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ABSTRACT
Small-scale wooden moment connections were tested under cyclic loading. These tests
investigated the influence of the addition of fiber reinforcement and dowel spacing on the
performance of the connections.
A three-dimensional finite element model was developed as representative of these small-scale
beam-column connections utilizing the finite element software ANSYS. Special emphasis was
placed upon the definition of the wood material model utilized. An elasto-plastic anisotropic
material model was defined, which was extended into transverse isotropy. Material testing in the
form of dowel bearing, compression and tension tests was performed in order to determine the
material parameters.
The usage of a “foundation” model was assumed in order to more accurately represent the
complex behavior of wood in compression. This “foundation” model was used to more
accurately predict the non-recoverable deformation behavior, or “crushing” which occurs in the
areas surrounding the dowels during loading. Material dowel bearing tests were used to
determine the properties for this model. A general model utilizing the material properties
determined from the material compression tests was used to define the material model in the
remainder of the connection model.
The three-dimensional finite element model was programmed to undergo the same cyclic loading
as the original laboratory tests. Hysteretic loops and supporting data from the laboratory tests of
the moment connections were used to validate the results of the computational finite element
simulations.
The results and shortcomings of this study are discussed in detail, and suggestions for
improvements and further study presented.
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NOMENCLATURE
[Fa]

is the vector of applied loads

[Finr]

is the vector of restoring loads (opposes internal nodal loads)

[K]

is the initial stiffness matrix of the system

[Kit]

is the tangent stiffness matrix

[L]

accounts for the difference in tension and compression strengths (related to
the translation of the yield surface)

[M]

is a matrix describing the variation of yield stress with orientation, of the form
given in equation 2.2

[R]

is the residual

[U]

is the initial displacement matrix of the system

[ΔUi]

is the increment in displacement of the system

{σ}

is the stress vector

a

is the vertical distance from point A to point C (center) of the small-scale
connection when neutral

a’

is the vertical distance from point A to point C (center) of the small-scale
connection when loading is applied

b

is the horizontal distance from point A to point C (center) of the small-scale
connection when neutral

b’

is the horizontal distance from point A to point C (center) of the small-scale
connection when loading is applied

c

is the length of small-scale connection member (fixed)

Cij

is the stiffness tensor, i.e. proportionality parameter (general material theory)
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d

is the dowel diameter used in the bearing test

e

is half of the angle between members on the small-scale connection when
neutral (equal to 45°)

e’

is half of the angle between members on the small-scale connection when
loading is applied

E1

is the elastic modulus in the parallel-to-grain direction

E2

is the elastic modulus in the perpendicular-to-grain direction

Ecum

is the cumulative energy dissipated from the small-scale connection

e-d

is the end-distance as applied to full-hole simulation model

Ei

is the elastic modulus (general material theory)

EL

is the elastic modulus parallel to grain

EL’

is the tangent modulus parallel to grain

ET = ER

is the elastic modulus perpendicular to grain

ET’=ER’

is the tangent modulus perpendicular to grain

F
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1. INTRODUCTION
1.1.

Background

The need for improved performance of residential structures under seismic loading can be
demonstrated by statistics set forth by Ayoub (2007). One of the most seismically volatile
regions in North America is California, where 99% of residences are constructed of wood
framing. After the 1994 Northridge earthquake, the Los Angeles housing department
disclosed that 90% of housing in the affected areas, a figure of about 330 000, were damaged
wood frame construction, with an estimated overall property loss of $20 million. It is also
noted that the fraction of wood structures to total structures throughout the US is between 80
to 90%.
Wood structures are particularly suited to earthquake loads due to the potential for high
ductility of the frame connections, and a high strength to weight ratio as compared with
concrete or steel construction. Wood frames can thus undergo significant deformations whilst
retaining a large percentage of the original structural strength, and allow a considerable
dissipation of energy. Heavy timber frames also have the benefit of a high fire resistance
which is beneficial in areas of high seismicity.
The influence of reinforcement on the performance of both wood connections and structures
has been explored by many researchers, using several different techniques and variables. The
main reasons for the use of reinforcement include the improvement of the connection
strength and ductility, as well as the prevention of sudden brittle failure. These factors are all
of high importance in the usage of wood structures in seismic areas. The current standards
allow the reinforcement of connections using steel plates, which improve strength, but
largely ignore factors such as ductility and moment carrying capacity, which are crucial in a
seismic event. Recent research has focused upon the use of fiber textiles and fiber reinforced
polymer rods for the purposes of reinforcement. However, there is no generally accepted
usage of these materials in seismic areas.
The use of finite element models in the prediction of connection behavior under cyclic
loading is a method used in an attempt to better understand the action of the connections, and
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a move towards the eradication of impractical and expensive tests upon connections and
structures of innumerable configurations. Again, several methods of modeling have been
proposed, with varying results. The use of different factors in most of the models developed
has meant that, once again, no generally accepted standard exists for the depiction of
structural applications in wood. Furthermore, research on finite element models of wood
connections in three dimensions is limited. There is no generally accepted method of
modeling connections or of depicting material behavior. To the best of this author’s
knowledge there are no recognized three-dimensional finite element studies of cyclic
behavior upon wood connections to date.

1.2.

Objective and Scope

The objective of the this research is to update and improve upon existing finite element
models of wood connections, and develop a more accurate representation of connection
behavior under cyclic loading, in order to better predict the performance of the connections,
and wood structures by extension.
Previously completed tests upon small-scale wood connections using dowel-type fasteners,
with select connections reinforced with glass fiber rods are used as a basis for the finite
element models developed. These experiments were completed at The Pennsylvania State
University in 2010, and consisted of two sets of connections of differing dowel diameter,
with both reinforced and unreinforced configurations. Material tests were completed in order
to define a working material model for application to the computational model. The results
from the cyclic loading of these connections are used as a form of validation for the
equivalent finite element models.
The research herein aims to present a working three-dimensional finite element model of
small-scale wood connections, with and without added reinforcement. The application and
development of an accurate material model is another main focus of this research, as well as
the usage of this material model in predicting load-displacement behavior under cyclic
loading.
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2. REVIEW OF BACKGROUND THEORY AND EXISTING LITERATURE
2.1.

Behavior of Wood Connections with DowelType Fasteners

The current National Design Specification (NDS) (American Forest and Paper Association,
2005) details standards for typical wood connections used commonly in North American
residential construction. These connections utilize steel mechanical fasteners, which may
consist of nails, dowels, screws or bolts, whilst also allowing the load-carrying behavior to be
further assisted by the addition of steel plates to the connection design.
As connections often represent the weakest point in a timber structure, it is important to
understand the behavior of the connections under loading. The load-carrying action of the
connections can be attributed to the properties of the fasteners, such as their slenderness and
yield strength, the design of the connection with regards to fastener spacing and layout, and
the anisotropic properties of wood, which result in large differences in strength in directions
parallel and perpendicular to fibers. A particular weakness in timber structures relates to the
poor tensile strength of wood perpendicular to its grain, which can lead to a brittle failure by
splitting. Poor bearing strength, which relates directly to the dowel bearing strength of the
wood, is also an area of concern, as dowel bearing is the main load transfer mechanism in
timber connections. A simplified illustration of the possible failure modes relating to a
deficiency in timber strength of a multi-fastener connection is shown in Figure 2-1. Figure
2-2 shows the possible failure modes in a connection relating to the formation of plastic
hinges (yield failure) in the steel fasteners.

Figure 2-1: Possible failure modes of a multi-fastener connection (Heiduschke 2006)
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Figure 2-2: Connection failure by plastic yield of fasteners (Heiduschke 2006)

The NDS (American Forest and Paper Association, 2005), like most modern standards for
timber design, adopts the European Yield Model for connection design, originally proposed
by K.W. Johansen in 1949 (see further description under “2.4: Modeling of Timber
Connections”). This theory is predominantly focused on the dowel bearing strength of the
wood, that is, the crushing strength of the wood material under the loading from a fastener,
and the yielding of the steel fasteners. This presents a problem in the fact that the tensile
strength of the wood is largely ignored, thus the theory is unable to predict brittle failure.
Design standards normally adjust for this fact by applying a reduction factor for loading
parallel to the grain, but recent research has suggested that the configuration of the
connection governs brittle failure behavior (Reshke et al. 2000 and Heiduschke 2006).
Reshke et al. 2000 report that research undertaken by Foschi in 1973 and Ehlbeck et al. in
1989 indicates that the placement of the fastener group within the wood member dictates
brittle behavior. For connections loaded perpendicular to grain, this corresponds to the edge
distance as defined in the NDS (American Forest and Paper Association, 2005), as can be
seen in Figure 2-3. The experimental results of Jorissen (1999) show that the spacing
between the bolts has the largest influence on the connection strength, with less pronounced
influences from the number of fasteners, the number of rows, the size of the bolt and the load
end distance. Some restrictions are enforced in the design codes as to the layout of fasteners
in connections, but these do not totally eliminate brittle behavior.
It can thus be seen that simply increasing the number of fasteners in a wood connection is not
necessarily the best solution to improve the strength of the connection, as, for the same
connection size, fastener spacings and end and edge distances will be restricted.
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Figure 2-3: Definition of edge distance in loading perpendicular to grain (American Forest and Paper
Association, 2005).

2.2.

Behavior under Cyclic Loading

When subjected to seismic loading, connections may experience bending moments not
typically designed for in common connections. A lack of moment resistance generally leads
to brittle failure in tension perpendicular to the grain. Moment-resisting connections, using a
multi-fastener configuration, result in several different loading directions which inevitably
means that some dowels will load the members perpendicular to the grain causing splitting.
Multi-fastener moment-resisting connections play an important part in the resistance of
seismic loading. The connections have a large energy-absorption capability due to the
mechanical fasteners, which means that they contribute greatly to the ductility of the
structure. It is thus important to prevent brittle failure and ensure the proper ductility, loadcarrying capacity and stiffness of such connections.
The hysteretic behavior characteristic of a timber connection is a representation of the
relationship between the applied forces to the connection, and the resulting displacements.
For example, a hysteresis loop resulting from the nonlinear response of the connection to a
load, can be obtained from a situation in which a nail is driven into a piece of wood, as can
be seen in Figure 2-4. The hysteretic behavior is a result of the elasto-plastic characteristics
of the nail, the interaction between the nail and the wood, and the formation of gaps between
the two materials. This simplified structural response can be seen in the hysteretic loop
shown on the right of Figure 2-4. The “pinching” in the loop is indicative of gaps which form
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between the fastener and the wood, resulting from the absence of tensile stresses at the
steel/wood interface. It should also be noted that the energy dissipated during the
displacement history can be measured from the area enclosed by the loop (Foschi 2000).

F

Δ

Figure 2-4: Example of a nonlinear structural response showing a simplified connection model (left) and the
resulting hysteretic loop (right). (Foschi 2000)

The hysteretic loops gleaned from experimental data show that connections can sustain a
large number of loading cycles whilst maintaining a certain amount of load-carrying
capacity, and are helpful in predicting load levels and residual capacities of connections
(Kasal et al. 2004).

2.3.

Improving the Strength of Connections

From the above summarizations it can be seen that the strength of mechanically fastened
timber connections depends on the density of the wood, the yield strength and diameter of the
steel fasteners, and the layout of the connection itself.
Other than the layout and size changes already discussed, past research has focused upon
methods of strengthening of connections using steel plates. The use of steel plates in
connections is well documented, and utilized in the NDS (American Forest and Paper
Association, 2005), as a type of gusset plate for the transfer of forces between members. The
steel plates increase the strength and stiffness of the connection and have the ability to
transfer increased shear forces, but the moment carrying capacity of these connections is
6

often ignored. Further research has been conducted into the addition of plywood or Densified
Veneer Wood (DVW) to connections (usually attached to the outside of the connection).
DVW can add considerable load-carrying capacity, whilst exploring the idea of local
reinforcement and helping to prevent tension failure perpendicular to fibers (Guan and Rodd
2000). Larsen and Jensen (2000) report that addition of plywood can provide adequate
connection ductility with reduced bolt spacing and edge distance perpendicular to the grain,
as compared to unreinforced connections.
More recent research has concentrated on a few key methods of improving the behavior of
connections. Namely, densification of the wood in the connection, and the addition of
reinforcement such as fiber textiles or fiber reinforced polymer rod reinforcement, in
experiments upon connections and frames.
Fabrics made of glass (most common), carbon or aramid fibers can also be used to reinforce
connections. Unidirectional fibers glued perpendicular to the grain on the exterior of a
connection can be used to mitigate tensile failure (up to the tensile strength of the
reinforcement). Generally small cracks will develop beneath the dowels which are arrested
by the reinforcement, and failure is most likely to occur by either exceeding the tensile
strength of the fabric, or by debonding of the fabric from the members (Larsen and Jensen
2000). An example of a fiber fabric applied to a connection can be seen in Figure 2-5, with
clear illustration of how the fabric reinforcement arrests brittle cracking beneath the dowel.
Figure 2-6 shows an example of the failure of single-dowel connections, with the left-hand
figure showing brittle splitting of an unreinforced joint, and the right-hand figure showing
bearing failure in a reinforced joint.

Figure 2-5: Example of fiber fabric applied perpendicular to grain in a single dowel connection; left shows
loading perpendicular to grain, right shows loading parallel to grain (Larsen and Jensen, 2000).
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Figure 2-6: Failure modes of connections: left unreinforced connection, right reinforced connection (Chen
2000)

Soltis et al. (1997) explored the effect of bidirectional fiberglass fabric reinforcement on
connection properties by testing single-bolt connections with no, one, two and three layers of
reinforcement. The experiments showed that the connection strength and ductility increased
with the number of reinforcement layers, and a connection with 3 layers of reinforcement
showed ultimate strength more than double that of an unreinforced connection when loaded
perpendicular to grain. The reinforcement also changed the failure of connections loaded
parallel to grain from an abrupt tensile failure to a more ductile failure associated with
bearing stress. The load-carrying capacities of the reinforced and unreinforced experimental
connections can be seen in Figure 2-7.

Figure 2-7: Effect of reinforcing fiber textiles on load-carrying capacity; results with loading parallel to the
grain are shown on the left, with loading perpendicular to the grain on the right. (Soltis et al. 1997)
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Efficient reinforcement has also often been achieved using a combination of densified wood
and fiber textiles. Wood is densified through a heating, compression (perpendicular to the
grain) and cooling procedure, known as a thermal densification process. The procedure
should improve the bearing and perpendicular to the grain strengths of the wood member.
Haller et al. (1998) found that fiber reinforcement increased both strength perpendicular to
the grain and shear strength, with results similar to those of Soltis et al. (1997). They also
found that, with the addition of densified wood, the load bearing capacity was increased by a
factor of four as compared to unreinforced timber connections, failing due to stresses parallel
to grain. In order to avoid this brittle failure, they suggest using a more ductile fastener, with
only a small decrease in the ultimate load of the connection.

2.4.

Modeling of Timber Connections

2.4.1. 2Dimensional
Creating accurate models of the joint behavior requires the inclusion of both the actions of
the wood and the steel fasteners upon the joint strength and load-displacement performance.
Patton-Mallory et al. (1997b) give an overview of 2-dimensional connection models, stating
that early models were based upon beam on foundation theory, with idealized material
properties. These models consider both the elasticity of the foundation, and the effect of the
foundation on the beam, which can be explained as a form of contact. The addition of this
contact reaction is the difference between beam on foundation theory and regular beam
theory. Both the Winkler beam on foundation theory and the elastic beam on elastic
foundation theory were used to predict connection behavior. The Winkler model is the more
general of the two. It resists forces normal to its surface, and the adjacent material is
unaffected, as can be seen in part (b) of Figure 2-8. Using an elastic beam is more accurate,
but creates a more complicated mathematical problem. The foundation resists all forces,
whether normal to its surface or not, resulting in the deflection of the adjacent material as
well as the surface itself (see part (c) of Figure 2-8). Both models assume that contact is not
broken thus a linear force-deflection relationship is used (if contact is broken, the problem
becomes non-linear) (Cook and Young 1999).
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Figure 2-8: Rigid block on an elastic foundation; (a) no load applied, (b) load applied – Winkler foundation, (c)
load applied – elastic solid foundation (Cook and Young 1999).

The models were of limited use due to the linear prediction of load-deformation behavior of
the connections, which are known to show non-linear behavior beginning at approximately
75% of the ultimate strength (see section entitled “Material Definition”).
The currently used Johansen yield model (see previous description of current standard)
assumes perfectly plastic behavior in both the wood and steel materials of the connection.
Johansen developed a series of failure modes with the development of plastic hinges in the
steel fastener, assuming equal properties for all wood members in the connection, and
recommending certain end distances. Larsen (1973; cited from Patton-Mallory et al. 1997b)
extended this model to include different properties in the wood members, known as the
connection bearing capacity or yield load. Thus each failure mode had a different yield mode,
the smallest of which defines the limiting connection strength. This model utilizes the
geometry of the connection, the bolt yield strength, and the wood bearing strength in order to
predict the load of the connection at failure. This is the current NDS (American Forest and
Paper Association, 2005) standard for connection design, known as the “yield model”. As
previously mentioned, this model has several limitations. McLain and Thangjitham (1983;
cited from Patton-Mallory et al. 1997b) listed these limitations as lacking in displacement
prediction, which may be an important limitation in design, failure to consider the limiting
states of shear fracture or tension perpendicular to the grain, not allowing for clearance in the
bolt fit to the hole, and ignoring friction between the members.
To allow prediction of a full load-displacement curve, initial finite element models were
developed assuming elasto-plastic beam on foundation behavior, which allowed for
reasonable behavior estimation when including displacement due to embedment. The use of a

10

nonlinear foundation representation allowed for the inclusion of effects due to fastener
withdrawal, load eccentricity, and friction between members and along the fastener, and
provided behavior predictions more closely representing experimental results. Werner (1993;
cited from Patton-Mallory et al. 1997b) recognized the need to represent non-uniform
stresses throughout the thickness of the wood members in order to more accurately predict
failure modes in three-dimensional connections. He utilized an elasto-plastic beam model on
a foundation with bilinear stiffness in order to predict failure modes due to fastener yielding,
wood crushing, and splitting due to tensile failure. Splitting forces were calculated by
computation of the approximate displacement of the wood beneath the fasteners due to
crushing. These forces could then be summed along the thickness of the member, and
compared to the tensile strength of the wood perpendicular-to-grain, to predict splitting
failure. Jorissen (1998; cited from Moses and Prion 2003) attempted a similar method to
determine critical crack paths and ultimate strength.
Patton-Mallory et al. (1997b) summarize the main variables of significance in modeling
bolted connections in wood as the clearance between the bolt and the hole, which affects the
radial stresses (hence crushing stress) in the area of contact between the bolt and the hole; the
bolt contact area friction, which can reduce radial stresses; the connection end distance,
which can also affect the radial stresses, as well as the shear and tension stresses; and the
connection edge distance, which shows little to no influence on results if the minimum
amount of 1.5 times the fastener diameter is used.
2.4.2. 3Dimensional
Some 3D finite element models have been developed for the analysis of wood connections.
These models differ mainly in the assumptions used in defining the material model and
failure criteria, as there is no generally accepted model to describe the behavior of wood.
Material Definition
To fully understand the implications of the constitutive models adopted to represent wood,
the material should be examined theoretically. Wood can be seen to be a complex anisotropic
material, described by the three-dimensional Hooke’s Law for stresses and strains, without
simplification. This effectively means that although the material displays some directional
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properties, there is no internal material organization that allows symmetry planes to be
defined and the stress-strain relationships to be reduced. This can be seen in Figure 2-9 (a).
21 independent constants are required to fully describe the anisotropic relationship between
the stresses and strains detailed in Hooke’s Law, for each of the 6 uniaxial and planar cases,
where Hooke’s law, in stiffness form, without simplication is defined as (Bodig and Jayne
1982):
1
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where:

σi

is the stress

γi

is the strain

Cij

is the stiffness tensor, i.e. proportionality parameter

2-1

In compliance form, the strains would equal a matrix of compliance parameter, Sij, multiplied
by the stresses.
Most wood composites are considered to possess three orthogonal planes about which the
material is symmetric. An orthotropic material is thus characterized by different properties in
three directions, namely, the longitudinal, tangential and radial directions, defined in Figure
2-10. Hooke’s Law can then be reduced to having 9 independent constants as opposed to 21.
This can be seen in Figure 2-9 (b). This would lead to the compliance form of Hooke’s law
(with substituted compliance parameter values) as follows (Bodig and Jayne 1982):
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where

Ei

is the elastic modulus

Gij

is the shear modulus

υij

is the Poisson’s ratio

Figure 2-9: Illustration of material symmetries; (a) no symmetry = anisotropy, (b) three orthogonal planes =
orthotropy (Bodig and Jayne 1982)

Figure 2-10: Definition of sections and directions for a block of wood (Bodig and Jayne 1982).

Further simplification of the wood material model can be achieved by assuming that
properties in the radial and tangential directions (considered perpendicular to grain) are
identical under a state of plane stress. This allows the number of independent material
properties to be reduced to 6 (Bodig and Jayne 1982). This simplification is reasonable if the
difference between the radial and tangential properties is small in comparison with the
difference between the tangential and longitudinal properties (Federal Highway
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Administration 2007). Under plane stress, it is acceptable to assume that the normal strain γ3
can be ignored. Thus the compliance form of Hooke’s law becomes (Bodig and Jayne 1982):
0
0
0

2-3

0

where it is assumed that the subscript 1 refers to the parallel-to-grain direction, and the
subscript 2 refers to the perpendicular-to-grain direction.
In addition to the material properties used, the behavior of wood under loading must be
properly represented in order to accurately predict failure and ultimate strength. For shortterm or small deformation behavior, wood can be represented as linearly elastic. However, as
compression loading increases parallel to grain, the wood cell walls buckle (“crush”), causing
nonlinear behavior with unrecoverable deformation. Linear behavior is generally observed in
longitudinal and transverse tension, while compression and shear demonstrate nonlinearity
and ductility (Tabiei and Wu 2000). The behavior of the wood under certain loading
conditions can be seen in Figure 2-11.

Figure 2-11: Illustration of wood cell structure collapse at failure under different loading conditions; a)
compression, b) tension, c) shear d) compression and shear (Holmberg et al. 1999).

14

As improvements to the elastic material behavior previously used in 2-dimensional models,
several methods introducing plastic behavior into the material definition have been used. It
has been attempted to form a model which is capable of an acceptable level of accuracy,
whilst reducing computational and experimental demand in the assumptions that are made in
the material definitions.
Patton-Mallory et al. (1997a) used a non-linear material model (“modified form of
orthotropic linear elasticity”) in the direction of loading (parallel to grain) only, but this
simplified model was limited in the area of energy dissipation due to the non-recoverable
crushing of the wood, and would be inaccurate for reports of stress and ultimate strength.
Kharouf et al. (2003) assume an elasto-plastic orthotropic material in compression in two
directions, following the Hill yield criterion. This model is extended into transverse isotropy,
thus reducing the amount of independent material constants to be determined, and utilizes
linear elastic orthotropy in tension. This model shows good correlation with experimental
data, and is commonly used in both the orthotropic and transverse isotropic forms, with some
slight variations.
Moses and Prion (2003) suggested the use of a fully anisotropic plastic wood representation,
again utilizing the Hill yield criterion. This model accounts for permanent deformation and
energy dissipation (in three directions), but requires 21 independent material constants, as
opposed to 9 for an orthotropic elastic model, or less for isotropic or transversely isotropic
representations. This full anisotropic material model has been used by several researchers in
wood applications, based upon the early work of Hill (1947; cited in Moses and Prion 2003),
but the determination of so many material constants can be restrictive, and the complexity of
the material description requires considerable computational time. Moses and Prion (2003)
thus extended their definition to transverse isotropy, assuming a plastic bi-linear stress-strain
behavior in each of the three material directions (two being identical) in both compression
and tension.
In both the work of Kharouf et al. (2003) and Moses and Prion (2003), the emphasis has been
placed upon the behavior of the wood material under compression. As mentioned, Kharouf et
al. (2003) defined linear elastic behavior in tension, and whilst Moses and Prion (2003)
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utilized bi-linear curves in both compression and tension, the material properties in tension
are assumed identical to those determined from compression tests. This assumption is
introduced in order to comply to the requirements of the Hill yield theory in finite element
modeling, namely the requirement for plastic incompressibility, and for a closed yield
surface.
Hong (2007) performed further research upon the application of the material model used by
Moses and Prion (2003). He utilized the same material model, but extended it in the
application to his three-dimensional models of dowel-type connections, by specifying an area
of differing material properties surrounding the fasteners in the connection. The idea behind
the specification of these differing material properties is to further account for the localized
crushing behavior of the wood surrounding the fasteners. Although plasticity has been
previously introduced in the wood behavior by other researchers, such a focus upon the
localized deformation behavior has not previously been attempted.
Failure Criteria
In order to fully understand the behavior of wood connections under loading, and predict
their failure, a definition of failure needs to be applied to models, along with some
mechanism to predict its onset. Whilst the material model determines the state of stress in the
model under a given load, the failure model analyses the state of stress to determine whether
or not failure has occurred (Moses and Prion 2004).
Classical theories of failure are typically derived for homogeneous isotropic materials.
Isotropy, following the earlier materials definitions, characterizes a material with no
directional properties, and infinitely many planes of symmetry about all axes, for example
metals. These classical theories are based upon the fact that the materials display linearly
elastic behavior to failure. As previously established, this is not the case for wood, thus these
failure theories provide limited usage in the definition of wood behavior (Bodig and Jayne
1982).
Common approaches to failure theories include those based upon physical power laws, and
basic fracture mechanics principles, used to predict crack propagation, and neglecting the
effects of combined tension perpendicular to grain and shear stresses. Daudeville et al.
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(1999) and Yasumura and Daudeville (2000) utilize the average stress method (ASM) to
calculate the load at the point of crack initiation, and linear elastic fracture mechanics
(LEFM) to predict the crack propagation.
Wood can be classed as a “quasibrittle” material, defined by Bažant (1999), as materials
which are characterized by microcracking, and are found to adhere to both linear and nonlinear fracture mechanics depending on the size of the sample. The region of cracking known
as the fracture process zone (FPZ) cannot be ignored in the determination of the strength of
“quasibrittle” materials. These materials have a quintessential property known as the
characteristic length, which defines the typical size of a material inhomogeneity, and the
FPZ. On a small scale, the material follows the plasticity theory, characterized by its strength
or yield, whereas on a large scale, the materials are based upon LEFM, characterized by
fracture energy. Non-linear Fracture Mechanics, namely the theory of plasticity, is applied to
a material when the characteristic linear size of the plastic zone at the crack tip exceeds the
crack length by 20%. The behavior of the material containing the crack then depends upon
the material’s resistance to plastic deformation, behaving in a predominantly ductile fashion.
In LEFM, on the other hand, brittle failure occurs as a result of crack growth, without
noticeable plastic deformation at the crack tip (Parton 1992).
Relatively good results were achieved using LEFM to predict the maximum loads of the
connections, and good accuracy can be assumed when using LEFM to simulate splitting
failure. However, when the joint failure is governed by a ductile failure mode of embedment
and bending of the fastener, it can be seen that LEFM will not provide a good indication of
failure loads (Xu et al. 2009).
In 1939, Weibull (cited in Bažant 1999; Bažant 2004) refined existing statistical failure
representations utilizing the “weakest link” concept. Weibull stipulated that existing
elasticity theories were inaccurate in predicting the failure strength of brittle materials, which
are not governed by elastic behavior.

The traditional weakest-link model states, in its

simplest form, that a material of random strength will fail when its weakest link does. This
can be extended into the theory of “size effect” by assuming that a larger body of material
will increase the probability of a statistical extreme value, which will decrease the strength of
the material by association with the “weakest-link”. Weibull’s theory can thus be used to
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“evaluate the predicted change in strength with volume in geometrically similar specimens
with similar loading” (Barrett 1974). The size effect becomes an area of concern when small
scale specimens are used to predict the action of full scale structures, which may not exhibit
the same behavior. The theory of size effect bridges the two theories of plasticity and LEFM,
as illustrated in Figure 2-12. More modern size effect theories, such as that developed by
Bažant (1999; 2004) are in existence, but that of Weibull provides a simplified approach
based upon the same theories.

Figure 2-12: Graph illustrating Weibull’s theory bridging those of plasticity and LEFM (Bažant 1999)

The maximum normal stress criterion is the simplest and most widely used prediction of
failure. It assumes that failure occurs in the material if the strength of the material in any
principal direction is exceeded by the stress in that direction. However, this criterion does not
take into account interaction between stresses in different directions, thus presenting the need
for further stress interaction criteria to more accurately predict failure (Patton-Mallory et al.
1997).
Moses and Prion (2004) used the Weibull theory used together with the theory of maximum
stress (ignoring the effect of stress interactions). The predicted loads were within 50-84% of
experimental results, performing relatively well.
The maximum stress criterion can be used once a tensor transformation has been used to
calculate stresses in each material direction. Hankinson’s formula (Hankinson 1921; cited in
Patton-Mallory et al. 1997b), which is currently used in the NDS (American Forest and Paper
Association, 2005), provides a simplified alternative to this, by calculating connection
strength when loading occurs at an angle to grain. More accurate and modern theories use
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techniques of stress transformation, and relate stresses in different directions using
polynomial equations. These include that of Tsai-Wu (1971), and Hill (1950; cited in Kasal
and Leichti 2004). Hill presents a full plastic anisotropic theory, which has lead to many
simplifications, such as the “Tsai-Hill” criterion, which assumes equal tension and
compression strengths (not the case for wood), and the Tsai-Wu theory, which is simplified
by assuming no interaction between the shear and normal stresses (Kasal and Leichti 2004).
Kharouf et al. 2003 utilized the Hill yield criterion and the theory of maximum stress in order
to more accurately predict the behavior of connections both globally and locally in the area
of the fastener holes. Results showed very good comparison between numerical and
experimental compressive strains and load-displacement relationships. Patton-Mallory et al.
(1998) used the maximum stress theory in conjunction with the simpler Tsai-Wu criterion in
a qualitative study, using finite element models. The perceived actions and failure modes
were consistent with experimental results.
Once again, the decision as to which failure criterion to use must consider a balance between
computational demand and accuracy. Although the stress transformation theories require
significant experimental data and computational demand, these theories appear to be the most
popular for usage in modern models.
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3. TESTING OF MOMENT CONNECTIONS
Specimens representative of small-scale beam-to-column moment connections were
manufactured and tested under ASTM protocol at The Pennsylvania State University in
Spring 2010 (see DeVinney 2010). These tests are used for the purpose of validating the
computational connection model.
The specimens were manufactured using southern yellow pine, with 6 steel dowel fasteners
of either 6.35 mm or 9.53 mm (1/4 inch and 3/8 inch) diameter, and 3.18 mm (1/8 inch) glass
fiber rods placed perpendicular to the grain as reinforcement in select specimens. 6
specimens of each dowel diameter, both reinforced and unreinforced were manufactured,
totaling 24 connections. The resulting connections are grouped as follows:
•

Group 1 - 9.53 mm dowels, reinforced

•

Group 2 - 9.53 mm dowels, unreinforced

•

Group 3 - 6.35 mm dowels, reinforced

•

Group 4 - 6.35 mm dowels, unreinforced

Each of these connection configurations were manufactured with the same end and edge
distances, and the same centre-to-centre dowel spacing. The specifications for these
connections can be seen in Appendix A: Connection Specifications.

3.1.

Test Methodology

The experiment set-up, as can be seen in Figure 3-1, consists of an MTS load frame, with the
prescribed loading applied vertically. The displacement of the connection is measured by
both the MTS and a string potentiometer, which can be seen in the figure. The data collected
from the MTS was used in analysis, as errors in the performance of the string potentiometer
meant that this data was not reliable. An LVDT attached to the MTS was used to measure the
load applied to the specimen.
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Figure 3-1: Beam-to-column specimen shown attached to MTS load frame (DeVinney 2010)

A cyclic, triangular wave loading pattern was used to test the specimens, according to the
relevant ASTM protocol (ASTM E-2126-09 [2010] test method C, or the CUREE protocol),
as shown in Figure 3-2, and detailed in Table 3-1.

Applied Displacement (mm)

15
10
5
0
0

5

10

15

20

25

30

35

40

45

50

‐5
‐10
‐15

Time (s)

Figure 3-2: Loading protocol specified for the small-scale connection tests
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Table 3-1: Loading protocol specified for the small-scale connection tests

Step

Minimum
Number of
Cycles

Amplitude
of Primary
Cycle

Primary
Cycle Time

Trailing
Cycle Time

Step Total

Cumulative
Time

1
2
3
4
5
6
7
8
9
10
11

6
7
7
4
4
3
3
3
3
3
3

--- %D --5
7.5
10
20
30
40
70
100
150
200
250

--- s --0.10
0.15
0.20
0.40
0.60
0.80
1.40
2.00
3.00
4.00
5.00

--- s --0.38
0.68
0.90
0.90
1.35
1.20
2.10
3.00
4.50
6.00
7.50

--- s --0.48
0.83
1.10
1.30
1.95
2.00
3.50
5.00
7.50
10.00
12.50

--- s --0.48
1.31
2.41
3.71
5.66
7.66
11.16
16.16
23.66
33.66
46.15

3.2.

Analysis Methodology

The two areas of most interest within the scope of this study are the hysteresis (momentrotation) loops and the related energy dissipation of the tested small-scale wood connections.
These results allow for the validation of the finite element model with emphasis upon the
performance of the material representation, and crushing behavior. Thus, these results are
analyzed and presented here.
A representation of the connections under loading is shown in Figure 3-3. The connection is
fixed at point A, whilst the loading is applied vertically at fixed point B. It can thus be seen
that the loading protocol induces both positive [Figure 3-3 (a)] and negative [Figure 3-3 (c)]
rotations from the neutral position [Figure 3-3 (b)].
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(a)

(b)

(c)

Figure 3-3: Representation of connection under loading, where loading causes (a) positive rotation; (b) no
rotation or neutral position; (c) negative rotation (DeVinney 2010)

The load and displacement data from the tests may be analyzed according to the labels given
in Figure 3-3. It should be noted that the connections are symmetrical about the center point
C. It is thus possible to describe the action of the connection in terms of two identical rightangled triangles: a-b-c with angle e=45° when in the neutral position and d=0, or a’-b’-c
when the connection is displaced (c remains constant), with angle e’, and a displacement of
±d.
Using basic geometric and trigonometric relationships, along with the Pythagorean Theorem,
the unknown dimensions of the connection may be determined as follows:
√

3-1
3-2
3-3

√

3-4
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The hysteresis or moment-rotation loops may be calculated by determining the net rotation of
the connection – that is, the change in rotation:

2

3-5

The moment of the applied load about the point of connection, C, is determined by utilizing
the load on the connection, F, and the lever arm, which is equivalent to the length b’:
3-6

The cumulative energy dissipated is determined by calculating the area under the hysteresis
curves using the trapezoidal rule:

∑
where:

3.3.

∆

m1 & m2

are the values of the moment at two consecutive points

Δθ

is the change in the rotation between the two points

3-7

Results

3.3.1. Hysteresis Loops
The hysteresis loops for each connection test are presented in Appendix B: Connection
Hysteresis Curves. In order to compare these results better, envelopes were created for each
test in the manner shown in Figure 3-4. This shows the degradation of the connection
throughout the loading process, which may be compared easily to other connection tests.
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Figure 3-4: Example of hysteresis envelope (Specimen 1-1)

The hysteresis envelopes for each group of connection tests are shown for comparison
purposes in Figure 3-5 to Figure 3-8 below. The average envelopes for each group are
displayed in red in each figure. The average envelopes for all four groups are shown in
Figure 3-9.

Figure 3-5: Group 1 – 9.53 mm R hysteresis envelopes with average envelope
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Figure 3-6: Group 2 – 9.53 mm UR hysteresis envelopes with average envelope

Figure 3-7: Group 3 – 6.35 mm R hysteresis envelopes with average envelope
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Figure 3-8: Group 4 – 6.35 mm UR hysteresis envelopes with average envelope

Figure 3-9: Average hysteresis envelopes for all four connection groups

From the hysteresis curves in Figure 3-9 it can be seen that for low displacement (rotation
angle), the larger 9.53 mm doweled connections have a greater stiffness than those with
smaller 6.35 mm dowels, whilst the smaller dowels provide a greater ductility, or larger
deformation potential with increased loading.
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3.3.2. Cumulative Energy Dissipation
The cumulative energy dissipation is calculated using the area underneath the respective
hysteresis loops for each of the connection tests. The cumulative energy plots are shown for
each group of tests in Figure 3-10 to Figure 3-13 below, together with an average plot for
each group shown in red. The average cumulative energy dissipation curves for each group
are shown in Figure 3-14.
The average cumulative energy dissipation curves shown in Figure 3-14 show some increase
in energy dissipation in the reinforced specimens for large displacements, with fairly similar
responses for small displacements. It should be noted that the average curve for Group 4
(6.35 mm dowels, UR) is not considered to be indicative of the possible cumulative energy
dissipated for this configuration due to the testing problems mentioned previously.

Figure 3-10: Group 1 – 9.53 mm R cumulative energy dissipation curves with average curve
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Figure 3-11: Group 2 – 9.53 mm UR cumulative energy dissipation curves with average curve

Figure 3-12: Group 3 – 6.35 mm R cumulative energy dissipation curves with average curve
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Figure 3-13: Group 4 – 6.35 mm UR cumulative energy dissipation curves with average curve
0.12

Energy (kJ or kNm)

0.1
0.08
0.06
0.04
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9.53 mm, UR
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0
0
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40
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60

Time (s)
Figure 3-14: Average cumulative energy dissipation curves for all four connection groups

3.3.3. Failure
Failures under the utilized loading protocol were largely limited to the joints with the larger
9.53 mm dowels (Groups 1 and 2). Data showed that both the reinforced and unreinforced
specimens failed at similar displacements, but the reinforced connections withstood greater
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loads at failure. The unreinforced connections (Group 2) displayed failure mainly in tension
perpendicular to the grain, whilst the reinforced specimens (Group 1) showed some failure
parallel to the grain, corresponding to the recorded larger loads at failure in these specimens,
and indicating the efficiency of the reinforcement in mitigating the low strength of the timber
perpendicular to the grain. It can also be seen that the increase of dowel-spacing (in the 6.35
mm specimens as opposed to the 9.53 mm connections) is significantly more effective than
the addition of reinforcement. Group 3, consisting of reinforced connections with 6.35 mm
dowels, showed no failure, but did show some dowel deformation. Group 4 (unreinforced
with 6.35 mm dowels) showed failure in the specimen tested to completion, and some
crushing with gap formation in the remaining specimens.
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Figure 3-15: Typical failure mechanisms for Group 1 – top shows splitting failure in main member (connection
1-4); bottom shows tension failure in side members (connection 1-6)
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Figure 3-16: Typical failure mechanisms for Group 2 – top shows tension failure in side members (connection
2-1); bottom shows splitting failure in main and side members (connection 2-6)
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Figure 3-17: Typical behavior for Group 3 – no failure; top shows some deformation of dowels; bottom shows
crushing and gap formation around dowels (connection 3-5)
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Figure 3-18: Typical behavior for Group 4 – top shows some crushing and gap formation around dowels
(connection 4-3 – not tested fully); bottom shows splitting failure in main and side members (connection 4-2 –
tested fully)
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3.3.4. Summary of Results
A summary of the manufactured and tested connections can be seen in Table 3-2 for the
connections with 9.53 mm dowels and Table 3-3 for the connections with 6.35 mm dowels.
These tables also detail the occurrence and mechanism of failure in the connections, as well
as the evidence of other contributing factors to the results such as evidence of crushing
behavior around the dowels, and the presence of dowel deformation. From these tables it can
be seen that the larger doweled configurations (Table 3-2) displayed the most failure, mostly
in tension, with some little crushing and no dowel deformation. In contrast, the smaller
doweled configurations (Table 3-3) displayed little failure, considerable crushing, and
evidence of dowel deformation in the reinforced configurations.
It should be noted that the results for Group 4 (unreinforced, 6.35 mm dowels) are not
conclusive. Five specimens were initially manufactured, with one not being tested due to
misfabrication. A further specimen showed evidence of loose dowels during testing, thus the
results were discarded. Of the three remaining specimens, two were tested with an
unfinalized protocol, and as thus were only tested to half of the prescribed displacement.
Thus, one specimen in this group (specimen 4-2) is used to predict typical behavior for this
configuration.
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Table 3-2: Summary of connection testing and failure for 9.53 mm dowel connections

Group

Group 1
9.53 mm
Reinforced

Group 2
9.53 mm
Unreinforced

Specimen

Status

Failure

Failure Mechanism

Failed Members

Evidence of
Crushing

Dowel
Deformation

1-1

tested

yes

splitting parallel to grain

main (beam)

yes

no

1-2

tested

yes

splitting parallel to grain;
between dowels

main (beam)

yes

no

1-3

tested

yes

splitting parallel to grain;
between dowels

main (beam)

yes

no

1-4

tested

yes

splitting parallel to grain

main (beam)

yes

no

1-5

tested

yes

tension perpendicular to grain

side members (columns)

yes

no

1-6

tested

yes

tension perpendicular to grain

side members (columns)

yes

no

2-1

tested

yes

splitting parallel to grain;
tension perpendicular to grain

side members (columns)

yes

no

2-2

tested

yes

splitting parallel to grain;
between dowels

side members (columns);
main (beam)

yes

no

2-3

tested

yes

splitting parallel to grain;
between dowels

side members (columns);
main (beam)

yes

no

2-4

tested

no

splitting parallel to grain

main (beam)

yes

no

2-5

tested

yes

splitting parallel to grain;
tension perpendicular to grain

main (beam)

yes

no

2-6

tested

yes

splitting parallel to grain;
between dowels

side members (columns);
main (beam)

yes

no
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Table 3-3: Summary of connection testing and failure for 6.34 mm dowel connections

Group

Group 3
6.35 mm
Reinforced

Group 4
6.35 mm
Unreinforced

Specimen

Status

Failure

Failure Mechanism

Failed Members

Evidence of
Crushing

Dowel
Deformation

3-1

tested

no

-

-

yes

yes

3-2

tested

no

-

-

yes

yes

3-3

tested

no

-

-

yes

no

3-4

tested

no

-

-

yes

yes

3-5

tested

no

-

-

yes

yes

3-6

tested

no

-

-

yes

yes

4-1

reduced
protocol

no

-

-

yes

no

4-2

tested

yes

splitting parallel to grain

side members (columns);
main (beam)

yes

no

4-3

reduced
protocol

no

-

-

yes

no

4-4

misfabricated

-

-

-

-

4-5

misfabricated

-

-

-

-
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4. TESTING OF MATERIAL
4.1.

Previously Completed Material Tests

Dowel bearing tests, for the purposes of determining material properties to be utilized in the
numerical model, were completed by DeVinney (2010) at The Pennsylvania State University.
These tests are detailed in the thesis publication by the afore-mentioned, and consist of
material tests in both the parallel and perpendicular to grain directions (assuming a transverse
isotropic material representation), according to ASTM D-5764-97A (2007). The test
specimens were made from the same material source as the connection members, and were
completed using the two different dowel sizes which were utilized in the connection tests
(6.35 mm and 9.53 mm). The results from these dowel bearing tests were not analyzed or
documented sufficiently for the purposes of this study in the thesis by DeVinney (2010),
hence will be done so here.
The configuration of these tests can be seen in Figure 4-1, with the dimensions detailed in
Figure 4-2 and Figure 4-3 for tests parallel and perpendicular to grain respectively, where all
dimensions are shown in millimeters (mm).

Figure 4-1: Typical dowel bearing test configuration (DeVinney 2010)
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Figure 4-2: Schematic of dowel bearing test parallel to grain (dimensions are the same for 6.35 mm and 9.53
mm dowels)

Figure 4-3: Schematic of dowel bearing test perpendicular to grain (dimensions are the same for 6.35 mm and
9.53 mm dowels)
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4.2.

Further Material Tests

Further material tests were required to determine the material properties necessary for the
definition of the material model within the finite element software. Samples obtained from
the previously tested connections are used in tension and compression tests both parallel and
perpendicular to grain, in order to obtain material properties and failure data for these two
directions (assuming a transverse isotropic material representation).
Due to the nature of the tension and compression tests, which are not commonly performed,
there is no standardized test method that is suited to our purposes. The resources necessary to
manufacture and test these specimens are not readily available at The Pennsylvania State
University, thus these tests were performed at the Hodges Wood Products Laboratory at The
North Carolina State University, with the help of Dr. Tony LaPasha, in Fall 2010.
Four representative connections were selected from the connection tests completed at The
Pennsylvania State University in Spring 2010. One connection was selected from each of the
four groups of differing connections tested (as detailed in Chapter 3):
•

Group 1 - 9.53 mm dowels, reinforced

•

Group 2 - 9.53 mm dowels, unreinforced

•

Group 3 - 6.35 mm dowels, reinforced

•

Group 4 - 6.35 mm dowels, unreinforced

These connections were all manufactured from the same species, but in order to obtain a
correct representation, specimens were selected from throughout the population. These
specimens were selected at random from each sample group, after considering the results of
the connections tests and discarding any erratic outcomes.
The material tests were carried out using the column members of the connections. These
members are labeled ‘a’ and ‘b’ depending upon which column member is used. This
designation was assigned when dismantling the connections after testing, and all connection
members were weighed. As the weights of the members are not currently used, this
designation has no meaning at present, but may be used in further work.
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4.2.1. Tension Tests (Perpendicular to Grain)
Tests were performed in tension perpendicular to grain in order to obtain the modulus of
elasticity of the specimens. Mockup specimens were manufactured using material from the
mockup connection samples. Note that, the tension properties were not utilized in the final
material model (see 6.1: Transverse Isotropic Model). However, future material models may
utilize these properties, thus this information has been retained in this study.
It was anticipated that prismatic specimens would be adequate for the data required, as
opposed to machined non-prismatic specimens (such as dog-bone shaped specimens). Thus
the original mockup, as shown in Figure 4-4 and Figure 4-5, was made. This mockup
consisted of 3 pieces of the beam connection glued together. The width of the beam member
makes up the length of each piece of the specimen, and was manufactured with a width of
24.6 mm and a thickness corresponding to the thickness of the original beam member of 19
mm.
This mockup was clamped at either end, with failure occurring at the glue-line. Re-running
the sample at the reduced length (due to the breakage at the glue-line), the sample failed in
line with the clamps. This specimen configuration was thus deemed unsatisfactory.

Figure 4-4: Original prismatic mock-up specimen
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Figure 4-5: Schematic of original prismatic mock-up specimen

The second mockup utilized was again a prismatic configuration, this time eliminating the
glue lines in the specimen, and using a single piece of the beam connection. This specimen
was glued to steel plates as shown in Figure 4-6 and Figure 4-7, with failure occurring within
the specimen as required (Figure 4-8). It was thus decided to utilize this configuration for the
tensile tests.

Figure 4-6: Second prismatic mock-up specimen
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Figure 4-7: Schematic of second prismatic mock-up specimen

Figure 4-8: Failure of second prismatic mock-up specimen

Tensile Tests Configuration 1
The tensile test specimens were manufactured in the same way as the second mockup test,
cutting a prismatic width out of the beam connection members. Two specimens from each
connection set were made. These were glued to steel plates, which were then fitted to the
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electric MTS equipment as can be seen in Figure 4-9 a). Reflective strips were attached to the
specimens at a distance which corresponds to the gage length of the extensometer. A laser
extensometer was used which can be seen in Figure 4-9 b). This notes the reflected light from
the strips on the sample and records the extension in the sample. Load was applied at a rate
of 1.3 mm/min.

a)

b)

Figure 4-9: Tension test setup for configuration 1 – a) specimen detail; b) setup detail

The specimens were run to failure, which occurred at the glue-line between the specimen and
steel plates in all the tested specimens. However, data allowing the calculation of the
modulus of elasticity was collected for all specimens. Such a failure can be seen in Figure
4-10.
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Figure 4-10: Glue failure in tension test configuration 1

The specimens failed at the glue-steel interface in each sample, thus it was assumed that an
insufficient bond was formed in this area. The steel plates where failure had occurred were
sanded and cleaned with an acetone solvent, before re-applying glue to the specimens, and
left to set for approximately 20 hours (manufacturer stipulates 24 hours setting time for
maximum strength). The specimens were then tested for a second time (the following day).
Again, failure occurred at the glue-steel interface, although increased strength was shown,
with failure typically occurring at the opposite end of the specimen to previously. Once more,
data was acquired from each test allowing for the calculation of the modulus of elasticity for
each specimen.
Tensile Tests Configuration 2
Due to the premature failure of the prismatic specimens, a non-prismatic, dog-bone-like
specimen was manufactured. Once again the width of the beam member makes up the length
of each specimen, with the straight portion of each dog-bone shape consisting of a 24.6mm
square to correspond to the previous tension configuration, and the thickness corresponding
to the thickness of the original beam member of 19 mm. This can be seen in Figure 4-11 and
Figure 4-12. Again, load was applied at a rate of 1.3 mm/min.
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Figure 4-11: Non-prismatic tensile test configuration 2

Figure 4-12: Schematic of non-prismatic tensile test configuration 2

Two specimens from each connection set were made. These specimens were fitted to the
electric MTS equipment as can be seen in Figure 4-13. The same extensometer setup was
used as in the previous tension configuration. Initially one specimen from each connection
was made and tested, but when results were reviewed it was decided that another set of four
should be tested with a smaller extensometer gage length in order to improve the quality of
the data collected.
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Figure 4-13: Tension test setup for configuration 2

The specimens were run to failure, which occurred either in the center of the length of the
specimen, which corresponds to the straight portion of the dog-bone-like specimen, or
towards the edge of the straight portion. These failure types can be seen in Figure 4-14. In
this instance, it is desirous that failure occurs in the straight portion of the specimen, as this
allows for the most accurate measurement of the specimen properties. The specimens that
demonstrated failure towards the edge of the straight portion were most likely influenced by
the machining of the radii in this region, and henceforth may show altered material
properties.
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Figure 4-14: Failure types in tension test configuration 2

4.2.2. Compression Tests
Parallel to Grain
Tests were performed in compression parallel to grain in order to obtain the modulus of
elasticity and compressive strength of the specimens. As with the tension specimens,
specimens were manufactured using material from the mockup connection samples, with a
length of 100 mm, width of 24.6 mm and thickness of 19 mm, as can be seen in Figure 4-15
and Figure 4-16. Load was applied at a rate of 0.64 mm/min.

Figure 4-15: Compression test specimen – parallel to grain
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Figure 4-16: Schematic of compression test – parallel to grain

Two specimens were manufactured from each connection test sample. The compression
specimens were not fitted to any further hardware before placement in the electric MTS
apparatus, but simply placed between two large steel blocks. The laser extensometer was
used as previously. The test setup can be seen in Figure 4-17.

Figure 4-17: Compression test setup - parallel to grain
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The compression tests were not run until failure in most cases, but until a reasonable stressstrain relationship was obtained. Running all the tests to failure is time consuming, and not
deemed necessary for the purposes of the material data to be obtained. However, some
specimens showed slight bending due to uneven compression of fibers; some failure along
the grain lines was observed, as well as the initiation of some angled crack planes. These
failure mechanisms can be seen in Figure 4-18.

Figure 4-18: Failure mechanisms in specimens– compression parallel to grain

Perpendicular to Grain
Tests were performed in compression perpendicular to grain in order to obtain the modulus
of elasticity and compressive strength of the specimens, as with those performed parallel to
grain. As previously, specimens were manufactured using material from the mockup
connection samples, with a length of 65 mm, a width of 24.6 mm and a thickness of 19 mm,
as can be seen in Figure 4-19 and Figure 4-20. Again, load was applied at a rate of 0.64
mm/min.
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Figure 4-19: Compression test specimen – perpendicular to grain

Figure 4-20: Schematic of compression test – perpendicular to grain

Two specimens were manufactured from each connection test sample. The test setup is as for
parallel to grain tests, as can be seen in Figure 4-21.
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Figure 4-21: Compression test setup - perpendicular to grain

Again, most specimens were not run until failure. As in parallel to grain tests, bending due to
uneven compression was seen, although increased bending can be observed in the
perpendicular to grain specimens when compared to the parallel to grain specimens. Some
specimens also display a “stepping” failure mode due to the differential compression in early
and late wood layers.
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Figure 4-22: Failure mechanisms in specimens– compression perpendicular to grain

4.3.

Results and Discussion

4.3.1. Dowel Bearing Tests
Method of Analysis
It is necessary to analyze the data from the dowel bearing tests in order to determine the
bearing moduli and strengths of the material. This is also done according to ASTM D-576497A (2007), which defines the nominal dowel bearing strength (or yield stress) as:
4-1

where:

Py

is the yield load

w

is the specimen thickness

d

is the dowel diameter used in the bearing test
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Py may be defined as either the ultimate load on the load-deformation curve, or may be
calculated by a linear offset method. For the purposes of simplicity, as well as consideration
for the variability which may occur in the interpretation of the load-deformation curves, the
yield load, Py, is taken as the ultimate load in all cases. As an allowable design load is not
required in this case, this “ultimate” bearing strength should be acceptable. It was also
observed that utilizing the linear offset would result in strengths which do not greatly differ
from the ultimate values.
However, the deformation at yield, δy, is taken before the ultimate load, assuming a
representative bilinear relationship between load and deformation. This relationship is
constructed based upon the estimate of the initial slope of the load-deformation curve, and
the ultimate load (or, as assumed, the yield load). This methodology is as performed in Hong
(2007) and is illustrated in Figure 4-23.

Figure 4-23: Determination of dowel bearing moduli from load-deformation curve

The yield strain corresponding to the assumed yield deformation can be calculated according
to the formula:

4-2

Finally, the nominal (ultimate) bearing modulus may be calculated as:
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4-3

Parallel to Grain
The load-deformation curves for the parallel to grain specimens are shown in Figure 4-24 and
Figure 4-25 for the two dowel sizes, 6.35 mm and 9.53 mm respectively. The curves shown
in red are the average bilinear curves for each group of tests. The dashed red line represents
the tangent modulus, which is taken as 0.01 times the initial modulus. This is consistent with
the compression tests.

Figure 4-24: Load-deformation curves for dowel bearing parallel to grain using 6.35 mm dowels
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Figure 4-25: Load-deformation curves for dowel bearing parallel to grain using 9.53 mm dowels

The nominal bearing strengths and moduli calculated during analysis of the load-deformation
curves obtained from the dowel bearing tests in parallel to grain specimens are shown in
Table 4-1 and Table 4-2. The tables also show the mean values for the test population. It can
be seen that while similar bearing strengths are achieved with the different dowel sizes, the
mean bearing modulus of the tests performed with a dowel of larger diameter is larger than
that seen with the smaller dowel. In Table 4-3, a comparison between the results obtained
from the dowel bearing tests performed, and the prescribed values given by the NDS
(American Forest and Paper Association, 2005) can be seen. Based upon the European Yield
Model utilized in the NDS (American Forest and Paper Association, 2005) (see 2.1: Behavior
of Wood Connections with Dowel-Type Fasteners) for Southern Pine parallel to grain, dowel
sizes greater than or equal to 6.35 mm have the same bearing strength. It can be seen in Table
4-3, that although this appears to agree with the average test values, the NDS (American
Forest and Paper Association, 2005) values are higher than those achieved in testing.
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Table 4-1: Bearing strengths and moduli from dowel bearing tests, parallel to grain, 6.35 mm dowels

BEARING PARALLEL 6.35mm
Specimen no.
Bearing strength
Modulus
---- MPa ------- MPa ---A
40.76
313.49
B
36.53
218.64
C
26.66
186.35
Population Mean
Population S.D.

35
7

239
66

Table 4-2: Bearing strengths and moduli from dowel bearing tests, parallel to grain, 9.53 mm dowels

BEARING PARALLEL 9.53mm
Specimen no.
Bearing strength
Modulus
---- MPa ------- MPa ---D
31.20
450.04
E
35.08
254.43
F
33.49
299.61
G
35.46
301.18
Population Mean
Population S.D.

34
1

326
27

Table 4-3: Comparison between dowel bearing test results and NDS prescribed values – parallel to grain

Material Tests
Bearing strength
---- MPa ---6.35 mm
9.35 mm
35
34

NDS Tabulated Value
Bearing strength
---- MPa ---6.35 mm
9.35 mm
42
42

Perpendicular to Grain
The load-deformation curves for the perpendicular to grain specimens are shown in Figure
4-26 and Figure 4-27 for the two dowel sizes, 6.35 mm and 9.53 mm respectively. Again, the
average bilinear curves are shown in red with the dashed line representing the tangent
modulus, equivalent to 0.01 times the initial modulus.

58

Figure 4-26: Load-deformation curves for dowel bearing perpendicular to grain using 6.35 mm dowels

Figure 4-27: Load-deformation curves for dowel bearing perpendicular to grain using 9.53 mm dowels

The bearing strengths and moduli calculated during analysis of the load-deformation curves
obtained from the dowel bearing tests in perpendicular to grain specimens are shown in Table
4-4 and Table 4-5. The tables also show the mean values for the test population. As with the
dowel bearing tests performed parallel to grain, it can be seen that while similar bearing
strengths are achieved, the mean bearing modulus of the tests performed with a dowel of
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larger diameter is larger than that seen with the smaller dowel. A comparison between the
results obtained from the dowel bearing tests performed, and the prescribed values given by
the NDS (American Forest and Paper Association, 2005) is shown in Table 4-6. For dowel
bearing behavior perpendicular to grain, the European Yield Model determines a reduction in
bearing strength with increase in dowel diameter, as shown for the two dowel diameters in
Table 4-6. The mean values determined from testing do not show this significant difference
in strengths between the 6.35 mm and 9.53 mm dowels. As with the results in the parallel to
grain tests, the European Yield Model predicts larger bearing strengths than seen in testing.
Table 4-4: Bearing strengths and moduli from dowel bearing tests, perpendicular to grain, 6.35 mm dowels

BEARING PERPENDICULAR 6.35mm
Specimen no.
Bearing strength
Modulus
---- MPa ------- MPa ---4
16.77
124.34
5
19.78
115.43
Population Mean
Population S.D.

18
2

120
6

Table 4-5: Bearing strengths and moduli from dowel bearing tests, perpendicular to grain, 9.53 mm dowels

BEARING PERPENDICULAR 9.53mm
Specimen no.
Bearing strength
Modulus
---- MPa ------- MPa ---1
19.63
157.38
2
18.12
135.22
3
15.97
127.19
Population Mean
Population S.D.

18
2

140
16

Table 4-6: Comparison between dowel bearing test results and NDS prescribed values – perpendicular to grain

Material Tests
Bearing strength
---- MPa ---6.35 mm
9.35 mm
18
18

NDS Tabulated Value
Bearing strength
---- MPa ---6.35 mm
9.35 mm
35
29
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4.3.2. Tension Tests (Perpendicular to Grain)
Results may be summarized for the tests explained previously, that is - two specimens from
each connection sample, tested once before and once after re-gluing, and two of the nonprismatic dog-bone-like specimens from each connection sample, one set tested with a
smaller gage length (Specimen 2).
The results from these material tests are compared graphically for each connection sample in
Figure 4-28 to Figure 4-31. For the specimens from connection sample groups 2 and 4, the
non-prismatic test can be seen to result in a very similar modulus to the prismatic tests, which
appears to confirm the theory that the prismatic test is sufficient for the determination of the
modulus, but not for the tensile strength. Sample groups 1 and 3 display varying results.

Figure 4-28: Stress-strain curve for tension test perpendicular to grain in specimen 1-4
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Figure 4-29: Stress-strain curve for tension test perpendicular to grain in specimen 2-5

Figure 4-30: Stress-strain curve for tension test perpendicular to grain in specimen 3-6
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Figure 4-31: Stress-strain curve for tension test perpendicular to grain in specimen 4-3

However, in Figure 4-32 and Figure 4-33, which display the results of all the tension tests,
without the non-prismatic specimens, and with the non-prismatic specimens, respectively, it
can be seen that the introduction of the data from the non-prismatic specimens produces only
one or two outliers from the body of data. From this it can be assumed that the majority of
the tests provide reliable results for the tensile modulus, with the variability attributed to the
natural variability of wood. A value for the tensile modulus can thus be estimated as the
mean of the material test results, including both test types.

Figure 4-32: Stress-strain curves for tension tests in all prismatic specimens
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Figure 4-33: Stress-strain curves for tension tests in all specimens

The data corresponding to the elastic modulus and modulus of rupture (for non-prismatic
specimens) is presented in Table 4-7 and Table 4-8, together with the mean population
values. Table 4-9 shows the mean values which can be estimated as indicative of the total
population. However, it should be noted that the mean values displayed in this table are not
correlated. That is, the elastic modulus, as calculated for the entire population of specimens,
is not related to the modulus of rupture, calculated using the non-prismatic tests only. A
mean value considering only the non-prismatic tests should be used if using the two
estimations concurrently, as reported in Table 4-8. Forest Products Laboratory, Wood
Handbook, for the loblolly species of Southern Pine (green wood) specifies the tensile
strength perpendicular to grain as 1.8 MPa, which is comparable to the mean rupture strength
of 2.2 MPa achieved with the material testing using the non-prismatic specimen. The results
of these tests can thus be assumed to be reliable.
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Table 4-7: Tensile Moduli from prismatic tension tests

TENSION PERPENDICULAR
First Run
Specimen no. (sample no.)

Second Run
Specimen no. (sample no.)

1-4a (1)
1-4a (2)
2-5a (1)
2-5a (2)
3-6b (1)
3-6b (2)
4-3a (1)
4-3a (2)

1-4a (1)
1-4a (2)
2-5a (1)
2-5a (2)
3-6b (1)
3-6b (2)
4-3a (1)

Modulus
---- MPa ---477
438
348
392
1003
1050
315
315
Population Mean
Population S.D.

Modulus
---- MPa ---729
743
393
308
1109
1006
346

598
308

Table 4-8: Tensile moduli and rupture moduli for non-prismatic tension tests

TENSION PERPENDICULAR - NONPRISMATIC SAMPLE
Sample no. (specimen no.)
Modulus
MOR
---- MPa ------- MPa ---1-4b (1)
409
3.36
2-5b (1)
561
0.56
3-6a (1)
455
0.46
4-3b (1)
379
0.38
1-4b (2)
156
2.81
2-5b (2)
309
4.80
3-6a (2)
228
2.78
4-3b (2)
244
2.50
Population Mean
343
2.20
Population S.D.
134
1.60
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Table 4-9: Statistics of all tension test specimens

STATISTICS OF ALL TENSION SPECIMENS
Modulus
MOR
---- MPa ---- ---- MPa ---Total Population Mean
509
2.20
Total Population S.D.
286
1.60

Figure 4-34 displays the tension stress-strain curves together with the mean tensile modulus,
calculated using the total population, shown by the solid red line, and the tensile modulus and
corresponding modulus of rupture, calculated using only the non-prismatic tests, represented
by the dashed red line.

Figure 4-34: Stress-strain curves for tension tests in all specimens – including mean value curves

4.3.3. Compression Tests
Parallel to Grain
Eight compression tests were completed, using two specimens from each sample connection.
These are labeled (1) or (2). As previously mentioned, the designations ‘a’ and ‘b’ refer to
the respective members of the column.
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The resulting compressive strengths and moduli for the compression tests parallel to grain
can be seen in Table 4-10. Also shown are the mean and standard deviation of the results for
all the specimen tests. This mean value will serve as the representative value for the
population. Table 4-11 shows a comparison between the mean values of the material tests,
and the values presented in the Forest Products Laboratory, Wood Handbook (1999), for the
loblolly species of Southern Pine (green wood). It can be seen that these values are
comparable to the mean values achieved in the material testing.
Table 4-10: Compressive moduli and strengths from compression tests parallel to grain

COMPRESSION PARALLEL
Sample no. (specimen no.)
Compressive strength
---- (MPa) ---1-4a (1)
35.60
1-4a (2)
36.01
2-5a (1)
48.66
2-5a (2)
43.57
3-6b (1)
40.62
3-6b (2)
37.19
4-3a (1)
32.77
4-3a (2)
44.51
Sample Mean
Sample S.D.

39.87
5.40

Modulus
---- (MPa) ---5957
6966
11807
14200
6416
6616
6203
10369
8567
3137

Table 4-11: Comparison between compressive test (parallel to grain) mean values and wood handbook (1999)
values

Material Tests
Compressive Strength Mean
Modulus Mean
---- (MPa) ------- (MPa) ---39.87
8567

Wood Handbook
Compressive Strength
Modulus
---- (MPa) ------- (MPa) ---24.2
9700

The stress-strain curves for the eight compression tests parallel to grain are shown in Figure
4-35. It can be seen that five of the eight tests display very similar moduli, while three of the
tests show a higher moduli. This is as expected when comparing the curves to the results
table. Figure 4-36 shows the stress-strain curves again, as compared to the bilinear estimation

67

of the mean values, which is represented by the solid red line. This is calculated simply by
using the mean modulus and compressive strength of the test population. Upon comparison
with the test curves, it was decided that taking a tangent modulus of 0.01 times the original
modulus is more representative of the test data. This is depicted by the dashed red line, and is
consistent with previous research.

Figure 4-35: Stress-strain curves for compression tests parallel to grain

Figure 4-36: Stress-strain curves for compression tests parallel to grain – including bilinear estimation of mean
curve
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Perpendicular to Grain
Again, eight compression tests were completed, using two specimens from each sample
connection. All labels are as previously detailed.The resulting compressive strengths and
moduli for the compression tests perpendicular to grain can be seen in Table 4-12, as well as
the mean and standard deviation of the results for all the specimen tests. The Forest Products
Laboratory, Wood Handbook (1999), publishes a perpendicular to grain compressive strength
for the previously mentioned wood species, but not an elastic modulus. The comparison
between this value and the material test values is shown in
Table 4-13. The value quoted in the Wood Handbook appears to be an overly conservative
value for strength perpendicular to grain, but as the material test results can be seen to vary
quite considerably (from 4.45 to 9.94 MPa), the values can be assumed to be comparable.
It should be noted that there is no generally accepted procedure for the determination of the
compressive strength and elastic modulus in wood perpendicular to grain. Hong (2007)
addresses this fact by performing two types of compression test perpendicular to grain, but
concludes that better material properties are determined from the configuration utilized in
this study.

Table 4-12: Compressive moduli and strengths from compression tests perpendicular to grain

COMPRESSION PERPENDICULAR
Sample no. (specimen no.)
Compressive strength
---- MPa ---1-4a (1)
6.89
1-4a (2)
6.79
2-5a (1)
5.51
2-5a (2)
4.83
3-6b (1)
6.56
3-6b (2)
9.94
4-3a (1)
4.45
4-3a (2)
4.70
Sample Mean
Sample S.D.

6.21
1.80

Modulus
---- MPa ---716
690
569
463
1046
1079
305
321
649
297
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Table 4-13: Comparison between compressive test (perpendicular to grain) mean values and wood handbook
(1999) values

Material Tests
Compressive Strength Mean
Modulus Mean
---- (MPa) ------- (MPa) ---6.21
649

Wood Handbook
Compressive Strength
Modulus
---- (MPa) ------- (MPa) ---2.7
-

The stress-strain curves for the eight compression tests perpendicular to grain are shown in
Figure 4-37. It can be seen that four of the eight tests display very similar moduli, while the
other four display different but again comparably similar moduli. As mentioned, the moduli
vary quite significantly, which is not seen to such an extent in the material tests performed
parallel to the grain. Again, the bilinear estimation of the mean values of the tests is shown
together with the stress-strain curves in Figure 4-38. The method of calculation here is the
same as that used with the parallel to grain results.
It can be seen in Figure 4-38, that assuming the tangent modulus to be 0.01 times the initial
elastic modulus may not be the best estimation (see Section 4.2.2). Hong (2007) reports that
that solution convergence is compromised with the usage of a larger modulus, thus using
0.01 times the initial modulus was deemed acceptable for the purposes of this study.

Figure 4-37: Stress-strain curves for compression tests perpendicular to grain
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Figure 4-38: Stress-strain curves for compression tests perpendicular to grain – including bilinear estimation of
mean curve
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5. COMPUTATIONAL MODELING PROCEDURES
Existing research in both two and three dimensions has been discussed in Chapter 2. The
development of a three-dimensional connection model is a necessary research development
as it allows a computational simulation to more accurately predict the material behavior
under loading. The definition of a three dimensional material model and corresponding
failure criteria improve upon model deficiencies present in 2D, such as the definition of an
elastic material, assumptions regarding crushing behavior in wood, absence of stress
relationships in different directions, and correct failure definitions. These components have
been established as necessary for wood models, and highly influential under cyclic loading.
Thus the need for utilizing a 3D finite element model can be established, and as such is
pursued in this study.
Finite element modeling is used to replicate the connection configurations tested previously,
as detailed in Chapter 3. These models are subjected to the same loading protocol (as seen in
Figure 3-2), and the previously discussed materials testing is used to develop material
models, hence allowing the computational model to simulate the connection behavior as
accurately as possible.
An existing finite element connection model (Fodor 2005) completed several years ago was
used as the basis for the current models. This model was created using an outdated version of
the finite element software ANSYS, and thus had to be updated before it could be fully
understood and utilized.
The current finite element models, programmed following the same basic procedures and
techniques as the existing model, were then created using the configurations tested
previously. This model was then furthered by altering the existing contact and frictional
applications and settings, introducing new contact applications where necessary, applying a
new material model, and altering loading and boundary conditions to comply with the current
study.
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5.1.

Modeling Procedure

5.1.1. Geometry
The geometry of the model is created utilizing the “bottom-up” approach. This means that
the model is created by generating the keypoints, lines and areas before meshing. For the
unreinforced connection model, the basic connection detail (not including the length of the
connection members) is first created in 2D and then meshed. User-controlled meshing is
used, by defining area segments of the model to mesh individually with a certain number of
mesh elements. User-controlled meshing, as opposed to default (ANSYS) meshing, allows for
better shape definition and order in the meshing process. It is particularly necessary for more
complex geometries, such as this one, when the dowel areas have to be taken into
consideration, and the connection area remaining is not of a standard shape. The area
“template” is first generated as a quarter-symmetry model, meshed and then reflected to
create the total connection area. The meshed connection area is then extruded into volumes
(3-dimensional) with the same meshing, before the original area “template” is deleted.
Detailing the model meshing in this way is a simpler process than meshing in 3 dimensions
when user-controlled meshing is used.
For the reinforced connection models, several separate 2D templates had to be constructed.
This was necessary, as, unlike the unreinforced model, which contained elements to be
extruded in one direction only (wood and dowel elements), the reinforcement in the model
added to the dowel placement, requires extrusion in all three model planes. Once meshed,
these templates were each extruded separately for the relevant portions of the model, and the
volumes merged to form one entity. Care has to be taken in this process to ensure the correct
definition of the relevant materials, and the success of the merge process, as well as ensuring
that the model geometry has been correctly applied with no overlapping volumes.
The meshed connection volumes, either unreinforced or reinforced, can then be extended to
include the length of the connection members. The total model utilizes a half-symmetry, cut
through the centre of the connection detail, such that only one column member is included in
the model, and half of the beam thickness. The sequential modeling procedures detailed can
be seen illustrated in Figure 5-1 for the unreinforced connection volume, in Figure 5-2 for the
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reinforced connection volume, whilst Figure 5-3 shows the extension of the connection
volume to include the full member lengths of the model.
The model geometry consists of 3-dimensional structural solid elements used to model the
solid materials of the model – wood, steel and composite fiber.

Figure 5-1: Sequential figures of finite element modeling; quarter symmetry area, full connection area, and
extruded volume
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Figure 5-2: Finite element model of connection area with reinforcement rods

Figure 5-3: Sequential figures of finite element modeling; extended connection into column length, and full
detail
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Summary of Geometry Input
The geometry required for input into the model is detailed in Table 5-1, and the connection
specifications can be seen in Appendix A: Connection Specifications
Table 5-1: Summary of Geometry Input

Input

Source

member length,
width and height
connection
length and width
dowel
configuration
radius
dowel radius

previously tested
connection detail

Notes
only half of the beam width
is modeled due to
symmetry; some other
simplifications
overlapping area of
members is the connection
area
radius of placement of
dowels within connection
area

5.1.2. Contact
Once the geometry is complete, the contact elements, which simulate interaction between
surfaces can be specified. In this model, contact elements are required to simulate the
interaction between the steel dowels and surrounding wood areas, and between the two wood
surfaces in the area of the connection detail. For the reinforced models, contact is also
required to simulate the interaction between the reinforcing rods and the surrounding wood
material.
The contact elements are defined on the exterior of the steel dowels, and the surface of the
surrounding wood medium. A sequential process of selection of the element nodes for the
definition of contact and the final defined contact elements can be seen in Figure 5-4. This
figure shows the selection of the dowel elements, followed by the selection of the nodes on
the external surfaces of the dowels which are used for the definition of the contact elements.
Finally an illustration of the contact elements overlaying the solid elements on the external
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surface of the dowels is pictured. The same process is utilized for the selection of nodes on
the exterior of the reinforcing rods, and the relevant localized wood.
These elements are based upon a “contact” and “target” pair, defined on the separate surfaces
of interest. The contact elements overlay the solid (or shell etc) elements that make up the
boundary of the deformable body (in this case the wood) which may come into contact with
the target surface (steel dowels). The target is simply a geometric entity in space that senses
and responds when one or more contact elements move into a target segment element.

Figure 5-4: Illustration of node selection for definition of contact
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Several different contact elements were considered in this process, recognizing the need for
accuracy, but also the ease of assembly of the model, and the computational time required
during the solution process. The use of surface-to-surface contact elements was decided
upon, which are the simplest to use in terms of programming. These elements have inbuilt
adjustments not present in other contact elements, and allow more freedom in model
creation, enforcing no restrictions on model geometry. These elements also allow the
presence of contact to be tested for prior to the solution being run. ANSYS Inc. (2007) states
that surface-to-surface contact elements generally provide better results than the other contact
types, and allow for monitoring data such as the printing of contact pressure during
simulation.
Contact Stiffness:
In order to fully describe the behavior of the steel-wood interaction, it is necessary to update
the contact stiffness as the wood beneath the dowels is compressed. If the contact stiffness
remains constant, the elements cannot determine if there is gap formation (characterized by
zero stress between the wood and steel surfaces) with increasing compression. The updating
stiffness behavior was determined to play a large part in the accuracy of the hysteresis plots,
as the bearing becomes stiffer with increased compression. Some experimentation was
necessary in order to simulate this behavior as accurately as possible. Two methods were
explored in this study – the first simply uses the material data gleaned from compression
tests, the second utilizes the idea that the elements immediately surrounding the dowels be
assigned the wood material properties obtained from the dowel bearing tests. The contact
elements are then programmed to use the stiffness of the underlying elements for
calculations, updating this stiffness for each solution iteration.
Other contact settings:
Other contact settings utilized include adjustment of the initial gap, friction, and some further
settings recommended by ANSYS. The Penalty method was used for this model, as it is the
general understanding among ANSYS users that “better contact performance and results may
be found when the penalty formulation alone is used” (Johnson 2002). Both the Penalty and
augmented Lagrangian method were initially used for the model, but it was found that the
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Penalty method is quicker and the solution produces fewer errors when changing the other
contact settings than the augmented Lagrangian method. The Penalty method also allows for
more control over the contact stiffness utilized.
For the simulation of the action between the wood members in the connection area, frictional
contact was used, and set such that no separation is expected at this interface. The default
ANSYS settings for the remainder of the contact factors were considered adequate, as this
study is not immediately concerned with the behavior of the connection in this area. Analysis
showed that the simulation results are not sensitive to the contact settings in this area, as long
as some form of contact is maintained.
The action between the wood medium and the reinforcing rods, was likewise not an
immediate concern of this study. The contact here was modeled as “bonded”, which
simulates a glue-like interface between the two materials which should not be broken. No
evidence of de-bonding and withdrawal of the reinforcing rods was observed in the
connection tests, thus it was not deemed necessary to explore this behavior in this study.
5.1.3. Boundary Conditions
The model is restrained in the same manner as the connection tests. This entails pinning the
end of the beam and column members in both the global x- and y- directions, at an angle of
45 degrees. These restraints will simulate the boundary conditions in the tests. The model is
also restrained in the global z-direction along the axis of symmetry to simulate symmetry
conditions. These boundary conditions can be seen in Figure 5-5. This may be compared to
Figure 5-6 of a connection specimen being tested.
It is also necessary to supply some nominal restraint in the general z-direction on the front of
the model. This restraint prevents the fore-most wood member from pulling free of the
remaining member whilst pivoting on the dowels during loading. This behavior was observed
in test simulations of the model.
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Figure 5-5: Illustration of definition of boundary conditions

Figure 5-6: Comparative illustration of connection testing
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5.1.4. Loading
The loading of the model was done by applying a displacement condition to the beam
member according to the defined loading protocol used in the connection tests. This
displacement was applied as in the tests, simulated in the model by utilizing the boundary
conditions defined. The displacement is applied at 45 degrees to the global x-direction, which
may be done easily by rotating the local direction axes of the connection model restraints, as
can be seen in Figure 5-5. Thus no alteration to the loading protocol is necessary.
The loading is specified within ANSYS in a manner such that its application to the small-scale
connection models as closely resembles the application to the actual small-scale connections
as possible. In order to reduce computational expense, the loading protocol is defined as
triangular waveforms, by the definition of four loading points for each period. As shown in
Figure 5-7, this does not greatly compromise the accuracy of the programmed loading – the
actual CUREE protocol is represented by the red waveform, whilst the programmed protocol
is shown in black.
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Figure 5-7: Comparison between actual CUREE loading protocol (red) and programmed loading protocol
(black)

Some problems were encountered in ANSYS with the definition of this protocol. Due to the
largely differing amplitudes within each of the eleven major load steps (refer to Table 3-1),
different load increments for each of these major load steps had to be defined, as using the
same load increment throughout the loading protocol would greatly increase computational
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time. These restrictions upon the increment size meant that each period of the protocol had to
be defined and programmed separately before being applied in the simulation. Care had to be
taken in the definition of the time taken for each of the displacement waveforms, and the
time taken for each load step, as the simulation solution is time-dependent.

5.2.

Material Properties

5.2.1. Wood
The definition of the wood material model presented some challenges in the modeling of the
connections. An elasto-plastic (non-linear) transverse isotropic constitutive model was
decided upon to represent the wood behavior. The transverse isotropic model is detailed in
Chapter 2. According to this model, the following material properties need to be determined:
•

Elastic modulus in the parallel-to-grain direction, E1

•

Elastic modulus in the perpendicular-to-grain direction, E2

•

Shear modulus, G12

•

Poisson’s ratio, υ12

•

Poisson’s ratio, υ21

Due to the complications encountered in test simulations of the connection model, and the
detailed nature of the definition of the utilized material model, this model is presented in a
separate chapter. The determination of the material parameters, and the resulting definition of
the wood material model, as well as the further assumptions utilized, are detailed in Chapter
6.
5.2.2. Steel
The steel dowels in the connection model were detailed using an isotropic elastic-perfectlyplastic model. Typical properties for Grade 40 steel are used, as shown in Table 5-2.
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Table 5-2: Material properties for steel material model

Parameter
Elastic modulus
Poisson's ratio

Value
210000
0.3

Units
MPa
-

Density
Yield Stress
Tangent Modulus

7.8 E-06
345
40

kg/mm3
MPa
MPa

5.2.3. Composite Fiber Reinforcement
The fiber reinforcing rods in the connection model were detailed using an elastic isotropic
model. The material properties for these rods are taken according to the manufacturer’s data,
as shown in Table 5-3.
Table 5-3: Material properties for composite fiber material model

5.3.

Parameter
Elastic modulus
Poisson's ratio

Value
41000
0.3

Units
MPa
-

Density
Yield Stress

20.2E-06
827

kg/mm3
MPa

Previous Finite Element Model

The previously completed connection model by Fodor (2005) was updated to the current
ANSYS software in an attempt to provide background knowledge for the development of the
connection model in this study. This model provided a starting point in the formation of
geometry, selection of contact nodes and definition of boundary conditions for the present
model. It was utilized in the initial stages of the current model development as a means of
comparison in order to ensure that the current model was running correctly.
The main area of concern in the updating of this model was the use of the contact elements.
The contact elements that were in use are no longer supported by the software, thus a newer
version was required. The model was updated using surface-to-surface contact elements as
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detailed previously. Other small adjustments, such as updating commands and language,
were also required before the model could be used.
The differences between the current model and this previous model can be summarized as
follows:
•

Reinforcement:
The reinforcement utilized in this model is in the form of a fiber textile which is
placed between the connection members, as opposed to reinforcement in the form of
fiber rods.

•

Material Properties:
This model defines the wood constitutive model as elastic (linear) orthotropic,
defining material properties in all three fiber directions (longitudinal, tangential and
radial). It also defines the fiber reinforcement as linear orthotropic.

•

Loading:
A single periodic displacement is applied to this model as opposed to the full loading
protocol utilized in the current model.

•

Support:
The support conditions are slightly different in this model, with an unrotated support
of the column member.

•

Contact stiffness:
Although a single value is defined in the model for contact stiffness, several values
are listed for possible usage. It is not known which value was used in simulations.
The model does not, however, define changing contact stiffness due to the crushing of
the wood beneath the dowels.

•

Other contact settings:
No other contact settings are specified in this model. The (default for this ANSYS
version) Penalty method is used for calculation.
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5.4.

Computational Methods

5.4.1. Nonlinear Static Analysis
The finite element software ANSYS uses the Newton-Raphson method for the analysis of
models with nonlinear aspects. In this case, the problem becomes nonlinear due to the
definition of nonlinear material behavior (plasticity), and the definition of contact between
elements of the solid model. For use in structural analysis, a displacement controlled system
may be adopted, which can be described simply as follows:
Initially:
5-1

where:

[K]

is the initial stiffness matrix of the system

[U]

is the initial displacement matrix of the system

[Fa]

is the vector of applied loads

This becomes:
∆
where:

[Kit]

5-2

is the tangent stiffness matrix

[ΔUi] is the increment in displacement of the system
[Finr] is the vector of restoring loads (opposes internal nodal loads)
i

represents the current equilibrium iteration

Displacement change between iterations:
∆

5-3

The residual is then defined as:
5-4

where the convergence criteria is defined as:
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0.001

5-5

Thus the solution procedure utilizing these equations is as follows:
1) A value is assumed for {U0} – either the converged solution of the previous step, or
zero for the initial step.
2) Compute the updated tangent stiffness matrix, [Kit], and the restoring load, [Finr], for
the application of {Ui}.
3) Calculate [ΔUi] from equation 5-2.
4) Use equation 5-3 to obtain the next approximation {Ui+1}.
5) Repeat steps 2-4 until convergence is obtained – that is equation 5-5 is satisfied.
(Metrisin 2008; ANSYS Inc. 2007)
This process for one iteration is illustrated in Figure 5-8.

Figure 5-8: Illustration of Newton-Raphson Method for one iteration (ANSYS Inc. 2007)

ANSYS further utilizes intermediate steps within the Newton-Raphson iterations in order to
account for “path-dependent nonlinearities” – in this case to account for the defined material
plasticities. This effectively means that each load step is applied in increments, whilst
Newton-Raphson iterations are completed with each increment. This procedure is illustrated
in Figure 5-9. Each Newton-Raphson iteration, as detailed in equations 5-1 through 5-5 and
Figure 5-8, now can be seen to have several incremental steps within each large iteration.
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Figure 5-9: Illustration of incremental Newton-Raphson procedure (ANSYS Inc. 2007)

5.4.2. Nonlinear Transient Analysis
With the introduction of cyclic loading, the computational problem may be described in
terms of “transient” or “time-history” analysis, in which the application of the load to the
model is time-dependent. ANSYS provides simulation options in which time-integration
methods, such as the Newmark method, are utilized.
These time-integration methods utilize a full transient dynamic equilibrium equation of the
form
5-6

where:

[M]

is the inertia (mass) matrix of the system

[C]

is the damping matrix of the system
is the acceleration matrix
is the velocity matrix

However, for the current problem, the inertia and damping effects which are considered in
transient analysis and shown in equation 5-6 are not important. Further to this, the initial
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conditions associated with the transient solution are zero in this case. It is thus deemed
appropriate for the purposes of the current computational model to utilize the solution
options for the nonlinear static (or steady-state) analysis as detailed in 5.4.1.
5.4.3. Contact Algorithm
The Penalty method is used as the contact algorithm in the current computational model. The
contact force is calculated using the following formula:
∆
where:

∆

5-7

Kcontact

is the contact stiffness

Δxpenetration

is the penetration (or gap), i.e. the distance between the contact
and target elements

ΔFcontact

is the contact force

This formulation is added to the existing matrix equation for multiple bodies. As the
penetration or gap definition, xpenetration, describes the distance between nodes, Kcontact can be
added to the existing stiffness matrix given in equation 5-1 (ansys.net).
The contact stiffness can be defined by the user or it can be calculated based on the stiffness
of the underlying elements. It should be noted that this algorithm does not allow the user to
control the amount of penetration that occurs in the model. This is checked in the solution
data to ensure that it is not unacceptable with regards to the model.
The alternative algorithm, the augmented Lagrangian method, utilizes the same principle as
the Penalty method, but allows some control over the penetration in the model.

5.5.

PostProcessing of Model Solution

The post-processing of the model solution allows the user to specify the required output from
the model. As the concern is to be able to compare the results of the simulations with those of
the experimental connection tests, the hysteresis loops, or moment-rotation curves, are of the
most importance in this post-processing stage. Thus, the rotation calculated from the applied
displacement, the calculated reaction forces, and the lever arm required to calculate the
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moment induced in the connection are of primary focus for the model’s quantitative
validation. The cumulative energy dissipation in the connection simulation is also calculated.
To aid in qualitative validation, the failure criterion was also applied in post-processing, and
contour diagrams produced of the stresses and strains incurred in the connection during
simulation.
5.5.1. Rotation
The rotation induced in the connection was found by utilizing the displacement data of the
connection. By using the relative displacement of the nodes at the end of the connection and
in the center of the connection area, it is possible to calculate the angle due to this
displacement, which is equivalent to the rotation angle given in equation 3.5, in section 3.2:
Analysis Methodology.
5.5.2. Moment
The reaction forces due to the applied displacements at the connection support nodes are
added to obtain the total reaction force. This reaction force is multiplied by the lever arm to
obtain the moment acting on the connection. This lever arm will change as the rotation of the
connection changes. The previously calculated rotation angle can be used to calculate the
changing lever arm, and hence the changing moment induced in the connection, as detailed in
equation 3-6.
5.5.3. Energy Dissipation
The cumulative energy dissipation is obtained by calculating the area beneath each hysteresis
loop, as given in equation 3-7.
5.5.4. Failure Criteria
The Tsai-Wu failure criteria can also be applied during the post-processing of the model. For
the purposes of this study, this strength tensor theory will take the following simplified form,
as used by Patton-Mallory et al. (1998), and instituted in ANSYS:

σ
1

5-8
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where the strength tensor components take the form

;

;

;

;
where

;

;

;

;
5-9

σ1, σ2, σ3 = stresses in the principal directions (x, y, z)
σ13, σ23, σ12 = shear stresses in the 1-3, 2-3,1-2 planes (x-z, y-z, xy)
X = tensile strength in x-direction
X’ = compressive strength in x-direction
Y = tensile strength in y-direction
Y’ = compressive strength in y-direction
Z = tensile strength in z-direction
Z’ = compressive strength in z-direction
XZ = shear strength in xz-direction
YZ = shear strength in yz-direction
XY = shear strength in xy-direction

The usage of this form of the Tsai-Wu criterion coincides with the material model definition,
in that data is provided in the three principal directions, but may be simplified to transverse
isotropy, by equating two of the three directions. The strengths utilized in this criterion can
thus be taken directly from the strengths defined in the material model. The only other
simplification is the exclusion of the interaction coefficients F12, F23, and F12, which are
included in the original Tsai-Wu criterion. Due to the lack of adequate measures to determine
these coefficients, both in general, and in the context of this study, the simplifying
assumption of F12 = F23 = F12 = 0 is adopted, according to Patton-Mallory et al. (1998). Note
that the value of one shown in equation 5.8 represents a state of failure, as well as any value
greater than one.
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6. DEVELOPMENT AND VALIDATION OF MATERIAL MODEL
The development and assignation of a material model to the computational connection model
presented a greater challenge than was originally anticipated. The challenge lies not only in
the representation of the wood material as a whole, and the determination of the wood
material properties to define this representation, but also in the local wood crushing which
occurs in the area surrounding the dowels in the connections. The focus upon this behavior
becomes increasingly important in order to accurately predict load-deformation behavior of
the connection under cyclic loading.
As mentioned in Chapter 2, there is no commonly accepted material representation for wood.
The transverse isotropic constitutive model is adopted here as a suitable model. It can be seen
in Chapter 2 that this representation has yielded acceptable results in previous research, and
also reduces the amount of material constants that have to be obtained by experimental
methods, as well as the computational time. It is further assumed that an elasto-plastic model
will more accurately depict connection behavior. Thus the material model put forward by
Moses and Prion (2003) and later used by Hong (2007) is used in this research.
The second main consideration in the definition of the wood model is the crushing of the
wood around the dowels which occurs in moment-resisting connections under cyclical load.
An explanation of this behavior can be seen in Chapter 2. Although fairly well documented
in two dimensional models, through the usage of beam on foundation theory (see Chapter 2),
little successful work has been done in representing this crushing behavior in three
dimensional models, with the existing work focusing on static loading. The European Yield
Model for connection design, as adopted in the NDS (American Forest and Paper
Association, 2005), utilizes the dowel bearing strength of the wood, along with other factors
(see Chapter 2) in order to predict the load of the connection at failure. The idea behind this
theory is to allow for crushing behavior under the load of a fastener, however, the theory
currently has many disadvantages, most notably the assumption of perfectly-plastic behavior
in wood. The idea behind this theory may be utilized and furthered by assuming an elastoplastic dowel bearing strength representation of the wood surrounding the dowels in the
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connection, whilst assuming the more relevant compression and tension properties in the
remainder of the connection.
The computational model thus utilizes two sets of material parameters, a “general” material
model (referred to as GMM subsequently), which consists of material properties determined
from the prismatic compression tests both parallel and perpendicular to grain. This model is
utilized in the majority of the connection. The second set of parameters, constituting a
“foundation” material model (referred to as FMM subsequently), is used to represent the
material immediately surrounding the dowels in the connection, in order to simulate wood
crushing. The properties for this model are determined from the dowel bearing tests
performed both parallel and perpendicular to grain. This model is consistent with that utilized
by Hong (2007).
Figure 6-1 shows the model of the small-scale connection in ANSYS, with the front of the
model shown on the left, and the back, where symmetry is defined on the right. The colors in
this model represent the different material models and/or properties which are defined in the
respective volumes. In this figure, the purple member represents one of the column members
in which the GMM is utilized, with the grain running in the X-direction. The turquoise
member represents half of the beam member (halved due to symmetry utilized), in which the
GMM is utilized, with grain running in the Y-direction. The steel dowels are shown by the
pink volumes, whilst the volumes immediately surrounding the dowels represent the volumes
where the FMM is defined, segregated by the parallel and perpendicular to grain directions as
with the main members.
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Figure 6-1: Representation of small-scale connection model with colors corresponding to different material models and/or properties – left shows front of model,
right shows back of model or symmetry plane
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6.1.

Transverse Isotropic Model

The application of an elasto-plastic transverse isotropic material model is done in the finite
element software, ANSYS, by assuming an anisotropic plasticity model. This is done
successfully by both Moses & Prion (2003) and Hong (2007), who claim that the model can
account for both permanent deformation and energy dissipation. The model is implemented
by the assumption of bilinear stress-strain curves in each of compression, tension and shear,
in each relevant material direction. In the case of the assumption of transverse isotropy, this
would mean that identical curves would be utilized for the tangential and radial directions. In
addition, Hong (2007) has assumed that the curves in compression and tension are identical,
as this reduces the chance of violating the consistency equation required for anisotropic
plasticity, and the closed yield surface required for an elliptical failure surface. This is
assumed as per Moses (2000) (cited in Hong, 2007).
Several different methods of defining the transverse isotropic material model in ANSYS were
attempted. Presently the software does not have a dedicated wood model in its material
database, thus, any wood definition more complex than linear orthotropic, has to utilize the
existing forms of metallic material definition in order to approximate wood material
behavior. The disadvantages of assuming an anisotropic plasticity model in ANSYS exist in
the many assumptions (as mentioned) that it is necessary to make in order to fully define the
material. These assumptions will obviously compromise the results of the analysis to some
extent. Further to this, as the anisotropic model in ANSYS is intended for the usage of metals,
it assumes some hardening with loading. As such, ANSYS does not recommend the model for
usage under cyclic loading, which is the intention of this research (ANSYS Inc 2007).
6.1.1. Anisotropic Plasticity
In ANSYS, generalized anisotropic Hill potential theory (Hill 1983; cited in ANSYS Inc.
2007) is used to describe anisotropic plasticity. Shih and Lee (1978; cited in ANSYS Inc.
2007) updated Hill’s yield criterion, to allow the definition of yield strengths in three
orthogonal directions, as well as allow for differences in yield strength in compression,
tension and shear. In the characterization of the elasto-plastic response of the material it is
important to consider the yield criteria, flow rule and hardening rule. For the definition of
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anisotropic plasticity in ANSYS, an associative flow rule is assumed, along with work
hardening as defined by Valliappan et al. (1976; cited in ANSYS Inc. 2007).
The yield surface can be represented by a circular cylinder, with an initial shift in space, as
shown in Figure 6-2.

Figure 6-2: 3-Dimensional yield surface for anisotropic plasticity (ANSYS Inc. 2007)

The yield criterion is expressed in terms of the stress level at which yielding is initiated,
which, in the case of multiple stresses, is defined in terms of the stress components, f({σ}), as
an equivalent stress:
6-1

where:

{σ}

is the stress vector

In the case of Hill potential theory, which follows a modified von Mises yield criterion, this
equation becomes:
6-2

where:

[M]

is a matrix describing the variation of yield stress with orientation, of
the form given in equation 2-2.

[L]

accounts for the difference in tension and compression strengths
(related to the translation of the yield surface)

The components of [M] are of the form:
95

;
where:

σ+j , σ-j

1

6

6-3

are the tensile and compressive yield strengths in direction j (j
= x, y, z, xy, yz, xz)

K

is a material parameter equal to the plastic work, that is when
, the material is assumed to yield.

The strength differential vector takes the form:
0

0

0

6-4

where the components may be described by:
;

1

3

6-5

The flow rule determines the direction of plastic straining and is described by:
6-6

where:

λ

is the plastic multiplier (determines amount of plastic straining)

Q

is a function of stress known as the plastic potential (determines the
direction of plastic straining). This is normally assumed equal to the
yield function, and thus the strains occur normal to the yield surface,
and the flow rule is named the associative flow rule, as utilized in
plasticity.

The hardening rule is used to describe the change in the yield surface under progressive
yielding. It is a way of updating the yield strengths of the material for progressive analysis
under load, thus the yield criterion changes with hardening. If the equivalent stress, σe,
exceeds the yield strength of the material, then plastic straining will occur. Plastic strains
reduce the stress state so that it satisfies the yield criterion. In the case of anisotropic
plasticity, isotropic, or work hardening is assumed. This assumes that the yield surface does
not translate, but expands due to plastic strains.
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It should also be noted that the plasticity theory must adhere to both the requirement of
plastic incompressibility, and the requirement that the yield strengths define a closed yield
surface.
(ANSYS Inc. 2007)

6.2.

Material Parameters

Material tests, as detailed in Chapter 4, were performed in order to determine the material
parameters required for the model. With the assumption of transverse isotropy, the number of
required independent material properties may be reduced to six, as detailed in Chapter 2.
These properties are the elastic moduli in the parallel and perpendicular directions, the shear
modulus, and three poisson’s ratios. In this case, we take two of the poisson’s ratios from
published values in the NDS (American Forest and Paper Association, 2005), and assume
that the third is calculated. We further assume that the shear moduli may be calculated from
these ratios and the elastic moduli. The source of each of these parameters is listed in Table
6-1.
Table 6-1: Source of six independent material properties required for definition of model

Parameter

Source

Elastic Moduli
Poisson's Ratios
Shear Modulus

Material Test
Published values
Calculated

The acquired Poisson’s ratios are shown in Table 6-2.
Table 6-2: Poisson’s Ratios used in the prescribed material model

Poisson's Ratios
υLT
0.292

where:

L

υRT
0.382

υTL (calculated)
0.022

is the longitudinal direction, known as parallel to grain (subscript)
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T

is the tangential direction, known as perpendicular to grain together
with the radial direction (subscript)

R

is the radial direction, known as perpendicular to grain together with
the tangential direction (subscript)

υLT

is taken from the Forest Products Laboratory, Wood Handbook (1999)
for Loblolly Pine

υRT

is taken from the Forest Products Laboratory, Wood Handbook (1999)
for Loblolly Pine

υTL

is calculated using the relation:
6-7

The shear moduli are calculated as follows:
.
√

6-8
6-9

where:

LT

stands for parallel to grain (subscript)

RT

stands for perpendicular to grain (subscript)

However, the usage of anisotropic plasticity in ANSYS requires the definition of several more
parameters than the simplified transverse isotropic representation. Uniaxial bilinear stressstrain curves are used to describe the material behavior in the three material directions, and in
each of tension and compression. The definition of the bilinear curves coincides with the
treatment of the material test results detailed in Chapter 4. As such, the initial slope of the
curve corresponds to the elastic modulus of the material, up to a yield stress, after which the
slope follows the tangent modulus. This is illustrated in Figure 6-3, for two orthogonal
material directions, x and y, in both tension and compression. As we assume that the tension
and compression parameters are equal, it is necessary to glean only four parameters from the
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material tests: the elastic moduli and yield stress in compression in each of the parallel and
perpendicular directions, in order to determine the bilinear curves required.

Figure 6-3: Bilinear stress-strain curves representing plastic anisotropic material behavior (ANSYS Inc 2007)

ANSYS thus requires the definition of 27 material constants:
•

Elastic moduli in the material x, y, and z directions

•

Tensile yield stresses in the material x, y, and z directions

•

Corresponding tangent moduli

•

Compressive yield stresses in the material x, y, and z directions

•

Corresponding tangent moduli

•

Shear moduli in the material x, y, and z directions

•

Shear yield stresses in the material x, y, and z directions

•

Corresponding tangent moduli

•

Three poisson’s ratios in xy, yz, and, xz directions

Note the usage of directions x, y and z here, as defined by ANSYS. According to the
orientation of each of the members in the model, x, y and z may take any of the longitudinal,
tangential or radial directions (although remember that the tangential and radial are taken as
equal as perpendicular to grain). Thus the usage of x, y and z is maintained, and the grain
directions are defined on a case by case basis.
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The source of all the material parameters, whether gleaned from tests or calculated, and the
remaining necessary assumptions are summarized in the Table 6-3 below:
Table 6-3: Source of 27 material properties required for ANSYS material model

Parameter
Elastic Moduli
Tensile yield stresses
Tensile tangent moduli
Compressive yield stresses
Compressive tangent moduli
Shear Moduli
Shear yield stresses
Shear tangent moduli
Poisson's ratios

Source
Compression (or tension) tests; in the case of
the FMM, dowel-bearing tests
Equivalent to compression yield stresses
Equivalent to compression tangent moduli
Compression tests; in the case of the FMM,
dowel-bearing tests
0.01 * elastic modulus
Calculated as in equations 6-8 and 6-9
Calculated as in equations 6-10 to 6-13
0.01 * shear modulus
As detailed in Table 6-2

The analysis of the compression tests in order to determine the data required for the material
model is detailed in Chapter 4. However, for clarification purposes, a schematic of the
parameters extracted from these tests, is shown in Figure 6-4. As mentioned, the important
parameters are the modulus of elasticity (MOE), the yield (or compressive) strength, and the
compressive tangent modulus.

Figure 6-4: Illustration of compression test analysis for material properties
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The shear yield stresses are calculated by first calculating the shear yield strains:

6-10

6-11

thus the shear yield stresses may be calculated as:
6-12
6-13

where:

σT

is the compressive yield stress (perpendicular to grain)

ET’

is the compressive tangent modulus (perpendicular to grain)

τRT

is the shear yield stress (perpendicular to grain)

6.2.1. General Material Model (GMM)
This is the material model that is used to define the majority of the material in the wood
connection. The parameters are determined as outlined above, utilizing the results from the
prismatic compression tests both parallel and perpendicular to grain. The material properties
utilized in this material model are shown in Table 6-4, and the bilinear stress-strain curves
defined for the plastic anisotropic material model in ANSYS are shown in Figure 6-5.
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Table 6-4: Material properties for the General Material Model

Value

Units

EL1

Parameter

8570

MPa

ET = ER2

650

MPa

σL1

39.9

MPa

σT = σR 2

6.20

MPa

EL’1

86.0

MPa

ET’=ER’2

6.50

MPa

GLT1

1090

MPa

GRT2

235

MPa

τLT1

4.05

MPa

τRT2

1.88

MPa

1

10.9

MPa

GRT’2

2.35

MPa

υLT

0.292

-

υTL

0.022

-

υRT

0.382

-

GLT’

1

parallel to grain

2

perpendicular to grain
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Figure 6-5: Bilinear stress-strain curves representing the General Material Model

6.2.2. Foundation Material Model (FMM)
This is the material model that is used to define the material immediately surrounding the
dowels in the connection. The parameters are determined as outlined above, utilizing the
results from the dowel bearing tests both parallel and perpendicular to grain.
Several different methods of defining a foundation material in the finite element model were
attempted before settling upon this method, as suggested by Hong (2007). Some
experimentation on which material parameters to use was also performed. However, utilizing
the material properties determined from the dowel bearing tests was seen to be the most
representative of the material and the most consistent with the existing theory on wood
constitutive models.
The material properties utilized for this model are shown in Table 6-5 for both 6.35 mm and
9.53 mm dowels, and the bilinear stress-strain curves defined for the plastic anisotropic
material model in ANSYS are shown in Figure 6-6 and Figure 6-7.
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Table 6-5: Material properties for the Foundation Material Model

Parameter

Value
6.53 mm
9.53 mm

Units

EL1

239

326

MPa

ET = ER2

120

140

MPa

σL1

35.0

33.8

MPa

σT = σR 2

18.0

17.9

MPa

EL’1

2.39

3.26

MPa

ET’=ER’2

1.20

1.40

MPa

GLT1

78.4

98.9

MPa

GRT2

43.4

50.6

MPa

τLT1

7.50

7.60

MPa

τRT2

5.60

5.44

MPa

1

0.800

0.989

MPa

2

0.400

0.506

MPa

υLT

0.292

0.292

-

υTL

0.022

0.022

-

υRT

0.382

0.382

-

GLT’

GRT’

1

parallel to grain

2

perpendicular to grain
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Figure 6-6: Bilinear stress-strain curves representing the Foundation Material Model – 6.35 mm dowels

Figure 6-7: Bilinear stress-strain curves representing the Foundation Material Model – 9.53 mm dowels
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6.3.

Validation

The compression and dowel bearing tests were replicated in the finite element software,
ANSYS, in order to validate the prescribed material models and ensure that the software was
being used correctly. These tests were performed using both the general and foundation
material models.
6.3.1. Replication of Compression Tests
The compression tests, both parallel and perpendicular to grain, were modeled in ANSYS,
such that they were as similar to the actual tests (detailed in Chapter 4) as possible. A
representation of these computational tests can be seen in Figure 6-8. The model is created
using solid elements, with contact elements being defined at the surface intersections of the
steel plates and the wood specimen, in the same manner as in the full connection models. The
base steel plate is restrained in all three model directions, whilst some nominal restraint in the
horizontal direction is required on either side of the model. Although this is not the condition
in the actual test, some restraint in the horizontal direction is required by ANSYS in order for
the simulation to run successfully. The dimensions of the specimen in the computational
representation match those of the actual compression tests, whilst material properties from
the General Material Model are assigned to the wood material. A bilinear isotropic
representation is used to assign material properties to the steel plates used in the analysis, as
is used for the steel dowels in the connection model. Load is applied in a displacementcontrolled manner, to the steel plate at the top of the specimen, as in the compression tests.

106

Figure 6-8: Computational representation of compression tests, with and without elements

The results of the compression tests parallel to the grain versus those of the computational
representation can be seen in Figure 6-9, whilst those perpendicular to grain can be seen in
Figure 6-10. It can be seen that the material model used here exactly replicates the
compression test parallel to grain, and very closely replicates the compression test
perpendicular to grain.

Figure 6-9: Compression test parallel to grain data versus computational compression test data
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Figure 6-10: Compression test perpendicular to grain versus computational compression test data

The plastic strain induced in the compression samples during simulation are shown in Figure
6-11 and Figure 6-12 for compression parallel and perpendicular to grain respectively. It
should be noted once more that the compression tests were not performed to comprehensive
failure, thus the simulations have been performed to replicate the strain result at the end of
the respective test.
With reference to Figure 4-18, some splitting along the grain of the compression specimens
parallel to grain was seen towards the top and bottom segments. This appears to correlate
with the plastic strain contour diagram, as it can be seen that greater compression strains are
evident in these areas.
In the perpendicular to grain specimens, with reference to Figure 4-22, again some splitting
was seen along the grain, along with some significant stepping at the extremities of the
specimens. Again this can be seen to be correlated in the strain contour diagram, with the
greatest strain seen at the extremities. Also to be noted is the diagonal strain pattern on the
side of the simulation specimen, which can be seen to correspond to the splitting evident
along the radial grain of the test specimen.
From these observations, it may be concluded that the usage of this material model is
acceptable, and the correct usage of the software has been reinforced.
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Figure 6-11: Representation of plastic strain in simulation of compression test parallel to grain

Figure 6-12: Representation of plastic strain in simulation of compression test perpendicular to grain
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6.3.2. Replication of Dowel Bearing Tests
Like the compression tests, the dowel bearing tests, both parallel and perpendicular to grain,
were modeled in ANSYS, such that they were as similar to the actual tests (detailed in Chapter
4) as possible. A representation of these computational tests can be seen in Figure 6-13. The
model is created using solid elements, with contact elements being defined at the surface
intersections of the steel dowel and the wood specimen, in the same manner as in the full
connection models. The base of the wood specimen is restrained in all three model directions,
whilst some nominal restraint in the horizontal direction is required on either side of the
model. Although this is not the condition in the actual test, some restraint in the horizontal
direction is required by ANSYS in order for the simulation to run successfully. The
dimensions of the specimen in the computational representation match those of the actual
dowel bearing tests, and load is applied in a displacement-controlled manner, as in the actual
tests.
A “foundation” volume is introduced within the dowel bearing test simulation model. The
purpose of introducing the foundation volume is to simulate the same crushing behavior as in
the dowel bearing test, whilst retaining general wood behavior in the remainder of the model.
The logical volume to define for the foundation volume is a semi-circular one, however, for
the full connection model, a square foundation volume is necessary in order to ensure that the
correct meshing processes can be completed. Thus a dowel bearing simulation model with a
square foundation volume was also created and compared to that with a semi-circular
foundation.
The pink volume seen in the centre of the two diagrams in Figure 6-13 represents the steel
dowel with a bilinear isotropic representation used to assign material properties, as in the full
connection model. The red volume surrounding the dowel has been built into the specimen
model in order to apply the theory of using the Foundation Material Model. Thus the red
volume represents the “foundation” where the FMM may be assigned, whilst the remaining
blue volume represents the region in which the GMM will be used. The element distribution
for the square foundation model is shown in Figure 6-14.
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Figure 6-13: Computational representations of dowel bearing tests
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Figure 6-14: Element distribution in square foundation model

A large enough foundation volume is needed to replicate the behavior of the dowel bearing
test, however, not so large that it sacrifices the integrity of the remainder of the model. This
foundation volume was determined by trial and error in the square foundation model. The
simulation was over-loaded and the plastic strain contour diagram consulted in order to
determine the extent of the crushing behavior, and whether it was contained within the
foundation volume. Figure 6-15 and Figure 6-16 show the plastic strain contour diagrams for
various foundation sizes, in terms of the dowel diameter, d, for the 6.35 mm dowels, and the
9.53 mm dowels respectively. In each case, the center diagram represents the chosen
foundation size, whilst the diagrams on either side represent foundation sizes that were
deemed too small or too large. Foundation sizes were chosen as 1.8d for the 6.35 mm dowels
and 1.4d for the 9.53 mm dowels.
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(a)

(b)

(c)

Figure 6-15: Plastic strain contour diagrams for different foundation volume sizes – 6.35 mm dowels (a) 1.6d; (b) 1.8d; (c) 2.0d

(a)

(b)

(c)

Figure 6-16: Plastic strain contour diagrams for different foundation volume sizes – 9.53 mm dowels (a) 1.2d; (b) 1.4d; (c) 1.6d
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Depending upon the size of the prescribed foundation, dimensionless calibration factors are
introduced. These are necessary in order to convert the “nominal” bearing properties
calculated from the dowel bearing experiments reported in Chapter 4, to “effective” bearing
properties. These factors will allow the results from the simulation utilizing the combined
material model to replicate the behavior of the wood area directly beneath the dowel in the
dowel bearing tests. With reference to equations 4-1 to 4-3, the calibration factors are applied
in order to obtain an effective bearing modulus and effective yield strain:
6-14
6-15

where:

j

represents either parallel or perpendicular to grain

α

is the calibration factor applied to the bearing modulus

β

is the calibration factor applied to the yield strain

Figure 6-17 shows the experimental load-deformation curves for the dowel bearing tests
performed parallel to grain, using 6.35 mm dowels, along with the average bilinear
representation of these curves shown in red. Also shown are the results from the ANSYS
simulations – the dashed blue line shows the usage of the material properties given in Table
6-5, with the calibration factors both equal to one (“Original Values”). The solid blue line
shows the material properties together with the optimized calibration factors (“Factored
Values”). These calibration factors were determined through optimization simulations
utilizing Microsoft Excel and ANSYS.
The load-deformation curves for the remaining connection configurations are shown in
Figure 6-18 through Figure 6-20. The calculated calibration factors for each configuration are
shown in Table 6-6, as well as a comparison between the calibration factors determined for
the semi-circular and square foundations. It can be seen that although it was assumed that the
semi-circular foundation would provide a better fit to the dowel bearing properties, smaller
calibration factors were determined for the square foundation.
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Figure 6-17: Load-deformation curves for dowel bearing tests parallel to grain, 6.35 mm dowels

Figure 6-18: Load-deformation curves for dowel bearing tests perpendicular to grain, 6.35 mm dowels
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Figure 6-19: Load-deformation curves for dowel bearing tests parallel to grain, 9.53 mm dowels

Figure 6-20: Load-deformation curves for dowel bearing tests perpendicular to grain, 9.53 mm dowels
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Table 6-6: Foundation sizes and calibration factors for the application of the dowel bearing material properties
to the FMM

Bearing Test
direction
dowel size
parallel to grain
6.35 mm
perpendicular to grain
parallel to grain
perpendicular to grain

6.35 mm
9.53 mm
9.53 mm

Foundation
1.8d
1.8d
1.4d
1.4d

α

Calibration Factor
semi-circular
square
2.3
1.4

β

2.7

1.5

α

1.6

1.2

β

2.2

1.6

α

1.9

1.2

β

2.1

1.3

α

1.3

1.0

β

1.7

1.3

The crushing behavior evident in the experimental samples, as in Figure 6-21, can clearly be
seen when utilizing the foundation model in the ANSYS simulation, as shown in Figure 6-22.
With the addition of the calibration factors, it may be concluded that the usage of this
material model is acceptable.

Figure 6-21: Crushing evidence in dowel bearing test parallel to grain
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Figure 6-22: Plastic strain contour diagram showing the simulated crushing behavior in ANSYS

General Material Model versus Foundation Material Model
The usage of the Foundation Material Model and the concept behind it, with respect to the
crushing behavior evident in testing, can be validated by a comparison between dowel
bearing test results simulated using the FMM, and those simulated using data compiled from
the compression tests only – the General Material Model. Figure 6-17 through Figure 6-20
have been replicated here, in Figure 6-23 through to Figure 6-26, in order to compare the
dowel bearing test experimental curves, along with their average bilinear curve, and the
simulated results (with and without factors) of the computational model when utilizing the
FMM, to the simulated results when utilizing only the GMM. It can be seen that the
simulated dowel bearing tests utilizing the GMM, shown in green, are largely inadequate for
the purposes of predicting crushing behavior. The GMM simulated data over-predicts the
stiffness of the material, as evidenced by the increased elastic moduli, in all cases. It also
greatly over-predicts the bearing strength of the wood parallel to grain, and under-predicts
the strength perpendicular to grain. The simulated results using the FMM can be seen to
much more closely represent the behavior of the wood in testing, both before and after
applying the scaling factors. It can thus be concluded that the introduction and usage of the
FMM in the computational model is justified.
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Figure 6-23: Comparison between curves simulated with and without the FMM, parallel to grain 6.35 mm
dowels

Figure 6-24: Comparison between curves simulated with and without the FMM, perpendicular to grain 6.35 mm
dowels
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Figure 6-25: Comparison between curves simulated with and without the FMM, parallel to grain 9.53 mm
dowels

Figure 6-26: Comparison between curves simulated with and without the FMM, perpendicular to grain 9.53 mm
dowels
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7. RESULTS AND DISCUSSION
7.1.

Further Validation Procedures

A 3D model consisting of a single statically loaded dowel has been explored by several
authors, including Patton-Mallory et al. (1997), Kharouf et al. (2003), Moses and Prion
(2003) and Hong (2007). This model was recreated using the material parameter input given
in Hong (2007), with the results compared directly to those reported in his publication, in
order to ensure the correct usage of the ANSYS software, and the relevant settings necessary
to perform this analysis. The material parameter input which has been determined for the
current model, as detailed in Chapter 6, was then applied to this model in order to further
validate its usage, and the illustrate the benefit of utilizing the suggested Foundation Material
Model.
Three model dimension configurations were tested in Hong (2007). The smaller model,
utilizing dimensions of l/d = 2, e-d/d = 7 and w/d = 4, with d = 12.7 mm, was utilized for
verification purposes here, as this model most easily showed the impact of the crushing
behavior evident when applying the foundation material concept. A representation of this
model can be seen in Figure 7-1, and is representative of the current ASTM standard fullhole dowel bearing test. Due to symmetry, half of the connection may be modeled, as
pictured, with symmetry boundary conditions being utilized. The model is also restrained at
the base in all directions. Displacement-controlled loading is applied to the steel dowel,
which protrudes 9.5 mm on either side of the wood member, in the manner shown in Figure
7-1. All simulations were loaded to a displacement of 2.5 mm.
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Figure 7-1: Previously researched 3D finite element model of single dowel connection

The load-displacement curves, and the embedment strain contour diagrams were compared to
those of Hong (2007). The load-displacement curves showed good agreement, with
differences being attributed to the friction utilized by Hong, and the contact stiffness, as well
as the absence of an assigned gap in this simulation. Hong assigned a friction factor of 0.3
between the wood-steel interface in this model, despite the recognized value of 0.7 given in
literature, and indeed used by Kharouf et al. (2003), and Moses and Prion (2003). Upon
attempting to use a value of 0.3, corresponding to Hong’s input, in the current model, the
solution was non-convergent. Further to this, Hong (2007) does not mention the contact
stiffness used in this model, nor in any of the models in his publication. As mentioned by
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Moses (2000) [upon which the publication by Moses and Prion (2003) is based], the contact
stiffness does have some influence upon the model results.
As previously mentioned, this study utilizes a contact stiffness which is updated by ANSYS
according to the stiffness of the underlying elements. If the simulations are run with a set
stiffness, that is a single value, without update, results vary. A higher contact stiffness
displays a larger load-bearing capacity after yield, and lower contact stiffnesses show yield at
increased displacements. The stiffness displayed in the curves also increased with increasing
contact stiffness. It should further be noted that with very low or very high stiffnesses set in
ANSYS, the simulations become largely unstable, and the results may be unreliable. These
findings coincide with those reported by Moses (2000), although he further reported that the
failure stresses were not affected, which was not the finding here.
The embedment strain contour diagrams show good qualitative agreement with those of
Hong (2007). Further to this, contour diagrams representing the Tsai – Wu Failure Criterion,
were compared qualitatively to those reported by Patton-Mallory et al. (1998) for the model
configuration simulated, using the General Material Model only. These diagrams showed
good agreement, with failure largely in the area directly beneath the dowel, as expected.
Simulations were then undertaken with the dowel size and material properties relevant to this
study. Simulations were completed using only the 6.35 mm dowels, with the foundation size
defined according to the optimization work done for the dowel bearing tests in section 6.3.2.
These simulations performed as expected qualitatively, with failure in the regions directly
beneath and adjacent to the dowel, and the occurrence of significant plastic bending in the
dowel, as can be seen in Figure 7-2 and Figure 7-3. The plastic strain contours for the two
instances utilizing the Foundation Material Model and using only the General Material
Model can be seen to be very similar, which would be expected with the deformation of the
dowel. Slightly larger strains can be seen in the model utilizing the GMM only. The Tsai-Wu
failure contours show much more significant “crushing” action occurring in the model
utilizing the FMM, both beneath and adjacent to the dowel, which signifies the intent of this
material model to correctly simulate this behavior.
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(a)

(b)

Figure 7-2: Plastic strain contours for 6.35 mm dowels – (a) with FMM, (b) with GMM only

124

(a)

(b)
Figure 7-3: Tsai-Wu Failure contours – (a) with FMM, (b) with GMM only
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The load-displacement curves for the simulations utilizing the data significant to this study,
showed good agreement with the curves simulated with the dowel bearing models, with only
a slight increase in yield strength. This is consistent with the results reported by Hong (2007).
The simulation results also effectively show the differences in stiffness and strength between
the two models, further indicating the need for the “foundation” region in reducing the
stiffness around the dowels and modeling the crushing behavior occurring here. These results
can be seen in Figure 7-4, where the curve labeled “ANSYS Input” represents the factored
dowel bearing values used for the FMM.

Figure 7-4: Comparison of full-hole and dowel-embedment curves

7.2.

Model Results

7.2.1. Unreinforced 6.35 mm dowels using the FMM
Hysteresis Loops
The hysteresis loop calculated from the final simulation can be seen in Figure 7-5, compared
to a single experimental specimen hysteresis loop in Figure 7-6, and compared to the
experimental hysteresis envelopes for Group 4 (unreinforced 6.35 mm dowels) in Figure 7-7.
Recall from Chapter 3, that only one connection in Group 4 was tested sufficiently to be
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considered representative of the behavior of that group. The hysteresis loop for this
connection is thus used for comparison here.
From these figures it may be concluded that:
1) The initial model stiffness is insufficient
2) The stiffness degradation of the model is insufficient
3) Some evidence of pinching is shown, thus the attempt to capture gap formation has
succeeded, although it is unclear (due to other factors) whether this behavior has been
captured accurately.
4) The plasticity behavior of the material has not been fully captured.

Figure 7-5: Hysteresis loop for simulated connection (unreinforced, 6.35 mm dowels)
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Figure 7-6: Comparison between hysteresis loops of simulated results and that of an experimental specimen
(unreinforced, 6.35 mm dowels)

Figure 7-7: Comparison between hysteresis envelopes of Group 4 and simulation hysteresis loop (unreinforced,
6.35 mm dowels)

Displacement, Rotation and Force versus Time
The rotation and force versus time curves are included here to give a better comparison
between the variables which are used to determine the moment-rotation curves. The
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displacement versus time curves are included to show the differences between the nodal
simulation displacement, the applied displacement (in both simulation and experiment), and
the MTS displacement, which is that recorded by the testing equipment during the connection
experiments.
The displacement versus time curves can be seen in Figure 7-8. It is apparent from this figure
that the correct displacement is both being applied to the connection model, and is being
output in the post-processing of the simulation. Note that this comparison has been altered
slightly, as an additional solution is applied to the model prior to the prescribed displacement.
This solution applies a displacement-controlled cyclic load of zero, but is recommended by
ANSYS in order to ensure the correct initial conditions for the main simulation. It can also be
seen, however, that the displacement recorded by the MTS equipment during
experimentation is slightly larger than that applied and that simulated. At the largest cyclic
displacement, this equates to a difference of 5.6%.
The comparison between rotation versus time curves is shown in Figure 7-9. The rotation is
calculated from the applied displacement as detailed in Chapter 3, and mentioned in Chapter
5. It can be seen that the simulated rotation is slightly smaller than the experimental rotation,
as detailed previously. Note that the discrepancy in time between the two curves can be
attributed to some delay during the experimental procedure. As the interest here is in the
magnitude of the two curves, this can be ignored. The difference in magnitudes between the
simulated rotation and the experimental rotation at the largest cyclic displacement equates to
12%. Due to the calculations utilized to determine the rotation of the connection from the
applied displacement, this percentage difference can be seen to be attributed to the slight
difference in applied and MTS recorded displacement. Thus it may be concluded that the
experimental and simulated rotations are in fact equal.
The comparison between force versus time curves is shown in Figure 7-10. The force is
calculated in the ANSYS simulation using the Newton-Raphson method, as detailed in
Chapter 5. It can be seen that the force calculated in the simulation is less than half that
recorded during the experiments, but does show evidence of some pinching as in the
experimental force curve. The force curve degradation seen in the experimental curve is due
to the failure of the specimen. Again, the slight discrepancy in time may be ignored.
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It also should be noted that during the experimentation and debugging of the computational
model, the simulations showed improvement in the magnitude of the rotation (to the current
values) with changing contact definition, as detailed in Section 7.3. However, the force
calculations showed the same magnitude in simulations with the same connection stiffness
values. Thus it may be concluded that:
1) The calculated rotation is dependent upon the correct definition of the model and the
contact. The slight discrepancy recorded here can be attributed to the difference in
applied and MTS recorded displacement in the connection experiments.
2) The calculated force is dependent upon the stiffness of the model only.

Figure 7-8: Comparison between displacement versus time curves of that applied to the model, output after the
simulation, and experimentally recorded displacement (unreinforced, 6.35 mm dowels)

130

Figure 7-9: Comparison between rotation versus time curves of simulated results and that of an experimental
specimen (unreinforced, 6.35 mm dowels)

Figure 7-10: Comparison between force versus time curves of simulated results and that of an experimental
specimen (unreinforced, 6.35 mm dowels)

Cumulative Energy Dissipated
The cumulative energy dissipated in the simulations was calculated in post-processing.
Considering the comparison between the hysteresis loops and other measures of comparison
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between the experimental and simulated results, it was considered unnecessary to compare
the cumulative energy curves. However, for the sake of completeness, the comparison is
included here, as shown in Figure 7-11. As expected, the cumulative dissipation is
significantly less than that recorded in the connection experiments – the largest curve
represents Specimen 4-2, which has been used for comparison.

Figure 7-11: Comparison between cumulative energy curves of Group 4 and simulated curve (unreinforced,
6.35 mm dowels)

Failure Criteria and Stress Behavior
The Tsai-Wu failure criterion was utilized to analyze the connection model for failure, as
detailed in Chapter 5. The current simulation showed no evidence of failure using this
criterion under the applied loading protocol.
The wood material immediately surrounding the dowels can be examined more closely by
the usage of failure contours. These are shown in Figure 7-12 for the connection beam
member, and Figure 7-13 for the connection column member. Although no failure is evident
in this area, the contour diagrams show the majority of stresses in the area where the
members join, which is as expected. The diagrams also show increased stresses in areas
where crushing is expected, such as the base and top of the dowels, and at some angle to this.
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It can also be observed that the criterion is higher, that is the combination of stresses is
higher, in the column member, which is the member subjected to loading.
As no failure occurred in the model, the stress behavior in the model is examined, as shown
in Figure 7-14. These contour diagrams show large concentrations of compressive stress
surrounding the dowels, which is consistent with crushing behavior. It is also observed that
these stresses are the largest stresses in the model. By comparing the stresses shown to the
yield stresses for the wood material model defined in Chapter 6, it can be seen that no
yielding of the wood has taken place, either in the foundation region, or the remainder of the
model. This would account for the lack of plasticity evident in the moment-rotation loops.
The stress diagrams may also be compared to the failure modes evident in the corresponding
experimental group – group 4. Specimen 4-2 showed crushing behavior, and failed by
splitting parallel to grain in the main (beam) and side (column) members. The stress contours
apparent in the beam member can be seen to support this mode of failure, although, as
mentioned, the stresses developed are not large enough to exhibit failure. It can also be seen
that only small amounts of tension are present in the connection, from which the conclusion
may be drawn that the material model assumption of defining the same compression and
tension yield behavior has little effect upon the results in this case.
It should further be noted that no dowel deformation occurred in the simulation, which is
consistent with the experimental results.
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Figure 7-12: Tsai-Wu failure contour diagrams for beam member (unreinforced, 6.35 mm dowels)
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Figure 7-13: Tsai-Wu failure contour diagrams for column member (unreinforced, 6.35 mm dowels)
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Figure 7-14: Stress contour diagrams for connection model - top shows column member, bottom shows beam
member (unreinforced, 6.35 mm dowels)
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Contact Performance
The contact monitoring data which is produced during the computational simulation, showed
evidence of gaps forming in the model, in the areas surrounding the dowels. The data also
showed the updating of the contact stiffness as required, and the oscillating of the contact
pressures in the regions surrounding the dowels, which is theoretically as expected.
Qualitatively, the deformed model of the connections shows evidence of the formation of
gaps. The strain contour diagram for the connection column member is given in Figure 7-15,
and shows evidence of gap formation due to wood crushing in the immediate vicinity of the
dowels.

Figure 7-15: Strain contour diagram for connection column member showing evidence of gap formation
(unreinforced, 6.35 mm dowels)

Foundation Performance
The adequacy of the foundation size in the final simulation was checked as in the dowelbearing simulations, by examining the strain contour diagrams associated with the
simulation. The diagrams for both the column and beam members are shown in Figure 7-16,
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with the column member shown at the top and the beam member shown at the bottom. It can
be seen from these diagrams that the foundation size was adequate to contain the strain
induced by the dowels in the surrounding wood medium. It can also be seen that the
foundation size was not unnecessarily large, so as to cause excess change in the model
stiffness.

Figure 7-16: Strain contour diagrams showing effectiveness of foundation size – top shows column member,
bottom shows beam member (unreinforced, 6.35 mm dowels)
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7.2.2. Unreinforced 6.35 mm dowels using the GMM only
Comparison of Hysteresis Loops and Force versus Time Curves
The hysteresis loop for the simulation using the GMM only is shown in Figure 7-17. This
loop is then compared with that from the simulation using the FMM in Figure 7-18, and with
the experimental hysteresis loop in Figure 7-19. From these figures, it can be seen that there
is a significant increase in stiffness when utilizing the GMM only. However, there is still
insufficient initial stiffness, as well as stiffness degradation, and inadequate pinching, or gap
formation, in the model. It can further be observed that some hardening is apparent in the
simulated connection model, which is inconsistent with the experimental results. It may be
assumed that this can be attributed to the definition of the material model in ANSYS. There
is also some plasticity behavior evident in the hysteresis loops.
As can be seen in the force versus time curves shown in Figure 7-20, the increase in stiffness
causes an increase in the force calculated during the simulation. However, there is only a
slight increase in the force calculated over the force calculated with the model utilizing the
FMM. Thus, the model stiffness does not appear to be the only factor contributing to the
decreased forces being calculated in the model.

Figure 7-17: Hysteresis loop for simulated connection using the GMM only (unreinforced, 6.35 mm dowels)
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Figure 7-18: Comparison of hysteresis loops using the FMM and the GMM only (unreinforced, 6.35 mm
dowels)

Figure 7-19: Hysteresis loops for simulations using the FMM and the GMM only compared with specimen 4-2
(unreinforced, 6.35 mm dowels)
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Figure 7-20: Force versus time curves for simulations using the FMM and the GMM only compared with
specimen 4-2 (unreinforced, 6.35 mm dowels)

Comparison of Failure Criteria and Stress Behavior
Significant failure in the vicinity of the dowels is shown in this simulation with the usage of
the Tsai-Wu criterion, as shown in Figure 7-21. All colored areas in this figure signify failed
wood material. These diagrams are consistent with those from the simulation using the FMM
in that they show the majority of stresses in the area where the members join, and increased
stresses are apparent in areas where crushing is expected, such as the base and top of the
dowels, and at some angle to this. The connection areas directly surrounding the elements
shown in Figure 7-21 are shown in Figure 7-22, where again all color shows areas of failure.
No other failure is evident in the remainder of the connection, and the increased stresses in
this simulation as opposed to the simulation using the FMM may be attributed to the
increased forces acting upon the model. Besides showing slightly increased stresses, the
stress behavior in the two simulations is similar.
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Figure 7-21: Tsai–Wu failure contour diagrams for connection model - top shows column member, bottom
shows beam member (unreinforced, 6.35 mm dowels)
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Figure 7-22: Tsai-Wu failure contour diagrams in main connection area - top shows column member, bottom
shows beam member (unreinforced, 6.35 mm dowels)
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Comparison of Contact Performance
It is assumed that the increase in gap formation, as compared with the simulation utilizing the
FMM, is due to the increased forces acting in the model. However, in Figure 7-23, it can be
seen that this simulation not only shows increased strain in the vicinity of the dowels, but
increased compression strain throughout the connection area, which would not be contained
by the foundation volume if present. This raises the question of whether the foundation
region would be effective in the connection model if the forces acting upon the connection
were of the correct magnitude.

Figure 7-23: Strain contour diagram for connection column member showing evidence of gap formation simulation using GMM only (unreinforced, 6.35 mm dowels)

7.2.3. Unreinforced 9.53 mm dowels
Hysteresis Loops
The hysteresis loop calculated from the final simulation can be seen in Figure 7-24,
compared to a single experimental specimen hysteresis loop in Figure 7-25, and compared to
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the experimental hysteresis envelopes for Group 2 (unreinforced 9.53 mm dowels) in Figure
7-26. The hysteresis loop used for comparison here is taken from specimen 2-1, as
representative of the behavior in this connection configuration.
From these figures it may be concluded that:
1) The initial model stiffness is insufficient, as for the 6.35 mm dowel configuration
2) The stiffness degradation of the model is insufficient – much more so in this
configuration that in the 6.35 mm dowel configuration
3) Some evidence of pinching is shown, thus the attempt to capture gap formation has
succeeded, although it is unclear (due to other factors) whether this behavior has been
captured accurately.
4) No plasticity behavior of the material has been captured.

Figure 7-24: Hysteresis loop for simulated connection (unreinforced, 9.53 mm dowels)
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Figure 7-25: Comparison between hysteresis loops of simulated results and that of an experimental specimen
(unreinforced, 9.53 mm dowels)

Figure 7-26: Comparison between hysteresis envelopes of Group 2 and simulation hysteresis loop
(unreinforced, 9.53 mm dowels)
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Displacement, Rotation and Force versus Time
The displacement versus time curves can be seen in Figure 7-27. The same conclusions may
be drawn from this figure as with the corresponding figure for the 6.35 mm dowel
configuration.
The comparison between rotation versus time curves is shown in Figure 7-28. The
discrepancies here may be explained in the same manner as with the 6.35 mm dowel
configuration, and it may be concluded that the experimental and simulated rotations are
equal.
The comparison between force versus time curves is shown in Figure 7-29. Once again, there
is a large difference in the experimental and simulated forces, which may be attributed to the
insufficient stiffness of the model.
No differing or extra conclusions may be drawn from the results of this configuration, as
compared to the 6.35 mm dowel configuration.

Figure 7-27: Comparison between displacement versus time curves of that applied to the model, output after the
simulation, and experimentally recorded displacement (unreinforced, 9.53 mm dowels)
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Figure 7-28: Comparison between rotation versus time curves of simulated results and that of an experimental
specimen (unreinforced, 9.53 mm dowels)

Figure 7-29: Comparison between force versus time curves of simulated results and that of an experimental
specimen (unreinforced, 9.53 mm dowels)
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Cumulative Energy Dissipated
The cumulative energy dissipated is shown in Figure 7-30. Again, the cumulative dissipation
is significantly less than that recorded in the connection experiments.

Figure 7-30: Comparison between cumulative energy curves of Group 4 and simulated curve (unreinforced,
9.53 mm dowels)

Failure Criteria and Stress Behavior
The Tsai-Wu failure criterion was utilized to analyze the connection model for failure, as
detailed in Chapter 5. The current simulation showed no evidence of failure using this
criterion under the applied loading protocol.
As with the 6.35 mm dowel configuration, the wood material immediately surrounding the
dowels can be examined more closely by the usage of failure contours. These are shown in
Figure 7-31 for the connection beam member, and Figure 7-32 for the connection column
member. Also consistent with the 6.35 mm dowel configuration, the diagrams show
increased stresses in areas where crushing is expected, such as the base and top of the
dowels, and at some angle to this. However, unlike with the 6.35 mm dowels, the stresses are
more evenly distributed along the dowel, and the Tsai-Wu stress combinations are a lot
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smaller. This is consistent with the tested connections, as the connections with the larger
(9.53 mm) dowels tend to fail (in all instances but one) in the body of the member, whilst the
connections with the smaller (6.35 mm dowels) tend to concentrate stresses at the dowels,
resulting in increased crushing behavior and dowel deformation.
As no failure occurred in the model, the stress behavior in the model is examined, as shown
in Figure 7-33. These contour diagrams show some concentrations of compressive stress
surrounding the dowels, which is consistent with crushing behavior. It can also be seen that
there are higher distributions of tension stress in the connection body than in the 6.35 mm
dowel configuration – again consistent with test results. As higher levels of tension stress are
evident in this simulation, and tension failure was commonly observed in testing this
configuration, the results of this simulation may have been adversely affected by using the
material model assumption of defining the same compression and tension yield behavior.
Once more, yield has not occurred, and it can be assumed that this contributes to the lack of
plasticity evident in the moment-rotation loops. However, it should be noted that less plastic
behavior is expected in this configuration with reference to the experimental results.
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Figure 7-31: Tsai-Wu failure contour diagrams for beam member (unreinforced, 9.53 mm dowels)
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Figure 7-32: Tsai-Wu failure contour diagrams for column member (unreinforced, 9.53 mm dowels)
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Figure 7-33: Stress contour diagrams for connection model - top shows column member, bottom shows beam
member (unreinforced, 9.53 mm dowels)
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Contact Performance
As with the 6.35 mm dowel configuration, the contact behaved theoretically as expected.
With reference to Figure 7-34, the deformed connection model shows evidence of gap
formation, which is consistent with wood crushing in the immediate vicinity of the dowels.
However, the figure also shows evidence of less strain in this area, and more strain in the
body of the connection. This is consistent with the observations made in the experiments, and
detailed in the previous section.

Figure 7-34: Strain contour diagram for connection column member showing evidence of gap formation
(unreinforced, 9.53 mm dowels)

Foundation Performance
The adequacy of the foundation size in the final simulation was checked as in the dowelbearing simulations, by examining the strain contour diagrams associated with the
simulation. The diagrams for both the column and beam members are shown in Figure 7-35,
with the column member shown at the top and the beam member shown at the bottom.
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As previously detailed, the work done to determine adequate foundation sizes in the dowel
bearing tests was not considered relevant to the full connection simulations. It was thus
decided to utilize the same foundation size in both model configurations, for the sake of
uniformity. It can be seen that this foundation size is larger than is necessary for this
configuration, and may affect the model stiffness undesirably.

Figure 7-35: Strain contour diagrams showing effectiveness of foundation size – top shows column member,
bottom shows beam member (unreinforced, 9.53 mm dowels)
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7.2.4. Reinforced Models (6.35 mm and 9.53 mm dowels)
No simulations have been completed for the reinforced connection models for both the 6.35
mm and 9.53 mm dowel configurations. Although the models have been created, the
emphasis in this study was latterly placed upon the simpler unreinforced models, in an
attempt to produce results for these models which are comparable to the experimental results,
before moving forward with the more complex reinforced versions.

7.3.

Factors Influencing Model Results

7.3.1. Contact
Definition
Some experimentation was done as to the definition of the contact surfaces. The advantages
of surface-to-surface contact were previously discussed in Chapter 5. Although it is known
generally how the contact process works in ANSYS, the programmer has to assume several
things from the data available after a simulation. For example, in the reporting of the contact
properties which are recorded during the simulation, single values are reported for each
contact “pair”, where a “pair” is defined as a contact and target surface with the same
constants. It is thus only possible to obtain single values of important monitoring data, such
as the contact pressure and stiffness. Thus, although it could be determined that the contact
stiffness was updating, and that the contact pressure was oscillating between higher and
lower values, as would be expected under a cyclic load, it was not possible to differentiate
between surfaces at the top or base of the dowels, or at any distance along their length.
Due to these restrictions, a separate model was created which defined several contact pairs at
the areas of interest. For example, it is obvious that under a cyclic load, the contact properties
should differ at the top and base of the dowel area, and it was observed from strain contour
diagrams developed from previous simulations that the contact properties should also differ
depending on the location along the length of the dowel.
Greatly improved results were observed utilizing this new model. However, it was found
subsequently, that increasing the “pinball” factor, as detailed in the section entitled “Factors”
below, yielded the same improved results. Thus it can be concluded that some improvement
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was necessary in the accuracy of the contact property calculations. This improvement was
achieved using the changed “pinball” factor, with no extra improvement resulting from the
two theories utilized together. This model, with the definition of extra contact pairs, is more
computationally expensive than the model with the definition of only one contact pair, and,
as the same result is achievable through a small change, it was abandoned.
Stiffness
In some of the earlier models utilized, the contact stiffness was set to a single value, as
opposed to the method which has been previously detailed, of allowing the contact stiffness
to update with each simulation iteration in order to capture the stiffness changes of the wood
elements in the direct vicinity of the dowel. Theoretically, this should allow the stiffness
changes caused by the “crushing” of the wood in dowel vicinity to be accounted for.
It was found, that be utilizing the stiffness updating method, the stiffness in the momentrotation hysteresis curves was altered, such that the overall stiffness more closely represented
the initial stiffnesses recorded in the moment-rotation curves of the connection experiments.
Some stiffness degradation is also apparent in the moment-rotation curves.
Settings
Later simulations were improved greatly by redefining the “pinball” constant. This constant
in ANSYS determines the distance at which contact is detected and assigned a status of
“open” or “closed”. ANSYS automatically assigns a value for this factor, based upon the
depth of the elements directly beneath the contact. However, although the dowels in the
experimental connections are considered to be “tight”, it is assumed that some damage will
have occurred to the surrounding wood material during the fabrication process, and thus
small “gaps” are likely to have formed. By setting the “pinball” factor to a smaller value, the
model should theoretically recognize these small gaps initially, and when they increase in
size due to crushing.
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7.3.2. Wood Material Model
Definition of Material Model
Assumptions were made in the development and definition of the current material model
which may have had an effect upon the results of the simulations. The largest and most
obvious of these assumptions are:
1) Assumption of wood as transverse isotropic – although this is an accepted assumption
for the definition of wood material models, it is expected that this assumption will
have some effect upon the results of the simulations.
2) Assumption that the tension properties were equal to the compression properties – it
was not attempted to assign separate material properties for the wood in tension due
to the restrictions of the Hill anisotropic theory, as detailed in Chapter 6. This was
assumed as per previous research, thus it is not known what effect this assumption
makes upon the simulation results. It should be noted, however, that for the
unreinforced 6.35 mm dowel connections, no tension failure occurred, thus it may be
concluded that this assumption had little effect here (refer to Table 3-3).
3) Definition of material model within ANSYS – as mentioned in Chapter 6, the
anisotropic model used in ANSYS for the definition of the wood material model is
intended for the usage of metals, and assumes some hardening with loading. As such,
ANSYS does not recommend the model for usage under cyclic loading, which is in
fact what it has been subjected to. It is unknown what the effect of this is upon the
simulation results, although hardening which is inconsistent with the test results was
observed in the 6.35 mm unreinforced model utilizing the GMM.
Use of Foundation Area
Model Stiffness
The use of the foundation area in the model can be seen to affect the model stiffness in the
connection simulations. As displacement-controlled loading is applied to the model, the
reaction forces used for the purposes of developing the moment-rotation curves are
calculated using the Newton-Raphson method, as previously defined in Chapter 5. As such,
the stiffness of the model is a consideration in these calculations. The differences between
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utilizing the foundation region in the connection model, and utilizing only the general
material model have been explored in the Results section.
Foundation Size
Although work was performed to find the optimal foundation size in 6.3.2: Replication of
Dowel Bearing Tests, this work was done with the dowel-bearing simulations in mind, and
was the result of over-loading the dowel in order to observe the maximum strain which might
occur in this situation. For the full connection tests, this over-loading is not expected to
occur, nor is the loading acting upon these dowels expected in occur in the downwards ydirection, but at some angle to this. Further to this, the connection area is not large enough to
accommodate the larger foundation areas used for the study of the dowel-bearing tests. Some
experimentation was performed, however, in order to determine the optimal size of the
foundation area in the case of the connection models.
It was found that the stiffness of the model was affected with increasing foundation size. This
is in agreement with the results of the study utilizing the GMM only, detailed previously, as
the presence of the foundation area reduces the overall stiffness of the connection model,
thus as the foundation area increases, the model stiffness decreases. With reference to the
strain contour diagrams in the relevant materials in the connection area, the foundation size
was increased.
As the connection model was refined, for the unreinforced, 6.35 mm dowel configuration, it
was found that the smallest foundation size detailed – 0.8r, or 0.4d, was adequate to contain
the strain induced in the wood by the dowels within the foundation area. For the sake of
uniformity, the same foundation size was applied to the 9.53 mm dowel configuration.
7.3.3. ANSYS Solution Settings
Initial simulations of the connection model displayed no contact behavior – that is, no
evidence of pinching behavior or gap formation in the hysteresis loops. It was found that this
behavior was reliant upon the amount of solution output obtained from ANSYS. Although
computationally expensive, it was required to output solution data at every sub-step, as
opposed to at the end of every load point, defined, as previously detailed in Chapter 5, as four
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points per every loading protocol period. With the additional solution output, the required
behavior could be plotted successfully.
7.3.4. Boundary Conditions
It was found that it was necessary to constrain the model further in the z-direction, as detailed
previously in section 5.1.3. During test simulations of the model, it was found that the loaded
member tended to pivot on the dowels and the model showed some displacement in this
direction. Care had to be taken as to the amount of restraint provided, as it was shown that
too much restraint over this area - for example, restraining the entire area, which signifies
symmetry restraints - resulted in a significant difference in model stiffness. Applying one line
of restraints in this direction appears to prevent the displacement of the member in this
direction, whilst minimizing the affect upon the model stiffness.
7.3.5. Applied Loading
As detailed, a displacement-controlled loading was applied to the simulated connections, in
keeping with that applied to the experimental connections. It was found during initial
simulations that although the applied displacement matched the experimental requirements,
the forces induced in the model was less than that recorded in the experiments. Thus, in an
attempt to determine the behavior of the connection model under the full forces recorded in
the connection experiments, force-controlled loading was applied to the model as opposed to
the displacement-controlled loading.
The hysteresis loop achieved from this simulation is shown in Figure 7-36. It should be noted
that the rotation calculated with the use of this method was extremely small, a magnitude of
roughly 1E-02 smaller than the rotations obtained experimentally. As such the hysteresis
loop is highly inaccurate in this regard, although the forces are of the correct magnitude. The
inadequate rotation of the connection with the force-controlled loading is also evident in the
lack of plasticity development in the hysteresis loop, and the lack of stiffness degradation.
The shape of the loop, in that some evidence of “pinching”, or gaps forming, is evident, is
due to the applied loading itself, which shows evidence of this when recorded during the
connection experiments, as can be seen in Figure 7-37.
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Figure 7-36: Hysteresis loop acquired when utilizing force-controlled loading

Figure 7-37: Force-time curve for experimental specimen, unreinforced, 6.35 mm dowels
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7.3.6. Potential Sources of Unquantifiable Error
Several areas of unquantifiable error may be identified in the analysis of the results of this
study:
1) The rotation of the test connections is expected to contain some error, as the method
of measuring the displacement (hence rotation) in the connection tests, using a string
potentiometer, failed in some instances, and introduced some error into the
calculations. The rotation of the connection can also be calculated using the
displacement recorded by the MTS testing machine. It can be shown however, that
this measurement overestimates the connection rotation at the loading peaks. As the
potentiometer failed in the analysis of several test specimens, the MTS displacement
was used for the analysis of the results for uniformity.
2) Further experimental error, for example, it is expected that the recorded forces in the
connection tests are larger than the forces actually developed in the connection due to
the restraint conditions.
3) Each connection configuration was manufactured and tested six times, in an effort to
establish experimental variation. However, it is noted in the thesis completed by
DeVinney (2010) that there were connections tested which were misfabricated. It is
also noted that difficulty was experienced when manufacturing the specimens, in the
placement of the dowels and reinforcement rods, resulting in configurations which
may not be aligned as expected. It has been noted in this study that some connections
were not loaded to the full protocol, thus the results from these specimens are not
helpful in the validation of the computational model.
4) The computational model may induce some error in simplifications made in the
modeling process, such as the assumption that the connection supports are “pinned”.
5) As mentioned, besides the simplifications in the definition of the material model,
which have been used by previous researchers, thus are judged to be relatively
accurate, the definition of the model in ANSYS may produce some error under cyclic
loading which cannot at present be measured.
6) Further unknown factors in the finite element modeling and simulation process which
may affect results.
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7.3.7. Other
Mesh Size
Altering the mesh size does not appear to make a difference in the current model with the
attained results.
Central Dowel
The modeling of the central dowel in the model could theoretically be left out, as, in practice,
this dowel will have no effect on the behavior of the connection. Removing this dowel in the
model also improves the simulation running time slightly, as it reduces the contact surface
area. However, removing this dowel in the model was found to affect the calculated
connection stiffness slightly, thus was included in the final model and the results shown.
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8. CONCLUSIONS AND RECOMMENDATIONS
8.1.

Summary of Research

Experiments were performed upon wood specimens representative of small-scale beamcolumn moment connections. These connections consisted of four configurations altering the
dowel spacing and reinforcement in each configuration. Material tests were performed upon
specimens taken from the beam-column connections in order to determine the material
properties.
A 3D finite element model was developed of the small-scale moment connections. Previous
research in the area of dowel-type fasteners in wood connections was studied in order to
establish the best method of defining the wood material model for the computational study.
The material testing performed was used to determine the necessary material properties
needed for the definition of this model. The material model was validated by simulating both
the standard uniaxial loading tests used for compression properties, and the dowel bearing
tests. The need for differing material properties in the regions immediately surrounding the
dowels in order to correctly simulate the crushing behavior which occurs during loading
was established in these simulations, and further validation simulations taken from previous
research.
The developed material model was applied to the 3D finite element model, which was
subjected to the CUREE cyclic loading protocol. The results of the simulations were
compared to the results of the experimental tests upon the connections, both quantitatively
and qualitatively, and the differences and shortcomings discussed. Factors affecting the
outcome of the simulations are also discussed. Based upon these findings, some
improvements to the current study and areas of future research are proposed.

8.2.

Summary of Results

8.2.1. Connection Tests
The results of the connection tests showed that the 9.53 mm dowel configurations displayed
greater stiffness at smaller deformations than their 6.35 mm dowel counterparts, with the
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6.35 mm dowel configurations showing greater ductility, or better strength retention with
increased deformation. Likewise, the smaller dowel configurations showed increased energy
dissipation under the applied loading protocol.
The reinforced connections showed some improvement in loads withstood at failure, with
some mitigation of sudden tensile failure. They also showed some improvement in energy
dissipation. However, it can be seen that increasing the dowel spacing in the connections, by
reducing the dowel size from 9.53 mm to 6.35 mm, was significantly more effective in
improving behavior under cyclic loads than adding reinforcement to the connections.
It should be noted that the results for the unreinforced connections with 6.35 mm dowels
were limited to one specimen test, and an increased number of tests is recommended in order
to report results with more confidence.
8.2.2. Material Tests
Samples obtained from the previously tested connections are used in dowel bearing tests,
tension and compression tests both parallel and perpendicular to grain, in order to obtain
material properties and failure data for these two directions (assuming a transverse isotropic
material representation). Average bilinear curves were taken to represent the results of the
experimental data, and these were used in the definition of the computational material model.
Due to the nature of the tension and compression tests, which are not commonly performed,
there is no standardized test method that is suited to our purposes. Some problems were
experienced with the development of a suitable test to determine the tension properties of the
material. Although it is thought that these problems were overcome and the tension
properties are reported with some confidence, improved and increased testing is
recommended for future studies. The compression test configuration is consistent with that
performed in previous research, and is considered to be adequate for the purposes of this
study. However, some large variability was seen in the results of these tests, and although
this is expected for wood, some increased testing may provide more confidence in the results
and consequent material parameters derived from these tests.
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8.2.3. 3D Finite Element Connection Model
A brief summary of the simulation results is presented here. It should be noted that it is
thought that many of the model insufficiencies would be corrected with the correct
development of internal forces within the model (due to the applied displacements).
Although it has been determined that these forces are affected by the stiffness of the model,
improvements to this stiffness do not produce great improvements in the force development.
It is expected that the material model definition has some influence upon the simulation
results, however, several other factors may also be affecting the simulation outcomes, and it
is unknown what has affected the development of these forces.
In both of the connection configurations the following is observed:
1) When utilizing the Foundation Material Model (FMM), the initial model stiffness is
insufficient. Utilizing the General Material Model (GMM) increases the model
stiffness slightly, but is still insufficient when compared to the connection tests.
2) The stiffness degradation of the model due to loading is insufficient. Most
significantly in the 9.53 mm configuration, where large degradation is shown in the
test results.
3) Strain hardening is shown in the 6.35 mm unreinforced model when utilizing the
GMM, which is inconsistent with the connection tests.
4) Evidence of gap formation is shown, but the accuracy of the contact performance has
not been determined.
5) The plasticity behavior of the material model has not been fully captured due to
insufficient material yield. This behavior is improved upon when utilizing only the
GMM.
6) The simulations demonstrate the correct model rotation but incorrect development of
forces within the model. This is improved when utilizing only the GMM, however,
further discrepancies in the force magnitude exist.
7) No failure is detected in the model utilizing the FMM, but evidence of crushing may
be seen in the failure contour diagram. Failure occurs in the areas of crushing when
utilizing only the GMM.
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8) The stress diagrams qualitatively appear to be consistent with the experiments and
forms of failure reported.
9) The FMM appears to have performed as expected, although without the application of
full forces to the model, it is unknown whether this model shows any significant
improvements over the GMM.
There are several other factors which were either observed to affect the simulation results, or
fall in the category of unquantifiable error, of which it is suspected affected results. Of these,
those which are deemed the most important are mentioned here.
The following factors were observed to most affect the simulation results:
1) The correct model and contact definition. This includes the type of contact used, and
the contact settings.
2) The model stiffness, which was most influenced by the setting of the contact stiffness,
the use of the FMM, and the definition of the foundation area size.
3) The amount of computational output.
Further factors that are expected to have affected the study results:
1) The definition of the material model. This includes the assumption of transverse
isotropy, the assumption that the tension and compression properties are equal, and
use of the ANSYS anisotropic plasticity model.
2) Experimental error during the connection testing.
3) Unknown factors in the simulation process, which may have caused unexpected
deficiencies in the simulation results.

8.3.

Scientific Contribution of Research

The current research has produced a 3D finite element model which is representative of wood
moment connection tests. The research focused upon compression behavior in the model,
specifically upon the bearing or crushing behavior of the wood immediately surrounding the
dowels. It was shown that when utilizing the 3D FE model in the computational software
ANSYS, contact elements are capable of simulating crushing behavior, and the increased
stiffness with increased crushing under a cyclic loading protocol. This resulted in the display
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of pinching behavior in the simulation hysteresis loops. The material model defined for usage
in this computational model was shown to be deficient in certain areas, however, plastic
behavior was achieved in the model, and crushing and induced stress in the connection
simulation corresponded to the observed behaviors in the connection tests. Further to this, the
usage of a simplified Tsai-Wu failure criterion appeared to be sufficient in predicting areas of
failure in the model. The usage of the Foundation Material Model produced some problems
in the calculation of the stiffness of the connection model, and although inconclusive results
were achieved when using this material in the connections, model validation simulations
showed the need for such a model to be utilized when simulating crushing behavior.
It is apparent that the development of an improved material model is needed in the future most specifically to avoid any problems with the material definition in ANSYS, which it is
concluded caused inconsistent hardening in the body of the connections. However, for the
current focus upon compression behavior, the assumptions of transverse isotropy and tension
properties equaling compression properties were adequate. In order to further explore the
mitigation of tensile failure using reinforcement, an improved model utilizing tensile
properties is necessary. It is the recommendation of this author that any future research in this
area begins with the development and definition of a more advanced wood material model.
In summation, the current research has shown the increased capabilities of a finite element
model in three-dimensions to predict the behavior of wood moment connections under cyclic
loading. It is capable of simulating crushing behavior in the connections, as well as
predicting stress concentrations consistent with testing, and the potential for predicting
failure modes which also appear to be consistent with testing. The usage of the Foundation
Material Model is recommended for future research along with an improved material model
definition, in order to more reasonably predict connection behavior.

8.4.

Proposed Improvements and Future Research

1) Further connection tests should be conducted, in order to obtain better data for
validation of the computational model.
2) Further material tests should be conducted, in order to have an increased collection of
data, from which to form a computational material model with more confidence.
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3) Some improvement in the material model definition should be explored. This should
include decreasing the amount of assumptions in the material definition, and move
towards developing a dedicated wood material model for 3D finite element modeling,
in order to reduce the doubt associated with the current definition.
4) A method of artificially increasing model stiffness should be explored with the usage
of the foundation material model.
5) Once relatively comparable results have been achieved with the unreinforced model,
the simulation of the reinforced models may be attempted.
6) Methods to reduce computational running time for model simulations should be
studied, such that improvements to the present models may be explored more
efficiently.
7) Likewise, methods should be explored of generalizing the connection modeling
methods in order to allow studies with changing connection dimensions. At present,
the user-controlled meshing in ANSYS makes this difficult.
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APPENDIX A: CONNECTION SPECIFICATIONS

Small-scale connections with 6.35 mm dowels – Drawing 1 (DeVinney 2010)
Small-scale connections with 9.53 mm dowels – Drawing 2 (DeVinney 2010)
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APPENDIX B: CONNECTION HYSTERESIS CURVES
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