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ABSTRACT: The compression behavior of wooden dowels plays a critical role in timber structures, particularly in
dowel-laminated timber (DLT), as it influences load transfer efficiency, joint stiffness, material compatibility, and
structural durability while enabling sustainable, adhesive-free designs. The performance of dowels under compression
perpendicular to the grain is particularly significant due to its impact on joint embedment behavior. Bearing strength is a
key parameter in timber connection design and is used as an input for single and double shear connection analyses in
Eurocode 5 and the National Design Specification (NDS) yield limit equations. However, due to their round cross-section
and small transverse dimensions, existing design codes do not provide specific recommendations for compression testing
of dowels. Additionally, the high variability in timber properties makes numerical modeling of post-peak behavior
challenging, particularly in compression. Unlike shear and tension, which exhibit brittle post-peak softening that can be
captured numerically, compression perpendicular to the grain results in a stress-strain response characterised by
densification without a distinct drop. To date, no study has successfully modeled post-peak hardening behavior in
compression perpendicular to the grain. Therefore, this research investigates the applicability of the continuum damage
mechanics-based constitutive model, MAT-143 in LS-DYNA, for capturing post-peak hardening in compression
perpendicular to the grain. Furthermore, MAT-143 is also employed to model pre-peak nonlinear hardening behavior in
compression parallel to the grain. To address this gap, Tasmanian Oak dowels were experimentally tested and
subsequently numerically modeled using MAT-143 for both parallel and perpendicular compression.
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1 - INTRODUCTION

A timber-timber connection is constructed using either
mechanical fasteners or adhesives. The durability concerns
associated with metal fasteners, the emission of toxic gases
from adhesives—particularly formaldehyde—and the
complex application procedures of adhesives, along with
their limitations in automated wood processing, have
directed research interest toward wooden dowels [1]. With
the compatibility of Computer Numerical Control (CNC)
technology ~ with dowel-laminated timber (DLT),
StructureCraft, a leading DLT manufacturer in North
America, has established the world's largest automated
DLT production line.

Dowel-laminated timber (DLT) is rapidly gaining
popularity, with its application observed in various projects
across North America and Europe. In recent years, DLT has
been extensively studied, as evidenced by several research
investigations [1], [2], [3], [4]. Wooden dowels provide a
more sustainable alternative to adhesives and eliminate the
need for surface preparation required in adhesive bonding.
Additionally, they help mitigate delamination issues caused
by weak bonding in dense wood, making them a subject of
increasing research interest [5]. The design of timber-

timber connections requires bending strength and
embedment strength as key input parameters. Literature
suggests that, unlike metal fasteners—where embedment
occurs solely in the timber—embedment failure in wooden
dowel connections occurs in both the dowel and timber
layers [6]. Since embedment behaviour is directly linked to
the compression response of wood, understanding the
compression behaviour of wooden dowels is essential.

Australia's forest cover spans approximately 134 million
hectares, categorised into native forests, commercial
plantations, and other forest types. Native forests account
for nearly 132 million hectares, with approximately 77%
consisting of hardwood species [7]. Given this vast forest
resource, its potential for various applications cannot be
overlooked. Hardwood, with its superior mechanical
properties, presents a viable option for use as dowels in
timber connections.

In this study, Australian hardwood dowels, specifically
Tasmanian Oak (TO), were experimentally tested under
compression both parallel and perpendicular to the grain.
The test setup was developed based on initial experimental
trials and numerical simulations using LS-DYNA.
Experimental data were validated against numerical
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modelling employing the MAT-143 material model.
Conventional timber design relies on elastic modulus and
strength parameters, which may not be suitable for
applications—particularly in connections—where post-
peak response is critical. To fully utilize the load-carrying
capacity of timber, a fracture-based approach is necessary,
accounting for post-elastic behaviour. To capture this
response, MAT-143 in LS-DYNA was used to validate the
experimental results. A mesh sensitivity analysis was
performed to ensure a stable response and determine the
optimal mesh size. Limited studies exist on the mechanical
behaviour of wooden dowels, and research on TO dowels
is particularly scarce. Moreover, no studies have explored
the numerical modelling of their post-elastic behaviour in
compression perpendicular to the grain, highlighting a
significant research gap that requires investigation.

2 - BACKGROUND

This study consists of two parts. First, Australian
hardwood dowels, specifically TO with a diameter of 19
mm, were experimentally tested under compression both
parallel and perpendicular to the grain. Since no
standardized compression testing protocol exists for
wooden dowels, test specimens were prepared based on
relevant literature, and standards and tested under a
displacement-controlled environment. The second part
involves the application and evaluation of the continuum
damage mechanics-based constitutive material model,
MAT-143 in LS-DYNA, for simulating the post-elastic
behaviour of dowels. The results from experimental
testing and numerical modelling are compared and
discussed in the following sections.

3 - EXPERIMENTAL SETUP

The dowels, initially 2 meters in length, were cut to the
required sizes. Moisture content (MC) was first measured
using a protimeter and then adjusted by conditioning the
dowels in a controlled chamber under standard conditions
to achieve an MC of approximately 12%. All dowels were
tested with an MC in the range of 12 + 0.65%. The density
of the dowels was determined to be 650 kg/m?, while the
oven-dry specific gravity of TO was found to be 0.631,
which falls within the range recommended by ASTM
D8023-23 [8] for wooden dowels.

Prior to testing, the top and bottom surfaces were cleaned
and machined to be parallel to minimize loading
eccentricity. ASTM D8023-23 specifies that the slope of
the grain should not deviate by more than 1 in 20 and that
dowels should be free from knots, shakes, and splits. All
specimens were inspected and confirmed to meet these
requirements [8]. A TO dowel specimen is shown in Figure
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Figure 1 Tasmanian Oak dowel

Tasmanian Oak dowels with a diameter of 19 mm were
tested under compression parallel to the grain. Due to the
limited transverse dimensions of the dowels, the specimen
sizes recommended by ASTM D143 and EN 408 were not
applicable. Instead, various dowel lengths were
numerically modelled to determine a suitable length that
would mitigate buckling issues. The final length was
selected based on a rational reduction of dimensions as
recommended by ASTM D143 and verified using Euler's
buckling formulation. A dowel length of 35 mm was
identified as the most suitable, as it did not exhibit any
signs of buckling. The central 30 mm region was
designated for strain measurement, with 2.5 mm left at
both ends to account for potential damage zones, which
could influence strain measurements, as suggested by
previous research [9]. The elastic modulus in compression
parallel to the grain was determined within the elastic
range. Testing was conducted in a displacement-controlled
environment, with the crosshead moving at a speed of 0.20
mm/min, following ASTM D143. Strain measurements
were obtained using a non-contact video extensometer
(NVE). Due to variations in laboratory lighting conditions,
the NVE employs a patented cross-polarized lighting
system, ensuring consistent performance independent of
ambient lighting. To facilitate strain tracking, two
reference dots were marked on the dowel using white
paint. During testing, the NVE tracked these dots and used
their displacement to compute strain. The NVE setup is
shown in Figure 2.

In compression perpendicular to the grain, the specimen
sizes recommended by EN 408 and ASTM D143 could not
be applied due to the limited transverse dimensions of the
dowels. Furthermore, the rounded shape of the dowels
makes testing in pure compression perpendicular to the
grain challenging. During compression, the dowel
experiences tensile stresses in other axes due to biaxial
stress, which affects the overall stress distribution. To
address this issue, the top surface of the dowels was
removed to create a flat loading surface. The thickness of
the flat surface was 10 mm, the dowel length was 50 mm,
and the strain was measured between the top and bottom
surfaces over a length of 16 mm. In case of compression
perpendicular to grain, the graph has an increasing slope,
and it becomes difficult to determine the peak load.
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Figure 2. Test setup including specimen and NVE

Standards provided various recommendations to estimate
Fe-90-max such as EN 408 and EN 1995-1-1 take it at 0.01h,
ASTM D143-14 at | mm, AS/NZ at 2 mm and ISO 13910
at 2 mm. EN 408 was used, where a line was drawn parallel
to the elastic portion of the force-deformation curve at a
deformation of 0.01h. A compression load was applied at
a rate of 1 mm/min in case of compression perpendicular
the grain. The modulus of elasticity perpendicular to grain
(E90-com) Was determined using EN 408 using Equation (1).
The terms are defined in Figure 3, and the test setup for
compression perpendicular to the grain is shown in Figure
4.
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Figure 4 Compression perpendicular to grain

4 -MODELING PROTOCOL

To numerically model wooden dowels, the finite element
analysis software LS-DYNA was used. LS-DYNA was
chosen because it includes built-in material models

specifically designed for wood, whereas ABAQUS and
ANSYS do not have dedicated timber models. In
ABAQUS and ANSYS, researchers must develop user-
defined subroutines or custom codes, which is complex
and requires specialized programming knowledge.

LS-DYNA offers over 250 material models, among which
MAT-143 was selected for this study. MAT-143 is
specifically developed for timber, unlike other models in
LS-DYNA that are primarily designed for fiber-reinforced
composites. While alternative models can be applied to
timber, they require numerous input parameters that are
often difficult to obtain for wood materials.

Material model MAT-143 in LS-DYNA was used to
model TO dowels under compression both parallel and
perpendicular to the grain. This is a transversely isotropic
model, in which the tangential and radial properties are
assumed to be the same. This assumption is reasonable for
timber, as the differences between radial and tangential
properties are relatively small compared to the
longitudinal direction.

Nine elastic constants are required to characterize the
clastic stiffness matrix of an orthotropic material: Erz, Erg,
Err, Gir, Grr, Grr, v, vir and vgr. Here, E represents
elastic modulus, G is the shear modulus, and v is the poison
ratio. The subscripts L, R, and T refer to the longitudinal,
radial, and tangential directions, respectively. The three
poison’s ratios vgr;, vz and vrr can be obtained from
equation (2).
Ui:iwhere i,j =123 )
E; K

Under the transversely isotropic assumption, the number
of independent elastic constants is reduced to five: Ej;,
Err=Er1, GLr= G171, Grr, 05= vr1. The sixth constant, vgr,
is determined using the following relationship:

ETT - 2GRT

Upr = 26 3)

For simplicity, the longitudinal (LL), tangential (77), and
radial (RR) directions are represented by L, 7, and R,
respectively, in stress presentation. In MAT-143, the
perpendicular directions (radial and tangential) are
collectively represented by 7.

MAT-143 requires various input parameters, including
density, strength properties, elastic moduli, softening
parameters, hardening parameters, fracture energies, and
damage parameters. The elastic moduli define the initial
slope of the stress-strain curve.

Non-linearity in compression is captured through
hardening parameters, which translates the yield surface
until it aligns with the ultimate yield surface. Two
hardening parameters, C and , are defined separately for
parallel (€, Nj) and perpendicular (C,, N, ) modes. The
parameter N controls the point at which the stress-strain or
load-deflection curves deviate from linearity.

The parameter C controls the rate of hardening; higher
values produce rapid hardening, while lower values result
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in gradual hardening. These parameters, represented in
LS-DYNA as NPAR, CPAR, NPER, and CPER, are
determined from experimental data. For example, if
N|=0.4, non-linearity will begin at (1-0.4)=0.6 (i.e., 60%)
of the compressive strength value (Xc). Additionally, the
GHARD parameter, which governs perfect plasticity
override, is fitted to the slope of the stress-strain curve and
depends on the post-elastic response. The translation of
yield surfaces is illustrated in Figure 5.
Stress

Ultimate Yield Strength

X,

(1-N)X,

Initial Yield Strength

Strain
Figure 5 Yield surface translation in compression
The failure surface definition for compression testing
incorporates hardening parameters. The yield surfaces for
parallel and perpendicular failure modes are expressed as
follows:
_ o’ (012° + 013%)

h= X2 (L= Np? 5°

-1 0,,<0 (4)

_ (022 + 033)* | (033° — 02,033)
YA(1=N,)? 5,°

fi =1 o0pto<0  (5)

Wood failure in the parallel direction is catastrophic,
rendering the material completely unusable. Fiber failure
eliminates the wood's ability to carry any load, both in the
parallel and perpendicular directions, leading to uniform
degradation of all six stress components. In contrast,
failure in the perpendicular direction only affects the
perpendicular stress components, as the fibres in the
parallel direction can still bear loads despite perpendicular
failure.

Material model MAT-143 in LS-DYNA requires the
damage parameters dpgy and dpa,, as input. The
default values are d, 4, = 0.9999 and d;,4,, = 0.9900.
These values are set slightly below 1 to prevent
computational issues associated with zero stiffness at
dmax = 1. Since element erosion is more severe in the
parallel direction under loading along the grain, d;,qy is
set closer to 1 than d,,,,, . Retaining 1% of the original
strength and stiffness helps mitigate numerical
instabilities.

The remaining properties of Tasmanian Oak were
experimentally determined, and the findings are currently
under review for publication. Due to the limited
availability of fracture properties for Tasmanian Oak in the
literature, these properties were extracted through an
inverse approach, combined with studies from [10], [11].
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The softening parameters B (BFIT) and D (DFIT) were
derived by fitting experimental curves.

4.1 Post-Peak non-linearity

The translation of yield surfaces is shown in Figure 5.
Back stress, denoted by a, is a variable that define the
translation of yield surfaces. At initial yield strength, the
a = 0 and at the ultimate yield strength, it is 0« = —N; X,.
The back stress reached to maximum at ultimate yield
strength, presenting the maximum translation of yield
surface in free space. The growth of the back stress is
governed by a hardening rule based on stress. The
incremental back stress is defined as.

Aa = CG(o — a)AeAt 6)

The stresses update with hardening until @ become
maximum and stress reach the ultimate yield strength o*.

c=0+a @)

T =G+ e ®

o)
Where

C= Rate of translation
G = limiting function that ensures yield surface does not
exceed the ultimate surface

o —a = Reduced stress defining the direction of
translation.

A¢= Effective strain rate increment

At= time step

0 = Stress at initial yield (no hardening yet)

The above terms are internally calculated by LS-DYNA.
The G control the motion of the yield surfaces so that it
does not go outside the ultimate surface. The value of G=1
at initial yield where a = 0. G=1 at ultimate yield surface
where a = —N, 0, F. This means that G control the growth
of the backstress as ultimate yield surfaces approaches.
However, when post-peak hardening is activated, then
minimum value is kept at G= Gjaa instead of G=0. The
ultimate yield surface is defined as

Iy

011F =X [1- ? (C)]
Il

In case of compression only, the g;, = X.. The same
can be for perpendicular modes.

The MAT-143 data card is presented in table 1. The
material properties in LS-DYNA were input using the
units GPa, msec, mm, kg/mm?, and kN. This unit system
was chosen because using MPa results in significantly
larger numerical values, which can increase computational
time. For a more detailed understanding of material model
MAT-143, readers are encouraged to consult the LS-
DYNA manuals [12], [13].
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Table 1 Material properties of Tasmanian Oak for MAT-143

Symbols [Mechanical property Parallel Perpendicular Unit
RO Mass density 650%10-9 650%10-9 kg/mm?
[EL Parallel normal modulus 4.60298 4.60298 GPa
[ET Perpendicular normal modulus 022119 0.22119 GPa
GLT=GLR [Parallel shear modulus 1.6280 1.6280 GPa
GTR Perpendicular shear modulus 0.410 0.410 GPa
PR Parallel major Poisson's ratio 0.17600 0.17600 -

XT Parallel tensile strength 0.14262 0.14262 GPa
XC Parallel compressive strength 0.06930 0.06930 GPa
YT Perpendicular tensile strength 0.00433 0.00433 GPa
YC [Perpendicular compressive strength 0.00591 0.00591 GPa
SXY Parallel shear strength 0.01143 0.01143 GPa
SYZ Perpendicular shear strength 0.01143 0.01143 GPa
GF1 || [Parallel fracture energy in tension 0.0200 0.0200 GPa.mm
GF2 " Parallel fracture energy in shear 0.1115 0.1115 GPa.mm
BFIT Parallel softening parameter. 300 300 -
DMAX || Paralle]l maximum damage. 0.9999 0.9999 -
GF1P [Perpendicular fracture energy in tension| ~ 0.00115 0.00115 GPa.mm
GF2P Perpendicular fracture energy in shear 0.00220 0.00220 GPa.mm
DFIT [Perpendicular softening parameter 300 300 -
DMAXP Perpendicular maximum damage 0.99 0.99 -
INPAR [Parallel hardening initiation 0.400 0.400 -
CPAR Parallel hardening rate 250 400 -
INPER Perpendicular hardening initiation 0.500 0.500 -
CPER Perpendicular hardening rate 70.0 200 -
GHARD Perfect plasticity override 0 0.124 -

Continuum Damage Mechanics-based models are highly
sensitive to element size and mesh uniformity. Ensuring
a uniform mesh is crucial for an even distribution of

fracture energy across all elements. Therefore, specimens

1.0 mm

0.5mm

loaded in both parallel and perpendicular directions were
tested with various mesh sizes, as shown in Figure 6. A
0.5 mm mesh provided accurate results but was
computationally expensive. A 1 mm mesh was adopted
as a balance between accuracy and efficiency for both

2.0 mm 4.0 mm
loading cases. The strength convergence results are Figure 6 Mesh Sizes

presented in Figure 7.
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5 RESULTS 0 . . .
0.00 0.02 0.04 0.06 0.08
The stress-strain curves for all five specimens, obtained Strain (mm/mm)
from experimental testing and numerical modelling using Figure 8 Stress-strain curve for compression along grain
LS-DYNA with MAT-143, are presented in Figures 8 i . )
and 9 for compression parallel and perpendicular to the Table 2 Results from compression along grain
grain, respectively. The key results extracted from these 1D XC Ec, (MPa)
stress-strain curves, including strength and elastic (MPa)
modulus values, are summarized in table 2 for TOl1 67.40 5415.05
compression parallel to the grain and table 3 for TO2 63.87 | 4535.76
compression perpendicular to the grain. TO3 70.58 4542.14
TO4 70.58 3767.48
The. MAT-]{B mgdel acgurately captuyed the stress- TOS5 74.08 4754.49
stra.m behaviour in the linear, hardemr}g, and peak Average 69.30 4602.98
regions. However, in t_he case of compression parallel to COV % 555 12.80
the grain, some Qev1atlon was (}bserved in the post-peak MAT-143 6757 419903
region. This discrepancy arises because MAT-143 - -
requires fracture energy as input for tension and shear but Experimental/Numerical | 1.03 1.10
does not account for fracture energy in compression. As 12
a result, the model cannot simulate softening behaviour 1;
in compression. Nevertheless, in timber-timber ot e
connections with dowels, the dowel does not typically s} e
reach its full compression capacity along the grain. g7t it -
Therefore, the response up to peak stress is sufficient for =6 F TO1
modelling purposes. @5 '/ TO2
LAt s TO3
For compression perpendicular to the grain, MAT-143 n 2 [ // 18‘5‘
closely matched the experimental results across all ] [/ e MAT-143
regions, including the linear, hardening, peak, and post- 0 . . . .
peak hardening phases. The post-peak hardening 0.00 0.05 0.10 0.15 0.20 0.25
behaviour in compression perpendicular to the grain can Strain (mm/mm)

be attributed to the densification of the dowel as strain

: Figure 9 Stress-strain curve for compression perpendicular to grain
increases, a phenomenon that MAT-143 successfully

captures. This capability represents a significant Table 3 Results from compression perpendicular to grain
contribu_tior}, as modelling comprgssion pemendicular to Y e
the grain is rarely addressed in the literature. The D L
compressive strength of Tasmanian Oak was found to be (MPa) (MPa)
69.30 MPa along the grain and 5.91 MPa perpendicular TO1 5.39 265.44
to the grain. TO2 6.50 176.72
TO3 5.44 271.07
TO4 6.08 171.31
TOS5 6.12 221.40
Average 5.91 221.19
COV % 8.09 21.34
MAT-143 6.07 203.38
Experimental/Numerical | 0.97 1.09
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The failure modes of the dowels are presented in Figure
10. In compression along the grain, the dowels primarily
failed due to shearing and crushing. In contrast, under
compression perpendicular to the grain, the dowels
exhibited densification with increasing load. Some
cracks were observed in the curved portions of the
dowels, which may have resulted from tensile stresses
induced during perpendicular-to-grain testing. The stress
distribution for loading perpendicular to the grain is

illustrated in Figure 11.
3

_’ -

(b)

T T
Shearing Crushing

(a)
Figure 10 Dowel failure under compression (a) parallel (b)
perpendicular to grain

Y-stress
0.0008
-0.0001
-0.0010
-0.0019
-0.0028
-0.0037
-0.0047
-0.0056
-0.0065

0.0074
-0.0083
-0.0093
0.0102
00111

00120
00120
-0.0139

-0.0148
0.0157
0.0166
00175

Figure 11 Stress distribution obtained using numerical simulation

6 — CONCLUSION

In this study, Australian hardwood dowels, specifically
TO, were experimentally tested under compression and
numerically simulated using the CDM-based model
MAT-143. The objective was to capture the post-elastic
response, which is often overlooked in conventional
design. The key conclusions drawn from this study are as
follows:

e A circular dowel section with flattened top and
bottom surfaces can be used to determine
compressive strength in the perpendicular-to-
grain direction. The presence of flat surfaces
provides a more uniform stress distribution
compared to a fully circular section.

e The compressive strength of TO was found to
be 69.30 MPa parallel to the grain and 5.91 MPa
perpendicular to the grain. The corresponding

https://doi.org/10.52202/080513-0350
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elastic modulus values were 4602.98 MPa and
221.19 MPa, respectively.

o  MAT-143 successfully captured the perfectly
plastic override behaviour of dowels under
compression perpendicular to the grain, where
stress continues to increase with strain. The
hardening parameter Guarp in LS-DYNA is a
critical input that determines the slope of the
stress-strain curve beyond the peak strength.

e  While MAT-143 cannot model post-peak
softening in compression due to the absence of
fracture energy as an input parameter, it can
approximate behaviour close to perfectly
plastic. However, this limitation is not critical
for timber-timber connections, as dowels rarely
reach their ultimate compression capacity along
the grain in practical applications.

This research provides valuable insights for researchers,
manufacturers, and practitioners involved in the design
of dowel-based timber connections. The proposed
numerical model can be used for finite element modelling
of wooden dowels and serves as a useful tool for further
studies on their mechanical characterisation. Future
research could explore the use of alternative LS-DYNA
models, such as MAT-213 and MAT-261, to better
capture the post-elastic behaviour of dowels under
various loading conditions.
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