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ABSTRACT: In recent years, there has been an increased focus on the environmental impacts of construction and a movement
towards more sustainable construction products. The use of timber as a structural material has grown and it has been deemed to
be one of the leading materials of choice in the future as a sustainable construction product that not only has a low carbon footprint
but also acts as a carbon store for the lifetime of the structural component. To further improve the environmental performance of
timber construction, it is beneficial to reduce the use of adhesives, particularly when manufacturing laminated engineered wood
products. This study numerically investigates the structural behaviour of dowel laminated timber (DLT) elements which are
laminated with compressed wood dowels instead of adhesives. A parametric study is carried out to examine the influence of dowel
diameter and spacing on the stiffness and maximum load capacity of the DLT members. The numerical model incorporates
orthotropic, linear elastic materials in tension and linear elastic-plastic materials in compression. Furthermore, damage initiation
criteria in the respective material directions are utilised to determine the failure behaviour of the structural elements. The results
show that the dowel diameter and spacing have a significant influence on the maximum load capacity and stiffness of the DLT
members. The predicted failure behaviour of the numerical model comprises a combination of dowel bending, dowel-timber
embedment and tensile fracture of the bottom tensile laminate. The numerical model will allow for an optimised dowel
arrangement to be manufactured and experimentally tested.

KEYWORDS: Compressed wood dowels; Dowel Laminated Timber (DLT); Engineered Wood Products; Numerical modelling;
Parametric study.

1 INTRODUCTION

The construction industry has seen an increased focus in recent
years on global warming and the impact of human activities on
the built environment. This has mobilised the industry to
achieve new standards in environmental performance for our
buildings as the construction industry aims to reduce its carbon
footprint. It is not surprising that a considerable body of
research into the development of timber structures as a
sustainable alternative to steel and concrete has occurred in
recent years. Many studies have investigated different
technologies and materials to develop highly engineered timber
products or engineered wood products (EWPS) that can achieve
significant load-bearing capacity and stiffness allowing timber
buildings to achieve new heights [1,2].

Timber is one of the oldest building materials and is naturally
renewable when sustainably grown. As a result, timber is set to
be the leading material of choice in the future as a sustainable
construction product that not only has a low carbon footprint
but also acts as a carbon store for the lifetime of the structural
component. One of the significant advances in engineered
wood technology has been glued laminating technology to form
products such as glulam and cross-laminated timber (CLT),

to form dowel laminated timber (DLT) panels and beams using
a variety of different species [7-10]. The use of such
technology ultimately reduces the use of adhesives in EWPs
and further improves the environmental credentials. The
efficiency of the connection is reduced when compared to
adhesively bonded EWPs and as such, it is important to
understand the parameters that affect the strength and stiffness
of such connections and the ultimate strength and stiffness of
the developed DLT product.

Figure 1-1. Typical dowel laminated timber (DLT) beam
connected with hardwood timber dowels.

which comprises adhesively bonded timber boards to form a
robust, reliable engineered wood panel product that can be used
in floor, roof and wall applications [2—6]. The purpose of this
research is to investigate the use of dowel laminating
technology to form connections between adjacent timber
laminations. The process typically involves the use of
hardwood dowels positioned within drilled holes to form a tight
fit connection between adjacent laminations as shown in Figure
1-1 The use of such technology has been successfully utilised

In this study, the use of compressed timber dowels is
explored as a potential alternative to hardwood dowels.
Compressed wood (CW) dowels are made from softwoods,
which are compressed under heat and pressure to enhance their
structural properties, and have been shown to have excellent
properties when used in timber connections [11-14]. A finite
element (FE) model is developed to predict the structural
behaviour of DLT beams utilising CW dowels. The numerical
model is developed in Abaqus software and utilises a UMAT
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subroutine based on the Hashin damage model to determine the
damage initiation criteria within the timber boards and the CW
dowels. The model has been formulated to consider damage in
the longitudinal direction or along the grain of the timber and
in the perpendicular to the grain direction separately.
Additionally, the failure criteria under tension and compression
are treated differently to accurately model the behaviour of
timber under such loading modes and to determine the failure
behaviour of the simulated EWPs.

2 DOWEL LAMINATED TIMBER

2.1 Introduction

The use of dowel laminated technology has been the subject of
a number of studies in recent years as an alternative to glued
laminating technology to further improve the environmental
performance of EWPs [7-10,15-19]. There have been
significant advances in this technology and a number of
commercial products are available and in use in several large
timber structures across the world [7,20].

In this study, Sitka spruce timber grown in Ireland is used as
the primary structural material and the influence of a series of
design parameters, namely, dowel diameter and dowel spacing,
on the structural behaviour of a DLT beam is investigated.
Three dowel diameters, 10 mm, 15 mm and 20 mm and three
dowel spacing distances of 50 mm, 75 mm and 100 mm will be
examined using a numerical model to determine the structural
behaviour. The naming convention of each specimen is
presented in Table 1.

Table 1. Numerical models and design parameters

Numerical model Dowel Diameter Dowel

Specimen (mm) Spacing (mm)
DLT-D10-S50 10 50
DLT-D15-S50 15 50
DLT-D20-S50 20 50
DLT-D10-S75 10 75
DLT-D15-S75 15 75
DLT-D20-S75 20 75

DLT-D10-S100 10 100
DLT-D15-S100 15 100
DLT-D20-S100 20 100

2.2 Beam geometry

The beam geometry under investigation in this study is
presented in Figure 2-1. The beam comprises three timber
laminations measuring 1140 mm in length and a cross-section
of 20 mm x 60 mm. The three timber laminations are combined
to form a final cross-section of 60 mm x 60 mm and a length of
1140 mm with the dowel diameter and spacing varying as
presented in Table 1. The specimen geometry was chosen based
on the criteria for the bending test specified in EN 408 [21].
This test standard specifies four-point bending over a test span
of 18 times the specimen depth. As a result, the test specimen
is supported over a test span of 1080 mm with point loads at
360 mm from each support. Steel plates (60 mm x 30 mm x 10
mm) are positioned at the support points and load points as
specified by EN 408 [21]. As seen in Figure 2-1, the midspan
of each beam is represented by a red dotted line. It is at this
location that the global vertical displacement of the beam is
determined for a given load until failure occurs.
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Figure 2-1. DLT geometry for the 10mm diameter dowels and
the dowel spacing of 50mm (DLT-D10-S50). Dimensions in
mm.

2.3 Timber

For the purpose of this study, Sitka spruce, grown in Ireland, is
the primary material under investigation. The timber material
is modelled as an orthotropic elastic material in Abaqus FEA
software. The Sitka spruce material tested experimentally by
O’Ceallaigh et al. [22-24] was graded to strength class C16.
The standard EN 338 [25] provides a mean value of 8000 MPa
for the elastic modulus of C16 timber in the longitudinal
direction; however, it was experimentally determined by
O’Ceallaigh et al. [22-24] that a longitudinal elastic modulus
of 9200 N/mm? is more representative of the actual elastic
properties. For simplicity, the radial and tangential properties
were assumed to be equal and the tangential value has been
selected for the material properties perpendicular to the grain.
The tangential elastic moduli (radial and tangential) directions
were not measured experimentally; however, Bodig & Jayne
[26] expressed a general relationship between the elastic
modulus, E and shear modulus, G in the three material
directions. Although these ratios are not without their
inaccuracies, they are widely accepted for modelling the
orthotropic properties of timber.

Support Points

2.4  Compressed wood dowels

Typically, hardwood dowels have been used in the manufacture
of DLT products, however, in this study, compressed wood
dowels are used. CW is a type of modified wood material that
has been shown to have superior structural properties to natural
timber and has proved to be an environmentally friendly
alternative to metallic fasteners in timber connections
[12,14,27-29]. The compressed wood used in this study was
produced by a process of thermo-mechanical compression of
softwood timber to increase its density, strength, stiffness,
hardness and to reduce its porosity [30,31].

Compressed wood in the form of dowels showed good
properties when tested in shear and when compared with other
standard hardwood dowels and their use in DLT elements is of
interest to the industry [31]. The modification process involves
a simultaneous increase in temperature and the application of
pressure. As the temperature increases, the timber may be
easily compressed reducing the void space between the cell
walls, increasing the density significantly and improving many
structural properties of the timber. As the density of the timber
is increased, a proportional improvement in stiffness, yield load
and maximum load is expected. However, in contrast, the
plastic modulus has been shown to decrease in some species
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[32]. The compressed wood, with enhanced structural
properties compared to standard hardwood dowel, also has a
spring-back or shape-recovery property that means it will
expand over time resulting in a tight fit connection that may be
a beneficial characteristic in many structural timber
engineering applications, particularly DLT beams and panels
[33].

3 NUMERICAL MODELING

3.1 Finite element formulation

In this section, the constitutive model used to simulate the
failure behaviour of Sitka spruce DLT members fastened with
CW dowels is presented. A three-dimensional finite element
model is developed, incorporating a UMAT subroutine to
determine the total strain and associated damage experienced
in timber elements when subjected to external loading. The
elastic component of the timber, CW dowels and steel plates
follows the generalised Hooke’s law. The material behaviour
of the timber and CW dowels are assumed to be orthotropic
with a stronger and stiffer response along the fibre direction and
reduced properties perpendicular to the grain. The material
properties for both the timber and CW are presented in Table 2.
For simplicity, the radial and tangential directions of the timber
are considered equal in this model. The subscript ‘L’ and ‘T’
represent the longitudinal and transverse materials directions
for timber. E. and Er represent the elastic modulus in the
longitudinal or parallel to the grain direction and the transverse
or perpendicular to the grain direction, respectively. G.r and
G are the shear moduli and vt and vrr are the Poisson’s ratios.

Similar to the elastic properties, the strength characteristics
are also assumed to be orthotropic. The values are presented in
Table 2 with superscripts ‘t” and ‘¢’ which refer to the tension
and compression, respectively. For example, o' represents the
value of the longitudinal failure stress when loaded in tension.
The shear failure stress, 7.1 is also presented. Gr and G
represent the fracture energies in the transverse and
longitudinal directions, respectively and to improve
convergence, a viscosity parameter, » is utilised in the user
subroutine to regularise the damage variables and control the
rate of damage.
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where Cij are the components of the elastic matrix in the
undamaged state. When Eq. (1) is satisfied, the damage
variable dy is determined according to Eq. (3).
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where Lc and G, are the characteristic element length and the
fracture energy, respectively.

The corresponding equations for the perpendicular to the grain
direction are produced similarly in Egs. (4), (5) and (6),
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When Eq. (4) is satisfied, the damage variable dr is determined
according to Eq. (6).

dr=1-— ie(—szeéz(fT—ggz)Lc/GT) (6)
fr
The occurrence of damage is established when the elastic
matrix is updated to form an effective elasticity matrix (Cq)
which has terms reduced by including the two damage variables
d. and dr as shown in Eq. (7).

(1 - dL)Cll (1 - dL)(l - dT)C12 (1 - dL)Cl3 0 0 0
(1 —dr)Cy (1 —dr)Cas 0 0 0
C, = . Cs3 0 0 0 )
Symmetric (1-d)1—-dp)Cy O 0
c55 0
C66

The damage initiation criteria utilised in this model are based
on the Hashin damage model which has been utilised in a series
of studies to determine the failure behaviour of timber elements
[34-38]. The damage initiation criteria are expressed in terms
of strains and are treated differently for tension and
compression strains however, one affects the other and if the
strains are significant and cause partial or full damage (damage
variable greater than zero) both tensile and compressive
responses are affected. For example, damage in the longitudinal
direction is initiated when the following criterion is achieved.

In the user subroutine, the stresses are then updated according
to Eq. (8)

0=Cq¢ (8)

The differentiation of the above equation is used to determine
the Jacobian matrix as presented in Eq. (9).

66_ 5Cd_
5£_Cd+ 5e &
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Furthermore, to improve the convergence, a Viscosity
parameter, # is utilised in the user subroutine to regularise the
damage variables and control the rate of damage using the
following Egs (10) and (11).

dj == (d, - dp) (10)

n

; 1
dr = ;(dT —dr) (11)
where all parameters are as presented before but the superscript
‘r’ indicates regularised and the accent < indicates rate. The
regularised damage variable is updated for each time step in the
analysis.

4 FINITE ELEMENT MODEL

This section presents the development of the model in Abaqus
FEA software.

4.1  Model Geometry

The geometry of the DLT members, which are subjected to
four-point bending in accordance with EN 408 [21], has been
modelled in Abaqus FE software. As presented in Figure 4-1,
the model utilises half symmetry to reduce the number of
elements and computational time to solve the model. A
symmetric boundary condition (BC) at the midspan is used to
achieve this. The DLT member is supported on a steel plate (60
mm x 30 mm x 10 mm) at one end to represent the support
condition. As this end support is simply supported, the plate is
free to rotate about its central axis. A similar steel plate is also
used to apply the vertical load on the top surface of the DLT
beam. In relation to the steel-timber interaction, hard contact is
defined between the surface of the beam and the steel plates
with a tangential friction coefficient of 0.4. Each DLT member
in this study comprises three laminations, each of which are
assigned material properties in an orthotropic coordinate
system. In relation to the timber-timber interaction between
each timber lamination, again, hard contact is defined with a
tangential friction coefficient of 0.4.

Loading Point

Symmetry BC '

’

A

Support Point

Figure 4-1. Numerical model geometry subjected to four-point
bending utilising half symmetry (DLT-D20-S100).

The only differences in the developed models are the dowel
diameter and spacing. DLT-D20-S100 is presented in Figure
4-1 and has a dowel diameter of 20 mm and a dowel spacing of
100 mm. The CW dowel-timber interaction is assumed to be

similar to the timber-timber interaction, which is a conservative
assumption in the absence of more experimental data.

The models were subjected to a mesh sensitivity study prior
to performing the parametric study to provide accurate results
in a reasonable time frame. All components in the model were
meshed with 8-noded C3D8 elements.

4.2 Material data

The material data used in this model for the timber and the CW
dowels are presented in Table 2. The steel plates are modelled
as linear elastic material with an elastic modulus of 210 GPa
and a Poisson’s ratio of 0.3. The timber material properties
presented in Table 2 are based on a study by O’Ceallaigh et al.
[22-24] and the material properties of the CW dowel material
are based on findings by O’Ceallaigh et al. [13,30].

Table 2. FEM UMAT Material properties

Property Timber CW Dowels Unit
EL 9222 28000 MPa
Er 663 2240 MPa

Gt 659 2000 MPa
Gt 66 200 MPa
LT 0.038 0.48 -
VIT 0.558 0.35 -
ot 24 130 MPa
o° 36 130 MPa
ot 3 80 MPa
or® 6.3 80 MPa
T 6.9 6.9 MPa
Gr 30 30 N/mm
GL 60 60 N/mm
n 0.0001 0.0001 -

The definition of the symbols and the notation has been
presented in Section 3.1.

5 NUMERICAL RESULTS

In this section, the results of the numerical simulation of the
DLT specimens are presented. The load-displacement
behaviour simulated by the numerical model is presented along
with the maximum load (Fmax) from each model, the
displacement at maximum load and the elastic modulus. The
elastic modulus is determined on the linear proportion of the
graph between 10% and 40% of the maximum load. These
results are presented in Table 3.

Table 3. Numerical model results

Numerical Model E Displacement Elastic
Specimen max (N) (mm) modulus
(N/mm?)
DLT-D10-S50 6829 52.2 4517
DLT-D15-S50 6818 57.2 4662
DLT-D20-S50 6245 57.4 4233
DLT-D10-S75 6234 50.3 4120
DLT-D15-S75 6262 46.6 4277
DLT-D20-S75 6058 479 4227
DLT-D10-S100 5870 47.2 3910
DLT-D15-S100 6130 48.8 4222
DLT-D20-S100 5943 47.9 4187

The numerical model simulated the load-displacement curves
with failure modes comprising a combination of dowel
bending, dowel-timber embedment and tensile fracture of the
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bottom tensile laminate. The results are graphically presented
in Figure 5-1, Figure 5-2 and Figure 5-3 for the dowel diameter
of 10 mm, 15 mm and 20 mm, respectively. In each figure, a
line indicated as ‘Glulam’ represents the theoretical stiffness of
a glued beam with an elastic modulus of 9200 N/mm? to allow
for comparison with the stiffness of the DLT members. In
Figure 5-1, it is clear that decreasing the spacing between the
10 mm dowels has a positive impact on strength and stiffness.
Reducing the spacing from 100 mm to 50 mm results in an
increase in strength and stiffness of 16% and 15% respectively.

8000

7000

6000 & = eecececns Glulam
= 5000
= 4000 DLT-D10-S50
S 3000
2000 DLT-D10-S75
1000 ¢
0 ¢ DLT-D10-S100

0 10 20 30 40 50 60 70
Displacement (mm)
Figure 5-1. Numerical load-displacement curves for specimens
with 10 mm diameter dowels (D-10 Series).

When the dowel diameter is increased to 15 mm, as seen in
Figure 5-2, an improvement in strength and stiffness was
observed for each dowel spacing studied. The influence of
dowel spacing was not as significant as was observed for the 10
mm dowels with increases of 11% and 10% in strength and
stiffness, respectively.
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DLT-D15-S100

0 10 20 30 40 50 60 70
Displacement (mm)

Figure 5-2. Numerical load-displacement curves for specimens
with 15 mm diameter dowels (D-15 Series).
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Figure 5-3. Numerical simulated load-displacement curves for

specimens with 20 mm diameter dowels (D-20 Series).

Finally, for the 20 mm dowels, presented in Figure 5-3, very
consistent load-displacement behaviour was observed.
However, increasing the dowel diameter to 20 mm has a
negative influence on the strength and stiffness. The results
indicate that load-displacement behaviour is governed by the

timber substrate and further studies should examine the effect
for larger cross-sections.

5.1 Influence of dowel diameter and spacing

The influence of dowel spacing for all specimens studied can
be seen in Figure 5-4 and Figure 5-5. In Figure 5-4, it can be
seen that the 50 mm spacing provided the highest loads for the
10mm and 15 mm dowel diameters but this reduced for the 20
mm dowels. This may be an issue with reduced edge distances
and may not be the case for larger cross-sections.

6600-6900
6900

_ 5o = 6300-6600

Z

< 6300 = 6000-6300

& 6000

8 e700 50 MM g 5700-6000
540010 75mm  m5400-5700

Spacing
15 100 mm
Dowel Diameter (mm) 20

Figure 5-4. The influence of dowel diameter and dowel spacing
on maximum load (Fmax).

In Figure 5-5, the influence of dowel diameter and spacing
on the observed elastic modulus for all specimens studied can
be seen. It is clear that as the dowel diameter is increased from
10 mm to 15 mm, there was a positive influence on elastic
modulus and associated stiffness of the DLT beam. The
maximum stiffness was observed for the 15 mm CW dowels
with a spacing of 50 mm.

T

§ 4900 4600-4900
Z 4600  4300-4600
= jggg 50 mm ™ 4000-4300
=

] -

2 3700 75 mm 3700-4000
= 10 Spacing

15 100 mm
Dowel Diameter (mm) 20

Figure 5-5. The influence of dowel diameter and dowel spacing
on elastic modulus.

6  CONCLUSION

The numerical model results for DLT members connected
using CW dowels have been presented for dowel diameters of
10 mm, 15 mm, and 20 mm with spacings arrangements of 50
mm, 75 mm and 100 mm.

Typically, increasing the dowel diameter and reducing the
dowel spacing have a positive influence on strength and
stiffness. This was true for the 10 mm and 15 mm dowel
diameters. However, the 20 mm dowels appear to have very
consistent behaviour for all spacing arrangements examined,
their strength and stiffness values were less than those of the 15
mm dowels. Further studies should examine the effect of larger
cross-sections and the influence of edge spacing and end
distances on such members.
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When examining the load-displacement behaviour, in all
cases, it was clear that the spacing had less of an effect on the
strength and stiffness as the dowel diameter increased. Further
work is required to compare the numerical model to
experimental results and utilise the model to further optimise
the design of DLT members from Irish grown Sitka spruce and
CW dowels.
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