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Abstract  The capacity of dowel-type timber con-
nections is generally governed by brittle failure 
modes, such as splitting and row shear failures. In 
design standards, this is indirectly addressed through 
the effective number of fasteners concept. This 
parameter accounts for both the non-uniform load 
distribution and the interactions among fasteners, 
which can induce brittle failure before the fasten-
ers’ capacity is fully mobilised. Although the current 
expressions for the effective number of fasteners in 
European design codes are based on tests on timber-
to-timber connections, they are also applied to other 
configurations, such as steel-to-timber connections. 
The present study investigates, through numerical 
simulation, the validity of existing empirical expres-
sions under various loading conditions and connec-
tion arrangements. The numerical model adopted 
was previously proposed and validated by the authors 

and is grounded in linear elastic fracture mechanics. 
The model validation performed herein on the origi-
nal experimental dataset used to derive the empirical 
expressions for the effective number of fasteners fur-
ther strengthens its validity. The parameters influenc-
ing the connection response across different configu-
rations are further evaluated, including the fastener 
slenderness ratio and the spacing between fasteners. 
The findings reveal that both connection arrangement 
and loading direction (compression vs tension) sub-
stantially affect failure assessment and, by extension, 
the effective number of fasteners. Specifically, steel-
to-timber and tension-loaded connections tend to fail 
earlier than timber-to-timber connections under com-
pression, thereby leading to a lower effective number 
of fasteners. These critical factors are not adequately 
captured in current design equations, underscoring 
the need for revised approaches, supported by further 
experimental validation and probabilistic assessment, 
to improve the reliability of design expressions for the 
effective number of fasteners.

Keywords  Timber connections · Effective number 
of fasteners · Group effect · Splitting failure · 
Numerical modelling

1  Introduction

The design of dowel-type timber connections at 
the ultimate limit state (ULS), particularly when 
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considering a ductile response, is commonly based on 
the performance of a single fastener, which serves as 
the reference for assessing the load-carrying capac-
ity of multiple-fastener connections. However, in the 
latter connections, the timber may fail prematurely 
before a desirable ductile response is achieved [1–3].

Brittle behaviour in dowelled connections may 
develop through several distinct mechanisms. For sin-
gle- or multiple-fastener connections loaded parallel to 
the grain, splitting failure is characterised by a longitu-
dinal crack aligning with the fastener row parallel to the 
grain, initiated by tensile stresses perpendicular to the 
grain. Row shear failure results from shear stresses and 
is typically observed as two parallel cracks that enclose 
the fastener row parallel to the grain. In multiple-row lay-
outs, the timber may also experience plug or block shear 
failures, when local tearing occurs along combined shear 
and tensile planes within the connection zone [4, 5].

The first generation of Eurocode  5 (EN  1995-1-
1:2004) [6] does not explicitly account for brittle failure 
in its design models; instead, brittle failures are primarily 
mitigated through geometric detailing provisions. These 
provisions include prescribed limits on fastener spacing 
and minimum end and edge distances [5]. For fasteners 
arranged in a single row parallel to the grain, EN 1995-1-
1:2004 adopts the concept of an effective number of fas-
teners, denoted by nef , to account for group effects such 
as interaction among fasteners and non-uniform load 
distribution, which can trigger premature splitting [7]. In 
practice, this means that the design load-carrying capac-
ity of a row of fasteners parallel to the grain is obtained 
by replacing the total number of fasteners with the effec-
tive number nef , resulting in a capacity lower than the 
simple sum of the individual fasteners’ ductile capaci-
ties. In addition, Annex A of EN 1995-1-1:2004 provides 
criteria for group failure modes such as plug and block 
shear failure by defining the shear and tensile planes 
capacity where failure is expected [4, 8].

Because connection failures often govern overall 
structural stability, their consequences can be severe, 
particularly when robustness is not explicitly considered 
in design [9, 10]. In a survey of 127 structural failures, 
Frühwald et  al. [11] reported that in 23% of the docu-
mented cases, damage in the connections was the pri-
mary cause of failure. While many of these cases were 
attributed to human errors, such as poor design or inade-
quate maintenance, they nevertheless highlight the severe 
consequences of brittle failure in connections. Despite 
their critical role, awareness of brittle failure modes in 

timber connections among practitioners remains limited. 
Survey results revealed that nearly one-third of practi-
tioners were unaware of these failure modes  [12, 13]. 
This motivated the inclusion of explicit design models 
against brittle failure in the second generation of Euroc-
ode 5 (EN 1995-1-1:2025) [14].

Engineering design models for brittle failure aim 
to predict the load-carrying capacity of timber con-
nections in a straightforward manner  [3, 15]. In 
EN 1995-1-1:2025, this capacity is determined from 
the strength of potential failure planes, such as shear 
planes for row and block shear, and head tension 
planes for block and net tension failures, whereas 
splitting failure continues to be implicitly addressed 
through the nef formulation.

The nef approach has long been adopted in design 
standards worldwide, based on analytical and/or 
empirical formulations. According to  Jorissen [7], 
Fahlbusch [16] was the first to propose a design equa-
tion for nef based solely on the number of fasteners, 
which was later adopted in modified form in the 
EN 1995-1-1:1994 edition of Eurocode 5 [17]. Exper-
imental studies, however, have shown that additional 
parameters, such as fastener spacing and slenderness, 
influence the group effect and, consequently, the ulti-
mate load-carrying capacity [18, 19].

Early analytical models predicted non-uniform load 
distribution among fasteners in the elastic range, defin-
ing nef as the ratio of total applied load to the load on 
the most loaded fastener [20, 21]. These models showed 
that the maximum load typically occurs at the outermost 
fasteners in a row, providing the basis for group modi-
fication factors in early American and Canadian design 
standards [22, 23]. These factors were applied directly to 
the number of fasteners, leading to an approach concep-
tually similar to the effective number of fasteners. How-
ever, the models by Cramer [20] and Lantos [21] derive 
the group modification factor from elastic load distribu-
tion but use it to predict ultimate connection capacity. 
This creates an inconsistency, as elastic analysis does 
not capture the governing failure mechanisms of the 
connection [19].

Wilkinson [24] evaluated the models by Cramer [20] 
and Lantos [21]. Both approaches yield similar results for 
timber-to-timber and steel-to-timber connections with 
outer steel plates, overestimating the maximum con-
nection capacity relative to experimental tests. Accord-
ing to  Wilkinson [24], these discrepancies stem from 
variability in single-fastener load-slip behaviour and 
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fabrication tolerances. To address this, Wilkinson [25] 
developed an improved analytical procedure incorporat-
ing variable fastener spacing and independent piecewise-
linear load-slip relationships for each fastener. Experi-
mental tests on steel-to-timber bolted connections with 
outer steel plates validated the model, using steel side 
plates as load cells to measure individual bolt loads. 
Piecewise-linear approximations of measured load-slip 
curves were used as input to the enhanced model. The 
model accurately predicted the load distribution when 
provided with detailed load-slip data for each fastener, 
including initial tolerances. Using the same average load-
slip curves for all fasteners revealed a significant impact 
on load distribution compared with considering the indi-
vidual, varying curves. Wilkinson [25] concluded that 
random variability in load-slip curves and fabrication 
tolerances may influence load distribution more than 
member and fastener properties considered in current 
analytical models. Neglecting these factors can lead to 
unconservative designs.

The Canadian Standard revised the group modi-
fication factor in CSA  086:1989  [26], adopting an 
empirical equation that accounts for fastener spacing 
and slenderness. This factor remained until the most 
recent revision CSA 086:2024 [27], which introduced 
a distinction between ductile and brittle failure modes 
for connections using bolts or dowels. In brittle fail-
ure modes, the effect of the number of fasteners is 
incorporated directly into the models, eliminating the 
need for group modification factors. Experimental 
evidence for connections governed by yielding indi-
cates that the number of fasteners has a limited influ-
ence, thereby resulting in the removal of group modi-
fication factors for bolts and dowels in ductile failure 
modes [28].

In contrast, the American standard continues to base 
the determination of the group modification factor on the 
work of Lantos [21] through its most recent version [29]. 
The initial version introducing this group factor used 
simplified tabular values [22], whereas more recent edi-
tions have adopted an explicit analytical equation derived 
by Zahn [30], which simplifies the approach of Lantos 
[21] but yields the same response.

The analytical approaches discussed above derive the 
group effect primarily from non-uniform load distribu-
tion among fasteners. In this framework, nef represents 
a correction factor associated with load distribution, 
without explicitly accounting for brittle failure of the 
timber matrix. Jorissen [7] argued that reduced capacity 

in multiple-fastener connections is also a result of stress 
accumulation between fasteners, which can induce pre-
mature splitting failure from high tensile stresses perpen-
dicular to the grain, particularly at small fastener spac-
ing. To model this, Jorissen [7] introduced an analytical 
approach that incorporates the nonlinear load-slip curves 
for individual fasteners, while keeping a linear elastic 
model for the timber. The model captures variability in 
load-slip characteristics and in the initial slip caused by 
hole clearance. Brittle failure of the timber is explicitly 
evaluated in the connection response and considered in 
the derivation of nef . The model was extensively vali-
dated with experiments on double-shear timber-to-timber 
bolted connections, and the resulting dataset, combining 
experimental and numerical results, was used to derive 
empirical expressions for nef.

The nef expressions in EN  1995-1-1:2004 and 
EN  1995-1-1:2025 originate from  Jorissen [7]. 
Although developed for double-shear timber-to-tim-
ber bolted connections, they are often applied beyond 
this scope, including steel-to-timber connections. 
While empirical formulas are widely used in timber 
design, their extrapolation should be limited to clearly 
defined boundaries  [31]. Experimentally investigat-
ing nef across a wide range of parameters and con-
nection types is challenging due to the large number 
of variables and the associated cost and complexity. 
Consequently, numerical methods provide an efficient 
means to systematically evaluate key influencing 
parameters and assess the validity of existing design 
formulations beyond their original calibration range.

This study presents a comprehensive evaluation of 
the effective number of fasteners, with particular empha-
sis on its applicability to connection configurations not 
covered in the original dataset by Jorissen [7], such as 
steel-to-timber dowel-type connections. The analysis is 
conducted through a parametric study using a numeri-
cal connection model based on linear elastic fracture 
mechanics (LEFM), developed by the authors [32].

Special attention is given to the formulation pro-
posed by Jorissen [7], as adopted in EN 1995-1-1:2004 
and EN  1995-1-1:2025, and comparisons are made 
with the approaches implemented in Canadian and 
American design standards. While previous studies 
have investigated load distribution in steel-to-timber 
connections [25], the brittle failure mechanisms under-
lying the definition of nef proposed by Jorissen [7] have 
not been explicitly addressed. This study aims to fill 
this gap by providing a mechanistic assessment of nef 
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and thereby contributing to a more consistent and phys-
ically grounded application of group modification fac-
tors in timber connection design.

The paper is structured as follows. Section  2 pro-
vides a comprehensive literature review of analytical 
and empirical approaches for determining the effective 
number of fasteners. Section 3 describes the experimen-
tal campaign from the literature used for model valida-
tion, and presents the upscaling numerical modelling 
strategy previously proposed by the authors. Section  4 
validates the model by comparing simulation results 
with the experimental data used to derive the empirical 
expressions. Section 5 explores the effective number of 
fasteners through a numerical investigation, examining 
the influence of loading direction and comparing various 
connection arrangements. Finally, Section 6 summarises 
the main conclusions and limitations of the study.

2 � Literature review: design models

2.1 � Single‑fastener connections

The European Yield Model (EYM), based on the work 
of Johansen [33], provides analytical equations for esti-
mating the ductile load-carrying capacity of single-
fastener connections. These equations are based on a 
limit-state analysis of governing fastener failure modes 
for several connection configurations, including timber-
to-timber and steel-to-timber connections, as well as 
single- and double-shear connections. In the present 
study, only double-shear configurations are investi-
gated. For double-shear timber-to-timber connections, 
the load-carrying capacity of a single fastener connec-
tion Fsingle, EYM , corresponding to the failure modes 
defined in EN 1995-1-1:2004 [6] (shown in parenthe-
ses), is given by

(1)Fsingle, EYM = 2 ⋅min

⎧
⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

fh,s ts d (g)

0.5 fh,m tm d (h)

fh,s ts d

2 + �

��
2 � (1 + �) +

4 � (2 + �)My

fh,s d t
2
s

− �

�
(j)

�
2 �

1 + �

�
2My fh,s d (k)

For steel-to-timber connections with an inner steel 
plate, Fsingle, EYM is calculated as

And finally, for connections with outer steel plates, 
Fsingle, EYM is obtained as

In these equations, the fastener yield moment My is 
defined as [6]

where fu is the fastener ultimate tensile strength and 
d is the fastener diameter. The parameters fh,s and fh,m 
represent the embedment strengths for loading paral-
lel to the grain in the side (s) and middle (m) mem-
bers, respectively, and � = fh,m∕fh,s . The embedment 
strength of dowels can be estimated using the empiri-
cal expression given in EN 1995-1-1:2004 [6] as

where � is the timber density. Note that the mate-
rial properties in these equations are expressed in 
a generic format. Mean values are used for com-
parison with numerical model predictions, whereas 

(2)

Fsingle, EYM = 2 ⋅min

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

fh,s ts d (f)

fh,s ts d

��
2 +

4My

fh,s d t
2
s

− 1

�
(g)

2
�

My fh,s d (h)

(3)Fsingle, EYM = 2 ⋅min

⎧
⎪⎪⎨⎪⎪⎩

0.5 fh,m tm d (j, l)�
2My fh,m d (k)

2
�

My fh,m d (m)

(4)My = 0.3fud
2.6,

(5)fh = 0.082(1 − 0.01d)�,
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characteristic values are applied for engineering 
design applications, in which partial safety factors 
might also apply.

The formulation presented here follows 
EN  1995-1-1:2004 and is consistently used to 
determine Fsingle, EYM . In EN  1995-1-1:2025, the 
EYM equations are presented in a slightly differ-
ent format, with the only modification being the 
consideration of the local embedment of the steel 
plate, which EN 1995-1-1:2004 implicitly accounts 
for via thin-thick plate models. The embedment 
strength of the plate in EN 1995-1-1:2025 is taken 
as fh = kplt 600  N/mm2 , where kplt depends on the 
plate thickness and differs for inner and outer steel 
plates. The new formulation allows consideration of 
other materials, such as aluminium plates.

2.2 � Group effects in multiple‑fastener connections

The load-carrying capacity of a multiple-fastener con-
nection is derived from the resistance of an individual 
fastener. For single-row arrangements loaded parallel 
to the grain, however, the total capacity is generally 
lower than the product of the single-fastener capac-
ity and the number n0 of fasteners in a row parallel 
to the grain, as discussed in Section  1. This reduc-
tion is accounted for in Eurocode  5  [6, 14] through 
the concept of an effective number of fasteners, where 
nef ≤ n0.

Accordingly, the load-carrying capacity of a multi-
ple-fastener connection is expressed as

2.2.1 � Models for the effective number of fasteners

Lantos [21] proposes that the effective number of 
fasteners nef shall be taken as the ratio of the total 
applied load to the load carried by the most loaded 
fastener within the elastic range. Based on a linear 
elastic model for load distribution in a timber-to-tim-
ber bolted connection, the effective number of fasten-
ers can be expressed as:

where the load distribution coefficients C1 and C2 are 
defined as:

(6)Fmultiple = nef Fsingle, EYM

(7)nef = min

(
1

C1

,
1

C2

)
,

In the above equations, F1 and Fn represent the forces 
acting on the first and last fastener in the row, respec-
tively. The remaining parameters are given by:

where Em and Am are the modulus of elasticity and 
cross-sectional area of the middle member, while Es 
and As are those of the side members. Kel represents 
the single-fastener elastic stiffness, a1 is the spacing 
between fasteners in the direction parallel to the grain 
(see Fig. 1), and n0 is the number of fasteners in the 
row.

A similar model was proposed by Cramer [20], 
differing in its assumption about stress distribution: 
while Lantos [21] assumes uniform stress across the 
cross-section, Cramer [20] includes a correction for 
nonuniform stress. Evaluation of these two models 
by  Wilkinson [24] highlighted minor differences, 
with the model from  Cramer [20] giving slightly 
lower nef values.

The American standard for timber structures 
NDS:1973  [22] presented the group modification 
factor in tabular form based on the model of Lantos 
[21]. To simplify its application in design, certain 

(8)
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+

(
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)
m
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1
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1
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2

,

(9)
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= −�L + m
n0−1

1
(1 + �L)

−

(
m

n0−1

1
− m

n0−1

2

)
m

n0
1
(1 + �L) − �L

m
n0
1
− m

n0
2

.
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effects were omitted, and the tabulated data covered 
only a limited range of parameters [30]. This tabular 
approach was later replaced by an explicit analytical 
expression proposed by Zahn [30], which is mathe-
matically equivalent to the model of Lantos [21]. This 
formulation remains in use in the current American 
standard NDS:2024 [29].

Similarly, tabulated values derived from  Lan-
tos [21] were incorporated into CSA 086:1984  [23]. 
To account for factors not represented in the ana-
lytical model by  Lantos [21], including variabil-
ity in timber properties and manufacturing toler-
ances, CSA  086:1989  [26] introduced an empirical 
expression for nef . This expression was based on 
the experimental work of  Yasumura et  al. [18], as 
reported by Joyce [28]. The available literature, how-
ever, provides limited detail on the derivation of this 
formulation:

where tmin is the thinnest timber member in the con-
nection, a1 is the spacing parallel to the grain, and d is 
the fastener diameter.

Following a similar approach, Jorissen [7] adopted 
the same formulation for an empirical regression 
model to estimate the load-carrying capacity of multi-
ple-fastener timber-to-timber bolted connections. The 
general expression is given by

(14)nef = 0.33
(a1
d

)0.2( tmin

d

)0.5

n0.7
0

(15)
Fmultiple = C0 n

C1

0
n
C2

90

(a1
d

)C3
( tm
d

)C4

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
nef

Fsingle ,

where the coefficients Ci were determined by regres-
sion analysis based on his experimental findings (see 
Section 3.1). The term tm∕d is referred to as the slen-
derness ratio of the fastener � , where tm is the thick-
ness of the middle timber member. For single-row 
connections, the factor nC2

90
 is omitted, as it applies to 

the cases considered in this study. This factor relates 
to the number of fasteners in a row perpendicular to 
the grain

The regression coefficients in Eq.  (15) were fit-
ted to predict the experimental load-carrying capac-
ity of the multiple-fastener connection Fmultiple , using 
the calculated single-fastener capacity Fsingle from 
Eqs. (1)–(3) as reference. Jorissen [7] considered two 
strategies for evaluating Fsingle : (i) based solely on 
the European Yield Model (EYM), which assumes a 
ductile load–slip response for the single fastener, and 
(ii) by additionally accounting for brittle failure at 
the single-fastener level through an analytical expres-
sion proposed in Jorissen [7]. Only the first approach 
was later adopted in the design standards, as it aligns 
with the underlying assumptions of the EYM. The 
reader is kindly referred to Chapter 6 of Jorissen [7] 
for the derivation of the regression equations for the 
approach (ii).

The regression analysis conducted using the mean 
values of material properties yielded the follow-
ing relationship for the mean load-carrying capacity 
based on the single fastener capacity according to the 
EYM

(16)
Fmultiple, mean = 0.42 n0.91

0

(a1
d

)0.28( tm
d

)0.19

Fsingle,EYM,mean ≤ nFsingle,EYM,mean.

Fig. 1   Illustration of the a compression and b tension test setup in Jorissen [7] (adapted from Aquino et al. [37])
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To enable application in engineering design, the coef-
ficients were subsequently rounded, and C0 was modi-
fied to guarantee that less than 5% of the predicted 
load-carrying capacities exceed the test results when 
Fsingle,EYM,k is determined using characteristic proper-
ties. This led to the following characteristic load-car-
rying capacity of a multiple-fastener connection

Subsequently, Jorissen [7] proposed a simplified form 
of the regression equation by omitting the slender-
ness ratio � = tm∕d , as this parameter had the least 
influence on the connection capacity. New regression 
coefficients were then derived for this reduced form, 
again ensuring that less than 5% of the predicted load-
carrying capacities exceed the test results, resulting in

The multiplier 0.90 was introduced since the load-
carrying capacity predicted with the proposed simpli-
fied equation was generally higher than with Eq. (17). 
The simplified expression was subsequently adopted 
in EN  1995-1-1:2004, which is presented in a rear-
ranged format as

This simplified equation was retained in EN  1995-
1-1:2025 for connections made of structural lumber 
(SL), parallel laminated timber (PL) and cross-lay-
ered timber (CL). For Laminated Veneer Lumber 
(LVL), however, an alternative equation was intro-
duced, as given in the European LVL Handbook [34], 
expressed as

where the spacing parameter a is defined as a = a3 
for n0 = 1 and a = min (a1, a3) for n0 ≥ 2 , with a3 

(17)
Fmultiple, k = 0.37 n0.90

0

(a1
d

)0.30( tm
d

)0.20

Fsingle, EYM, k ≤ nFsingle, EYM, k.

(18)
Fmultiple, k = 0.90 ⋅ 0.56 n0.90

0

(a1
d

)0.25

Fsingle, EYM,k ≤ nFsingle, EYM,k.

(19)nef = min

⎧
⎪⎨⎪⎩

n0,

n0.9
0

4

�
a1

13 d

.

(20)nef = min

⎧
⎪⎨⎪⎩

n0,

n0.9
0

4

�
t a

50 d2
,

representing the loaded end distance parallel to the 
grain. The thickness t is taken as t = ts for single-
shear connections and t = min (2 ts, tm) for double-
shear configurations, where ts and tm denote the 
thicknesses of the outer and middle timber members, 
respectively. Eq. (20) corresponds closely to the char-
acteristic formulation proposed by  Jorissen [7] and 
given in Eq. (17) when the influence of � is explicitly 
considered. In addition, Eq. (20) also incorporates a3 , 
thereby limiting the influence of a1 . When tm ≈ 3.85 d 
and a1 > a3 , Eq.  (20) yields results equivalent to 
those obtained with Eq. (19).

3 � Materials and methods

3.1 � Experimental campaign by Jorissen (1998)

An extensive experimental campaign, comprising 
approximately 950 single and multiple bolted timber-
to-timber connections loaded parallel to the grain, 
was performed by  Jorissen [7]. The tests were per-
formed on European spruce timber [35] with a meas-
ured mean density of �m = 450  kg/m3 and a charac-
teristic density of �k = 380 kg/m3 . The fasteners were 
M12 bolts of strength class  4.6. No washers were 
applied, and a small clearance was prescribed beneath 
the bolt head to minimise the rope effect, a phenom-
enon in which yielding of the fastener activates ten-
sile forces that can increase the connection’s load-
carrying capacity. Teflon sheets were inserted in the 
shear planes to minimise friction between the mem-
bers. Furthermore, fit-for-purpose steel strips were 
positioned to prevent gaps between the outer and 
inner timber members, as illustrated in Fig.  1. The 
geometrical parameters, namely the fastener spacing 
a1 , loaded-end distance a3 , unloaded-edge distance a4 , 
and the slenderness ratio of the fasteners � , were sys-
tematically varied among the test series to study their 
influence on the connection behaviour.

The connections were tested under tension and 
compression, following EN 26891 [36]. Fig. 1 illus-
trates the test configurations used for five-bolt con-
nections. For tension tests, an additional length of 
390 mm was added near the support and load applica-
tion point.
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3.2 � Numerical modelling of multiple‑fastener 
connections

The load-carrying capacity of single and multiple-
fastener dowelled connections, and therefore, the 
effective number of fasteners, is evaluated herein 
using a numerical upscaling framework with three 
steps, which was previously developed and validated 
by the authors in Aquino et al. [32]. The formulation 
and implementation have been described in detail 
in Aquino et al. [32], and are summarised next.

In Step (1), the ductile load-displacement response 
of a single fastener connection is modelled using a 
nonlinear Beam-on-Foundation (BoF) model (see 
Fig. 2a). This approach simulates the shear and bend-
ing deformation of the fastener and the nonlinear 
embedment stress distribution in the timber members. 
The steel fastener is modelled using two-dimensional 
beam elements with elasto-plastic isotropic strain-
hardening behaviour. The interaction between the 
fastener, the timber members, and the steel plate (in 
steel-to-timber connections) is represented through 
zero-length spring elements connected to each beam 
node, thereby forming a spring foundation support. 
Linear elastic springs are adopted in the contact 
between the fastener and the steel plate, while nonlin-
ear elastic springs are considered in the fastener–tim-
ber interface to describe the local embedment stress-
displacement response, calibrated with experimental 
data (see e.g. Schweigler et al. [38]).

In Step (2), the obtained single-fastener response is 
transferred to the multiple-fastener scale. The fastener 
is represented by rigid cylinder segments along the 
fastener axis. The cylinder segments are connected by 
a nonlinear elastic spring located in the connection’s 
shear plane. Fig.  2b illustrates the multiple-fastener 
model for a timber-to-timber connection in double-
shear, where symmetry in the x-y plane is exploited. 
The nonlinear elastic springs at each fastener level are 
calibrated based on the load–displacement relationship 
obtained from the BoF model for one shear plane. The 
Richard-Abbott equation [39] is applied to parametrise 
the curve response. The numerical framework was 
originally developed for steel-to-timber connections 
in Aquino et  al. [32] and is here extended to account 
for timber-to-timber configurations. The timber mem-
bers and the steel plate (when applicable) are modelled 
with linear-elastic 3D shell elements, with orthotropic 
constitutive behaviour for timber and isotropic for steel. 
The interaction between the rigid cylinders and the 
three-dimensional shell elements was specified as hard 
contact, allowing separation in the normal direction 
and incorporating friction in the tangential direction. 
A node-to-surface contact formulation was applied, 
accounting for the entire outer surface of the cylinders 
and the nodes along the timber member’s hole edge. 
All elasto-plastic deformations of the fasteners and 
the timber are assumed to concentrate in the contact 
region and are therefore lumped within the nonlinear 

Fig. 2   Illustration of the a BoF model single fastener and b multiple-fastener connection model for timber-to-timber connections
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elastic spring formulation, while the surrounding tim-
ber matrix remains linear elastic.

The multiple-fastener connection model is imple-
mented using a displacement-controlled approach, in 
which a displacement uapplied is applied to a reference 
point (RP) that is kinematically coupled to the timber 
member’s edge along the local axis. The applied bound-
ary conditions are illustrated in Fig. 2 for an exemplary 
connection, corresponding to the tests presented later, 
loaded in tension.

Step (3) involves a post-processing module that eval-
uates the elastic stress field in the timber matrix to iden-
tify brittle failure. This evaluation is carried out using 
the mean-stress approach derived from Linear Elastic 
Fracture Mechanics (LEFM), as proposed by Gustafs-
son [40], and described in Subsection 3.2.1. Predefined 
stress paths are evaluated against the failure criteria at 
every displacement increment, and brittle failure is 
assumed to develop parallel to the grain. All the evalu-
ated paths are thus oriented along the grain direction.

A schematic representation of the numerical model 
for timber-to-timber connections is given in Fig. 2. The 
symbols L, R, and T refer, respectively, to the longitudi-
nal, radial, and tangential material axes of timber. For 
steel-to-timber connections, the material properties of 
the inner or outer members are replaced by the isotropic 
elastic properties of steel.

3.2.1 � Brittle failure assessment: mean stress method

The mean stress method evaluates the average stresses 
over a region, thereby reducing the sensitivity to poten-
tial stress singularities that may occur at a single mate-
rial point  [41]. This region is defined using combined 
criteria for crack propagation and stress failure, assum-
ing a linear-elastic orthotropic material. A quadratic 
stress criterion [42] is then applied to evaluate failure, 
given by

where �yy is the mean tensile stress perpendicular to 
the grain, and �xy is the mean shear stress, both over 
the mean stress length x0 ; ft,90 is the tensile strength 
perpendicular to the grain and fv is the shear strength 
of timber. The criterion is restricted to stress compo-
nents perpendicular to the grain and shear, as these 
govern splitting and row shear failure [7, 15].

(21)
(
𝜎̄yy

ft,90

)2

+

(
𝜏xy

fv

)2

= 1,

Assuming a linear interaction for the mixed-mode 
crack growth criteria, the mean stress length x0 can be 
calculated according to

in which k =
√
E∗
II
GII∕

√
E∗
I
GI = �xy∕�yy is the mixed 

mode ratio. GI and GII are the strain energy release 
rates for the opening mode (mode I) and the sliding 
mode (mode II). From the mixed-mode crack-growth 
criteria, the following expression for GI is obtained

where GIc and GIIc are the mode dependent critical 
energy release rates, and E∗

I
 and E∗

II
 are the general-

ised elastic moduli, given as

where Exx , Eyy , and Gxy are the elastic normal and 
shear moduli of the orthotropic material, and �xy is the 
in-plane Poisson’s ratio [43].

To apply the mean stress method, the stress com-
ponents �yy and �xy were extracted along predefined 
paths within the timber matrix in the direction paral-
lel to the grain. Fig. 3 presents the adopted mesh and 
the location of these paths for an exemplary connec-
tion with three fasteners and loaded in tension. Each 
path, with an element height of Ac = 1.0  mm, was 
defined through local partitioning near the fasten-
ers. The mesh was refined in this region using ele-
ments of 1.0 × 1.0 mm, consistent with the predefined 
path height Ac . This meshing approach follows that 
adopted in the previous study [32], where mesh sensi-
tivity was investigated.

The mean stress method was implemented as 
a post-processing module in a Python script. The 
stress distribution from the numerical FE model was 
obtained for each converged solution associated with 
an applied displacement increment, and subsequently, 

(22)x0 =
2

�

E∗
I
GI

f 2
t,90

(
1 +

k2(
fv∕ft,90

)2
)
.

(23)GI =

�
1√
GIc

+

√
E∗
I
⋅ k

√
E∗
II
⋅ GIIc

�−2

,

(24)

E∗
I
=

√√√√√
2ExxEyy√

ExxE
−1
yy

− �xy + Exx

(
2Gxy

)−1 ,

E∗
II
=

√√√√√
2E2

xx√
ExxE

−1
yy

− �xy + Exx

(
2Gxy

)−1 ,
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the mean stress length was determined for vari-
ous potential failure paths along the grain direction. 
The calculations were carried out for the predeter-
mined paths associated with each fastener and load 
increment, for which the failure criterion given in 
Eq. (21) was evaluated. The path where the first fail-
ure occurred was identified as the critical one, hence 
governing the connection’s load-carrying capacity. It 
is noteworthy that for timber-to-timber connections, 
the assessment was conducted along the predefined 
paths in both the outer and inner members, particu-
larly when the thicknesses differed ( tm ≠ 2 ts ), as 
this caused variations in stress distribution between 
members.

3.2.2 � Timber stress calculations for connections 
with slender fasteners

Modelling the timber member behaviour with shell 
elements is appropriate for connections with stocky 
fasteners. For connections with slender fasteners, 
however, the fasteners are expected to bend, causing 
a non-uniform embedment stress distribution over 
the member thickness, as illustrated in Fig.  2a. To 
account for this effect, a multiplier correction factor 
Cf , derived based on the effective timber thickness tef , 
is applied to modify the uniform stresses obtained in 
step (2), where Cf = ts∕tef for the side member and 
Cf = tm∕2 tef for the middle member.

The determination of tef builds on the approach 
proposed by Jorissen  [7], based on the EYM. The 
embedment stresses are assumed to be uniform 
over a length ty = 0.5Fsingle, EYM∕(d fh) , where 

0.5Fsingle, EYM is the single-fastener’s capacity per 
shear plane in double-shear connections.

To account for the interaction between fasteners 
and stress accumulation in single-row multiple-fas-
tener connections, Jorissen [7] introduced a modi-
fied length tya , which was used as tef in the analytical 
brittle failure models proposed in  [7]. This length 
tya was considered slightly greater than ty and was 
determined through an empirical expression based 
on the spacing between fasteners a1 and the fastener 
diameter d, as

where t = ts for side members and t = 0.5 tm for mid-
dle members.

In this study, the length ty is obtained using the 
nonlinear elastic BoF model (see Fig. 2a), following 
the approach proposed in Aquino et al. [44]. Given 
that the embedment stresses in the BoF model are 
non-uniform, the force developed in the side mem-
ber Fx,side = 0.5Fx is calculated by integrating the 
embedment stress function �h,�(z) over the member 
thickness ts , as

The integration over the timber member thickness is 
divided into three segments (see Fig. 2a), as follows

The first segment, which is defined within a length 
[0, ty ], represents the load-carrying capacity of the 
side timber member. The combined contribution of 
the second and third segments sums to zero as shown 
in Fig.  2a, with the indication of the positive stress 
(blue area) and the negative stress (red area) regions. 
To determine ty , the value of ty1 is found by solving 
the root of the stress function �h,�(z) = 0 . Subse-
quently, an iterative approach is employed to calcu-
late the value of ty , such that the following condition 
is satisfied

(25)tya =

(
1 +

0.3a1

7d

t − ty

t

)
ty,

(26)Fx,side = d ∫
ts

0

�h,�(z)dz.

(27)

Fx, side = d

(
∫

ty

0

�h, �(z)dz

+ ∫
ty

ty

�h, �(z)dz + ∫
ts

ty1

�h, �(z)dz

)
.

Fig. 3   Illustration of the finite element mesh pattern and pre-
defined paths for a three-fastener connection loaded in tension
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The values of ty are calculated for each displacement 
increment in the BoF model. In this study, both defi-
nitions tef = ty and tef = tya are examined. The length 
ty is determined by solving Eq. (28), and tya is subse-
quently calculated using Eq. (25) with the obtained ty.

The length ty is determined from the stresses 
developed at the contact interface between the 
steel fastener and the timber member, as obtained 
from the BoF model. Deriving the correction fac-
tor Cf based on ty offers a simplified and conserva-
tive method to address the non-linear embedment 
stress distribution derived from a two-dimensional 
representation of the timber matrix. The empiri-
cal expression for tya proposed by Jorissen  [7] is 
intended to account for additional effects, such as 
stress spread and stress interaction, that are not cap-
tured by ty.

4 � Model validation

The numerical modelling approach was validated in 
Aquino et  al.  [32] using the experimental dataset of 
Palma and Wydler  [45], which comprises tests on 
Laminated Veneer Lumber (LVL)-to-steel single and 
multiple-dowel connections. While good agreement 
was found between the numerical and experimental 
findings, the available experimental results were lim-
ited to single-row connections comprising three dow-
els with a1 = 5 d and a3 = 7 d . Validation is extended 
herein to the timber-to-timber tests from Jorissen [7], 
allowing for a broader evaluation of the model’s pre-
dictive capability with respect to the influence of the 
number of fasteners and spacing.

4.1 � Single‑fastener connection response

In the first step of the modelling approach, the BoF 
model was used to reproduce the ductile slip curves 
of single-fastener connections. Jorissen [7] reported 
mean experimental curves that were parametrised 
using the Foschi equation  [46], incorporating the 
maximum load Fsingle,exp as an upper limit, given as

(28)∫
ty1

ty

�h,�(z)dz = ∫
ts

ty1

�h,�(z)dz.

where Kel and Kpl are the elastic and plastic connec-
tion stiffnesses, and Finter is the intersection of Kpl 
with the vertical axis representing connection force. 
These parametrised curves served to validate the out-
put of the BoF model.

The spring foundation in the BoF model was 
based on timber embedment properties derived from 
the experimental slip curve of a single-fastener con-
nection with ts = 12  mm and tm = 24  mm that were 
governed by embedment failure and correspond 
to failure modes (g) and (h) in Eq.  (1). The embed-
ment stress–displacement ( �h, uh,x ) relationship was 
described by the Richard–Abbott equation [39], given 
as

based on the experimentally derived properties. 
The elastic and plastic foundation stiffnesses were 
kel = 112.2  N/mm3 and kpl = 0.001  N/mm3 , respec-
tively. The parameter fh,inter = 26.5  N/mm2 denotes 
the point where kpl intersects the vertical axis cor-
responding to the embedment stress. The parameter 
governing the transition between the elastic and plas-
tic segments was assumed to be a = 2.0 , as this value 
provided a good agreement with the fitted single-fas-
tener slip curve available.

The steel bolt was modelled using an elasto-plastic 
stress–strain relationship with strain hardening. The 
elastic modulus was set to Es = 210000 N/mm2 , fol-
lowed by a small yield plateau beginning at a tensile 
yield strength of fy = 300 N/mm2 . After the plateau, 
strain hardening was introduced with a plastic mod-
ulus of Epl = 0.15Es , continuing until an ultimate 
strength of fu = 750  N/mm2 was reached. These 
material properties were identified by calibrating the 
BoF model to reproduce the experimental curves 
reported by Jorissen  [7], as no stress-strain data for 
the bolts were reported in the study.

Consistent agreement of the load–displacement 
curves during the calibration of both bolt material 
properties and timber embedment behaviour across 
the various connections was challenging. This was 
attributed to the high variability in timber embedment 
behaviour and in the cross-sectional dimensions of 

(29)Fx = (Finter + Kpl ux)(1 − e
−Kel ux

Finter ) ≤ Fsingle,exp,

(30)
�h(uh,x) =

(kel − kpl) ⋅ uh,x
[
1 +

(
(kel−kpl)⋅uh,x

fh,inter

)a] 1

a

+ kpl ⋅ uh,x,
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the steel bolts. Such a conclusion is consistent with 
the considerable differences reported by Jorissen 
[7] in the diameters of the M12 bolts, measured at 
10.65 mm to 11.75 mm, which may reflect differences 
in material characteristics arising from manufacturing 
tolerances or surface treatments.

Three timber-to-timber connection categories with 
different side- and middle-member thicknesses and 
corresponding fastener failure modes are considered 
for model validation. Fig.  4 compares the obtained 
load-displacement curves with the parametrised 
response reported by Jorissen  [7], according to the 
Foschi curve, limited by the maximum experimen-
tal load Fsingle,exp as given in Eq.  (29). For Category 
I, governed by embedment failure, the model slightly 
overestimates the response in the transition from the 
elastic to the plastic regime. In Category II, associ-
ated with fastener yielding and the formation of one 
plastic hinge, good agreement is achieved up to a dis-
placement of approximately 6 mm. Beyond this dis-
placement, the BoF model overestimates the experi-
mental response, with a relative difference of 4.7% at 
8  mm and up to 11.1% at 20  mm. An overall good 
agreement was achieved for Category III, charac-
terised by fastener failure with three plastic hinges. 
While adjusting the material properties for each con-
nection category could have improved the agreement 
between numerical and experimental results, mean 
properties were retained for consistency in model 
validation.

The single-fastener connection tests by Joris-
sen  [7] were performed under compression load, 
with a3 = 84  mm and a4 = 36  mm. The tests were 
terminated upon timber splitting, and Fsingle,exp was 
defined as the maximum load recorded during the 

test. This experimental value served as the basis for 
the nef definition (see Section 4.2).

For consistency with the experimental procedure, 
the single-fastener load-carrying capacity Fsingle,model 
was evaluated by implementing steps (2) and (3) 
(see Section 3.2) of the modelling approach, explic-
itly accounting for brittle failure assessment. A duc-
tile failure is defined by a maximum relative fas-
tener displacement of 15 mm. If brittle failure is not 
predicted before this threshold, the failure is 
assumed to be ductile, and the load at this displace-
ment is taken as the connection’s load-carrying 
capacity. Given that the multiple-fastener connec-
tions were experimentally tested under both tension 
and/or compression, all corresponding simulations 
were performed under both loading conditions. 
Accordingly, the single-fastener capacities are 
denoted as Fcomp

single,model
 and Ftens

single,model
 , respectively, 

and include brittle failure assessment. It should be 
noted that at the BoF level (step (1) of the model-
ling approach, no distinction is made between ten-
sile and compressive loading, and only the ductile 
response is obtained. The distinction between load-
ing directions is introduced at step (2), where the 
stress distribution in the timber matrix is explicitly 
accounted for by applying different boundary condi-
tions for tension and compression. Based on the 
results of step (2), brittle failure is evaluated in step 
(3) using the mean stress approach.

With this approach, the goal is to isolate the 
group effect without introducing any influence 
from design assumptions typically used to calculate 
Fsingle , such as those from the EYM. Jorissen [7] 
proposed the use of Fsingle,EYM for the determination 

Fig. 4   Comparison between the load–displacement curves from the Beam-on-Foundation model and the parametrised experimental 
response reported by Jorissen [7]
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of nef in design, since it is common practice to 
determine Fsingle according to the EYM. Such an 
approach is further discussed and investigated in 
Section 5.2.

The load-slip curves obtained from the BoF 
model (see Fig. 4) were used as input for the non-
linear springs in step (2) of the modelling approach 
(see Section  3.2). The additional required elas-
tic properties for the timber member were set 
as Exx = 11, 000  N/mm2 , Eyy = 350  N/mm2 , and 
Gxy = 690  N/mm2 , with Poisson’s ratios �xy = 0.35 
and �yx = 0.011 [43].

A friction coefficient of � = 0.10 was assumed 
for the interface between the steel fastener and 
the timber member, in accordance with Sjödin 
et  al.  [47], who found that this value provided the 
best agreement between experimentally measured 
and numerically predicted strain fields for smooth 
fastener–timber contact. In the present simula-
tions, this value also yielded the closest correspond-
ence with the observed experimental load-carrying 
capacity. Higher values of � reduced stress peaks 
and delayed the onset of brittle failure, leading 
to less accurate predictions of the experimental 
response, regardless of the strength and fracture 
parameters used.

Strength and fracture parameters for tensile and 
shear failure in spruce vary significantly across 
the literature. Reported values for ft,90 range from 
approximately 0.7 to 3.0  N/mm2 , while fv varies 
between about 4.0 and 10.5 N/mm2 [7, 43, 48, 49]. 
Similarly, fracture energy values exhibit considera-
ble scatter, with GIc typically reported between 0.13 

and 0.32  N.mm/mm2 , and corresponding mode II 
values derived or measured accordingly in the order 
of GIIc = 3.5GIc [50–54].

Based on these ranges, the parameters GIc , ft,90 , 
and fv were determined through a parametric evalu-
ation. The value of GIc was varied between 0.13 
and 0.32  N.mm/mm2 in increments of 0.01, while 
ft,90 and fv were varied from 0.7 to 3.0  N/mm2 and 
4.0 to 10.5  N/mm2 , respectively, in increments of 
0.2. The mode II fracture energy was defined as 
GIIc = 3.5GIc [50]. For each parameter set, numerical 
predictions were compared with available experimen-
tal results for both tensile and compressive configura-
tions at Category I, with n0 = 3 and n0 = 5 . The final 
parameter set was selected based on the overall agree-
ment with the experimental load-carrying capacity 
across all configurations, while avoiding parameter 
combinations that led to larger deviations in individ-
ual cases.

Using this approach, the adopted values 
GIc = 0.133  N.mm/mm2 , ft,90 = 1.4  N/mm2 , and 
fv = 5.4  N/mm2 provided consistent agreement with 
the experimental observations.

Table  1 presents the single-fastener load-carry-
ing capacities obtained from experiments and from 
the different models used as reference for the deter-
mination of nef . Because the actual bolt diameter 
used in the single-fastener connection tests did not 
always agree with those used in the multiple-fastener 
tests, Jorissen [7] extrapolated the test results for 
untested diameters within each category based on 
the EYM, as indicated in Table 1. The load-carrying 
capacities according to the EYM are also reported, 

Table 1   Load-carrying capacity of the single-fastener connections

*These values were extrapolated by Jorissen [7] based on the EYM to estimate Fsingle for variations in bolt diameter not included in 
the single-fastener connection tests

Category tm
[mm]

ts
[mm]

d
[mm]

F
comp

single,exp

[kN]
F

comp

single,model

[kN]
Ftensile

single,model

[kN]
Fsingle,EYM

[kN]

I 12.00 24.00 11.75 7.46 6.97 6.92 9.18
II 24.00 48.00 10.65 11.91 12.39 12.45 12.37

11.25 13.09* 12.54 12.74 13.54
11.75 14.05* 14.78 12.92 14.56

III 59.00 72.00 10.65 15.60* 15.21 15.21 17.18
11.75 18.79 17.69 17.69 19.35
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calculated through Eqs.  (1), (4), and  (5) considering 
�m = 450 kg/m3 and fu = 750 N/mm2.

The capacities obtained from the numerical model 
agree well with the experimental results, with rela-
tive differences of less than 10%. These differences 
can be attributed to uncertainties in the material input 
parameters used in the numerical model. For connec-
tions of Categories II and III, pronounced fastener 
bending was observed, requiring the stress correc-
tion based on the effective thickness of the connec-
tion. Adopting tef = ty resulted in an underestimation 
of approximately 5% to 35% of the connection’s load-
carrying capacity. Consequently, tef = tya with a1 = a3 
was adopted, resulting in improved agreement with 
the experimental data. For the multiple-fastener con-
nections simulated, tef = tya was similarly retained, as 
it also demonstrated closer correlation with the avail-
able experimental data.

4.2 � Multiple‑fastener connections: effective number 
of fasteners

The three categories discussed in the previous section, 
used to validate the modelling approach for the single-
fastener connection response, were tested by Joris-
sen [7] in a multiple-fastener arrangement by varying 
n0 and a1 . This study consideres n0 = {3, 5, 9} , with 
values of a1 = 36 mm (≈ 3d) , a1 = 60 mm (≈ 5d) , 
a1 = 84 mm (≈ 7d) , and a1 = 132 mm (≈ 11d) . The 
distances a3 = 84 mm ( ≈ 7d ) and a4 = 36 mm ( ≈ 3d ) 
are constant among all selected connection groups.

The effective number of fasteners nef is evalu-
ated by comparing the ratio Fmultiple∕Fsingle obtained 
from the model with that from the experiments. The 
experimental values for nef are obtained by dividing 
the load-carrying capacity from the multiple-fastener 
connection Fmultiple,exp by the mean load-carrying 
capacity from the single-fastener connection tests 
Fsingle,exp . The numerical values of nef are obtained by 
dividing Fmultiple,model by Fsingle,model , with multiple-
fastener connections under compression compared 
to single-fastener connections in compression, and 
similarly for tension. The material properties used 
as model input to obtain Fmultiple,model are the same as 
those discussed in Subsection 4.1.

The obtained nef are shown in Fig. 5 for the three 
categories considered. The results demonstrate a 
good overall correlation between numerical and 

experimental results for connections with n0 = 3 and 
n0 = 5 . The model also captures the different behav-
iours shown under tension and compression due to 
the different stress distribution.

For connections with a1 ≥ 5d , the relative differ-
ences �rel between experimental and numerical nef are 
generally below 12%, with a few notable exceptions 
highlighted in Fig. 5. In Category I, for connections 
with five dowels and a1 = 5d = 60  mm, the relative 
differences reach approximately �rel ≈ 14% in tension 
and �rel ≈ 19% in compression. In Category III, the 
main outliers correspond to connections with three 
dowels and a1 = 5d = 64  mm ( �rel ≈ 14% ) under 
tension, and with five dowels and a1 = 7d = 84 mm 
under compression ( �rel ≈ 23% ). Excluding these out-
liers, the mean difference between model and experi-
mental results is approximately 6% for connections 
with n0 = 3 and n0 = 5 and a1 ≥ 5d . The differences 
are computed based on the loading condition, i.e., 
experiments under compression are compared with 
the model results under compression, and likewise for 
tension.

For a1 = 3d = 36  mm, results are available only 
for connections with five dowels, predominantly 
under compression, with tension results reported 
only for Category III. In this case, relative differences 
below 10% are observed for compression in Catego-
ries II and III, whereas Category I shows a signifi-
cantly larger deviation, reaching up to 40%. Note that 
a1 = 3d is not considered practical due to premature 
brittle failure. Moreover, including these cases signif-
icantly affected the regression coefficients. Therefore, 
Jorissen [7] excluded them from the determination of 
the regression equation for nef.

The observed differences likely have multi-
ple sources and are therefore difficult to trace. For 
instance, variability in material properties, manu-
facturing tolerances, and misalignments that were 
not considered in the model may be a source of the 
observed differences. In addition, the simplified cor-
rection factor for the non-uniform stress distribu-
tion across the member thickness can also introduce 
uncertainty in connections in Categories II and III.

It can be noted that nef > n0 for the connections 
with n0 = 3 simulated in compression for 
a1 = 132 mm in Category I, and for a1 = 84 mm and 
a1 = 132  mm in Category  II. These cases arise 
because the single-fastener connection fails in a 
brittle manner at a lower fastener force than the 
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Fig. 5   Comparison between the effective number of fasteners for timber-to-timber connections from Jorissen [7] and the numerical 
model for a Category I, b Category II, and c Category III
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corresponding multiple-fastener configuration. In 
the compression setup, the single-fastener connec-
tion develops slightly higher tensile stresses perpen-
dicular to the grain and shear stresses along the crit-
ical path at the loaded end, which increases the 
mean stresses and reduces Fcomp

single,model
 relative to 

Fmultiple,model∕n0 . For larger a1 , the stress accumula-
tion effect in multiple-fastener connections becomes 
less pronounced, further amplifying this difference. 
In addition, for connections with slender fasteners 
(Category  II), the adopted definition tef = tya 
increases with a1 , resulting in a lower stress correc-
tion factor Cf  (see Subsection 3.2.2) with increasing 
spacing. This directly contributes to the higher nef 
values. These influences are less pronounced for 
n0 = 5 , where the greater non-uniform load distri-
bution promotes earlier brittle failure compared 
with the n0 = 3 configurations. If the ductile single-
fastener capacity at larger displacements were taken 
as a reference, nef wouldn’t exceed n0 . This also 
highlights the impact of the reference value for 
Fsingle adopted to derive nef.

Additionally, the model significantly underes-
timates the load-carrying capacity of the connec-
tions for n0 = 9 in Categories I and III, whereas it 
overestimates it in Category II. The underestimation 
may be due to the model capturing only the onset of 
cracking. This first failure likely represents a local 
failure in connections with more fasteners. The 
connection may retain some load-carrying capac-
ity after load redistribution, which the model does 
not account for. Nonetheless, the different behav-
iour observed for Category II likely results from 
the high variability of the experimental dataset. The 

numerical model results for nef are similar across 
the three connection categories, ranging from 
nef = 3 to nef = 6 . While the experimental results 
are significantly lower for Category II with nef ≈ 4 , 
and for Categories I and II range from nef = 6 to 
nef = 8 . Connections with a larger number of fasten-
ers are more likely to exhibit knots or other defects 
that influence material properties and structural 
response. In addition, Jorissen [7] reported differ-
ences in hole clearances arising from fabrication 
tolerances, such as misalignment of bolt holes, 
variations in hole diameters, and the initial posi-
tion of the bolts within the holes. These imperfec-
tions directly influence the load distribution among 
fasteners and may lead to earlier or delayed brittle 
failure, depending on the resulting load distribution. 
This effect is likely more pronounced in connec-
tions with more fasteners, which inherently exhibit 
a more non-uniform load distribution.

From the numerical model results, it is generally 
observed that nef increases with increasing a1 , particu-
larly up to a1 = 7d . This trend is primarily attributed 
to stress accumulation in the timber matrix between 
fasteners, which is greater at lower spacings and leads 
to earlier brittle-failure predictions and consequently 
lower nef values (see also Fig.  7). From a1 = 7d to 
a1 = 11d , the rate of increase diminishes or even 
slightly decreases. This occurs due to non-uniform 
load distribution, which becomes more pronounced 
for connections with stocky fasteners and at larger 
spacing. As a result, the most loaded fastener carries 
a larger share of the total load when a1 = 11d than 
when a1 = 7d , causing the model to predict earlier 
failure. This effect is more pronounced in the tensile 
loading due to differences in the stress distribution 

Fig. 6   Comparison of 
principal stress trajectories 
for a single-fastener connec-
tion loaded in tension and 
compression
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compared to the compression setup, as discussed in 
Section 5.1.

5 � Exploratory numerical analysis

5.1 � Influence of loading direction

Jorissen [7] reported slightly higher load-carrying 
capacities under compression loading compared to 
tensile loading, attributed to differences in principal 
stress directions. Tension loading generally produces 
larger angles between the fibre direction and stress 
trajectories, leading to higher tensile stresses perpen-
dicular to the grain. This behaviour was verified in the 
numerical model proposed in this work, as shown in 
Fig. 6, with behaviour consistent with that presented 
by Jorissen [7].

The distributions of stresses perpendicular to 
the grain �yy and the shear stresses �xy are plotted in 
Fig.  7 along paths parallel to the grain direction for 
both loading directions for connections in Category 
I with five fasteners. The analysis considers different 
spacings a1 . The comparison is carried out at a load 
level of 32 kN, which approximately corresponds to 
the proportional limit on the connection’s load-dis-
placement curve. The path positions ys were selected 
as those exhibiting the maximum stress levels, for �yy , 
at ys = 1 mm in both loading directions, and for �xy , at 
ys = 2 mm in compression and ys = 3 mm in tension.

Fig.  7 shows that peak �yy near fastener 1 is sig-
nificantly higher under compression than tension. The 
compressive setup exhibits a more pronounced stress 
accumulation effect compared to the tensile setup, 
primarily due to the direction of the principal stress 
trajectories, which converge toward the loaded end in 

Fig. 7   Comparison of stress distributions for connections of Category I with five fasteners for a
1
= 60  mm, a

1
= 84  mm and 

a
1
= 132 mm loaded in tension and compression
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the compressive setup, coinciding with the support 
(see Fig. 6). As a result, the stresses generated by the 
load in fastener 5 accumulate with those from fastener 
4, and so forth, producing a cumulative effect, which 
tends to decrease with increasing a1 . However, these 
higher peak stresses do not translate into higher mean 
stresses along the critical paths. Despite the more 
pronounced effect of stress accumulation under com-
pression, the tensile setup exhibits higher stress lev-
els along the path. This leads to higher mean stresses 
and, in turn, to earlier brittle failure prediction under 
tension than under compression.

In contrast, under tensile loading, stress accumula-
tion is less pronounced because the support is located 
opposite to the loading direction, causing the stress 
trajectories to diverge away from the load path. Fur-
thermore, as explained by  Jorissen [7], the angles 
between the fibre direction and the stress trajectory 
lines are larger in tension, which leads to higher �yy 
along the path. Similarly, as a1 increases, the stress 
magnitudes tend to decrease, particularly beyond the 
peak.

The differences in the boundary conditions also 
impact the distribution of shear stresses. In addition 
to the maximum shear stresses occurring in differ-
ent paths, the higher peak shear stress also appears 
at different fasteners. Shear stresses are higher for 
fastener 1 in the compressive setup, while they are 
higher for fastener 5 in the tensile setup. While the 
peak shear stresses in the compressive setup decrease 
with increasing a1 , particularly for fastener 1, due to 
stress accumulation, the shear stresses remain rela-
tively unchanged across different a1 values in the ten-
sile setup.

These differences in stress distribution directly 
impact the evaluation of failure. For the connections 
of Category I with n0 = 5 , the mean stress method 
predicted initial failure at fastener 1 at paths at 
ys = 1  mm in the compressive setup and at fastener 
5 at paths at ys = 2  mm in the tensile setup. It was 
observed that the differences between loading in ten-
sion and compression in terms of the load-carrying 
capacity, and consequently, on the nef , become more 
pronounced as a1 increases. Nonetheless, it is impor-
tant to note that failure prediction using the proposed 
approach depends heavily on the material proper-
ties and failure criteria considered. In addition, for 

connections with slender fasteners, although the stress 
distribution obtained from the numerical model fol-
lows a similar pattern, the failure prediction strongly 
depends on how the effective thickness is defined.

5.2 � Comparison for different connection 
arrangements

The main objective of this study is to evaluate the 
effective number of fasteners nef for connection 
arrangements not covered by the experimental data-
set of Jorissen [7]. Such a dataset served as the basis 
for Eurocode  5  [6, 14] regression equations pro-
posed in  [7] and for the validation of the numerical 
model. In this section, the numerical modelling strat-
egy is extended to steel-to-timber connections with 
both inner and outer steel plates, in addition to the 
timber-to-timber configurations studied in the model 
validation.

Here, the simulated values of nef are obtained as 
Fmultiple,model∕Fsingle,EYM , consistent with the deriva-
tion of Eq.  (16), where Fsingle,EYM was calculated 
through Eqs.  (1)–  (3) with mean timber density of 
�m = 450  kg/m3 and fu = 750 N/mm2 . Note that the 
use of Fsingle,EYM introduces the assumptions inher-
ent to the EYM into the evaluation of the effective 
number of fasteners, in addition to the group effects 
discussed in Section 4. Consequently, the calculated 
nef values are sensitive to both the EYM prediction of 
Fsingle and the adopted material properties.

The geometry of the connections was selected to 
encompass different failure modes of the fastener, 
ranging from pure embedment failure to dowel bend-
ing with one or two plastic hinges per shear plane, 
as respectively illustrated by Categories I, II, and III 
in Fig. 8. The same material properties for steel and 
timber used in the model validation (see Section  4) 
were maintained throughout the comparison. Con-
nections with n0 = 3 and n0 = 5 under tensile loading 
were evaluated, which tended to exhibit earlier brittle 
failure than compressive loading and, thus, represent 
a more critical scenario for nef . Compressive load-
ing was also examined, but the corresponding results 
are omitted here for brevity. However, they consist-
ently yielded nef values equal to or greater than those 
obtained under tensile loading.
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Fig. 8   Comparison of the effective number of fasteners n
ef

 according to the different models for steel-to-timber and timber-to-timber 
connections, considering a embedment failure, b one plastic hinge per shear plane, and c two plastic hinges per shear plane (dimen-
sions in mm)
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In Fig. 8, the resulting values of nef are compared 
against the empirical equations derived by Joris-
sen  [7], considering mean (Eq.  (16)) and character-
istic values (Eq.  (17)) of Fsingle,EYM . The simplified 
design equation adopted in EN  1995-1-1:2004  [6] 
(Eq. (19)) and the one adopted for LVL in EN 1995-
1-1:2025  [14] (Eq.  (20)) are also included for com-
parison. Additionally, the analytical model proposed 
by Lantos  [21] and adopted in the American stand-
ard NDS:2024  [29] (Eq.  (7)), as well as the empiri-
cal equation from the Canadian Standard CSA 
086:1989  [26] (Eq.  (14)), are presented to provide 
further context.

The model proposed by Lantos  [21], given in 
Eq. (7), utilises the stiffness modulus EA of the con-
nected middle and side members as input. These val-
ues were consistently determined using the modu-
lus of elasticity for steel, Es = 210, 000 N/mm2 , and 
for timber, Exx = 11, 000  N/mm2 , as adopted for the 
numerical simulations. The cross-sectional area was 
calculated individually as the product of the member 
thickness, ts or tm , and the member height, defined as 
h = 2 ⋅ a4 (see Fig. 1). An additional required param-
eter is the single-fastener elastic stiffness Kel , which 
is determined according to the empirical expres-
sion in NDS:2024  [29] to ensure consistency with 
the standard. For for timber-to-timber connections, 
Kel = 244.5 d1.5 (N/mm) steel-to-timber connections, 
Kel = 366.7 d1.5 (N/mm), and. Due to these differ-
ences, each connection arrangement results in a dis-
tinct nef value, as given in Fig. 8.

The empirical equation in CSA  086:1989  [26], 
given in Eq. (14), yields two distinct nef results based 
on the connection type. In this equation, tmin repre-
sents the minimum timber thickness. For timber-to-
timber and steel-to-timber (inner plate) connections, 
tmin = ts , resulting in identical nef values for these 
cases. However, for steel-to-timber (outer plate) con-
nections, tmin = tm , leading to different nef values than 
the first two cases.

Eq.  (19) overestimates nef for all simulated con-
nections with stocky fasteners (Fig.  8a), including 
the timber-to-timber connections in the calibration 
dataset. Neglecting the fastener slenderness ratio in 
the derivation resulted in higher nef values than those 
obtained with Eq.  (17), indicating that Eq.  (19) may 
not be suitable for connections with stocky fasteners, 
as it overestimates their load-carrying capacity.

With increasing connection slenderness (Figs.  8b 
and  8c), Eq.  (19) showed improved agreement with 
the simulated values of nef . Nonetheless, Eqs.  (16), 
(17), and (20) generally overestimated nef , except for 
the steel-to-timber connection with thin outer steel 
plates. In particular, for connections with n0 = 3 and 
a1 = 84 mm and a1 = 132 mm, the calculated nef val-
ues exceed n0 . These higher nef values primarily arise 
from the EYM’s conservative prediction of the single-
fastener load-carrying capacity, which underestimates 
Fsingle by about 44% compared to the BoF model at 
15  mm displacement. The BoF-derived single-fas-
tener load-displacement curve is used in the multiple-
fastener model to determine Fmultiple . Thus, nef > n0 
does not imply that the multiple-fastener capacity 
surpasses the sum of the individual fastener capaci-
ties, but rather reflects the influence of the lower 
Fsingle,EYM reference value. This also explains higher 
nef values for the Category II connections with outer 
steel plates relative to other configurations. For Cat-
egory I, the difference between Fsingle from EYM and 
BoF at 15 mm displacement is about 18%. Although 
relatively high, this value is consistent across configu-
rations with the same Fsingle . For Categories II and III, 
model differences are below 10%, except for the Cat-
egory II connection with outer steel plates.

This underscores the impact of the EYM predic-
tion on the determination of nef . In the derivation of 
empirical expressions, Jorissen [7] considered the 
EYM with the same embedment strength formula-
tion used herein. However, for the effective bending 
moment, rather than employing the formulation cur-
rently adopted in EN 1995-1-1:2004 [6], Jorissen [7] 
used the plastic fastener bending moment, defined as 
My,pl = fy d3∕6 , with fy = 400  N/mm2 . These values 
are approximately 25% lower than the My used herein. 
It should be noted that underestimating Fsingle,EYM in 
the derivation of empirical regression equations may 
have led to unconservative values of nef.

Furthermore, the simulated results can highlight 
differences among the connection arrangements 
investigated (timber-to-timber, steel-to-timber with 
inner and outer plates). For the connections with 
stocky fasteners, the obtained nef values tend to 
diverge with increasing spacing a1 , becoming more 
pronounced as the number of fasteners increases. 
This is primarily attributed to the increasingly non-
uniform load distribution among fasteners, which 
becomes more significant with higher n0 and is even 
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more pronounced in steel-to-timber connections 
due to the stiffness disparity between the connected 
members.

The empirical model developed by Jorissen  [7] 
does not capture this effect because it does not explic-
itly account for stiffness differences between con-
nected members during calibration. In contrast, the 
linear-elastic model from Lantos [21], as adopted by 
the American standard NDS [29], accounts for mem-
ber stiffness and thus captures this effect. Nonethe-
less, since this model defines nef solely based on the 
load distribution within the elastic range, the impact 
is reflected directly as a reduction in nef with increas-
ing spacing a1 . The numerical model demonstrated 
that the load tends to redistribute with increasing dis-
placement, resulting in a more uniform distribution 
within the plastic region at larger displacements than 
within the elastic region. The nef value is therefore 
highly sensitive to the instant of failure prediction.

The empirical model proposed by Jorissen [7] and 
the model in CSA  086:1989  [26] incorporate addi-
tional factors due to their empirical foundations, as 
discussed in Section 2.2.1. Consequently, their results 
diverge significantly from those of the model of Lan-
tos  [21] and present a behaviour more consistent 
with the numerically obtained values, even though 
they also fail to capture factors outside the calibrated 
range.

The differences between connections in the nef 
decrease with increasing a1 , for the connections with 
slender fasteners with one plastic hinge per shear 
plane presented in Fig.  8b. The increased slender-
ness and spacing a1 allow the connections to achieve 
larger displacements before failure. As displacement 
increases, the non-uniformity of the load distribution 
diminishes, and at the point of failure prediction, the 
load is uniformly distributed among the fasteners. 
This effect is even more pronounced for connections 
with increased slenderness as shown in Fig.  8c. As 
the timber member thickness increases, its structural 
stiffness increases. This higher stiffness results in a 
more uniform load distribution at smaller displace-
ments. Additionally, the failure prediction for slen-
der connections strongly depends on the definition 
of effective thickness employed, and the embedment 
stress distribution varies across different connection 
arrangements.

The comparison demonstrates that the effec-
tive number of fasteners is significantly affected by 

connection geometry, fastener slenderness, and the 
interaction between material stiffness and failure 
mode. The results further suggest that existing empir-
ical formulations may result in non-conservative 
or inconsistent predictions when used outside their 
original calibration range. Although mechanistically 
based approaches provide greater generality, the defi-
nition of nef is highly sensitive to the chosen failure 
criterion, especially the displacement level at which 
it is assessed. As loading increases and the connec-
tion response shifts from the elastic to the inelastic 
range, load redistribution among fasteners occurs, 
which directly affects the resulting nef values. Man-
ufacturing tolerances, misalignments, and material 
variability also affect the connection response [7, 24, 
25, 55], and should be incorporated into the develop-
ment of reliable expressions for nef . Several authors 
recommend explicitly distinguishing brittle failure 
modes from other mechanical and statistical effects 
that cause non-uniform load distribution in the defini-
tion of nef , as this distinction offers additional insight 
into the governing failure mechanisms of the connec-
tion  [13, 55]. This study, therefore, provides a con-
sistent basis for understanding the mechanical back-
ground of the observed trends in nef and may support 
the development of refined design models and tar-
geted experimental campaigns to improve future 
performance.

6 � Conclusions

A numerical model based on linear elastic fracture 
mechanics is used to investigate the effective number 
of fasteners in dowelled connections loaded parallel 
to the grain. The model is validated against experi-
mental tests on timber-to-timber connections used to 
derive the regression equations for the effective num-
ber of fasteners nef available in Eurocode 5 [6, 14]. In 
addition, steel-to-timber connections with inner and 
outer steel plates were simulated.

The predicted numerical response was compared 
with the behaviour from reference timber-to-timber 
connections, and also to the analytical predictions 
of nef from Eurocode 5  [6, 14], the Canadian stand-
ard CSA 086:1989  [26], and the American standard 
NDS:2024  [29]. It was found that Eurocode  5  [6] 
overestimates nef , particularly for connections with 
stocky fasteners and larger a1 , as the design equation 
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precludes the slenderness ratio of the fasteners. The 
correlation between simulated results and the Euroc-
ode 5 equation improves with increasing slenderness 
ratio. The Canadian CSA 086:1989 formula provided 
more conservative estimates for stocky fasteners 
but tended to overestimate nef for slender fasteners. 
The NDS:2024 equation consistently overestimated 
nef and, uniquely, predicted a decrease in nef with 
increasing fastener spacing, contrary to trends seen in 
Eurocode 5 and CSA equations.

The differences in behaviour between the timber-
to-timber and steel-to-timber connection arrange-
ments, with n0 = 3 and n0 = 5 fasteners, were also 
analysed. The observed variations were mainly 
attributed to non-uniform load distribution among 
fasteners. Steel-to-timber connections exhibit a more 
pronounced non-uniformity than timber-to-timber 
ones, primarily due to the larger stiffness difference 
between the connected parts. The non-uniform load 
distribution increases with both the spacing between 
fasteners a1 and the number of fasteners n0 , but 
decreases with increasing connection displacement 
and slenderness ratio. As connections with increased 
slenderness generally fail at larger displacements, the 
differences in nef between connection arrangements 
tend to decrease.

The experimental dataset used to calibrate the 
design equations in Eurocode  5 was obtained from 
connections tested under both tension and compres-
sion, with no distinction in the loading setup during 
calibration. The numerical model revealed different 
trends with increasing a1 across loading types, with 
tension loading typically resulting in a lower load-
carrying capacity. This means that including com-
pression test results in the calibration process may 
lead to regression equations that overestimate the 
load-carrying capacity of connections under tensile 
loading.

The definition of the single-fastener capacity Fsingle 
used to determine nef is critical to the results. Defin-
ing Fsingle according to the European Yield Model 
(EYM) introduces its inherent assumptions into the 
derivation of nef , in addition to the influence of the 
adopted material properties. An underestimation of 
Fsingle may lead to unconservative values of nef . When 
both Fsingle and Fmultiple are obtained from experimen-
tal or numerical results, it becomes possible to isolate 
the group effects caused by the interaction among 
fasteners.

Several limitations of the present study should be 
acknowledged. The numerical investigation was con-
ducted using a single set of material properties, repre-
senting one timber strength class and one steel grade. 
Thus, the effects of material variability on connection 
response were not assessed. Manufacturing tolerances 
and the corresponding initial slip in single-fastener 
load-displacement behaviour were also not evaluated. 
Furthermore, the numerical modelling framework 
addresses only the onset of cracking and does not 
capture load redistribution following initial failure. 
As a result, the predicted load-carrying capacity for 
connections with many fasteners may be conserva-
tive, as local failure does not necessarily indicate 
global connection failure. Additionally, the analysis 
did not include a probabilistic or reliability-based 
evaluation, which is necessary for formulating gener-
alised design recommendations. Despite these limita-
tions, this study establishes a mechanical foundation 
for understanding the observed trends in nef across 
various connection configurations and loading direc-
tions, and it may inform the development of advanced 
design models and focused experimental studies.
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