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ABSTRACT

Dowel-type connections in timber structures should be typically designed in a way that, if the load
bearing capacity is exceeded, desirable ductile failure should likely occur, i.e. yielding of the metal
dowel or embedment of the timber. However, the probability of brittle failures cannot be
completely avoided in many cases. If the connection is loaded parallel to the grain direction,
splitting, row-shear, plug/block shear and tensile failure are examples of such brittle failure modes.
To ensure a beneficial structural performance locally and sufficient structural robustness globally,
the probability of such brittle failures should be kept at a sufficiently low level. However, in the
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current version of EN1995, the probability of such failure is not considered explicitly. The final aim
of the presented research study is to develop a rational approach for the consideration of brittle
failure in timber connections with dowel-type fasteners and steel plates loaded parallel to the
grain, consistently with the partial factor method. As a first step, a probabilistic model has been
used to study the susceptibility to brittle failure and provide a rational basis for the calibration of a
“brittle overstrength factor”. The results of this study are reported in the current contribution.

Introduction

From an overall safety perspective, it is typically beneficial if
connections in timber structures are designed in a way that,
in case of failure, desirable ductile behaviour is observed, i.e.
yielding of the metal dowel or embedment of the wood.
Therefore, the overall trend is to develop such connections
that enhance ductility and redundancy, see e.g. (Rossi et al.
2016). However, there is always a risk of brittle failure: split-
ting, row-shear, plug/block shear and tensile failure are poten-
tial brittle failure modes for connections loaded in the parallel
to the grain direction. Connections have been reported as a
key factor involved in almost one quarter of recent collapses
of timber structures, where more than half of the involved
connections were dowel-type (Friihwald et al. 2007, Friihwald
2011). It should be mentioned, however, that according to
these studies almost all failures occur due to gross human
errors. Nevertheless, there is a need to raise the awareness
of the brittle failure of connections on one hand, and the
need for simple design models in standards.

It is important to understand that probabilistic consider-
ations are needed to provide a rational foundation to success-
fully eliminate the risks due to brittle failure. A chief goal of
this paper is to demonstrate the usefulness and relative sim-
plicity of probabilistic methods and thus promote the appli-
cation of such methods and the appreciation of
uncertainties and risks in timber engineering.

The challenge is to keep the probability of these failure
modes at a sufficiently low level in a controlled and informed
way, i.e. the probability of occurrence and the consequences

should be in balance with the measures of increasing safety
and risk to human injuries. Since a detailed probabilistic risk
assessment in the design of single connections would be
unreasonable the balance should be ensured by structural
standards using simplified means of verification, expected
to provide relatively consistent results for larger population
of connections, thereby leading to a sound scientific basis
for the design of timber structures (Fink et al. 2018).

In the current version of Eurocode 5 (EC 5, EN1995-1-1
2004), a brittle failure of connections loaded parallel to the
grain is not considered appropriately. Although the informa-
tive Annex A provides methods for the determination of the
block and plug-shear failures; splitting and row-shear failure
is not explicitly considered in the code and the risk of brittle
failure is minimized by constructive rules rather than calcu-
lations. This method can hardly be considered rational, since
the actual risk of brittle failure is not quantified and thus
cannot be claimed acceptable or tolerable.

In the literature various models exist (Cabrero and Yurrita
2018a), which could be implemented in EN1995 to calculate
the strength against various brittle failure modes. However,
it is important that the characteristic load-carrying capacity
associated with the brittle modes should be significantly
higher than those of the ductile failure modes. This, i.e. that
the probability of brittle failure is as low as intended, could
be ensured e.g. by a “brittle overstrength factor”. The value
of this factor needs to be determined using a calibration pro-
cedure based on probabilistic methods; whereas, the criterion
for the determination of the factor should ideally take into
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account the differences in the consequences between ductile
and brittle failure. Another approach could be to account
explicitly for various brittle failure modes with the governing
equations refined through a code calibration process to
ensure that the reliability associated to each failure mode is
as low as intended.

In the current study, a preliminary work of a rational
approach for the consideration of brittle failure in dowel-
type steel-to-timber connections is presented, consistently
with the partial factor method used in the Eurocodes. The
study describes the stochastic model of the basic variables
for some selected connection configurations to investigate
the effect of various parameters and to illustrate how the sus-
ceptibility to brittle failure could be better understood. With
the use of simple Monte Carlo simulations, the probability dis-
tribution functions of the ductile and brittle failure modes are
obtained. These are compared with the deterministic design
equations and the susceptibility to brittle failure are evalu-
ated. It should be noted that in an assessment of the structural
system, it is important that the structural model should appro-
priately describe the structural behaviour both at global and
local level to form the basis of a probabilistic assessment.

Brittle failure in timber connections with dowel-
type fasteners

Failure modes

A connection may fail under two major types of failure,
namely ductile or brittle. The ductile failure relies on the yield-
ing of the fastener and the plastic deformation of the timber
under embedment stresses. It is the desired failure, since the
connection is able to maintain the failure load while develop-
ing noticeable deformations, i.e. the loss of structural integrity
does not happen suddenly. The load-carrying capacity in the
ductile failure modes can be estimated by the equations of

L N

¢. Block shear

a. Splitting

Figure 1. The different types of brittle failure for connections with large diam-
eter fasteners and the definition of the lateral L and the head H failure planes for
the row and block shear failure modes.
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the so-called European Yield Model given in Eurocode 5
(EC5, EN 1995-1-1 2004).

In many cases the final failure of the connection will be a
brittle mechanism. If such failure occurs after sufficient
plastic deformation (and, therefore, sufficient ductility) it is
often not a major issue, as the governing failure was ductile.
However, it could be a problem if such brittle failure
happens before the evolution of the ductile failure mode, or
before reaching sufficient deformation in the connection
e.g. through yielding of the fastener. Such early brittle
failure mechanisms should be avoided, and the designer
should be provided with guidance in the form of e.g. a set
of equations which allows for the determination of the
onset of brittle failure.

However, despite their crucial importance, such brittle
failure mechanisms have been usually omitted in the design
standards, as it is the case in the current Eurocode 5. They
were included as the informative Annex A, only after some
problems, such as the issues at the Utopia Pavilion (Biger
et al. 2000), or partial collapses, e.g. Jyvaskyla Fair and Ballerup
Arena (Hansson and Larsen 2005), which happened in build-
ings were the pre-normative version of the Eurocode 5 had
been used. The Canadian standard CSA-O86, or the future
version of the New Zealand standard already have them expli-
citly included. In both cases, the proposed design models are
based on the works by Quenneville e.g. (Quenneville 1998,
Quenneville and Mohammad 2000, Zarnani and Quenneville
2014a, 2014b).

The present study deals with the brittle failure mechanisms
of connections with “large” diameter fasteners which pro-
trude the whole timber thickness (i.e. bolts, dowels). As
shown in Figure 1, the possible brittle failure mechanisms
are splitting (the opening of a longitudinal crack along the
row of fasteners), row shear (the slippage of two lateral longi-
tudinal planes in each row of fasteners) and block shear (pro-
duced by the failure of the timber of the connection area,
defined by two lateral longitudinal planes and a head plane).

Brittle failure relates with the presence of sufficient timber
volume which is able distribute the load introduced by the
fasteners. These failures have usually been prevented in the
standards by ensuring sufficient spacing between the fasten-
ers, and by later applying a reduction factor (effective number
of fasteners) to the ductile capacity. Such simple rules might
not be always safe and satisfactory, as it will be shown in
this paper. Besides, these approaches conceal brittle failure,
leading to the unawareness of the designer. As shown in a
recent survey conducted in the COST Action FP1402 (Stepinac
et al. 2018) to more than 400 practitioners, over 70% of them
were not aware of the possibility of brittle failure. Several
design models for the capacity of the different brittle failure
modes of connections have been proposed in the literature.
For a complete description, the reader is referred to Cabrero
and Yurrita (2018a, 2018b).

Ductile model

The primary calculation model to estimate the load-carrying
capacity of a connection relies on the assumption of ductile
failure of the fastener and the surrounding wood. It is the
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European Yield Model (EYM), which is based on the early
development by Johansen (1949). It gives the load-carrying
capacity of the individual fastener in a connection in depen-
dency of the different possible yielding modes of the fastener.

Eurocode 5 (2004) includes brittle failure in two different
ways: In its normative part, brittle failure is considered by
means of a reduction of the ductile capacity according to
EYM by considering an effective number of fasteners n.y
which is smaller or equal the actual number of fasteners n.
The model behind this parameter was developed by Jorissen
(1998) and considers namely the tension perpendicular to the
grain and the corresponding shear produced in the timber
member by the loaded fastener. Hence, it might be
assumed as an implicit way to consider spitting and row
shear failures. As a consequence, brittle failures are not
implicitly mentioned in the current European standard, and
they are disguised under the n. parameter.

Additionally, the Eurocode includes in an informative
Annex an additional model to obtain the capacity of a connec-
tion with steel plates under plug and block shear failure. As
mentioned before, a survey within the COST Action FP1402
(Stepinac et al. 2018), showed that the problem of brittle
failure is mostly unknown for the European practitioners. As
proved by the survey, due to their crucial importance in
terms of safety, brittle failure modes should be included
within the normative part of the Eurocode.

Brittle failure model

Most of the existing models to obtain the brittle capacity of
timber connections have been reviewed, benchmarked and
compared in Cabrero and Yurrita (2018a, 2018b). In the
present study, the brittle model which has been proposed
for the future New Zealand draft (Quenneville and Zarnani
2017) has been used. As explained in Cabrero and Yurrita
(2018b), it is a simple to understand and practical model. It
has been extensively used for the design of timber structures,
since it is included in a similar form in the Canadian Standard
since 2000. As shown in the study performed by Cabrero and
Yurrita (2018b), where most of the existing design proposals
for brittle failure modes where analysed, compared and
benchmarked against an extensive database of experimental
tests, it is a reliable model, and it constitutes a complete
system, in which a calibration between the ductile (EYM)
and brittle failure modes has already been done. Due to this
fact, it is the model used in this work. Alternative models
(such as Hanhijarvi and Kevarinmaki 2007 are not explained
in this work). The reader is referred to Cabrero and Yurrita
(2018a, 2018b) for the explanation and benchmarking of
other proposals (such as the current Eurocode 5, or Hanhijarvi
and Kevarinmaki 2008).

The model by Quenneville describes the different brittle
failure modes as the different failure planes involved in the
resulting failure mechanism, as shown in Figure 1. Due to its
practical orientation, some critical aspects (load distribution
among fasteners, influence of loaded area ...) are simplified
and included into different assumptions and parameters in
order to provide a simple-to-use model. The lateral L and

head H planes are assumed to fail under shear and tensile
stress, respectively. The capacities of the lateral L and the
head H planes are given by (see Figure 1),

Fi. = 0.75n.a; minKishy f, (lateral plane capacity, L) (1)
Fiy = 1.25bpethy fro(head plane capacity, H) (2)

The different geometrical parameters are given in Figure
2, being n. the number of columns in a fastener group, h,,
the thickness of the timber member and b,.; the net
width of the connection. The distance a,m,;, is the
minimum between the parallel spacing between the fasten-
ers a; and the end spacing as; (conservative approach
verified by the fracture based model developed by Jensen
and Quenneville 2011). It is considered that the minimum
of these distances trigger failure. As a consequence, the
length of the lateral plane L is reduced in this model. The
parameter K;s (which takes into account the uneven load
distribution along the fastener) is either 0.65 for side, or
1.00 for middle timber members. The factors 0.75 in the
case of the lateral plane L and 1.25 for the head plane H sim-
plify the uneven distribution of stresses in the timber
member (with similar values as those proposed in the
Annex A of Eurocode 5). The strengths f, and f;, are, respect-
ively, the timber shear and the parallel tension strength.
These plane capacities are simply added to obtain either
row shear or block shear capacity, being the brittle capacity
of a single timber member for such modes:

Fr—s = 2n,F, (row shear) 3)

Fyp_s = F, + 2Fy(block shear) (4)

The brittle capacity of the member is the minimum
between these latter capacities, F,.s and F,. As the brittle
failure is explicitly included as a model, the New Zealand
draft no longer reduces the number of fasteners for the
ductile mode, as currently proposed in the Eurocode 5.

Studied connections

Two typical timber connections with steel plates and dowel-
type fasteners have been analysed in the present study
(Figure 2): a wood-steel-wood (WSW) (with internal steel
plate) and a steel-wood-steel (SWS) (with internal wood
member). In both cases, thick steel plates have been
assumed. Three rows and five columns of fasteners with a
diameter of 12 mm have been chosen. The load application
is in the rows’ direction (i.e. vertical in Figure 2).

To study the effect of changing of typical design par-
ameters, the thickness of the timber member and the parallel
spacing between the fasteners have been chosen. Both par-
ameters play a major role on both types of failure, ductile
and brittle. The thickness of the timber relative to the fastener
diameter modifies the ductile failure mode, from pure embed-
ment (no plastic hinges, very thin timber member) to the
development of one and two plastic hinges mechanisms in
the timber member as the thickness increases. At the same
time, a thicker timber member features a bigger resisting
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Figure 2. Analysed connections types, with the definition of the different geometrical parameters. From left to right: front view of the connections; lateral view of the

two analysed types WSW and SWS.

area on the lateral and head planes which fail under brittle,
and thus a bigger brittle capacity is obtained. The parallel
spacing between fasteners is not considered for the ductile
failure (once the implicit brittle model of the -effective
number is dismissed), but it has a direct relation to the
brittle capacity. As a consequence, the Eurocode dictates a
minimum spacing to obtain a ductile failure.

Probabilistic assessment
Calculation steps

In the present study, the load-carrying capacity of a connec-
tion is calculated as the minimum of the ductile mode load-
carrying capacity according to the EYM and the brittle
modes load-carrying capacity according to Equations (3)
and (4). The estimation of the load-carrying capacity is
based on the actual capacity using sample representations
of material properties. An example of the model and the
applied procedure can be found in (Jockwer et al. 2018).
The samples of material properties used for the estimation
of load-carrying capacity are generated by Monte Carlo simu-
lations and consider the variability of properties of the timber
and their correlation as described in JCSS (2006). The Monte
Carlo method is a sampling technique to generate random
numbers from probability distributions. Through the
sampling, realizations of stochastic variables can be obtained,
virtual observations and experiments can be carried out, and
the results can be statistically analysed, for more details about
the method the reader is referred to e.g. Hammersley and
Handscomb (1975).

Stochastic modelling of input data

Timber, as a natural material, exhibits considerable variations
in its material properties. In the product standards for glued
laminated (EN 14080, 2013) and structural (solid) timber (EN
338, 2016) characteristic values for the respective strength
and stiffness values are given, which can be applied in
design according to Eurocode 5 (EN 1995, 2004). The charac-
teristic values according to EN 384 (2016) are partly related to
the results of tests according to EN 408 (2012), such as
bending strength or bending modulus of elasticity (MOE),
and partly prescribed in order to account for certain consider-
ations regarding safety and structural performance, such as
tension or compression perpendicular to the grain strength.
The characteristic values are commonly 5th-percentlie
values (for strength) or mean values (for stiffness) according
to EN 14358 (2016). These values are meant to be used in
design equations in structural codes to maintain sufficiently
conservative values for design resistances and ensure that
the probability that they are exceeded is correspond to the
level required by the safety margin defined in the standard.

In order to estimate the expected load-carrying capacity of
a specimen in an individual test, mean values instead of
characteristic values have to be used. On the other hand, to
calculate the probability of failure under a given load and to
determine the likelihood of relevant failure modes statistical
description of the uncertain variables is required.

The natural variability of the timber together with the
inhomogeneous and fibrous material structure makes the
strength and stiffness values somewhat difficult to predict
due to differences in the distribution characteristics. These
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characteristics, i.e. the distribution type and the statistical
moments can be calculated from tests in case the sample
size is sufficiently large, i.e. a sufficiently large number of indi-
vidual tests have been carried out. In other cases, it can be
referred to the distribution types recommended e.g. in the
probabilistic model code of the Joint Committee on Structural
Safety (JCSS 2006).

The distribution characteristics and parameters, distri-
bution type and coefficient of variation (CV) as proposed in
the Probabilistic model code for structural (solid) timber are
given in Table I. Additional material properties and par-
ameters not covered by JCSS are marked with an asterisk.
The distribution types suggested in JCSS are based on
intense discussions in the research community such as
during the meetings of COST E24 or CIB-W18. For the majority
of the material property values lognormal distributions were
suggested. Compression perpendicular to the grain strength
and density with a rather small variability are represented
by a normal distribution. For the tensile strength perpendicu-
lar to the grain a 2-parameter Weibull distribution is
suggested. This distribution type exhibits a higher portion of
values in the lower tail compared to e.g. the lognormal distri-
bution. This allows for a more conservative representation of
very low strength values. If conservativeness is not desired
and more realistic values in the lower tail region are
needed, it is possible to estimate the parameters of the
Weibull distribution by explicit consideration of those
values, see Kohler (2007).

In general, it could be argued that conservative material
parameters will lead to a bias in the probabilistic analysis.
To compensate for this, e.g. in reliability assessments, model
uncertainties are introduced to cover deviations and simplifi-
cations related to the probabilistic modelling and the limit
state equations. Since reference properties are determined
through standardized testing procedures, model uncertain-
ties related to the estimation of other material parameters
(e.g. compression perpendicular to the grain strength) need
to be considered.

Furthermore, the simplified limit state equations, such as
those used in design codes and adopted in this paper,

introduce model uncertainties, as they might be conservative
as well. These model uncertainties will depend on the limit
state and how much the actual condition differs from the
idealized assumptions. These uncertainties can be deter-
mined using statistical analysis of test data when compared
to the calculation models in the limit state equations. More
discussion on this topic can be found in (Kéhler 2007). The
aim of this study was not the estimation of failure probabil-
ities, but rather looking at trends in susceptibility to brittle
failure, and model uncertainties has not been considered.

The mean values for stiffness and 5th-percentile values for
the strength of the material properties in Table | are based on
the values for GL24 h in EN 14080. The respective 5th-percen-
tile values for stiffness and mean values for strength are calcu-
lated applying the corresponding distribution type and CV.

Tensile strength perpendicular to the grain and shear
strength show considerable dependency on the size and
volume of the loaded specimen. The tests for tensile strength
perpendicular to the grain according to EN 408 are based on a
volume of V=0.01 m. The impact of different volumes on the
strength is discussed in Aicher et al. (2002) or Mistler (2016).
For smaller volume of V< 0.1 dm?, which can be representa-
tive for connections, considerable higher mean values of f;
mean> 2 N/mm? compared to the value in are given by
Aicher et al. (2002).

The equation for embedment strength given in EC5 for
softwood loaded parallel to the grain is based on studies by
Whale and Smith (1986):

fux = 0.082(1 — 0.01d) - py (5)

Applying the density values with the distribution charac-
teristics according to Table | in Equation (5) for the generation
of embedment strength values will lead to an underestima-
tion of its variability due to the low CV of the density.
Leijten et al. (2004) performed a re-evaluation of the test
data of Whale and Smith (1986) and additional data and
fitted an exponential equation to the data which can be
used for the probabilistic representation of the embedment

Table I. Distribution characteristics according to JCSS (2006) and property values used in the present study.

Value

Parameter Unit Distribution type Mean Char. v
1 fon [mm?] Lognormal 37.1 24 0.25
2 foo [mm?] Lognormal 3255 19.2 03
3 f00 [mm?] Weibull 1.1 0.5 0.25
4 feo [mm?] Lognormal 339 24 0.2
5 f00 [mm?] Normal 3.0 25 0.1
6 f, [mm?] Lognormal 55 35 0.25
7% f, [mm?] Lognormal 19 12 0.25
8 Eio [mm?] Lognormal 11500 9600 0.13
9 Eco0 [mm?] Lognormal 320 250 0.13
10 Gy [mm?] Lognormal 650 540 0.13
11* G, [mm?] Lognormal 65 54 0.13
12 0 tkg/m?] Normal 420 385 0.10
13* A [-] Lognormal 0.097 0.23
14* B [-] Normal 1.07 0.0374
15% C [ Normal -0.25 0.048
16* D [ Lognormal 1 0.11

Note: The characteristic property values 1-7 and the mean property values 8-12 are based on EN 14080. The distribution properties labelled with asterisk are not
included in JCSS (2006). The distribution parameters of values 7 and 11 are chosen referring to values 6 and 10, respectively. The values 13-16 are taken from

Leijten et al. (2004).



strength:
fo=A-d® p°-D (6)

The distribution characteristics of the parameters A, B, Cand D
for European softwood are given in Table I.

Especially with regard to e.g. bending stiffness it has to be
distinguished between the material properties of the individ-
ual lamellas and the behaviour of the entire Glulam-beam.
JCSS proposes a CV =25% for the bending strength of solid
timber (the individual lamella of an entire glulam beam) and
CV =13% for the strength of a glulam beam. The evaluation
of FE models of glulam beams with Monte Carlo generated
material properties supports this relation between the CV of
solid timber (lamellas) and glulam (Jockwer 2014).

In the present study with the scope on dowel connections
the stressed volume of the timber is rather small compared to
e.g. beams in bending. Test reported in the literature (e.g.
Rammer and Soltis (1994), Aicher et al (2002)) show that in
this small volume the mean value of strength is higher com-
pared to the respective standardized values. The stressed
volume in tension perpendicular to grain according to EN
408 for glulam is V=0.01 m°.

In tests for the determination of material properties a
certain correlation between the properties given in Table |
can be found. However, the exact determination of this corre-
lation is challenging. In most studies the correlation between
properties are determined, that can be measured by non-
destructive and destructive methods such as density p,
tensile MOE E,, and f, (e.g. Fink 2014). The basis for the esti-
mation of the correlation between different strength par-
ameter, which require destructive testing, is much vaguer.
The coefficients of correlation given in JCSS are proposed
based on discussions in COST E24 and are representation of
the qualitative judgement with distinction between high
(0.8), medium (0.6), low (0.4), and very low (0.2) correlation.

The correlations for the additional material property values
rolling shear strength and rolling shear modulus in Table |
were expanded with a lower correlation compared to shear
strength and shear modulus.

The correlations of the parameters A, B, C and D for the
generation of embedment strength are given in Table Il
These parameters are not correlated to the other material
properties in Table | and Table IIl.

In the equations of the European Yield model in EC5, the
relevant material properties are the embedment strength of
the timber and the yield moment if the fastener. According
to the yield theory the yield moment corresponds to the full
plastic bending of the fastener. However, the maximum
moment may be reached already at a lower level. Jorissen
and Leijten (2005) discuss differences of the elastic and full
plastic bending of the fastener. In EC5 the yield moment is

Table Il. Correlations of parameters A, B, C and D for the generation of
embedment strength.

A B C

1 -0.99 -0.24
1 0.11

N>
0O O0oO|0
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related to the ultimate tensile strength of the fastener accord-
ing to Equation (7):

My = 0.3 - fyy - d*® 7)

The background of this equation is discussed e.g in Joris-
sen and BlaB (1998). The experimental determination of the
yield moment of the fastener M, is specified in EN 409. The
diameter of the fastener not only has an effect on the
moment of inertia of the cross-section but also on the
bending angle at which the maximum bending moment is
reached: the angle decreases with increasing diameter. In
addition, the diameter of the fasteners has an influence on
the (intended or unintended) hardening process during the
production of the fasteners. Small diameter fasteners often
exhibit very high yield strength which is cause by the
forging process during production. Sandhaas and Gorlacher
(2018) evaluated a large set of data from tests on nails and
proposed the following equation of yield moment:

1
My,mean = g . fu,mean . d3 (8)

Sandhaas and Gorlacher (2018) and Blaf3 and Colling (2015)
found small variabilities within batches of fasteners but rather
high differences of strength in-between batches.

Within this paper, the yield moment related to the ultimate
tensile strength and diameter of the fastener according to
Equation (7) and given in EC5. The material properties of
the steel are generated as lognormal distributed parameters
with a CV of 4% and a mean value of f, =800 N/mm?. The
MOE of the steel is constant at £= 210000 N/mm?.

Examples of the distribution of the Monte Carlo generated
material properties can be found in Figure 3. The different
shapes of the distributions are clearly visible, e.g. tensile
strength parallel to grain f, (lognormal) and density p
(normal). The different distribution types suggested in JCSS
(2006) for these properties are the result of discussions in
COST Action E24 (2005) accounting for the desire for accuracy
and the ease of application/simplicity.

Results

In this section, the results of the Monte Carlo simulations are
presented. It should be noted that the results are not bench-
marked against test results and, hence, only the qualitative
behaviour and not the quantitative behaviour of the connec-
tions shall be evaluated. One reason for this is that if the con-
nections of real structures are to be verified, large
uncertainties might arise from the structural modelling itself,
see e.g. Stewart and Melchers (1988), Biirge and Schneider
(1994), Froderberg (2015) and Froderberg and Thelandersson
(2015), Karlsson et al. (2018).

Connection type 1 - WSW

For the WSW type of connection, the top part of Figure 4 illus-
trates the effect of changing the timber thickness h,, on the
probability distributions of the brittle and ductile resistance,
when all other parameters are fixed (a; = 5d). With low h,,/d
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Table lll. Correlation of parameters for strength and stiffness values given Table I.

fm fo fi90 feo feo0 fy fy Ero Ei90 Gy Gy P

fn 1 0.8 0.3 0.8 0.6 0.4 0.3 0.6 0.6 0.4 0.2 0.6
fro 1 0.2 0.5 0.5 0.6 0.4 0.8 0.2 0.4 0.2 0.4
fro0 1 0.2 04 0.6 04 0.4 04 0.4 0.2 04

0 1 0.6 0.4 0.2 0.4 0.6 0.4 0.2 0.8
fe90 1 0.4 0.2 0.4 0.2 0.4 0.2 0.8
f, 1 0.4 0.4 0.6 0.6 0.4 0.6
f, 1 0.2 04 0.4 0.2 04
Eo 1 0.4 0.6 0.4 0.6
Ei o0 1 0.6 0.4 0.6
G, 1 0.4 0.6
G, 1 04
o 1

ratios the two distributions overlap and the brittle failure
resistance is generally lower than the ductile one. When h,,
increases both the central tendency and the dispersion of
the brittle mode increases (i.e. the curve shifts to the right
and spreads out more) whereas this effect is limited for the
ductile mode. As a result, ductile behaviour becomes domi-
nant with thicker timber parts.

Similar effects can be observed at the bottom part of
Figure 4, when changing the parallel spacing a,. As the ratio
of a,/d grows the mean and the standard deviation of the
brittle failure capacity increases until up to a,=5d and then

0.045
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Figure 3. Examples of the simulated material properties.

remains unchanged. In contrast the ductile distribution does
not change with altering this parameter. In this case, the
scale and the limits of the x-axis are fixed to better illustrate
the change in the location and scale parameters of the
distributions.

The results of the stochastic simulations have been com-
pared with using the EC and NZ design equations with the
characteristic values of the strength variables to provide a
meaningful comparison with the resistances a structural
engineer would obtain using the design equations specified
in the standards, see Figure 5 (top) and Figure 6 (top). In
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Figure 4. Changing of probability distributions of brittle (red) and ductile (black) failure capacities for WSW connection. Top: the effect of increasing timber thickness
(hy/d) (a;=5d). Bottom: the effect of increasing parallel spacing (a;) (h,=20d).

the upper part of the figures the characteristic brittle resist-  5th-percentile values for both brittle and ductile failure are
ance (B,), the characteristic ductile resistance (D) and the practically negligible, thus the application of the design
reduced characteristic ductile resistance (D.s. obtained equations provides a reasonable accuracy about the lower
applying the effective number of fasteners), according to tail of the capacity distributions. It should be noted that
EN1995-1-1 Section 8.1.2 and 8.5.1.1(4) are given together characteristic values used in the design equations were
with the 5th-percitle values (Bs, Ds) of the simulated failure taken as the 5th-percentile values of the simulated material
capacities. The differences in the characteristic vales and the properties, since the main purpose of the study is to
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Figure 5. Effect of changing timber thickness (h,/d) on characteristic strength (top) and likelihood of brittle failure (bottom) (WSW, a;=5d). (Legend: B, - brittle

resistance, D, — characteristic ductile resistance, D.g, — reduced characteristic ductile resistance), Bs, Ds — 5th-percitle values of the simulated brittle and ductile
failure capacities, P(B < D) — probability that the brittle capacity is lower than the ductile one, CV(R) - coefficient of variation of connection resistance.
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WSW, 3x5, thick pl., hw=20d
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Figure 6. Effect of changing parallel spacing (a;) on characteristic strength and likelihood of brittle failure (WSW, h,,=20d). (Legend: B, — brittle resistance, D, —
characteristic ductile resistance, D.s — reduced characteristic ductile resistance), Bs, Ds — 5th-percitle values of the simulated brittle and ductile failure capacities,
P(B < D) — probability that the brittle capacity is lower than the ductile one, CV(R) — coefficient of variation of connection resistance.

provide insight into the relation of the brittle and ductile
failure modes rather than estimating the actual reliability of
the connections. The investigation of the actual structural
reliabilities would require the consideration of action effects
as well and require further studies and assumptions.

In the bottom part of Figures 5 and 6 the probability that the
brittle capacity is less than the ductile capacity (P(B < D)), i.e. the
connection’s susceptibility to brittle failure, and the coefficient
of variation of the connection’s resistance (CV(R)), R being the
minimum of B and D, are given. Both decrease initially when
increasing the studied parameters, i.e. h,,and a;. The reduction
is significant until h,,= 10d (for a parallel spacing a, =5d) and
a, = 2d (for a relatively thick timber member, h,, = 20d) respect-
ively. It should be noted that according to practical experience
for these small spacing other potential failure modes can be
expected not covered in the NZ approach according to
Equations (3) and (4).

Figure 7 shows the effect of a variation of both studied par-
ameters in form of surface plots. In the top left the character-
istic (D) (grid in the figure) and the 5th-percentile (Ds)
(shaded surface in the figure) ductile capacities are presented,
whereas in the top right the characteristic (B.) (grid in the
figure) and the 5th-percetile (Bs) (shaded surface in the
figure) ductile capacities are plotted. Again, it can be seen,
that the differences are negligible and that increasing a,
has no effect on the ductile behaviour and only up to 5d on
the brittle behaviour. Increasing h,, has a larger effect on
both failure modes.

In the bottom left corner of Figure 7, D. (grid) and B
(shaded surface) are plotted together to highlight the effect

of the h,, and a; on the overall failure capacity. For low h,,
and a, values brittle failure will govern the design thus the
designer would avoid these configurations to obtain ductile
behaviour by increasing h,, or both, h, and a;. Looking at
the bottom right plot in Figure 7, however, it is clear, that
there is region up to h,=10d and a,=2d where the prob-
ability of brittle failure, i.e. that the brittle capacity is lower
than the ductile one (P(B< D)), is relatively large and extra
care should be taken. When using thin timber members,
there is an influence of spacing on the probability of brittle
failure. On the other hand, using the reduction by n. as
described in the current version of EN 1995-1-1 might be
too conservative as shown in Figures 5 and 6.

Connection type 2 - SWS

With regard to the SWS connection type, the same results as
above are presented in this subsection. Figure 8 show the
probability distributions for brittle and ductile failure chan-
ging h,, and a, respectively, when the other parameter is
fixed. According to Figure 8 the brittle and ductile failure dis-
tributions overlap significantly even at higher h,/d ratios,
making these connections more susceptible to brittle failure.

Figures 9 and 10 illustrate the influence of changing h,, and
a; on B, D, De., Bs, Ds, P(B< D) and CV(R). The difference
between the characteristic and the 5th-percentile capacities
is again practically negligible. The susceptibility to brittle
failure and the variation in the overall connection resistance
decreases with increasing h,, up to about h,, = 19d (Figure 9,
bottom) and a; up to a; =2d (Figure 10, bottom). According
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hw/d =1
0.06
20.04
=
3
o 0.02
o
0 fl n I
0 50 100 150 200
Capacity [kN]
al/d =1
0.015
2 001
=
8
o 0.005
o
0 1 3
0 200 400 600 800 1000

Capacity [kN]

Probability [-]

Probability [-]

hw/d = 20
0.015
0.01
0.005
0 1000 2000 3000 4000
Capacity [kN]
al/d =20
0.015
0.01
0.005
0 1 n — I
0 1000 2000 3000 4000 5000

Capacity [kN]

Figure 8. Changing of probability distributions of brittle (red) and ductile (black) failure capacities for SWS connection. Top: the effect of increasing timber thickness
(hy/d) (a;=5d). Bottom: the effect of increasing parallel spacing (a;) (h,=20d).



308 J. M. CABRERO ET AL.

1000

500

Capacity [kN]

V(R)

0.5

P(B<D),C

SWS, 3x5, thick pl., a1=5d

B D D ___Bsffst

[ c eff,c

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Timber thickness [normalized, h/d]

hw/d =1
_ 0.06
Brittle
004 Ductile P(B<D)
o
0.02 CV(R)
hw/d =20
[9) 0.015
50 100 150 Brittle
Capacity [kN] 001 Ductile
o
0.005
0 1000 2000 3000 4000

Capacity [kN]
1 1 | 1 1 |

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Timber thickness [normalized, h/d]

1

Figure 9. Effect of changing timber thickness (h,/d) on characteristic strength and likelihood of brittle failure (SWS, a;=5d). (Legend: B, - brittle resistance, D, -
characteristic ductile resistance, D¢ — reduced characteristic ductile resistance), Bs, Ds — 5th-percitle values of the simulated brittle and ductile failure capacities, P(B

< D) - probability that the brittle

(o2}

o

o
1

capacity is lower than the ductile one, CV(R) - coefficient of variation of connection resistance.

SWS, 3x5, thick pl., hw=20d

/
Bc Dc Deff,c___BS___DS
= 500 |-
=, -
2
5 400 -
®©
Q
@©
O 300
200 1 | | | | 1 | 1 | | | | 1 | I}
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Parallel spacing a, [normalized, a1/d]
1r 0ots atid=1

A Brittle —  P(B<D)
—~~ 0.01 Ductile
o = at/d =20 CVR)
> 0.005 0.015
O Brittle
05} 0 _. oot Ductile
o> 0 200 400 600 800 1000 T
vV Capacity [kN] o 0.005
Q
o

0
0 1000 2000 3000 4000 5000
Capacity [kN]

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Parallel spacing a, [normalized, a1/d]

Figure 10. Effect of changing parallel spacing (a;) on characteristic strength and likelihood of brittle failure (SWS, h,,=20d). (Legend: B, — brittle resistance, D, —
characteristic ductile resistance, D.s — reduced characteristic ductile resistance), Bs, Ds — 5th-percitle values of the simulated brittle and ductile failure capacities,
P(B < D) — probability that the brittle capacity is lower than the ductile one, CV(R) — coefficient of variation of connection resistance.



500

400

300

D, [kN]

o 200 -

D

100 -

10
25 30 5

Timber thickness [normalized, h/d]
Parallel spacing a, [normalized, a1/d]

1000 B

800

600

B, [kN]

o 400 4

D

200 +

10
25 30 5

Timber thickness [normalized, h/d]
Parallel spacing a, [normalized, a1/d]

WOOD MATERIAL SCIENCE & ENGINEERING ’ 309

1000

800

600

B, [KN]

o 400

B

200

Timber thickness [normalized, h/d]
Parallel spacing a, [normalized, a1/d]

Parallel spacing a, [normalized, a1/d]

5 10 15 20 25 30
Timber thickness [normalized, h/d]

Figure 11. Characteristic vs 5th percentile values for ductile (top left) and brittle (top right) failure capacity; characteristic brittle vs ductile failure capacities (bottom

left) and probability of brittle failure governing (bottom right) (SWS).

to Figure 9, there is region (up to h,,=9d) where the appli-
cation of n. seems unconservative. On the other hand, it
might be too conservative even up to a; = 20d, see Figure 10.

Figure 11 depicts the effects of both parameters on the
brittle and ductile capacities and susceptibility to brittle
failure of the SWS connection, in the same manner as in
Figure 7 for WSW. The design equations would predict a sus-
ceptibility to brittle failure up to h,=15d (bottom left),
whereas the stochastic simulations indicate a susceptibility
up to h,=20d or even higher (bottom right). Like the
WSW type, the SWS connection seems less likely to have
brittle failure above a;=2d for thick timber members. The
spacing has a higher influence on the probability of brittle
as the timber thickness decreases. This might, however not
properly be reflected in the calculations using nes in
EN1995-1-1.

Conclusions

In the present study the load-carrying capacity of two
different types of connections with steel dowels was evalu-
ated by using the EYM from EC5 (EN1995-1-1, 2004) and
models for brittle failure mechanisms from the NZ standard
draft (Quenneville and Zaranani 2017) with Monte Carlo gen-
erated material properties following the recommendations in

JCSS (2006). From the results the following observations can
be drawn:

e For small timber member thickness brittle failure modes
show lower load-carrying capacities compared to ductile
failure modes and, hence, brittle failure governs the resist-
ance of the connections.

e With increasing the relative thickness of the timber
members, h,/d, the load-carrying capacity of the ductile
failure modes according to EYM reaches a plateau,
whereas for brittle failure modes the capacity increases lin-
early. As a result, the ductile failure modes are governing
the resistance of the connection for larger timber
member thickness.

e For small spacing between the fasteners, brittle failure
modes govern the resistance of the connections.

e The variability of the load-carrying capacities of the brittle
failure modes is significantly larger than the variability of
the ductile failure modes.

o The likelihood of brittle failure modes governing the resist-
ance is much larger for small spacing and timber member
thickness.

e Even when the characteristic load-carrying capacity of the
ductile failure mode is smaller than the brittle failure mode,
susceptibility to brittle failure can be considerable due to
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the large variability of the load-carrying capacities of the
brittle failure modes.

o For a reliable design with the desired ductile performance
of the connection a sufficiently safe spacing and timber
member thickness should be chosen that limits the risk
of brittle failure modes to a very low percentage of the
number of expected failures.

Although the current results show interesting trends,
further studies are required before useful results for
implementation in standards can be obtained. Recommen-
dations for further research include:

e Benchmarking of the presented models against test results
is necessary.

e Model uncertainties must be included into further studies if
recommendations to minimize the risk of brittle failure to
be developed.

o Load effects and their variability should be considered in
order to study the reliability of connections in realistic
design situations.

e The problem of overstrength of the steel of the fasteners
should be studied more in detail, i.e. the problem that
the actual strength of the steel fasteners might be con-
siderable higher than accounted for in the design.

o Brittle overstrength factors could be defined in order to
minimize the risk of brittle failure and achieve the
desired ductile failure modes with a high certainty.
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