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Abstract. The design and performance of structural connections in timber engi-
neering plays a critical role in the safety and functionality of timber structures,
especially in applications involving tall buildings. In this chapter, the design and
modelling strategies of structural connections in timber engineering are exam-
ined. The study highlights the significance of key parameters, including stiffness,
strength, and ductility, and explores how these factors influence the behaviour
and performance of various connection types under different loading conditions.
Analytical and numerical methods for assessing the mechanical properties of con-
nections are presented, including those outlined in widely used standards like
Eurocode 5. The discussion highlights the limitations of these guidelines, par-
ticularly their inability to fully address complex behaviours such as non-linear
deformation and long-term effects. The importance of experimental validation
is also emphasized, as a critical step in refining models and improving design
practices.
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1 Introduction

In tall buildings, connection deformation can potentially cause serviceability failures
through deflection of the structure [1, 2], and in slender structures could also lead to
ultimate limit state failure through second-order P-delta effects [3]. Connection defor-
mation also affects both serviceability and ultimate-limit state behaviour of mechani-
cally jointed composite beams and slabs, including timber-concrete composites (TCC)
[4] and dowel-laminated timber (DLT) [5]. Moreover, the stiffness of connections is a
key parameter in modelling for vibration and acoustic serviceability [6, 7], to ensure,
for example, occupant comfort or usability of sensitive instruments. Seismic design also
requires modelling of connection stiffness and ductility. An overview of most recent
studies and issues on connections is summarized in the following sections.
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2 Fundamentals of Structural Connections

2.1 Types of Structural Connections

2.1.1 Mechanical Connections

Mechanical connections can be classified based on the type of fasteners in: (i) dowel-
type connections and (ii) bearing connections. Fasteners, in turn, are divided into two
groups depending on the force-transfer mechanism between the connected members.
The main fastener group is represented by the dowel-type fastener (generally made of
steel) including staples, nails, screws, bolts, dowels and threaded rods. Hardwood dowels
[8] have been proposed as an alternative connector for DLT beams with the aim to
reduce the use of adhesives in engineered wood products. The second group of fasteners
is represented by the bearing-type or “surface-type” fasteners, such as toothed-plate
connectors, punched metal plate connectors and split rings.

2.1.2 Bonded Connections

In this framework, just pure timber-timber joints are accounted as adhesive connections.
Those connections are vital for the creation of laminated timber elements (i.e. glulam
and LVL) and glued composed members [9] but are also used in structural joints between
elements: end-joints for knee and reinforcements (i.e. scarf, lap or finger joints, knee
and truss joints with gussets from plywood, LVL, etc.) [10].

2.1.3 Hybrid Connections

Hybrid connections are defined as joints combining two of the following jointing cate-
gories: carpentry joints, mechanical connections and bonded connections [11]. Bonded-
inrods, often considered a subset of adhesive joints, represent a type of hybrid joint since
they involve three materials (timber, rod-connector and adhesive bonding layer). Rods
are usually made of steel, nevertheless, an alternative is represented by bonded-in fibre-
reinforced polymer (FRP) rods, which use provide an improved resistance in corrosive
environments, a lower weight and a reduced heat conduction into the joint in case of
fire due to lower thermal conductivity. Another hybrid joint type entails the combination
of adhesive bonding and steel plates. One option in this category is glued-in solid steel
plates, and the epoxy-based adhesives seemed to be the most appropriate choice [12].
Another approach that conceptually eliminates the reliance on the adhesion between
adhesive and steel is to use perforated steel plates [13]. To overcome adhesives ‘short-
coming related to limited gap-filling capabilities and strength-reducing effects in the
bond-line during the initial hardening shrinkage, new hybrid connections using grouting
technology with concrete-type adhesives (CTA) have been developed. Its application was
proposed by [14] for hybrid steel-cross-laminated timber building systems consisting of
threaded rods reinforced by a layer of epoxy grout encased into the CLT panel.
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3 Key Parameters Influencing Connection Behaviour

3.1 Load-Transfer Mechanisms

3.1.1 Mechanical Connections

Connections with dowel-type fasteners transmit axial, shear, and even bending loads
between structural members. They are categorised as shear connections since forces are
mostly transferred between members via shear in the fasteners, but, to some extent, they
also transmit forces through axial capacity of the fasteners [15]. Depending on the direc-
tion of the force relative to the fastener axis, dowel-type connectors can experience two
types of loading: shear, when the force is applied perpendicular to the fastener axis, and
withdrawal/pushing-in, when the force is applied along the fastener axis. Additionally,
combined stresses may occur under certain conditions [9]. When subjected to lateral
loads, dowels-type connectors may deform in bending, creating one or more plastic
hinges within the fastener. In this situation, some parts of the load uptake also occur in
tension. Depending on the surface and end anchorage of the fastener, the part carried in
tension can be larger or smaller. Because of the loading, the dowel will press against the
surrounding timber members, creating embedding pressure against the dowel.
Bearing-type connections transmit lateral loads only. The mechanism to transmit
shear forces is through bearing on the connected materials. For double-sided connec-
tors (e.g., split rings and double-sided toothed-plate connectors), forces are transferred
through embedment stresses of the first member into the connector and then to the second
member via the connector’s shear resistance. Bolts manage any eccentricity to maintain
joint stability. For single-sided connectors (e.g., shear plates and single-sided toothed-
plate connectors), forces generate embedment stress between the connector and bolt.
The bolt’s shear resistance ensures force transfer, moving it to the second connector in
timber-to-timber joints or directly to the steel member in steel-to-timber joints [9].

3.1.2 Glued Connections

The strength of glued joints is difficult to describe analytically. If the glue is ductile, (i.e.
polyurethane) the shear strength describes its behaviour well. If it is brittle, the fracture
energy, Gy, of the glue is the best descriptor. To characterize the brittleness, a brittleness
ratio has been defined as f?/Gg, [16]. One of the problems is that pure tension or shear
is seldom present in a real joint, making it impossible to separate strength components
even in testing. However, the resorcinol/phenol adhesives employed for the production
of EWPs, are more brittle than wood itself, while polyurethane is less brittle than wood.
Adhesive connections are generally considered to be rigid for practical engineering
design purposes, but flexible adhesive joints have been proposed for structural joints in
seismic regions [17, 18], and to increase the bending capacity of laminated timber [19,
20].

3.1.3 Hybrid Connections

The mechanical description of the load transfer in hybrid joints involving adhesives is
additionally complicated by them is match of stiffness between the mechanical fasteners
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and the adhesive layer while these involving carpentry connections are affected by uncer-
tainty related to friction and contact mechanisms. Taking as example the glued-in rods,
which can be accounted as a mechanical joint or as combination of glued and mechani-
cal connections. The force between the rod and the glue is generally seen as transferred
either by compression or shear, however in some cases it is perceived as a combination
of the two [21], depending on the combination of several influencing parameters (i.e.
the ratio of the diameter of the hole to the diameter of the rod, the adhesive bond line
thickness, the timber and rod surface features).

3.2 Stiffness, Strength, Ductility

The load carrying capacity of a dowel-type connection in shear is determined by three
parameters: the embedding strength of the timber f},, the dowel strength represented by
its yield moment My and the anchorage capacity enabling tensile action in the dowel F .
The load carrying capacity of connections with dowel-type fasteners was first described
by Johansen [22] which distinguished three different failure modes, depending on the
relation between the embedding strength, the yield moment of the dowel and the thickness
of the timber members. Nevertheless, this theory does not account for potential brittle
failure modes. The other limitation of Johansen’s formulation lies in the analysis method
itself: the model can predict the ultimate failure load but cannot provide any indication
of the deformability of the connection, nor, consequently, of its stiffness and ductility
properties.

To properly account for the semi-rigidity of timber joints with mechanical fasteners
it is necessary to evaluate its stiffness. It is possible by carrying out tests in accor-
dance with some standardized procedures (i.e. EN 26891:1991 [23]), or alternatively
by referring to different documents (i.e. the N.I.CO.LE document) [24] and Standards
that provide simplified formulas for different types of connection, fastener diameter and
timber density.

Connections are often intended to act as potential ductile elements contributing sig-
nificantly to overall ductility and energy dissipation in case of overloading and allowing
for safe load paths when construction tolerances are exceeded [25]. A ductile connec-
tion response is often associated with plastic fastener deformation, which allows for
energy dissipation under reverse-cyclic loading and is crucial for seismic design [26],
also known as “dynamic ductility”.

Some authors have given empirical indications on the possible maximum and mini-
mum values of ductility D [27]. Ductility is often defined as ratio the between the defor-
mation corresponding to the maximum load (u,) and the one at the elastic limit (uy)
and was correlated with the Johansen’s failure modes; often the deformation at the point
where the maximum load drops by 20% is considered. It can be experimentally estimated
on mechanical fasteners by carrying out cyclic tests following EN 12512:2001/A1:2005
[28], by using the method proposed by Kobayashi and Yasumura [29] or the method pre-
sented in ASTM E2126-11 [30]. A novel method that resembles in some aspect the short
procedure of EN 12512 [28] to determine the ductility class of dowel-type connections
is the one proposed in the revised version of the standard EN 14592:2017 [31].
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4 Design Standards and Guidelines

4.1 Codes

With changes and adaptations, the Johansen theory [22] is the basis for the so-called
European Yield Model (EYM) which is used in the current generation of design codes EN
1995-1-1 [32]), National Design Specification for Wood Construction-NDS [33], Engi-
neering Design in Wood-CSA 086 [34] and Standard for Design of Timber Structures-
GB 50005 [35] for the estimation of the load-carrying capacity of connections in timber
structures.

The EYM assumes simplified rigid-plastic material behaviour for the fastener when
exposed to bending stresses and for the timber when exposed to embedment stresses [9]
even though, various studies involving embedment tests on wood and tests on connections
[36-38] revealed for both a highly non-linear behaviour. This can be attributed to the non-
linear behaviour of steel dowels under bending and wood under embedment stress. EYM
is also addressed as “local design criteria” since its applicable to the single connector and
doesn’t account for brittle failure modes. The applicability of this model is guaranteed
by the application of the so called “global design criteria” which consists of spacing and
distance rules between the single connectors, which ensure the global capacity of the
cross section to withstand the forces transferred by the connectors [39].

Empirical formulations for the estimation of in-service stiffness of all dowel-type
connections, which is identified as slip modulus, K, are provided in Sect. 8§ of ECS5.
Slip modulus is a measure of joint stiffness, i.e. resistance to displacement, hence it has
unit N/mm. The slip modulus of a joint at the ultimate limit state K, is determined as
2/3 of the K.

4.1.1 Limitations of Existing Guidelines

Connection stiffness is a critical aspect of structural performance, yet current design
approaches exhibit significant limitations: thickness is not factored into stiffness cal-
culations, leading to unrealistic assumptions that slim and thick connections share the
same stiffness [40, 41]. For the design of multi-dowel connections, only general design
rules but no design equations are given in the standard. In general, the load levels of
the individual dowels for a specific load case (including the load-to-grain direction at
each dowel) needs to be calculated in order to be able to compare these values to the
corresponding single-connector strength. The compatibility of deformations is requested
but only strongly simplified stiffness values for single-dowels not compatible with limit
loads are provided [42].

Experimental studies (e.g., Sandhaas et al. [43]) have demonstrated that the EN
1995-1-1 equation for serviceability stiffness, K s¢r, often fails to accurately predict dowel
stiffness, especially for connections with multiple dowels or dowels with unconventional
features. This issue becomes even more pronounced in large-scale structures like multi-
story timber buildings, where deformation effects due to scale become significant. The
non-linear deformation behaviour of dowel-type connections is another key challenge.
Current parameters, such as K and K, (the connection stiffness at the ultimate limit
states), do not account for the real non-linear, behaviour of connections, limiting the
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ability to design for robustness and ductility. Non-linear behaviour affects load distribu-
tion among fasteners, especially when connections experience combined rotational and
translational forces. Furthermore, the stiffness’s influence on force distribution within a
structure cannot be realistically assessed, and modern techniques like interlayers (e.g.,
acoustic layers) are not accommodated in current formulas.

To optimize design, more comprehensive data on non-linear connection behaviour
will be achieved and provided, including upper and lower stiffness limits alongside mean
values. The existing rigid-ideally plastic limit design and empirical elastic stiffness
formulas used in ECS5 fail to address uncertainties in stiffness and ductility, will be
overcome by carrying out further research and development in this area.

S Modelling Strategies for Connections

5.1 Analytical Approaches

5.1.1 Closed-Form Equations for Shear Behaviour

Analytical closed-form models based on mechanical approaches contribute to under-
standing the factors influencing connection behaviour and are useful for designers.

The most widespread closed-form solution that has gained increasing acceptance in
recent years is the European Yield Method (EYM) since compared to the other analytical
formulations, it entails closed-form and rather simple equations. Uibel and Blal [36]
validated and expanded this formulation to enable the design of dowel-type connec-
tions in CLT. Specifically, they modified the timber embedment strength equations by
incorporating corrective factors into Johansen’s formulas. Other analytical solutions for
the prediction of the load-displacement relationship for timber joints with dowel-type
fasteners subjected to lateral loading have been presented by several research works.
They considered a joint as a two-dimensional arrangement in a plane and represent the
connector by a one-dimensional beam on a Winkler or discontinuous foundation. For a
Winkler type foundation, the force per unit length beneath the connector is taken to be
directly proportional to the displacement at all points along the length of the connector.
This method was proposed also in more recent works [44—46] aiming at investigating
the mechanical behaviour of different dowel-type connections.

To develop an exact theoretical design method for connections with dowel-type
fasteners, many researchers have proposed adopting the theory of beam on foundation
(BOF) for predicting the load-deformation behaviour of the fasteners since 1950, and
the relevant research works can be mainly divided as linear and non-linear. In this
case, the fasteners are assumed as elastic or elastoplastic beams supported by the linear
or non-linear foundation equivalent from timber. For the linear model, the target is
to solve the exact fastener deformation expressions by using the general solutions of
the beam on elastic foundation (BOEF) model. Kuenzi [47] first introduced the BOEF
model into dowel timber-to-timber connections with the consideration of the timber
embedment properties and the connection geometric conditions, proving that the load-
slip relationship of timber connections could be predicted with high accuracy at the elastic
stage. However, challenges remain, with particular reference to the non-linear behaviour
of materials which can’t be easily accounted in closed-form equations. Additionally,
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theoretical solutions based on the traditional BOEF model are overly complex for direct
application in practical engineering.

5.1.2 The Component Method

Although almost all timber connections should be treated as semi-rigid, EN 1995-1-
1:2004 does not provide any methods for determination of the rotational stiffness of
the connection. In this framework, the component method, which is one of the most
used methods for the determination of the moment resistance and rotational stiffness
of the steel and steel-concrete composite connection, can be successfully employed to
investigate the characteristic properties of semi-rigid timber-steel connection. The orig-
inality of the component method is that it considers any joint as a set of “individual
basic components”. Each component is represented by an extensional spring, which is
independent and can be connected to other springs or to rigid elements. Once the indi-
vidual constitutive components are identified and characterized, the overall behaviour
of the connection can be modelled through the so-called assembly procedures [48]. By
using the component method, [49, 50] carried out detail investigation on ductile moment-
resistant timber connections with the combination of glued-in rods and steel connecting
studs. It was discovered that the method could well predict the joint response in terms
of failure mode, ultimate resistance, stiffness, and rotation capacity.

5.2 Numerical Modelling Techniques

In parallel with these analytical approaches, developments in computational mechanics
made it possible to develop numerical methods [51, 52], which accounted even for non-
linear phenomena. These approaches have remained unused in practical design due to
their complex implementation and their high running time, at the time of their invention,
while today’s computational resources strongly reduced corresponding limitations.

A large number of researchers have then focused on the non-linear BOF model
by using the numerical methods. Dowel-type fasteners are numerically modelled as
elastoplastic beams on a nonlinear foundation in engineered in wood-based products
[53, 54]. For example, Hirai [52] proposed a non-linear controlling differential function
solved by using the stepwise numerical linear approximation method, by adopting the
elastoplastic behaviour of the dowel and the foundation.

5.2.1 Finite Element Modelling (FEM) for Connections

The accurate mechanical analysis of connections is highly complicated and challenging,
due to the large number and type of structural details and influencing parameters that
should be taken into account. Firstly, nonlinearity of the material behaviours of steel and
timber (and possible other materials) has to be properly considered. Secondly, for dowel-
type connections, there is contact between the dowel and the surface of the hole in the
timber element, where normal and tangential stresses are transferred and friction between
steel and wood has to be accurately taken into account. In this case, the possible presence
of gaps and production tolerances must be also carefully considered. Thirdly, the load
distribution is highly non-uniform within the timber parts loaded in tension, where the
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primarily applied compressive stresses are transformed via shear stresses into tensile
stresses. The combination of these mutually affected processes occurs simultaneously
and within a small spatial region [55].As a consequence, in most cases, the use of
refined 3D numerical models is necessary. The intrinsic limitations of spring-based
models compared to full 3D models, for collapse simulations, have been for example
discussed in [56], while a vibration sensitivity study on timber-timber floors has been
successfully carried out in [57] with spring-based 2D models. Many authors carried
out various 3D models for connections, by taking into account specific computational
features and strategies. Since the nonlinear material model is crucial to the development
of accurate load-slip behaviour for timber connections, many authors proposed the use
of a plasticity-based constitutive material formulation to model wood as elasto-plastic
orthotropic according to the Hill yield criterion [58—60]. The most important aspect is
the definition of a realistic damage and failure criterion [56]. Moreover, it is worth noting
that the Hill yield criterion is symmetric in tension and compression and should be thus
used with attention. To overcome this possible limitation, more advanced subroutines
have been implemented to overcome this limitation [61].

Finally, to accurately account for the failure modes that significantly impact the
estimation of the mechanical parameters of connections, various theories have been
proposed specifically for anisotropic materials like wood. The most widely used are
the maximum stress criterion [62], the Tsai-Wu stress criterion [63] and the Hoffman
stress criterion [64]. Since the interaction between connector and timber is essential in
finite element modelling, several authors (i.e. [65, 66]) introduced a fictitious ‘soft layer’
with cohesive damage interactions, at the interface between the dowel-type connector
and the surrounding timber components. Compared to other modelling approaches, the
Cohesive Zone Modelling (CZM) method has well-known intrinsic advantages, since it
does not need: (i) pre-existing definition of cracks, (ii) prior assumptions for onset and
growth of damage, (iii) complex moving mesh techniques, and (iv) a very dense mesh
definition close to the cracks (to ensure local occurrence of infinite stress and strain
peaks). Moreover, the CZM strategy can be also adapted to many other connection
typologies for timber structures, such as notched connections [67] or bonded-in-rod
connections [68].

5.2.2 Spring Elements and Equivalent Beam/Shell Elements

Connections are often effectively modelled as spring elements in numerous studies that
use 2D finite element methods to validate analytical models describing the behaviour
of various Lateral Load Resisting Systems (LLRS). For platform-type CLT buildings,
[60, 69, 70] developed 2D models in which shear-walls consist of two-dimensional (i.e.
area) rigid elements and the connections (e.g., hold-down, angle brackets and connec-
tions between adjacent CLT panels) were modelled as nonlinear elastic spring (link)
elements. The adopted models differ each other mainly in the assumptions related to the
implementation of the non-linear behavioural characteristics assigned to the mechan-
ical anchors, including uni- vs bi-directional behaviour and tri-linear vs multi-linear
behaviour. In analogy with this approach, [71] conducted a parametrical study to inves-
tigate the interaction between the floor-to-wall connections and lintel elements on the
mechanical behaviour of CLT shear-walls with cut-out openings. The same approach
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was employed to analytically model the log-house timber walls under in-plane lateral
loads by Sciomenta et al. [72]. In this case the typical corner joint is considered to be an
elastic extensional spring. At the same time, static friction contributions are evaluated
by means of classical Coulomb law, while the presence of possible gaps is properly con-
sidered in the lateral displacement evaluation. It is worth stressing out the crucial role of
experimental test for the assessment of mechanical properties of connections. In partic-
ular, the calibration of the springs in the aforementioned numerical models was achieved
via experimental test. One of the most cited and useful work is the one from Gavric et al.
[73] which summarize the outcomes from an extensive experimental program on typical
cross-laminated timber (CLT) screwed connections including in-plane monotonic and
cyclic shear and withdrawal tests were performed on screwed wall-to-wall, floor-to-floor
and wall-to-floor CLT connections.

5.3 Some Specific Challenges in Timber Connections

5.3.1 Long-Term Effects

Timber members exhibit creep: time-dependent deformations. This phenomenon is
related to the duration of the action, the state of stress and hygrometric variations.
According to EN 1995-1-1:2004, the additional deformation of joints caused by creep
shall be calculated as the short-term deformation multiplied by the deformation factor
(kgef)- The short-term deformation shall be determined based on the slip modulus of the
joint (K er) [74]. Using connectors that resist creep, such as grouted bolts with washers or
specialized engineered wood connectors (i.e. dog screws or coach screws for timber-to-
steel connections), can mitigate these issues. Temperature and moisture fluctuations can
pose an additional challenge to connection performance, particularly in tension or com-
pression members. Thermic and moisture variations can cause shrinking and swelling in
timber leading to connection loosening or member splitting. In climates with significant
temperature swings, connections that allow some movement (e.g., bolted joints or Z-
clips) may perform better by accommodating these fluctuations without compromising
the joint. The effect of temperature and humidity is particularly significative in hybrid
connections involving glues. Kemmsies and Streicher [12] analysed the performances of
different adhesive types and gluing techniques for bonded-in steel plates under temper-
ature and humidity variations. One key finding was that epoxy-based adhesives seemed
to be the most appropriate choice.

5.3.2 Group Effect and Connection Stiffness

EN 1995-1-1:2004 bases the design of multiple-fasteners connections on the behaviour
of single fasteners. The connection slip modulus is determined by multiplying the slip
modulus per shear plane of a single fastener, with the total number of fasteners and
the number of shear planes. Nevertheless, it has been proved [75] that the assumption
of a linear combination of the individual behaviours of each fastener is inaccurate,
since the material and geometrical properties of the timber members and the number
of fasteners in steel-to-wood connections influence their overall response as well as the
connection failure mode. Jorissen and Fragiacomo [26] observed reduced shear capacity
with decreasing spacing due to premature splitting of the connection. It was demonstrated
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by Hochreiner et al. [76] that the failure mechanism in the timber matrix in a connection
could be related to the non-linear global moment-relative rotation behaviour of dowel
groups. Hochreiner et al. [76] also demonstrated the potential for strain fields in the
timber surrounding the dowels to overlap and interact with each other, thus alluding to
the possibility of a group effect on the stiffness and failure modes of the connections
[77].

References

10.

11.

12.

14.

15.

. Skidmore, Ownings, and Merril, LLP: Gravity Framing Development of Concrete Jointed

Timber Frame System (2014)

. Smith, R.: Deflection limits in tall buildings- Are they useful? In: Structures Congress 2011

- Proceedings of the 2011 Structures Congress, pp. 515-527 (2011). https://doi.org/10.1061/
41171(401)45

. Tesfamariam, T.: Performance-based design of tall coupled cross-laminated timber wall

building. Earthg. Eng. Struct. Dyn. (2022)

. Yeoh, D., Fragiacomo, M., Franceschi, M., Boon, K.: State of the art on timber-concrete

composite structures: literature review. J. Struct. Eng. 137, 1085-1095 (2011). https://doi.
org/10.1061/(ASCE)ST.1943-541X.0000353

. O’Ceallaigh, C., Harte, A.M., Mcgetrick, P.J.: Dowel laminated timber elements manufactured

using compressed wood dowels. In: CERI2022 - Civil Engineering Research in Ireland 2022,
pp. 222-227 (2022)

. Edskir, 1., Lidelow, H.: Dynamic properties of cross-laminated timber and timber truss

building systems. Eng. Struct. 186, 525-535 (2019). https://doi.org/10.1016/j.engstruct.2019.
01.136

. Tulebekova, S., Malo, K.A., Rgnnquist, A., Navik, P.: Modeling stiffness of connections and

non-structural elements for dynamic response of taller glulam timber frame buildings. Eng.
Struct. 261 (2022). https://doi.org/10.1016/j.engstruct.2022.114209

. Fu, H., He, M., Alhaddad, W., Shen, Z.: Numerical simulation and design method of dowel-

type timber joints connecting laminated veneer lumber. Structure. 62 (2024). https://doi.org/
10.1016/j.istruc.2024.106172

. BlaB, H.J., Sandhaas, C.: STEP - Timber Engineering - Principles for Design. KIT Scientific

Publishing, Karlsruhe (2017)

Swedish Wood: Design of Timber Structures, Volume 1: Structural Aspects of Timber
Construction, vol. 3, (2015)

T. Vallée, T. Tannert, and R. Meena. Dimensioning method for bolted, adhesively bonded,
and hybrid joints involving fibre-reinforced-polymers’. Proceedings of the 7th International
Conference on FRP Composites in Civil Engineering, CICE 2014, 2014

Kemmsies, M., Streicher, R.: Glued Timber-Steel Plate Joints, First RILE. RILEM Publica-
tions SARL, Paris (1999)

. Schober, K.-U., Tannert, T.: Hybrid connections for timber structures. Eur. J. Wood Wood

Prod. 74(3), 369-377 (2016). https://doi.org/10.1007/s00107-016-1024-3

Shulman, S., Loss, C.: High-performance grout-reinforced shear connectors for hybrid steel-
cross-laminated timber building systems: experimental study. J. Build. Eng. 67, 106014
(2023). https://doi.org/10.1016/j.jobe.2023.106014

Wilkinson, G., Augarde, C.: A serviceability investigation of dowel-type timber connections
featuring single softwood dowels. Eng. Struct. 260, 114210 (2022). https://doi.org/10.1016/
j-engstruct.2022.114210

. Aicher, S.: Structural adhesive joints including glued-in bolts. Timber Eng., 333-363 (2003)


https://doi.org/10.1061/41171(401)45
https://doi.org/10.1061/41171(401)45
https://doi.org/10.1061/(ASCE)ST.1943-541X.0000353
https://doi.org/10.1061/(ASCE)ST.1943-541X.0000353
https://doi.org/10.1016/j.engstruct.2019.01.136
https://doi.org/10.1016/j.engstruct.2019.01.136
https://doi.org/10.1016/j.engstruct.2022.114209
https://doi.org/10.1016/j.istruc.2024.106172
https://doi.org/10.1016/j.istruc.2024.106172
https://doi.org/10.1007/s00107-016-1024-3
https://doi.org/10.1016/j.jobe.2023.106014
https://doi.org/10.1016/j.engstruct.2022.114210
https://doi.org/10.1016/j.engstruct.2022.114210

46

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

M. Sciomenta and C. Bedon

Sebera, V., Pe¢nik, J.G., Azinovi¢, B., Milch, J., Hu¢, S.: Wood-adhesive bond loaded in mode
II: experimental and numerical analysis using elasto-plastic and fracture mechanics models.
Holzforschung. 75(7), 655-667 (2021). https://doi.org/10.1515/hf-2020-0141
Sliwa-Wieczorek, K., Zajac, B., Kozik, T.: Tests of polymeric adhesive joints in aspect of their
application in prefabricated timber structures. Arch. Civ. Eng. 66, 113-125 (2020). https://
doi.org/10.24425/ace.2020.131778

Brunner, M., Lehmann, M., Kraft, S., Fankhauser, U., Richter, K., Conzett, J.: A flexible
adhesive layer to strengthen glulam beams. J. Adhes. Sci. Technol. 24, 1665-1701 (2010).
https://doi.org/10.1163/016942410X507759

Pec¢nik, J.G., et al.: Mechanical performance of timber connections made of thick flexible
polyurethane adhesives. Eng. Struct. 247 (2021). https://doi.org/10.1016/j.engstruct.2021.
113125

Tlustochowicz, G., Serrano, E., Steiger, R.: State-of-the-art review on timber connections
with glued-in steel rods. Mater. Struct. 44(5), 997-1020 (2011). https://doi.org/10.1617/s11
527-010-9682-9

Johansen, K.W.: Theory of timber connections. In: JABSE: International Association of Bridge
and Structural Engineering, vol. 9, pp. 249-262 (1949)

CEN (European Committee for Standardization): EN 26891:1991 - Timber Structures - Joints
made with mechanical fasteners - General principles for the determination of strength and
deformation characteristics (ISO 6891:1983). Structural Engineer. (1991)

Ceccotti, A.: Progettare la sicurezza. La Norma Italiana per le COstruzioni in LEgno
(NICOLE). In: Sicurezza e comfort nelle abitazioni con strutture di legno (2001)
Ottenhaus, L.M., Jockwer, R., van Drimmelen, D., Crews, K.: Designing timber connections
for ductility — a review and discussion. Constr. Build. Mater. 304 (2021). https://doi.org/10.
1016/j.conbuildmat.2021.124621

Jorissen, A., Fragiacomo, M.: General notes on ductility in timber structures. Eng. Struct.
33(11), 2987-2997 (2011). https://doi.org/10.1016/j.engstruct.2011.07.024

Racher, P.: Mechanical timber joints-general. Timber Eng. Lect. C. 1, 1-10 (1995)
European Committee for Standardization (CEN): EN 12512:2001 Timber structures - test
methods - cyclic testing of joints made with mechanical fasteners. 3(1) (2005)

Kobayashi, K., Yasumura, M.: Evaluation of plywood sheathed shear walls with screwed
joints tested according to ISO 21581. In: Proceedings of 44th CIB-W18 Meeting, p. 44-15-8
(2011)

American Society for Testing and Materials (ASTM): ASTM E2126-11 test methods for
cyclic (reversed) load test for shear resistance of vertical elements of the lateral force resisting
systems for buildings. (2011)

E. C. for S.- CEN: EN 14592: Timber structures — Dowel-type fasteners — Requirements’.
Brussels, Belgium (2017)

CEN: EN 1995-1-1:2004 - Eurocode 5: Design of timber structures - part 1-1: Common rules
and rules for buildings. 1(2005) (2011)

American Wood Council: National Design Specification (NDS) for Wood Construction (2024)
Canadian Standards Association: Engineering Design in Wood. In: Csa-086, p. 264, Mis-
sissauga, Canada (2009) Available: http://shop.csa.ca/en/canada/structures/o86-09-consolida
tion/invt/27013742009

SAC: GB 50005: Code for Design of Timber Structures, Beijing, China (2017)

BlaB, H.J., Uibel, T.: Tragfihigkeit von stiftférmigen Verbindungsmitteln in Brettsperrholz
(2007). https://doi.org/10.5445/KSP/1000006318

Bader, T., Schweigler, M., Serrano, E., Dorn, M., Enquist, B., Hochreiner, G.: Integrative
experimental characterization and engineering modeling of single-dowel connections in LVL.
Constr. Build. Mater. 107 (2016). https://doi.org/10.1016/j.conbuildmat.2016.01.009


https://doi.org/10.1515/hf-2020-0141
https://doi.org/10.24425/ace.2020.131778
https://doi.org/10.24425/ace.2020.131778
https://doi.org/10.1163/016942410X507759
https://doi.org/10.1016/j.engstruct.2021.113125
https://doi.org/10.1016/j.engstruct.2021.113125
https://doi.org/10.1617/s11527-010-9682-9
https://doi.org/10.1617/s11527-010-9682-9
https://doi.org/10.1016/j.conbuildmat.2021.124621
https://doi.org/10.1016/j.conbuildmat.2021.124621
https://doi.org/10.1016/j.engstruct.2011.07.024
http://shop.csa.ca/en/canada/structures/o86-09-consolidation/invt/27013742009
http://shop.csa.ca/en/canada/structures/o86-09-consolidation/invt/27013742009
https://doi.org/10.5445/KSP/1000006318
https://doi.org/10.1016/j.conbuildmat.2016.01.009

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Connections Design and Analysis 47

Zarnani, P., Quenneville, P.: Wood block tear-out resistance and failure modes of timber rivet
connections: a stiffness-based approach. J. Struct. Eng. 140, 4013055 (2013). https://doi.org/
10.1061/(ASCE)ST.1943-541X.0000840

M. U. Pedersen, ‘Dowel Type Timber Connections’, 2002

Dorn, M., de Borst, K., Eberhardsteiner, J.: Experiments on dowel-type timber connections.
Eng. Struct. 47, 67-80 (2013). https://doi.org/10.1016/j.engstruct.2012.09.010

C. Sandhaas, J. Munch-Andersen, and P. Dietsch, Design of Connections in Timber Structures,
a State-of-the-Art Report. 2020

M. Dorn and T. Bader, Non-linear Connection Models in Timber Engineering. 2016
Sandhaas, C., van de Kuilen, J.-W.: Strength and stiffness of timber joints with very
high strength steel dowels. Eng. Struct. 131 (2016). https://doi.org/10.1016/j.engstruct.2016.
10.046

Gelfi, P, Giuriani, E., Marini, A.: Stud shear connection Design for Composite Concrete Slab
and Wood Beams. J. Struct. Eng. 128 (2002). https://doi.org/10.1061/(ASCE)0733-9445(200
2)128:12(1544)

Symons, D., Persaud, R., Stanislaus, H.: Slip modulus of inclined screws in timber-concrete
floors. Proceed. Inst. Civ. Eng. Struct. Build. 163(4), 245-255 (2010). https://doi.org/10.1680/
stbu.2010.163.4.245

Di Nino, S., Gregori, A., Fragiacomo, M.: Experimental and numerical investigations on
timber-concrete connections with inclined screws. Eng. Struct. 209, 109993 (2019). https://
doi.org/10.1016/j.engstruct.2019.109993

Kuenzi, E.W.: Theoretical Design of a Nailed or Bolted Joint Under Lateral Load, Madison,WI
(1955)

Yang, H., Liu, W., Ren, X.: A component method for moment-resistant glulam beam—column
connections with glued-in steel rods. Eng. Struct. 115, 42-54 (2016). https://doi.org/10.1016/
j-engstruct.2016.02.024

Tomasi, R., Crosatti, A., Piazza, M.: Theoretical and experimental analysis of timber-to-
timber joints connected with inclined screws. Constr. Build. Mater. 24(9), 1560-1571 (2010).
https://doi.org/10.1016/j.conbuildmat.2010.03.007

Andreolli, M., Piazza, M., Tomasi, R., Zandonini, R.: Ductile moment-resistant steel-timber
connections. Proc. Inst. Civ. Eng. Struct. Build. 164(2), 65-78 (2011)

Foschi, R.O.: Load-slip characteristics of nails. Wood Sci. 7(1), 69-77 (1974)

Hirai, T.: Nonlinear load-slip relationship of bolted wood-joints with steel side-members. II.
Application of the generalized theory of a beam on an elastic foundation. J. Jpn. Wood Res.
Soc. 29(12), 839-844 (1983)

Sawata, K., Yasumura, M.: Estimation of yield and ultimate strengths of bolted timber joints
by nonlinear analysis and yield theory. J. Wood Sci. 49(5), 383-391 (2003). https://doi.org/
10.1007/s10086-002-0497-3

Hochreiner, G., Bader, T.K., De Borst, K., Eberhardsteiner, J.: Stiftférmige Verbindungsmittel
im EC5 und baustatische Modellbildung mittels kommerzieller Statiksoftware. Bauingenieur.
88, 275-289 (2013)

Dorn, M., Hofstetter, K.: 3D-Modeling of Dowel-Type Timber Connections. Universitét
Stuttgart (2010)

Bedon, C., Sciomenta, M., Fragiacomo, M.: Correlation approach for the push-out and full-
size bending short-term performances of timber-to-timber slabs with self-tapping screws.
Eng. Struct. 238 (2021). https://doi.org/10.1016/j.engstruct.2021.112232

Magzelli, A., Bedon, C.: Sensitivity of human-induced vibrations and comfort analysis to
partially rigid STS joints in timber-to-timber composite floors. Measurement. 228, 114396
(2024). https://doi.org/10.1016/j.measurement.2024.114396

Kharouf, N., McClure, G., Smith, I.: Elasto-plastic modeling of wood bolted connections.
Comput. Struct. 81(8), 747-754 (2003). https://doi.org/10.1016/S0045-7949(02)00482-0


https://doi.org/10.1061/(ASCE)ST.1943-541X.0000840
https://doi.org/10.1061/(ASCE)ST.1943-541X.0000840
https://doi.org/10.1016/j.engstruct.2012.09.010
https://doi.org/10.1016/j.engstruct.2016.10.046
https://doi.org/10.1016/j.engstruct.2016.10.046
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:12(1544)
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:12(1544)
https://doi.org/10.1680/stbu.2010.163.4.245
https://doi.org/10.1680/stbu.2010.163.4.245
https://doi.org/10.1016/j.engstruct.2019.109993
https://doi.org/10.1016/j.engstruct.2019.109993
https://doi.org/10.1016/j.engstruct.2016.02.024
https://doi.org/10.1016/j.engstruct.2016.02.024
https://doi.org/10.1016/j.conbuildmat.2010.03.007
https://doi.org/10.1007/s10086-002-0497-3
https://doi.org/10.1007/s10086-002-0497-3
https://doi.org/10.1016/j.engstruct.2021.112232
https://doi.org/10.1016/j.measurement.2024.114396
https://doi.org/10.1016/S0045-7949(02)00482-0

48

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

M. Sciomenta and C. Bedon

Bedon, C., Fragiacomo, M., Amadio, C., Sadoch, C.: Experimental study and numerical
investigation of Blockhaus shear walls subjected to in-plane seismic loads. J. Struct. Eng. 141
(2015). https://doi.org/10.1061/(ASCE)ST.1943-541X.0001065

Sciomenta, M., Fanti, R., Doudak, G., Polastri, A., Casagrande, D.: Predicting the non-linear
behaviour of cross laminated timber shearwalls with cut-out openings. Structure. 68, 107138
(2024). https://doi.org/10.1016/j.istruc.2024.107138

Sandhaas, C., Van De Kuilen, J.W., Blass, H.J.: Constitutive model for wood based on contin-
uum damage mechanics. In: World Conference on Timber Engineering 2012, WCTE 2012,
vol. 1, pp. 159-167 (2012)

Patton-Mallory, M., Cramer, S.M., Smith, EW., Pellicane, P.J.: Nonlinear material models
for analysis of bolted wood connections. J. Struct. Eng. 123(8), 1063—-1070 (1997). https://
doi.org/10.1061/(ASCE)0733-9445(1997)123:8(1063)

Carradine, D.M., Dolan, J.D.: Development of the “displaced volume model” to predict failure
for multiple-bolt timber joints. In: CIB-WI18 Timber Structures, p. 37-7-1 (2004)

Mascia, N., Simoni, R.: Analysis of failure criteria applied to wood. Eng. Fail. Anal. 35,
703-712 (2013). https://doi.org/10.1016/j.engfailanal.2013.07.001

Avez, C., Descamps, T., Serrano, E., Léoskool, L.: Finite element modelling of inclined
screwed timber to timber connections with a large gap between the elements. Eur. J. Wood
Wood Prod. 74(3), 467-471 (2016). https://doi.org/10.1007/s00107-015-1002-1

Chiara, B., Massimo, F.: Numerical analysis of timber-to-timber joints and composite beams
with inclined self-tapping screws. Compos. Struct. 207, 13-28 (2019)

Bedon, C., Fragiacomo, M.: Three-dimensional modelling of notched connections for timber-
concrete composite beams. Struct. Eng. Int. 27(2), 184-196 (2017). https://doi.org/10.2749/
101686617X14881932435295

Bedon, C., Rajcic, V., Barbalic, J., Perkovic, N.: CZM-based FE numerical study on pull-
out performance of adhesive bonded-in-rod (BiR) joints for timber structures. Structure. 46,
471-491 (2022). https://doi.org/10.1016/j.istruc.2022.10.084

Mestar, M., Doudak, G., Polastri, A., Casagrande, D.: Investigating the kinematic modes of
CLT shear-walls with openings. Eng. Struct. 228, 111475 (2021). https://doi.org/10.1016/j.
engstruct.2020.111475

Casagrande, D., Doudak, G., Vettori, M., Fanti, R.: Proposal for an equivalent frame model
for the analysis of multi-storey monolithic CLT shearwalls. Eng. Struct. 245, 112894 (2021).
https://doi.org/10.1016/j.engstruct.2021.112894

Ruggeri, E.M., D’Arenzo, G., Cavoli, D.L., Cottonaro, R.D., Fossetti, M.: Experimental
investigation on the lateral performance of CLT shear walls connected to perpendicular walls.
Procedia Struct. Integr. 44, 464—471 (2022). https://doi.org/10.1016/j.prostr.2023.01.061
Sciomenta, M., Bedon, C., Fragiacomo, M., Luongo, A.: Shear performance assessment of
timber log-house walls under in-plane lateral loads via numerical and analytical modelling.
Buildings. 8(8) (2018). https://doi.org/10.3390/buildings8080099

Gavri¢, L., Fragiacomo, M., Ceccotti, A.: Cyclic behavior of typical screwed connections for
cross-laminated (CLT) structures. Eur. J. Wood Wood Prod. 73 (2015). https://doi.org/10.
1007/s00107-014-0877-6

van de Kuilen, J.-W., Dias, A.: Creep factors for timber-timber and timber-concrete joints.
Studi. Res. 34 (2015)

Jockwer, R., Fink, G., Kohler, J.: Assessment of the failure behaviour and reliability of timber
connections with multiple dowel-type fasteners. Eng. Struct. 172 (2018). https://doi.org/10.
1016/j.engstruct.2018.05.081

Hochreiner, G., Bader, T., Schweigler, M., Eberhardsteiner, J.: Structural behaviour and design
of dowel groups experimental and numerical identification of stress states and failure mech-
anisms of the surrounding timber matrix. Eng. Struct. 131 (2016). https://doi.org/10.1016/j.
engstruct.2016.10.043


https://doi.org/10.1061/(ASCE)ST.1943-541X.0001065
https://doi.org/10.1016/j.istruc.2024.107138
https://doi.org/10.1061/(ASCE)0733-9445(1997)123:8(1063)
https://doi.org/10.1061/(ASCE)0733-9445(1997)123:8(1063)
https://doi.org/10.1016/j.engfailanal.2013.07.001
https://doi.org/10.1007/s00107-015-1002-1
https://doi.org/10.2749/101686617X14881932435295
https://doi.org/10.2749/101686617X14881932435295
https://doi.org/10.1016/j.istruc.2022.10.084
https://doi.org/10.1016/j.engstruct.2020.111475
https://doi.org/10.1016/j.engstruct.2020.111475
https://doi.org/10.1016/j.engstruct.2021.112894
https://doi.org/10.1016/j.prostr.2023.01.061
https://doi.org/10.3390/buildings8080099
https://doi.org/10.1007/s00107-014-0877-6
https://doi.org/10.1007/s00107-014-0877-6
https://doi.org/10.1016/j.engstruct.2018.05.081
https://doi.org/10.1016/j.engstruct.2018.05.081
https://doi.org/10.1016/j.engstruct.2016.10.043
https://doi.org/10.1016/j.engstruct.2016.10.043

Connections Design and Analysis 49

717. Gikonyo, J., Schweigler, M., Bader, T.: Beam-on-foundation modelling of dowel-type single
fastener connections in cross laminated timber. Eng. Struct. 303 (2024). https://doi.org/10.
1016/j.engstruct.2024.117519

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (http://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits any noncommercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if you modified the licensed
material. You do not have permission under this license to share adapted material derived from
this chapter or parts of it.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

ooee


https://doi.org/10.1016/j.engstruct.2024.117519
https://doi.org/10.1016/j.engstruct.2024.117519
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Connections Design and Analysis: Numerical, Analytical and Code-Based Methods
	1 Introduction
	2 Fundamentals of Structural Connections
	2.1 Types of Structural Connections

	3 Key Parameters Influencing Connection Behaviour
	3.1 Load-Transfer Mechanisms
	3.2 Stiffness, Strength, Ductility

	4 Design Standards and Guidelines
	4.1 Codes

	5 Modelling Strategies for Connections
	5.1 Analytical Approaches
	5.2 Numerical Modelling Techniques
	5.3 Some Specific Challenges in Timber Connections

	References


