL) + (Ii—) = 1.0 (4.1)
oy Tf

where o, and 7;, are normal and shear strength for a present mixed-modity, and
m and n are the chosen integers that best correspond to the respective curves. For
R/P and wood m and n are chosen to be 2, while for PVAc the best fit was found
form=2and n=1.

In Fig. 4.23 the total fracture energy of R/P and PVAc is plotted against the
fracture energy based mixed-mode angle 1q, defined in Eq. (2.53), and compared to
calculated curves based on the mixed-mode model. For R/P, G seems to be quite
independent of mixed-mode angle, except for at large g, where a large increase
is observed. For PVAc the curve is more rounded with a tendency of a minimum
point in the mixed-mode region. While R/P exhibits the best fit to the mixed-mode
model with m = n = 2, PVAc reveals a better fit for m = n = 1. Furthermore, R/P
corresponds well to the curve in Fig. 2.7b, PVAc corresponds more to a mixture of
curve a and b. PVAc is a tough material, but in a bond line it is restrained by the
adherends, which affect the size and shape of the fracture zone.

To verify the mixed-mode model, presented in Sec. 2.4.3 by means of the mixed-
mode material test results is complicated. The deformation control in the tests is
related to displacements outside of the specimen. Since no measuring technique to
record the actual bond displacements was available during the tests, the transfor-
mations from global to bond displacements involves approximations. Furthermore,
in the beginning of the test the bond line will expose a comparatively large stiffness,
but as the test proceeds and the bond line enters the softening region, the incre-
mental bond line stiffness will become negative. This implies that for a prescribed
constant 1,, the bond line angle 1, will change during the test. For the present
specimen, 1, will in the beginning be considerably larger than ;. In Tab. 4.7 the
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Figure 4.20: Recorded mized-mode strength of resorcinol/phenol bonds, compared to
Eq. (4.1) with m=n=2. o denotes the mean for each tested angle ,.

6 8

O (MPa)
Figure 4.21: Recorded mized-mode strength of PVAc bonds, compared to Eq. :(4.1)
with m=2, n=1. o denotes the mean for each tested angle 1p,.
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Figure 4.22: Recorded mized-mode strength of wood, compared to E'q: (4.1) with
m=n=2. o denotes the mean for each tested angle v,.
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Figure 4.23: Ezperimental total fracture energy versus g for resorcinol/phenol and
PVAc compared to calculated curves with the mized-mode model with m=n=2 for

R/P and m=n=1 for PVAc.
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Figure 4.24: Bond line displacement paths for the small mized-mode specimen. g (-
), Yy-bond corner(- -), Yy-means(-.). The dotted lines denote the breaking points of
the chosen tri-linear model.

estimated initial value of 1, is given. However, at the end of the test the bond line
stiffness approaches zero and 1, will converge towards ;. In Fig. 4.24, the outcome
from a FE-analysis with the mixed-mode model is given for ¢, = 45°. In the anal-
ysis the stiffness parameters are chosen so that the calculated global stiffness of the
specimen corresponds to those recorded experimentally. The path of the bond line
displacements will be correlated to the chosen stiffuess parameters.

Even though the specimen is very short there will not be a completely uniform
stress and deformation state along the bond line. This non-uniformity does not
significantly affect the global load-displacement curve during the test. Analysis of
the specimen with the chosen material model gives a global response corresponding
to the input model. However, the magnitude of the bond line angle, 1, will be
different if the displacements are chosen to be means along the bond line or as being
those in the bond line corner. 1, for these two choices is given in Fig. 4.24.

Altogether, a direct evaluation of the mixed-mode model from the recorded re-
sults is connected with rough estimations. Such evaluation will in the future be
improved with measuring technique facilitating recordings of displacements in or
very close to the bond line. Optical instruments with such abilities are under de-
velopment for use in e.g. the biaxial testing machine. The indirect evaluation in
Figs. 4.20-4.23 reveals a reasonable correspondence between test results and the
model.
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4.3. Verification and Crack Propagation Results

In the large specimen test programme, the main objective has been to verify the
material test recordings, the theory and the models of analysis. A crack propagation
specimen is here a rather large specimen with a non-uniform stress distribution
for which the load carrying capacity is governed only by fracture mechanics crack
propagation properties such as G,, and not by local strength. The scope of the
programme is limited, but sufficiently large to draw several conclusions about the
questions at issue. '

4.3.1. Large shear specimen results

The specimen used in the large shear specimen test is given in Fig. 3.14. The test
series involved two different adhesives, one-component polyurethane (Casco 1809)
and two-component resorcinol/phenol (Casco 1703+2624), tested at three different
bond lengths, 0.025 m, 0.1 m and 0.4 m. For each combination two specimens were
tested. The specimens were cured for approximately 10 days, the bond line thickness
was 0.1 mm and the tests were run at a constant actuator rate of 0.0625 mm/min.

Specimen strength can be calculated by Eq. (2.24) choosing « to be 1.0 or prefer-
ably by taking bending effect into account as 0.5, which was suggested in Eq. (3.1).
These equations are based on the simplified constitutive relations given in Fig. 4.25a,
where the peak shear stress is 7; and the area below the curve equals the fracture
energy, Gy. The “fictitious” shear modulus obtained from this assumption will, due
to the apparent nonlinear properties of bond lines, be more appropriate for many
applications in strength analysis than some “true” elastic modulus. The analysis
will correspond to a regular maximum stress analysis for which the shear modulus
is modified with regards to fracture energy. For specimens with sufficiently large
brittleness ratios the load carrying capacity will be independent of the shape of the
stress-deformation curve and, hence, with this simplified model a material point is
expected to fail when the stress reaches its maximum value, 7;.

The load-slip response of the specimen can analytically be calculated by combin-
ing Eqs. (3.3) and (3.4) for increasing crack length a. A more precise description can
be found in [98]. The material properties employed in the analysis were for wood:
E = 13 GPa, for resorcinol/phenol bonds: 7; = 8.5 MPa, G; = 0.71 kNm/m? and
for the polyurethane bonds: 7; = 3.2 MPa, G; = 0.77 kNm/m?.

To verify the analytical model, a finite element analysis was performed for the
resorcinol /phenol specimen. The software used was a modified version of GENFEM-
S [63] and the material model was in this case more sophisticated, given in Fig. 4.25b.
The properties are of the same magnitude as those of Fig. 4.25a, but the shape of the
material curve corresponds better to the recorded relations. However, for sufficiently
large joints the curve shape will not influence the load carrying capacity of the
specimen and, hence, for the 400 mm specimen the two methods of analysis should
be expected to coincide. For the largest specimen tested, calculated response is given
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Figure 4.25: Constitutive relations of bond lines used a) in analytic analysis b)
resorcinol/phenol in FE-analysis.

in Fig. 4.26. Using standard so-called Volkersen theory, i.e. ¥ =1 in Eq. (3.1), the
expected response will differ considerably in comparison to beam theory choosing
~ = 0.5, i.e. including bending of the adherends. The beam theory analysis and
the finite element analysis do, however, reveal similar responses. Accordingly, beam
theory is expected to be adequate for analysis of the large shear specimen.

The three different lengths bonded with resorcinol/phenol were calculated with
finite elements and it is shown that only the longest, £ = 400 mm, will fully reach
the plateau level of constant load at fracture propagation. The result is shown in
Fig. 4.27. For polyurethane the corresponding curves were calculated by means of
beam theory, cf. Fig. 4.28. The polyurethane specimens are considerably more
flexible than the corresponding resorcinol/phenol specimens and, in addition, the
difference in initial stiffness is more pronounced. Due to the simplified material
model in Fig. 4.25a the fictitious initial shear modulus is so low that it will consider-
ably influence the global stiffness of the shorter specimens. However, the maximum
load capacity is influenced only to a minor extent.

Recorded and calculated load carrying capacities of the specimens are given in
Tab. 4.8. For the longest resorcinol/phenol specimen, the strength value corresponds
to the mean of the plateau load. The calculated values for resorcinol/phenol are
in good agreement with the recorded figures. In a later test series [29] the 400
mm specimen were used in three tests of another resorcinol/phenol adhesive (Casco
171142620) for which similar results were obtained, i.e. P, = 3800 N implying
that Gy = 815 Nm/m? For polyurethane the correspondence is, however, rather
poor, with considerably higher properties for the large specimen. This can most
likely be explained by the difference in curing conditions for the small and the large
specimen, respectively.

Figs. 4.29 - 4.31 show the calculated and recorded load-slip responses of resorci-
nol/phenol specimens at the three lengths tested. For the shortest specimen, £ = 25
mm, the calculated response is in good agreement to the recorded response. The
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Figure 4.26: Comparison of different methods of analysis applied on the large shear
specimen with £ = 400 mm and bonded with resorcinol/phenol.

Table 4.8: Calculated and experimental failure load of the large shear specimen. The
material properties used for wood are: E = 13 GPa, for resorcinol/phenol : ¢ = 8.5
MPa, Gy = 0.71 kNm/m? and for the polyurethane bonds: 7y = 3.2 MPa, Gy = 0.77
kNm/m?.

Resorcinol /phenol | Polyurethane
l Pa'n,al PFEM Ptest Panal Ptest
[mm] | [kN] | [kN] | [kN] | [kN] | [kN]

25 1.93 | 1.97 | 1.60 | 0.81 | 0.34

1.70 0.40
100 | 3.66 | 3.54 | 2.55 | 2.68 | 4.25
3.05 4.65

400 | 3.74 | 3.68 | 3.80 | 3.88 | 8.35
4.15 8.70
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Figure 4.27: Load-displacement response of the large shear specimen at three different
lengths bonded with resorcinol/phenol. Calculated with finite elements.
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Figure 4.28: Load-displacement response of the large shear specimen at three different
lengths bonded with polyurethane. Calculated analytically with beam theory.
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Figure 4.29: Ezperimental and calculated force-slip response of the large shear spec-
imen bonded with resorcinol/phenol. £ =25 mm.

force-slip relation is approximately linear up to peak load, followed by an abrupt
failure. Calculated peak load is somewhat overestimated, possibly due to boundary
effects, and due to the simplified material curve the analytical solution tends to
underestimate specimen stiffness.

For the specimen of intermediate length, £ = 100 mm, in Fig. 4.30, the confor-
mity is less good. The lower strength specimen exhibits a response similar to that
calculated except for a missing top, while the second specimen reveals a more ductile
behaviour than expected. The result is most probably due to instabilities during
the test. ‘

The conformity of the longest specimen, £ = 400 mm, is good, cf. Fig 4.31. The
expected plateau at peak load is recorded in the tests with an average magnitude
only slightly exceeding those obtained in the calculations. In addition, the deviation
in calculated and recorded deformation at failure is small. At the plateau, bond
failure will propagate without any additional force being required. From Eq. (3.3)
it is concluded that the only material properties influencing the magnitude of the
force plateau are adherend stiffness and bond line fracture energy. Accordingly, if
E is known fracture energy may be evaluated as

2
= 4 Fove ‘ (4.2)

E bbt

where P,,. is the average peak force level at the plateau, ¥’ and b are the width of
the adherends and the bond line, respectively, and ¢ is the adherend thickness. G
is a function of P,,. squared and, hence, the evaluation of Gy is sensitive to error
estimates of the applied force. However, the total load-deflection curve should be
recorded and, hence, P,,. can be evaluated as an average value of a long bond line
and it may be expected to form an adequate mean. The deviation from the mean

Gy
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Figure 4.30: Fzperimental and calculated force-slip response of the large shear spec-
imen bonded with resorcinol/phenol. { =100 mm.
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Figure 4.31: Ezperimental and calculated force-slip response of the large shear spec-
imen bonded with resorcinol/phenol. £ = 400 mm.
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plateau level may be interpreted as deviations of \/EG;. Accordingly, the large
shear specimen may supersede a large number of material tests in determination of
fracture energy.
The deviation in the plateau force does not, however, reflect the local variation of
EGj. 1t may be expressed as a smooth mean value, representing the fracture energy
and adherend stiffness over the entire active fracture region which is propagating
along the bond line during increased deformation. The length of the fracture region,
{4,, is proportional to the material brittleness ratio of the specimen. Gustafsson [38]
gives an expression for the size of the fracture zone in Volkersen analysis. For the
present large shear specimen this will be adjusted to

Y E G
£, =15 tTZfT; (4.3)

The ratio b'/b is required to account for the limited bond line, and the reduction
of E by a factor of 4 is to compensate for adherend bending. The factor 1.5 is a
qualified guess; an accurate value should be in the range of 1.0 to 2.0. In accordance
to the material tests, £;, should be in the range of 60 mm for resorcinol /phenol and
about three times as large for the polyurethane specimen. Finite element analysis
including a “true” material curve will give a more exact value of £y,.

The corresponding calculated and recorded curves for polyurethane for the bond
lengths £ = 100 mm and ¢ = 400 mm are given in Figs. 4.32 and 4.33. No tests
were made on 25 mm polyurethane, due to handling problems. There is a bad
correspondence between the large specimen results and the small specimen test
results. The magnitude of the polyurethane properties is considerably larger for the
large specimen, mainly due to dissimilar curing conditions for the two specimens.
The sensitivity to curing conditions for polyurethane was discussed in Sec. 4.2.1.
From Tab. 4.8, the specimen load carrying capacities are underestimated for the
two largest specimens, while for the 25 mm specimen it is overestimated. Assuming
the strength of the 400 mm specimen to be governed only by fracture energy, it is
implied that G; should be 3.7 kNm/m?, to be compared with the initial value of
approximately one fifth, given in Tab. 4.1. This new value substituted in Eq. (3.1)
means that the local bond strength should adopt a value of 4.9 MPa, about 50 %
higher. These values yield a bond line brittleness ratio of approximately 6.5 GPa/m,
which is about half the size of the material tests.

These new material properties were employed in the finite element analysis.
In addition two different material curves were used, given in Fig. 4.34. The two
models are given identical fracture energies but different strengths and curve shapes.
The analysis confirms the observation from the one-dimensional theory that for
long joints G; will predominate over 7; as the governing bond line property. The
difference in local bond strength has some influence on the 100 mm specimen and it is
notable that a rather small difference in material curve shape yields two principally
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Figure 4.32: Ezperimental and calculated force-slip response of the large shear spec-
imen bonded with polyurethane. £ = 100 mm.
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Figure 4.33: Ezperimental and calculated force-slip response of the large shear spec-
imen bonded with polyurethane. ¢ = 400 mm.
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Figure 4.34: Modified T — &, curves of polyurethane in accordance with large shear
specimen results.

different fracture characteristics of the 100 mm specimen, from brittle to stable
performance.

4.3.2. Large tension specimen (DCB) results

In Sec. 3.3.2 some doubts were raised concerning the adaptability of the DCB spec-
imen to tests of brittle bond lines. A test series was performed to experimentally
evaluate the test method. Six different types of two-component adhesives were used
and a study was performed where the mechanical bonding was improved by means
of stoppers of adhesive material. The latter tests are presented in [29] together
with all recorded curves. Of the recorded force-deflection curves, only a few reveal
a shape similar to those expected from theory, which to a large extent can be ex-
plained by the occurrence of wood failure. However, by means of different methods
of evaluation it is possible to quantitatively distinguish the adhesives.

The bond thickness of the specimens were 0.1 mm limited by a teflon film, and
the specimens were cured for between 7 and 10 days. The E-modulus of the adherend
material was from separate tests found to be 12 GPa as a mean.

In Tab. 4.9 evaluated fracture energy, G, and two values of the energy release
rate G, are given. These two parameters should be of equal magnitude for the
present specimen, but the difference is demonstrably large for most of the adhesives.
G is evaluated as the area below the recorded load-displacement curve divided by
the bond area, in accordance with Eq. (3.13), GF, is obtained by means of linear
elastic fracture mechanics in Eq. (3.9) and G?* is an attempt to fit the recorded
curves to theoretical curves also derived from Eq. (3.9).

Neither G nor the two values of G, are correctly determined. G¥ is determined
directly from the square of the peak load, P2, and as the theoretically expected sharp
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Figure 4.35: Ezperimental force-displacement response of the large tension specimen,
the adhesive codes are those given by Casco.
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Figure 4.36: Experimental force-displacement response of the large tension specimen,
the adhesive codes are those given by Casco.
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Table 4.9: Evaluated fracture energy, Gy, and energy release rate G;, from DCB-tests.
E, = 11800 MPa.

Adhesive | Code | P, Gy GF GI7
[N] | [Nm/m? | [Nm/m? | [Nm/m?]

PU 1820 | 189 530 290 700
R/P 1711 | 167 410 226 550
MUF -1 124 140 125 180
PVAc 1984 | 189 670 290 1060
Urea 1206 | 180 410 263 500
Urea 26625 | 132 310 141 320

top is not recorded, G, will be underestimated. G/ is probably better approximated,
but as the P — § curve should theoretically reverse at the end of the test, it fails
abruptly before it reaches the zero level. Accordingly, the area below the curve and,

“hence, also G should be expected to be overestimated. Furthermore, several of the
specimens exposed a rather deep wood failure, yielding larger fracture areas, which
would imply that the fracture energy is further overestimated. The evaluation of
GYit is also coarse, and due to partial wood failure different parts of the curves fit
to different theoretical curves. The MUF specimens expose the best correspondence
to theory, which is also reflected by a low G;/G. ratio. The failure was a typical
bond failure and, hence, both G; and G¥ may be somewhat underestimated.

4.3.3. Mixed-mode bending specimen results

An experimental evaluation of the mixed-mode bending, MMB, specimen was per-
formed. A total of 12 specimens of solid wood bonded with resorcinol/phenol (Casco
171142620) was tested with various amounts of mode-mixity. In addition, five
composite aluminium/wood specimens were tested with an eccentricity, e, of 20
mm, of which three specimens were bonded with 2-component polyurethane (Casco
8356+1821). The expected plateau shaped load-deflection curve was not fully ob-
tained except in a few cases. In the evaluation of total fracture energy, it was
considered most appropriate to evaluate the fracture energy from the maximum
load at failure. In Tab. 4.10 the total fracture energy, G¥*, of the resorcinol/phenol
and the PU specimens, is given. The tests do not indicate any significant influence
of mixed-modity on the fracture energy. The mode-I fracture energy is larger than
expected from the material tests, while the shear mode values are less.

To verify the assumption of beam theory, an FE-analysis was performed. The
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Table 4.10; Mized-mode-bending test results and evaluated properties. In the evalua-
tion the stiffness moduli were chosen to be Ey = 70 GPa and E,, = 13 GPa. Please
note that the results are strongly affected by wood failure implying increased fracture
surface.

Specimen e Pz | Yo G?’t
[mm] | [kN] | [°]| [kNm/m’]

Solid wood 0 5.2 90 | 1.4
and 0 3.7 90 | 0.7
R/P 0.01 |3.3 67 | 0.66
0.02 |39 491 1.4
0.02 | 3.6 491 1.2
0.02 |3.1 49 | 0.86
0.075 | 1.2 171 0.85
0.15 | 0.77 9113

0.15 | 0.55 91 0.67
0.15 | 0.61 91 0.82
0.15 | 0.32 910.22
0.15 | 0.61 9 0.82

Composite | 0.02 | 3.3 42 | 0.67
R/P 0.02 | 5.6 42 | 1.94

Composite | 0.02 | 5.6 42 1 1.9
PU 0.02 | 6.1 42 | 2.3
0.02 | 5.8 421 2.1
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Figure 4.37: Load deflection curves of MMB specimens of solid wood bonded with
resorcinol/phenol with e = 0.02 m.

program used was CALFEM with a self-correcting incremental solution scheme as
will be described in Sec. 5.2.4. In the analysis the equation system involved 3412
degrees of freedom and the number of steps was approximately 300-400 for each
eccentricity. The first 50 mm of the bond line was modelled with bond elements
of 0.5 mm length, while the last 300 mm was modelled with 2 mm elements. In
Fig. 4.38 the force-deformation curves of three different eccentricities are given, the
deformation being that of the point of load application. The shape is close to
plateau-like with a slight slope in the post-peak region. The maximum load values
may be compared to those obtained from linear elastic fracture mechanics. Eqs. 3.14
and 3.15 may be rewritten including critical values, to an expression for critical load

a a !
Pc _ (Glc ‘+‘ GIIC)Eb bh (4.4)

v e 2
3(-];) 44

where G% and GY, are the present energy release rates for the given mixed-modity,
which have to be determined from some fracture criterion. Using the criterion
commonly used in LEFM in Eq. (2.19) with m = n = 2, the total energy release
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Figure 4.38: Calculated force-deformation curves of the MMB-specimen with differ-
ent eccentricities of load application. Material parameters are: 7= 10 MPa, oy=
6.5 MPa, Gy ,= 980 Nm/m? and Gy, = 860 Nm/m?.

rate may be given as

e\ 2
0.75 (ﬁ) +1
6)2 an (4.5)

e
0.7o<h +GIIc

Gt}c + G(Ilfc = GIC

The results are given in Tab. 4.11 for which the LEFM results are based on
Eq. (4.5). If the Wu-criterion was used, i.e. m = 1,n = 2, P, for e = 0.02 m would
adopt the value 2.25 kN. There is a deviation between the LEFM- and the FE-
analysis. For the largest eccentricity the deviation of approximately 50 N is mainly
due to limitations of beam theory in describing the deformations of the specimen.
For e = 0.02 m, the difference will to a large extent depend on the chosen failure
criterion and mixed-mode model.

In the comparison to the test results one more factor has to be considered, namely
the wood failure, which tends to increase at increasing peel stresses. Wood failure
implies increased failure surface and consequently increased failure load. Hence, it
is difficult to determine to what extent the difference in calculated and recorded
results is due to improper theoretical models, or is a consequence of underestimated
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Table 4.11: Calculated and recorded mazimum load capacity (dimension in kN) of
the MMB-specimen.

e=0 | e=0.02 | e=0.15
[m] | [m] [m]

Prerv | 44 2.5 0.41

Prey | 4.7 2.6 0.46

Prgsr | 4.4 3.5 0.57

fracture surface. A qualified assumption is that for € = 0.15 m, the main reason is
wood failure, which then could also be of great influence for the eccentricity of 0.02
m.

One outcome from the FE-analysis with the proposed bond model is that the
mixed-modity will vary along the fracture zone. In Fig. 4.39 the normal and shear
stress distributions are given for the specimen with 150 mm of eccentricity, at the
elastic state, the state of maximum global load and during fracture propagation.
The ratio of 7/ will vary considerably within the fracture zone. Furthermore, the
size and shape of the propagating fracture zone seem to be approximately constant,
but the ratio of peak stresses is different in comparison to the elastic state.

A notable observation from the tests is, that for a predominant shear stress state,
the adhesive properties determines the fracture process of the MMB-specimen. For
increasing normal stresses, the risk for wood failure will increase implying the wood
properties to be those of significance.

The MMB-specimen may be considered to be well adopted for mixed-mode frac-
ture propagation testing of comparatively weak adhesives, i.e. specimens that are
expected to reveal bond failure for arbitrary mode-mixity. This is the case when test-
ing weaker adhesives than in the present test series, and also when testing stronger
adherend materials, such as metals or fibre-composites.
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Figure 4.39: Stress distribution in MMB specimen with e=150 mm, in the elastic

region (P=197 N), at peak global force (P=456 N) and during fracture propagation

(P=447 N). Shear stress(~), normal stress(-.). = denotes the distance from the bond
end.



112 CHAPTER 4. EXPERIMENTAL RESULTS



5. FINITE ELEMENT CALCULATIONS

5.1. General Remarks

In Section 2.4.3 a mixed-mode constitutive model of adhesive bond lines was pro-
posed. To handle such models in analysis of arbitrary joints, numerical methods
are required. The finite element method is chosen because it is the predominating
numerical method in structural analysis today.

5.1.1, The finite element method

The finite element method, FEM, is a numerical approach by which differential
equations can be solved. Differential equations in turn describe physical phenomena
over certain regions, e.g. the deflection of a wood beam or the heat flow in a wall. In
FEM such regions are divided into smaller parts called finite elements. Numerical
approximation and integration is performed over each element and element equations
are obtained. The contribution of each element is subsequently added to a global
system of equations. By solving this system of equations the distribution of the
quantity studied is determined.

5.1.2. Present FE codes

In the present analysis the research code CAMFEM [22] has been used. At an early
state of the present study CAMFEM was used as an independent fortran-based finite
element code. CAMFEM may be considered to be a library of well-documented FE
commands, For each command a set of arguments is required, and the user performs
calculations by interactively giving commands in the program or alternatively, for
larger problems, writing a command list which will be run by the program. CAM-
FEM is well adapted as a research code as it is flexible and comparatively easy to
adjust to fit any specific application. Hence, the program has been supplemented
with code related to the present study. All major steps in the solution procedure
must be given by the user and, hence, it requires the user to be familiar with the
structure of FE programs. In the development of CAMFEM the effort has been
focused on the numerical methods and analysis. Accordingly, there are limited pre-
or post processor facilities connected to the program at this state. In the present
analysis, however, a mesh generator [60] was adopted to suit the input files of the
program. The research code CAMFEM is closely related to the educational code

113
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CALFEM [23]. Parallel to this study the features of CALFEM were implemented
as a toolbox in the code MATLAB [65], which is a computing environment suitable
for matrix computation, including graphics facilities. The implementation of the
program to MATLAB has conciderably improved the calculation capacity as well
as the visualization facilities for the post processing. It was considered adequate to
also translate the code related to this study into the MATLAB environment. Hence,
the computations performed at a late state of the present study have been carried
out in the MATLAB environment.

5.2. Finite Element Implementation

5.2.1. Basic equations

Descriptions of how to establish finite element equations from basic equations of

equilibrium are commonly found in the literature. Nevertheless, it is found adequate

to make a brief description of some basic steps in the derivation. Except for the bond

description, the present description corresponds closely to that of Dahlblom [24] who

previously used CAMFEM in the analysis of concrete with regard to environmental

influence.

The equations of equilibrium are

daj;

5+ bi=0 | (5.1)

where o is the stress tensor, b is the body force vector and z; denotes a Cartesian
coordinate system. For the tractions, t, acting on the surface, S, surrounding the
body holds

1, = o;ng ’ (52)

where n is the outward unit vector normal to the surface, S.

In order to obtain a finite element formulation, a weak formulation will be estab-
lished. Multiplying Eq. (5.1) by a set of weighting functions, v;,, and integrating
over the volume V, we obtain

/ Uim'd—aj‘i'dv +/ vimbidv =0 (53)
v o Ozj 14
which by means of Gauss’s theorem and Eq. (5.2) may be rewritten to
8vim
/V 8:l:j O'ﬁ(lv = /V vin0;dV + /Svimt,-dS | (5.4)

The equilibrium equation, Eq. (5.1), is also valid in rate form and as vy is set
to be independent of time, Eq. (5.4) may be directly transformed into

0Vim

| iy = / vimbidV + / vimntidS (5.5)
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The stress rate is related to the strain rate through the constitutive equations of
the present materials which, for the bond line, were discussed in section 2.4.3. The
stress-strain relation may be expressed as

i = Dijpg€pq (5.6)

where D is the tangential material stiffness tensor and ¢ is the strain rate tensor
which is given by the linear kinematic relation

. ou, 0O,
bpg = (a.rq + 33:,,) (5.7

where u is the displacement vector. Combining Egs. (5.5), (5.6) and (5.7) and noting
that the stress and strain rate tensors & and é are symmetric we obtain the weak
formulation, expressed as

V%”—;’:D,J,,qg“”dv / imbidV + / VimbidS (5.8)

The weak formulation forms the base of the FE formulation. The advantage of
the weak form is that the unknown function, u, is differentiated only once in com-
parison to the strong form, Eqs. (5.1), (5.6) and (5.7), where the second derivative
of u enters. Accordingly, by using the weak formulation fewer requirements are put
on the approximation of w.

5.2.2. Finite element equations

In order to obtain finite element equations, the displacements u, are expressed in an
approximate form as a function of displacements of the nodes connecting the finite
elements. These nodal displacements are denoted @, and they relate to u, as

Up = anﬂn (59)

and correspondingly in rate form, where N, are interpolation functions and index
n denotes the equation number or the degree of freedom, dof, and p is a component
in the Cartesian coordinate system. By means of the so-called Galerkin method
these interpolation functions are chosen to be identical to the weighting functions,
i.e. Vym = Ny, Hence Eq. (5.8) may be expressed as

I(mn'&n = Pm (510)

where K,,,,, and Pm are defined as tangent stiffness and rate of load, given by

aNim aan
,mn = ij 1
K B Diim gV (5.11)

Pm = /;Nimi)idv’*‘/NimiidS (512)
S
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In rational finite element programmmg a matrix formulation is required. By
introducing the matrices Nn, V, Bp, t, b, and &, ¢ and D. Eqs.(5.6) and (5.11)-(5.12)
may be written in matrix form as

o

Ko

= Dé

/V BT DBydV
/S NTids + /V NT by

where for a general three-dimensional case

Nln
Nn - ]Vin
]Vén
r 0
— 0
é?a:l 0
0
0 — 0
é?mg
9
0 0 —
. 85103
V =
0 0
— = 0
é)$2 é)$1
o 2 9
69373 é)ﬂg
d
9 4 2
L 69$3 é9£1
[ d‘ll ] i éll ]
d22 é2'2
(5' — (.733 & = 6'33
6'12 25‘]2
623 26‘23
[ 031 | | 2631 |

Bn = VN, =
[ l)lll] 1)1122
Diya11 Daaze
D331 D33z
Di2zin Draze
Dyz11. Daaza
L Dainn Daize

oM,

n

é)ml

aN,

n

é?$2

ON3

7

69133

ajvin
51@

a]Vén
69133

3]Vin
é?%g

1)1183

1)2233
1)3333
1)1233

1)2333

1)3133

ijén
i?wl

8]Vén
é)$2

81V5n
69131

1)1112
1)2212
1)3312
1)12]2
1)2312
1)3112

1)1123
132223

1)3323
1)1223

1)2323
1)3123

(5.16)

(5.17)

1)1131 1
1)2231
1)3331
1)1231
1)2331
1)3131 J
(5.18)

By means of Eq. (5.10) and introduction of the matrices above, a finite element
formulation is obtained. In the solution, adequate boundary conditions have to be
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considered. The solution of Eq. (5.10) is the rate of displacements of the nodal
points, #. The strain rates corresponding to these displacement rates are given by
the relation

¢ = Bylin (5.19)

and correspondingly, with known strain rates the stress rates can be determined
from Eq. (5.13).

A major concept of the finite element method is that the interpolation functions,
N;,., are chosen to be non-zero in a limited subdomain only. Hence, the integration
can be split up into integration over each subdomain, i.e. finite element. A system
of equations can be established for each element and subsequently be assembled into
a global equation system.

The finite element formulation above is made for a general 3-D case. The
present analysis is performed in 2-D, plane stress, which infers that the matrices
of Egs. (5.16) and (5.17) will be reduced to include only two directions, i.e.

_ Nln ] . . il . L i’l
N S PR ) PR ) IR
] L
Oz Oy
L ) e ONs,
V=| 0 5-1|i Ba=VNy= 5o (5.21)
__a__ __a__ 6N1n + 3N2n
L 8(122 8(171 h 81122 81131

and, furthermore, the stress-strain relation of Eq. (5.6) for plane stress and or-
thotropic linear elastic material will take the form

1 Vio

_— == 0

E, E,
6’11 éll
. E\FE v 1 ;
on | =y J} 2,,. -E”—‘ = 0 €2 (5.22)
b1z 12121 1 1 %12

1 — V12V
| 00 E\E, Gha |

Four node isoparametric elements with four integration points are used. The
choice of nodal displacements and interpolation functions for this element type may
be found in e.g. Zienkiewicz [104].
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5.2.3. Implementation of the mixed-mode bond model

The constitutive relation of the bond line was discussed in Sec. 2.4.3. The bond line
is modelled as a surface for which the properties are independent of the initial thick-
ness. Instead restraints are put on the connection between the adjacent nodes of
the two adherends in accordance with the chosen material’s characteristics. The as-
sumption of no initial thickness means that the stress state relates to the actual state
of deformation, as strains have no physical interpretation. The stress-deformation
relation was given by Eq. (2.28) as

HEV A1k o)

where the indices n and s stand for normal and shear direction respectively and
where the expression for the stiffness components, D;;, were given by Eq.(2.46) i.e.

_ Oo(6y,65) _ o(8,,,8,)
Dnn - 8671 ) Dns - 853
(5.24)
_ 01(6,,6.) _ 01(6,,8,)
DS" B 8671 ’ Dss B 653

The procedure for determining the stiffness components, D;;, was described in
Sec. 2.4.3. ,

The deformations 6, and 6, are determined from the present state of nodal
displacements through the expression

. ’L.l']
B [0 10 1]
[53 } = [ 10 1 0] i (5.25)

Uy

with definitions in Fig. 2.15. The present bond element is generated as a four node
element even though there is no coupling between the two sets of springs in the
respective ends. This facilitates using most standard mesh generators, and more
important, the active length, £, of each spring, i.e. the bond length represented
by each spring, is implied as well as the slope of the bond line in relation to the
coordinate system. Hence, nodal forces can be divided by the corresponding bond
area, 0.5.b, cf. Fig. 5.1, and straightforwardly expressed as corresponding stresses,
and the transformation of stresses into an arbitrary coordinate system is standard.
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Figure 5.1: Bond element.
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where displacement components are given in Fig. 5.1. The rotation of the element
is determined from the initial coordinates of the nodal points.
In the present strength analysis, the longitudinal stresses and strains are ne-
glected. As a check, the longitudinal strain, €, can be obtained by the expression
(15 + 1) — (d5 + 43)

& = o (5.27)

5.2.4. Solution procedure

The description of the bond line constitutive model in Sec. 2.4.3 implies that the
stiffness matrix will be nonsymmetric in the softening region. Many FE programs
cannot handle large nonsymmetric equation systems. In its fortran version CAM-
FEM handles non-symmetry only by solving the full stiffness matrix. However,
already at a rather limited number of degrees of freedom the major part of the com-
puter time will be consumed to add and multiply figures of zero. In the MATLAB
environment the matrices can be stored and solved in sparse form. Only the nonzero
values will hence be stored, including two additional numbers to define its position
in the full matrix. However, for a typical calculation, the finger joints in Sec. 5.3.1,
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only approximately 1 % of the components of the stiffness matrix will be nonzero.
Accordingly, the space required to store the stiffness matrix is reduced by about
97 %. The time to solve the equation system was in this case reduced from several
minutes to a few seconds on the same computer.

In the solution of the non-linear problem an incremental procedure is applied,
where a linear relation within each increment is assumed. The nonlinearity of the
constitutive relation assumed, may result in that the equations of equilibrium are
not satisfied exactly. A measure of the deviation is provided by the out-of-balance
forces P, which are defined as the difference between the applied loads, i.e. the right
hand side of Eq. (5.4), and the internal forces, i.e. the left hand side of Eq. (5.4).
Thus,

Pr = /V vimbidV + / Vimn;05dS — / Qim . av (5.28)

D
(9:1:J

Applying the definitions above and adopting rate form, the rate of change of the
out-of-balance forces, PT’,‘L, can be expressed as the rate of the sum of the applied
forces minus the integrated internal stress rates determined from the constitutive

model, i.e. in matrix form

Pr = P — /V Bl &dV (5.29)

use of Egs. (5.13), (5.14) and (5.19) yields

where Kmp is the tangential stiffness. The evaluation of Eq.(5.30) is performed by a
so called Euler forward expression assuming a linear relation from time ¢ to ¢t + 6t,
l.e.

Kmn(t)8lin = 6Py — 6tP%, (5.31)

where Kmn(t) is the tangential stiffness at time ¢, 8y the change of nodal displace-
ment from time t to ¢t + 6t, and Py, the incremental load. In order to guide the
solution towards the true solution, it is desired to reduce the magnitude of P},(t) to
zero during the time increment. Therefore the rate of change of the out-of-balance
forces are assumed to be

P = &P (t) (5.32)
Substituting Eq. (5.32) into Eq. (5.31) yields

Kmn(t)8Tn = 8Pm + PX,(¢) ' (5.33)

This procedure is called a self-correcting solution form [89], since the solution is
guided towards a true solution and it is illustrated as a flow chart in Fig. 5.2.
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5.3. Numerical examples

5.3.1. Finger joints

Finger joining as a means of splicing wood lengthwise was introduced in the late
1940s and it has enjoyed continuously increased acceptance. For instance, the
method may today be considered as a prerequisite for the modern glulam indus-
try.

A finger joint may be regarded as a series of scarf joints separated by blunt tips
at the end of the scarfs. A scarf joint implies, from a mechanical point of view, a
rather uniform stress state, and with a sufficiently small slope it will produce joints
of strength comparable to solid timber members. The specification of a minimum
required slope varies in the literature, but should be in the range of 1/10. Accord-
ingly, the use of scarf joints implies that the material waste is at least 10 times the
height of the cross section for each joint. The main reasons for the slope requirement
is that the bond area increases for decreased slope and, furthermore, the gluability
of wood perpendicular to grain is poor in comparison to along the grain and that
adhesive joints, in general, involve a superior load transferring ability through shear
stresses in comparison to normal stresses.

The introduction of finger joints entails less waste of wood material. However,
due to production limitations there will be a cross-sectional reduction of the member
due to blunts at the finger tips and roots. This cross-sectional reduction tends to
increase for increasing slope. Accordingly, by improving the adhesive bonding by
decreasing the finger slope, the risk of tensile failure in the region of reduced cross
section may be increased. For evaluation of failure due to cross sectional reduction a
strength analysis of tensile failure in finger joints with regard to stress concentrations
at the finger tip gaps is given by Qu and Fan [74].

As the use of finger joints has increased, it has been followed by several investi-
gations with the aim of finding improved or optimal design. Tensile tests of finger
joints have been presented in e.g. [49, 50, 59, 76, 86, 102], to study geometric factors
such as slope, finger length and tip thickness, but also the stiffness and density of
the adjoining wood material. A comprehensive test programme for finger joints in
bending is presented by Colling [20, 28]. As a general outcome of these tests, it
may be concluded that the load carrying capacity of a finger joint is improved by
decreasing slope angle, decreasing tip gap size, increased stiffness of the wood and
to some extent by increased finger length.

The influence of adhesive properties has been tested only to a minor extent. Goth
and Radovié [35] report that the short term finger joint strength can be improved
by a factor of 50-70 % by substituting a standard brittle resorcinol/phenol adhesive
with a tough one-component polyurethane. In the present study, the influence of
the bond line parameters local strength and fracture energy are studied by means
of finite element analysis,

The finger joints involved in the study are identical, with regards to designation
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Figure 5.3: Finger geometry. The shaded area is the analysed symmetric part.

Table 5.1: Geometry of the analysed finger joint profiles.

Dimensions [mm)] Cross sectional

Profile | £ | p t. g a reduction
t
1-5
I-15 1513804211104 0.84
[-20m [20|50] 05 | 1.2]10.3 0.85
I-20 20162] 1.0 |06} 9.8 0.82
I-30 30(6.2] 0.6 |1.5]12.4 0.86

and geometry, to those analysed by Aicher and Klick [2]. They analysed the load
capacity of four different standardized finger joint geometries by means of linear and
non-linear stress analysis as well as with energy release rate approach by means of
the compliance method , cf. Eq. (2.11). The finger geometries are given in Tab.
5.1 with definitions in Fig. 5.3. The slope « is the angle between the finger and the
lengthwise direction of the member

(5.34)

<0.5p — tc>
a = arctan | ———

£+g

Due to the symmetry of the finger joints it was decided, for the general case,
only to analyse the shaded area of Fig. 5.3. The boundary conditions of this quarter
of a finger are given in Fig. 5.4. Loading is applied by incremental displacements



124 CHAPTER 5. FINITE ELEMENT CALCULATIONS

l Polar
' symmetry
u=constant |
|v=free | u.:freet
= ——— : -—-— v=zconst.
| N . WB
f
Ade
——— . —-— v=const,
u=free

v )
1—. I
u .
Figure 5.4: Boundary conditions in finger joint analysis.

of the horizontal degrees of freedom, dofs, on the left boundary. The upper and
lower sides are assumed to be parallel, also during deformation. This is achieved by
prescribing the vertical dofs on the lower boundary to be zero and the vertical dofs
on the upper side to be equal. The distance between the upper and lower boundary
is free to change during the course of loading.

On the right symmetry line there will be polar symmetry, implying that the
deformations of points A and B will be equal but opposite. The polar symmetry
condition presumes that the stiffnesses of the lower and upper wood materials are
equal.

The implementation of these boundary conditions is made by expressing all ver-
tical dofs on the upper as one dof, and correspondingly for the lower boundary. This
can be achieved through a transformation matrix, C, given by

0 = Cu (5.35)

where 4 is the reduced deformation vector including the restraints from the bound-
ary conditions. C enters the equation system, Eq. (5.10), as

CTKCu=CTP & (4 = P° (5.36)

In the solution scheme, the solving of Eq. (5.36) is followed by determination of
the deformations @° by Eq. (5.35). Following the self-correcting solution procedure
of Section 5.2.4, the nodal reactions, @, will be determined as

Q=Kic—P (5.37)

The total reaction for a linear elastic step, will be equal to the nodal components
of the integrated element stresses, R;, of the deformed body. For a non-linear step
the difference between the @ and R; will form the out-of-balance force vector, P},

in Eq. (5.33).
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bond elements

Figure 5.5: Element mesh of I-15 joint.

For all four geometries the same number of elements is used. The element mesh of
I-15 is given in Fig. 5.5. Accordingly, for the large joints, larger elements were used,
e.g. the bond element lengths are 0.0993, 0.134, 0.139 and 0.203 mm, respectively,
for the geometries in Tab. 5.1.

The aim of this numerical finger joint study has been to compare the load-bearing
capacity of the different joints in Tab. 5.1, and to make a parametric study of how
the involved material properties affect the global finger joint strength. The bond line
1s 0.1 mm thick and the properties used in the analysis are given in Fig. 5.6, and the
powers m =n= 2. The wood material is assumed to be linear elastic with properties
[40]: E, = 13110 MPa, E, = 161 MPa, G,y = 471 MPa and v,y = 0.53. The
plane stress D-matrix, in accordance with Eq. (5.22), will hence adopt the values
(dimensions in MPa) ‘

13155 86 0
D,=| 8 162 0 (5.38)
0 0 471 :

The parametric study was made by increasing the different properties one at

T, (MPa)

0 {MPa) 10.07

6.5+

Gfp= 360Nm/m?2 Gy = 980 Nm/m?

2.04

1.04

} t t &, .mm + t t bg.mm
0.02 0.08 0.22 0.02 0.12 0.4

Figure 5.6: Uniazial bond line properties.
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Table 5.2: Difference in input for the parametric study. E, denotes wood stiffness
with indices £ and u for lower and upper finger.

Strengh | Characteristics

parameter
f Reference
fa o;and 751 +10 %

fa Gyn and Gy +10 %

fa E, +10 %, (Eq. (5.38)-1.1)

s fat fs+ fa

fe Simplified stress-deformation curve, cf. Fig. 2.12
f7 Ewu - 1-1Ew€, %(Ewﬁ + Ewu) = Ew

a time and calculating the effect on the load capacity of the finger joint. The
capacity is given as the corresponding tensile strength of the member, f, being the
ealculated maximum load divided by the cross sectional area, i.e. f = P/A. The
input differences for the different strength values are given in Tab. 5.2.

The calculated tensile strengths are given in Tab. 5.3, and the mean tension
stress-deformation curves of the four geometries with the reference properties, f1,
are given in Fig. 5.7. With regard to the calculations, the finger joints may be
divided into three strength categories, I-30 being the strongest, followed by I1-15
and 1-20m and with 1-20 exposing the lowest tensile strength. This characterization
corresponds qualitatively to what has been observed in experiments reported in the
literature. However, quantitatively the correspondence is less good. This may be
due to several reasons. The experimental strength values are recorded not for bond
failure only, but also for a large number of tension failures due to cross-sectional
reduction. In the present joints the mean stress in the panels at the finger tips,
fi/(1—t/p) is 83.2, 82.9, 70.9 and 95.2, respectively and, hence, wood failure should
be expected at lower levels. Furthermore, the calculated finger joints are idealized,
whereas real joints often are far from perfect; e.g. Johansson [50] reports that the
actual cross-sectional reduction of the finger joints for several manufacturers are
about twice the nominal value. Hence, the calculated values should be compared to
maximum tested values rather than to the means.

The boundary condition of constant vertical deformation of the horizontal sides,
cf. Fig 5.4, implies that all fingers are equally stressed. In practice, for a single
finger jointed panel, knots and other imperfections will involve bending and stress
eccentricities in the panel. This factor may be of large significance to finger joint



5.3. NUMERICAL EXAMPLES 127

Table 5.3: Calculated tensile strength for different finger joints. The values in paren-
theses denote the percentage change in comparison to fy for each joint. The span
of the recorded results represents a span of means from different recordings found in
the literature [{9, 50, 59, 76, 86, 102].

Finger joint | fi fa fa fa fs fe fr Recorded
type results

1-15 69.9 752 702 702 769 67.8 67.8 | 40-45
(7.6) (0.4) (0.4) (10.0) (-3.0) (-3.0)

1-20m 705 752 710 710 77.6 681 69.8 | 4550
(6.7) (0.7) (0.7) (10.0) (-3.4) (-1.0)
1-20 58.1 617 585 585 63.9 559 57.8 | 30-40
(6.2) (0.7) (0.7) (10.0) (-3.8) (-0.5)

1-30 81.9 855 829 830 90.1 80.3 79.6 | 4550
(4.4) (1.2) (1.3) (10.0) (-2.0) (-2.8)

strength and it may be assumed that a finger joint in e.g. a glulam beam will
be more uniformly loaded and, hence, stronger than a single finger joint loaded in
tension. ‘

From the parametric study it is clear that strength is the predominating bond
line parameter affecting finger joint strength. A 10 % bond strength increase yields
an increase of 4.5-7.6 % in joint strength with the highest value for the I-15 joint.
Increased fracture energy and wood stiffness give the same effect on the stress distri-
bution in the bond line and should, hence, affect joint strength equally. The effect
is, however, considerably less than for bond strength, with the lowest impact on
the I-15 joint. However, for a finger joint the maximum strength is limited by the
strength of the wood material, while the fracture energy theoretically may be many
times that of wood. From one-dimensional theory, the normalized bond strength
was given in Eq. (2.22) as a function of the brittleness number. For a symmetric

joint it takes the form
Rnam Z2Tf2
bl F { E,tGy (539)

Eq. (5.39) implies that a 10 % increase of the parameters 74, E, and Gy will. all
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Figure 5.7: Calculated mean tension stress versus global deformation of different
finger joints.

together give a 10 % increase of P,,.. This is verified by calculation fs, but the
effect is not obtained by linear superposing the contributions from the separate
increases of the three joint parameters. The nonlinear response already for the
actual small variation of the input parameters may be due to the path dependence
of the mixed mode fracture energy. At a change of a single parameter, the stiffness
ratio between the bond and the wood material will change and, hence, also the ratio
of 7/ in the bond. Accordingly, a change of for instance the uniaxial bond strength
will imply an increase in mixed-mode fracture energy. This effect partly explains
the small influence of fracture energy to P, as an increase of Gy and E,, yields
a decreased ratio of 6,/6, and, hence, a mixed-mode fracture path involving lower
energy consumption.

The stress distribution at the limit of the linear elastic state and at peak load is
given in Fig. 5.8 for The 1-30 joint. The ratio &,/6, for the outer bond dofs in the
elastic state is 7.9, 6.9, 4.9 and 7.1, respectively, for the joints following the order
of Tab. 5.1. In the softening region these values will increase to be approximately
doubled at maximum load and for I-30 will be as high as 17 at Ppqs.

In the analysis fs the simplified material model of Fig. 2.12 was used, with the
same magnitude of material properties as for fi. The simplified model yields a
decrease of finger joint strength in the range of 2.0-3.8 %, with the highest effect
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Figure 5.8: Stress distribution along the bond line of I-30 finger joint at at the limit
of the linear elastic state (e) and at mazimum load (m).

on the I-20 joint. In real finger joints the stiffness of the opposite fingers may be
expected to vary. In the analysis f; the stiffness of the facing fingers differs 10 %,
but with a mean stiffness equal to that of f;. This difference implies a decrease of
joint strength in the range of 0.5-3.0 %, which may not seem to be crucial. However,
in reality such stiffness deviation may be considerable, having a large impact on the
finger joint strength. In this analysis the polar symmetry is not applicable and,
hence, full length fingers have been analysed.

This study has been focused on the strength properties of finger joints. However,
depending on the structure where the joint is supposed to act, the stiffness properties
may also be of relevance in design. A finger joint situated in an outer lamella of a
glue laminated beam will mainly be stressed in tension. If the finger joint reveals
low stiffness in comparison to the surrounding material, stress redistribution will
occur, forcing the adjacent material to transfer a larger amount of stress. On the
contrary, if the joint is stiffer, it will act as a magnet to stresses, implying failure
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Figure 5.9: Arch of light-weight beams.

at relatively low global load. In comparison, a knot in the outer lamella, exposes
rather low strength but also a lower tensile stiffness and, hence, the actual stresses
acting on the knot will be moderate.

5.3.2, In-glued steel plates

Lightweight beams have obtained an increasing popularity in wood structures. One
possible application is large lightweight beam arches, illustrated in Fig. 5.9. A
project has been run at the division of Structural Mechanics at Lund University to
evaluate such structures, primarily with regard to instabilities and the joining of in-
dividual beam segments, presented in [30]. Several joint designs were evaluated. One
concept was to use steel plates glued into the wooden flanges with two-component
polyurethane (Casco 8356+41821). Tests were performed on single in-glued steel
plates of different geometries and number of steel plates loaded in tension as well as
on moment loaded full-size joints.

Two different geometries were analysed with the present bond line model and,
for each geometry, two bond lengths were analysed, cf. Fig. 5.10. In the analysis,
symmetry was used and the 50 mm joint was modelled with 25 bond elements and a
total of 302 elements, while the corresponding numbers for the 2560 mm joint were 53
and 554. A bi-linear material model was used with the parameters given in Fig. 5.11
and the coupling terms m and n are both set to 2.0. The material stiffnesses matrix,
cf. Bq. (5.22), of wood and steel were chosen to be (dimensions in MPa)

13000 86 0O 283000 121000 0
[Dy] = 86 162 0 |; [Ds] = | 121000 283000 0 (5.40)
0 0 47 0 0 810060

with the largest wood stiffness in the grain direction. The width of the specimens is
60 mm and the bond thickness is 0.1 mm. The loading is applied as an incremental
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Figure 5.10: Geometry of steel-to-wood specimens. a) Tapered joint. b) straight
joint.

displacement of the left boundary of the steel plates and the right boundary of the
wood parts is prescribed to zero horizontal displacement. The right side of the steel
plates is not bonded to the wood material, cf. Fig. 5.12.

The calculated load-deformation curves for the four different specimen geometries
are given in Figs. 5.13 and 5.14, and the load capacity values and corresponding
experimental recording values are given in Tab. 5.4. Three tests were made on
each specimen and the correspondence between the calculated and recorded values
for the tapered specimens is good, while for the short straight specimen there is an
unsatisfactory disagreement. For all specimens the failure was located in the wood
material but in a close connection to the bond line,

In Figs. 5.13 and 5.14 the stress state is all elastic below the level 7. At this level
the bond starts to soften at the inner end of the bond line at a load considerably
lower for the straight than for the tapered joint. The point o denotes the force level
at which softening also initiates at the outer end of the bond. In Figs. 5.15-5.22

T4 (MPa)

o} (MPa)

= 2
651 . Gf’S-QBONm/m

Gf’n:ESONm/mZ

; 8g.mm

} 8. mm f
0.0196 0.196

0.022 0.1

Figure 5.11: Uniazial bond line stress versus displacement curves of PU.
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Figure 5.12: Boundary conditions applied in the FE analysis.

Table 5.4: Calculated and recorded load carrying capacity of steel-to-wood joints.

Joint Test Calculated

Joint length result result A
shape [mm] [kN] [kN] [%)]
Straight | 50 | 254 +2.7 44.5 +75
Tapered | 50 | 50.3 £2.5 49.5 -2
Straight | 250 11943 104 -12

Tapered | 250 129 +-6 130 +1
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Figure 5.13: Calculated load versus slip of steel-to-wood 50 mm joints.
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Figure 5.14: Calculated load versus slip of steel-to-wood 250 mm joints.
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the stress distributions at the maximum elastic state, 7, and at the maximum load
level are given for the joints involved. The stress distribution at maximum load,
in e.g. Fig. 5.14, where the softening has propagated from both sides, illustratively
exhibits the coupling effect of the mixed-mode model. The maximum shear stress is
considerably higher to the right, where the peel stress is close to zero, in comparison
to the left side where o and 7 are in the same range.

The compressive normal stresses at the inner bond end are considerably higher
for the straight specimen. The mixed-mode model does not include o-7 coupling
at compressive normal stresses. This limitation may to some extent explain the
difference between calculated and recorded maximum load capacity of the straight
and tapered 50 mm specimens. In reality the softening will presumably initiate at
a load level even lower than that indicated in Fig. 5.13.



5.3. NUMERICAL EXAMPLES 135

0.T | (MPa)

5 10 15 20 25 30 35 40 50 x{mm)

-4 4+

Figure 5.15: Linear elastic stress state of straight 50 mm steel-to-wood specimen,

P =18.9 kN, § = 0.07 mm.
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Figure 5.16: Stress state at mazimum load of straight 50 mm steel-to-wood specimen,
P =445 kN, 6§ =0.21 mm.
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Figure 5.17: Linear elastic stress state of tapered 50 mm steel-to-wood specimen,

P =249 kN, 6 = 0.08 mm.
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Figure 5.18: Stress state at mazimum load of tapered 50 mm steel-to-wood specimen,

P =49.5 kN, 6 = 0.18 mm.
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Figure 5.19: Linear elastic stress state of straight 250 mm steel-to-wood specimen,

P =28.6 kN, 6§ = 0.10 mm.
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Figure 5.20: Stress state at mazimum load of straight 250 mm steel-to-wood speci-

men, P =104 kN, 6 = 0.4 mm.
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Figure 5.21: Linear elastic stress state of tapered 250 mm steel-to-wood specimen,

P = 45.6 kN, § = 0.175 mm.
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Figure 5.22: Stress state at mazimum load of tapered 250 mm steel-to-wood specimen,

P =130 kN, 6 = 0.540 mm.



6. CoNCLUDING REMARKS AND DISCUSSION

6.1. Concluding remarks

6.1.1. General discussion

Adhesive bonding will most likely be a component of increasing importance in fu-
ture development of wooden structural products and building concepts. However,
to promote such development, adhesive bonding should be considered as high tech-
nological, demanding skilled design and craftsmanship. It is possible to produce
adhesives with a large span of mechanical properties, still retaining sufficient re-
sistance to long-term climatic effects, by modifying existing adhesives, e.g. rubber
modified resorcinol [33], or by developing new adhesives.

The fabrication of adhesive bonds has to be done under controlled circumstances.
Preferably structural bonds are made indoors in industries of wood components,
prefabricated housing, etc. However, adhesive bonding at building sites has a large
potential, as it would be beneficial from material saving and also from working
environmental aspects. To facilitate such bonding, efforts must be invested in pro-
fessional training as well as development of better-adapted adhesives.

With an accurate choice of adhesive, the bond may serve not only as a rigid
connector but, in many situations also as a reinforcement, since a proper adhesive
may provide increased fracture toughness to a bonded component. General design
of adhesive joints should be made with regard to local strength as well as fracture
energy. It may, however, be expounded that for many wooden joints, some measure
of fracture energy rather than local strength is of major significance in joint design.

6.1.2. Summary and conclusions

A general objective of the present study has been to deepen the knowledge in the
fields of adhesive joint design and bond line testing and, hence, to provide more
realistic and accurate approaches for design of adhesive joints. The main topics
have been to develop methods for general analysis of adhesive joints, with regard to
a nonlinear fracture mechanics approach, and to develop and evaluate test methods
to resolve the associated properties of wooden adhesive bond lines.
One-dimensional analysis such as Volkersen theory is appealing through its
rather simple expressions and easily accessible solutions. The modification of Volk-
ersen theory to include fracture energy and to involve adherend bending effects,
proposed in this report, will improve the accuracy and widen the field of application

139
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of this rather plain approach. However, for most regular joints, the stresses are
indisputably in a mixed-mode state, which must be accounted for if a more accurate
analysis is required.

Two main approaches are predominant in strength analysis of adhesive joints.
Maximum stress analysis is applicable for tough joints while linear elastic fracture
mechanics is relevant for brittle joints. For joints that can be considered as neither
tough nor brittle, these methods often fail in the prediction of joint strength. The
non-linear fracture mechanics approach, proposed in the present study, is a uni-
fied theory involving stress analysis and linear fracture mechanics as special cases.
Hence, arbitrary joints can be analysed, and the properties strength and fracture
energy, respectively, will affect the load capacity of the joint in relation to the brit-
tleness of the joint. The brittleness is quantified as a brittleness ratio comprising
the strength and fracture energy of the bond line, the stiffness of the adherends,
and the geometric size and shape of the joint. For very tough joints, joint strength
will only be proportional to the local strength of the bond line and the analysis will
correspond to maximum stress analysis. For brittle joints, on the contrary, the single
bond property to affect the load carrying capacity of the joint is fracture energy,
and the analysis will agree with that of linear elastic fracture mechanics. In the
case of joints of intermediate brittleness, the strength of the joint will not only be
influenced by bond line strength and fracture energy, but also by the shape of the
stress-deformation curve of the bond line material. It may also be argued that the
local bond line properties are of great consequence to global joint load capacity, also
at wood failure. Furthermore, it may be concluded that for many joints, optimal
strength can be expected if the local failure process occurs in the bond line.

A mized-mode bond line model is presented in this report. It is a two-dimensional
expansion of the previously recorded uniaxial stress-deformation relations. The
model is defined in a deformation space; the two stress components o and 7 are both
described as functions of the corresponding deformations é, and é;. The concept is
that the known 7 — é; relation will be reduced as the normal opening deformation,
8,, increases and vice versa for the o — §, relation. In other words, the coupling ef-
fect implies that the strength and the deformation capacity in shear decreases when
the normal deformation increases, and contrariwise for the normal components. No
failure criterion for normal compression is, however, included. The normal stresses
are assumed to behave linear elastically in the compressive state. The model is path
independent concerning stresses, but path dependent in the description of fracture
energy.

There is a variety of more or less standardized test methods to be employed on
adhesive joints. In general, these methods do not generate reliable material proper-
ties to be used in design of glued components. Tests are often of qualitative nature,
to vouch for some minimum or relative strength of the tested specimens, commonly
applied after some accelerated climatic exposure. In the present study three stan-
dard methods have been discussed, The CEN prEN 302 shear specimen was found
to be proper for determination of local shear strength, but not applicable for record-
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ings of fracture energy. For the ASTM D-905 shear specimen, the transformation
from recorded load to shear strength is complicated and the result will be affected
by other specimen properties than local shear strength. The evaluation of the DCB
cleavage specimen is associated with large embroilments. Depending on the chosen
method of evaluation, the estimated fracture energy or energy release rate will vary
considerably. A major problem of all testing of wooden bonds, which is pronounced
for tension testing, is the appearance of wood failure, implying that the resolved
material properties will be a mixture of adhesive and wood characteristics.

New test methods are proposed in the present study for direct testing of material
properties and for verification as well as for fracture mechanics testing. The small
size material testing methods aim at determining the complete stress-deformation
curves of bond lines, in pure shear, pure tension and at mixed-mode stress states.
Hence, the local shear stress, fracture energy, and the shape of the stress-deformation
curve can be determined in one single test. The concept is to use small specimens
with a uniform and univocal stress state, tested in a stiff closed-loop testing machine
with fast response which will facilitate stable test performance also during gradual
softening. The presented methods are not suited for determination of initial Young’s
and shear modulus of the bond material. However, the linear elastic deformations
are concluded to be of minor importance in joint design.

The verification test specimens are larger, including a nonuniform stress state
which implies a propagating failure. For shorter specimens the maximum load ca-
pacity will be a function of local shear stress as well as fracture energy, while for
sufficiently long joints the only significant bond line property is fracture energy.

As a major outcome from the test programme, it is concluded that wood adhesive
bonds expose gradual softening, and with the proposed test methods it is possible
to record this property.

Except for the small shear tests, the tests were carried out at certain constant
climates and deformation rates. The test programme does not consider long-term
effects such as creep and durability. Accordingly, the material properties presented
in the report are valid for the given testing conditions and should be generalized
except with a large portion of care. The adhesives involved in the test programme
are activated through different chemical and physical principles and, consequently,
they may be expected to exhibit diverse responses to exposure of long-term load,
humidity, etc. Of the adhesives used, only resorcinol/phenol is, in most countries,
accepted for outdoor structural use.

In the small shear specimen test programme, small scale investigations was per-
formed to evaluate the effect of varying test conditions on the material properties
of the tested bonds. The conditions included were rate of deformation, curing time,
bond line thickness and content of formaldehyde. Decreased deformation rate tends
to cause decreased bond strength and, for resorcinol/phenol and polyurethane, also
decreased fracture energy, Gy, and bond line brittleness ratio, 77/Gy. Increased
curing time, from 4 to 16 days, makes resorcinol/phenol bond lines somewhat more
brittle, while the polyurethane and PVAc bonds are affected only to a minor ex-
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tent. Increased bond line thickness does not have any significant influence on re-
sorcinol/phenol, while for polyurethane the effect is severe due to improper curing
conditions of the small specimens.

Bond line shear strengths are in the magnitude of 5-10 MPa and the fracture
energies in shear are in the range of 1 kNm/m?. The recorded slip transformed into
corresponding mean strains indicates that the strain at peak stress is in the range
of 100 % for some adhesives and, in general, the strains are several hundred percent
when the shear stress capacity is completely expended.

The small shear specimen test may be considered to be a proper method for
determination of the complete stress-slip curves for regular wooden bond lines in pure
shear. Possibly, the wood volume of the specimen could be decreased to improve the
stiffness of the setup and, hence, increase the probability of stable performance when
testing brittle adhesives. In addition, the procedure of applying curing pressure on
sensitive adhesives, such as polyurethane, should be improved. This can possibly be
achieved by gluing larger sheets of wood, thus reducing the edge effects.

The small tension specimen test programme proved to be well adapted for deter-
mination of the complete stress-deformation curves of wooden bond lines in tension
perpendicular to the bond line. Due to the low strength of pine perpendicular to
grain, beech was chosen as adherend material.

The characteristic shape of the o — §, curves is similar to the corresponding
curves recorded in shear, but the magnitudes are lower over all. For the given
test condition, the resorcinol/phenol exhibits bond strength, oy, of approximately
6 MPa, and fracture energy, G 1, of about 0.3 kNm/m? The polyurethane bonds
revealed considerably lower values. Again, this is most likely due to improper curing
pressure, which is emphasized by the less gluable beech surface.

The small mized-mode specimen test programme involved tests on resorcinol/phenol
and PVAc bonds and pure wood. Tests were made for different combinations of dis-
placement rates in the §, — &5 field. The unique testing machine used in the test
series was in a development phase, which implied some problems e.g. with noisy sig-
nals. However, stable stress-deformation curves have been determined for different
mixed-modities. Resorcinol/phenol and wood expose similar characteristics, while
PVAc may be characterized as more ductile, with large fracture energy in shear
dominated failure.

From the presented stress-deformation curves, bond parameters strength and
fracture energy are determined and compared to a failure criteria. Wood and re-
sorcinol /phenol adopts a quadratic failure criterion, while PVAc reveals a better fit
when the power on the normal stress component is set to be linear. Total fracture
energy for wood and resorcinol/phenol is in a large span approximately indepen-
dent of the mixed-mode angle. For large angles with predominating shear failure,
the fracture energy exhibits a rapid increase. Also for PVAc, the total fracture en-
ergy increases rapidly as the mixed-modity converges toward pure mode-II, but the
Gy — Yg curve is more rounded, with a tendency of a minimum in the mixed-mode
region.
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The large specimen shear test programme was applied to two different types of
adhesives, polyurethane and resorcinol/phenol, and for three different lengths, 25,
100 and 400 mm. The constitutive relations of resorcinol/phenol bonds obtained
in the small specimen tests were verified by the tests. Good correspondence was
obtained between calculated and experimental results, not only for the maximum
load capacity but also for the slip performance. At bond length exceeding a good
100 mm, peak load carrying capacity is reached and the failure process will continue
at increasing deformation but at constant load. The single bond parameter of sig-
nificance is fracture energy, Gy, and, accordingly, sufficiently long specimens may
serve as a method for determination of fracture energy of brittle adhesives.

For polyurethane specimens the conformity to the small specimen test was poor.
This is, however, due to the dissimilar curing conditions for the small and the large
specimens. A backwards evaluation of the large specimen results suggests that the
strength is approximately 50 % higher and the fracture energy is almost 5 times as
large, for the polyurethane bonds in the large specimens in comparison to that of
the small specimens.

The large specimen tension test, DCB, programme is not well adapted for testing
strong and brittle wood adhesive bonds. The recorded load-displacement curves are
difficult to interpret; depending on the method of evaluation, the obtained fracture
energy or energy release rate varies by as much as a factor of 3. One of the reasons is
the partial wood failures, implying that the effective fracture energy changes during
the propagation of the failure process. In addition, evaluation in accordance to linear
fracture mechanics implies that the fracture zone is of zero size; digression from this
assumption will have a large effect on the acquired energy release rate.

The large specimen mized-mode test, MMB, programme, like the DCB specnnen,
suffers from the occurrence of wood failure. The amount of wood failure increases
as the mode-I component becomes more dominant. Accordingly, testing in a span
from pure mode-II to pure mode-1, the recorded fracture energy will increasingly
be influenced by the wood perpendicular to grain properties and, in addition, wood
failure often yields increased fracture surface which will imply that the fracture
energy is overestimated.

Aside from the problems associated with wood failure, the MMB specimen may
very well prove to be appropriate for sufficiently weak adhesives or for adherend
materials for which the material properties vouch for the failure process to take
place along the bond line.

The mixed-mode model has been implemented into the finite element code
CALFEM, and several verifications and applications have been analysed. A para-
metric study of finger joints reveals that local strength is the bond line property of
major significance. However, local bond strength has an upper limit at the strength
of the wood material, while the fracture energy may be considerably increased, pro-
vided that bond failure is obtained. Four different finger joint geometries in the
span 15-30 mm of finger length were analysed. The calculated load capacity was
largest for the joint with 30 mm finger length. The rank of the different geometries
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corresponds well to experimental values found in the literature. Analysis of straight
and tapered in-glued steel plates in wood panels reveals good correspondence to test
results except for a case where large compressive stresses occurred in the fracture
zone,

As a major conclusion it is found relevant to consider the complete stress-
deformation curve of bond lines in joint design. It is, furthermore, possible to
record such curves with the test methods proposed in this study. The bond line
has been considered as a layer, including the adhesive and the outer layer of the
adjacent wood material. This assumption has advantages from an analysis point of
view since the strains in the bond are replaced by relative displacements, and it also
simplifies the evaluation of the test results.

6.2. Future Research Needs

The general objective of this report has been to apply non-linear fracture mechanics
to wood adhesive joint design. The non-linear fracture mechanics approach facil-
itates arbitrary bonds, tough or brittle, being analysed in a unified manner. The
methods of analysis developed are focused on short term behaviour and monotonic
loading, not taking into account properties such as durability, creep and effects
of unloading and fatigue. Durability is seldom included in analysis; instead it is
accounted.for by accelerated climatic tests which aim at guaranteeing a sufficient
long-term behaviour. A common long-term test is to examine the long term strength
of adhesive joints [56, 62], which may give qualitatively valuable information. De-
creased long-term load capacity may be caused by material degradation and/or creep
in the adhesive and the adherend material. The degradation is a matter of great
importance but should be a task for chemists rather than structural engineers.

- Creep may occur in the bonds as well as in the wood material. Creep may be
beneficial as well as having a severe effect on joint strength. A small amount of
bond line creep, in a sufficiently long joint, may entail reduced stress concentrations
and, hence, increased joint strength. If, however, the creep mainly occurs in the
adherends, the effect most likely will be the opposite. A common and rather simple
approach to considering creep is to reduce the elastic modulus of the material. From
this approach a reduction of stiffness does not necessarily imply reduced fracture
energy and, consequently, not in the load carrying capacity of brittle joints either.
However, decreased adherend stiffness will imply decreased load capacity of brittle
joints, in accordance to the limit equations, P, ~ /EGYy, in Fig. 2.14.

The mixed-mode model seems appropriate for analysis of adhesive joints. How-
ever, further studies should be performed on possible coupling effects on the com-
pressive side. The model presumes that the softening initiates simultaneously in
shear and in tension. Tests on wood in mixed-mode reveal that this assumption
violates the true behaviour of wood. However, it is straightforward according to the
mixed-mode modell to assume hardening in one direction during softening in the
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other. This topic should be studied to determine the applicability of the model on
the analysis of wood failure.

To increase the generality of the model it can be improved to account for nonelas-
tic behaviour such as plastic dissipation and damage. This modification of the model
is quite straightforward and the corresponding tests are also possible to perform on
the testing machines used in this study.

In the present study an analysis, including a parametric study, of finger joint
strength was performed. Finger joints are considered to be crucial components of
glued laminated beams. For the global strength of glulam beams it is, however,
not only finger joint strength that is of concern; the stiffness properties are also
significant. A stiff finger joint will act as a magnet to stresses, implying large stress
concentrations in the joint, while a softer finger joint will redistribute the stresses
to the surrounding material.

As a first step in development of a composite model of a glue laminated beam, the
global stiffness and strength of the finger joint may be established. These properties
may be adopted into a finite element description, which can be used in an FE model
of a full-size glulam beam. Correspondingly, a similar description may be performed
for a knot. Hence, the influence of knots, finger joints, wood property deviations,
etc., may be evaluated. This topic is of great consequence in the development of
1mproved and more reliable glulam structures.
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