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 A B S T R A C T

The nonlinear behaviour of timber joints is considered in Eurocode 5 by prescribing a stiffness reduction ratio; 
specifically, the joint stiffness at the ultimate limit state is calculated as two-thirds of its serviceability limit 
state value. The system effects, i.e. how the joints interact within the global structure, are not taken into 
account. These simplifications may be unreliable for modern statically indeterminate structures, potentially 
leading to non-conservative or overly conservative designs. Steel-to-timber joints with self-tapping screws are 
widely used and offer high stiffness and load-carrying capacity. This study aims to assess the effects of the 
current design rules on the reliability of a statically indeterminate timber beam with steel-to-timber joints with 
self-tapping screws and subjected to a uniformly distributed load. The uncertainties in material properties, the 
load, and the nonlinear behaviour of joints are considered in the probabilistic model of the structure. For semi-
rigid joints with laterally loaded screws, applying the code stiffness reduction ratio of 2/3 roughly doubles the 
probability of failure compared to the design target. Moreover, the required stiffness reduction ratio is found to 
be a function of relative joint-beam stiffness and the load-to-screw axis angle. The reliability-based calibrated 
stiffness ratio ensures that the target probability of failure is met. The framework can also be extended to 
other joint typologies for safer design.
. Introduction

.1. Background

For many decades, statically determinate systems were the preferred 
hoice in timber construction because of their analytical simplicity. 
hree-hinged arches were used instead of structurally more efficient 
wo-hinged or clamped end systems, and Gerber systems were preferred 
nstead of continuous purlins [1]. However, as a result of the current 
uilding trend to build more complex and structurally challenging 
tructures, engineers increasingly favoured indeterminate systems for 
heir structural efficiency, material economy, and redundancy [2]. 
his evolution in structural systems has not been matched by a cor-
esponding advance in the level of detail of design approaches. Two 
hortcomings are identified:
. Joints are still being idealised as perfectly pinned or clamped with 
typically linear elastic behaviour [3], even if in reality they are semi-
rigid the load–displacement curve is highly nonlinear. Eurocode 5 
(EC5) considers the nonlinear load–displacement curve by adopting 
a stiffness at the ultimate limit state (ULS) 𝐾𝑈𝐿𝑆 equal to two-thirds 

∗ Corresponding author.
E-mail addresses: dorotea.caprio@chalmers.se (D. Caprio), robert.jockwer@tu-dresden.de (R. Jockwer).

of the stiffness at the serviceability limit state (SLS) 𝐾𝑆𝐿𝑆 [4]. This 
rule, however, is based on nailed joint tests from the 1960s [5,6] and 
may be inadequate for other typologies of joints. In fact, laterally 
loaded nail joints typically show load–displacement curves with low 
initial stiffness and pronounced ductility, due to the formation of 
plastic hinges in the fastener. Modern timber joints, for example, 
those with self-tapping screws that are both laterally and axially 
loaded in tension, exhibit significantly higher initial stiffness and 
other failure mechanisms (e.g., head tear-off, withdrawal). Further-
more, the current design approach does not consider the inherent 
variability in the stiffness and deformation capacity.

2. According to current design approach, design and checks of mem-
bers are done element by element, typically neglecting system effects 
on the reliability. However, structures and joints are systems made 
of interconnected elements.
Ignoring joint nonlinearities and relying on element-by-element 

design as in EC5 can lead to both over- and under-design of structures at 
ULS [7]. A system-level analysis is needed, accounting for all member 
and joint interactions, nonlinear joint behaviour, and variability [8].
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Nomenclature

Abbreviations

COV Coefficient of variance
EC0 Eurocode 0
EC3 Eurocode 3
EC5 Eurocode 5
FEM Finite element model
GL Glulam
JCSS Joint Committee on Structural Safety
LVDTs Linear variable displacement transformers
MC Moisture content
MCS Monte carlo simulation
SLS Serviceability limit state
ULS Ultimate limit state
Greek letter
 Set of active screws
𝛼 Moment allocation coefficient (joints)
𝛼𝑑 Design value of rigidity
𝛽 Moment allocation coefficient (midspan)
𝛥𝑣 Displacement in multi-screw joint
𝛥𝑣,𝑖𝑛𝑐 Displacement increment
𝛾 Load-to-screw axis angle
𝜌 Person coefficient
𝜌𝑑𝑒𝑛 Input variable timber density
𝜃𝑟𝑒𝑞 Required rotation at joint
𝜃𝑚𝑎𝑥 Rotation at the ends in simply supported 

beam
𝜃𝑢 Ultimate rotation of joints
Roman letter
𝐾𝑆𝐿𝑆 Stiffness at serviceability limit state
𝑙 Beam span
𝐷𝑓 Failure domain
𝐷𝑎𝑏 Mean absolute value of ductility
𝐸(𝐗) Demand vector
𝐸𝑚,𝑏𝑒𝑎𝑚 Mean elastic modulus timber
𝐹𝑅𝑑,𝑗𝑜𝑖𝑛𝑡𝑠 Lateral resistance of joint
𝐺𝑘 Characteristic value of permanent loads
𝐼𝑏𝑒𝑎𝑚 Beam moment of inertia
𝐾10−40 Mean elastic secant stiffness
𝐾𝑖𝑛, 𝐾𝑝, 𝐹𝑡, 𝑎1 Richard-Abbott model parameters
𝐾𝜃,𝑑,𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠 Joint required rotational stiffness
𝐾𝜃,𝑗𝑜𝑖𝑛𝑡𝑠 Joint rotational stiffness
𝐾𝑈𝐿𝑆 Stiffness at ultimate limit state
𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠 Design bending moment at joint
𝑀𝐸𝑑,𝑓𝑖𝑒𝑙𝑑 Design bending moment at midspan
𝑀𝑑,𝑚𝑎𝑥 Design moment at midspan in a simply 

supported beam
𝑀𝑅𝑑,𝑏𝑒𝑎𝑚 Bending capacity of the beam
𝑀𝑅𝑑,𝑗𝑜𝑖𝑛𝑡𝑠 Bending capacity of the joint
𝑃𝑓 Probability of failure
𝑃𝑚𝑜𝑑 Vector of model parameters
𝑄𝑘 Characteristic value of variable loads
𝑅(𝐗) Capacity vector
𝐗 Vector of random variable
𝑌 Vector of material parameters
2 
𝑓𝑚 Input vector of bending resistance
𝐾𝜃,𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠 Rotational stiffness of the joint
𝑓𝑚,𝑑 Design value of the bending resistance
𝐹𝑚𝑎𝑥 Mean load-carrying capacity
𝐹𝑚𝑢𝑙𝑡𝑖 Force in the multi-screw model
𝐹𝑠𝑖𝑛𝑔𝑙𝑒 Force in the single-screw model
𝑔(𝐗) Performance function
𝑏𝑏𝑒𝑎𝑚 Beam width
𝑛𝑠𝑐𝑟𝑒𝑤𝑠 Number of screws
𝑃𝐻𝑇𝑂 Probability head-tear off failure
𝑞𝑡𝑜𝑡,𝑑 Design total (uniform) load
𝑠 Couple arm
𝑊𝑒𝑙 Elastic section modulus of beam section
𝑏𝑏𝑒𝑎𝑚 Beam width
𝑏𝑝𝑙𝑎𝑡𝑒 Steel plate width
𝑑 Screw diameter
𝑑𝑐𝑜𝑟𝑒 Screw core diameter
ℎ𝑏𝑒𝑎𝑚 Beam height
𝑙𝑒𝑓𝑓 Effective screw length
𝑘𝑏 Joint-beam relative stiffness
𝑘𝑚𝑜𝑑 Load duration factor
𝑙𝑝𝑙𝑎𝑡𝑒 Steel plate length
𝑛𝐻𝑇𝑂 Head tear-off cases
𝑛𝑡𝑜𝑡 Total number of tests
𝑛𝑊 𝐼𝑇𝐻 Withdrawal cases
𝑃𝑊 𝐼𝑇𝐻 Probability withdrawal failure
𝑡𝑝𝑙𝑎𝑡𝑒 Steel plate thickness
𝑣𝑖𝑛,𝑠ℎ𝑖𝑓 𝑡 Initial slip
𝑣𝑢 Ultimate displacement
𝑣𝑦 Yielding displacement
𝑧 Level arm

Steel-to-timber joints with self-tapping screws are widely used in vari-
ous applications due to their strength and stiffness [9,10], particularly 
in indeterminate structures where load redistribution is crucial. Yet, 
the reliability of these structures remains unstudied. The next Section 
reviews joint modelling (Section 1.2) and the impact of joints on struc-
tural reliability (Section 1.3), outlining the scope and contributions of 
this work.

1.2. State of the art: models for multi-fastener joints

EC5 design rules derive from the single-fastener behaviour. To 
extend them to multi-fastener joints, an ‘effective number of fasteners’ 
is introduced and exclusively applied to the load-carrying capacity. 
Stiffness at the serviceability limit state, by contrast, is obtained simply 
by summing the individual stiffness of all fasteners. The concept of 
the effective number of fasteners is derived based on several studies 
that investigated the uneven load distribution of load among fasteners 
[11–14].

One of the first theories to describe multi-fastener joint behaviour 
was developed by Cramer [11]. An elastic analysis for a bolted timber 
butt joint was developed. The deformation of bolts against the wood 
and the deformation of the bolts against the steel plate were included in 
the model. It was shown that each bolt carries a different load if placed 
in a row. Stiffness-based approaches (like Wilkinson work [15]) build 
directly on the Cramer model, but introduced two main extensions: 
unequal fastener spacing and independent, piecewise linear-elastic dis-
placement behaviour for each fastener, incorporating an initial slip. 
Based on these studies, for multiple fasteners in a row, the common 
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Fig. 1. Illustration of the applied multi-level probabilistic framework. Output from the single-screw model is used in the multi-screw joint model, which then 

informs the reliability analysis of the beam.
design approach was to apply a reduction factor (group action factor) 
to the sum of single-fastener capacity. Jorissen [14] tested double shear 
single and multi-bolt timber-to-timber joints and derived the effective 
number of fasteners as a function of the spacing and timber density. 
Research on multi-fastener timber joints continued to refine analytical 
models and extend them to new contexts. One area of interest is joints 
full load–displacement behaviour (not just the load-carrying capacity). 
The approaches involve the use of numerical 3D, 2D models and semi-
analytical models. An overview of the possible 3D and 2D models is 
given in [16].

In 3D FEM, the contact between the fastener and the wood is mod-
elled through a surface-to-surface contact with a penalty. Convergence 
issues at large displacements limit the applicability of these models. In 
2D FEM, single-fastener joints are usually idealised as linear or nonlin-
ear spring elements and then assembled, and their load–displacement 
curves, obtained from experiments, empirical or numerical models, 
must be used as inputs to the model. In the semi-analytical models 
approach, the fasteners are modelled with nonlinear springs and the 
load–displacement curve of each fastener is needed as input to the 
model. The local deformation of the wood between the fasteners is 
neglected, and an incremental loading procedure is required to obtain 
the whole load–displacement curve [17,18].

The semi-analytical approach avoids assembling a global stiffness 
matrix, drastically reducing computational time, and it neglects only 
minor elastic deformations in the wood (effects that are negligible 
beyond the initial loading stage [19]), making it well-suited for prob-
abilistic failure analysis. Reliability analysis of statically indeterminate 
timber beams requires the derivation of the joint moment–rotation 
curve. The moment–rotation curve can be obtained through testing, an-
alytical models, and the component-based method [20]. The
component-based method is well established for the case of steel joints 
[21]. While timber design codes do not provide any design guidance, its 
effectiveness led researchers to adapt it to timber joints [20]. Based on 
the component method, the joint is idealised as an assembly of springs, 
representing a distinct mechanical part of the joints (such as timber in 
compression, a group of fasteners, steel plates, etc.). These springs are 
then assembled in parallel or series [22–25]. The method can be used 
to obtain the nonlinear moment–rotation curve, modelling the springs 
with nonlinear load-deformation curves [26]. Defining the nonlinear 
joint behaviour is essential, as these nonlinearities directly influence 
the reliability of timber structures. This is further motivated by previous 
studies explained in Section 1.3.

1.3. State of the art: impact of joints on the reliability of timber structures

During recent years, researchers increasingly recognised that the 
semi-rigid, nonlinear behaviour of timber joints can significantly im-
pact the reliability of timber structures [8,27–30]. Hansson [27] in-
tegrated the nonlinear behaviour of nailed joints with punched metal 
plates into reliability analyses of timber trusses. System effects and the 
impact of assumptions on the boundary conditions of the structures 
were assessed on the probability of failure. The results showed that 
3 
for the studied truss the capacity calculated with reliability analysis 
exceeded the deterministic one, due to system effects. Kirkegaard [28] 
investigated the robustness of timber structures with respect to the 
ductile behaviour of the joints and the timber material, modelling the 
structure as a parallel system. It was found that even a small ductility 
increases the reliability of the structural system. Brühl [29], studied 
the impact of ductility and the overstrength factor on a statically inde-
terminate structure with dowelled joints. It was demonstrated that it is 
possible to get plastic redistribution in the structure if the requirements 
on the joints, not only in terms of resistance but also in terms of stiffness 
and ductility, are met. Recommendations on the right overstrength fac-
tor were given for the case of dowelled joints. Schilling [30] computed 
the impact of the nonlinear behaviour of dowelled timber joints with 
slotted-in steel plate on the reliability of timber trusses. It was shown 
that modelling these joints as fully pinned or clamped masks their semi-
rigid, coupled behaviour, decreasing truss-level reliability and leading 
to potentially unsafe design. Caprio [8], used an elastic-perfectly plastic 
behaviour of joints as input in reliability analysis of statically in-
determinate structures. The outcomes highlighted the importance of 
accounting for nonlinearities and the variability of joint behaviour for 
the reliability analyses of timber structures. Other researchers studied 
the effect of nonlinearities of the mechanical behaviour of timber joints 
on the deterministic analyses of structures [17,31,32]. Flatscher [31] 
integrated the nonlinear curve of hold-downs and angle brackets with 
self-tapping screws into a structural model of CLT walls under lateral 
loads. Klasson [32], studied the problem of the initial slip in the 
joints between the bracing system (purlins) and the main load-carrying 
members of timber roofs. It was found that slip in bracing members 
leads to higher stresses in the beams and lateral displacements. Schwei-
gler [17] incorporated the nonlinear behaviour of a moment–rotation 
curve of multi-dowel joints into the nonlinear analyses of statically 
indeterminate timber structures. The nonlinear displacement curve of 
the dowelled joints with slotted-in plates affects the load distribution 
inside the structure. Therefore, Schweigler proposed the use of the 
mean value of stiffness in structural analysis with nonlinear joints.

Despite studies demonstrating the importance of incorporating joint 
nonlinearity into reliability and structural analyses, it remains unclear 
whether current design codes adequately capture these effects. This 
uncertainty is especially critical in statically indeterminate systems, 
where joint behaviour assumptions strongly influence the reliability. 
Beyond Eurocode stiffness reduction factor, nonlinear joint behaviour 
is typically considered using semi-analytical methods or FEM. The 
multi-level probabilistic framework proposed herein uses an empirical-
probabilistic joint model to calibrate stiffness factors for direct use 
in design and efficient reliability analyses. This approach is more 
computationally efficient than nonlinear FEM, which is impractical for 
reliability studies with ≈106 Monte Carlo simulation realisations due to 
excessive computation, but more accurate than simply applying current 
EC5 reduction factor, which might be inadequate for modern timber 
joints. This is the first study to assess the reliability of indeterminate 
timber beams with steel-to-timber joints and self-tapping screws, con-
sidering uncertainties in joints, loads, and timber. The output of the 
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Fig. 3. Structure and load distribution: (a) Beam with semi-rigid joints under uniformly distributed load, (b) Load distribution according to 𝑘𝑏. 
empirical single-screw model serves as input to the semi-analytical 
multi-screw model, from which the moment–rotation curves of multi-
screw joints are derived for reliability analysis. The 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 ratio 
is then calibrated to achieve target reliability. The developed multi-
level framework is shown in Fig.  1. The work focuses on the bending 
performance of the structure, as it is the dominant failure for the given 
geometry and loads. The inclusion of other failure modes (e.g. shear, 
brittle failure) is left for future work. Section 2 details the models and 
their assumptions; Section 3 presents the multi-screw results, reliability 
analysis of the structures, and calibration of the design ratio; Section 4 
summarises the conclusions and outlines possible future research.

2. Materials and methods

The methodology used herein to quantify the impact of the load–
displacement curve of steel-to-timber joints with screws (characterised 
by different load-to-screw axis angles) on the reliability analysis of the 
statically indeterminate beam follows 5 steps:

1. Design of the structure according to EC5.
2. Generation of random load–displacement curves for single-screw 
joints.

3. Generation of the random load–displacement curve for multi-
screw joints.

4. Derivation of the moment–rotation curve of joints.
5. Determination of the reliability of the entire structure and cali-
bration of the ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 .

An overview of the steps is illustrated in Fig.  2. Shear force is 
carried by a dedicated web joint, so shear and bending follow separate 
load paths at the joints. For the geometry and loading considered 
here, shear demand is assumed below the beam and joints capacity, 
making bending the governing failure mode and the focus of the present 
reliability analysis. The interpretation of the load-to-screw axis angle 
(𝛾) is illustrated in Fig.  2.

2.1. Design of a statically indeterminate structure

The simplest example of a statically indeterminate structure is a 
statically indeterminate timber beam (Fig.  3(a)). The effect of joint 
stiffness on moment distribution can be illustrated by the example in 
Fig.  3(a). The support and midspan moments are written as a function 
of the coefficients 𝛼 and 𝛽, which depend on the rotational stiffness of 
the joints and on the bending stiffness of the beam [33], as follows: 

𝛼 =
𝐾𝜃,𝑗𝑜𝑖𝑛𝑡𝑠 ⋅ 𝑙

24 ⋅ 𝐸𝑚,𝑏𝑒𝑎𝑚 ⋅ 𝐼𝑏𝑒𝑎𝑚 + 12 ⋅𝐾𝜃,𝑗𝑜𝑖𝑛𝑡𝑠 ⋅ 𝑙
 and 𝛽 = 1

8
− 𝛼. (1)

Where 𝐾𝜃,𝑗𝑜𝑖𝑛𝑡𝑠 is the rotational stiffness of the joins, 𝑙 is the beam 
span, 𝐸  and 𝐼  are the mean elastic stiffness and the bending 
𝑚,𝑏𝑒𝑎𝑚 𝑏𝑒𝑎𝑚
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moment of inertia of the beam, respectively. Intuitively, 𝛼 measures 
how ‘rigid’ the joint is compared to the bending stiffness of the con-
nected member over a span: when 𝛼 → 0, the joint is defined as ideally 
pinned (zero moments at joints), while when 𝛼 → 0.0833 (1∕12) the 
joint is considered as ideally clamped (moment distribution close to 
the rigid-joint limit). Joints can be classified into pinned, semi-rigid 
or clamped according to the bending dimensionless stiffness ratio, as 
it is currently done in EC3 [21]: 𝑘𝑏 = (𝐾𝜃,𝑗𝑜𝑖𝑛𝑡𝑠 ⋅ 𝑙)∕(𝐸𝑚,𝑏𝑒𝑎𝑚 ⋅ 𝐼𝑏𝑒𝑎𝑚). The 
parameters 𝛼 and 𝑘𝑏 are both relative stiffness factors, but 𝛼 is bounded 
and acts as a moment-allocation coefficient. The expression for 𝛼 also 
depends on the type of applied loads, such as a uniformly distributed 
load.

Fig.  3(b) (adapted from [34]) identifies three joint-behaviour re-
gions based on the dimensionless stiffness parameter 𝑘𝑏: pinned (𝑘𝑏 <
0.2), semi-rigid (0.2 ≤ 𝑘𝑏 ≤ 20), and clamped (𝑘𝑏 > 20). Using a 
10% error criterion on 𝛼, |𝛼(𝑘𝑏) − (1∕12)|∕(1∕12) < 0.10 for the upper 
limit, and at lower bound end (where division by zero is undefined) 
the absolute bound 𝛼(𝑘𝑏) < 0.10, the semi-rigid range shows that the 
bending moment in the beam still varies with joint stiffness, whereas 
𝑘𝑏 ≤ 0.2 and 𝑘𝑏 ≥ 20 further changes in stiffness alter the moment 
by less than 10%, so the joints can be considered effectively pinned 
(𝑘𝑏 ≤ 0.2, 𝛼 ≤ 0.01) or clamped (𝑘𝑏 ≥ 20, 𝛼 ≥ 0.075).

Although the design could follow numerous approaches, for the 
sake of simplifying two representative ones are chosen: the stiffness-
based approach and the capacity-based approach. The flowchart of both 
strategies is represented in Fig.  4. The stiffness-based design strategy 
(summarised in Fig.  4(a)) consists of five design steps plus one side 
input for the joint lateral properties:

1. Assignment of a rigidity level: 𝛼 = (0,… , 0.0833).
2. Computation design bending moments: using the selected 𝛼, the 
acting moments at the joints 𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠 and midspan 𝑀𝐸𝑑,𝑓𝑖𝑒𝑙𝑑
are calculated: 

𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠 = 𝛼 ⋅ 𝑞𝑡𝑜𝑡,𝑑 ⋅ 𝑙2, 𝑀𝐸𝑑,𝑓𝑖𝑒𝑙𝑑 = 𝛽 𝑞𝑡𝑜𝑡,𝑑 ⋅ 𝑙2 (2)

Where 𝑞𝑑,𝑡𝑜𝑡 is the design value of the distributed load.
3. Calculation of the beam section: 𝑏𝑏𝑒𝑎𝑚 is fixed to 165 mm. The 
beam height is calculated as follows: 

ℎ𝑏𝑒𝑎𝑚 =

√

6 ⋅max
(

𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠,𝑀𝐸𝑑,𝑓𝑖𝑒𝑙𝑑
)

𝑏𝑏𝑒𝑎𝑚 𝑓𝑚,𝑑
(3)

with 𝑓𝑚,𝑑 the design bending strength of glulam.
4. Check of the joint rotational stiffness at ULS: the joints target 
stiffness is: 

𝐾𝜃,𝑑,𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠 =
24 ⋅ 𝐸𝑚,𝑏𝑒𝑎𝑚 ⋅ 𝐼𝑏𝑒𝑎𝑚 ⋅ 𝛼

(4)

𝑙𝑏𝑒𝑎𝑚 ⋅ (1 − 12 ⋅ 𝛼)
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Fig. 4. (a) Stiffness-based design approach, (b) Capacity-based design approach.
5. Determination of the number of screws: assuming the neutral axis 
at the middle of the beam height, the total number of screws in 
the tension side can be calculated as: 

𝑛𝑠𝑐𝑟𝑒𝑤𝑠 =
𝐾𝜃,𝑑,𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠

𝐾𝜃,𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠
=

𝐾𝜃,𝑑,𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠

𝐾𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠 ⋅ 𝑧2
= 2 ⋅

𝐾𝜃,𝑑,𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠

𝐾𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠 ⋅ ℎ2𝑏𝑒𝑎𝑚
(5)

𝑛𝑠𝑐𝑟𝑒𝑤𝑠 is rounded up to the next even integer. 𝐾𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠 is the 
lateral stiffness at ULS of single-screw joints, 𝐾𝜃,𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠 is the 
rotational stiffness of single-screw joints, and 𝑧 is the level arm, 
that in this case is equal to ℎ𝑏𝑒𝑎𝑚∕2. 𝐾𝜃,𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠 is calculated as:

𝐾𝜃,𝑈𝐿𝑆, 𝑗𝑜𝑖𝑛𝑡𝑠 = 𝑛𝑠𝑐𝑟𝑒𝑤𝑠 ⋅𝐾𝑈𝐿𝑆,𝑗𝑜𝑖𝑛𝑡𝑠 ⋅ 𝑧
2 (6)

The capacity-based design strategy is illustrated in Fig.  4(b). The 
design steps up to 3rd are the same, however, 𝑛𝑠𝑐𝑟𝑒𝑤𝑠 is instead selected 
based on the capacity: 𝑛screws = 𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠∕𝑀𝑅𝑑,𝑗𝑜𝑖𝑛𝑡𝑠. 𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠 and 
𝑀𝑅𝑑,𝑗𝑜𝑖𝑛𝑡𝑠 are the moment acting at the joints and the bending capacity 
of the joints.

2.2. Empirical-probabilistic model of single screw-joints

The model of the single-screw joints is based on the data from 
the experimental campaign reported in [35,36], where an empirical-
probabilistic model was developed as a function of different values of 
load-to-screw axis angle. Four linear variable displacement transform-
ers (LVDTs) were installed. Two LVDTs were mounted at the top and 
bottom of the steel plate to monitor out-of-plane movement (perpen-
dicular to the shear plane); the relative data were not analysed. The 
relative displacement between the steel plate and the timber specimen 
at the joints was recorded by two LVDTs placed on opposite sides of 
the specimen, and only these data were used in the analysis. The load 
was measured by an electric load cell (220 kN capacity) in the testing 
machine. The tests were performed taking the EN 12512 [37] as a 
6 
Table 1
Geometrical and mechanical characteristics of the screws, timber 
and steel plate.
 Screws𝑎 𝑑 = 8𝑚𝑚;  𝑙𝑒𝑓𝑓 = 200 𝑚𝑚;  𝑑𝑐𝑜𝑟𝑒 = 5.1 𝑚𝑚  
 Timber𝑏 GL30c; MC 11.6 ± 1%  
 Plate S355, 𝑡𝑝𝑙𝑎𝑡𝑒 = 15 𝑚𝑚; 𝑙𝑝𝑙𝑎𝑡𝑒 = 319 𝑚𝑚: 𝑏𝑝𝑙𝑎𝑡𝑒 = 89 𝑚𝑚 
*𝑑 nominal diameter; 𝑙𝑒𝑓𝑓  effective length; 𝑑𝑐𝑜𝑟𝑒 core diameter, 𝑀𝐶
moisture content.

Table 2
Test matrix and corresponding failure mode.
 𝛾 [◦] 𝑛𝑡𝑜𝑡 𝑛𝐻𝑇𝑂 𝑛𝑊 𝐼𝑇𝐻 
 30 10 4 6  
 45 20 18 2  
 60 10 10 0  
 90 20 20 0  
𝑛𝑡𝑜𝑡 total No. of tests; 𝑛𝐻𝑇𝑂 No. head tear-off failures; 𝑛𝑊 𝐼𝑇𝐻
No. withdrawal failures.

reference, but always in a displacement-controlled mode with a speed 
of 1 mm/min. The test set-up is illustrated in Fig.  5, while the material, 
and geometric properties of components in Table  1. The test matrix and 
observed failure modes are shown in Table  2.

The single-screw joint load–displacement curve using the Richard-
Abbott [38] model was approximated as follows: 

𝐹𝑠𝑖𝑛𝑔𝑙𝑒 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

(𝐾𝑖𝑛 −𝐾𝑝) ⋅ 𝑣

(1 + ( (𝐾𝑖𝑛−𝐾𝑝)
𝐹𝑡

⋅ 𝑣)𝑎1 )
1
𝑎1

+𝐾𝑝 ⋅ 𝑣, 𝑣𝑖𝑛,𝑠ℎ𝑖𝑓 𝑡 < 𝑣 < 𝑣𝑢

0, 𝑣 < 𝑣𝑖𝑛,𝑠ℎ𝑖𝑓 𝑡

(7)

Where 𝐾𝑖𝑛, 𝐹𝑡, 𝐾𝑝 and 𝑎1 are the parameters of the Richard-Abbott 
model. The initial slip 𝑣𝑖𝑛,𝑠ℎ𝑖𝑓 𝑡 is defined as a region of low or ‘‘zero stiff-
ness’’, at very low load levels, due to (i) tolerances/clearance between 
fastener and hole that delay contact, and (ii) embedment of timber 
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Table 3
Overview of Richard-Abbott model parameters by angle: unit, distribution, mean value and CoV.
 𝛾 [◦]
 30 45 60 90

 Input Unit Distribution Mean V. COV Mean V. COV Mean V. COV Mean V. COV 
 𝐾𝑖𝑛 kN/mm Lognormal 18.35 0.21 16.24 0.14 8.84 0.10 1.63 0.32 
 𝐹𝑡 kN Lognormal 35.10 0.06 38.25 0.24 39.80 0.25 2.75 0.75 
 𝐾𝑝 kN/mm Normal −4.10 0.14 −4.90 0.56 −3.64 0.37 0.76 0.20 
 𝑎1 – Lognormal 8.10 0.53 5.00 0.31 4.19 0.29 7.26 0.58 
 𝑣𝑢 mm Lognormal 2.53 0.07 2.97 0.13 4.47 0.10 13.85 0.16 
Fig. 5. Test setup for the single-screw joint tests [36].

under the loaded fastener. The effect is more pronounced when using 
washers or very oversized holes, and smaller for milled holes. 𝑣𝑖𝑛,𝑠ℎ𝑖𝑓 𝑡
is assumed equal to a random realisation from the uniform distribution 
  over the 1 mm hole-clearance tolerance, i.e. 𝑣𝑖𝑛,𝑠ℎ𝑖𝑓 𝑡 ∼ 

(

0, +1 𝑚𝑚
)

. 
𝑣𝑢 is the ultimate displacement in correspondence with the head-tear 
off failure of the screw. The mean values and the COVs of the model 
parameters for each load-to-screw axis angle are given in Table  3. 

For the load-to-screw axis angle of 30◦ and 45◦, both head tear-
off failure and withdrawal failure of the screw occurred. The load–
displacement curves presented different characteristics: head-tear off 
failure of the screw resulted in a drop in load at the failure point, 
while withdrawal failure of the screw resulted in a softening post-peak 
behaviour. Therefore, the random curves are generated reflecting the 
probability of occurrence of a failure mode, calculated as: 𝑃𝐻𝑇𝑂 =
𝑛𝐻𝑇𝑂
𝑛𝑡𝑜𝑡

, 𝑃𝑊 𝐼𝑇𝐻 = 1 − 𝑃𝐻𝑇𝑂.
Where 𝑃𝐻𝑇𝑂 is the probability of occurrence of the head-tear off 

failure, 𝑃𝑊 𝐼𝑇𝐻  is the probability of occurrence of the withdrawal 
failure. For joints with screws with load-to-screw axis angle of 30◦, 
𝑃𝐻𝑇𝑂 = 60%, 𝑃𝑊 𝐼𝑇𝐻 = 40%. For the angle 45◦, 𝑃𝐻𝑇𝑂 = 90% and 
𝑃𝑊 𝐼𝑇𝐻 = 10%. For the angles of 60◦ and 90◦, 𝑃𝐻𝑇𝑂 = 100%. Since 
the variability of the parameters in case of withdrawal failure of the 
screws cannot be reliably determined, the load–displacement curve and 
its variability are assumed identical to those of head tear-off, with the 
sole modification that the curve is extended until the load decreases to 
zero rather than truncated at the ultimate displacement 𝑣𝑢.

2.3. Model of multi-screw joints

After obtaining the load–displacement curves of a single-screw 
joints, this data is used as input in the model for the multi-screw 
7 
joint. According to the empirical-probabilistic model of the single-
fastener joint, an individual load–displacement curve is generated for 
each screw. In the multi-screw model, these curves are combined to 
represent the behaviour of the entire multi-screw joint. The model is 
based on the following assumptions: (i) timber is assumed to be rigid, 
thus, the deformations between the screws are neglected; (ii) steel 
plates are assumed to be rigid. Thus, the screws are subjected to the 
same axial and lateral deformation.

Following these assumptions, the force 𝐹𝑠𝑖𝑛𝑔𝑙𝑒,𝑗 at the specific dis-
placement value 𝛥𝑣,𝑖 is obtained for every screw. The sum of these 
forces resulted in the force of the entire joint 𝐹𝑚𝑢𝑙𝑡𝑖,𝑖 at that displacement 
increment: 
𝐹𝑚𝑢𝑙𝑡𝑖,𝑖(𝛥𝑣,𝑖) =

∑

𝑗∈
𝐹𝑠𝑖𝑛𝑔𝑙𝑒,𝑗 (𝛥𝑣,𝑖), (𝑖 = 1,… , 𝑛) (8)

 is the active set of screws and 𝑛 is the number of displacement 
increments. As displacement increases, any screw exceeding its ultimate 
slip (𝑣𝑢,𝑗) is removed from , and the process continues until all screws 
have failed. If the single screw joint is characterised by brittle failure, 
this produces a brittle, sudden loss of capacity (drop) in the curve of 
the multi-screw joint. The procedure is summarised as follows:

1. Inputs: single–screw load–displacement curves for 𝑗 = 1,… ,
𝑛𝑠𝑐𝑟𝑒𝑤𝑠, 𝐹𝑠𝑖𝑛𝑔𝑙𝑒,𝑗 (𝛥𝑣) defined for 𝛥𝑣 ∈ [0, 𝑣𝑢,𝑗 ]; displacement incre-
ment 𝛥𝑣𝑖𝑛𝑐 = 0.2 mm. The first displacement increment is 𝛥𝑣,1 = 0
and the set of active screws  = {1,… , 𝑛𝑠𝑐𝑟𝑒𝑤𝑠}.

2. At each step: the new value of displacement is increased: 𝛥𝑣,𝑖 =
𝛥𝑣,𝑖−1 + 𝛥𝑣,𝑖𝑛𝑐 . and the multi-screw force is calculated according 
to Eq.  (8).

3. Failure check: if any 𝑗 ∈  has 𝛥𝑣,𝑖 > 𝑣𝑢,𝑗 , the screw is removed 
from the active group of screws:  ⟵  ⧵ {𝑗}.

The process is increased until no active screw remains  = ∅. The 
probabilistic, displacement-controlled multi-screw joint model captures 
the change that occurs in the load–displacement curve as fasteners 
fail (one less spring in parallel). However, it does not account for 
interaction effects that depend on the spacing between screws, nor 
re-distribution effects. This is justified assuming that in the adopted 
design, the screws are arranged using spacing well above code-specified 
distances (EC5), so that the interaction of screws does not occur. These 
assumptions help isolate the influence of nonlinear joint stiffness on 
system reliability.

2.4. Moment–rotation model of joints via the component method

Once the model of the multi-screw joints is established, the entire 
moment–rotation behaviour of the joint is obtained via the component 
method.

The tension force is carried by a joint positioned on the tension 
side of the neutral axis, while the compression is carried by another 
joint located on the compression side of the neutral axis. The centre of 
rotation coincides with the centre of beam height, and the lever arm is 
𝑧 = ℎ𝑏𝑒𝑎𝑚∕2 and the couple arm 𝑠 = ℎ𝑏𝑒𝑎𝑚. The bending moment and 
the rotation with multi-screw can be written as: 
𝑀 = 𝐹 ⋅ 𝑠, (9)
𝑅,𝑗𝑜𝑖𝑛𝑡𝑠,𝑖 𝑚𝑢𝑙𝑡𝑖,𝑖
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𝜃𝑖 =
𝛥𝑣,𝑖

𝑧
, (𝑖 = 1,… , 𝑛) (10)

𝐹𝑚𝑢𝑙𝑡𝑖,𝑖 is the force in the multi-screw joints at the 𝑖th displacement 
increment and 𝑛 is the total number of displacement increments. In this 
model, the compression-side joint supplies the counter-resultant. Since 
𝑠 and 𝑧 are constant parameters, the shape of the 𝑀𝑅,𝑗𝑜𝑖𝑛𝑡𝑠 − 𝜃 curve 
matches the tension-side multi-screw curve, differing only by a scale 
factor.

2.5. Reliability analysis of the structure

A structural reliability analysis aims to determine the probability 
of failure of a system according to one or more failure modes in the 
presence of different uncertainties. Each one of the failure modes can 
be defined by a limit-state equation 𝑔(𝐗) (also called performance 
function), expressed as follows: 
𝑔(𝐗) = 𝑅(𝐗) − 𝐸(𝐗) (11)

Where 𝑅(𝐗) is the capacity, and 𝐸(𝐗) is the demand. Both capacity 
and demand depend on the vector of random variables 𝐗. The failure 
is reached when the 𝐸 exceeds 𝑅: 𝑔(𝐗) ≤ 0. The probability of failure 
𝑃𝑓  is defined as follows according to [39,40]: 

𝑃𝑓 = ∫𝐷𝑓

𝑓𝐗(𝐱)𝑑𝐱 (12)

Where 𝑓𝐗() is the probability density function of the vector of ran-
dom variables 𝐗 and 𝐷𝑓  is the failure domain. No closed-form expres-
sion for multi-dimensional, non-Gaussian structural reliability problems 
can be found for Eq.  (12) [41], which leads to the use of approximation 
methods, simulation methods or adaptive surrogate-modelling-based 
methods. In this paper, a crude MCS is used to compute the 𝑃𝑓  of the 
structure. In a previous study, MCS proved to be the most convenient 
method in terms of accuracy for computing the reliability of statically 
indeterminate timber beams [8].

When dealing with statically indeterminate structures, a single per-
formance function cannot capture all possible failure modes. Joints 
introduce additional complexity: the structure may fail in the timber 
at midspan, at a joint, or the joints themselves may fail. Each of these 
failure mechanisms requires its own limit-state equation [8].

Preliminary design checks indicate that bending failure governs the 
design for long-span beams, while shear is not critical. Accordingly, the 
present study focuses on bending failure as the critical performance 
function. Although in reality the bending strength varies along the 
beam length and failure may occur at various locations, in this study, 
the bending strength is considered constant along the beam length. 
Hence, bending failure occurs where the moment envelope has its max-
imum. For a beam with semi-rigid joints, those peaks are at midspan 
and/or the joints sections depending on the joint rigidity, so these 
locations govern the reliability analysis. The bending failure at midspan 
happens when 𝑔1 ≤ 0, where 𝑔1 is the following performance function: 
𝑔1(𝐗) = 𝑀𝑅,𝑏𝑒𝑎𝑚(𝐗) −𝑀𝐸,𝑓𝑖𝑒𝑙𝑑 (𝐗) (13)

Failure happens in the timber at the joints when 𝑔2 ≤ 0, where 𝑔2 is 
the following performance function: 
𝑔2(𝐗) = 𝑀𝑅,𝑏𝑒𝑎𝑚(𝐗) −𝑀𝐸,𝑗𝑜𝑖𝑛𝑡𝑠(𝐗) (14)

𝐗 is the vector of random variables, 𝑀𝑅,𝑏𝑒𝑎𝑚(𝐗) is the bending capacity 
of the beam, 𝑀𝐸,𝑗𝑜𝑖𝑛𝑡𝑠(𝐗) and 𝑀𝐸,𝑓𝑖𝑒𝑙𝑑 (𝐗) are the moment acting at the 
joints and midspan, respectively.

In case the beam is strong enough to prevent initial bending failure, 
the joint itself will be loaded. Subsequently, the load is redistributed 
along the beam. Finally, suppose the rotation capacity of the joints 
is exceeded. In that case, the structural system becomes a simply 
supported beam, whose failure happens when 𝑔3 ≤ 0. 𝑔3 is defined as 
follows: 
𝑔 (𝐗) = max(𝑔 (𝐗), 𝑔 (𝐗)) (15)
3 3.1 3.2

8 
𝑔3.1 represents the joints ultimate rotation performance function and 
𝑔3.2 represents the simply supported beam performance function: 
𝑔3.1(𝐗) = 𝜃𝑢(𝐗) − 𝜃𝑟𝑒𝑞(𝐗), 𝑔3.2(𝐗) = 𝑀𝑅,beam(𝐗) −𝑀𝑚𝑎𝑥(𝐗) (16)

𝜃𝑢 is the ultimate rotation of joints and 𝜃𝑟𝑒𝑞 is the required rotation 
at the joints. 𝜃𝑟𝑒𝑞 is: 

𝜃𝑟𝑒𝑞 =
𝑞𝑡𝑜𝑡 ⋅ 𝑙3

24 ⋅ 𝐸𝑏𝑒𝑎𝑚 ⋅ 𝐼𝑏𝑒𝑎𝑚
−

𝑀𝐸,𝑗𝑜𝑖𝑛𝑡𝑠 ⋅ 𝑙
2 ⋅ 𝐸𝑏𝑒𝑎𝑚 ⋅ 𝐼𝑏𝑒𝑎𝑚

(17)

𝑀𝑚𝑎𝑥 is equal to 18 ⋅𝑞𝑡𝑜𝑡 ⋅𝑙2, the maximum moment at midspan of a simply 
supported beam. For certain design situations, reaching the ultimate 
rotation of joints implies failure of the entire structure. In this case, 𝑔3
simply becomes 𝑔3.1. The total probability of failure 𝑃𝑓  is the union of 
the three failure probabilities. Since these three performance functions 
are mutually exclusive, 𝑃𝑓  is the sum of the single failure probabilities, 
as follows: 
𝑃𝑓 = 𝑃 [𝑔1 ≤ 0 ∪𝑔2 ≤ 0 ∪𝑔3 ≤ 0] = 𝑃 [𝑔1 ≤ 0]+𝑃 [𝑔2 ≤ 0]+𝑃 [𝑔3 ≤ 0] (18)

In order to find 𝑀𝐸,𝑗𝑜𝑖𝑛𝑡𝑠(𝐗) and 𝑀𝐸,𝑓𝑖𝑒𝑙𝑑 (𝐗), the beam-line method 
is used. The beam-line method was initially developed for steel struc-
tures [42] and then applied to timber structures [29,43]. The equation 
of the beam line is the following: 

𝑀 𝑗
𝐸,𝑗𝑜𝑖𝑛𝑡𝑠 =

2
3
⋅𝑀 𝑗

𝑚𝑎𝑥 ⋅

(

1 − 𝜃𝑗

𝜃𝑗𝑚𝑎𝑥

)

(19)

Where 𝑀 𝑗
𝑚𝑎𝑥 and 𝜃𝑗𝑚𝑎𝑥 are the moment and the rotation in a simply 

supported beam at midspan, in correspondence of the 𝑗th load incre-
ment 𝛥𝑗 , respectively. 𝜃𝑗 is the rotation at the joints at equilibrium 
corresponding to that same load increment. When the moment at the 
joints is equal to 2∕3 ⋅ 𝑀𝑚𝑎𝑥 and the rotation at the joints is zero, the 
system is a fully clamped beam. When the rotation at the joints is equal 
to 𝜃𝑚𝑎𝑥 and the moment at the joints is zero, the structural system 
instead represents a simply supported beam.

The graphical representation of this incremental loading procedure 
is illustrated in Fig.  6. At each load increment, the intersection between 
Eq.  (19) and the moment–rotation curve of the joints can be calcu-
lated. The intersection represents the equilibrium moment at the joints 
𝑀 𝑗

𝐸,𝑗𝑜𝑖𝑛𝑡𝑠 for that load increment. The moment at midspan 𝑀
𝑗
𝐸,𝑓 𝑖𝑒𝑙𝑑

can then be calculated as 𝑀 𝑗
𝑚𝑎𝑥 − 𝑀 𝑗

𝐸,𝑗𝑜𝑖𝑛𝑡𝑠. The load can be increased 
incrementally until one of the performance functions (Eq.  (13)-Eq.  (16)) 
becomes negative or until the load reaches the (final) realisation of 
the value 𝑞𝑡,𝑡𝑜𝑡. Fig.  6(a) illustrates the case when, at a certain load 
increment, the failure is reached at midspan, i.e. 𝑀 𝑡

𝑅,𝑏𝑒𝑎𝑚 is exceeded 
(red zone in the Figure). Fig.  6(b) represents the case when 𝑀 𝑡

𝑅,𝑏𝑒𝑎𝑚 is 
reached at the joints instead. Finally, Fig.  6(c) illustrates the case where 
the load is increased until the final value 𝑞𝑡,𝑡𝑜𝑡, but no failure happens, 
neither at midspan nor at the joint, i.e. the structure resists the applied 
load.

Because the analysis uses the beam-line method, the joints rotation 
capacity is not verified directly with 𝑔3.1. If no intersection is found, 
the required rotation exceeds the ultimate rotation of joints. In this 
case, the structure is evaluated as a simply supported beam. The input 
variables used in the reliability analysis are given in Table  4. 

Both parameter–parameter and parameter–material property corre-
lations are reported in Table  5. The correlation 𝜌(𝑃𝑚𝑜𝑑,𝑘 ,𝜌𝑑𝑒𝑛) between 
each parameters of the model 𝑃𝑚𝑜𝑑,𝑘 and the density of the lamellas 
𝜌𝑑𝑒𝑛 in which the screw was embedded is calculated, based on experi-
mental measured densities. Due to a limited data on load–displacement 
curve of the single-screw joint [36], the 𝜌(𝑃𝑚𝑜𝑑,𝑘 ,𝑟ℎ𝑜𝑑𝑒𝑛𝑠) are subjected 
to uncertainty. Therefore, the level of correlation has to be intended 
as approximate. Because the bending strength 𝑓𝑚 and elastic stiffness 
𝐸𝑏𝑒𝑎𝑚 strongly depend on density 𝜌𝑑𝑒𝑛, the missing correlations are 
estimated via the single-factor product rule [45]: 

𝜌(𝑃𝑚𝑜𝑑,𝑘 ,𝑓𝑚) = 𝜌(𝑃𝑚𝑜𝑑,𝑘 ,𝜌𝑑𝑒𝑛) ⋅ 𝜌(𝜌𝑑𝑒𝑛 ,𝑓𝑚), (20)

𝜌(𝑃𝑚𝑜𝑑,𝑘 ,𝐸𝑏𝑒𝑎𝑚) = 𝜌(𝑃𝑚𝑜𝑑,𝑘 ,𝜌𝑑𝑒𝑛) ⋅ 𝜌(𝜌𝑑𝑒𝑛 ,𝐸𝑏𝑒𝑎𝑚).
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Fig. 6. Beam line method for different cases: (a) failure at midspan, (b) failure at the joints, (c) no failure.
Table 4
Overview of loads a and material properties parameters by angle: unit, 
distribution, mean and characteristic value and COV.
 Input variable Unit Distribution Char V. Mean V. COV 
 𝐺∗ 𝑘𝑁

𝑚
Normal – 0.65 0.1  

 𝑄∗ 𝑘𝑁
𝑚

Gumbel 5.85 3.21 0.3  
 𝑓 ∗

𝑚
𝑁
𝑚𝑚2 Lognormal 30 38.8 0.15 

 𝐸∗
𝑏𝑒𝑎𝑚

𝑁
𝑚𝑚2 Lognormal – 13′000 0.13 

 𝑊𝑒𝑙 𝑚−3 Constant Design based –  
 𝑙 𝑚 Constant – 10 –  
(*) Based on the indication contained in JCSS [44].

Thus, each correlation between the material properties and the 
model parameters is taken as the product of the correlation between the 
model parameters and the density and the correlation between the den-
sity and the material property. The available correlation matrix is de-
fined for material properties 𝐘 = (𝐸𝑏𝑒𝑎𝑚, 𝑓𝑚) and the curve parameters 
𝐏mod = (𝑃𝑚𝑜𝑑,1,… , 𝑃𝑚𝑜𝑑,𝑚) of a single-screw joint. In the MCS, each joint 
contains 𝑛𝑠𝑐𝑟𝑒𝑤𝑠 screws, so the parameters vector 𝐏𝐦𝐨𝐝 has to be gener-
ated 𝑛𝑠𝑐𝑟𝑒𝑤𝑠 times per each MCS run. For each screw 𝑗 = 1,… , 𝑛𝑠𝑐𝑟𝑒𝑤𝑠
that composes the multi-screw joint, given the material property vector 
𝐘 = (𝐸𝑏𝑒𝑎𝑚, 𝑓𝑚), each vector of 𝐏(𝑗)

mod = (𝑃 (𝑗)
𝑚𝑜𝑑,1,… , 𝑃 (𝑗)

𝑚𝑜𝑑,𝑚) is sampled 
conditionally as follows:

1. Material properties: once per run 𝐘 ← 2(0, 𝛴𝐘𝐘) is sampled, 
and the two latent normals are transformed to the corresponding 
lognormal.

2. Parameters of the single-screw joint: for each screw 𝑗 = 1,… , 𝑛𝑠𝑐𝑟𝑒𝑤𝑠
that composes the multi-screw joint: 

𝐏(𝑗)
𝑚𝑜𝑑

|

|

|

𝐘 = 𝑦 ∼ 𝑚

(

𝛴𝐏(𝑗)𝑚𝑜𝑑𝐘
𝛴−1
𝐘𝐘𝑦

⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟
shifted mean

, 𝛴𝐏(𝑗)𝑚𝑜𝑑𝐏
(𝑗)
𝑚𝑜𝑑

− 𝛴𝐏(𝑗)𝑚𝑜𝑑𝐘
𝛴−1
𝐘𝐘𝛴𝐘𝐏(𝑗)𝑚𝑜𝑑

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
reduced covariance

)

(21)
9 
where with this notation it is meant that the sampling is done 
with the conditional probability distribution of 𝐏(𝑗)

𝑚𝑜𝑑 given 𝐘 = 𝑦.
3. Physical space: finally, every component of 𝐏(𝑗)

𝑚𝑜𝑑 is transformed 
from the latent normal to the corresponding lognormal.

3. Results and discussion

3.1. Design criteria of the structure

Satisfying the joint stiffness and load-carrying capacity require-
ments simultaneously is challenging. Not every degree of rigidity is 
feasible for joints with screws with the specific screw-to-grain angle. 
Feasible points are values of the degree of rigidity, 𝛼, at which both of 
the following hold simultaneously: (i) the relative stiffness requirement 
is met 𝛼𝑑 ≥ 𝛼, (ii) The resistance requirement is met 𝑀𝑅𝑑,joints ≥
𝑀𝐸𝑑,joints. 𝛼𝑑 is the value of 𝛼 after the actual number of screws 𝑛𝑠𝑐𝑟𝑒𝑤𝑠
is fixed in the design. The governing stiffness requirement must be 
the more restrictive of resistance or stiffness: if resistance governs, 
the actual joint stiffness will exceed the assumed 𝛼, thereby altering 
𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠; if stiffness governs, 𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠 remains as assumed, since the 
joint stiffness has been calibrated exactly to the target 𝛼. In case a level 
of rigidity is not feasible, alternatively, different screws or different 
screw-to-grain angles should be chosen in that case. For joints with 
screws, the capacity requirement is almost always more stringent than 
the stiffness one for low and medium values of rigidity. The closer 
the joint is designed to be a clamped joint (𝛼 > 0.075), the stricter 
the stiffness requirements become. Thus, to achieve a chosen degree 
of rigidity, the number of screws needed to satisfy the inequality 
𝑀𝑅𝑑,𝑗𝑜𝑖𝑛𝑡𝑠 ≥ 𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠 is larger than the number of screws needed to 
satisfy the inequality 𝛼𝑑 ≥ 𝛼. This can be seen in Fig.  7, where the 
number of screws (vertical axis) in order to meet the stiffness and the 
capacity requirements is shown for the screw properties used in this 
paper.

Feasible solutions first appear at 𝛼 ≥ 0.077 for joints with load-
to-screw axis angle of 30◦ and 45◦ (Fig.  7(a)), at 𝛼 ≥ 0.074 for joints 
with load-to-screw axis angle of 60◦. For the joints with a load-to-
screw axis angle of load-to-screw axis angle of 90◦, every value of 𝛼
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Table 5
Correlation matrix of the regression parameters as a function of the load-to-screw axis angle.
 𝛾 30 ◦ 45 ◦
 𝐹𝑡 𝐾𝑝 𝑎1 𝑣𝑢 𝜌𝑑𝑒𝑛 𝐸𝑏𝑒𝑎𝑚 , 𝑓𝑚a 𝐹𝑡 𝐾𝑝 𝑎1 𝑣𝑢 𝜌𝑑𝑒𝑛 𝐸𝑏𝑒𝑎𝑚 , 𝑓𝑚a 
 𝐾𝑖𝑛 0.72 −0.72 −0.85 −0.77 0.40 0.20 0.42 −0.49 −0.43 −0.71 0.40 0.20  
 𝐹𝑡 1.00 −1.00 −0.60 −0.47 0.40 0.20 1.00 −0.99 −0.81 −0.15 0.20 0.00  
 𝐾𝑝 1.00 0.60 0.47 −0.40 −0.20 1.00 0.80 0.19 −0.20 0.00  
 𝑎1 1.00 0.46 −0.20 0.00 1.00 −0.07 −0.20 0.00  
 𝑣𝑢 1.00 −0.20 0.00 1.00 −0.20 0.00  
 𝜌𝑑𝑒𝑛 1.00 0.60 1.00 0.60  
 𝐸𝑏𝑒𝑎𝑚 , 𝑓𝑚 1.00 1.00  

 𝛾 60◦ 90◦

 𝐹𝑡 𝐾𝑝 𝑎1 𝑣𝑢 𝜌den 𝐸𝑏𝑒𝑎𝑚 , 𝑓𝑚a 𝐹𝑡 𝐾𝑝 𝑎1 𝑣𝑢 𝜌den 𝐸𝑏𝑒𝑎𝑚 , 𝑓𝑚a 
 𝐾𝑖𝑛 −0.25 0.26 0.14 −0.79 0.40 0.20 0.10 0.28 −0.19 −0.50 −0.40 −0.20  
 𝐹𝑡 1.00 −0.95 −0.93 0.60 0.20 0 1.00 −0.75 −0.40 0.10 −0.20 0  
 𝐾𝑝 1.00 0.86 −0.48 −0.20 0 1.00 0.40 −0.34 0.00 0  
 𝑎1 1.00 −0.51 −0.20 0 1.00 0.02 0.00 0  
 𝑣𝑢 1.00 −0.40 −0.40 1.00 0.40 0.20  
 𝜌den 1.00 0.60 1.00 0.60  
 𝐸𝑏𝑒𝑎𝑚 , 𝑓𝑚 1.00 1.00  
a The correlation between 𝐸𝑏𝑒𝑎𝑚 and 𝑓𝑚 is set to 0.8 as prescribed by JCSS [44].
Fig. 7. Number of screws 𝑛𝑠𝑐𝑟𝑒𝑤𝑠 required according to the stiffness-based design and resistance-based design approach for the joints with screws with a load-to-
screw axis angle of (a) 45◦, (b) 90◦. The design parameters of points ‘‘A’’, ‘‘B’’, ‘‘C’’ are reported in Table  6.
is feasible. However, SLS requirements rule out very small 𝛼, so for 90◦
the reliability analysis is restricted to 𝛼 ≥ 0.035. Moreover, 𝛼 = 0.08
would demand roughly 300 screws in a single joint, so that point is 
kept only for completeness (Fig.  7(b)). Given the studied geometry 
(𝑏𝑏𝑒𝑎𝑚 = 165 mm) and EC5 spacing/edge distances, achieving 𝛼 ≈ 0.067
with screws at 90◦ requires about 45 screws splitted in three rows. 
Increasing 𝛼 further by adding more screws is impractical due to space 
constraints, interactions, and the risk of brittle failure modes. Instead, 
designers use inclined screws, which provide higher stiffness and reach 
the same 𝛼 with fewer screws. A summary of design parameters for 
representative cases is reported in Table  6. Dimensions are given as con-
tinuous (non-standard) values, since rounding up to standard glulam 
sizes would artificially increase the reliability and make the computed 
𝑃𝑓  fluctuate around the target. Design values of actions and materials 
are obtained using the partial safety-factor format of EC0 [46]. For 
timber, the material design rules follow EC5. Load-duration effects 
(𝑘𝑚𝑜𝑑) are neglected in the design because the governing ultimate limit 
state (ULS) combinations are of short duration. Moreover, the long-term 
effects are not modelled explicitly in the present reliability analysis. 
If 𝑘mod were applied, the target failure probability would be reduced, 
which in turn would require a more runs for MCS to achieve a reliable 
estimate of 𝑃𝑓 , while the results of the reliability analysis would remain 
the same.
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Table 6
Summary of design parameters for representative cases. 𝑏𝑏𝑒𝑎𝑚 = 165 mm, 
𝐺𝑘 = 0.65 kN, 𝑄𝑘 = 5.85 kN.
 Case 𝛼 ℎ𝑏𝑒𝑎𝑚 [mm] No. screws/row × No. rows 𝛾 [◦] 
 A 0.078 338 24 [8 × 3] 45  
 B 0.035 363 9 [3 × 3] 90  
 C 0.055 320 21 [7 × 3]  

3.2. Multi-screw joints

In the multi-screw model, a load–displacement curve is generated 
for each joint by sampling from the randomly established single-screw 
curves according to the empirical probabilistic models described in Sec-
tion 2.2. The resulting multi-screw joint behaviour can be analysed by 
computing three key parameters that describe the characteristics of the 
load–displacement curve: the elastic stiffness 𝐾10−40, the load-carrying 
capacity 𝐹𝑚𝑎𝑥 and the absolute ductility 𝐷𝑎𝑏.

The elastic stiffness is computed as the secant between two load 
levels, typically 10% and 40% of the load-carrying capacity, which also 
represents the SLS. The load-carrying capacity 𝐹𝑚𝑎𝑥 is the maximum 
force the joint can experience, and the ductility follows the absolute 
definition (see also [47]), i.e.: 𝐷𝑎𝑏 = 𝑣𝑢 − 𝑣𝑦. Where 𝑣𝑦 is the displace-
ment at the yielding point and 𝑣  is the ultimate displacement at failure 
𝑢
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Fig. 8. Mean values scaled by number of screws 𝑛𝑠𝑐𝑟𝑒𝑤𝑠 of elastic stiffness 𝐾10−40, load-carrying capacity 𝐹𝑚𝑎𝑥 and mean values of absolute ductility 𝐷𝑎𝑏 plotted 
against 𝑛𝑠𝑐𝑟𝑒𝑤𝑠.
Solid lines refer to the case without the initial slip, dashed lines refer to the case with the initial slip.
or at 20% drop of the curve after the peak load. 𝑣𝑦 is calculated as the 
displacement at 50% of the load-carrying capacity [48]. Examples of 
curves and the associated variability of the scaled value of mean value 
of elastic stiffness 𝐾10−40∕𝑛𝑠𝑐𝑟𝑒𝑤𝑠, load-carrying capacity 𝐹𝑚𝑎𝑥∕𝑛𝑠𝑐𝑟𝑒𝑤𝑠, 
and absolute ductility 𝐷𝑎𝑏 for the case without and with the initial slip 
are reported in Fig.  8.

Increasing 𝑛𝑠𝑐𝑟𝑒𝑤𝑠 has a small significant decrease on 𝐾10−40∕𝑛𝑠𝑐𝑟𝑒𝑤𝑠
for all the load-to-screw axis angles, while it does not affect 𝐹max∕𝑛𝑠𝑐𝑟𝑒𝑤𝑠
and 𝐷𝑎𝑏, for all the angles except 90◦. For joints with load-to-screw axis 
angle of 90◦, increasing the 𝑛𝑠𝑐𝑟𝑒𝑤𝑠 noticeably reduces the mean values 
𝐹𝑚𝑎𝑥∕𝑛𝑠𝑐𝑟𝑒𝑤𝑠, and 𝐷𝑎𝑏. Regarding variability, as 𝑛𝑠𝑐𝑟𝑒𝑤𝑠 increases, the 
coefficient of variation (COV) for every angle falls with each additional 
screw. However, all of these effects diminish and eventually plateau: 
the mean values of 𝐾10−40∕𝑛𝑠𝑐𝑟𝑒𝑤𝑠, 𝐹𝑚𝑎𝑥∕𝑛𝑠𝑐𝑟𝑒𝑤𝑠 and 𝐷𝑎𝑏 converge, 
and COVs fall to minimal, asymptotic levels with increasing 𝑛𝑠𝑐𝑟𝑒𝑤𝑠. 
This result can be expected, given the law of large numbers: as the 
number of screws grows, the overall response tends towards a Gaus-
sian distribution whose standard deviation is inversely proportional 
to the square root of 𝑛𝑠𝑐𝑟𝑒𝑤𝑠. Consequently, beyond a certain value 
of 𝑛𝑠𝑐𝑟𝑒𝑤𝑠, diminishing changes in both mean values and COVs can 
be observed. Experiments and modelling conducted by Joyce [49,50] 
provide comparable evidence for groups of axially loaded screws and 
laterally loaded inclined screws: increasing the number of screws did 
not appreciably change the mean strength per screw, but it significantly 
reduced the characteristic (5% fractile) value of capacity, while the 
variability decreased. These outcomes are consistent with a parallel-
system effect. The study also aligns with the findings of theoretical 
studies by Cao [51], who modelled group effects using the analogy with 
Daniel-system modelling.

The load–displacement behaviour for a representative set of 10 
screws is shown in Fig.  9. These results are compared with the values 
of 𝐾𝑆𝐿𝑆 and the characteristic capacity 𝐹𝑅𝑘,𝑚𝑢𝑙𝑡𝑖 proposed by EC5. Both 
𝐾𝑆𝐿𝑆 and 𝐹𝑅𝑘,𝑚𝑢𝑙𝑡𝑖 approximately match those obtained from the multi-
screw model, except for the case of 60◦ and 90◦, for which 𝐾𝑆𝐿𝑆
overestimates the mean stiffness of the joints. For steel-to-timber joints, 
EC5 recommends doubling the stiffness derived for timber-to-timber 
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joints. For the joints with a load-to-screw axis of 90◦, the stiffness is 
computed without the doubling factor in the subsequent analyses. This 
decision is justified by the fact that the empirical-probabilistic model 
of single-screw for this angle was calibrated on curves where the initial 
rigid region due to torque and friction was removed [36]. Another 
study observed that the EC5 doubling factor might, in some cases, 
overestimate the stiffness of steel-to-timber joints with screws [52].

3.3. Reliability of the structure

In this section, first, the results of a preliminary reliability (Sec-
tion 3.3.1) and then the results of a full reliability analysis (Sec-
tion 3.3.2) are reported. In the preliminary reliability analysis, the level 
of rigidity is set to a constant value (𝛼 = 0) while the proportion of 
variable to total load is varied. Then the proportion of variable to total 
load is fixed (𝑄𝑘∕(𝑄𝑘 + 𝐺𝑘) and the value of 𝛼 is varied, assuming a 
linear behaviour of joints. The resulting 𝑃𝑓  curve serves as the reference 
for the subsequent full reliability analysis. In the full reliability analysis, 
the model is extended to include the joints nonlinear load–displacement 
behaviour together with their variability, providing a more realistic 
estimate of the reliability. Further parametric investigations quantify 
the influence of initial slip on 𝑃𝑓 . The insights from the full reliability 
analysis are used to calibrate the ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 .

3.3.1. Preliminary reliability analysis
For a normal design situation, the target 𝑃𝑓  for a timber structure is 

≈10−5 [44]. However, the actual value is dependent, amongst others, 
on the ratio between the permanent and the variable load: as the 
proportion of the variable load increases, 𝑃𝑓  increases. Typical ratios of 
variable to total load (𝑄𝑘∕(𝐺𝑘 +𝑄𝑘)) for roof structure range between 
0.5 and 0.9 [53].

In order to determine the reference 𝑃𝑓  for load ratios in that range, 
a study on a beam with a fixed level of rigidity (𝛼 = 0, thus a simply 
supported beam) is conducted with 5 ⋅ 10−7 runs of MCS. Across all 
the examined scenarios (load ratios between 0.1–0.9), 𝑃𝑓  of the beam 
remains bounded between 10−7 and 10−5 (Fig.  10(a)). For example, 
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Fig. 9. Mean load–displacement curves with min–max envelopes for different load-to-screw axis angles (𝑛𝑠𝑐𝑟𝑒𝑤𝑠 = 10) compared against the EC5 reference values 
𝐹𝑅𝑘,𝑚𝑢𝑙𝑡𝑖 and 𝐾𝑆𝐿𝑆 .
Fig. 10. (a) Baseline probability of failure vs. load ratio (𝛼 = 0), (b) Baseline probability of failure vs. 𝛼 (𝑄𝑘∕(𝐺𝑘+𝑄𝑘) = 0.90), failure location shifts from midspan 
to joints as 𝛼 increases.
for a ratio of variable to total load equal to 0.10, 𝑃𝑓 = 2.2 ⋅ 10−5. The 
higher 𝑃𝑓  observed in other studies (e.g. [53]) can be related to the 
additional consideration of model uncertainty, which is disregarded in 
this study for simplicity. The reference values of 𝑃𝑓  from this study are 
used as the target probability of failures for the calibration of the ratio 
𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 . 𝑃𝑓  of the system is studied, fixing 𝑄𝑘∕(𝐺𝑘 + 𝑄𝑘) = 0.90
and varying 𝛼. In this case, the joints are assumed linear-elastic, and 
the failure happens either at the midspan or at joints (in the beam). 
𝑃𝑓  is invariant in relation to 𝛼. The only variation is the location of 
failure: for 𝛼 < 0.0633 (moment at the joints equal to the moment at 
the midspan), the failure happens at midspan, for 𝛼 > 0.0633, the failure 
happens at the joints (Fig.  10(b)).

3.3.2. Full reliability analysis
In the full reliability analysis, the structural reliability of the system 

depicted in Fig.  3(a) is assessed using MCS with 2 ⋅ 106 runs. This 
sample size yields a precise estimate of the target probability of failure 
(𝑃𝑓 = 2.2 ⋅ 10−5), with a COV of ≈15%. This precision is acceptable for 
estimating rare events in structural reliability and was the criterion for 
selecting the sample size.

In the analytical model, once joints reach the ultimate rotation, 
the structure is idealised as a simply supported beam. For the design 
cases considered, exceeding the joints ultimate rotation always triggers 
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failure of the structure: no moment redistribution occurs. Three distinct 
𝑃𝑓  that correspond to three different failures are plotted: Midspan — 
bending failure at the beam midspan (label: midspan); Joints (beam) 
- failure at the joints in the beam (label: Joints (beam)); Joints — the 
ultimate rotation of joints is exceeded (label: Joints).

Influence of the initial slip
In a first step, a full reliability analysis across the range of 𝛼 =

(0.035 − 0.08) for the case of screws with load-to-screw axis angle of 
90◦ is conducted to identify the possible influence of an initial slip in 
the joints. As can be seen in Fig.  11, incorporating an initial slip in the 
joints slightly increases 𝑃𝑓  for joints with lower values of 𝛼 ≤ 0.065, 
while it decreases the probability of failure for higher values of 𝛼 >
0.065. Introducing a small value implies considering a lower stiffness 
at equilibrium, relaxing the end constraints and transferring moment 
towards midspan. This redistribution increases 𝑃𝑓  when (𝛼 ≤ 0.065), 
because midspan section is not detailed for the extra load, but reduces 
𝑃𝑓  when the (𝛼 > 0.065), since for these values midspan section has 
reserve capacity and the most loaded section shifts away from the 
joints.

Due to the limited value of the initial slip considered in the case of 
steel-to-timber joints with screws, no remarkable effect is observed on 
the probability of failure or failure mode of the structure. Therefore, the 
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Fig. 11. Effect of initial slip on the probability of failure of the structure versus 
𝛼 (𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 = 1). Marker shapes indicate the failure location: at joints in 
the beam (circle) or midspan (triangle).

initial slip is not taken into account in the further steps of the analysis. 
It is worth noting that workmanship may induce larger slips, and 
alternative distributions (e.g., Beta or symmetric Gaussian/triangular) 
could be employed. When the resulting distribution entails a higher 
mean slip or, for a fixed mean, places more probability on larger slips, 
the associated stiffness reduction is greater and the trend in 𝑃𝑓  might 
be accentuated, thereby increasing 𝑃𝑓  for 𝛼 ≤ 0.065 and decreasing 𝑃𝑓
for 𝛼 > 0.065. Conversely, distributions concentrating probability on 
smaller slips would attenuate this effect.

Influence of the ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆
The impact of the ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 on the reliability of the struc-

ture is studied by comparing two cases: the code-prescribed ratio of 2/3 
and the theoretical upper-bound ratio of 1 for the feasible values of 𝛼. 
The results are illustrated in Fig.  12.

For the case 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 = 2∕3, 𝑃𝑓  is above the target probability 
value (𝑃𝑓 = 2.20 ⋅ 10−5) for 𝛼 < 0.065. In particular, 𝑃𝑓  increases by a 
factor of ≈2-2.2 (being approximately in the range between 4 ⋅10−5 and 
4.90⋅10−5). Then, with increasing values of 𝛼, 𝑃𝑓  converges towards the 
target value (Fig.  12(a)). For the case 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 = 1, not accounting 
for any reduction in stiffness at ULS increases 𝑃𝑓  compared to the case 
𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 = 2∕3 for 𝛼 between 0.035 and 0.065. For 𝛼 ≥ 0.07, the 
reduction is unnecessary. 𝑃𝑓  is unchanged, or even increases, like for 
the case of 60◦ and 90◦ (Fig.  12(b)). This results in an uneconomical 
design of joints since it would require more screws without a benefit 
in terms of reliability.

The reduction in 𝑃𝑓  for joints of higher rigidity, passing from 
hinged to clamped joints, is due to the fact that the failure moves from 
midspan to the joints in the beam. This is illustrated in Fig.  13, where 
equilibrium points at failure are shown for three different values of 𝛼
(0.02, 0.06, 0.075). For representational purposes, the lowest 𝛼 = 0.02
value is used, even though the design would typically be governed by 
the SLS. The green dots indicate equilibrium points associated with 
failure at midspan (𝑀𝐸,𝑓𝑖𝑒𝑙𝑑), while the blue dots represent equilibrium 
points that cause failure at the joints in the beam (𝑀𝐸,𝑗𝑜𝑖𝑛𝑡𝑠). Finally, 
the green dots also show the corresponding values of the equilibrium 
points in the joints when failure occurs at midspan. When 𝛼 < 0.065, 
the equilibrium at ULS falls within the post-elastic range (Fig.  13(a) and 
Fig.  13(b)) of the joints curve. Therefore, 𝑃𝑓  is sensitive to the 2/3 ratio, 
yet even then, it never quite meets the target 𝑃𝑓 . Increasing 𝛼 means 
that the equilibrium under ULS loading moves more and more into the 
elastic range (Fig.  13(c)). Hence, the 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 = 2∕3 stiffness ratio is 
both redundant for joints with 𝛼 ≥ 0.07 close to the clamped condition 
and potentially unsafe for semi-rigid ones. 𝑃𝑓  remains constant for very 
stiff joints (i.e., as more screws are added) because the moments at 
13 
joints and midspan become progressively less sensitive to changes in 
joint stiffness (see Fig.  3(b)) the equilibrium points fall inside the elastic 
region of joints. The results confirm the importance and the influence 
of the nonlinear behaviour for semi-rigid joints on the reliability of 
timber structures already observed in previous studies [8,30]. However, 
in these studies, a larger effect (≈3.7 increase from the target 𝑃𝑓 ) was 
observed. In contrast, the stiffness-based modelling strategy employed 
herein yields a remarkable yet smaller change (≈2.2 increase from the 
target 𝑃𝑓  for the worst-case scenario). This reduction in effect may be 
due to the different structural systems and types of joints studied, as 
well as to different assumptions about joint behaviour (pinned/clamped 
assumptions in design, use of elastic-perfectly plastic behaviour).

3.4. Calibration of 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆

The ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 is calibrated in order to meet the target 
reliability by means of a bisection and grid algorithm. The algorithm 
is configured to run for a maximum of 5 iterations and was terminated 
once the computed failure probability came within a specified threshold 
of the target value. The ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 can be expressed in several 
equivalent ways:

1. As a function of the relative joint stiffness
(Fig.  14(a)–Fig.  14(b)). The relative joint stiffness can be ex-
pressed in terms of 𝛼 or 𝑘𝑏.

2. As a function of the utilisation ratio 𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠∕𝑀𝑅𝑑,𝑗𝑜𝑖𝑛𝑡𝑠
(Fig.  14(c)), as it is currently adopted by EC3 for moment-
resisting steel joints [21].

3. As a function of dimensionless required joint rotation 𝜃𝑟𝑒𝑞,𝑑∕
𝜃𝑚𝑎𝑥,𝑑 (Fig.  14(d)). 𝜃𝑟𝑒𝑞,𝑑 is the design value of the required 
rotation at joints, and 𝜃𝑚𝑎𝑥,𝑑 is the design value of the rotation 
at joints of the corresponding simply supported beam.

The ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 increases with increasing 𝛼 (or, equiva-
lently, the dimensionless stiffness ratio 𝑘𝑏), with decreasing 𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠∕
𝑀𝑅𝑑,𝑗𝑜𝑖𝑛𝑡𝑠 and with decreasing 𝜃𝑟𝑒𝑞,𝑑∕𝜃𝑚𝑎𝑥,𝑑 . Outside the narrow interval 
0.063 < 𝛼 < 0.067 the curve is almost flat, yielding similar values for 
the extremes of the examined 𝛼 range. Within that range, however, 
the ratio increases sharply: even a slight change in 𝛼 produces a large 
change in 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 . For 𝛼 ≤ 0.063, 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 assumes an average 
value of 0.56, while for 𝛼 ≥ 0.067, 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 is always 1.

4. Conclusions

The nonlinear behaviour of joints significantly influences the re-
liability of statically indeterminate timber structures. EC5 takes into 
account the nonlinear behaviour of joints, assuming a reduced value 
of the stiffness of joints at the ultimate limit state, as two-thirds of the 
value at the serviceability limit state. Modern designs often use inclined 
self-tapping screw joints for their high stiffness and capacity. This study 
first models the load–displacement response of multi-screw joints, then 
derives the moment–rotation curve via the component method. The 
curve is subsequently employed in a Monte Carlo reliability analysis of 
a statically indeterminate timber beam under a uniformly distributed 
load. The conclusions regarding the outcomes of the reliability of the 
statically indeterminate beam and the consequent calibration of the 
ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 are the following:

1. The adequate ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 heavily depends on the type and 
nonlinear behaviour of the joints. A unique value cannot cover 
all the joint typologies.

2. Setting the ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 = 2∕3 results in an underestimate 
of the probability of failure for joints with load-to-screw axis 
of 90◦ when 𝛼 < 0.07, resulting in unsafe designs, and it is 
redundant when 𝛼 ≥ 0.07, since the probability remains constant 
or either increases compared to the case when 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 = 1, 
but the joints require more screws.
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Fig. 12. Probability of failure versus 𝛼. (a) 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 = 2∕3, (b) 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 = 1. Marker shapes indicate the failure location: at joints in the beam (circle), 
midspan (triangle), due to the exceedance of the ultimate rotation of joints (diamond).
Fig. 13. Moment–rotation diagram and equilibrium points for the angle 90◦. To make the failure points visible, the reliability analysis was conducted assuming 
larger loads. (a) 𝛼 = 0.02, (b) 𝛼 = 0.06, (c) 𝛼 = 0.075. Blue dots: failure at joints in the beam; Red dots: failure at midspan; Green dots: equilibrium points at the 
joints when failure is at midspan.
3. Depending on the chosen value of 𝛼, the coefficient can assume 
different values:
- For 𝛼 > 0.077 (load-to-screw axis 30◦ and 45◦), 𝛼 > 0.074 (load-
to-screw axis 60◦, and 𝛼 > 0.067 (load-to-screw axis 90◦), the 
joint remains in its linear-elastic range, thus 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 = 1.
- For joints with load-to-screw axis angle of 90◦, for 𝛼 ≤ 0.063, 
the calibrated ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 assumes an average value of 
0.56.
- For joints with load-to-screw axis angle of 90◦, for 𝛼 = 0.063 −
0.067 the ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 is very sensitive to 𝛼. In this range, 
calibration shows that the optimal ratio falls between 0.56 and 
1.00.

5. Limitations and future work

This study constitutes a transferable probabilistic framework that 
could be extended to other joint types and structures. The probabilistic 
model of the structure is benchmarked against the recognised value of 
target probability of failure (JCSS [44]), showing consistency with 𝑃𝑓 ≈
10−5 for ULS. However, it is still characterised by some limitations due 
to (i) a limited number of experiments on which the single-screw model 
is based, (ii) additional possible failure modes, (iii) not accounted 
interactions among screws due to spacing. In fact, the single-screw 
joint model is developed based on a limited number of experiments. 
Additional tests are needed to confirm the validity of the model. As a 
consequence of the limited number of experiments and lack of data, 
the correlations between model parameters and timber properties are 
uncertain. Other failure modes (e.g., shear, brittle failures) and their 
14 
effect on reliability were not studied. Results apply to joints with larger-
than-code spacings; closer spacing increases screw interaction, alters 
joint behaviour, and raises the risk of brittle failures, which can reduce 
beam reliability. Therefore, future research should aim to fill these gaps 
and reduce the uncertainties in the structural probabilistic model.
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Fig. 14. Calibrated values of ratio 𝐾𝑈𝐿𝑆∕𝐾𝑆𝐿𝑆 as function of: (a) rigidity level 𝛼, (b) relative stiffness 𝑘𝑏, (c) utilisation moment ratio, 𝑀𝐸𝑑,𝑗𝑜𝑖𝑛𝑡𝑠∕𝑀𝑅𝑑,𝑗𝑜𝑖𝑛𝑡𝑠, (d) 
rotation ratio 𝜃𝑟𝑒𝑞,𝑑∕𝜃𝑚𝑎𝑥,𝑑 .
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