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Abstract: In the present work, single- and double-dowel joints following different geometric configu-
rations are experimentally and numerically investigated to derive the splitting behaviour of beech
wood (Fagus sylvatica L.), one of the most widespread hardwood species in Europe for structural
purposes. The influence of the spacing between dowels, their distance to the supports, and the
slenderness of the beams is analysed. The correlation of the experimental failure loads with those
predicted numerically by cohesive zone finite element-based models using the fracture properties of
the species is discussed. The experimental results are also compared with those obtained from the
normative expression included in Eurocode 5 and two other design models reported in the literature.
The splitting failure loads predicted by both the analytical and numerical models were found to be
conservative, the latter being closer to the experimental values.

Keywords: dowel connection; hardwood; numerical model; fracture mechanics; timber structures;
Fagus sylvatica; cohesive zone modelling

1. Introduction

In recent decades, there has been significant growth in the development of renewable
and environmentally sustainable building materials, spurred by the imperative to address
the impacts of climate change. The building sector is a significant consumer of primary
energy, contributing significantly to the release of substantial amounts of carbon dioxide
(CO2) into the atmosphere [1,2]. In this context, wood and wood-based products have
attracted great interest in architecture and civil engineering because of their renewable
resource potential when sustainably managed [3], their savings in primary energy and
CO2 emissions during the manufacturing process [1,4], and the added value they bring to
buildings. Furthermore, among the main structural building materials, wood is the only
one composed of substantial amounts of carbon captured from the atmosphere during the
tree growth process (around 50% of its dry weight) [5]. Currently, most structural timber
products are made from softwoods, but in recent years, there has been growing interest in
the use of hardwoods for structural purposes. The reasons for this are multiple and may be
due, among others, to the under-use of aged hardwood forests and the high mechanical
properties compared to softwoods [6,7].

In this respect, Fagus sylvatica L., or European beech, is one of the most important and
widespread hardwood species in Europe (from southern Scandinavia to northern Sicily
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and from northwestern Turkey to northwestern Spain), with an average height of about
30–40 m. [8,9]. The large beech reserves available in European forests have aroused the
interest of the scientific community. Several investigations have been carried out on this
material for structural purposes, both on solid wood in terms of determining its elastic
constants [10–13], mechanical properties [14–16], or fracture behaviour [17,18], as well as
on structural products made of beech such as glulam [19] or laminated veneer lumber
(LVL) [20]. European beech also offers good strength and stiffness compared to softwoods,
which makes it an excellent choice for the design of timber structures, especially in the
assessment of high-performance scenarios, such as connections with fasteners or large span
elements, allowing for a reduction in the cross-section of the main members.

Mechanical connections with steel dowel-type fasteners are among the most widely
used connections in timber structures [21–23] because of their simplicity of manufacture
and assembly and the possibility of being designed to have a ductile connection failure.
However, there are certain situations where brittle failure of the timber member may occur
at load levels below the bearing capacity for desirable ductile behaviour, especially in
designs with connections loaded at an angle to grain where tension stresses perpendicular
to the grain are induced, for which timber inherently exhibits relatively low strength
and stiffness. This brittle splitting failure is, therefore, one of the most critical in timber
structures and deserves particular concern in design.

Eurocode 5 [24] includes the so-called European Yielding Model (EYM) originally for-
mulated by Johansen [25], which is used to predict the load carrying capacity of dowel-type
connections subjected to shear force. This model always considers the plastic behaviour
of timber and also the possible plastic behaviour of the dowel depending on the failure
mode of the connection. However, this model can dangerously overestimate the ultimate
load in connections if splitting failure occurs. Concerning the prediction of the splitting
capacity of connections loaded at an angle to the grain, Eurocode 5 provides a relatively
simple relationship developed theoretically by Van der Put and Leijten [26,27] following
an energetic approach in the framework of linear elastic fracture mechanics (LEFM). The
expression only applied to softwood and considered the timber member width, the distance
from the fastener to the loaded edge of the member, and the ratio of the latter to the member
depth (commonly known as the α parameter). It is widely demonstrated and specified
in some design codes that when α ≥ 0.7, splitting may be neglected. The expression also
includes a constant value arising from the fracture energy calibration parameter. However,
the scientific literature suggests that this value is a considerable overestimation for some
wood species commonly used in Europe [28]. The expression disregards the influence of
other parameters, such as the number and geometry of groups of fasteners.

Further experimental and numerical research has been carried out to propose alterna-
tive analytical formulations to the normative expression, taking into account the effect of
different geometrical parameters of the connection and material properties. Most of these
experimental studies have been conducted on softwoods, e.g., the first studies reported
in [29–32] used to calibrate the analytical model proposed by Van der Put and Leijten or
later relevant studies on sawn spruce and glulam [33–36], radiata pine LVL [37], southern
pine LVL [38,39], and southern pine MSR lumber [38]. However, very little research has fo-
cused on the splitting behaviour of dowel connections in hardwood species. Recent studies
can be found on Eucalyptus globulus sawn wood [40] and yellow poplar PSL [38]. There is a
work on beech beams loaded perpendicularly to the grain by connections, although the α

values considered were higher than 0.7 [23].
In terms of numerical investigations, several authors have developed finite element

models (FEMs) to realistically replicate the behaviour of structural timber elements with
fastener connections [22,34,41–43]. One method involves utilising cohesive zone models
(CZMs) incorporating traction–separation laws, which are treated as inherent material
properties. These models require predefining possible damage paths. Strength criteria
based on limit stresses are applied to indicate the onset of the damage. Damage evolves as
described by the traction–separation law following the principles of fracture mechanics.
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This method was first applied to wood in [44], and its capability has been sufficiently
demonstrated in subsequent studies [41,42,45], as well as in previous work by the authors
focusing on the simulation of crack propagation in double cantilever beams (DCBs) [17]
and end-notched flexure (ENF) tests [18] in beech wood, offering good agreement with
experimental results.

The main objective of the present research is to determine the splitting capacity of
Fagus Sylvatica L. (European beech) solid wood beams loaded perpendicular to the grain by
connections, considering α values lower than 0.7. An experimental campaign is carried out
on connections consisting of one and two dowels placed at various positions along beams of
different lengths and depths aiming to study the influence of these geometrical parameters.
Cohesive zone finite element-based models using the fracture properties of the species are
also developed, which are capable of reproducing crack development. Finally, the results
are compared with the theoretical splitting failure loads obtained by applying the analytical
expression included in Eurocode 5 [24] and two other alternative design models reported in
the literature [46,47], which offer a more complete formulation regarding the consideration
of different geometrical parameters of the connection.

2. Materials and Methods
2.1. Experimental Test

European beech (Fagus sylvatica L.) solid wood from Austria was used in the experi-
mental tests. The boards were obtained from heartwood and cut in the tangential direction.
Before testing, the boards were conditioned in a climatic chamber at 20 ◦C and 65% relative
humidity until equilibrium moisture content (MC) was reached. After conditioning, all
boards were visually graded according to the German standard DIN 4074-5:2008 [48]. The
specimens were free from knots and cracks. All specimens met the requirements for the
LS13 strength class [48], which would allow a strength class assignment of D40 according
to EN 1912:2012 [49]. MC was determined using the oven-drying method using a section
taken from each board following EN 13183-1:2002 [50]. This resulted in an average value of
10.3%. The density (ρ) was also measured using a section taken from each board according
to EN 408:2012 [51] and adjusted to the reference moisture content of 12% [52], giving a
mean value of 732 kg/m3.

The beams were subjected to 3- or 4-point bending tests depending on the connection
layout studied (Figure 1), at a constant crosshead displacement rate set between 0.75 and
3.50 mm/min, so that failure took place in approximately 5 min.
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Displacements (δ) were measured using linear variable differential transformers
(LVDTs) and recorded at a frequency of 1 Hz during the tests. To analyse joint behaviour
and dowel sliding, LVDTs were placed both at the bottom of the loading plates, as close as
possible to the dowel, and at the bottom of the beam (black triangles in Figure 1). Holes
of the same diameter as the dowels were drilled in the timber beams so that there was no
clearance between them.
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The experimental programme was divided into two groups of specimens according
to the beam depth (h): group 1 with h = 100 mm and group 2 with h = 200 mm. The beam
width (b) was 48 mm for all specimens. In all tests, dowels with a diameter (d) of 16 mm
and 120 mm length made of S355-grade steel were used. With this diameter, the dowel
slenderness (b/d) was small, and steel yielding was avoided.

The distance to the loaded edge (he) was set at 4d (minimum distance established in
Eurocode 5 [24]), remaining constant in all tests, resulting in joints with two different values
of the α parameter (α = he/h), namely 0.64 for group 1 and 0.32 for group 2. In each of the
groups, beams with one dowel (1D) and two dowels (2D) were tested in order to analyse
the influence of the number of dowels and connections on the splitting capacity.

As a reference configuration, a span L of 950 mm (1000 mm specimen length) and one
connection with 1D and 2D (spaced ar = 4d apart) located at mid-span were established.
In order to analyse the influence of the distance lb from the connection to the support and
the distance lc between the connections on the splitting capacity, different lb values were
considered (360 mm, 240 mm, and 120 mm), which corresponded to support spacings of
approximately 0.38, 0.25, and 0.13 times the span. In order to also analyse the influence
of the slenderness of the beam on the splitting capacity, beams with the connection at
mid-span but with L of 450 mm (500 mm specimen length) were also tested. Figure 2
illustrates the set of reference configurations and their variations.
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dowel connections placed at mid-span for each beam depth group and variations (in grey) regarding
connection position and beam slenderness.

Table 1 summarises, for each series of tests, the geometrical parameters of the beam
(span and depth), as well as the density and moisture content, the position of the connection
in terms of distance to the support lb and the spacing between connections lc (in case of
two connections), the position of the connection in relation to the beam depth by means of
the α parameter, and the number of replicates tested.
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2.2. Numerical Analysis

Numerical finite element analyses of all configurations studied in the experimental
campaign (Figure 2) were carried out using ABAQUS v2021 software [53]. Brittle splitting
failure is addressed as simply as possible and in a way that provides sufficiently safe results
from a structural design point of view.

Since the dowel had low slenderness, it showed very small deformations, and the
authors did not observe any yield hinges, so a simplified 2D model was developed in which
a cohesive zone model (CZM) was implemented to reproduce the crack growth. The timber
beam and the steel elements (supports and dowels) were defined by 8-node quadratic
plane stress elements (CPS8R). The model mesh was refined in the crack propagation
region, as well as in the dowel and support locations (Figure 3a,b), using a minimum
and maximum mesh size of 1 mm × 1 mm and 4 mm × 4 mm, respectively. To simulate
crack growth and propagation, 6-node quadratic cohesive surfaces were used together
with the Newton–Cotes integration scheme [54]. To reduce the computational time and in
accordance with the findings in [55], only one fracture plane at mid-height of the dowel
was modelled. The contact between the steel elements and wood was introduced using
6-node quadratic contact surfaces with a friction coefficient of 0.15 [56]. The analyses were
carried out considering a non-linear geometrical behaviour of the beams. The Newton–
Raphson convergence method was applied to solve the systems of non-linear equilibrium
equations. An isotropic material was considered for steel elements and an orthotropic
material for wood. The yielding behaviour of wood was neglected for the sake of the
simplification intended by the model. Consequently, a linear elastic constitutive response
of the materials was assumed. The application of the load was performed by a uniform
vertical displacement imposed at the central node of the dowels in the range of 6 and 20
mm introduced in increments of no more than 0.01 mm to reproduce stable crack growth
and to obtain accurate results.
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Table 1. Experimental test program.

Number
of Dowels

Span
L

Connection–Support
Distance Series Number

of
Specimens

Density
ρ

Moisture
Content

Connection
Spacing α

(no.dowels) (mm) lb (mm) h/no.dowels/L/lb (kg/m3) (%) lc (mm) he/h

Group 1
(h: 100 mm)

1D

450 225 100/1D/450/0.5L 4 747 9.7

- 0.64
950

475 100/1D/950/0.5L 4 734 11.1
360 100/1D/950/0.38L 3 708 10.4
240 100/1D/950/0.25L 3 727 10.4
120 100/1D/950/0.13L 3 730 10.1

2D

450 225 100/2D/450/0.5L 4 727 10.2 -

0.64
950

475 100/2D/950/0.5L 4 710 10.7
360 100/2D/950/0.38L 3 748 10.7 230
240 100/2D/950/0.25L 3 738 11.5 470
120 100/2D/950/0.13L 3 717 10.9 710

Group 2
(h: 200 mm)

1D

450 225 200/1D/450/0.5L 4 756 9.7

- 0.32
950

475 200/1D/950/0.5L 3 744 10.0
360 200/1D/950/0.38L 3 716 9.7
240 200/1D/950/0.25L 3 730 10.1
120 200/1D/950/0.13L 3 758 9.9

2D

450 225 200/2D/450/0.5L 4 730 9.6 -

0.32
950

475 200/2D/950/0.5L 4 713 10.0
360 200/2D/950/0.38L 3 741 10.0 230
240 200/2D/950/0.25L 3 742 10.9 470
120 200/2D/950/0.13L 3 716 10.3 710
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A bilinear cohesive law model with a linear softening relationship was used to repro-
duce the fracture process in mixed-mode I + II (Figure 4) [57,58].
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The proposed damage model is characterised by two branches. The first one describes
the elastic behaviour of the undamaged material until the stress limit (f u,i, i = I, II, m) is
reached, and the second one defines the softening behaviour under damage (Figure 4).
Under mixed−mode I + II, an equivalent relative displacement combining the two loading
modes is defined (Figure 4) according to Equation (1):

δm =
√

δ2
I + δ2

II (1)

which can be written as
δm = δI

√
1 + β2 (2)

being

β =
|δII|
δI

(3)

In the first branch, the constitutive relationship is given by

fm = kδm (4)

where f m is the resulting mixed−mode I + II traction and k is the initial interface stiffness
usually known as the penalty parameter which is set by the user. In this study, the
value of 106 N/mm3 [54,59] was adopted in all modes (I, II, mixed) to avoid undesirable
interpenetration of the crack faces and numerical problems. A quadratic stress criterion is
assumed to simulate damage onset under mixed-mode loading:(

fI

fu,I

)2
+

(
fII

fu,II

)2
= 1 (5)

where (f I, f II) are the current mode I and II loading components and (f u,I, f u,II) are the
corresponding local strengths (Figure 4). After some algebraic manipulation involving
Equations (1)–(5), the relative displacement at damage onset becomes

δ0,m =
δ0,Iδ0,II

√
1 + β2√

β2δ2
0,I + δ2

0,II

(6)
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where δ0,i (i = I, II) are the relative displacements at damage onset under pure mode
loading (Figure 4). During propagation, the traction–separation relationship can be directly
defined as

fm = (1 − dm)kδm (7)

where dm is the damage parameter defined from the linear softening relationship between
δ0,m and the ultimate relative displacement δu,m according to

dm =
δu,m(δm − δ0,m)

δm(δu,m − δ0,m)
(8)

The ultimate relative displacement δu,m is calculated by means of the linear energetic
criterion used to simulate damage propagation under mixed-mode I + II loading:

GI

GIc
+

GII

GIIc
= 1 (9)

where Gic (i = I, II) are the critical fracture energy and Gi (i = I, II) are the energy components
of the current mode mixity given by

Gi =
1
2

kδ0,m,iδu,m,i (10)

with δ0,m,i and δu,m,i representing the critical mode i components of the relative displace-
ments at damage onset and at failure, respectively. From Equations (3) and (10), the strain
energy release rate under mixed-mode loading can be written as

GTc = GI + GII = GI

(
1 + β2

)
(11)

Combining Equations (11) and (9) yields

GTc =
GIcGIIc

(
1 + β2)

GIIc + β2GIc
(12)

Knowing the critical strain energy release rate (GTc), δu,m can be determined as follows:

δu,m =
2GTc

kδ0,m
(13)

which makes it possible to define the damage parameter (Equation (8)) that represents the
progressive propagation of damage under mixed-mode I + II loading. It should be noted
that this general formulation also addresses the pure mode loading cases (I or II) since they
are particular cases of the mixed-mode loading scenario.

The mean values of the fracture parameters of European beech defining the mode I
and II cohesive laws in the TL crack propagation system, as well as the elastic constants of
the material, were obtained from previous work by the authors [10,17,18] and are compiled
in Tables 2 and 3. For the dowel steel, a modulus of elasticity of 210,000 N/mm2 and a
Poisson’s ratio of 0.3 were considered. These material properties were used as input data
in the numerical models.

Table 2. Average values and standard deviation of the elastic constants of European beech [10].

EL
(N/mm2)

ER
(N/mm2)

ET
(N/mm2)

νRL
(-)

νTL
(-)

νRT
(-)

GLR
(N/mm2)

GLT
(N/mm2)

GRT
(N/mm2)

Average 13,811 1590 832 0.51 0.44 0.32 1108 706 349
St. Dev. 1323 541 115 0.030 0.015 0.041 202 139 53
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Table 3. Numerical parameters of the bilinear cohesive law: maximum traction (f u) and critical
fracture energy (Gc) in fracture modes I and II and TL crack propagation system for beech [17,18].

f I,u
(N/mm2)

f II,u
(N/mm2)

GIc
(N/mm)

GIIc
(N/mm)

Average 8.74 18.88 0.46 1.17
St. Dev. 1.97 3.34 0.10 0.26

2.3. Design Models

Several design proposals can be found in the literature to predict the splitting capacity
of timber connections loaded perpendicular to the grain. However, there is much discussion
on the parameters influencing the splitting behaviour, and no solid proposal has yet been
developed that is widely accepted by the research community. A comprehensive review
of most of the existing models, their theoretical basis, and their scope in the design of
timber connections can be found in [34,60]. A summary of simple analytical models and
the relationships between them is compiled in [61]. The three design models used in this
work to predict the splitting failure load of the European beech are described below.

The first is the model formulated by Van der Put [26]. It is one of the first analytical
models to predict the maximum shear force for the splitting failure of a simply supported
beam. The model was developed using an energy approach in the framework of linear
elastic fracture mechanics (LEFM). A single force acting at the mid-span of the beam was
considered a starting point regardless of the type of fastener used to transfer the load to
the beam. Subsequently, Van der Put and Leijten [27] calibrated the original model [26] for
softwood using experimental results available in the literature. Some other considerations
for this model can be found in [62]. The proposal has been widely discussed, mainly because
of its simplicity. Jensen [63,64] published an extended model without any simplifying
assumptions and including the contribution of normal forces in the section equilibrium, in
which the original model of Van der Put appears as a special case. In addition, following
the same approach, models for beams with two connections were developed. Also based
on the original proposal, Ballerini [65] presented a semi-empirical expression taking into
account the geometry of the connection. But despite successive proposals, the original
model of Van der Put forms the basis of the design expression given in Eurocode 5 [24]
(Equations (14)–(17)), which will be used to calculate the theoretical failure loads for beech
in the present work:

Fv,Ed ≤ F90,Rd (14)

Fv,Ed = max
{

Fv,Ed,1
Fv,Ed,2

(15)

F90,Rd =
F90,Rk

γM
kmod (16)

F90,Rk = 14b w

√
he

1 − he
h

(17)

where Fv,Ed,1 and Fv,Ed,2 are the shear forces in the main beam on both sides of the connec-
tion, F90,Rk is the characteristic splitting capacity, kmod is the modification factor considering
load duration and moisture content, γM is the partial factor for material properties, b is
the width of the beam, h is the depth of the beam, he is the distance from the fastener to
the loaded edge of the beam, and w is a factor depending on the type of fastener (1 for
dowels). It is important to underline that Equation (17) includes also a constant 14 value.
According to the original work of Van der Put and Leijten [27], this 14 value is derived from
the expression C1 = (GGc/0.6)0.5, where the so-called apparent fracture parameter (GGc)0.5

was used as a fitting parameter by taking test results from a limited number of sources in
the literature with different connection types. A value of C1 = 10 N/mm1.5 was suggested
for use in the code design expression, somewhat lower than the C1 = 14 N/mm1.5 finally
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adopted. Since the expression of the code is only valid for softwoods, in the present work it
was decided to apply the original relationship and determine the C1 value for European
beech instead of C1 = 14 N/mm1.5, by means of the shear modulus G and critical fracture
energy Gc of the material obtained experimentally, resulting in C1 = 23.27 N/mm1.5.

The second design model that was applied to estimate European beech’s carrying ca-
pacity in the present work is the model formulated by Jensen [46]. It relies on Timoshenko’s
beam theory for elastic foundations (BEFs) and the quasi-non-linear fracture mechanics.
For its development, a beam is considered with a cracking layer modelled by springs to
which the material fracture properties are assigned. Upon cracking, the beam below this
layer is considered to be resting on elastic Wrinkler springs connected to the upper part,
which is assumed to be infinitely rigid. For a single load acting far from the beam end and
small crack lengths, Equations (18)–(22) result:

Pu = γ Pu,LEFM (18)

Pu,LEFM = 2bC1

√
he

1 − he
h

(19)

γ =

√
2ζ + 1
ζ + 1

(20)

ζ =
C1

ft

√
10

G
E

1
he

(21)

C1 =

√
5
3

GG f (22)

with Pu being the splitting load of the connection, E the longitudinal modulus of elasticity,
G the shear modulus of elasticity, and Gf the fracture energy. One of the differentiating
features of this model compared to previous proposals is that it takes into account the
perpendicular tensile strength of the timber, ft.

The third of the design approaches selected to estimate the theoretical splitting fail-
ure load of European beech is the one postulated by Franke and Quenneville [47] given
by Equations (23)–(26). The design approach was developed through experimental in-
vestigations and finite element numerical simulations considering numerous connection
arrangements, in the framework of non-linear fracture mechanics. It is one of the most
comprehensive models in the literature, which for the first time considers mixed-mode
I + II (tension and shear) failure criteria that represent a more realistic situation and not
only mode I, as most of the previous models conservatively do:

F90 =
b · 103(GI, norm

GIc
+

GII, norm
GIIc

) ·kr (23)

GI, norm = e(h
−1(200− 10he ·h− 0.25−ar)) (24)

GII, norm =

(
0.05 + 0.12

he

h
+ 1·10−3ar

)
(25)

kr =

{
1 for n = 1 dowel
0.1 + (arctan(n))0.6 for n > 1 dowels

(26)

with F90 being the splitting load of the connection, GIc and GIIc the critical fracture energy of
the material in mode I and II, respectively, and GI, norm and GII, norm the normalised fracture
energy in mode I and II, respectively. The model also includes other parameters concerning
the connection layout, such as the width of the connection (ar) and the number of rows of
fasteners parallel to the grain through the kr factor.



Appl. Sci. 2024, 14, 900 11 of 25

The material properties of the European beech that are used as input data in the three
above-mentioned models to calculate the corresponding theoretical splitting ultimate loads
were obtained from previous work of the authors and are presented in Tables 2 and 3. A
value of 8.9 N/mm2 is used for the tensile strength perpendicular to the grain (ft) [13].

3. Results and Discussion
3.1. Experimental Results
3.1.1. Splitting Loads and Failure Modes

The results on ultimate loads and failure modes from the experimental work on
European beech are presented here.

Splitting was the type of failure that governed the collapse of most of the beams tested.
However, some specimens failed in bending. Table 4 shows the percentage of failures due
to splitting or bending per test series, as well as the mean values of the connection failure
load (Pexp) and the maximum shear force corresponding to Pexp (Vshear,max) for each of
these two failure modes. The location of Pexp is represented in Figure 1.

Table 4. Experimental results: percentage of beams with splitting/bending failure per series (%);
average values of the connection failure load (Pexp) and the maximum shear force corresponding to
the Pexp (Vshear,max) for each failure mode; coefficient of variation (COV); ratio between the distance
of the connection to the support (lb) and the beam depth (h).

Failure Mode

Series Splitting/Bending

h/no.dowels/L/lb % Pexp (kN) Vshear.max (kN) COV (%) lb/h

Group 1
(h: 100 mm)

100/1D/450/0.5L 100/- 32.5/- 16.3/- 5.1/- 2.25

100/1D/950/0.5L 25/75 31.0/30.3 15.5/15.2 -/4.1 4.75
100/1D/950/0.38L 67/33 26.7/33.3 16.6/20.7 7.4/0 3.60
100/1D/950/0.25L 67/33 26.3/28.3 19.7/21.1 5.7/0 2.40
100/1D/950/0.13L 100/- 23.9/- 20.9/- 6.0/- 1.20

100/2D/450/0.5L 100/- 49.0/- 24.5/- 10.5/- 1.93

100/2D/950/0.5L -/100 -/37.6 -/18.8 -/8 4.43
100/2D/950/0.38L 33/67 23.7/23.9 23.7/23.9 0/0.4 3.60
100/2D/950/0.25L 67/33 27.1/21.5 27.1/21.5 8.7/0 2.40
100/2D/950/0.13L 100/- 25.0/- 25.0/- 10.1/- 1.20

Group 2
(h: 200 mm)

200/1D/450/0.5L 100/- 27.2/- 13.6/- 7.8/- 1.13

200/1D/950/0.5L 100/- 30.8/- 15.4/- 11/- 2.38
200/1D/950/0.38L 100/- 24.3/- 15.1/- 10.0/- 1.80
200/1D/950/0.25L 100/- 20.5/- 15.3/- 14.2/- 1.20
200/1D/950/0.13L 100/- 27.4/- 23.9/- 6.5/- 0.60

200/2D/450/0.5L 100/- 29.2/- 14.6/- 20.5/- 0.97

200/2D/950/0.5L 100/- 33.6/- 16.8/- 5.1/- 2.22
200/2D/950/0.38L 100/- 22.8/- 22.8/- 20.1/- 1.80
200/2D/950/0.25L 100/- 26.9/- 26.9/- 18.9/- 1.20
200/2D/950/0.13L 100/- 28.5/- 28.5/- 24.1/- 0.60

It should be noted that all the tested connections have the same distance from the
loaded edge (he) but different values of α. This leads to the fact that all tested series in
group 2 failed by splitting but not the series in group 1. In particular, all beams in the
reference series of group 1 failed in bending, except for one beam in the reference series
with one dowel. In addition, in the series of group 1 with the off-centre connection, some
beams also failed by bending, except in the series with the connection closer to the support,
where all beams failed by splitting. The closer the connection is to the supports, the more
predominant the splitting failure. This trend is logical since the moment generated by the
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load decreases with the proximity of the connection to the support. It is worth noting that
bending failure only occurred in the beams with the greatest slenderness and α ratio of 0.64,
where the ultimate loads shown in Table 4 caused stresses in the outermost wood fibres of
around 90 N/mm2, which are in line with the limit values reported in the literature [15].

It was observed that the experimental tests reached the maximum load by developing
two different fracture patterns: one completely brittle (pure splitting) and the other in a
combination of failure modes (a non-negligible plastic behaviour of the wood develops
before splitting occurs), as shown in Figure 5. The behaviour of the combined failure mode
is directly related to the formation of small cracks in the wood at the bottom of the dowel
and, in some cases, to the yielding of the wood around the connection, as these areas are
singular points subjected to high stress concentrations perpendicular to the grain.
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Figure 5. Governing failure modes in the experimental tests.

A summary of the load–displacement curves (P-δ) for each of the tested specimens is
shown in Figures 6 and 7. In these graphs, the load and displacement of the connection are
plotted, according to the placement of LVDTs depicted in Figure 1. However, in Figure 7b,
the total load on the beam (2P) is plotted in order to compare the results between the graphs
depicted in Figure 7.
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As can be seen, a single-dowel-type connection tends to develop a mixed-mode
behaviour, but a double-dowel-type connection tends to collapse in a brittle manner. In
particular, all beams with two dowels located in the centre of the span and those with
two off-centre connections closer to the centre of the span break in a completely brittle
manner. However, the rest of the beams showed a mixed-mode behaviour. This difference
in behaviour depends on the configuration of the connection and is in line with the results
of other research in the literature for other wood species [29,34,38,40,66].

In the series investigated, the splitting failure was characterised by the propagation of
a main crack, which extended along the beam length and through the full entire thickness.
This failure mode appeared suddenly and in a brittle manner. In some tests, the splitting
failure was preceded by the formation of small cracks around the dowel, but eventually
only one crack propagated and in a forceful manner. In some specimens, the crack shape
that developed along the beam was very straight and continuous (see Figure 8a), but in
other cases, the shape was oblique and/or discontinuous (see Figure 8b). The crack propa-
gation patterns across the width of the beam also exhibited similar differences between the
specimens (see Figure 9). However, the results showed that the less straight and continuous
the crack propagation was, both longitudinally and transversely, the higher the splitting
capacity.
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In all the series with two dowels and a span of 950 mm in group 2, the crack was
propagated to the end of the beam, splitting it into two parts. In addition, this also happened
in the beams of group 1 with a span of 450 mm and in all the series with two connections
except for the one where the connections are closer to the supports (100/2D/950/0.13L).
However, this did not happen in the rest of the series, where the crack did not reach the
ends. Some of these crack patterns are shown in Figure 10.
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Figure 10. Typical splitting failure of series with h = 100 mm (group 1 (a–d)) and h = 200 mm (group
2 (e–h)): (a,e) 1D with connection at mid-span; (b,f) 1D with the connection placed at off-centre of the
beam; (c,g) 2D with connection at mid-span; (d,h) 2D with the connections placed at off-centre of
the beam.

3.1.2. Influence of the Number of Dowels at the Connection

To study the influence of the number of dowels on the connection, the series with the
connection located at mid-span with one and two dowels and beam spans of 450 mm and
950 mm were considered.

Table 5 summarises the results of the series studied, including the mean value of the
splitting failure load, the parameter α, the slenderness of the beam, and the percentage
load increase in the connections with two dowels with respect to their counterparts with
one dowel.

As can be seen, the load gain of 2-dowel connections relative to single-dowel connec-
tions never reaches twice the value.

The influence of the parameter α can be analysed by comparing the series with different
values of α and similar slenderness (4.75 slenderness for α = 0.32 and 4.5 slenderness for
α = 0.64). The results show that the load gain for α = 0.32 is very small, only 9%. However,
for the series with α = 0.64, the load gain attained is much higher, 51%, although still far
from the expected doubling. Note that in this case α is doubled, but the load gain is more
than five times higher.
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Table 5. Load increase in series with two-dowel connections compared to one-dowel connections.

Number of
Dowels

(no.dowels)

Series
h/no.dowels/L/lb

L
(mm)

Slenderness
(L/h)

he
(mm)

α
he/h

Pexp
(kN)

Load Increase
(%)

1D 100/1D/450/0.5L
450 4.50 64 0.64

32.5
51%2D 100/2D/450/0.5L 49.0

1D 200/1D/450/0.5L
450 2.25 64 0.32

27.2
7%2D 200/2D/450/0.5L 29.2

1D 200/1D/950/0.5L
950 4.75 64 0.32

30.8
9%2D 200/2D/950/0.5L 33.6

The effect of the span can be analysed by comparing the results of the series with the
same depth (h = 200 mm) but different spans (450 mm and 950 mm). It can be observed
that, as the span increases, the load gain for using two dowels instead of one is almost
negligible, from 7% for the series with a 450 mm span to 9% for the series with a 950 mm
span. These results show that span has hardly any influence, at least for low α values such
as the one studied (α = 0.32).

The increase in load obtained as a function of the number of dowels in the connection
is consistent with other research [34,40,67], where increasing the number of dowels led to
an increase in splitting failure load.

It is worth mentioning that the load carrying capacity of the connection increases
slightly with increasing beam span. Figure 11 shows the ultimate splitting loads in relation
to the beam span for the series of single- and double-dowel connections at mid-span for
h = 200 mm.
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h = 200 mm.

According to the results, it follows that the larger the span, the higher the splitting
loads (13% for 1D and 15% for 2D). In terms of beam slenderness (L/h), the higher the
slenderness, the higher the load carrying capacity, which is in agreement with the results
for spruce glulam available in [34,68]. In the case of the series with h = 100 mm, this
comparison is not possible because the beams with larger spans failed in bending.

3.1.3. Influence of Distances lb and lc
The evolution of the maximum splitting load for the beams with one-dowel connec-

tions placed at different distances from the nearest support (lb) is shown in Figure 12a.
Figure 12b shows the load evolution for beams with two-dowel connections as a function
of the spacing between the dowels (lc). The results in both graphs are given for beams with
h = 100 mm and h = 200 mm.
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When looking at the evolution of the splitting capacity as a function of lb for beech
beams with one-dowel connections (Figure 12a), the series of h = 200 mm shows a decrease
in splitting failure loads with the proximity of the dowel to the support, up to the distance
lb = 240 mm. However, the load increases again when the dowel is at the closest distance
to the support of those studied (lb = 120 mm). The specific lb distance at which this trend
change occurs is difficult to determine with accuracy as many tests would be necessary.
However, a value of lb ≈ h seems a good approximation. This apparent increase in the
splitting capacity of the beam may be due to the fact that, for distances of lb ≈ h, part of
the load is transferred directly to the supports [62]. However, the splitting failure is not
negligible even if lb < h.

A similar trend is observed for beams with h = 100 mm, with a decrease in ultimate
load with decreasing lb, although in this case with no increase in load for the lowest lb. This
observation may be related to the fact that the smallest value of lb tested is greater than h
and therefore the dowel is not close enough to the support to transfer the load directly to it.

There are not many experimental studies in the literature focusing on the influence
of lb. Some literature sources report that splitting capacity is independent of lb [35,61],
contrary to the results of the present study, where the influence was evident. Other studies
with off-centre dowel connections in sawn spruce, spruce glulam, Douglas fir glulam, or
Radiata pine LVL can be found in [28,34,69]. However, due to the limited results and
geometries addressed, it is difficult to draw clear conclusions.

When comparing the test results between the two beam depths, it can be seen that the
h = 100 mm series tends to attain higher splitting loads than the h = 200 mm series. This
gain in load may be explained, to some extent, by the difference in the α ratios, so that the
higher the α, the higher the ultimate load. This influence of the parameter α is in line with
the findings described in Section 3.1.1.

Regarding the evolution of the ultimate splitting loads as a function of lc for beech
beams with two-dowel connections (Figure 12b), it can be seen that the loads increase with
the dowel spacing, which is in agreement with the test results reported in [34,36,66,67,70].

The results from the h = 200 mm series show that the ultimate loads measured for
beams with small dowel spacings (lc = 4d) do not differ significantly from the loads reached
for beams with a single dowel placed at mid-span, and the larger the dowel spacing, the
higher the splitting load. Small increases in the lc spacing lead to load increases, but
this tends to stabilise at large lc spacings. A similar trend is observed for the series with
h = 100 mm, although many of the specimens in this series failed in bending (Table 4).
It should be noted that the average values of the loads reached are practically identical
between the two groups, except for the series with an lc spacing of 710 mm, where the
specimens with h = 100 mm showed lower splitting capacity. In this case, it seems that α
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does not influence the ultimate load, even though the series with h = 100 mm have twice
the α ratio of those with h = 200 mm.

It is interesting to note that series with lb/h < 2.4 failed by splitting and those with
lb/h ≥ 2.4 were susceptible to fail by bending. Furthermore, when lb/h ≥ 4.40, the govern-
ing failure mode appears to be primarily bending. However, these values are influenced
by the number of dowels with which the connection is loaded, as beams with two dowels
can transfer more load to the beam before splitting occurs. This favours bending as the
dominant failure mode.

3.1.4. Influence of the Number of Connections

The effect of placing another connection symmetrically to the centre of the beam is
discussed here. Figure 13 shows the evolution of the load per connection as a function of lb
for beams with single (1D) and double symmetrical (2D) connections, for the two groups of
beam depths tested (100 and 200 mm). It is observed that the load of beams with a single
connection is higher than that of beams with two connections in the case of lb of 360 mm, i.e.,
a connection spacing lc of 230 mm. Considering the linear relationship plotted in Figure 13,
the value of lc required for a multiconnection beam to exceed the load corresponding
to its single-connection counterpart would be approximately 420 mm and 280 mm for
h = 100 mm and h = 200 mm, respectively (lc ≈ 4.2h and 1.4h, respectively). This could
be due to an influence of the α parameter, suggesting that a higher α requires higher lc
connection spacing.
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In the case of beams with h = 100 mm, it is observed that the load per connection in
beams with multiple connections corresponding to lb distances of 120 mm and 240 mm
(lc ≥ 470 mm) is approximately 4% higher than the equivalent case with a single connection.
However, in the case of beams with h = 200 mm, this increase does not remain constant
and amounts to 4% and 31% for lb distances of 120 mm and 240 mm, respectively. In
this case, there is a significant gain for lb = 240 mm. It should be noted that this distance
lb corresponds to the geometry for which the most critical case of its equivalent with
one connection occurs. In both groups of beam depths, for a certain distance between
connections (lc), there is an inflexion point at which beams with multiple connections
reach more load than their counterparts with a single connection. Therefore, a beam with
multiple connections arranged symmetrically to the centre of the beam reaches more than
twice the splitting load than its counterpart with a single connection.

According to the findings in Section 3.1.3, the total load of a beam with two dowels
located at off-centre of the beam does not double the load of the reference connection, i.e.,
a connection with two dowels located at mid-span. However, when comparing similar
geometries, there is a certain connection spacing (lc) where the stresses introduced into the
beam by each connection do not interfere with each other and, in such cases, the total load
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of a beam with multiple connections can be more than twice the load of its counterpart
with a single connection.

3.2. Comparison between Experimental, Numerical, and Theoretical Failure Loads

The adequacy of the numerical and design models described in Sections 2.2 and 2.3
for the prediction of the splitting failure loads of beech beams loaded perpendicular to
the grain by the connections is discussed here in relation to the experimental results. The
material properties of the European beech used as input values in the models were also
presented in Section 2.2, which corresponded to the tangential direction of the wood as this
was the main orientation of the cross-section of the beams.

Figure 14 shows representative results of the experimental (grey lines) and numerical
(black lines) load–displacement curves, depicting both the dowel displacement (dashed
lines) and the beam bottom face displacement (solid lines). As can be seen, the numerical
results agree well with the experimental results for the main parameters, such as stiffness
and ultimate load. Still, the numerical curves were able to better reproduce the experimental
behaviour of the beams with a brittle failure than those with a mixed-mode failure pattern
(see Figure 5). The good agreement between the experimental and numerical initial stiffness
shows that the average values of the elastic constants used are representative of the material.
This consistency between the numerical and experimental initial stiffness is more evident
in the curves plotted considering the displacement of the bottom of the beam than in
those plotted with the displacement under the dowel, where the numerical ones show a
higher stiffness. The maximum splitting capacity of the geometries of group 1 (h = 100 mm)
matches the experimental results, but in the case of group 2 (h = 200 mm), the predicted
loads are always lower than the experimental ones.
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It should be highlighted that the expression in Eurocode 5 [24] focuses on the prediction
of the maximum shear force, so the maximum splitting capacity of the connection has been
obtained by applying beam theory. Thus, the maximum splitting capacity foreseen by
Eurocode 5 [24] is twice the value of the shear force (Equations (14)–(17)) for all series,
except for series 1D with the connection located at off-centre of the beam, where the
maximum load carrying capacity was determined according to the following expression:

Ppre = Vs,max
L

L − lb
(27)

where Vs,max is the maximum shear force obtained directly from Equation (14), L is the
beam span, and lb is the distance from the connection to the nearest support. It should be
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noted that only Eurocode 5 [24] and the numerical models take into account the position of
the connection with respect to the beam.

The results of the predicted failure loads from the numerical finite element analysis and
the three design models studied are presented in Table 6. The predicted values normalised
to the experimental results for all cases are also included. These ratios are also shown
graphically in Figure 15. A ratio ≤ 1 represents a safe prediction and a ratio > 1 an unsafe
prediction.
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As can be seen from the results, in general terms, the best theoretical predictions were
found for low experimental loads (between 20 and 35 kN), and there was more dispersion
at higher experimental loads (between 45 and 60 kN).

When the connection is located at the centre of the beam (lb = 0.5L), all models provide
safe predictions for all the cases studied (one and two dowels and the two beam edges).
Specifically, in the case of one dowel (1D), the Eurocode 5 base model and the Jensen model
similarly give the best predictions. However, when there are two dowels (2D), it is FEM
that stands out with theoretical loads closer to the experimental ones when applying the
three design models, and it is precisely the Eurocode 5 base model and Jensen that offer
the worst predictions this time, contrary to the previous case. This is consistent with the
models that do not consider the number of fasteners in their formulation.

When the connection is off-centre (lb = 0.38L, 0.25L, and 0.13L) and considering 1D, the
Eurocode 5 model is the one that gives the predictions least adjusted to the experimental
values in most cases, although always on the safe side. The closer the dowel is to the support,
the more conservative it is. It should be noted that the C1 value used in the expression
corresponds to beech. If the fixed value C1 = 14 given in the Eurocode 5 expression
(Equations (14)–(17)) for softwoods had been used, the predicted loads would have been
even more conservative.

In the case of off-centre connection, but focusing now on 2D, two assumptions have
been considered for the analysis of results: each dowel as part of a separate connection (i.e.,
the beam would have two connections with 1D each) and the two dowels as part of the
same connection. The results of this second assumption are marked with * in Table 6.

According to the first scenario of two separate connections, the Eurocode 5 model
seems to be too conservative again, this time with predictions below 63% of the experimen-
tal load. The FEM appears to give theoretical values closer to the experimental ones.
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Table 6. Experimental (Pexp) vs. predicted (numerical and theoretical, Ppre) splitting capacity.

Series
Exp.
Test

Numerical
Analysis

Design Models

Eurocode 5 [24]
Equations (14)–(17)

Jensen [46]
Equations (18)–(22)

Franke and Quenneville [47]
Equations (23)–(26)

h/no.dowels/L/lb
Pexp
(kN)

Ppre
(kN) Ppre/Pexp

Ppre
(kN) Ppre/Pexp

Ppre
(kN) Ppre/Pexp

Ppre
(kN) Ppre/Pexp

G.1

100/1D/450/0.5L 32.5 27.0 0.83 29.8 0.92 29.2 0.90 21.6 0.66

100/1D/950/0.5L 31.0 28.8 0.93 29.8 0.96 29.2 0.94 21.6 0.70
100/1D/950/0.38L 26.7 30.2 1.13 24.0 0.90 29.2 1.10 21.6 0.81
100/1D/950/0.25L 26.3 27.3 1.04 19.9 0.76 29.2 1.11 21.6 0.82
100/1D/950/0.13L 23.9 25.3 1.06 17.0 0.71 29.2 1.22 21.6 0.90

100/2D/450/0.5L 49.0 43.4 0.89 29.8 0.61 29.3 0.60 37.4 0.76

100/2D/950/0.5L - - - - - - - - -
100/2D/950/0.38L 23.7 28.8 1.22 14.9 0.63 29.3 1.24 21.6 0.91
100/2D/950/0.25L 27.1 25.4 0.94 14.9 0.55 29.2 1.08 21.6 0.80
100/2D/950/0.13L 25.0 24.0 0.96 14.9 0.60 29.2 1.17 21.6 0.86

G.1 *
(P = 2P)

100/2D/950/0.38L 47.3 57.6 1.22 29.8 0.63 29.3 0.62 92.6 1.96
100/2D/950/0.25L 54.2 50.7 0.94 29.8 0.55 29.2 0.54 91.4 1.69
100/2D/950/0.13L 50.0 48.0 0.96 29.8 0.60 29.2 0.58 67.6 1.35

G.2

200/1D/450/0.5L 27.2 17.2 0.63 21.8 0.80 21.4 0.79 18.6 0.68

200/1D/950/0.5L 30.8 18.1 0.59 21.8 0.71 21.4 0.70 18.6 0.60
200/1D/950/0.38L 24.3 17.9 0.74 17.6 0.72 21.4 0.88 18.6 0.77
200/1D/950/0.25L 20.5 17.5 0.85 14.6 0.71 21.4 1.05 18.6 0.91
200/1D/950/0.13L 27.4 20.2 0.74 12.5 0.46 21.4 0.78 18.6 0.68

200/2D/450/0.5L 29.2 26.8 0.92 21.8 0.75 21.5 0.74 24.7 0.85

200/2D/950/0.5L 33.6 28.6 0.85 21.8 0.65 21.4 0.64 24.6 0.73
200/2D/950/0.38L 22.8 17.5 0.77 10.9 0.48 21.5 0.94 18.6 0.82
200/2D/950/0.25L 26.9 17.3 0.64 10.9 0.41 21.5 0.80 18.6 0.69
200/2D/950/0.13L 28.5 23.5 0.83 10.9 0.38 21.4 0.75 18.6 0.65

G.2 *
(P = 2P)

200/2D/950/0.38L 45.6 35.0 0.77 21.8 0.48 21.5 0.47 45.1 0.99
200/2D/950/0.25L 53.8 34.7 0.64 21.8 0.41 21.5 0.40 67.4 1.25
200/2D/950/0.13L 56.9 47.1 0.83 21.8 0.38 21.4 0.38 64.1 1.13

* This comparison is made considering that the beam has only one connection, i.e., P = 2P.
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Under the second assumption of considering the two dowels as part of the same
connection, the theoretical failure loads predicted by the FEM and by the Eurocode 5 model
double their value, but the ratio between these and the experimental ones is the same as that
obtained under the first assumption, thus making the Eurocode 5 model quite conservative,
as mentioned above.

However, the load ratios resulting from applying the models of Jensen
(Equations (18)–(22)) and Franke and Quenneville (Equations (23)–(26)) differ between
the two assumptions. Specifically, Jensen’s model leads to the same theoretical loads for
both scenarios, and therefore, the ratios are halved when only one connection is considered,
which means overly conservative predictions with theoretical values below 62% of the
experimental load, similar to those obtained by applying the Eurocode 5 model (it should
be remembered that both models disregard the number of dowels in the connection in their
formulation). On the other hand, if the connections were considered independent, Jensen’s
model gives results closer to the experimental ones but sometimes in a non-conservative
way, as was the case for beams of h = 100 mm.

Focusing on the Franke and Quenneville model, the difference in behaviour between
both assumptions is the reverse: the consideration of independent connections is the one
that gives conservative results, while the second assumption of considering a single con-
nection with two dowels results for most of the cases unsafe, with some theoretical values
far away from the experimental ones, especially in the beams of h = 100 mm. Therefore, the
Franke and Quenneville design model considering two independent connections, as well
as the FEM model, would be the most appropriate when off-centre multidowel connections
are presented.

4. Conclusions

The numerical and experimental splitting capacity results for European beech (Fa-
gus sylvatica L.) beams loaded perpendicular to the grain by single- and double-dowel
connections with different locations along the beam span are provided.

The use of an additional dowel slightly increases the splitting capacity at low α (he/h)
values (0.32) but significantly increases it at high α values (0.64), by about 50%. For the same
test configuration, the larger the beam span, the higher the splitting load. For single-dowel
connections, the position of the dowel along the beam span influences the splitting capacity,
which is lower the closer the connection is to the supports. For double-dowel connections,
the greater the distance between the dowels, the greater the splitting load, but in no case
will the increased load from an additional dowel double the ultimate load of a single-dowel
connection. Beams with lb/h < 2.4 fail by splitting, and those with an lb/h ratio ≥ 2.4 are
susceptible to fail by bending, but these values are influenced by the number of dowels
loaded into the connection, as beams with two dowels can transfer more load to the beam
before splitting occurs. This fact favours bending as the dominant failure mode.

A 2D finite element model was developed for each geometry in the experimental
programme, using a cohesive element model and a bilinear cohesive law to reproduce the
mode I and II fracture process.

The proposed finite element model successfully replicated the behaviour of beams
exhibiting purely brittle failure patterns more effectively than those displaying mixed-mode
failure.

The numerical P-δ curves are in good agreement with the experimental ones. The
proposed numerical model demonstrates its efficacy as a powerful tool for predicting the
splitting capacity of timber connections with various arrangements. Moreover, it proves to
be structurally safe from a design standpoint.

Of the three design models based on fracture mechanics (including the Eurocode
5 expression), the models based on elastic and linear fracture energy generally give good
load predictions for single-dowel arrangements. For two-dowel layouts, where the two
dowels are considered as part of the same connection, design models that include fracture
properties only in mode I provide too conservative values. The model that considers mode



Appl. Sci. 2024, 14, 900 22 of 25

I and II fracture and the influence of joint width (lc) predicts overestimated values for high
lc configurations.

Further experimental research on the splitting behaviour considering other connection
geometries and hardwood species would be desirable in order to obtain a general expression
valid for all of them.
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