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A B S T R A C T

Dowel-type joints are widely used in timber structures given their ease of construction, strength, and
capacity to deform before failure. The embedment strength of timber and the bending moment capacity of
dowels are considered key properties in the design. On the other hand, these properties have an inherent
variability that increases the uncertainties related to the connection’s strength and associated failure modes.
This study proposes to quantify the uncertainty related to the statistical correlation behavior between the
timber embedment strength and dowel bending moment capacity while comparing analytical solutions to the
results of double shear single doweled timber joints. Traditional distribution fitting procedures, as well as
copula functions, are implemented to capture their marginal and dependence behavior. Since their source
of mutual correlation is known, the effectiveness of the different approaches in describing the statistical
dependence structure can be assessed. This is done by investigating how equivalent are the descriptions of
dependence by copula functions and directly from the correlation origin. Results obtained here indicate that,
for single dowel-type connections in double shear, the impact of the copulas on the results is small, which
means that improving their joint characterization represents a minor improvement in the reliability results.
Besides the minor differences, the results show that copula functions are a viable tool capable of capturing
the nuances of the joint behavior between random variables.
. Introduction

The design of connections has long been identified as the most
ritical part of the design phase of a timber structure [1]. In fact, it
s crucial to assess the efficiency of connections due to their impact on
he overall structural strength and stiffness, compliance with distinct
erviceability limit states and fire resistance [2]. Moreover, the assess-
ents of severely damaged timber structures under extreme loading

requently point out the inadequacy of the connections as the main
ause of failure [3–5]. Thus, it becomes essential to perform studies on
he behavior of connections, to better understand them and to provide
dequate guidelines for their design.

The inherent variability of timber, as well as its impact on the
afety of structural members, is relatively well understood and has
een addressed in the literature (e.g., [6–8]). However, only a few
esearchers performed reliability assessments of timber connections
ith dowel-type fasteners [2,9], as well as data characterization of the
arameters involved in their design [10–12]. Indeed, the application of
tructural reliability methods has led to an increasingly more consistent
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safety evaluation of structural elements and of the overall capacity of
structures [13,14].

Köhler [2] proposed a probabilistic framework for the reliability
assessment of dowel-type connections, considering the timber density
and the steel yield capacity in tension as the resistance random vari-
ables. The connection resistance was weighted by a model uncertainty
parameter, which proved to be of great relative importance to the
probability of failure. Later, Jockwer, Fink, and Köhler [9] addressed
the assessment of the failure behavior and reliability of timber con-
nections with multiple dowel-type fasteners, where the occurrence of
brittle failure modes was considered. The fracture energies associated
to splitting and block shear were considered as random variables. They
concluded that the variability of the load carrying capacity depends
not only on the material variability but also on the respective failure
mode prone to occur. In general, failure modes with a brittle failure
mechanism lead to a higher variability compared to ductile failure
mechanisms, as expected.
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Despite the efforts made towards a wide use of reliability analysis,
the developments reached so far have had less impact for the design
of timber structures than the impact observed for structures built with
other common materials, such as concrete and steel [7,15]. According
to the specialized literature, most of the efforts spent in the field of
structural reliability have been focused especially on the improvement
of methods to assess the probability of failure (e.g., [16–18]). However,
it has been noted that an adequate description of the input data has
more impact towards better estimations of the structural reliability than
the precision of the available methods to assess it [19].

Therefore, recent studies (e.g., [19–21]) gave special attention to
input data characterization, aiming to improve the robustness of the
reliability analysis. A better description of the statistical correlation
between variables is required for structural reliability applications, as
pointed out by Torre et al. [19]. In this regard, the Copula theory
may be used to capture the dependence structure, and allows obtaining
joint distributions by separately looking at the dependence and at the
marginal behaviors.

Long-established reliability methods commonly adopt the Nataf
transformation (see [22,23]) to include the linear correlation of data,
which, according to Lebrun and Dutfoy [24], is equivalent to a Gaussian
copula correlation construction. However, Wang and Li [21] pointed
out that the implicit Gaussian dependence structure assumed may not
be valid and bias the reliability results. In fact, Torre et al. [19] stated
that in a scenario where the true statistical correlation among the vari-
ables is non-linear, assuming independence or a Gaussian correlation
may cause severe misestimation of the failure probability.

Although there are other probabilistic methodologies that have been
gaining wide acceptance in the literature [25–28], including those
based on the classical Weibull Theory, which allows to take into
account the size-effects related to the strength properties, the present
paper focuses on the use of copulas. Copula theory is not new, but
has been applied in many papers related to structural reliability in the
last years [19,29,30], especially because it allows to capture possible
non-linearity in the correlated behavior between random variables.

The present study aims to quantify the uncertainties associated to
two strength properties that commonly govern the structural design
of dowel-type timber connections. Namely, the timber embedment
strength (𝑓ℎ) and the bending moment capacity of the dowel (𝑀𝑦).
According to Blass et al. [31], these parameters are both related to
the timber density (𝜌) and are, consequently, correlated. Based on
this premise, a correlation model is proposed in order to capture the
dependence between the timber embedment strength and the dowel
bending moment capacity. The effectiveness of the statistical depen-
dence models employed herein is evaluated by comparing analytical
and experimental results.

As far as it comes to the authors concern, the influence of the
statistical correlation between 𝑓ℎ and 𝑀𝑦 on the reliability assessment
of timber connections has not been addressed in the literature yet.
Moreover, when correlation is considered among other variables, it is
usually addressed in terms of linear pair-wise correlation coefficients.
Thus, the potentiality of nonlinear correlation models presented in
this study constitutes an important development on the reliability
evaluation of timber structural systems.

The paper is laid out as follows. In Section 2, some basic concepts
related to the design of dowel-type timber joints are presented. In
Section 3, the experimental campaign conducted to describe important
variables related to the connection and respective results are presented.
Section 4 describes statistical data modeling involving marginal and
correlation inference according to the Copula theory. In Section 5,
general concepts related to structural reliability are given, followed
by the presentation of simple and importance sampling Monte Carlo
methods. The methods differ from their traditional formats since they
incorporate the dependence structure of the random variables written
in terms of copula functions. Section 6 introduces the statistical depen-
dence investigation from a theoretical point of view and presents the
2

Fig. 1. Failure modes for timber-to-timber dowel-type joints in double shear.

procedures adopted to the application on dowel-type timber joints. The
data obtained from the experimental campaign is used for the statistical
inference of the random variables involved in the reliability problem,
which is given in Section 7. Finally, Section 8 presents results for appli-
cation problems, involving the comparison between correlation models
and different member thickness. Concluding remarks are presented in
Section 9.

2. Dowel-type timber joints

Dowel-type joints are frequently used in timber constructions due
to their straightforward installation and effectiveness in terms of load-
carrying capacity. However, an efficient design requires an adequate
knowledge of their response, which is dependent of the geometry,
load direction, and mechanical properties of timber and dowel mate-
rial [32]. For example, the embedment strength of timber is strongly
related to its density, which can vary considerably for distinct wood
species [33,34]. On the other hand, the yield moment of the fastener is
dependent of its diameter and steel grade. Moreover, the ratio between
the member thicknesses and the diameter of the dowel, the so-called
dowel slenderness, can be used to ensure failure modes that comply
with predefined performance design objectives [35].

The main failure modes of a double shear single doweled joint
loaded perpendicular to the fastener axis are represented in Fig. 1
for a symmetric half of the joint (front view). Mode I and mode Ia
correspond to the embedment failures of the side, and middle member,
respectively. The subsequent failure modes are characterized by the
formation of a single plastic hinge (mode II) or two plastic hinges (mode
III) in the dowel. Also contained in the figure are the modes related to
brittle failure (lateral view), which according to Schmid et al. [36] will
be either splitting or plug shear for this type of connection.

The load carrying capacity (𝑅) per shear plane, associated to the
ductile failure modes, can be obtained by the Johansen’s yield the-
ory [37], as follows:

𝑅𝐼 = 𝑓ℎ,1 ⋅ 𝑡1 ⋅ 𝑑 (1a)

𝑅𝐼𝑎 = 0.5 ⋅ 𝑓ℎ,2 ⋅ 𝑡2 ⋅ 𝑑 (1b)

𝑅𝐼𝐼 =
𝑓ℎ,1 ⋅ 𝑡1 ⋅ 𝑑

2 + 𝜒

[

√

√

√

√2𝜒(1 + 𝜒) +
4𝜒(2 + 𝜒) ⋅𝑀𝑦

𝑓ℎ,1 ⋅ 𝑑 ⋅ 𝑡21
− 𝜒

]

(1c)

𝑅𝐼𝐼𝐼 =

√

2𝜒
1 + 𝜒

√

2 ⋅𝑀𝑦 ⋅ 𝑓ℎ,1 ⋅ 𝑑 (1d)
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where 𝑡1 and 𝑡2 are the thickness of the side member and middle
member; 𝑓ℎ,1 and 𝑓ℎ,2 are the corresponding embedment strength of the
ide member and middle member; 𝜒 = 𝑓ℎ,2∕𝑓ℎ,1 is the ratio between
he embedment strength of the members; 𝑑 is the fastener diameter;
nd 𝑀𝑦 is the fastener yield moment.

The expressions derived by Johansen [37] for the load carrying
apacity 𝑅 are based on equilibrium conditions for each failure mode
nd assumed a symmetric connection. It is worth noting that the
qs. (1c)–(1d) related to failure modes II and III do not consider the
ffect of friction along the dowel axis, neither the rope effect associated
o the withdrawal capacity of the dowel.

Due to perpendicular to grain stresses that arise from dowel wedge
nto the wood, splitting or plug shear may arise [38]. International
tandards have set ground rules to prevent these failure modes by lim-
ting the minimum fastener spacing, end-distances, and edge-distances.
owever, recent studies have shown that timber joints, designed ac-
ording to Eurocode 5 provisions, may present brittle failures and low
uctility [39,40].

Different analytical models exist in the literature to deal with split-
ing and plug shear. For instance, Jorissen [35] presented a fracture
echanics-based design approach for brittle failure of a connection,
here the fracture process is described by a mixed mode fracture.

ensen and Quenneville [41] developed a model for plug shear using
lso the principles of fracture mechanics. Jockwer, Fink, and Köhler [9]
roposed a simplified model that considers splitting as a consequence of
he tensile stresses perpendicular to the grain. Yurrita and Cabrero [42]
ropose a similar approach, differing on the computation of the ef-
ective area where the perpendicular to the grain tensile stress is
pplied.

Nonetheless, brittle failure modes do not play a significant role
n the scope of the present investigation since the interest is on the
tatistical correlation behavior between the timber embedment strength
nd effective bending moment, which are inherent properties of the
uctile failure modes discussed herein. The experimental campaign
onducted supports this approach; additional details regarding brittle
ailures are provided in Section 3.

.1. Embedment strength

The embedment strength is the resistance of a timber element
gainst the lateral penetration of a fastener. Its value is mostly in-
luenced by the angle between the load and the grain direction, the
ensity of wood and its moisture content, as well as the diameter of
he fastener [43]. In the scope of the present paper, only connections
oaded parallel to the grain are evaluated. The researches presented
n [44–46] are in the basis of Eq. (2), given in Eurocode 5 (EC5) [47]
or the parallel-to-grain embedment strength:

ℎ,0 = 0.082(1 − 0.01𝑑)𝜌 (2)

here 𝑑 is the diameter of the fastener, in mm, and 𝜌 is the density of
imber, in kg/m3, at a moisture content of 12%. From Eq. (2), one can
onclude that elements with higher density present higher embedment
trength, while an increment in the dowel diameter leads to lower
alues. Despite not being considered directly in Eq. (2), an increment
f moisture content reduces the embedment strength of the timber
embers [11,33].

According to Glišović et al. [48], Eq. (2) presents good results
or most of the European softwood species. However, there are some
eviations for timber species with higher densities (𝜌 ≥ 500 kg/m3).
andhaas et al. [11] performed embedment tests with five different
ood species, among which three are tropical hardwood species, one

s a European softwood and the other is a European hardwood. Based
n the experimental results, they concluded that the EC5 embedment
trength equation penalized wood species with higher densities. In turn,
t overestimates the embedment strength of species characterized by
aving low densities. This statement is supported by Leijten et al. [10],
3

hich involves a considerable amount of experimental data, including
hose presented in [49,50]. A probabilistic analysis allowed the authors
o propose distinct equations for softwoods and hardwoods, as follows:

ℎ,0 = 0.097 ⋅ 𝜌1.07 ⋅ 𝑑−0.25 for softwoods (3a)

𝑓ℎ,0 = 0.087 ⋅ 𝜌1.09 ⋅ 𝑑−0.25 for hardwoods (3b)

Other studies have proposed other parameters and equations for
different wood species. Based on Franke and Quenneville [51], the
revision of the New Zealand structural design code NZS3603 includes
expressions for the embedment strength of Radiata pine (Pinus radiata),
while Eq. (2) is still recommended for other species. In addition,
the National Design Specification (NDS) [52] for Wood Construction
proposes a different equation for North American softwoods, where the
embedment strength is dependent only from wood density.

Tuhkanen et al. [53] studied the embedment strength of glulam
members and evaluated the influence of the number of layers. From
the experimental results obtained, Tuhkanen et al. [53] concluded that
specimens with more layers are less prone to splitting failures, which
can be related to the reinforcement of the adhesive layer. In addition,
the authors stated that no size effect was detected due to different layer
thicknesses.

In this paper, the timber embedment strength is assessed for glulam
timber members of a European softwood species, where the EC5 model
(2) is employed. This choice is supported by Glišović et al. [48] and
Tuhkanen et al. [53]; they concluded that massive and glulam timber
elements of European softwoods show good agreement with Eq. (2).

2.2. Bending moment capacity of the dowel

The bending moment capacity is the resistance of a dowel against
bending. It is mainly influenced by the dowel diameter (𝑑) and the yield
strength (𝑓𝑦) of the dowel material. In the scope of this paper, smooth
dowels are considered made of mild steel. In the failure modes asso-
ciated to plastic deformations of dowels, where their bending capacity
is mobilized, the bending moment directly influences the load-carrying
capacity of the connection. In terms of experimental evaluation, the
characterization of the bending moment can be performed through a
four-point bending test, according to the guidelines of EN 409 [54].
In the experiment, the yield moment of a fastener is determined at a
bending angle of 45◦. In this configuration, the whole cross-section of
the dowel is assumed to be under plastic strain [31].

However, it is argued that when bolted connections are tested,
and the failure modes achieved are characterized by the dowel’s bent,
the bending angles often lie below 45◦ (see [35]). In this scenario,
the plastic capacity of the dowels is only partially used. The effective
bending moment resides between the elastic (𝑀𝑦,𝑒𝑙 = 0.8 ⋅ 𝑓𝑢 ⋅ 𝜋𝑑3∕32)
and plastic (𝑀𝑦,𝑝𝑙 = 0.8 ⋅ 𝑓𝑢 ⋅ 𝑑3∕6) bending capacity of the dowels’
cross-section, considerably lower than the results achieved through EN
409 [54]. Here, 𝑓𝑢 is the fastener tensile strength.

Blass et al. [31] proposed a penalty term in terms of the bending
angle (𝑀̄(𝛼)) to address this partially mobilized plastic moment. The
effective bending moment (𝑀𝑦,𝑒𝑓𝑓 (𝛼)) is given by the product between
the plastic bending capacity 𝑀𝑦,𝑝𝑙 = 𝑀(𝛼 = 45◦) and the factor 𝑀(𝛼)
(see Eqs. (4) and (5)).

𝑀(𝛼) = (0.866 + 0.00295𝛼)
(

1 − exp

(

−0.248𝛼
0.866

)

)

(4)

𝑀𝑦,𝑒𝑓𝑓 (𝛼) = 𝑀(𝛼)𝑀(𝛼 = 45◦) (5)

Therefore, to calculate the effective bending moment, one must
know 𝛼. The bending angle can be measured directly from the load-
carrying experiments, or through a theoretical approach presented
by Blass et al. [31]. The expressions to assess 𝛼 are derived from
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Fig. 2. Dowels’ bent in double shear connections for (a) failure mode II, and (b) failure
mode III.

equilibrium conditions. A scheme of the connection acting forces is
given in Fig. 2, considering the symmetry of the problem.

From Fig. 2, 𝛼 can be written in the format of 𝛼 = arctan 𝛿
𝑙
. Where 𝛿

is the maximum deformation (𝛿 = 15 mm according to the guidelines of
EN 26891 [55]); and 𝑙 is the length where the embedment strength
is reached. Obtaining the geometry variables 𝑥1, 𝑦1, and 𝑦2 from
equilibrium conditions (see [35]), 𝛼 can be determined from Eq. (6)
for failure mode II.

𝛼 = arctan

(

𝛿
𝑡1
2
+

𝑡1
2 + 𝜒

[𝑎]
(

1
2
+ 𝜒

)

)

, where

𝑎 =

√

√

√

√2𝜒(1 + 𝜒) +
4𝜒(2 + 𝜒) ⋅𝑀𝑦,𝑒𝑓𝑓

𝑓ℎ,1 ⋅ 𝑑 ⋅ 𝑡21
− 𝜒

(6)

According to (6), 𝛼 depends on 𝑀𝑦,𝑒𝑓𝑓 . The dependence between
these variables can be taken into account by an iterative procedure
using Eq. (7). A first estimation is taken as 𝛼 = 45◦. Subsequently, the
𝑀(𝛼) factor obtained in Eq. (4) is used in (7). The theoretical angle 𝛼
usually converges after three iteration stpdf [31]. Once 𝛼 is determined,
the effective bending moment (𝑀𝑦,𝑒𝑓𝑓 ) can be calculated by means of
(5).

𝛼𝑖+1 = arctan

(

𝛿
𝑡1
2
+

𝑡1
2 + 𝜒

[𝑎𝑖+1]
(

1
2
+ 𝜒

)

)

, where

𝑎𝑖+1 =

√

√

√

√2𝜒(1 + 𝜒) +
4𝜒(2 + 𝜒) ⋅𝑀(𝛼 = 45◦) ⋅𝑀(𝛼𝑖)

𝑓ℎ,1 ⋅ 𝑑 ⋅ 𝑡21
− 𝜒

(7)

The same procedure can be used to derive the expressions for 𝛼 for
failure mode III, such expressions are presented in Eqs. (8) and (9).

𝛼 = arctan

(

𝛿
√

2 ⋅ 𝜒
√

2 ⋅𝑀𝑦,𝑒𝑓𝑓 ⋅ 𝑓ℎ,1 ⋅ 𝑑 (1 + 𝜒)

)

(8)
4

1 + 𝜒 𝑓ℎ,1 ⋅ 𝑑
𝛼𝑖+1 = arctan

(

𝛿
√

2 ⋅ 𝜒
1 + 𝜒

√

2 ⋅𝑀(𝛼 = 45◦) ⋅𝑀(𝛼𝑖) ⋅ 𝑓ℎ,1 ⋅ 𝑑

𝑓ℎ,1 ⋅ 𝑑
(1 + 𝜒)

)

(9)

Since larger values of the tensile strength and lower values of the
density lead to significantly low values of 𝛼, Blass et al. [31] argues
that governing parameters can be conservatively chosen, resulting in
maximum values for the steel tensile strength and minimum values
for the characteristic density. The authors show that when assuming
𝑓𝑢,𝑘 = 1000 N∕mm2 and 𝜌𝑘 = 350 kg∕m3 their approach results in a
similar format of Eq. (10). This equation is based on the work of Werner
and Siebert [56], and consists in the analytical model presented by EC5
to assess the effective bending moment of nails, bolts, and dowels.

𝑀𝑦,𝑒𝑓𝑓 = 0.3 ⋅ 𝑓𝑢 ⋅ 𝑑2.6 (10)

Comparing the results obtained from (10) with (5) for different
values of the wood density, one can easily note that the calcula-
tions proposed in [31] are similar to the design guidelines for smaller
dowels’ diameter, however, the differences between approaches be-
gin to increase for 𝑑 ≥ 12 mm. Blass and Colling [57] proposed a
modified version of Eq. (10) based on an extensive database, given
by Eq. (11), which considers that the bending angle, 𝛼, is dependent
on the wood density, 𝜌. This equation was later validated by Sandhaas
and Görlacher [58] for nailed connections.

𝑀𝑦,𝑒𝑓𝑓 = 1
6
𝑓𝑦,𝑒𝑓𝑓 ⋅ 𝑑3 (11)

where:

𝑓𝑦,𝑒𝑓𝑓 =

⎧

⎪

⎨

⎪

⎩

0.9(𝑓𝑦 + 𝑓𝑢)
2

for𝑓𝑢 < 450 MPa

0.9𝑓𝑢 for𝑓𝑢 > 450 MPa
(12)

Nonetheless, the formulation presented in Blass et al. [31] is
adopted herein due to its generality. Moreover, it relates 𝑀𝑦,𝑒𝑓𝑓 with 𝜌,
which is important to the statistical dependence investigation proposed
herein.

3. Experimental campaign

An experimental campaign has been conducted at the University of
Minho in Portugal to obtain information regarding some variables re-
lated to the connection. The campaign was divided into monotonic tests
of double-shear and tensile tests of the steel fastener. The experiments
and respective results are presented next.

3.1. Monotonic tests of double-shear connections

The load-carrying of double-shear timber-to-timber connections,
loaded parallel to the grain, was evaluated by experimental tests,
following the EN 26891 [55]. The test apparatus was designed to
restrain rotations on two perpendicular test planes, through the use of
two bracing frames attached to the base plate. The test setup, presented
in Fig. 3, had a hydraulic actuator, equipped with a load cell of 100 kN,
and a displacement range of 200 mm. In order to measure the joint
slip, two LVDTs were fixed on both sides of the connection. These two
LVDTs were placed diagonally opposing relatively to the central timber
member. The first part of the testing load protocol consists of a loading
branch, which is followed by a plateau, where the load is kept constant
and equal to 40% of the estimated capacity during 30 s. After, the load
is diminished until it reaches 10% of the estimated capacity and then
kept constant for another 30 s. Thereafter, the test was performed under
displacement control with a constant rate of 0.025 mm/s. Both loading
and unloading branches are force controlled with a constant rate of
0.058 kN/s. The estimated load-carrying capacity (𝐹𝑒𝑠𝑡 = 16.3 kN) was
determined by the lower value given by the Eqs. (1a)–(1d), based on the
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Fig. 3. Test setup according to EN 26891 [55]: (a) test apparatus, and (b) test scheme.
mean value of the density (420 kg/m3), which is required to estimate
the embedment strength, as well as the tensile strength of 360 N/mm2

that is recommended by the supplier of the dowels. In the scope of the
present paper, the load-carrying capacity is defined as the maximum
load before reaching a displacement 𝛿 = 15 mm parallel to the load
direction.

The experimental campaign conducted comprehended 15 specimens
of single-doweled joints that connect three timber members made of
glulam Scots pine (Pinus sylvestris) from GL24h strength as per EN
14080 [59]. Glulam members were chosen to avoid inherent defects
of timber such as knots, which are distributed throughout the manu-
facturing process. The geometry of the specimens and the disposition
of the wooden lamellas in the specimens are shown in Fig. 3, where the
height of the middle member (𝐻) is 320 mm and the heights of the side
members (𝐵) are 260 mm, the dowel diameter (𝑑) is 12 mm, and the
end-distance (𝑎3) is 90 mm (7.5𝑑). The end-distance provided is slightly
higher than the value suggested by EC5 [47], the objective was to
prevent splitting of the wood members (see [60]). The friction between
wood elements was not prevented in the experiments to replicate usual
dowel-type joint conditions. Nonetheless, it is important to highlight
that the design models presented in Section 3.1 do not consider friction
effect, which may lead to a conservative design. Friction effects are
usually not considered in the design models to account for uncertainties
related to the connection assembly and behavior. Execution tolerances
and shrink-swelling impact, for example, may result in poor contact
between timber surfaces, which can compromise the mobilization of
friction forces.

The deformation scheme resulted in failure mode II, therefore the
inference models obtained from the experimental data are referred to
this failure mode. The load–displacement curves are presented in Fig. 4.
Fig. 5 shows the wood members and dowel after one of the tests, where
there is no evidence of brittle failure. Here, it is important to highlight
that the test stopped for a displacement of 15 mm to enable the
assessment of the effective bending moment, 𝑀𝑦,𝑒𝑓𝑓 . Elbashir, Branco,
and Rodrigues [61] present monotonic tests of the same wood and
similar dimensions where it can be observed that the load drop due
to splitting failure occurs after 20 mm of displacement. That happened
because the distance to the edge decreases, and splitting failure occurs
in the side elements. Nonetheless, at this point, the embedment of
the wood and the deformation of the dowel already reached excessive
5

Fig. 4. Load–displacement curves for the monotonic experiments.

Fig. 5. Connection elements after the test.
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Fig. 6. Measurement representation of the bending angle: (a) deformation scheme, and (b) dowel after experiment.
Fig. 7. Experimental tensile results: (a) stress–strain curve, and (b) dowel’s rupture.

values in terms of structural behavior and the connection should be
repaired.

Apart from load-carrying capacity 𝑅, the experimental tests allow to
assess the impact of other parameters, such as the timber embedment
strength (𝑓ℎ) and the dowel’s bending moment (𝑀𝑦,𝑒𝑓𝑓 ). These param-
eters can be determined indirectly through empirical expressions and
considering the measurements of the density (𝜌) of each element, and
the dowels’ bending angle (𝛼) (see Sections 2.1 and 2.2).

The steel dowels, as elastic–plastic members, present plastic de-
formation after reaching the yield moment. At this point, the load
removal (unloading) enhances the so-called elastic recovery. Despite
being considered here as the bending angle, 𝛼 was measured at the end
of the experiments, resulting from residual deformations of the dowels.
6

Since there are no measures of the dowels’ position during the test with
respect to the wood elements, it was assumed that larger bending angles
occurred when connected to smaller densities members. This assump-
tion is made because the dowel’s material has less variability than the
wood material [7], and the wood embedment strength decreases with
lower density values. This assumption is confirmed by the theoretical
approach to determine 𝛼, given in Section 2.2. Fig. 6 illustrates how the
measurements of 𝛼 were obtained experimentally, where 𝛼1 is related
to the wood element 1 and 𝛼3 to the wood element 3.

The results obtained for 𝜌 and 𝛼 are summarized in Table 1. The
wood density (𝜌) was measured for each element of each joint, hence
the data of 𝜌1, 𝜌2, and 𝜌3 are combined, constituting a 45 sample size.
This sample is used to infer the statistical properties of 𝜌. In the case
of 𝛼, its measurements are related to the side members merged with
the middle member, there is a value for 𝛼 between members 1 and 2,
and another value between members 3 and 2 (see Fig. 6 for reference).
Here, instead of 45 samples, there are 30 samples of 𝛼 to conduct the
statistical inference.

3.2. Tensile test

In order to characterize the steel used to manufacture the dowels,
tensile tests were carried out according to the standard EN 10002-
1 [62]. These tests were performed using a servo-controlled electrome-
chanical universal testing machine, from Microtest, equipped with a
200 kN load cell. A clip-gauge was placed at the center of the specimen,
so that the modulus of elasticity, 𝐸, and the proof strength 𝑅𝑝0.2,
stress at which total extension is equal to 0.2% of the extensometer
gauge length, could be determined. The clip-gauge was removed before
the failure of the fastener to prevent its damage. Stress–strain curves
of the four specimens (obtained with the clip-gauge) are presented
in Fig. 7. As expected, the variation between tests is quite low. For
that reason, only four specimens were tested. The tensile tests allow
to conclude that the dowels have an average maximum strength 𝑅𝑚
equal to 578.8 MPa, with a Coefficient of Variation (CoV) of 0.45%,
while the average proof strength 𝑅𝑝0.2 is equal to 534.3 MPa with a
CoV equal to 0.63%. These values allow concluding that the strength
class S235 (𝑓𝑢 = 360 MPa) is over-passed by far, which can lead to
an underestimation of the load-bearing capacity and misestimation of
the failure mode of the connections under analysis. On the other hand,
the average value of the modulus of elasticity (𝐸) is equal to 181 GPa
(CoV equal to 4.1%), which is below 210 GPa given by the standard
EN 10025-2 [63]. The modulus of elasticity was retrieved through a
linear regression analysis that disregarded the initial slip observed in
the load–displacement curve presented in Fig. 7.

4. Statistical data modeling

4.1. Marginal inference

Mathematical modeling or representation of a random variable

is a primary task in any probabilistic formulation, and needs to be
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Table 1
Experimental results.

Variable Mean value Standard deviation COV

𝜌 463.31 46.33 10%
𝛼 11.30 2.91 26%

conducted systematically. The first step is to collect data available, this
will constitute the sample space for the respective random variable. In
the case of material properties, for example, the data is obtained from
experimental campaigns.

In general, there are two main stpdf required to the inference of the
underlying distribution that better fits the available data: fitting some
plausible models by parameter estimation and then selecting the one
that presents the most appropriate fitting [64].

In this study, the available experimental data is fitted by a set of
distributions (normal, lognormal, and extreme value type I) employing
the maximum likelihood method, which consists in seeking the param-
eters that maximize the joint probability value of the random variable
observations, that is, the likelihood function [65]. Once the parameters
of the distributions have been determined, the probability distribution
that best describes the data is selected. Various selection criteria exist
to this end, e.g. the Akaike Information Criterion AIC [66], and the
Kolmogorov–Smirnov KS hypothesis test [67]. Here, the inference of
marginal distributions is performed through the UQLab [68] tool,
where both AIC and KS tests are checked in order to determine the
statistical model that best describe the data. In case of disagreement
between criteria, a discussion shall be conducted to determine which
criteria to follow.

4.2. Dependence modeling through the copula theory

When it comes to the reliability assessment of structures, the prob-
lem usually involves more than one random variable. Then, the uncer-
tainty quantification requires not only the inference of the marginals,
but also of the joint behavior. It has been suggested that the represen-
tation of the dependence behavior of the input random variables can
play a significant role in the accuracy of reliability results [19]. With
respect to the dependence structure, copula functions allow modeling
the non-linear correlated behavior, which cannot be achieve through
traditional approaches (e.g. the Nataf transformation [22]).

Copulas are defined as functions that join or ‘‘couple’’ multivariate
distribution functions to their one dimensional marginal distribution
functions. An M-copula is defined as an M-variate joint cumulative
distribution function, CDF, 𝐶 ∶ [0, 1] → [0, 1] with standard uniform
marginals [69]:

𝐶(1,… , 𝑢𝑖, 1,… , 1) = 𝑢𝑖∀𝑢𝑖 ∈ [0, 1],∀𝑖 = 1,… ,𝑀 (13)

Sklar’s theorem allows to express joint CDFs in terms of their
arginal distribution and a copula that represents the multivariate de-
endence structure. Considering a random vector 𝑿 = (𝑋1, 𝑋2,… , 𝑋𝑀 ),

the theorem presented by Sklar [70] states that for its M-variate
CDF, referred as 𝐹𝑿 , with marginals CDFs, referred as 𝐹1,… , 𝐹𝑀 , an
M-copula 𝐶𝑿 exists, such that for all x ∈ R𝑀 [71]:

𝐹𝐗(𝐱) = 𝐶𝐗(𝐹1(𝑥1),… , 𝐹𝑀 (𝑥𝑀 )) (14)

Given 𝑈𝑖 = 𝐹𝑖(𝑥𝑖), 𝑖 = 1,… ,𝑀 , the copula from (14) is unique and
has the expression:

𝐶𝐗(𝐔) = 𝐹𝐗(𝐹−1
1 (𝑈1),… , 𝐹−1

𝑀 (𝑈𝑀 )),𝐮 ∈ [0, 1]𝑀 (15)

where the 𝐹−1
𝑖 (𝑈𝑖)’s are the inverse CDF’s of the marginals.

Thus, the construction of the joint distribution consists of two
separate problems. First, it is required to model the marginals 𝐹𝑖 by
7

the means presented in the previous section. Then, it is necessary to
transform the original components of 𝑋𝑖 into uniform random variables
𝑢𝑖 = 𝐹𝑖(𝑋𝑖), that is:

 (𝑈 ) ∶ 𝐗 → 𝐔 = (𝐹1(𝑋1),… , 𝐹𝑀 (𝑋𝑀 ))𝑇 , (16)

the joint CDF of 𝐔 = (𝑈1,… , 𝑈𝑀 )𝑇 is the associated copula.
Given the joint probability density function, PDF, 𝑓𝐗(𝑥) = 𝑑𝐹𝐗(𝑥)∕

𝑥, 𝑓𝐗 can be derived using the chain rule. This procedure results
n Eq. (17) in the case of multiple variables.

𝐗(𝑥1,… , 𝑥𝑀 ) = 𝑐1⋯𝑀{𝐹1(𝑥1),… , 𝐹𝑀 (𝑥𝑀 )}
𝑀
∏

𝑖=1
𝑓𝑖(𝑥𝑖) (17)

here 𝑐1⋯𝑀 (⋅) is an M-variate copula density function, defined by:

(𝑢1,… , 𝑢𝑀 ) = 𝜕𝑀𝐶
𝜕𝑢1 ⋯ 𝜕𝑢𝑀

(𝑢1,… , 𝑢𝑀 ) (18)

To fully determine the joint distribution behavior, a copula family
needs to be assigned to the data available. The inference of the copula
function is analogous to the inference of marginals presented in the
previous section. In this study, the copula inference process is done
using the open source package Vine Copula Matlab [72].

Since copula functions are evaluated in the uniform space, the first
step is to transform the data sample. For any random variable 𝑋𝑖 in
random vector 𝐗, an uniform sample 𝑈𝑖 can be obtained evaluating its
marginal cumulative distribution function, that is, 𝑢𝑖 = 𝐹𝑖(𝑥𝑖). A scheme
of the idea is presented in Fig. 8.

If the problem involves the investigation behavior of only two
random variables, the inference is conducted directly on the uniform
pair sample. Which consists on estimating the copula parameters based
on the maximum likelihood method (ML), and then selecting the opti-
mum copula function for the variables through the Akaike information
criterion (AIC). When the problem involves more than two random
variables, a decomposition procedure is required (see [20]). In the
scope of this paper, the statistical dependence investigation is referred
to only two random variables.

5. Structural reliability analysis

5.1. General concepts

The main objective of a structural design is to fulfill the require-
ments for which it is being designed, in such a way that the capacity
of the system must exceed the demand. There are always uncertainties
involved in structural design. Thus, unfavorable combinations of the
random variables involved may lead the structure to reach ultimate
and/or service limit states. This event can be described by using limit
state functions, given as follows:

𝑔(𝐗) = 𝑅(𝐗) − 𝑆(𝐗) (19)

where X is the vector of random variables; R(X) is the random variable
related to resistance; and S(X) the random variable related to demand,
usually seen as a load effect.

Failure occurs when 𝑔(𝑿) ≤ 0. The probability of failure, 𝑃𝑓 , is
obtained by integrating the joint probability density function of the
random variables, 𝑓𝑿 (𝐱), over the failure domain, where the demand
exceeds the resistance [64].

𝑃𝑓 = 𝑃 [𝑔(𝑿) ≤ 0] = ∫𝑔(𝑿)≤0
𝑓𝑿 (𝐱)𝑑𝑥 (20)

Due to the difficulties to obtain analytical solutions for this integral,
estimates for the failure probability are usually obtained via methods
such as Monte Carlo Simulation.
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Fig. 8. Scheme for the copula inference.
5.2. Structural reliability methods: Monte Carlo simulation

The Monte Carlo simulation method applied to structural reliability
consists of simulating the structural response for several random config-
urations of demand and resistance, based on their respective probability
distributions. After the simulations, a statistical analysis is performed
to determine the probability of failure [73,74]. Solution of reliability
problems is obtained using an indicator function (𝐼[𝐱]), where 𝐼[𝐱] = 1
if 𝑔(𝐗) ≤ 0, and 𝐼[𝐱] = 0 if 𝑔(𝐗) > 0. Ultimately, an approximation of
the probability of failure (𝑃𝑓 ) is given by the ratio between the number
of failures (𝑛𝑓 ) and the number of simulations (𝑛𝑠𝑖) (see Eq. (21)). In
the case of multiple failure modes, failure of the system can be defined
by unions and/or intersections of single failure events.

𝑃𝑓 = 1
𝑛𝑠𝑖

𝑛𝑠𝑖
∑

𝑖=1
𝐼[𝐱𝑖] =

𝑛𝑓
𝑛𝑠𝑖

(21)

This method is often taken as a reference in reliability analyses,
since 𝑃𝑓 tends to the exact value of 𝑃𝑓 when 𝑛𝑠𝑖 tends to infinity.
However, it should be emphasized that the smaller the probability
of failure is, the bigger the number of simulations required, which
can result in high computational demand. Besides this disadvantage,
simulations by the Monte Carlo method are a robust and easy way to
evaluate probabilistic problems.

In order to accelerate the convergence of the simulation, one can
use a number of techniques presented in the literature, such as the
so-called importance sampling. In this case, there is an attempt to
generate samples closer to the limit state boundary, which accelerates
convergence. Adopting an importance sampling distribution ℎ𝐗(𝐱), 𝑃𝑓

can be estimated as in Eq. (22), where the ratio
𝑓𝐗(𝐱𝑖)
ℎ𝐗(𝐱𝑖)

is the weight,
𝑤𝑖, of each simulation [74].

𝑃𝑓 = 1
𝑛𝑠𝑖

𝑛𝑠𝑖
∑

𝑖=1
𝐼[𝐱𝑖]

𝑓𝐗(𝐱𝑖)
ℎ𝐗(𝐱𝑖)

= 1
𝑛𝑠𝑖

𝑛𝑠𝑖
∑

𝑖=1
𝐼[𝐱𝑖]𝑤𝑖 (22)

The importance sampling distribution may be obtained by centering
the original distribution at the most probable failure point (MPP) over
the failure surface, since this is the point that contributes the most
to the 𝑃𝑓 . The reliability problem can be transformed to the standard
normal space, where all random variables are converted to equivalent
variables with standard normal distribution. In this space, the MPP
corresponds to the closest point between the origin and the failure
surface 𝑔(𝐗) = 0, such distance is defined as the reliability index
(𝛽), which refers to the safety level of a structure. The present study
employees the Finite-Step-Length algorithm (FSL) to search for the
MPP [75], and uses Monte Carlo simulation with importance sampling
based on the MPP to solve the structural reliability problems of interest.
Local sensitivity indexes may obtained based on the MPP, within the
normal standard space, by taking the unit vector 𝛼 in the direction of
∇𝑔(𝐗), which is the gradient vector of the limit state function in the
8

normal standard space. The components of 𝛼𝑖 can be defined as follows:

𝛼𝑖 = −
𝜕𝛽
𝜕𝑥∗𝑖

(23)

As ∑

𝛼2𝑖 = 1, the components of 𝛼2𝑖 indicates the relative contribu-
tion of the random variable 𝐗𝑖 in the composition of the probability of
failure, directly related to the first order reliability method (FORM) [64,
74].

5.3. Sampling method

The simulation process related to Monte Carlo methods depends
fundamentally on the generation of random numbers according to
the available statistical information on the random variables involved.
Traditional methods usually resort to implemented pseudo-random
number generating systems that computationally produce uniformly
distributed values [64]. These random values are taken to their re-
spective marginal distributions through the inverse function of their
cumulative probability distribution. When there is correlation among
the variables, it can be introduced in the form of linear pairwise
correlation coefficients through the Nataf transformation.

Theses approaches are implemented because there usually is a lack
of information regarding the joint behavior of the random variables.
Alternatively, since the Copula theory allows the construction of the
joint distribution, a sampling method based on it is desirable. The
sampling process for two random variables is presented next. For a
problem involving multidimensional correlation see [20].

1. Obtain the joint PDF via copula functions, this is summarized in
Section 4.2;

2. Generate a sample (𝑟1, 𝑟2) from a multidimensional independent
uniform distribution, where 𝑛 is the number of random variables
of the problem;

3. Take the uniform sample to its joint distribution:

𝑓 (𝑥1, 𝑥2) = 𝑓1(𝑥1) ⋅ 𝑓2(𝑥2) ⋅ 𝑐12(𝐹1(𝑥1), 𝐹2(𝑥2))

(a) let 𝑢1 = 𝑟1, and then obtain 𝑥1 = 𝐹−1
1 (𝑢1) (this step con-

sists of transforming the uniform variable to its marginal
distribution);

(b) let

𝑟2 = ℎ21(𝑢2, 𝑢1) = 𝐹2|1(𝑥2|𝑥1) =
𝜕𝐶12(𝐹1(𝑥1), 𝐹2(𝑥2))

𝜕𝐹1(𝑥1)
, (24)

reorganizing leads to 𝑢2 = ℎ−121 (𝑟2, 𝑢1) (this step introduces
correlation between variables 𝑢1 and 𝑢2), and then 𝑥2 =
𝐹−1
2 (𝑢2) (𝑥2 is obtained transforming the uniform variable

to its marginal distribution);

4. A sample for the random vector 𝐗 is obtained.
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6. Statistical dependence investigation

6.1. A theoretical view of the proposed investigation

In order to discuss the idea behind the reliability investigation from
a theoretical point of view, it is assumed that there is a random variable
𝑋1, whose probability distribution is known, and there are two other
random variables 𝑋2 and 𝑋3, which depend on 𝑋1. That is:

𝑋2 = 𝑓 (𝑋1) (25)

𝑋3 = ℎ(𝑋1) (26)

It is also assumed that there is a limit state function 𝑔(𝑋2, 𝑋3) that
depends both on 𝑋2 and 𝑋3. For example:

𝑔(𝑋2, 𝑋3) = 𝑋2 −𝑋3 (27)

Solution of this problem can be addressed through different ap-
proaches. It is possible to obtain samples of 𝑋2 and 𝑋3, and infer their
probability distribution behavior by means of statistical data modeling.
In this case, the source of uncertainties, given by 𝑋1, is forgotten,
and the problem is solved based on the secondary variables. For this
approach, the probability of failure 𝑃𝑓 [𝑔(𝑋2, 𝑋3) ≤ 0] could be calcu-
lated disregarding possible correlations. On the other hand, correlation
coefficients could be inferred from the samples of 𝑋2 and 𝑋3, and 𝑃𝑓
could be recalculated considering a linear correlation. Finally, a copula
function could be fitted to the joint sample [𝑋2, 𝑋3], and the problem
could be solved again considering a linear/non-linear correlation.

Alternatively, the problem can be looked at from the point of view
of the correlation origin. This approach consists of solving the original
problem, given by 𝑔(𝑋1). For the example given in Eq. (27), that would
mean solving the limit state function in the format of (28).

𝑔(𝑋1) = 𝑓 (𝑋1) − ℎ(𝑋1) (28)

The methodology described herein aims to investigate how much
the solution where the correlation is modeled via copula functions dif-
fers from common reliability approaches (linear correlation or consid-
eration of independence between random variables), for the problems
at hand. Moreover, it is intended to verify if the copula approach can
recover the solution of the original problem, aiming to briefly investi-
gate, in terms of the problem of interest, under what circumstances the
copulas are flexible enough to do this. Note that the copula approach
becomes unnecessary if it is possible to solve the problem using the
common source of uncertainties, although many times in practice the
underlying random variables are not known.

6.2. Application to dowel-type timber joints

The idea presented above is developed in the context of dowel-type
timber joints, where the secondary variables 𝑋2 and 𝑋3 are 𝑀𝑦,𝑒𝑓𝑓
and 𝑓ℎ, and their source of dependency 𝑋1 is 𝜌. The investigation is
mainly focused on the analysis of the failure modes where failure is
characterized by the plastic bent of the dowel. This is justified because
the bending capacity does not affect the load-carrying capacity of
connections with rigid fasteners (failure modes characterized by the
embedment of the wood) [35] or brittle failure modes (e.g. splitting or
plug shear), and therefore, in this situation the correlation modeling be-
tween 𝑀𝑦,𝑒𝑓𝑓 and 𝑓ℎ should not present high impact on the probability
of failure of the connection.

6.3. Investigation procedure

The investigation is conducted on the reliability of the design of a
dowel-type timber joint, where the related limit states are referred to
the failure modes presented in Fig. 1. The interaction model between
failure modes adopted is the one proposed by Köhler [7], where failure
9

modes 𝐼 and 𝐼𝑎 are considered brittle and models 𝐼𝐼 and 𝐼𝐼𝐼 are
ductile.

System failure events are given by combinations of individual fail-
ure modes. In this case, symmetry of the connection must be disre-
garded so that the possible combinations are correctly identified. The
system fails when one of the side members fails under mode 𝐼 , when the
middle member fails under mode 𝐼𝑎, or when the side members achieve
failure modes 𝐼𝐼 or 𝐼𝐼𝐼 . A set of limit states associated in series are
defined to assess the system reliability of the single fastener connection:

𝑔1 = 2𝑧𝑑𝑅𝐼,1𝑋𝐼 − 𝑆𝐺 − 𝑆𝑄 (29a)

𝑔2 = 2𝑧𝑑𝑅𝐼𝑎,2𝑋𝐼 − 𝑆𝐺 − 𝑆𝑄 (29b)

𝑔3 = 2𝑧𝑑𝑅𝐼,3𝑋𝐼 − 𝑆𝐺 − 𝑆𝑄 (29c)

𝑔4 = 𝑧𝑑 (𝑅𝐼𝐼,1 + 𝑅𝐼𝐼,3)𝑋𝐼𝐼 − 𝑆𝐺 − 𝑆𝑄 (29d)

𝑔5 = 𝑧𝑑 (𝑅𝐼𝐼𝐼,1 + 𝑅𝐼𝐼𝐼,3)𝑋𝐼𝐼𝐼 − 𝑆𝐺 − 𝑆𝑄 (29e)

𝑔6 = 𝑧𝑑 (𝑅𝐼𝐼,1𝑋𝐼𝐼 + 𝑅𝐼𝐼𝐼,3𝑋𝐼𝐼𝐼 ) − 𝑆𝐺 − 𝑆𝑄 (29f)

𝑔7 = 𝑧𝑑 (𝑅𝐼𝐼𝐼,1𝑋𝐼𝐼𝐼 + 𝑅𝐼𝐼,3𝑋𝐼𝐼 ) − 𝑆𝐺 − 𝑆𝑄 (29g)

where 𝑧𝑑 is a design variable related to the resistance of the joint; 𝑆𝐺
is the permanent load; 𝑆𝑄 is the variable load; and 𝑋𝐼 , 𝑋𝐼𝑎, 𝑋𝐼𝐼 and
𝑋𝐼𝐼𝐼 are the model uncertainties related to each failure mode, which
try to cover deviations and simplifications related to the probabilistic
modeling and the limit state equations. The design variable 𝑧𝑑 is
derived in accordance with Eurocode 5 [47], as given in Eq. (30).

𝑧𝑑 =
𝛾𝐺𝑆𝐺,𝑘 + 𝛾𝑄𝑆𝑄,𝑘

2𝑅𝑘
𝛾𝑀 (30)

where 𝑆𝐺,𝑘 and 𝑆𝑄,𝑘 are the characteristic loads; 𝛾𝑀 , 𝛾𝐺 and 𝛾𝑄 are
the partial safety factors referred to strength, permanent, and variable
loads, respectively; 𝑅𝑘 is the characteristic value for resistance, given
as the minimum value of Eqs. (1) using the characteristic values for the
embedment strength and the fastener bending moment. In Eq. (30), 𝑅𝑘
is doubled because its value is referred per connection shear plane.

For the reliability assessment, first 𝑀𝑦,𝑒𝑓𝑓 and 𝑓ℎ are taken as
random variables. Based on the experimental measurements of 𝜌 (see
.1), a sample of 𝑓ℎ is obtained by means of the Eurocode 5 [47]
xpression, given in (2). Likewise, a sample of 𝑀𝑦,𝑒𝑓𝑓 is obtained based
n the experimental measurements of 𝛼 and 𝜌 according to Eq. (5). A
tatistical inference is performed on the samples obtained of 𝑀𝑦,𝑒𝑓𝑓 and
ℎ, both in terms of their marginal and joint behavior. This process is
quivalent to the idea presented in Eq. (27). A scheme is illustrated in
ig. 9.

When the problem is addressed from the correlation origin view-
oint, the random variables concerning the connection strength are 𝜌
nd 𝑓𝑢. Here, 𝑓ℎ and 𝑀𝑦,𝑒𝑓𝑓 are functions of 𝜌, and they are directly

determined from Eqs. (2) and (5), respectively, during the reliability
analysis. However, 𝛼 is now assessed through the theoretical approach
presented in Eqs. (6), (7), (8), and (9). Evaluating the correlation from
the origin, the results taken as references are obtained. This approach is
equivalent to the idea presented in Eq. (28). Fig. 10 presents a scheme
of the inference process for the correlation origin.

7. Statistical inference of the random variables

7.1. Marginal information of the random variables

Table 2 summarizes the statistical information of the inferred vari-
ables, and of the other input variables involved in the problem. With
respect to the last group, the permanent load, 𝑆𝐺, and the variable load,
𝑆𝑄, are based on Köhler [7]. The mean value of 𝑓𝑢 is considered to be
the one obtained in the tensile tests, but the distribution and coefficient
of variation are based on Köhler [7].

Additionally to the variables presented, the model uncertainty is
introduced. Köhler [7] indicates values for model uncertainties with
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Fig. 9. Scheme for the inference process of the data.
Fig. 10. Scheme for the inference process of the correlation origin.
Table 2
Statistical information of the input variables.

Timber density Tensile strength Embedment strength Effective bending moment Permanent load Variable load
𝜌 𝑓𝑢 [MPa] 𝑓ℎ [MPa] 𝑀𝑦 [N mm] 𝑆𝐺 [N] 𝑆𝑄 [N]

Distribution Lognormal Lognormal Lognormal Normal Normal Gumbel
Mean value 463.31 578.80 33.43 102 770 1000 1200
st. dev. 46.33 23.15 3.34 51 384 100 480
CV 0.10 0.04 0.10 0.05 0.10 0.40
Fractile 5% 5% 5% 5% 50% 98%
char. value 391.25 534.30 28.23 94 315 1000 2444

par. safety fac. 𝛾𝑀 = 1.3 𝛾𝐺 = 1.35 𝛾𝑄 = 1.5
Table 3
Model uncertainties for the different failure modes.

Mean st. dev. CV Distribution

𝑋𝐼 , 𝑋𝐼𝑎 0.8 0.12 0.15 Lognormal
𝑋𝐼𝐼 1.2 0.15 0.12 Lognormal
𝑋𝐼𝐼𝐼 1.3 0.20 0.15 Lognormal

respect to each failure mode of single dowel-type joints in double shear,
given in Table 3.

As for the geometry parameters, the members thickness are equal
for the three members 𝑡1 = 𝑡2 = 𝑡3 = 60 mm; the dowel’s diameter is
𝑑 = 12 mm; and the fastener placing is 𝑎3 = 7.5𝑑 (see Fig. 3).

7.2. Correlation of the random variables

A first step to investigate the correlation hypothesis between 𝑓ℎ
and 𝑀𝑦,𝑒𝑓𝑓 is to analyze their scatter plot, shown in Fig. 11 together
with the copula function that best fits the data. The data analyzed is
referred to the experimental results obtained for failure mode II, and
are analyzed separately for the side and middle members. If the scatter
plot shows a particular pattern, it is probable that the data is correlated.

For the side members, it was found that 𝑀𝑦,𝑒𝑓𝑓 tends to decrease
with the increase of 𝑓ℎ,𝑠, therefore, the variables are negatively corre-
lated. To understand this behavior, one can picture the deformation
scheme of the connection in this failure mode: when 𝑓ℎ,𝑠 present
small values the dowel bends easily, larger deformations can lead to
a full plastic hinge in the dowel (positioned in the middle member),
where 𝑀 reaches its maximum capacity; on the other hand, for
10

𝑦,𝑒𝑓𝑓
high values of 𝑓ℎ,𝑠, less bending occurs in the dowel, therefore, the
plastic hinge partially forms and, consequently, 𝑀𝑦,𝑒𝑓𝑓 is partially
mobilized. This behavior can be noted also in terms of the stiffness of
the connection. If the embedment strength increases, it is expected that
the dowel strength will contribute more to the load-carrying capacity
of the connection, and, therefore, the stiffness would be higher. The
correlation between the embedment strength and the slip modulus of
the experiments was calculated via the Pearson correlation coefficient
and a positive value (0.12 and 0.14 for the right and left member, re-
spectively) was found. Although the correlation is small, this indicates
that variations of the embedment strength represent some variation on
the stiffness of the connection. For the middle members, the correlation
behavior found is reversed, that is, 𝑀𝑦,𝑒𝑓𝑓 tends to increase with the
increase of 𝑓ℎ,𝑚. The explanation for this lies in the presence of the
plastic hinge in the dowel positioned in the middle member. Once
again visualizing the deformation scheme: with the increase in 𝑓ℎ,𝑚, the
resistance against the dowel’s bending increases, and hence, it forms
a plastic hinge, leading 𝑀𝑦,𝑒𝑓𝑓 to reach its maximum capacity. No
correlation was found between the slip modulus and the embedment
strength of the middle element.

The copula approach is used to quantify this correlated behavior.
The dependence structure that best describes the data is inferred,
resulting in the Frank copula with parameter 𝜃 = −2.7201 for the side
members. The Frank copula is a symmetric Archimedean copula with
a positive slope and the absence of a tail on either end of the scatter
plot. The correlation is represented via an uniform cloud along the full
correlation path. For the middle members, the inference resulted in the
Gaussian copula with parameter 𝜃 = 0.1913. For the Gaussian copula is
a copula from the Clayton family where the parameter 𝜃 corresponds
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Fig. 11. Joint distribution behavior for failure mode II.

to the Pearson’s correlation coefficient. The Gaussian copula has more
probability concentrated in the tails than does the Frank copula.

In order to compare the copula representation with linear pair-
wise correlation coefficients, the Gaussian copula is also fitted to the
side members data resulting in 𝜃 = −0.3780. The Gaussian copula
is equivalent to the more traditional approach of considering linear
correlations via the Nataf transformation [23]. Comparing the Gaussian
copula results with other copulas which better fit the data, the impact
of the correlation modeling can be inferred. For the middle member,
the data already presents linear correlation, thus there is no difference
to be investigated.

8. Results and discussion

8.1. Comparison between correlation models

The investigation regarding the influence of correlation modeling in
the reliability results starts with the analysis of failure mode 𝐼𝐼 , apart
from the system, for 𝑡 = 60 mm. Such decision is made because the
dependence structure was inferred from the experimental data and all
the 15 specimens tested, with dimensions 𝑡1 = 𝑡2 = 𝑡3 = 60 mm, resulted
in failure mode 𝐼𝐼 .
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Table 4
Reliability results for failure mode 𝐼𝐼 .

Independent Gaussian Frank Reference

𝛽 5.0932 5.0867 5.0820 5.0902
𝑃𝑓 1.7602E−7 1.8219E−7 1.8673E−7 1.7883E−7
𝐶𝑉𝑃𝑓

0.01 0.01 0.01 0.01

Table 5
Reliability results for failure mode 𝐼𝐼 without 𝑆𝑄 and 𝑋𝐼𝐼 .

Independent Gaussian Frank Reference

𝛽 3.5371 3.6138 3.6176 3.5937
𝑃𝑓 2.0227E−4 1.5087E−4 1.4867E−4 1.6301E−4
𝐶𝑉𝑃𝑓

0.01 0.01 0.01 0.01

Results are obtained via Importance Sampling Monte Carlo method,
with a total of 1E5 simulations. A coefficient of variation of the proba-
bility of failure (𝐶𝑉𝑃𝑓 ) of 0.01 or less is achieved. The results are given
in Table 4, and are referred according to the side members dependence
structures discussed in Section 7.2. That is, the reliability index is de-
termined considering independence between 𝑓ℎ and 𝑀𝑦,𝑒𝑓𝑓 , Gaussian
copula (linear correlation), and the Frank Copula (resulted from the
inference process). The reference value presented is the reliability index
computed from the correlation origin viewpoint, where the correlation
is implicitly considered by means of the variables dependence to the
wood density 𝜌. By taking the reliability index of this approach as a
reference, it was possible to infer the impact of the correlation modeling
via distinct methods.

The influence of the correlation approach on the failure probability
was found to be very small in this case. For a better understanding of
the problem, sensitivity indexes based on the MPP are also computed
herein. It is noted that the parameter with greater influence on the
probability of failure is 𝑆𝑄 (variable load). The large influence of
𝑆𝑄 is directly related to its large variability. Distinct studies consider
different coefficient of variations for 𝑆𝑄 ranging from 0.20 to 0.60
(e.g. [74,76,77]) for 𝑆𝑄. Considering 0.20 instead of 0.40, for example,
leads to a smaller, but still high, sensitivity index of 0.75 for 𝑆𝑄, while
the sensitivities with respect to 𝑓ℎ and 𝑀𝑦,𝑒𝑓𝑓 (important variables
from the copula point of view) are slightly increased to 0.03 and 0.02,
respectively.

Another variable with large impact on the 𝑃𝑓 is the model uncer-
tainty, as already reported in the literature [7]. In an attempt to focus
on the influence of the copula functions, both the model uncertainty
and the variable load are taken out of the analysis. To keep the order
of magnitude of the 𝑃𝑓 , the permanent load is increased by 1 kN. Even
in this situation, the results for the different correlation models remain
close, as shown in Table 5. However, it is seen that results obtained
using the Gaussian and Frank copulas are slightly closer to the reference
values.

The reliability analysis conducted herein for the dowel-type timber
joints indicates that, unless significantly nonlinear correlations exist
among the data, the results obtained by applying the different cop-
ulas will probably be very close. However, it is difficult to establish
beforehand if the correlation is nonlinear enough, since the reliability
indexes are also very dependent on the limit state functions and on
the other variables. Nevertheless, the results shown herein indicate that
for this particular case study a simpler approach, e.g. using the Nataf
transformation, would be enough to deal with the correlation.

8.2. Influence of the tensile strength

As seen on Section 3.2, the experimental results on the ultimate
tensile strength, 𝑓𝑢, proved to be significantly larger than the value
pointed out by the company’s catalog. The impact of this finding in
the reliability index is investigated here. The reliability is computed
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Fig. 12. Comparison of the Blass et al. [31] and Eurocode 5 [47] equations varying
with the member thickness (𝑡1 = 𝑡2 = 𝑡3 = 𝑡).

for the same situation of the previous subsection, but in this case the
connection is design for a 𝑓𝑢 = 360 MPa instead of the characteristic
value of 𝑓𝑢 = 534.30 MPa found on the experimental tests. The statis-
tical information of the random variable remains the same, that is, it
assumes the values presented in Table 2. By doing this, it is possible
to verify how the reliability index behaves in a situation where the
connection is designed according to the company’s catalog, but the
actual value is larger. A 𝛽 = 5.34 was found, presenting an increase
of 5% to the connection designed according to the experimental results
(see Table 4). This indicates an overly conservative design scenario for
the considered failure mode. Moreover, it represents a misestimation of
the failure mode prone to occur, since the ductility of the connection
is influenced by such property. For the present case, the failure mode
predicted corresponds to mode III, but the resulting failure mode of the
experiments was actually failure mode II (see Fig. 1 for reference).

8.3. Reliability assessment varying the member thickness

It was seen that the EC5 [47] equation to assess 𝑀𝑦,𝑒𝑓𝑓 is a sim-
plification of the model presented by Blass et al. [31]. The latter was
employed in this paper as it defines 𝑀𝑦,𝑒𝑓𝑓 as a function of 𝑓ℎ and 𝛼. In
view of this, a comparison is conducted to address the main differences
and possible disagreement between models.
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Fig. 13. Results for the system reliability assessment for 𝑡1 = 𝑡2 = 𝑡3 = 𝑡.

The theoretical equation to assess 𝛼 for failure mode 𝐼𝐼 (Eq. (6))
depends on the member thickness. Therefore, the effective bending
moment (𝑀𝑦,𝑒𝑓𝑓 ) is indirectly influenced by this property. Such de-
pendence is not considered in the normative expression. In Fig. 12(a),
the Blass et al. [31] approach to assess 𝑀𝑦,𝑒𝑓𝑓 is compared with the
Eurocode 5 [47] equation for different values of 𝑡, the wood density
is fixated in the mean value obtained in the experiments. The results
show that 𝑀𝑦,𝑒𝑓𝑓 significantly decreases with the increase of 𝑡, and that
the normative equation overly estimates 𝑀𝑦,𝑒𝑓𝑓 for larger values of the
member thickness.

The behavior of 𝑀𝑦,𝑒𝑓𝑓 for different member thicknesses is also
assessed for failure mode 𝐼𝐼𝐼 . In opposite to the results obtained in
Figs. 12(a) and 12(b) shows that the normative equation underesti-
mates 𝑀𝑦,𝑒𝑓𝑓 in comparison with Blass et al. [31]. Beyond that, in this
situation 𝑀𝑦,𝑒𝑓𝑓 does not vary with 𝑡, which is in consistency with the
normative equation.

The analysis that follows focus on a parametric investigation of the
normative design model and extrapolates the experimental campaign
conducted herein. Nonetheless, a sensitivity analysis of the failure
modes with respect to the system failure is desirable to assess the im-
pact of the design model in the probability of failure of the connection.
By designing the connection following EC5 and performing system reli-
ability analysis considering the correlation origin, the reference results
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Fig. 14. Comparison of the Blass et al. [31] and Eurocode 5 [47] equations varying
with the member thickness (2𝑡1 = 𝑡2 = 2𝑡3 = 𝑡).

illustrated in Fig. 13 are obtained. It is noteworthy that by applying the
design variable 𝑧𝑑 in the limit state equation, the relation between the
connection strength and the loading applied is approximately constant
for the different member thicknesses adopted.

It can be seen that 𝛽 increases with the increase of the member
thickness; this behavior can be related to the predominant failure mode.
The dominant failure mode changes depending on the thicknesses
involved. When failure mode III becomes predominant, the reliability
index increases, which tends to occur for greater thicknesses (higher
slenderness ratio). On the other hand, if failure mode Ia predominates,
the reliability index presents smaller values. The main difference be-
tween these failure modes is the mobilization of the dowel’s bending
capacity. The resistance mechanism of failure mode Ia depends only
on the wood embedment strength, which presents greater variability.
Fig. 12 presents the difference between the model adopted in this
paper (Blass et al. [31]) and EC5, when assessing the effective bending
moment, 𝑀𝑦,𝑒𝑓𝑓 . For failure mode II, for an increasing thickness, EC5
would overestimate 𝑀𝑦,𝑒𝑓𝑓 . Nonetheless, since the diameter of the
dowel remains fixed, larger thickness yields to higher slenderness and
failure mode III is prone to occur. Therefore, the difference found in
Fig. 12 does not present a concern with respect to the EC5 model.
13
Fig. 15. Results for the system reliability assessment for 2𝑡1 = 𝑡2 = 2𝑡3 = 𝑡.

The same investigation is conducted for 2𝑡1 = 𝑡2 = 2𝑡3 = 𝑡. This
design strategy is often taken as an attempt to avoid brittle failure of the
middle element. Analyzing the effective moment and the reliability of
the system together (see Figs. 14 and 15, respectively), it is noted that
the overall behavior of the system reliability remains. The governing
failure mode is now related to failure mode II, but in this scenario the
behavior of 𝑀𝑦,𝑒𝑓𝑓 for 2𝑡1 = 𝑡2 = 2𝑡3 = 𝑡 according to the approach
proposed by Blass et al. [31] is closer to the result of the normative
equation.

9. Conclusions

This study presented reliability analyses in the context of a single
doweled timber-to-timber joint. Correlation between the timber em-
bedment strength and the dowel bending moment capacity, which are
parameters of significant impact on the design of dowel-type timber
joints, were considered. Traditional distribution fitting as well as copula
functions were implemented to describe the dependence between these
parameters, using data from an experimental campaign.

The experimental campaign showed that the 𝑓ℎ, and the effective
bending moment of the dowels, 𝑀𝑦,𝑒𝑓𝑓 are correlated, as expected. But
via the reliability analyses, it was shown that this correlation does not
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significantly impact the probability of failure of the connection. The
results showed that the impact of correlation modeling on the results
was small in this case, so that the copula functions could be replaced
by simpler approaches. Beyond that, the experimental results on the ul-
timate tensile strength of the fasteners proved to be significantly larger
than the value pointed out by the company’s catalog. This overstrength
represents an increase of 5% in the reliability index related to the
design. However, it may lead to a misestimation of the failure mode
prone to occur.

A sensitivity analysis led to the conclusion that small changes on the
values of the resistance variables have little influence on the probability
of failure. Therefore, improving their characterization represents a mi-
nor improvement in the reliability results. This is an important finding
since it validates existing reliability models that do not consider cor-
relation between the timber embedment strength, 𝑓ℎ, and the effective
bending moment of the dowels, 𝑀𝑦,𝑒𝑓𝑓 . Nonetheless, this conclusion
may prove wrong regarding brittle failure modes, which were beyond
the scope of this paper.

Although the impact of using copula in this study was small, the re-
liability investigation allowed to conclude that these functions are a vi-
able tool to represent dependence structure between random variables.
The results obtained using copula functions to represent the correlation
were very close to those obtained considering the correlation from its
origin. Therefore, in a situation where the correlated variables signif-
icantly influence the probability of failure and the correlation shows
non-linearity, representing the correlation behavior through copulas
may be an interesting approach to achieve reliable results.
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