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ABSTRACT

Wood has long been used as a construction material, but the properties of solid wood
in relation to strength, maximum length, and natural defects have always been a limiting
factor in the construction of more ambitious projects. The development of knowledge
in the field of concrete and steel has enabled the construction industry to shape modern
society, but it has also brought with it an eminent and gradually increasing abuse of the
environment. The rescue of construction using wood represents a conscious step to-
wards sustainable development. Progress in the manufacture of wooden laminated pan-
els and the production of synthetic glues has given greater scope for advances in the
fields of engineered wood products. More and more research has focused on improving
manufacturing techniques, making glued laminated wood a standardized product avail-
able in various shapes and sizes. This product has made possible the execution of works
that previously only concrete or steel was capable of, such as bridges, high buildings,
and large roof structures.

The computer revolution that took place in the 1990s had an immense influence on the
construction industry, constructions that were previously mostly constituted by planar
elements began to have freely curved building shapes. From this moment on, structural
designers and architects have been able to explore fascinating architectural shapes, in-
cluding the free-form structures. In timber free-form structures, connections are neces-
sary to join single timber elements, which are necessary due to limitations in transpor-
tation and production. When using large beams these connections may need to transfer
considerable high forces and moments to ensure an efficient structure. Besides the re-
sistance also the stiffness is of high importance for a satisfactory structural behavior
and to correspond to the assumptions made in the global model. The aim of this master’s
thesis is to gain a deeper understanding of timber connections in large timber beams
and point out the connection’s influence on the global behavior of the structure. The
study has been applied to a free-form timber roof structure in development at the Danish
consultant company COWI. The work presents different design concepts of connections
and how these concepts could be optimized.

Keywords: sustainable development, timber free-form structures, large timber beams,
timber connections, COWI.
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1 Introduction

Wood as a raw material has been used as a building material since the early stages of
humanity. In recent decades deeper research has been carried out aiming to be able to
explore the possibilities of the usage of timber in more ambitious design projects that
involves more challenges to the structure arising from height, length of spans, etc. This
effort on the development of new techniques on timber engineering production has been
based on the advantages of the material compared to concrete or steel. Timber has a
strength to weight ratio higher than conventional building materials. This means that
timber can resist a certain load as concrete and steel with less self-weight and in large
structures, longer spans are achieved since the dead load is less. Furthermore, the in-
creased concern about reducing the environmental impact caused by the construction
business settles the importance of further developing techniques using timber as a struc-
tural material.

The advances in the manufacture of more robust laminated timber members have al-
lowed building long spans and higher structures. Due to limitations on transportation
and production of such long members, engineers have been facing the challenge to pro-
pose and design appropriate connections that withstand very demanding stresses. The
usage of deep beams in large structures demands that the connections must transfer
considerable high forces and moments in order to ensure structural efficiency. Espe-
cially in free - form structures, connections that resist a multitude of different combi-
nations of forces and moments are beneficial in order not to design every single con-
nection individually. Besides the resistance, the connection stiffness is also of high im-
portance to control the deformation and the stability of a structure.

1.1 Aims and objectives

The main aim of this project is to provide an effective study about connections in timber
structures and especially in large free-form structures. The objective is to develop a
study on timber beam-to-column, beam-to-beam connections based on a free-form roof
timber structure which is in the design process at COWI. The work gives focus on a
certain number of connections considered to be the most critical ones in terms of
stresses, complexity and number of intersections. These connections are tested in order
to obtain the most optimized design solution. The criteria are:

Type of connection,

adequate stiffness and strength,

dimensions,

geometry,

aesthetics,

effect of the stiffness of a joint on a global level.

1.2 Method

Seeking to achieve the aims of this master’s thesis the following procedures will be
adopted:

10 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



1) Review of the state of the art of existing large structures and free-form structures
built in practice and the existing connections in timber structures.

2) Literature study of relevant standards, guidelines, and previous knowledge on
the design and structural behaviour of connections locally and globally. Present
a study of different types of connections and the relevant failure modes. In ad-
dition, present a review of the importance of the connection’s stiffness.

3) Analytical calculations for different types of connections under bending mo-
ment, shear, and tensile forces. This step supports the evaluation of the connec-
tion types based on strength, stiffness, and advantages and disadvantages of
each type. In addition, present recommendations, and conclusions to determine
the design of connections in large timber structures.

4) The final step is to adopt the gained knowledge to understand and analyse the
main object of this Master Thesis, designing certain connections in the free-
form roof structure project from COWI. The connections are optimized in terms
of resistance, stiffness, and ductility.

1.3 Case study

The information and knowledge presented in this master thesis will be applied to a pro-
ject of the company COWI. Therefore, the case study will be based on the design pro-
posal of some of the connections of the free-form roof timber structure presented in
Figure 1.1.

Figure 1.1 Free-form roof timber structure of the case study.

1.4 Limitations

The case study has limitations in which must be considered in the development of the
proposals for the design of the connections.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 11



The glulam timber sections and its geometry must comply with the design from COWI,
therefore the study is adapted to the limitations in dimension and loads from the case
study. The study was limited with three connections of the case study that were chosen
for further investigation.

The evaluation focus of the timber connections is based mainly on the load-bearing
capacity, stiffness, and controlling of deformations. Another criterion that is very im-
portant is that the design of the connections is realistic in a construction assembly situ-
ation, in terms of dimensions and productivity. Fire and weather risk and appearance
are mentioned briefly.

The analytical calculations are based on EC5 (CEN, 2004) as a reference. Since some
investigated connections are not covered by EC5, other books and papers are consulted.
For glued-in rods connections, the book “Limtrahandbok” (Svenskt trd, 2016) is used
as the main reference combined with some articles provided by the supervisors. Multi-
planes metal plates are also not explicitly detailed in EC5, therefore the book
Limtrdhandbok and the book “Design of Connections in Timber Structures” (COST,
2018) are followed as the main reference.

The FEM software “FEM-Design” from StruSoft is the tool used to extract the forces

and stresses in the studied project and to check how the designed connections affect the
global behaviour of the structure (deformations and sectional forces).

12 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



2 Background

For a better understanding of the studied subject of this thesis, an overview of free-form
timber structures and connections is given in this chapter. The fundamental structural
concept that is the reference for various free-form design concepts is presented and
which forces are generated in its structural members. The second part gives a compre-
hensive view about types of connections in timber structures and gives an introduction
about the theoretical approach to fasteners type connections and the design of timber
joints.

2.1 Free-form timber structures

2.1.1 Introduction

The development in the timber industry has led to enhancement in mechanical proper-
ties and the strength of manufactured members. Timber is an anisotropic material and
its strength and mechanical properties vary in different planes, being the parallel to the
grains plane the strongest one. The carried-out research and the development in timber
products manufacturing have been focusing on increasing the general strength and de-
crease the existing gap between different directions properties. Glued laminated timber
also called glulam, is an engineered wooden product that is a result of this progressive
development. Today it represents a widely used solution of timber on the erection of
large-scale buildings and constructions. It is produced of lamellas with a maximum
thickness of approximately 50 mm which are connected by means of finger joints and
gluing, Figure 2.1 shows an example of a glulam member. These continuous sections
are cut into laminations of the required length (Blaauwendraad & Hoefakker, 2013).

Figure 2.1 Glulam timber cross-section, source: www.johnsbuildingsupplies.com.au.

Further development of glulam was to produce curved beams in one direction and later
in two directions as shown in Figure 2.2. The doubled curved beams are bent in one
main direction and twisted or bent in the other direction. With this vast possibility of
shapes and sizes, free-form timber structures started to be feasible to erect. This kind
of structure has attracted a lot of focus on structural design, due to their complexity in
shapes and assembly. The production requirement for curved glulam is referred to
EN 14080 (Jacob et al., 2018).

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 13



Figure 2.2 Bent and twist glulam beam, source www.designtoproduction.ch.

A further design step is the computational and modelling ability which has given the
power to provide the needed tools to support the designers to move from common typ-
ical framing-type constructions to complex-shaped structures. (Blaauwendraad &
Hoefakker, 2013).

2.1.2 State of art of free-form timber structures

Free-form shape structures are structures that cannot be defined by a regular or uniform
shape and there is no mathematical clear expression that represents the structure’s
shape. A way to understand and define the free shaped form is by defining it as a dou-
ble-curved structure in two directions. Each curve is measured by its curvature which

. . . 1 f . .
is the inverse of the curve radius K = — atevery point. Principle curvatures of a surface

are defined by points with maximum or minimum curvature. According to Carl Frie-
drich Gauss, the Gaussian curvature is determined by the product of the minimum and
the maximum curvature for a certain surface:

1 1
1 2

The direction of the curvature can be captured by the sign of the Gaussian curvature as
shown in Figure 2.3 (Blaauwendraad & Hoefakker, 2014).

K>0, The two curvatures pointing in the same direction (synclastic surface).

K<0, The two curvatures pointing in a different direction (anticlastic surface).
K=0, One or both curvatures are flat or zero (monoclastic surface or eroclastic surface).

a) b)

Figure 2.3 a) K>0, b) K<0, ¢) K=0.

From structural aspects, the positive sign of the Gaussian curvature means that all the
points in the structure are subjected to pure compression or tension. While the negative
sign means points in the surface are subjected to compression or tension.

14 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



The structural behaviour of free-form timber structures is related to the magnitude of
the curvature which is varied in different points and areas. On areas with high curvature,
the structure acts as a membrane, in other words, in-plane stresses of pure compression
or pure tension are generated. While the flatter part with low curvature has a plate’s
behaviour, and it is subjected to bending out of a plane that generates moments and
shear forces. In the transition areas between the two parts, both behaviours are com-
bined as in shell structures. The complex nature of these structures demands numerical
modelling that can be performed by finite element software.

2.1.3 Grid shells

Grid shells are based on the geometry of shell structures. The difference is that grid
shells are structures made of double-curved beam grids instead of a solid surface. A
timber free-form structure is a grid shell of timber elements that work as beams and
columns in the direction of the grains, which have the best mechanical properties of
timber. Figure 2.4 shows an example of grid shells.

Figure 2.4 Haesley Nine Bridges, South Korea, view from the interior and top view,
source www.shigerubanarchitects.com.

2.1.4 Type of connections in free-form timber structures

Different kinds of stresses in members can arise based on the geometry, the spans, and
boundary conditions of such a structure. In order to be able to build a stable structure
that sustains equilibrium when subjected to loads, each grid shell member must be ad-
equately connected. The conditions of each individual joint may vary a lot, which
makes the design very complex, in general, several or even hundreds of types of con-
nections can be found in these structures. Briefly, connections on free-form timber
structures transfer in-plane tension or compression, bending moments, shear forces, and
torsion. In some cases, these can act simultaneously.

A connection becomes complex when it joins several horizontal members in different
directions, especially when it needs to transfer moments. Also, in horizontal members
connected to vertical supporting members, high bending moments and shear forces
must be transferred as bending and axial forces.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 15



2.2 Connections in timber structures

Connections in general are categorized according to the forces they resist. An over-
view of the main type of connections according to shear-resisting connection, mo-
ment-resisting connection and combined connection are presented.

2.2.1 Shear resistant connections

Shear resistant connections transfer shear forces between the connected members. Alt-
hough some bending stresses can also be transferred, this contribution is very small,
therefore it is neglected. This kind of connection corresponds to a boundary condition
that prevents translation in the direction of the forces but still allowing rotation. Gener-
ally, it is called a simple connection or a hinged connection.

Connections that rely on transferring shear forces have been used broadly in the past
due to the timber’s good resistance to shear. The advantage of these connections is the
simplicity of being built on-site. There are several applications to these connections, on
timber building construction, as in beam-to-beam connections or column-to beam-con-
nections. Figure 2.5 shows shear connections which are used in a non-moment resistant
frame.

Figure 2.5 Shear-resisting connections in timber structure (VSM 196 — MPSEB).

In a beam to beam connection, when a secondary beam stands on a primary beam,
transversal loads will be transferred as showed in Figure 2.6. Also, in structures with
large spans where it is necessary to connect a beam on its length, the usage of splice
joints is considered a practical solution, i.e. Gerber hinges. Gerber hinges allow extend-
ing a horizontal member to overcome the span length in regions that have almost zero
bending moment and high shear forces values, Gerber joints are demonstrated in Figure
2.7.

16 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



Figure 2.6 Shear-resisting connections in a non-moment resisting frame.
(VSM 196 — MPSEB).
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Figure 2.7 Gerber hinge (VSM 196 — MPSEB).

Shear connections can be executed like a traditional carpentry joint, glued joints, and
mechanical connections which are the most common in structural timber design, i.e.
single-plate shear connections. Some more types of shear resistance connections are
later investigated in Chapter 5.

Hinged connections, however, have the disadvantage of originating longitudinal shear
forces parallel to the grain and tension forces perpendicular to the grain These forces
cause a brittle failure which should be avoided. Chapter 5 will give a deeper explanation
of this issue.

2.2.2 Moment resisting connections

In some structural cases, a member must be restrained against rotation in relation to
other elements, for these purposes moment resisting connections are necessary. These

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 17



connections are fundamental where no in-plane bracing mechanisms are utilized. In
order to restraint a frame and provide enough lateral stability, the connections between
the elements must be moment resistant. Portal frames are broadly designed for build-
ings and it is a structural solution that provides wide clearance and area for the intended
usage and enough slope for roofs. It has the advantage of standardizing the structural
design, such consistency eases the construction and it is beneficial for the result in terms
of overall quality. It makes construction faster and reduces costs (TRADA, 2016).

In engineering terms, moment-resisting connections are boundary conditions that are
treated as a fixed connection, where rotation and vertical and horizontal translations are
restraint. Realistically, due to the soft characteristics of timber, it is not suitable to as-
sume full rigidity as on concrete or steel. Therefore, semi-rigid connections are assumed
when designing (Aicher et al., 2012).

Glulam post

M £

>

t
Figure 2.8 2-pin portal frame (TRADA, 2016).

Designers have alternatives when planning frame structures. Figure 2.8 shows a typical
2-pin portal frame, this is the most common form of timber portal frame, which is stable

by relying on moment-resisting connections on its knee and apex. Figure 2.9 demon-
strates some alternatives to knee connections.

Glulam rafter

Glulam —

Max. angle —

approx. 30°  *. X~ ‘\ =4 Glulam post
~ 4 - il
_— » A = ‘ =T Section of Threaded rods (min. 2)
actory-made
finger joint

! finger joint anchored in glulam post
‘ with resin adhesive
N Section through bolt "

Figure 2.9 Knee connections (TRADA, 2016).

Figure 2.10 and Figure 2.11demonstrate some alternatives to apex connections.
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Steel bolts (min. 2)

Glulam rafter —

Section through bolt

Figure 2.10 Moment resisting apex connection with bolts (TRADA, 2016).

Steel plates - either
2 qussets (1 each
side) or 1
concealed flitch

Figure 2.11 Moment resisting apex connection with steel plates (TRADA, 2016).

Sometimes in order to facilitate the construction, the apex can also be designed to be a
pinned connection; this configuration is called a 3-pin portal frame and is shown in
Figure 2.12. In this case, the knee connection must withstand more stresses and there-

fore members must have larger dimensions.

Glulam rafter

Glulam post ——»

. 4

Figure 2.12  3-pin portal frame (TRADA, 2016).
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When members are getting too large dimension the base column must be fixed to the
foundation, Figure 2.13 shows an example of this kind of connection.

Lever arm ~
of boits for
restraning
moment

N [N e
@\@
@ @

Heavy steel base
piate with welded
central flitch plate

Figure 2.13 Fixed column (TRADA, 2016).

2.2.2.1 A simple calculation of the force distribution from an applied moment

When a joint is designed on a moment with or without shear, the dowels' contribution
in resisting differs according to the dowel’s location from the centre of gravity. The
dowel would be subjected to different forces in different angles to the grains

(Lidléw, 2015).
Fundamentally, the dowel will still resist the moments by their shear capacity but in a

different direction. Although it should be checked how this force also acts on the timber
and in which direction since it could generate tension or compression perpendicular to

the grain.

Figure 2.14 Elastic moment distribution (Borgstrom, 2016).
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e Elastic load distribution.
The force acting on every dowel is calculated as follow:

1. Determining the centre of gravity.
2. Divide the shear forces acting on the centre of gravity to the fastener.

F,

y=nF

i B =iy,

3. Translate the moment from the centre of the gravity to forces acting on the
fastener.
From moment equilibrium: the external moment should equal the sum of the
internal moment.

M=F.e=Z'Fmi-rl-

MXi
Fn,=ks Ip=Yr? =32 +y?) Fy =Kar; =—

i Ip

k - Slip modulus.

6 - Displacement due to the rotation in the joint.
« - Rotation angle.

1., - the polar moment of inertia of the system.

4. The total load on each fastener is calculated as follow and the single dowels
should be checked on its capacity.

2
F; :\/(in+mei)2+(Fyi+mei)

e Plastic load distribution.

Dowelled joints are designed to show a plastic behaviour. The plasticizing starts from
the outermost to the closet fasteners from the centre of gravity, it is important to ensure
that sufficient plastic deformation can be achieved before brittle failure occurs
(Borgstrom & Karlsson, 2016). In this case, a plastic distribution could be determined
by the lower or upper boundary. More information is found in the book “Design of
timber structure page 145” (Borgstrom & Karlsson, 2016).

2.2.3 Moment + shear connections

In most of the structural arrangements, joints are designed to resist bending moment in
combination with normal and shear forces. Usually, several components are included
in this type of joints and each component contributes to load carrying capacity, each of
them must be checked to its related failure mode to achieve a reliable design.
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Combining the mechanism from Section 2.2.2 and Section 2.2.1 is a way to design a
connection resisting both bending moment and shear forces. An example could be a
connection working by the contact interface between the timber parts, mechanical fas-
teners in different locations and glued-in rods, etc. These members could be used sim-
ultaneously to form this connection.

2.3 Theoretical approach for design timber connections

Some principles should be considered during the design of timber connections. These
principles are explained in detail in Chapter 3.

1. All possible failure modes in timber connections should be checked:

As most timber connections contain metal parts (dowels or plates) it is preferred that a
ductile failure in steel is the failure mode Since timber show brittle behaviour in tension
perpendicular to the grain and shear parallel to the grain.

2. Timber connections shows semi-rigid behaviour:

This behaviour should be considered during the design and how that reflects in defor-

mation control and designing the members in the ultimate-limit-state in the structural
members.

22 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



3 Connection mechanisms

Timber’s anisotropic properties induce the risk of splitting of the connected members
caused by high forces perpendicular to the grain. Often, the stress transfer mechanism
involving the connection type is complex. Moreover, the reduced timber’s cross-section
net area on the region of the connection can lead to other brittle failure modes. Still,
there is a lack of knowledge in the design process of connections and on manufacturing
and assembling. All these aspects in combination add complexity to the structural de-
sign, therefore connections are considered critical points on timber structures.
(Frihwald & Thelandersson, 2008). A study carried out in 2011 on typical causes of
structural failure on timber structures, revealed that 23% of structural failures were di-
rectly linked to inaccurate design specifications and that 57% of the cases were in
dowel-type connections. (Frihwald, 2011). Dowel-type connections will be further dis-
cussed in Section 3.4.

The aim of Chapter 3 is to summarize the existing connection mechanisms and type of
fasteners of which Eurocode 5 covers. Furthermore, other solutions that have been a
topic of study over the years are discussed.

3.1 Eurocode 5

Connections are covered in chapter 8 of Eurocode 5. Approximately 20% of the content
presented is dedicated to connections, representing a long part of the current version of
ECS. (Stepinac et al., 2018). Since it was first published in 2004, revisions were done
in 2006, 2008, and 2014, most of the sections have been reviewed by the European
Committee for Standardization — Technical Committee 250, CEN TC 250 (Jacob et al.,
2018).

The 8" chapter of EC5 gives guidance to the design of metal dowel-type fasteners based
on Johansen's theory and sub-sections detail the design of laterally and axially loaded
different types of fasteners, applied for timber-to-timber, panel-to-timber, and steel-to-
timber connections. Additionally, design procedures for connections with connectors
are also covered. (TRADA, 2017).

The connections types covered by Eurocode 5 (CEN, 2004) are the following. Glued
joint is presented without a detailed guideline:

Glued joints,

Stapled connections,

Nailed connections,

Bolted connections,

Dowelled connections,

Screwed connections,

Punched metal plate connectors,
Split ring and shear plate connectors,
Toothed-plate connectors.
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3.1.1 Questionnaire about the connection chapter

Although the connections chapter covers a substantial portion of the current version of
Eurocode 5, only the most common connection types are presented in detail. (Stepinac
etal., 2018).

Taking into account the shortcomings of the current version of the code, the European
Cooperation in Science & Technology (COST) conducted a collective study to coordi-
nate available scientific studies in other to standardize information that can be applied
in practical design situations, the study has been named “Action FP1402”. The main
objective is to provide the basis for the elaboration of a new version of the code, by
improving current design methods and deriving new design methods of developed
wooden products that have been proven in matters of reliability and performance.
(COST, 2018). Working Group 3 (WG3) of the project has been assigned the assess-
ment of timber structural connections. Among other studies presented in the group’s
state-of-the-art report, a questionnaire was carried out in other to identify flaws that the
current connections chapter of Eurocode 5 present and propose improvements for iden-
tified issues. The study was named “Results from a questionnaire for practitioners about
the connections chapter of Eurocode 5. (Stepinac et al., 2018). The questionnaire was
filled out by 412 engineering practitioners, manufacturers, and academia from 28 Eu-
ropean countries and 5 non-European countries, the given feedback about the issues
faced when working with the connections section of the code is given in Table 3.1.

Table 3.1 Main problems with the current version of Chapter 8 (Nai=410
, Nexperts=184). Multiple responses were possible. (Stepinac et al., 2018).

Problem Number of Number of
Responses - All Responses - Experts

Difficulties in navigating 223 (54%) 123 (67%)
Confusing statements 156 (38%) 89 (48%)

Lack of information 143 (35%) 64 (35%)

Poor presentation of technical content 134 (33%) 71 (39%)
Dependency on other standards 87 (21%) 46 (25%)
Lack of consistency 68 (17%) 41 (22%)

Other 43 (10%) 21 (11%)
No problem 34 (8%) 3 (1.6%)

The most agreed issue regarding missing information has been the lack of design guid-
ance and detailing of glued-in rods, carpentry joints, reinforced connections, and self-
tapping screws with large diameters and fasteners subjected to axial compression.
Moreover, it was also noticed responses regarding lack of information on moment re-
sistance connections and modern screws, new rules that improve the effective number
of fasteners, combined effects of lateral and tensile loads, more brittle failure modes,
and improved explanation on the achievement of ductility in connections
(Stepinac et al., 2018).

Regarding troubles on technical interpretation, 55% considered spacing rules difficult
to understand. Punched metal plate connectors and geometrical requirements for mul-
tiple shear connections were also included as confusing sections that need better clari-
fication. The definition of loaded and unloaded edges on spacing requirements was
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mentioned by almost 50% as not clear to understand, same for the definition of rope
effect and the calculation of double-shear fasteners capacities (Stepinac et al., 2018).

3.2 Research and proposals

The development of longer EWP has led to the need of providing strong connections
that can transfer large bending moment, shear and torsional forces. This has become a
great challenge for researchers and companies in the structural timber engineering field.
The last published version of the Eurocode 5 is dated 2004. Since then, several solutions
have been proposed by researchers, who dedicate their effort to the formulation of con-
nector systems that have properties that promote suitable situations to cope with the
modern demands used in more complex projects. Such elaborate structures consist of
remarkably robust members and long spans, therefore the evident need for special type
connections is fundamental. The principal aim of research is to provide sufficiently
strong and stiff connections that present a ductile-type failure behaviour when reinforc-
ing the member against forces perpendicular to the grain direction. Working groups
from the European Committee for Standardization (CEN) are actively developing a
“second generation” Eurocode 5, which is estimate to be completed in 2025 (Jacob et
al., 2018).

These are some of the solutions proposed by academic researchers in recent years:

e Glued-in rods,
e Threaded rods,
e Self-tapping-screws.

3.3 Glued Joints

Glued joints are only briefly presented in Section of 10.3 EC5 (CEN, 2004). Gluing is
used on a large scale in the production of glued laminated timber, plywood and com-
posite members as for instance I-sections and stressed-skin-panels. In the case of long
laminated members, the individual veneers are spliced with glue. The specific type of
glue influences aspects related to mechanical properties, fire and moisture resistance,
curing time, and workability (TRADA, 2007). Currently, in Sweden, Melamine-Urea-
Formaldehyde is the prevailing type of glue adopted in the production of glulam
(Borgstrom & Karlsson, 2016). Glued connections can reach very high stiffness, more-
over, it presents a better fire resistance than steel fasteners. Since one element is glued
to the other, the connection is hidden. The key disadvantages are that meticulous quality
control is demanded, it is unsuitable in conditions of fluctuating moisture content and
present a brittle failure-type behaviour. The failure occurs in the glue-line or close to it
and does not exhibit plasticity, so it is instantaneous (TRADA, 2007). Figure 3.1 shows
examples of different types of glued connections.
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a) Scarf joint b) Stressed skin panel c) Box beam

d) Gusset plates e) Vertical finger joint f) |-joist

Figure 3.1 Examples of glued joints (TRADA, 2007).

3.4 Dowel-type connections

The use of mechanical fasteners enables members to be connected with superior effi-
ciency because of the steel’s resistance properties, defined by its ultimate strength, f,
and yield strength, f,,. Unlike timber, steel has a ductile failure behaviour when de-
signed for this propose. The forces between two members are transferred through shear,
the fasteners work as a bridge when mounted at an angle to the force direction. This
type of connection is the most used in Sweden and the rest of the world. There are
several sorts of fasteners available in the market, the most substantial factors that dif-
ferentiate them are the diameters, type of steel, and recommended use (Borgstrom &
Karlsson, 2016).

Connections made with nails, screws, metal dowels, staples, and bolts behave in a sim-
ilar way and therefore fall into the category of dowel-type connections (Ozelton &
Baird, 2002). In order to obtain CE Marking, which is obligatory throughout the EU,
dowel-type fasteners manufacturers in Sweden must comply with the rules given by
“SS-EN 14592: 2008 + A1: 2012 Timber structures - Dowel-type fasteners — Require-
ments” (SIS, 2012).

In principle, the ultimate limit state of the connection may be reached by a lack of re-
sistance of the timber or of the connecting element. In the structural design of connec-
tions, the resistance of the timber element in tension, compression, and embedding
strength is considered, and the resistance to shear and bending of the fastener also re-
quires to be checked. The performance and safety requirements of fasteners shall be
checked according to EC5 (CEN, 2004). Each of these mechanical properties will be
adequately explained in Chapter 4. To calculate the strength of a joint one needs:
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e Joint geometry;
e Fastener yield moment;
e Embedding strength (Borgstrom & Karlsson, 2016).

3.4.1 Staples

Staples are mainly applied in lightly loaded structures, on panel-to-solid timber con-
nections and to provide better adhesion during curing of glued joints (Jacob et al.,
2018). The application is made with pneumatic tools, the staples are manufactured in
collated strips, as shown in Figure 3.2, between each staple leg resin is applied not only
to hold the elements together but also to increase the withdrawal resistance of the sta-
ples (TRADA, 2012). The shoulders are areas with high concentrated stresses and when
combined with stresses emerging from induced corrosion can lead to fracture, culmi-
nating the fastener to perform as two slender pins. Therefore it is not recommendable
to use on environments with induced corrosion risk (Jacob et al., 2018).

Shoulders

Figure 3.2 Strip of staples, source www.wuerth.de.

The production rules and specifications for the sizing of the elements are based on the
nominal diameter of the wire. The crow’s length must be at least 6d and the leg length
must not exceed 65d. The cross-sectional area must be between 1.7 mm? and 3.2 mm?
(TRADA, 2012).

3.4.2 Nails

Nails are metal cylindric connectors elements with an anchor head and are driven in
timber by manual impact or portable machines with pneumatic control. Nails can be
driven to timber with or without predrilling when inserted to the elements, nails driven
with no predrilling will cut through the timber fibres, which weakens the element.
Predrilled connections the fibres are separated resulting in a stiffer system, the down-
side is that the procedure is more time-consuming and more costly. It is recommended
to pre-drill timber with characteristic density higher than 500 kg/m?3. Nails are manu-
factured from steel wire coil possessing a minimum tensile strength of 600 MPa
(TRADA, 2007). It is available in an extensive variety of sizes lengths and diameters,
having maximum diameter value as 8 mm and are categorized by two main types
(CEN, 2004):

e Smooth nails.
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The shank of these types of nail has no profiling and it is smooth, as seen in Figure 3.3.
The cross-section geometry of the shank can be for instance round, squared, or grooved.
The suitable selection of the shank geometry depends on the timber type and the re-
quired withdrawal capacity of the connection (Borgstrom & Karlsson, 2016). The with-
draw capacity will be deeper explained in Section 4.3.1.

1 =

Figure 3.3 Smooth nail, source www.winzer.com.
e Other than smooth nails.
Shank profiling results in better withdrawal capacity, these types of nails have better

anchorage capacity due to the shank’s shape, see Figure 3.4 (Borgstrom & Karlsson,
2016). The profiling characteristics vary from type to type based on its usage.

e~

v

Figure 3.4 Shank profiling nail, source www.winzer.com.
3.4.3 Screws

Screws are threaded cylinders with an anchor head and have more withdrawal capacity
than nails due to the helicoidal shape of the threads that anchor the timber element,
generating a locking system between the wood and the screw (Ozelton & Baird, 2002).
Screws can be pre-drilled or not pre-drilled, this is dependent on the diameter of the
member. According to Eurocode 5, for diameters less than 6 mm pre-drilling is not
necessary, while for diameters above this value it is recommended. The main applica-
tion of the type of connections is on steel-to-timber and panel-to-timber joints
(TRADA, 2007). Figure 3.5 shows an example of coach screws.

Figure 3.5 Coach screws, source www.timco.co.uk.
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3.4.4 Dowels

Dowels are smooth or striated cylinders without a head made of steel that are inserted
through pre-drilling holes with no clearance between the dowel and the drilled aperture.
The diameter ranges from 6 mm to 30 mm. This type of connection performs very well
under high laterally loading as nails and screws of equal core diameter, but dowels are
available in larger diameter and in a way lower price. The main application of dowels
is on a multi-shear setup. (TRADA, 2007). Figure 3.6 shows a metallic dowel.

Figure 3.6 Metallic dowel, source www.rs-online.com.

3.4.5 Bolts

Bolts are manufactured like squared headed screws having as additional parts a washer
or/and a nut and have diameters that range from 6 mm to 30 mm. Screws are placed in
pre-drilled holes; the hole diameter must be adjusted to the screw so that the clearance
is the smallest possible. EC5 recommends a maximum clearance of 1 mm. The diame-
ter of the pre-bore contributes to the bond strength. Bolts can withstand axial and lateral
forces (TRADA, 2007). Figure 3.7 shows an example of a bolt and washer.

) : R
AAAANRAAARRKRRAAL

Figure 3.7 Bolt, source www.wuerth.de.

3.4.6 Glued-in rods

Glued-in rods for connections or reinforcement have been used in use in existing and
new-built timber structures for almost 50 years. Although the lack of a standardized
guideline various projects and constructions have successfully adopted this fastener.
Glued-in rods also referred to as bonded-in rods, or in short version GIR, will be cov-
ered in the newer version of EC5. (CEN, 2019).

GIR’s present good strength and are embedded into the wood, a characteristic that rep-

resents an appealing way of connecting members since the connection is invisible, this
also contributes to fire-resistance since the rod will be protected by the surrounding
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timber material, providing longer resistance than exposed members. Rods are com-
monly manufactured in diameters from 12 mm to 30 mm and have a length:diameter
ratio between 10 and 20 mm (Trada, 2009).

Rod | I
_A,_I .| Threads

|
Adhesive !
Timber ‘
|

Figure 3.8 Glued-in rods mechanism (Feldt & Thelin, 2018).

The function mechanism relies on the adhesion interaction between the steel rod, the
timber material, and the adhesive, see Figure 3.8. These three integrating members pro-
vide stiffness to the connection or reinforcement relying on the bond strength between
them (CEN, 2019). The steel rods are positioned into pre-drilled holes containing the
adhesive substance, the threads in the rods provide mechanical locking with the adhe-
sive. The most common adhesive types used on the manufacture of GIR’s are 2-part
thixotropic epoxy resin, PRF resin, and 2-part polyurethane adhesive. Each adhesive
possesses its own efficiency and advantages, based on the bored-hole diameter and ser-
vice classes (Trada, 2009). The threaded rods are commonly manufactured on steel
grade 380, although high strength steel grades can also be used in order to reduce the
bar size. (Buchnan, 2007).

3.4.7 Long threaded rods

Long threaded rods are manufactured by rolling or forged wired rod, the process results
in increased strength of the product, manufacture diameters range from 16 mm and 20
mm. Its main usage is as reinforcement of glued laminated beams against forces per-
pendicular to grain direction due to its high withdrawal capacity on axial forces.
Threaded rods also perform well when lateral and axial loads are combined. Recent
studies have set optimal inclination rod angles to the grain. (Cepelka et al., 2018). Fig-
ure 3.9 shows an example of a long-threaded rod.

Figure 3.9 Long-threaded rod, source www.sfs.ch.
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3.4.8 Self-tapping screws

The development of self-tapping screws allowed overcoming the load-carrying capac-
ity of axially loaded screws. In contrary to traditional screws, in which the threaded part
Is turned down from the original rod diameter, the threads of self-tapping screws are
manufactured by rolling a wire around the shank, resulting in a smaller shank diameter
in comparison to the outer cross-sectional threaded diameter. The continuous thread
throughout its length provides a better transfer between the screw and the timber mem-
ber, which increases the axial loading capacity. During production, the thread is hard-
ened, resulting in an enhanced bending and torsional capacity, a down point is that this
leads to a more brittle failure mechanism. The production ranges to diameters up to 20
mm and lengths up to 3000 mm. The fastener needs a pre-drilled hole to be inserted,
moreover, some lubricant is recommended to reduce friction stress in installation. De-
pending on the length of the self-tapping screw, the axial load capacity may be limited
by the tensile capacity of the steel or the buckling capacity in compression (Dietsch &
Brandner, 2015). Figure 3.10 shows an example of a self-tapping screw.

Figure 3.10 Self-tapping screw, source www.wuerth.de.

3.5 Toothed-plate connectors

Toothed-plate connectors are metal elements that are pressed into the connecting tim-
bers members. Diameters are available from 38 mm to 165 mm, but it is possible to
find larger diameters to be used in glued-laminated members. Most of the connectors
have a circular shape, but also oval shapes can be found for special applications. The
joints are held together by bolts, nuts, and washers. Figure 3.11 shows an example of a
tooth plate connector.

i
gy

sl

Figure 3.11 Tooth plate connector (TRADA, 2007).

3.6 Split ring and shear plate connectors

Split ring and shear plates connectors are metallic parts placed in pre-cut circular holes
on the timber interfaces and held in position bolts. The diameters are available from 60
mm to 260 mm. Split ring connectors are used in laterally loaded timber-to-timber con-
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nections, while shear plate connector is utilized in steel-to-timber connections. The con-
nections stiffness is influenced by the diameter of the connector and the timber density.
Figure 3.12 shows the split ring geometry.

Figure 3.12 Illustration of a split ring, source www.strongtie.de.

3.7 Nail plates

Nail plates, as shown in Figure 3.13, are planar plates of a typical thickness of approx-
imately 1-2 mm. They are commonly manufactured of light-gauge steel or stainless
steel with predrilled nail holes with adequate spacing to avoid slip failure and are de-
signed for an efficient number of fasteners. They are mainly fabricated in rectangular
shapes and form joints between timber members by transferring load in shear at the
surface of each component and are widely used on framing work. For prefabricated
timber trusses so-called “punch-metal plates” are commonly used (TRADA, 2007),
Figure 3.14 shows an example of a punch-metal nail plate.

Figure 3.13 Nail plate, source www.bovnail.com.

Figure 3.14 Punch-metal plate, source
www.bovnail.com.
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3.8 Connection examples

In order to present and provide a more comprehensive understanding and design guide-
lines about different types of timber joints, some solutions are summarized in the fol-
lowing Tables. The tables contain a number of timber joints for each type of force sit-
uation. The joints are adapted to different connection geometries and the resisted forces
are compression, tension, shear, and bending moment. Pros and cons for every kind of
joint in the tables are mentioned according to the following criteria:

e Fire resisting,

e Corrosion possibility,

e Neat Appearance,

e Workshop manufacture requirement.

The load-carrying capacity and stiffness of the joints are evaluated in the analysis car-
ried out in Chapter 5.

e Fire resisting

One of the negative effects of a rise in temperature is an embedding strength loss in
fastener type connections, which results in elongation of the fastener’s hole leading to
a change of the failure mode in the timber connection. This effect can be treated by an
insulating material and by increasing the thickness of the timber members.

When using external metal plates or some other metal part that is exposed to fire, the
heat transfer rate to the timber member increases and the steel’s yielding strength is
reduced. Due to this, exposed metal components are more susceptible to fire exposure
and must be properly insulated. By using slotted in plates the fire risk is reduced due to
the surrounding timber mass (Maraveas et al., 2015).

e Corrosion risk
Steel fasteners and plates are sensible to corrosion for several reasons.

e Timber parts with PH less than 4,0 is detrimental and induce corrosion if there
is direct contact with the metal segment.

o Gaps filled with oxygen between fasteners and timber members increase the
possibility of corrosion of metal.

e Timber members with a moisture content of 18% or more, significantly increase
the risk of corrosion of the metal parts of the connection. Rainfall and humidity
are factors that influence the timber’s moisture content. These influences are
expressed by service classes in EC5 (L. Zelinka, 2014).

In general timber joints with outer metal parts are more vulnerable to corrosion possi-
bility.
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o Neat Appearance

In modern timber structures, sealing the metal parts is preferable from an architectural
point of view. Based on this trend, the neat appearance evaluation, which is related to
a sense of design, is not evaluated in terms of the personal opinion of the designers.

e Workshop manufacture requirement

During the manufacturing and assembling of a timber joint, different processes are de-

manded, which determines if joints can be assembled on-site. Each type of connection
has its special condition which is mentioned in the following Tables.

3.8.1 Example of timber connections
The following tables illustrate different types of connections.
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Tension F — Fire Resistant NA - Neat Appearance
C - Corrosion possibility M — Workshop manufacture required
Splice joints _
I
$ ~ ~ _— _—
I
.F L E
<« — | NA -C .NA
. M — Control moisture and temperature (glue) NA . M — Control moisture and temperature (glue)
. Slotted in steel plate with fasteners. Penetrated | Finger Joint. The tension force is resisted by the shear capacity of the
Glued in rods or threaded rods. by dowels. timber member on the glued surface.
= .C . F (Washer and nut
o "NA /ﬁ /_/ must be protected.)
@O m:m_m . M — Control moisture and -NA
temperature (glue) _ __ _ _ @
* T ———=—=— Tt o

—B

Glued in rods or threaded rods. Hard-to-assemble
solution. Rods perpendicular to grain must penetrate
70% of the member thickness.

Double L steel plates with fasteners

Bolted beam to beam connection. Washer area needs to be wide
enough to avoid high compressive stress perpendicular to the grain,
arising from anchoring effect from the tensioner bolt.

Inclined joint

/
Aa

=

/

Punched metal plate with nails. Assure adequate
plate width in the horizontal member to avoid large
compressive stresses perpendicular to the grain.

Slotted in-plate with dowels.

Steel metal plate with fasteners. Penetrated by nails, screws, or bolts.
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Bending moment

F — Fire Resistant
C - Corrosion possibility

NA - Neat Appearance
M — Workshop manufacture required

Splice

—r

.F

.NA

. M — Control moisture and temperature (glue). Insertion
cavities are drilled on-site in cases of long connectors.

1
R —CTX|

.C
. NA - Only if slotted-in.

T
=

Glued in rods or threaded rods. Compressive
forces can be transferred by the contact surface of
the timber members or by GIR's.

External top and bottom metal plates with
fasteners.

Top and bottom steel to timber joints with (nails or

SCrews).

Beam-to-beam

—

(T
$

.C

.C

Concealed T-plate with dowels and fasteners.

Top and bottom steel to timber joints with
(nails or screws).

Double L steel plates with (bolts, nails, screws)

Knee joint

.NA

. M — Control
moisture and
temperature
(glue).

. F & C (if head is
protected).

.NA “—
. M — Control mois-
ture and temperature
(glue).

Gusset plate/Glued in Rods

Screwed and notched connections

Forked connection with fasteners. Ring steel dowels secure

the connection.
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4 Mechanical properties and failure modes in timber
connections

Connections in timber structures represent a critical part with their local and global
effect on the structure. Designers must have a good understanding of their behaviour
and their response during the lifetime of the structure while they are subjected to dif-
ferent loads. One of the most important parts is to properly understand how the failure
of the connection happens and what are the expected failure cases. In general, the failure
modes, from a structural point of view can either be brittle or ductile. It is always rec-
ommended to design a joint so that it shows a ductile failure behaviour. In this case, it
will be easier to predict when a collapse will occur. In other words, a brittle failure
should be prevented and checked during the design process. In this section, the principal
modes of failure in timber connections are prescribed to help the reader to understand
the behaviour and the expected critical aspect during the design. Eurocode 5 is based
on Johansen (1949), which is explained in the following sections.

In this chapter, different kinds of failure for different connections will be introduced
and the mechanical properties for mechanical fasteners. The next part of this chapter
will give an overview of joints behaviour and introduction to slip modulus and connec-
tions stiffness. Also, a simplified way to evaluate different kinds of stiffness.

4.1 Johansen theory — fasteners in timber-timber joints and
panel-timber joints

4.1.1 Timber-timber joints

According to Johansen's theory, several failure modes could be distinguished when a
dowel joint is subjected to shear forces. The assumption of Johansen's Theory is sum-
marized that the connector and the timber connected members are acting in rigid plastic
behaviour (Borgstrom & Karlsson, 2016). According to these assumption failure modes
in Johansen Theory are considered ductile.

¢ Rigid-plastic behaviour of the fastener in bending.
e Rigid-plastic behaviour of the timber in embedding.

k3 4

Dowel bending strength

v

Timber embedment strength

Dowel rotation Embedment
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Figure 4.1 Strength-strain relationship for dowel connections (Borgstrom & Karlsson,
2016).

Based on Johansen's theory, several factors are considered decisive for the dominant
failure modes. These factors are:

e Embedding strength of the timber member,
e Yielding moment of the dowels,

e The thickness of timber members.
(Borgstrom & Karlsson, 2016)

Figure 4.2 shows possible failure modes in timber-to-timber joints, single shear, and
double shear. In timber to timber joint single shear, there are three various types of
failure modes.

1. The failure occurs in the timber when the timber member crushes after reaching
its embedding strength as in mode a, b. Or a rotational mode where crushing
occurs in both timber members at the same time as in c.

2. The failure happens after forming a plastic hinge in the inserted dowels into the
timber members if the timber member has enough thickness as in d, e, f. The
plastic hinge is formed when the dowel bends and reaches the yielding strength.

3. Intimber to timber joint double shear, the same failure modes are formed either
by timber crushing or forming a plastic hinge as in modes g, h, j, k.

(1)

(2)

Figure 4.2 Possible failure modes in timber-to-timber joints EC5 (CEN, 2004).
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4.1.2 Steel-to-timber joints

Another alternative is to use a steel plate as one of the members. One advantage of
substituting is getting more stiffness and gaining more capacity. A plastic hinge will
form in the interface between the steel and timber member. The steel plate works as a
support to the dowel and the type of support depends on steel plate thickness
(Borgstrom & Karlsson, 2016):

1. Thick steel plates work as fixed support which leads to forming a plastic hinge
in the dowel under the steel plate. Modes c, d, e.

tsteel =d

2. Thin steel plate works as pinned support. In this case, no plastic hinge could be
formed, instead, a rotation could be achieved. Modes a, b.

tsteel < 0,5.d

The failure modes on steel-to-timber joints are presented in Figure 4.3.

%ﬁrﬁ/l#/&w% H%

Figure 4.3 Possible failure modes for steel-to-timber connections.EC5 (CEN, 2004).

e Slotted-in steel plates:

Figure 4.4 Two slotted-in steel plates connection (Borgstrém & Karlsson, 2016).

Despite the considerable capacity provided and the vast possibilities provided by using
steel plates in more robust timber structures, the influence of the damage caused by the
fire is considered as a major risk. A solution is to slot and hide in the steel plate inside
the timber members. This kind of joints also has the advantage to avoid fire and weather
exposure since the connection will be concealed.

The failure modes for slotted-in steel plates joints are based on the same manner de-

scribed previously for steel to timber joints. Additionally, the plastic hinge is not related
to the plate thickness (Borgstrom & Karlsson, 2016).
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e Double shear steel-to-timber joints:

Figure 4.5 Double shear steel to timber joint (Borgstrom & Karlsson, 2016).

This type of steel-to-timber connection consists of steel plates located on the outer sides
of the timber member. If the used fasteners do not fully penetrate the member’s thick-
ness, the connection is considered as a single shear timber-to-steel joint from both sides.
While if there is a full penetration from bolts or dowels, the connection is a double shear
timber-to-steel joint. This type of connection presents the same type of behaviour as in
slotted-in-steel plates (Borgstrom & Karlsson, 2016).

4.1.3 Rope effect

When rotation takes place in dowels due to the formation of a plastic hinge or due to
rotational failure, a new force arises in the form of tension f,.,s. This force is generated
from the withdrawal capacity of the dowels. The added value to the capacity from Jo-

hansen theory is Fa’fT'R“. Table 4.1 shows that screws have the most contribution from

rope effect which enhanced by the interlocking from the threaded part. Figure 4.6
demonstrates the mechanism of the rope effect.

Figure 4.6 Forces acting on the fastener after yielding (VSM 196 — MPSEB).

Table 4.1 Rope effect contribution to dowel-type fastener on shear capacity.

Fastener type Percentage
Round nails 15%
Square and grooved nails 25%
Other nails 50%
Screws 100%
Bolts 25%
Dowels 0%
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4.1.4 Design situation

All the previous failure modes are presented in the EC5 8.2.2 and 8.2.3 (CEN, 2004)
and in (Borgstrom & Karlsson, 2016) with figures.

4.2 Brittle failure

4.2.1 Group and wedge effect

Very often a group of fasteners is organised in the connection and several fasteners are
in a row parallel to the direction of the grain. Then a group effect emerges that could
affect the global capacity of the joint. If the distance of these fasteners is too narrow,
the wedge effect formed around every fastener accumulates and a high-stress perpen-
dicular to the grain occurs. In this case, a brittle failure occurs in corresponding to this
stress

Stress L 3 . 13d

Cumulatieve .

@0- = “Wedge effect”

Figure 4.7 The wedge effect and group effect in a row of fasteners (VSM 196 —
MPSEB).

embedment

In addition, the stress distribution in a row of fasteners is varied due to several factors
as:

Variation of timber strength,
Hole size,

Misalignment,

Uneven load transfer.

Eurocode 5 treats the group effect depending on the type of fastener and gives limits to
the spacing between the fasteners to be used in designing as tables. By applying these
tables during the design, the splitting and the row shear could be avoided for a certain
level. Also, EC5 gives formulas to count the effective number of fasteners in a row
parallel to the grain.

Nep = n*ef screws d < 6mm, nails and staples (2

n

Ner = min {n°'94’ a1 screws d > 6mm, bolts and dowels 3)
13- d
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a: - The distance between fasteners parallel to the grain.
n — Number of fasteners in a row parallel to the grain.

4.2.2 Brittle failure modes in dowelled joints

The brittle failure modes are the most critical modes and should be avoided in all the
joints. When the dimension of the connection does not provide enough spacing between
the fasteners, a brittle failure occurs due to group effect. Also, load perpendicular to the
grains especially the tension could cause brittle failure. Shrinkage in certain conditions
could also cause brittle failure.

The brittle failure modes that should be checked are row shear, block shear, plug shear,
and splitting. Eurocode 5 gives in Appendix A a method to check the block and plug
shear while there is no clear way to check the splitting and the row shear.

Row shear Block 3 Plug shear splitting

Figure 4.8 Types of brittle failure modes(Borgstrom & Karlsson, 2016).

In a row of fasteners, block/plug shear or row shear failure might occur. Also, in nailed
joints, row shear never appears, and block shear is unlikely to happen, and it only could
be checked on plug shear.

EC5 Annex A(CEN, 2004) gives guidelines to calculate the block and plug shear but it
does not cover cases where multi shear planes as multi slotted-in metal plates are used.

1. Block shear failure:

In block shear failure, two components are contributing to the resistance; tension of the
end face and the shear of the side face.

15- Anet.t ft.o.d

connectors 4
0.7 - Anet.v ' fv..d ( ) ( )

Fpsra = max{

Anet+ -Net area at the end of the plug.
Ayerr - Net area of the sides of the block.

e 1.5is based on the high local tensile strength at a joint.
e 0.7 is based on the volume effect that affects the shear strength when the loaded
area is large.

2. Plug shear failure:
This type of failure mode is similar to block shear and the same concept used to calcu-

late block shear capacity is used in plug shear. The difference is in A, Which has an
extra area at the bottom of the split part.
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3. Multi-shear planes:

EC5 does not present a method to calculate the block shear where multi shear planes
are used. The following is going to be used in the design of connections presented in
Chapters 5 and 6 (COST, 2018).

/ A, 1
=3 /
4
.’\l Ed = En Rd /
N, ga
Funs = max L5 At fo
bs,Rd = g
-— ‘,/ ch'."'/

é AI)I W
L A{h'l..’.l

Figure 4.9 Block shear failure in multi- shear plane connections on tension
(COST, 2018).

4.2.3 Shrinkage and swell

Timber responses differently in various grain directions (parallel, tangential, radial) to
the change in moisture content. This response which is swelling or shrinkage is also
dependent on the type of timber. Shrinkage is more resilient in the direction perpendic-
ular to the grain than parallel to the grain. A significant reduction in moisture content
generates concentrated tensions perpendicular to the grain if the shrinkage is prevented.
In this case, the member will present a brittle failure, therefore this situation must be
avoided. A horizontal timber member connected to a vertical timber or steel member
can experience this failure mode. The section size of a timber member can be an effec-
tive factor in the formation of a collapse mechanism. If a large section is subjected to
moisture fluctuations, higher stresses due to shrinkage appear, causing a negative effect
on the shear resistance of the member. Figure 4.10 illustrates how splitting in timber
fibres occurs when a timber member shrinks and is subjected to tension perpendicular
to the grain (Ozelton & Baird, 2002).
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Larger shrinkage

perpendicular to
= the grain
=

t Very small shrinkage
parallel to the grain

Figure 4.10 Shrinkage effect (VSM 196 — MPSEB).
4.3 Axial capacity and the related failure modes

Mostly, fasteners are subjected to an axial force in addition to shear forces. The dowel's
ability to resist this force depends on the interface surface between the dowel and the
joined members, and its anchorage capacity. In a situation where tensile forces are gen-
erated caused by rope effect or any other axial force, the dowel’s tensile capacity must
be enough to resist these forces (Borgstrom & Karlsson, 2016). These are the related
failure modes:

1. Withdrawal caused by tensile force on the dowel and related to the shear capacity
of the timber around the dowel.

e Shear Failure 1: force parallel to the grain (extraction of a wooden cylinder).
e Shear Failure 2: force perpendicular to the grain (cut of the grain).

e Strength in 2 equals % strength in 1 approximately.

2. Pushing in or buckling caused by compressive force.

3. Head pull through: It is related to the dimension of the washer of the dowel and the
compressive strength of the spurned timber material.

4. Tensile failure of the dowels when the tensile strength of a dowel is exceeded.

4.3.1 Tensile capacity of single dowel according to EC5

The characteristic withdrawal capacity of dowels provides resistance to axial force. The
resistance varies due to the type of profiling, threaded part, annular rings. Also, it de-
pends on the washers and nuts, or any other anchorage mechanisms.

1. Nails:

It is related to the roughness of the surface along the threaded penetrated length of the
nail and the anchorage capacity of the nails head. It equals the minimum of:
e Characteristic point-side withdrawal strength f,, , which depends on the nails
surface smoothness
o Characteristic head side pull-through strength fy,cqq « -
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faxk = 20.107° pi (5)
freaarx =70.107¢ - pg (6)
pr - Characteristic timber density in kg/m?.
2. Bolts:

In bolts, it depends on the anchorage capacity of the washer and nuts F,y washer rx » @nd
the tensile capacity on the bolts itself.

Fax.washer.k = 3-fc.90.k-Awasher (7)

3. Screws:

The withdrawal capacity of the screws considers the most efficient and depends on the
threading part. The tear-off and the pull-through failure of the screw head should be
checked by determining the characteristic pull-through strength of the screw foqq -

faxx =052+ d705. 1;19-1 . po8 @®

e Limitations and designing equations are found in EC5 (CEN, 2004).

4.4 Shear capacity of single dowel

A dowel type connection is commonly used to resist lateral forces acting perpendicular
to the dowel axes. In this case, the dowels behave like a beam subjected to forces along
its length inside the connection. The behaviour of the dowel as a beam differs according
to the thickness and the properties of the dowels and the timber members. If the dowel
is stocky enough no bending in the dowel and no plastic hinge will be formed and the
failure depends in this case on the embedding strength of the timber. While if the thick-
ness of timber or the connected part is large enough no high stress acting on the timber
and the dowel will bend and cause a ductile behaviour.

More specifically, certain parameters decide the shear capacity of the dowel joint
(Ozelton & Baird, 2002).

e The embedding strength of the timber f;,.
e The yielding moment of the dowel M,,.
e The anchorage capacity enabling tensile action in the dowelf,,..

4.4.1 Embedding strength

When the joint is subjected to lateral force, the dowel presses the surrounding timber
and causes stress. This stress should not exceed a limit value called the embedding
strength. The embedding strength is an important property of the timber joints and it is
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defined as the maximum stress applied on the timber around the dowel that could be
resisted.

Figure 4.11 Embedding stresses on a dowel(Borgstrém & Karlsson, 2016).

According to (Borgstrom & Karlsson, 2016) the embedding strength is affected by sev-
eral factors:

1. Density of timber p: proportionally increased.
2. Fastener diameter: the small diameter shows higher embedding stress.

3. The angle between grain and load direction a: the higher value is when the em-
bedding stress acts as compression parallel to the grain and the lowest when it
is compression perpendicular to the grain.

4. The friction between the dowel and timber members.

5. Firsttype of friction appears if there is direct surface contact between the dowels
and the connected timber members and it is highly affected if there is shrinkage
or there is a change in moisture content in the timber members.

6. Second type appears when the fasteners bend, this type appears in failure modes
when the fastener yields and the rope effect explain this type of friction.

7. Moisture content in the wood: in general, the moisture plays a negative role in
the strength in timber so it is preferred that the moisture should below.

8. Pre-drilled hole or not.

9. Reinforcement perpendicular to the grain: it provides more resistance to the
stresses perpendicular to the grain and so increasing in the embedding strength.

The characteristic embedding strength according to the EC5. 8 (CEN, 2004):

frok = 0,082 - p, - d=®*  without pre-drilling, d < 8mm 9)

froxr = 0,082(1—0,01d) - p, with pre-drilling, all d (10)
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frok - The characteristic embedding strength parallel to the grain [N/mm 2].

When the shear force acts with an angle between the loads and the grains:

frak = ok [NImm?] (11)

90°Sin2a+cos?
Where:

koo = 1,30+0,015 - d for softwood.

4.4.2 Yielding moment

When the dowel bends and the moment reach its yielding moment, a hinge will be
formed somewhere in the dowel. The failure, in this case, is ductile and it is preferred
to happen and could be achieved by having small dowel diameter. The yielding moment
depends on the diameter of the dowel and the properties of dowel material.

Dowel Elastic Plastic
d e‘:‘)
u\\_» P?/ ) y
f, f,

Figure 4.12 Plastic and elastic stress distribution on a fastener (VSM 196 — MPSEB).

e Limitations and designing equations are found in EC5 Chapter 8 (CEN, 2004).

4.5 Glued-in rods

.......

Figure 4.13 Failure modes for glued-in rods (Tlustochowicz et al.2010).

The modes of failure are related to the materials in the connections, their mechanical
properties, and the properties of the bonds between them.

1. Pull -out failure (a) is dependent on the shear located at the interface between
the adhesive and the timber and is characteristic for single rods in axial tension
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and compression. It could happen for multiple glued-in rods systems when the
timber volume around the rods is not enough (c).

2. Splitting caused by tensile stresses in the timber around single rods (b). It is
more critical in rods glued-in perpendicular to the grain.

3. Splitting mode caused by tension perpendicular to the grain in (c) and (d). It
occurs in the case of imperfect axial load or inclined force to the grain. Spacing
recommendations are used to avoid this type of failure.

4. Failure is caused by the yielding of the rods and it is a preferable mode since it
is a ductile failure. This could be achieved when the tensile failure in rods occurs
before the other failure modes and therefore normally, not high strength steel is
used in glued-in rods. Furthermore, a design where the steel part is the weakest
link of the connection leads to robust structures that prove the possibility of
dissipating energy under hazardous actions as i.e. earthquakes (Tlustochowicz
et al.2010).

The current EC5 does not provide equations to calculate the axial and lateral capacity
of GIR’s. Many researchers have recommendations or equations. In this thesis, equa-
tions from Limtrahandbok del 3, Table 13.2 (Svenskt tr4, 2016), and “Design of
bonded-in-rods” (CEN et al., 2019) have been used.

The design axial capacity of a single rod is the minimum value between the tensile
capacity of the rod F; gy 0q @nd the timber pull-out capacity F; g timber-

faxx = 5.50 MPa (12)

faxx- Withdrawal capacity of the rod.

Fi Rkroa = 0-6fu.b " A (13)

F: riroa - Tensile capacity of the rod [KN].
A, - Steel cross-sectional area.

F¢ Rictimper = T * 1; * fax.k ky K (14)

R:  timper - Timber pull-out capacity until 1-meter rod length.

[; - Glued length of the rod.

K, - Weather factor. Limtrahandbok del 3, Table 13.23. (Svenskt tra, 2016).

k, - Reduction factor of the penetration factor. Limtrahandbok del 3, Table 13.24.
(Svenskt tra, 2016).

The maximum effective length contributing to the timber’s pull-out capacity is 1 meter
and after this length, there is no increase in shear capacity around the rod. Also, the
maximum length of the rods is 3 meters which could be used to strengthen the timber
material in some locations. Following the spacing in Limtrahandbok del 3, Table 13.23
will prevent splitting at the edges.
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4.6 Combined loading

In many cases, the fastener is subjected to lateral and axial load at the same time. In this
case and according to Eurocode 5, the interaction of the forces should be checked:
For smooth nails:

fax.Ed fv.Ed

+ <1 (15)
fax.Rd fv.Rd
For another fastener:
2 2
(fax.Ed) + (fv.Ed) < 1 (16)
fax.Rd fv.Rd

4.7 Stiffness and slip modulus

For a reliable design of structures and beside the load-carrying capacity, the defor-
mation as a result of stiffness and ductility of the connections is of importance. The
stiffness, in general, is defined as the needed force or moment to cause a unit translation
or rotation. In the joints, it depends on the slip modules related to the specific type of
stiffness. In a more specific way, the stiffness depends on:

o Type of joint,

o Strength and quality of the parts,
e Grain direction,

o Type and magnitude of loads,

o Load duration and creep.
(TRADA, 2007)

The stiffness is important in the serviceability limit state as it should keep the defor-
mation under a certain value allowed to assure comfortability and functionality of the
structure during the lifetime. While in the ultimate limit state, the connection stiffness
could affect the sectional forces distribution in the connected members if they are stat-
ically undetermined this will be further explained in Section 4.7.4.

The timber joint cannot be fully rigid, and it is in a more accurate behaviour a semi-
rigid connection. That means it cannot prevent the translation or the rotation totally at
the end of the connected structural elements. There is always a certain initial slip in
curve deformation-load in timber connections. The relative stiffness caused by the
semi-rigid behaviour causes a redistribution of stresses in the structure that would ex-
plain more in Section 4.7.4.

4.7.1 Load-deformation diagram of timber connection

Figure 4.14 shows the characteristic relation between the load and deformation in a
timber joint and the curve consists of three distinguished stages (COST 2018).
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Initial displacement or initial slip: It happens at the beginning of load applying and

it depends on the tolerance in the connections.

Linear behaviour: it is used to determine the stiffness in the SLS as the constant

slope.

Non-linear behaviour: with load-increase the connection starts to show non-linear
behaviour and the failure occurs. To determine the stiffness in ULS, the secant stiff-

ness is used between two load points.

F

unn-/unwr /um/-
deformation behaviow

~ approximately lnear
load-deformation behaviour

\ Stiffness

initial deformation
" A

4

1

’
slip

Figure 4.14 Load-deformation in a joint (COST 2018).

Experimental load-slip curves for joints in tension parallel to the grain (Racher,2001)
show that the glued joint shows the highest stiffness but at the same time has a brittle
behaviour. Moreover, the relation between the load and the deformation generally is

non-linear.

Experimental load-slip curves
for joints in tension parallel to
the grain:

(a) glued joints (12,5 10° mm?)

(b) split-ring (100 mm)

(c) double sided toothed-plate
(62mm)

(d) dowel (14mm)

(e) bolt (14mm)

(f) punched plate (10* mm?)

(g) nail (4.4 mm)

Figure 4.15 Experimental load-slip curves for joints in tension parallel to the grain
(Racher,2001).
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4.7.2 Eurocode 5

Eurocode 5 gives equations to calculate the stiffness in SLS to the single fastener in
shear and is not covering deeply the more advanced or complicated joint cases. Also,
Eurocode 5 gives a basic approach that the joint behaves in a linear way based on load-
deformation relation, while the real behaviour according to tests is non-linear. Accord-
ing to that, Eurocode is satisfactory to design in the SLS to give enough limit for the
deformation, but at the same time, there is a lack of deep understanding to get a more
optimized design.

Eurocode provides the shear stiffness depending on the type of joints in Table 4.2 and
it depends basically on timber density and fastener diameter.

The term slip modulus is defined in Eurocode 5 as the slope of the load-deformation
curve. While in other books or references it refers to the deformation at a certain load
level in the curve.

e The instantaneous stiffness in serviceability limit state design is taken as the secant
modulus of the load-deformation curve at 40 percent of the maximum load (load-
carrying capacity) of the joint according to EC5 and is calculated for fastener sub-
jected to lateral force in one shear plane by the slip modulus in SLS K,

Uinst = F[Kser (17)

For steel-to-timber or concrete-to-timber connections, k., should be based on timber
density and may be multiplied by 2.0. The background of the equations in Eurocode 5
comes from (Ehlbeck and Larsen, 1993).

e The instantaneous stiffness in ultimate limit state design is taken as the secant mod-
ulus of the load-deformation curve at a load level of approximately 60 to 70 percent
of the maximum load. As an approximation Eurocode 5 gives the ultimate stiffness:

ky, = % kser (18)

e The final stiffness after a long time is affected by the creep deformation and is pre-
sented in EC5 by kg joine factor. Some recommendation about this factor when it
is related to timber connections with different components and EC5 (2.3.2.1) states
that the value of kg.r joincShould be doubled for mechanically fastened connec-
tions. The final deformation should be checked with the quasi-permanent load com-
bination by considering the creep factor:

kser
(1 + kdef.joint)

kser.fin = (19)
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4.7.3 Stiffness joints in timber structures

In a three-dimensional structure, a joint has six degrees of freedoms, three translation
(6%, 65,6, ) and three rotation ( 6, 8,, 8,). This is corresponding to three translational

and three rotational spring stiffnesses

Z
A

<o,

X

Figure 4.16 Translational and rotational springs.

Some simplified methods are going to be used in this project to determine different
stiffnesses in a timber joint.

1. The translational stiffness responds to a fastener subjected to lateral force and
is presented in EC5, Table 4.2 is a table extracted from EC5.

Table 4.2 Values of Ksr for fasteners and connectors in N/mm in timber-to-timber and
wood-based panel-to-timber connections from EC5 (CEN, 2004).

Fastener type Kser

Dowels

1 a
gé)rlé\slv\;vlthout clearance Prlris .d)23
Nails (with pre-drilling)
Nails (without pre-drilling) pas - d%8 /30
Staples pr> - d%8 /80
Split-ring connectors type A according to EN 912 Cd./?
Shear-plate connectors type B according to EN 912 Pm - de/
Toothed-plate connectors:
-Connectors types C1 to C9 according to EN 912 1,5 py, - d./4
-Connectors types C10 to C11 according to EN 912 Pm dc/2

The clearance should be added separately to the deformation.

2. Axial stiffness for GIR according to (CEN et al., 2019):
Kserroa = 0.004 - d*®- prlﬁsean (20)

3. According to Descamps et. al. (2006), the stiffness from the contribution of the
contact surface of timber members could be calculated as follow:

54 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



e For components with lengths that are in the same order as the other dimension,
equation (21) is used and referred to as member 1 in Figure 4.17.

EA
== 21
k T (21)

e For components with lengths that are far longer than the dimensions of the sub-
jected area of the component equation (22) is used and referred to member 2
in Figure 4.17.

EVA

E -Young’s modulus.
A - Timber cross-section subjected to the force.

Figure 4.17 Diagram showing the concept of the stiffness contribution due to contact.

4. The rotational stiffness is based on equation (23). The analogous expressed in
equation (24) helps to calculate the rotational stiffness in different joints:
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Figure 4.18 Rotational stiffness from the lateral force on one dowel.

0 =— (23)
6 - Rotational angle.
Assuming a small rotation, the deflection § can be expressed as:
6 =sin(8)-d
d- Distance from the natural axes.

M _ Fid; _ Kser.6;.d; _ Kser .0.d;.d; 2
8" o 0 ~ 0 - kser . di (24)

k, =

4. When several components (n) contribute to the joint’s stiffness, they work in
parallel or in series, see Figure 4.19. The Equations (25) and (26) show how the
combined stiffness is calculated in those cases.

Figure 4.19 Springs in series. Figure 4.20 Springs in parallel.

Keertes = <Zki> (25)

i=1

n
=1

kparallel = Z k; (26)
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4.7.4 Joint stiffness in the global level

In a structural system, members are assumed to have even pinned or fixed boundary
conditions. While in timber structures, this assumption is not valid, since timber con-
nections show a semi-rigid behaviour (Aicher et al., 2012). Assuming a fully rigid joint
is unrealistic and hard to achieve. While assuming a pinned member will lead to over-
sized members while in the real situation the member shows another behaviour between
pinned and fixed depending on the real joint stiffness.

Many reasons lead to this behaviour. Timber is a soft material and has a relatively low
modulus of elasticity comparing with steel material. Another reason is the low loose
initial deformation modulus as depicted in Figure 4.14 which related to fasteners toler-
ance.

Eg130 = 13000MPa , Egpe; = 210000MPa

The semi- rigidity could be represented in the six springs with a constant value between
zero and infinity to give a more realistic approach during the design.

e Semi-rigid study:

Two simple studies on the effect of the semi-rigidity of timber joints on the global level
have been investigated. One on the rotational stiffness and the second on the transversal
stiffness. A semi-rigid beam model with a simply supported beam and fixed beam as
the boundary condition will be derived to make a helpful comparison to understand the
semi-rigid joint effect.

A one -span beam subjected to uniform load has been taken as an example. The dis-
placement of the beam from Euler-Bernoulli theory:

M(x)
—w"(x) = 27
w"(x) = — (27)
Where:
w'’- Curvature [1/m].
M(x) - Bending moment at x [N m].
E - Young modulus [N/m?].
| — Area moment of inertia [m*].
By substituting moment equation in Equation 27 :
2
X
Elw"(x) = Ax + M, — QT (28)
By integration, the slope can ( ") can be accessed:
Ax? qx3
EI(U,(X) =T+MAX—T+61 (29)
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Deflection (w) can be accessed from slope equation integration:

Ax3®  Myx? qx*

_ _ 30
Elw(x) 6 + 5 24 + Cix + C, (30)

A - Reaction [N].

g - Uniformly distributed load [N/m].
C1 — Integration constant [Nm?].

C, — Integration constant [Nm?].

e Simply supported beam:

g 1 ¢ ¥ ¥ ¥ & ¥ v ¥ w ¥ ¥ ¥ F ¥ ¥ ¥ & ¥ ¥ OV N ¥ ¥ F & ¥ ¥ ¥ ¥ ¥ ¥ F & ¥V O¥OF NVO§ 4

Figure 4.21 Beam with pinned supports.

By inserting the boundary condition. There is no transversal deformation in the supports
and the pinned supports allow for the rotation that results in Mgyppore = 0:

wx=0)=0=>C=0 (31)
A2 g3
wx=L)=0=( =+ (32)
L
A =T [kN] (33)
M, = 0 [kNm] (34)
Which gives:
9Lx® qx* ql3x ql3x
_ _ax 35
Elo) === 22~ 12 * 722 (39)
The maximum deflection in the middle of the span (x = L/2) is:
4qLx* qL* 16qL* 8qlL*
= = — — 36
Elo(x =1/2) = =g~ ~ 383 382 ' 384 (36)
5qL*
__ 37
J 384EI (37)
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6 — Maximum deflection [m].

e Fixed beam:

Figure 4.22 Beam with fixed supports.

Appling the boundary condition where Mg, ),0rt = le—zq :
wkx=0=0=>C,=0 (38)
w'x=0=0=C,=0 (39)
L
A= q? [kN] (40)
L%q
faxx = 5.50 MPaMy = — [kNm] (41)
Which gives:
qLx® ql?x? qx?
= - - 42
Elw(x) ) n n (42)
The maximum deflection in the middle of the span (x = L/2) is:
ql* ql* ql*
Elo(x=L1L/2)=— ———— 43
0(x=L1/2)=5¢ ~5¢ " 3g (43)
4qL*  4ql* ql*
EI =1L/2) = - - 44
wx=L/2) =367 ~ 352 382 (44)
qL*
= — 45
J 384E1 (45)
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e Semi-rigid beam:

MMELLASAESSSLE LA SALAEEEELEEARAEEEEE R EEEEREEE N
Cr TJ KaT

Figure 4.23 Beam with semi-rigid supports.

A semi-rigid connection as shown in Figure 4.23 is placed between the rigid and hinged
connection. Appling the boundary condition for semi-rigid behaviour for the rotational
stiffness:

wx=0)=0=>C=0 (46)
AL? ML ql3
w(x=0)=0=C 3 >4 (47)
M, M,EI
wx=0)=0=—>=C(, = (48)
CT CT‘
6 — Rotation of the support [rad].
M, — Support moment [Nm].
¢, — Rotational stiffness of spring [Nm/rad].
Combining the boundary conditions:
M,EI AL M,L ql3
=— — 49
c, 6 T2 T (49)
1 L ql3
)= = 50
My (cr + 2EI> 24EI (50)
1 L ql?
M, =+ —)= — 51
4 (cr * 251) 24E] ®1)
Which can be written as:
1
My = MA,rigid Y-
2ET (52)
c L

Where:
MA,rigid = qL2/12 [Nm]
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By substitution in Equation (52):

1

2E1
Cr_L+1

k =

MA = kMA,rigid = kQLZ/].Z [kN m]

(53)

(54)

k is a factor defining the relation between the spring stiffness and the beam stiffness.

Equation (52) with the reaction force is inserted in equation 30:

Elo(x) = qLx3 o qL?x? _ gx* _ ql3x k ql3x _ ql3x
12 24 24 12 24 24

The maximum deflection is given:

4 4 4 4 . .
R R R
4 4
0=- ;;LLEI * ;;illll?l
Where:
k= gt —
crtl

(55)

(56)

(57)

(58)

The factor k is related to the rotational stiffness of the spring c,. When c,.and k are 0
the deflection reaches the same deflection in simply supported beam Equation (30).
While for k=1 and a high value for c, the deflection converges to the deflection in the

fixed beam Equation (45).

To verify the previous study with variable spring stiffness. A 10-meter-long beam (450
%150 mm, GL28c¢) has been studied subjected to =4 kN/m. According to k factor equa-

tion (53) and deflection equation (57) with semi-rigid behaviour.

1 5qL* 4qL*

2E] 0= —384r1 " ¥384E]
L |
c L

k =
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-35
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L Semi-rigid behavior k = |0-1]
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Rotational stiffness [kNm/rad]
Logarithmic scale

Figure 4.24 Relation between the rotational stiffness and the defalcation in mid-span.

To verify the result, a study in StruSoft (FEM-analysis) for the same beam has been

done.
Moment [KNm]
-l : b Pinned support k=0
i e $
(=}
N
Q 2
| ._;_ | I .. Seml -rigid supports k=0,5
g = §
™
3 5
1 4 Fixed supports k =1
| - T e — e s S N ———
& ~ 4

Figure 4.25 Moment diagram from FEM analysis with fixed, pinned, and semi-rigid
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supports.
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Deflection [mm]

éL(_)Of — = 35.72——— — £00 Pinned support k=0
..;Tg.mb—__ .| ¥/ A ‘f*‘mﬁw Semi -rigid supports k=0,5
£.00 ]y i — £00 Fixed supports k =1

Figure 4.26 Deflection from FEM analysis with fixed, pinned, and semi-rigid supports.

e Semi-rigid transversal stiffness:

For a semi-rigid transversal stiffness with k, and following the previous process for the
same beam.

=0)=0= qL=>C— gl 59

W =0)=0= -5 0 =5 (59)
S5qL* 4qL* L

§=—1 o (60)

T384E1 T e3gaEl 2k,
ka- Spring constant, translational stiffness [N/m].

Also, the transversal stiffness in the support with value k has an influence on the de-
formation of the beam.
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5 Investigation of connection types

Chapter 5 will assess splice joints firstly presented in Section 3.8 in terms of strength
and stiffness. Each kind of connection is designed to withstand the cross-section capac-
ity of a fictitious GL30c beam. The study aims to analyse the connections working in
tensile stresses, bending moment, and shear forces. Members in compression are not
included since the stress is mainly carried by the timber’s contact surface. The pre-
investigation represents the first design approach to the case study connections, the ex-
amples provide insight into the advantages and disadvantages of different settings. The
main goal is to support decision making by narrowing the choices of connections types
during the design process. The connections were calculated analytically using Excel
spreadsheets created by the authors, which are available in the Digital Annex A. The
design steps are demonstrated in Annex B.

The comparison between each proposal focusses mainly on the capacity and stiffness,
and on the connection geometry and assembly feasibility. Fire resistance, weather ex-
posure, and neat appearance are also factors considered but in a second level of im-
portance. Besides the evaluation, tables, and information from other sources are pre-
sented to deliver broader recommendations to the design process.

5.1 Method of investigation

The investigation is carried out and the calculations are performed to a glulam
beam-type GL30c with cross-section dimensions of 400x250 mm, demonstrated in Fig-
ure 5.1. Service class 2 is chosen.

250
7 7

AN

400

N

Figure 5.1 Analysed cross-section.
The design capacity of the section is calculated according to EC5 2.4.1.

X
Xa = kmoa = (61)
Ym
Where,

X}, - Strength characteristic value of a strength property.

yy = 1.25 - Partial factor for a material property. Glued laminated timber,
EC5 Table 2.3.
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k...a = 0.8 - Modification factor considering the effect of the duration of load and
moisture content, EC5 Table 3.1 and for a medium load and service class 2.

The studied connections are chosen based on simplicity, variety of components, and
applicability to free-form structures with large glulam timber sections. The splice joints
selected from the tables presented in Section 3.8 provide a satisfactory structural be-
haviour understanding of connection types, taking into account that the calculation pro-
cedure effort is lower when compared to other joint types. Additionally, good insight
on failure modes is also obtained. The study provides good knowledge that can be ap-
plied in other joints conditions, i.e. beam-to-beam, column-to-beam, and knee joints.

Some connections presented in the tables from Section 3.8 were excluded from the
analysis. Punched metal plates do not withstand large forces; thus, it is not suitable for
large-sized members. In like manner, glued and carpentry joints are also not studied.
Despite their large stiffness and capacity, limitation in section sizes and assembling in
connections with several members make them also not a preferable choice (Batchelar
& Mcintosh, 2012).

5.2 Connections in tension

The section capacity was calculated according to EC5 2.4.1 by calculating the design
parallel tensile strength of the beam (f;.0.4)-

A ft.O.k' kmod ' kh.tension (62)
YmcL

Fersoctora = froa * Acrosssection (63)
Ferzoc.t.ora = 1372.80 kN
Where:
Fsr30c.t.0.ra - Section tensile resistance parallel to the grain.
ft.ox - Characteristic tensile strength parallel to the grain.
knoa - Modification factor for the duration of load and moisture content.
ky, tension - Depth factor (EC5 3.3(3)).

Ym.cL - Partial factor for glued laminated timber.
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5.2.1 Glued-in rods

The connection, as shown in Figure 5.2, is designed based on the equations given in
“Limtrahandbok del 3” page 74 (Svenskt trd, 2016).

Figure 5.2 Glued-in rods in tension.

Rods specification:
Diameter: 10 mm; 14 mm; 16 mm; 20 mm.
Rods strength 4.8-5.8- 6.8- 8.8

The following steps have been followed during the design and are explained in
Annex A.

e Design capacity of rods.

e Brittle failure - Net tension capacity of the timber cross-section F; et ri-
o Birittle failure — Single rod-end effect F; 4.f rq-

o Stiffness K;peq;-

e Results.

e Conclusion

5.2.1.1 Results
The connection design is limited by:

e The minimum glued length [; is max(0.5d?, 10d) (CEN et al., 2019), while
maximum [; cannot be more than 1 meter.

e Axial tensile capacity of the rod.

e Timber tensile capacity parallel to the grain, in the net tension area, and at each
rod end.

e Rods spacing to avoid splitting at the edges.

By testing different rods' strength with different diameters, two behaviors for rods were
recognized pull-out failure in timber and tensile rods failure. The first is brittle and the
second is ductile.

For high strength steel 8.8-6.8, the pull-out failure was the governing to decide the joint
capacity. Figure 5.3 shows that 8,8 and 6,8 have the same joint capacity with different
diameters and it depends on the pull-out capacity which is not related to the rods class
but by the shear capacity of the timber as in Equation (14). All joint hasn’t reached the
section capacity F; ; r; = 1372.80 kN and the maximum design capacity was achieved
by d=10 mm which is F, z; = 1116.68KkN.
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d=10mm
1200
= Design capacity
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© 800 Design capacity
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3
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200 Section capacity
0
0 200 400 600 800 1000 1200
Rods length [mm]

Figure 5.3 GIR joints capacity with 8.8 and 6.8 rods class.

The capacity between 800 mm and 1000 mm with d=12 mm and d=100 mm is not
developed in a clear way. According to the analytical calculation, the reason for that is
k; - Reduction factor for shear strength as a function of the glued length (li) which is
extracted from a graph presented in Table 13.24. (Svenskt tra, 2016).

When using lower steel strengths, steel strengths 4.8 and 5.8 joints show a ductile be-
havior but with less capacity compared to higher rods class. Figure 5.4 and Figure 5.5
describe how rod class 5.8 with d=10 mm, and 4.8 with d=10 mm and d=12 mm, show
a ductile behavior after a certain length.

1600
Design capacity
1400 d=10mm
— 1200 Design capacity
2
d=12mm
= 1000
Z
é 200 Design capacity
© d=16mm
o
© 600
S} Design capacity
|_
400 d=20mm
200 Section capacity
0
0 200 400 600 800 1000 1200
Rods length [mm]

Figure 5.4 GIR joints capacity with 5.8 rods class.
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1600

Design capacity

1400 d=10mm
= 1200 Design capacity
= d=12 mm
— 1000
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§ 800 Design capacity
© d=16mm
o
® 600
IE Design capacity
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0

0 200 400 600 800 1000 1200
Rods length [mm]

Figure 5.5 GIR joints capacity with 4.8 rods class.

Figure 5.6 illustrates how rods with d= 10 mm fails with different lengths and different
strength classes.

D=10 mm
60
50
40 Pull-out rod’s capacity
B, ———— 5,8 Rod tensile capcity

30
/ 4,8 Rod tensile capcity

20 / 6,8 Rod tensile capcity

10 — 8,8 Rod tensile capcity

0 200 400 600 800 1000 1200

Figure 5.6 Rod d=10 mm with the axial capacity comparison.

Joints presenting ductile behaviour, d=10 mm (5.8), d=12 (4.8), and d=16(4.8) are pre-
sented with design values. Table 5.1 presents the maximum carrying capacity of the
joints. The section’s capacity of F; ; r = 1372.80 kN could not be reached by any rod
diameter or length.
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Table 5.1 Glued-in rods connection design on tensile force.

Diameter E:}%ﬁﬂ Rod Capacity | Stiffness NS?;;' Ta?nezarcgi;l-
[mm] mm] | number | [KNL RN ation o]

10 (5.8) 500 54 1117 121522 80

12 (4.8) 500 32 724 99986 54

16 (4.8) 750 18 724 94395 54

Comparison between joints with different diameter: using smaller diameters with a
larger number of rods give more capacity caused by the enhanced load distribution and
the reduction of stress concentration in timber based on experimental results
(Xu etal., 2012).

The stiffness decreases with the increase of the diameter, as shown in Table 5.1. Smaller
diameters allow a higher number of rods over the cross-sectional area, thus the stiffness,
which is quantity dependent, also increases. This can be visualized in equation (25).

5.2.1.2 Conclusion

GIR’s joints in tension show adequate capacity comparing with the reasonable size of
the joints related to the rods glued length. They also provide considerable stiffness.

Joints with small diameters provide higher stiffness due to the increased number of rods
and show a better stress distribution. It reduces the possibility of splitting at the edges
and gives more capacity. Moreover, due to k,, the reduction factor to length penetra-
tion, the increase in [;, the penetration length, does not necessarily mean an enhance in
the capacity. The number of rods must be considered due to the feasibility and the ease
of construction, more rods mean higher detailing level and difficulty in assembly. By
increasing the cross-sectional area, it is more likely that a balance between the timber
net area and rods diameter can be found.

In general, glued-in rods capacity is limited by the tensile capacity of the rods after a

certain length and the increase in length does not result in an increase in the capacity.
It is also preferable not to be using high tensile strength to guarantee a ductile failure.
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5.2.2 External metal plate

The connection, shown in Figure 5.7. The design calculation is based on EC5 (CEN,
2004) and the stiffness calculation based on “Timber Structures: Rotational Stiffness of
Carpentry Joints” (Descamps et al., 2006). Thick and thin plates were verified.

Figure 5.7 External metal plate in tension.

Bolt specification:

Diameter: 6 mm to 30 mm.

Bolt class: 4.80.

fup = 400 MPa.

fy» = 320 MPa.

The following steps have been followed during the design and are explained in
Annex A.

Design capacity of the bolted plate F; 4.
Tensile capacity of the plate F; ,iq¢e.ra-
Brittle failure — Block shear Fy 4.
Stiffness.

Results.

Conclusion.

5.2.2.1 Results
The connection design is limited by:

e Bolt shear capacity.
e Block shear of the section.
e Tensile capacity of the metal plate cross-section.

The connection is designed to reach the desired section design capacity. The metal
plates extensions are considerably long, making it unpracticable in the construction site.
Since the height of the metal plate is limited to the member's depth, 400 mm, a rise in
the number of bolts is only possible by enlarging the plate in its length. Also, the num-
ber of bolts, especially in connections with a smaller diameter, is very high and is not
an efficient way of transferring the load.

The metal plates are designed based on the applied tensile load with 8 mm. Table 5.2
presents the results.
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Table 5.2 External metal plates connection design tensile capacity Hy,;,..= 400 mm,

tplate= 8 Mm.
Diameter / Plate Size / Capacit Block Tension Stiffness
Number of fasteners pactty shear capacity
d Lp Npoits HH H 0 Ktotal
[mm] | [mm] L] F; ra [KN] Utilization [%)] [kN/m]
Thick 6 975 448 1382 112 95 5317
plate 8 1000 | 264 1403 117 95 6769
Inter- 10 1150 180 1428 133 97 6978
polated |12 | 1200 | 126 1393 147 94 7237
16 1350 75 1435 174 95 8271
Thin 20 1400 48 1414 180 93 10338
plate 24 1700 36 1479 157 95 9304
30 2550 30 1451 100 90 6203

Block shear is determinant to the connection resistance and results in failure before the
connection can reach the design capacity of the section. It is crucial to be aware if the
design capacity along the fracture perimeter of the fasteners’ area is resultant from the
timber parallel tensile strength or from the timber shear strength.

In connections with shorter plate lengths the block shear capacity is led by the parallel
tensile strength. Connections with longer plates the block shear capacity are led by the
timber shear strength. Also, the spacing between fasteners in both directions influences
the determination of shear and tension areas around the fracture perimeter. This pattern
is clearly seen in Figure 5.8 together with analysing equation (4) in Section 4.2.2. Fur-
thermore, Table 5.6 details the number of rows and fasteners in a row, and the required

spacing according to EC5.

'R v2 va  va 1
- > - - ap>

. e e o
A o LR e
2 \J
@ & &
A
' t.2
r—’- -

- / > / o
V.o v.0 v.7 V.o

- - A -

Figure 5.8 Fracture perimeter, where Ly = Xi€ri and Lyer, = X foi-

1 Grain direction 2 Fracture line.
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Table 5.3 Influence of fastener direction to the governing block shear failure condition

in external metal plate connections.

F; F;
D [mm] | rﬁfn | "Pe[r_-iow "[v]v [rﬁrln] [n‘:rzn] (5?12;?) (teﬁ?’fodn)

[kN] [kN]
6 975 28 16 30 24 566 1235
8 1000 22 12 40 32 583 1198
10 1150 20 9 50 40 650 1076
12 1200 18 7 60 48 696 954
16 1350 15 5 80 64 777 823
20 1400 12 4 100 80 784 748
24 1700 12 3 120 96 940 561
30 2550 15 2 150 120 1458 280

The relation between the bolt’s diameter to the number of fasteners and plate length can
be better visualized by the graphs in Figure 5.9.

Diameter - N. Bolts Diameter - Plate length

500 3000

& 400 z 2500

8 £ 2000
+ 300 <

o & 1500
o 9]
& 200 o

€ © 1000
> R

< 100 & 500

0 0

0 10 20 30 40 0 10 20 30 40
Diameter [mm] Diameter [mm]

Figure 5.9 Bolt diameter to a) number of dowels b) plate length.

By increasing the diameter, the spacing between the bolts, according to EC5 8.5.1.1(3)
Table 8.4, also rises to prevent splitting caused by the row effect. This explains why
connections with larger diameters have a fewer number of dowels, despite the increas-
ing length. Moreover, small diameters have lower embedding strength and failure in
dowels will be more probable.

It has been observed that the single shear capacity of the bolts is governed by the failure
of the bolts as shown in Table 5.4. This, of course, is preferable due to ductility, but the
difference between (1/j) and (m/k) is large in magnitude and this explains the weakness
of the connection and the need for extended plates.

The bolt class is a decisive factor to this concern, since M,, g is dependent on the ulti-

mate tensile strength f,, ,, the value of F, g, can be increased. The connections are de-
signed with bolt class 4.80; a stronger bolt class would result in shorter plates.
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Table 5.4 Single shear capacity of bolts, the failure mode in brackets is dependent on
the thickness of the plate.

Diameter Plate Size Single shear capacity — [KN]
d [mm] Ly [mm] Fy.ric (11]) Fy.rie (M/K)
6 975 22 3
8 1000 29 6
10 1150 36 8
12 1200 42 12
16 1350 54 19
20 1400 64 28
24 1700 73 40
30 2000 84 51

5.2.2.2 Conclusion

When designing a connection, it is crucial to control the dimensions and number of
fasteners considering the feasibility of the construction. Eurocode 5 does not provide a
limitation guideline on the design shear plates dimensions; therefore, it is a duty of the
designer to provide reasonable sizing.

External plates might be a good solution to smaller members or too low loaded struc-
tures. Additionally, by having the plates exposed, the risk of corrosion and damage by
fire arises.

5.2.3 Single slotted-in metal plate

The connection, shown in Figure 5.10, is a steel-to-timber dowelled slotted-in metal
plate working in double shear. The design and stiffness calculation is based on EC5
(CEN, 2004).

“— .

Figure 5.10 Single slotted-in metal plate in tension.

Dowel specification:

Plate thickness:20 mm.
Diameter: 6 mm to 30 mm.
Dowel class: 4.80.

fup = 400 MPa.

fy» = 320 MPa.
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The following steps have been followed during the design and are explained in
Annex A

Design capacity of the bolted plate F; 4.
Tensile capacity of the plate F; ,iq¢e ra-
Brittle failure — Block shear Fy 4.
Stiffness.

Results.

Conclusion.

5.2.3.1 Results
The connection design is limited by:

e Dowel shear capacity.
e Block shear of the section.
e Tensile capacity of the metal plate cross-section.

The connections are designed to reach the desired capacity, these are some remarks that
are important to point out, Table 5.5 shows the results.

Plate lengths are very large, especially considering that the lengths showed in Table 5.5
represents half of the plate’s final length. It is noticed that the only possible way to
achieve the desired resistance is by increasing the length of the plates.

Table 5.5 Slotted-in metal plate connection design tensile capacity Hy;q¢.= 400 mm,
tprate=20 Mmm.

D[\llzrrr:]e;g; é E ;Ztsiesnlezres/ Capacity Block shear I;S;?tr; Stiffness
d L n F, F, kN] | F, kN S K,

m] | omy | 01| kN bi's’ﬁ‘éir) ] (btfe'ﬁgi[on)] Utilization [%] |, Ny
8 1000 | 330 1409 536 930 152 85 8458
10 | 1050 | 216 1390 540 904 154 84 10338
12 | 1070 | 160 1431 571 878 163 86 11630
16 | 1290 98 1456 669 757 192 85 12405
20 | 1500 65 1412 778 602 181 80 11928
24 | 1900 56 1445 1004 516 144 80 10633
30 | 2600 45 1445 1341 387 108 79 9304

Block shear is governing the design, none of the connections could reach the desired
design capacity. The concept that is observed in Section 5.2.2 on external metal plates
is applicable to slotted-in metal plates regarding the block shear capacity, whether it is
resultant from the timber parallel tensile strength or from the shear strength. However,
due to the embedded plate, the net cross-sectional area is more reduced. Table 5.6
demonstrates the number of fasteners in each direction and the fasteners spacing.
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Table 5.6 Influence of fastener direction to the governing block shear failure

condition in slotted-in connections.

q L n v | 7o a a Fys.ra Fysra
o | | | e |
[kN] [kN]
8 1000 22 15 40 24 536 930
10 1050 18 12 50 30 540 904
12 1070 16 10 60 36 571 878
16 1290 14 7 80 48 669 757
20 1500 13 5 100 60 778 602
24 1900 14 4 120 12 1004 516
30 2600 15 3 150 90 1341 387

Figure 5.11 shows the comparison between the dowel’s capacity and the governing
block shear capacity.

1600

1400

1200

1000

800

(kN]
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200

0
5.00

10.00

Dowels and block shear capacity

15.00

25.00

Diameter [mm]

30.00

35.00

Block shear
capacity

Dowels capacity

Figure 5.11 Comparison between the dowel’s capacity and the block shear capacity.

The tension capacity of the slotted-in plate withstands the applied tensile force, reduc-

ing the plate’s thickness is a possible optimization, since the utilization is not close to
reaching 100%.
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Figure 5.12 Dowel diameter to a) number of dowels b) plate length.

The same trend observed in external metal plates can be seen when analyzing Figure
5.12. The spacing increases according to the diameter to avoid splitting caused by the

row effect.
Table 5.7 Single shear capacity of dowels the failure mode in brackets.
Diameter Plate Size Single shear capacity — [kN]
d [mm] L, [mm] Fy i (F) Fy i (9) Fy.ric (M)

8 1000 27 11 6
10 1050 33 14 9
12 1070 38 17 12
16 1290 49 22 19
20 1500 58 27 28
24 1900 67 33 38
30 2600 77 41 54

The single shear capacity of a dowel is governed by failure mode h explained in Section
4.1.2, as shown in Table 5.4. This failure mode occurs due to the formation of two
plastic hinges in the dowel. The failure mode is ductile, which is an aim on design,
however the ratio between F,, g (f) and F, g, (h) is too large. Using bolts with higher
class is a solution to increase the capacity if the bolt failure is still governing.

5.2.3.2 Conclusion

Slotted-in metal plates are governed by failure due to block shear since the net cross-
sectional area is reduced. An increase in the cross-section dimensions will provide a
higher net cross-sectional area and net shear area, however, the sectional design capac-
ity will also increase. Also, the number of dowels could be decreased to achieve a well-
balanced ratio of dowel capacity, block shear capacity, and a moderately higher capac-
ity of the net cross-section.
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Single slotted in metal plate connections are also not suitable for large structures since
large-sized connections are required to resist large forces. In a case where the timber
sections are large enough more than one steel plate can be inserted, and the shear planes
for every dowel will be increased, obviously, one must account for the dimension of
the timber net cross-sectional area. More investigation is carried out in Section 5.2.4.
An advantage point for this kind of joint that it is hidden and is not exposed to weather
and fire risk.

5.2.4 Double slotted-in metal plate

The connection, shown in top view in Figure 5.13, is a double steel-to-timber dowelled
slotted-in metal plate. The design calculation is based on the equations given in
“Limtrahandbok del 3” page 61 (Svenskt trd, 2016).

Dowels

Slotted in plates

A  § & £ | & 8 # |
il
-

o BEEEEEEER

Figure 5.13 Double slotted-in metal plate in tension (Top view).

Dowel specification:

Plate thickness:20 mm.

Diameter: 6 mm to 30 mm.

Dowel class: 4.80.

fup = 400 MPa.

fy» = 320 MPa,

The following steps have been followed during the design and are explained in
Annex A.

Design capacity of the bolted plate F; 4.
Tensile capacity of the plate F; ,iq¢e ra-
Brittle failure — Block shear Fy 4.
Stiffness.

Results.

Conclusion.

5.2.4.1 Results
The connection design is limited by:

e Dowel shear capacity.

e Block shear of the lateral and central parts.
e Tensile capacity of the metal plate cross-section.
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Double plates slotted-in connections open new possibilities in terms of strength and
stiffness due to the addition of shear planes, this can be observed in Table 5.8.

Table 5.8 Double slotted-in metal plate connection design tensile capacity
Hp1ate= 400 mm, ty14¢=12 mm.

DI\IIE?Jrrr:]etfg:: éfpllcgtsiesnlgél Capacity Block shear '(I:'aeg;(i)tr; Stiffness
[mdm] : i || Man ﬁz,@‘i Fyera [KN] | Utilization [%] [’éﬁ;ﬁ]
8 650 195 1417 1292 110 71 28628
10 670 132 1442 1254 115 73 33834
12 690 90 1377 1191 116 69 41352
16 790 56 1421 1077 132 70 43420
20 980 40 1480 949 156 70 38768
24 | 1100 28 1421 847 168 66 42534
30 | 1350 21 1529 938 163 69 39875

The plate lengths are reduced by approximately half in comparison to a single slotted
plate. The numbers of dowels are also reduced since each dowel accounts for four shear
planes, it directly influences the resistance and the stiffness as it is mentioned. The ten-
sion capacity, being dependent on the thickness of the embedded plate, is not nearly
reaching 100% of utilization meaning that optimization of the design is possible. The
connection with 30 mm diameter dowels does not fulfil the cross-sectional width limi-
tation of: (B = 250 mm).

Block shear is one more time the limiting factor in the design, the manner in which this
failure mode influences the behaviour of multi-shear planes connections differs from
what presented in the previous analysis of a single slotted-in plate. Therefore, control-
ling it involves the investigation of additional parameters. The connections are designed
with t4 ; kept as minimum value, allowing t4 , to reach a maximum value. The results,
presented in Table 5.9, show that the connections fail firstly due to block shear of the
lateral block and with diameter increments also the centre block fails. It is important to
consider a balance between the timber members' thickness.
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Table 5.9 Governing block shear failure in double platted slotted-in connections.

Laterals Center
D Fys ra Fysra Utilization Fysra Fysra Utilization
[mm] | (shear) | (tension) [%] (shear) (tension) [%]
8 410 129 131 311 881 100
10 421 149 30 312 833 107
12 405 168 129 294 786 108
16 438 184 123 330 639 138
20 472 178 119 388 476 192
24 463 179 117 383 381 229
30 515 168 119 423 252 217
Diameter - N. Dowels Diameter - Plate length
250.00 1400
1300
+» 200.00 1200
o €
g §, 1100
3 150.00 £ 1000
2 100.00 G 900
£ £ 800
< 50.00 & 700
600
0.00 500
0 10 20 30 40 0 10 20 30 40

Diameter [mm]

Diameter [mm)]

Figure 5.14 Dowel diameter to a) number of dowels b) plate length.

Figure 5.15 shows the comparison between the dowel’s capacity and the governing
block shear capacity.
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Figure 5.15 Dowels and block shear capacity double slotted-in plate connection.
5.2.4.2 Conclusion

Multi-planes slotted-in connections have enormous advantages in situations where high
loads must be transferred. The block shear capacity is more critical than single slotted-
in connections and is harder to control when designing since more parameters are in-
cluded. Multi slotted-in steel plates perform well since they double the capacity and the
stiffness. It has the disadvantage that in small sections the failure is mainly governed
by block shear which is a brittle failure.

The studied section (400,250) is not as large as the section in the case study. Larger
timber sections should have higher block shear capacity.

5.2.5 Comparison

A comparison between the previously designed connections on tension (force parallel
to the grain) based on different parameters provides an overview and better understand-
ing for the case study presented in Chapter 6. The comparison is limited by the size of
the sections and the type of connections.

Stiffness comparison
30000.00

25000.00
20000.00

15000.00 — Two slotted-in metal plates

10000.00 One slotted-in metal plate

Stiffness [kN/m]

5000.00 External metal plate

0.00
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

Fanstener diameter [mm]

Figure 5.16 Stiffness comparison between splice joints on tension.
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From Figure 5.16, the multi- shear planes connections (two in this study) shows ad-
vantages on one slotted-in metal plate and external metal plate in the stiffness. The
reason for that is the increased number of shear planes per dowel.

The highest stiffness of the previous connections IS k;y¢q; =25375 kN/m which is
compared to the lowest stiffness from glued-in rods in tension kg;z =94395kN/m.

kmax

= 0.23
kGIR,min

The difference is remarkably high, thus glued in rods has advantages related to the stiff-
ness. A comparison between the connection’s capacity is not fair evaluated since the
dowel connections are designed to reach the section capacity, but with too large dimen-
sions.

5.3 Connections in shear

The section capacity was calculated according to EC5 6.1.7 by calculating the shear
strength of the beam (£, 4).

-k
L= fv.k mod (65)
Ym.cGL

The design shear capacity timber section:

Fer3ocv.ra = fv.d - Ag2/3 (66)
Ferscvra = 100 [kN]

5.3.1 Slotted-in metal plate

The connection, shown in Figure 5.17, is a steel-to-timber dowelled slotted-in metal
plate working in double shear. The design and stiffness calculation is based on EC5
(CEN, 2004)

% %

Figure 5.17 Slotted-in metal plate in shear.

Dowel specification:
Diameter: 6 mm to 30 mm.
Dowel class: 4.80.

fup = 400 MPa.

fy.» = 320 MPa.
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The following steps have been followed during the design and are explained in
Annex A.

Design capacity of the bolted plate F; 4.
Check splitting perpendicular to the grain.
Stiffness.

Results.

Conclusion.

5.3.1.1 Results

The connection reaches the section capacity Fg;30.c0.ra = 100 [KN]. See Table 5.10
for the results of connections utilizing different dowels diameters.

The connection design is limited by:

Dowel shear capacity on force perpendicular to the grain.
Splitting failure

Variant steel plate length and fixed steel plate width H =400 mm.
For simplicity, the moment form eccentricity is ignored.

Table 5.10 Slotted-in metal plate connection design shear capacity Hy;q..= 400 mm,

tplate=8 MM.
Diameter | Plate length | Number of Capacity Splitting | Stiffness

[mm] [mm] fasteners [kN] [%] [KN/m]
8 160 15 99 31 827
10 160 12 117 41 1292
12 170 9 119 47 2067
16 230 7 151 69 3544
20 280 5 145 76 6202
24 340 4 137 80 9304
30 420 3 127 86 15507

The designed connections show a good load-carrying capacity, with practical member
sizes and dowel numbers.

5.3.1.2 Conclusion

Both the length of the plate and the number of dowels have reasonable values; therefore,
this kind of connection represents a suitable method to transfer shear forces in timber
structures. In larger sections, a more effective solution would be to utilize more than
one slotted-in metal plate ensuring more capacity and stiffness, in this case splitting
effect due to forces perpendicular to the grain must be carefully checked.
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5.3.2 External metal plate

The connection, shown in Figure 5.18 is a steel-to-timber bolted external metal plate
working in double shear. The design calculation is based on EC5 (CEN, 2004). Thick
and thin plates are verified.

Figure 5.18 External metal plate in shear.

Bolt specification:

Diameter: 6 mm to 30 mm.

Bolt class: 4.80.

fu.b = 400 MPa.

fy» = 320 MPa.

The following steps have been followed during the design and are explained in
Annex A.

Design capacity of the bolted plate F; 4.
Check splitting perpendicular to the grain.
Stiffness.

Results.

Conclusion.

5.3.2.1 Results

The connection reaches the section capacity F;;30.c0.r¢ = 100 [KN]. See Table 5.11
for the results of connections utilizing different dowels diameters.

The connection design is limited by:

Dowel shear capacity on force perpendicular to the grain.
Splitting failure.

Variant steel plate length.

For simplicity, the moment from eccentricity is ignored.

Table 5.11 External metal plate connection design shear capacity

Hy1.e= 300 mm.

Diameter | Plate length | Number of Capacity Splitting | Stiffness
[mm] [mm] fasteners [KN] [%0] [KN/m]

6 200 22 103 19 1691

8 200 16 126 25 3101

10 200 12 143 31 5169

12 220 10 167 33 7443

16 290 6 169 46 16541
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20 360 4 147 50 31014
24 440 4 183 53 37217
30 590 2 105 50 10338

5.3.2.2 Conclusion

The designed connections show a good load-carrying capacity, with practical member
sizes.

5.3.3 Comparison

In general, the section capacity on shear is less than the capacity on tension. That ex-
plains the difference in connections dimension between shear and tension. The length
plates in the connections are similar to both of the solutions. The same is observed in
the stiffness values. The number of dowels for external metal plates is slightly higher
than in slotted-in metal plates.

5.4 Connections in bending

The section capacity was calculated according to EC5 2.4.1 by calculating the design
parallel bending strength of the beam (f;,,.0.4)-

fm.o.d — fm.o.k mod h.bending (67)
Ym.GL
Mgrzocra = fmoa = Wer (68)

MGL30C.Rd = 140.80 kNm
Where:

Mg130c.ra - SeCtion bending resistance.

fm.o.x - Characteristic bending strength parallel to the grain.

k..oa - Modification factor for the duration of load and moisture content.
kn penaing - Depth factor (EC5 3.3(3)).

Ym.cL - Partial factor for glued laminated timber.

5.4.1 Glued-in rods

The connection shown in Figure 5.19 has glued-in rods working parallel to grain and
the axial capacity of the rods resist the normal forces generated by the moment.

—_—
<1

Figure 5.19 Glued-in rods in bending.
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Rods specification:
Diameter: 10 mm; 12 mm; 16 mm; 20 mm.
Based on the study made in Section 5.2.1 a rod class 5.8 is used.
fup = 500 MPa.
fy.» =400 MPa.
The following steps have been followed during the design and are explained in
Annex A.
e Design capacity of rods and moment capacity, according to “Limtrdahandbok
del 3” page 74 (Svenskt trd, 2016).
e Brittle failure - Net tension capacity of timber section F; 0t ri-
e Birittle failure — Single rod-end effect F; 4.5 rq-
o Stiffness K torar-
e Results
e Conclusion.

5.4.1.1 Result

The connection does not reach the section capacity of M, z; = 140.8 kNm with any of
the diameters because of the limited rods axial capacity shown in Figure 5.4. The results
are presented in Table 5.12.

Limitations are:

One row of rods in tension and compression.

Rod's axial capacity based on the minimum of tensile and pull-out strength.
Rods glued length 1 m.

Only rods contribute to the resistance since a gap between the timber parts is
assumed.

Table 5.12 Glued-in rods bending moment designed connections

Diameter é\:/la%r;;rt];t/ i?;?#}gg:l Rods length | Rods number
[mm] [KN- m] [ KN- m /rad] [mm] ]
10 41 827 500 6
12 37 722 1000 4
16 40 805 1000 3
20 34 705 1000 2

The maximum capacity was achieved by d=10 mm and with a rod length that is less
than the other diameters. It has shown a ductile behaviour, after 500 mm of length the
capacity is constant and as a result of rods tensile strength.
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Figure 5.20 GIR moment capacity development.

The axial capacity of rods explains the limitation on the bending moment resistance of
the connections. The axial capacity after a certain length is constant since the pull-out
capacity reaches its ultimate tensile capacity as observed in Figure 5.6 in
Section 5.2.1.While other diameters the behaviour was governed by the pull-out capac-

ity.

5.4.1.2 Conclusion

When using GIR to transfer bending moment the capacity is limited by the length of
the rods if a high steel strength is used or by the rod’s tensile capacity if the used rods
have not high tensile strength.

The capacity can be increased by increasing the number of rods and arranging them in
several layers. In this case, the capacity of the rod would be increased although the lever
arm of the other layer would be smaller. There is not a large difference between differ-
ent diameters, but d=10 mm is preferred since the behaviour is ductile. The rotational
capacity will be later compared with other types of connections.

5.4.2 External metal plate with bolts

Bolt specification:
Diameter: 6 mm to 30 mm.
Bolt class: 4.80.

fup = 400 MPa.

fy» = 320 MPa.

The following steps have been followed during the design and are explained in
Annex A.
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Design capacity of the bolted plate and the design bending capacity.
Top plate on compression and the bottom on tension check.
Rotational stiffness K.

Result.

Conclusion

5.4.2.1 Results

The connections reach the section capacity with all diameters, but the length of the
metal plates is too long and not reasonable. The results are shown in Table 5.13.

The design limitations are:

e Dowel capacity on force parallel to the grain.

e Maximum designed moment in GIR M,,qx Gir ra-

e Block shear capacity.

e Tension and compression capacity of the metal plates.

Table 5.13 External metal plates connection design bending moment capacity
tplate= 24 mm.

Diameter / Plate Size / Mome_nt Block Buckling | Tension Ro?ational
Number of fasteners Capacity | shear Stiffness
d L H n F L. Ktotal
(] [mfn] [rzr)]lr(;]t]e lf?]lts [k]\??n] Utilization [%] [}(rI;‘IdT
6 4589 36 70 147 19 77 91 4
8 3608 48 43 141 22 60 71 9
10 3030 60 30 142 24 49 59 15
12 2638 72 22 142 27 42 51 24
16 2300 96 14 142 32 34 41 44
20 2079 120 10 140 37 29 35 68
24 1900 | 144 8 140 42 25 32 87
30 1938 | 180 6 142 47 22 30 102

For a reasonable evaluation, the maximum designed moment in the GIR’s,
Minaxcirra = 41.23 kNm, is considered as a reference to compare with. See Table
5.14. Even in connections reaching the GIR’s capacity, the plates are too long to be
assembled.

Table 5.14 External metal plates connection design bending moment capacity com-
pared to GIR’s capacity. tpqre= 24 mm.

Diameter / Plate Size / Moment | Block | Buck- | Tension | Rotational
Number of fasteners Capacity | shear ling | capacity | Stiffness
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Ktotal

d Ly, Hpiate | npoies Fra li7ati 0 .
(mm] | fmm] | Tomp | [ | (KNem) Utilization [%] o
6 1300 36 21 42 15 77 52 7
8 1050 48 13 42 20 60 40 16
10 750 60 9 42 25 49 34 28
12 800 72 6 42 29 42 33 38
16 750 96 4 43 37 34 24 81
20 700 120 3 44 44 29 21 121
24 700 144 2 45 50 25 19 152
30 750 180 2 44 57 22 18 187

Due to the extended length of the plates, the block shear is controlled by the shear ca-
pacity along the fracture perimeter. The maximum utilization is around 57% on con-
nections with bolt diameters of 30 mm. The 24 mm thick metal plates provide enough
capacity on both tension and compression stresses.

The single shear capacity of a bolt is presented in Table 5.15. The difference between
the failure modes in the dowel and in the timber member is too high. Increasing the
steel quality of the bolts would increase the resistance of each fastener, and therefore
the number of fasteners could be reduced.

Table 5.15 Single shear capacity of bolts.

Diameter Plate Size Single shear capacity — [KN]
d [mm] Ly [mm] Fy ric (i7K) Fy rie (/)
6 2500 22 3
8 1969 29 6
10 1700 36 9
12 1700 42 12
16 1300 54 19
20 1200 64 28
24 1180 73 38
30 1171 84 54

It is recommended to use a large diameter to decrease the number of fasteners parallel
to the grain and get less group effect if this size of diameter provides a failure in the
fasteners not on the timber.

5.4.2.2 Conclusion

The studied connection is not suitable for large-sized members. To overcome the re-
sulting stresses, very long metal plates are necessary. The design choice of having only
one row results in the need of increasing the length of the metal plates.
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5.4.3

Top and bottom steel nailed plates

Nails specification:
Diameter smooth nails: 4 mm to 6 mm.

Nail class: 4.80.
L=40 mm
fu.b = 400 MPa.
fy» = 320 MPa.
The following steps have been followed during the design and are explained in
Annex A.
¢ Design capacity of the nailed plate and the design bending capacity.
e Top plate on compression and the bottom on tension check.
e Plug shear of top and bottom plate.
e Rotational stiffness K.
e Result.
e Conclusion
5.4.3.1 Results

The connections reach the section’s capacity of M, p; = 140,8 kNm with all diame-
ters. The length of the metal plates and the number of the nails and not reasonable in

terms o
will res

f practicality. The results are presented in Table 5.16. The high number of nails
ult in reducing the efficiency to transfer the normal force.

The design limitations are:

Dowel capacity on force parallel to the grain.

The width of the metal plates or the joint is limited by the width of the beam
250 mm

Maximum designed moment in GIR M,,4x 617 Ra-

Plug shear capacity.

Tension and compression capacity of the metal plates.

Table 5.16 Top and bottom nailed plate on bending with section capacity.

Diameter / Plate Size / Moment Plug Buckling | Tension Rotational
Number of fasteners Capacity | shear Stiffness
d L Nnails F.Rd HH H Ktotal

mm] | pomy | 1| [eNem) Utilization [%] [KN-m /rad]
4 1970 528 140 9 79 72 66
5 1850 405 139 9 79 72 68
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| 6 [ 2250 | 329 | 140 | 8 | w84 71 59

As made in the last example 5.4.2, for a reasonable evaluation the maximum designed
moment in GIR M4 cirra = 77.21 kNm is considered as a reference to compare
with. Table 5.17 shows the results.

Table 5.17 Top and bottom nailed plates on bending with GIR capacity.

Diameter / Plate Size / Moment Plug Buckling | Tension RoFationaI
Number of fasteners Capacity | shear Stiffness
d L Nygi F e K,

om] | pomy | L | kNem) Utilization [%] [kN-m frad]
4 500 132 43 1 24 22 132
5 500 99 42 1 24 22 141
6 600 84 44 1 24 22 116

5.4.3.2 Conclusion

The studied connection is not suitable for large-sized members. To overcome the re-
sulting stresses, very long metal plates are necessary. The design choice of having only
one row results in the need of increasing the length of the metal plates. Besides, the
length and the high number of nails complicate the construction of this joint.

5.4.4 Comparison

The comparison is based on the GIR moment capacity, Table 5.18 presents the rota-
tional capacity comparison.

Table 5.18 Rotation stiffness comparison for connections working on bending.

Rotational stiffness Top and bottom
[KNm /rad] GIR nailed plates External metal plate
max 827 132 54
min 705 116 7.8

As in the studied connections in tension, the GIRs has the higher stiffness also on
bending. Regarding capacity, the GIR"s also provide limited but adequate capacity with
reasonable dimensions not like what observed in other studied types of connections.

Both fasteners- type connections following the studied arrangements are not applicable
in large sections where large bending moments are applied. A more practical solution
is to use multi slotted-in plates to optimize the design.

The results and conclusion on bending are limited with the section and the simplicity
of chosen connections. They will give an insight into these connections in type and
geometry, but it will be not considered as a general reference. It will help to get more
understanding more about how connections work in bending.
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5.5 Conclusion

The focus of this simple study has been on the capacity, stiffness, and the dimensions
of timber joints.

e Tension and bending

GIR’s combine an adequate resistance to bending and tension and provide the system
with high stiffness. Fire resistance and good appearance are added to their benefits also.
They fit to use in large timber structures where capacity and stiffness have the same
importance.

The slotted- in metal plates are also a possible solution for tension and bending. Gen-
erally, the applied bending and tension in a joint is related to the connected members
capacity. The number of slotted-in plates could be increased and adapted to the section
size. The possibility to get more capacity and stiffness makes them a possible solution
in large timber structures i.e. trusses and free-form timber structures. Possibility for
brittle failure occurrence can increase with multi-plates and must be avoided.

The studied external metal plates are limited in capacity and stiffness. Combining slot-
ted-in plates and external metal plates is a way of increasing the capacity and the stiff-
ness.

To overcome the large dimensions of these joints, decreasing the space between the
dowels and providing reinforcement with self-tapping screws make the design more
optimized since self-tapping screws inserted perpendicular to the grain are able to resist
stresses perpendicular to the grain.

e Shear

Since the timber section capacity on shear is smaller compared to the tension and the
bending capacity, the applied shear force is relatively small. From the studied connec-
tions on shear, both slotted-in and external metal plates provide a section capacity with
applicable dimensions. For large timber structures, multi slotted-in plates could be an
adapted solution.

Table 5.19 presents a ranked evaluation of the proposals. The ranking is done according
to the following:

e 1-Low capacity and stiffness.

e 2 - Enough capacity and low stiffness.
e 3 - Enough capacity and enough stiffness.

Table 5.19 Ranking of the joints.

Slotted-in
Ranking GIR External bolted metal plates
metal plates .
with dowels
Tension 3 1 2
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Shear

Not studied 2 3

Bending

3 1 2
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6 Case study

Chapter 6 presents the design proposal for the timber connections in the roof structure
of the project under development by the consulting firm COWI. The geometry of the
structure is presented, as well as the cross-sections and materials of the structural mem-
bers. The structure was modelled by the company COWI in the finite element software
“FEM-Design 19 3D Structure” by StruSoft. Through this model the forces and stresses
were extracted. The connections between members were calculated analytically using
Excel spreadsheets created by the authors, which are available in the Digital Annex B.
The design steps are demonstrated in Annex C. The method of choice of the connections
was based on the study made in Chapter 5. The analytical calculations were made in
accordance with Eurocode 5 and some academic publications that cover non-standard-
ized concepts, such as glued-in rods and multi-planes slotted-in connections.

6.1 “The project”

The project is under development. COWI together with the client have agreed to au-
thorize the use of this project provided that just a part of the building complex is pre-
sented by visual, informative, and/or technical means. Therefore, some parts are ex-
cluded from the scope of this Master’s Thesis project.

Figure 6.1  3-D model of the building complex, the grey arrow represents the view-
point from Figure 6.2.

Figure 6.1 shows the proposed designed superstructure. The extensive timber structure
supports a roof that covers approximately the entire perimeter of the building. The
structure can be defined by 3 inner rings, two of which are similar with larger radius
circles. In the perimeter of the structure, a large exterior circled beam generates the
overall form of the structure. The beams that originate from the inner circles are sup-
ported either by columns located around the perimetrical circle by transversal beams in
the internal regions of the building. A total of three transverse beams intersect each
other in the center of the building. These are fundamental to the architectural intention
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of having a free span in the internal area of the building, Figure 6.2 shows the perspec-
tive view from the interior area of the building.

ll,
T il

Figure 6.2 Interior perspective view.

The regions in which the angled beams point in an outward direction create intersec-
tions with beams coming from adjacent rings. The columns have different heights given
that the building has floor plans in different elevations.

Figure 6.3 Side view of the timber roof structure

From this side view of the structure, illustrated in Figure 6.3, it is possible to observe
the different slopes of the roof. Each beam and column have its own geometry, resulting
in a complex structure, with different inclinations and angular members. The form-
finding process was developed through parametric design using Rhino and Grasshopper
and then imported to Revit and Tekla.
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6.2 Structural aspects

Figure 6.4 shows the main dimensions of the timber free-form structure containing the
diameters of the inner and outer circles, the length of the beams with the larger cross-
section (in red), and the length of the transverse beams in the inner region of the build-

ing.

93 m
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B 400 x 2000 mm

[ 1360 x 1400 mm

Figure 6.4 Main dimensions and cross-section of the members.

All the beams and columns supporting the 3 rings are made of glulam GL30 C with

properties presented in Annex A.

6.2.1 Load cases and load combination

The loads and load duration according to EN 1995 1-1 are presented in Table 6.1 and
the structure is assigned to service class 1 according to EC5 (CEN, 2004) Section

2.3.1.3.
Table 6.1 Type of loads acting on the roof structure.
Name Duration
Beams self-weight Permanent
Roof self-weight Permanent
Self-weight of the above buildings Permanent
Snow loads Medium-term
Snow accumulation Medium-term

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30

95



The load combinations used in the analysis are according to Eurocode 1-1-3 (SIS,
2009b) In ultimate limit state two combinations have been checked, ULS-a and ULS-b
according to equation (6.10) from EC1. In the serviceability limit state, the quasi para-
ment load combination was used according to equation (6.10) from ECL1. The coeffi-
cients are extracted from Table A1.1 and Table A1.2(A) in (S1S,2009a). The coefficient
values are shown in Annex A — Material properties.

6.3 Proposals of the design

The structure was analyzed through the software “FEM-Design 19 3D Structure” in
order to find areas with the greatest stresses. In this way, the design of the connections
can be made for the nodes with higher stresses. The main idea in the design of connec-
tions in such a non-uniform structure is to aim to limit the number of design variations
to facilitate the construction process. Taking this into consideration, 3 connections have
been chosen to be studied and designed, seeking that they serve as the basis for other
joints of the structure that differentiate in stresses and angle of intersection of members.

As mentioned, the process of defining the connections to be studied was based on the
results provided by the numerical analysis made in FEM-Design. The internal forces in
the structure being the effect of load combination in ULS-b, Figure 6.5 shows the bend-
ing moments and shear forces.

2 '
g i Tl AV Y)

Figure 6.5 Bending moments around the strong axis — ULS-b, area with highest bend-
ing moments are highlighted by the black circle.
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Figure 6.6 Shear forces — ULS-b.

As observed in Chapter 5, the connections studied showed that the proposed designs
performed very well when subjected to shear forces, while connections transferring
bending moments encounter greater difficulties. Therefore, areas with higher bending
moments are more critical, thus leading to the nodes to be studied. Figure 6.5 shows
with a circle where the largest bending moments occur. The geometry of the connec-
tion, in other words, the number of members that meet in the node is also a matter that
influences which connections are more valid to be studied.

The resulting bending moments on the weak axis, the shear forces on the weak axis,
and the torsional moments are neglected since these values are very small.
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Figure 6.7 The chosen connections to be studied in this chapter.

e Connection 1 is connecting five members. Members A and B behave as contin-
uous beams, while C is not continuous and has a smaller cross-section.

e Connection 2 consists of two intersected members both behaving as continuous
beams. Member A has a larger cross-section.

e Connection 3 is a column to beam joint. Two different locations have been cho-
sen to be studied since they have a different beam and column cross-sections.
Both locations possess the maximum bending moment for their respective
cross-sections.

6.3.1 Global behavior

The first step in the design of the connections is to define the behavior at the global
level of the beams to be connected. The beams were defined into different parts accord-
ing to Figure 6.8. The definition of the behavior of each beam is based on the cross-
section of the member and the maximum possible length in transport-related matters.
The longest length allowed for cargo transportation in Sweden without the need for
special measures is up to 24 meters. Members up to 40 meters in length require special
escort vehicles and signs (Borgstrém et al. 2018).
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Figure 6.8 Distribution of the connections at the global level. The points represent
connections points and the bold lines refer to continuous members without
any splice or connections.

Some members in the connection are continuous, as in connection (2) (b-1) and (b-2),
and the other intersected members should be spliced into two connections in each side
of the continuous beam, as in connection 2 (a-1) and (a-2).

6.4 Connection 1

The connection consists of the intersection of five members in one location, Figure 6.9
shows the geometry of the connection, and Table 6.2 presents the forces in the connec-
tion.

Members (a-1) and (a-2) are parts of a continuous beam with section (2000x400) mm.
Members (b-1) and (b-2) are parts of a continuous beam with section (2000x400) mm.
Member (c) is a singular beam with section (1400x360) mm.

Figure 6.9 Connection 1.
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Table 6.2 Forces in connection 1.

My Vz N Mz Vy Mt

[kNm] | [kN] | [kN] | [kNm] [kN] [kNm]
Mzr_"lber 1740 | -102 109 -70 -26 7
Mzr_"zber 1951 | -11 -60 3 0 -1
M%rf’lber 2319 47 -40 4 0 0
M%rf’zber 2310 | 51 147 85 49 4
MeTber 264 | 203 278 -15 5 -1

Two structural concepts are used to design connection 1:

1. Slotted-in metal plates.
2. Glued-in rods.

6.4.1 Slotted-in steel plates

Each member is connected with its respective angle to an octagonal metal plate. The
forces in each member are transferred from slotted-in metal plates to the octagonal
metal plate via welding. The forces are transferred to the successor members, i.e. a-1 to
a-2, b-1 to b-2, through metallic connectors that have sufficient capacity to transfer
normal forces, shear forces, and bending moments. In order to follow the architectural
guideline, which aims to have hidden connections, non-structural timber plates can be
inserted in the lower and upper parts. Figure 6.10 shows the geometry of connection 1.

Figure 6.10 Geometry of connection 1, upper and lower plates working on bending,
middle plate working on shear.

The main forces acting on the structure are transferred through the slotted-in plates. The
upper and lower plates transfer the axial forces of compression and tension generated
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by the bending moment and the normal forces. These are double plates due to the great
magnitude of these forces. Through the addition of shear planes, the connections are
able to transfer forces in a ductile manner. The single central plate has the function to
transfer shear forces.
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Figure 6.11 Structural concept of slotted-in plates.

e (a-1) (a-2) and (b-1) (b-2)
As the values of the forces acting on these members are the same, the same connection

design can be used in order to make the project simpler regarding the construction.
Table 6.3 gives the design results of the middle single shear plate.

Table 6.3 Connection 1 design, al-a2, and b1-b2 single middle plate (Shear forces).

Dowels Plate Shear Transversal
Class 4.80 S 355 N/NL Capacity Stiffness
d Ndowels Lp Hp ts FV.Rd Ktotal
[mm] [-] [mm] [mm] [mm] [kN-m] [KN-m]
12 9 250 200 8 109 18609

The connection is designed to withstand the highest normal force, in this case, Nt=
1723,00 kN. Table 6.4 shows the design results of the top and bottom double plates
working in bending.
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Table 6.4 Connection 1 design, al-a2, and bl1-b2 top and bottom double plates
(Bending moment). The number of fasteners is per double plate.

Dowels Plate Bending Rotational
Class 6.80 S 355 N/NL Capacity Stiffness
d Ngowels Lp HP ts F [kN] Ktotal
[mm] [-] [mm] [mm] | [mm] | “oxRd [kN-m-rad?]
20 36 600 600 16 1815 136774
e C

The member ¢ connection has the same design principle as the other connections. The
distinction is the values of shear forces, bending moment, and normal forces. Table 6.5
gives the design results of the middle single shear plate.

Table 6.5 Connection 1 design, -c single middle plate (Shear forces).

Dowels Plate Shear Transversal
Class 4.80 S 355 N/NL Capacity Stiffness
d Ngowels Lp Hp ts FV.Rd Ktotal
[mm] [-] [mm] [mm] [mm] [KN-m] [KN-m]
16 12 300 400 8 234 8271

The connection is designed to withstand the highest normal force, in this case
Nt= 337,00 kN. Table 6.4 shows the design results of the top and bottom double plates
working in bending.

Table 6.6 Connection 1 design, -c top and bottom double plates
(Bending moment). The number of fasteners is per double plate.

Dowels Plate Bending Rotational
Class 4.80 S 355 N/NL Capacity Stiffness
d Ngowels Lp Hp ts F [kN] Kr.total
[mm] [] [mm] [mm] [mm] | ~oxRd [kN-m-rad™]
20 10 400 400 16 475 77536

6.4.2 Glued-in rods

The structural concept behind this joint is dependent on the axial capacity of steel rods.
The bending moment and the normal force are transferred by the rods in compression
and tension zones in different layers, Figure 6.12 illustrates the structural mechanism.
The axial load of each zone is applied to the centre of rigidity of the compression rods
and tension rods. The shear force is resisted by several rods arranged with a
45-degree inclination in the top and bottom of the timber section. The inclined rods
work as inclined members in a truss system, where their axial capacity resists the shear
forces. The bored holes have a diameter d+2mm with 1 mm thickness for the glue. The
glue type can be one of these adhesives; 2-part thixotropic epoxy resin, PRF resin, or
2-part polyurethane adhesive.
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Figure 6.12 Structural concept of joint with GIR

o (b-1) (b-2) and (a-1) (a-2)

Since members (a) and (b) are subjected to the largest moment, 2310-1951 kKNm., a
design utilizing GIR’s was difficult to achieve because the capacity is limited by even
the tensile capacity of the rods or the pull-out capacity of the timber with a maximum
rod’s length of 1 m. The only way to achieve the capacity is by increasing the number
of rods by adding rods in more than one layer. Because of the increasing number of
layers, the lever arm will decrease and the normal force from the moment will increase.
Calculation with five layers (4x20mm) in the compression zone and in the tension zone
did not give the desired capacity. Arranging the rods in more than five layers is not a
reasonable design to be considered because of the difficulty in the assembling. Also, a
large number of rods, 40, does not provide an economical solution.

e C

As in the members (a) and (b), the member (c) did not reach the desirable capacity
utilizing GIR’s.

To achieve a consistent design in connection (1) the first alternative has been consid-
ered the most suitable design and is applicable for the five members in connection (1).

6.4.3 Evaluation

Because of the large bending moment, the design is based on the first concept,
Figure 6.13 shows the five members connected by an orthogonal steel plate which is
welded to slotted-in plates in every member. The rotational stiffness provided by the
connection 1 in each member is compared with the rotational stiffness of a cantilever
beam with length, L= 1 m, that is subjected to a moment M=1 kN.m at its end. Table
6.7 shows that the rotational stiffness is lower when compared to the section’s rigidity.
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Table 6.7 Connection 1 rotational stiffness evaluation.

Rotational Flexural stiffness of the L.
) . Utilization
Member stiffness section [%]
[KN.m. rad] [KN.m/rad/m]
A, B 136774 3466667 3.9
C 77536 1070160 7.2
400
\}
- 066 At >
o © o
o o O
A —ri ()] - <<
N\
N

12

Figure 6.13 Geometry of connection 1.

6.5 Connection 2

The connection consists of the intersection of 4 members. The b-1 b-2 beams are con-
tinuous because it is the largest bending moment. The a-1 a-2 beams are connected
through a connection that transfers shear forces, bending moments, and normal forces.
Figure 6.9 shows the geometry of the connection and Table 6.8 presents the forces in

the connection.

Members (a-1) and (a-2) are parts of a continuous beam with section (2000x400) mm.
Members (b-1) and (b-2) are parts of a continuous beam with section (2000x400) mm.
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Figure 6.14 Connection 2.

Table 6.8 Forces in connection 2.

My Vz N Mz Vy Mt

[kNm] | [kN] | [kN] | [KNm] [KN] [kNm]
Mzrf‘lber 686 21 41 -84 43 3
Member | ess | -67 15 7 7 3
Mebrf‘lber 1904 | -82 147 65 49 5
Mebrf‘zber 1904 | -121 | 108 28 28 5

Two structural concepts are used to design connection 2:

1. Slotted-in metal plates.
2. Glued-in rods.

6.5.1 Slotted-in metal plates

The upper and lower plates are responsible for transferring bending moments and nor-
mal forces, while the middle plate transfers shear forces. The plates are welded on a
plate parallel to the side of the continuous beam. These plates are connected by metal
bolts in the tension areas and by a circular profile in the compression area. The circular
profile is also responsible for most of the transfer of the shear forces.
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Figure 6.15 Geometry of connection 2, upper and lower plates working on bending,
middle plate working in shear.

The structural concept of connection 2 is similar to the mechanism presented in
Figure 6.11.

e (@l1)(@2)

The failure mode on the dowels in the shear area is ductile. The failure mode according
to Johansen's Theory is mode h. All failure modes in steel-to-timber connections are
shown in Figure 4.3. Table 6.9 gives the design results of the middle single shear plate.

Table 6.9 Connection 2 design, al- single middle plate (Shear forces).

Dowels Plate Shear Transversal
Class 4.80 S 355 N/NL Capacity Stiffness
d Ndowels Lp Hp ts FV.Rd Ktotal
[mm] [-] [mm] [mm] | [mm] | [kN-m] [kN-m]
12 9 250 200 8 109 18609

In case of the double plates resisting the bending moment, the required thicknesses, t1
and to, are controlled to assure that the dowel will form 3 plastic hinges and the failure
will not occur on the timber member. Figure 6.16 illustrates how the member is divided
in case of a multi-plane connection.
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Figure 6.16 Required thickness is controlled in order to guarantee ductile failure.

The connection is designed to withstand the highest normal force, in this case
Nt=706.5 kN. Table 6.10 shows the design results of the top and bottom double plates
working in bending.

Table 6.10 Connection 2 design, al-a2 top, and bottom double plates
(Bending moment). The number of fasteners is per double plate.

Dowels Plate Bending Rotational
Class 4.80 S 355 N/NL Capacity Stiffness
d Ngowels Lp Hp ts F [kN] Kr.total
[mm] [] [mm] | [mm] | [mm] ax.Rd [kN-m-rad™]
20 20 600 400 12 886 38768

6.5.2 Glued-in rod
The same concept explained in Section 6.4.2 is applied to this connection.
e (a1 (a2

Both parts of the member A have the same design. The rods are placed in the top and
bottom zones in three layers as showed in Figure 6.16. The shear force is resisted by
four inclined rods, two in the top, and two in the bottom.

o o X O3 Rl

1400

Figure 6.17 GIR connection 2 (A-1) (A-2)
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The connection’s performance with details is presented in Table 6.11 and in
Table 6.12.

Table 6.11 Connection 2 design, al-a2 horizontal GIR resisting normal forces.

Rods in compression Bending Capacity .
g . . Rotational
and tension zones based on the axial capacity Stiffness
Class 4.80 of the rods
l Number of
I—ayer d ¢ rods Fax.Rd Kr.total 1
[-] [mm] [mm] [ [kN] [kN-m-rad™]
1 20 1000 4
2 20 1000 4 673 54381
3 20 1000 2

Table 6.12 Connection 2 design, al-a2 inclined GIR resisting shear force.

Inclined rods with 45°in each zone tshheeZ;iC;ps;'%i?asgg tﬁg Transversal
Class 4.80 pacity Stiffness
rods
Number of
Layer d la I’OdS Fv.Rd Ktotal
[-] [mm] [mm] [] [KN] [KN/m]
3 20 1000 2 190 22165

The horizontal and inclined rods with axial capacity N, rq = 62.82 [kN] are deter-
mined by the tensile strength of the rod.

The spacing of the rods is as follows:
a, = 50 [mm] spacing to the edge of the timber cross-section.
a; = 80 [mm] spacing between the rods.

The failure mode is governed by the tensile rods’ capacity which is a ductile behaviour.
The reason behind choosing a low strength class to the rods is to achieve a ductile be-
haviour and avoid failure in timber caused by pull -out stresses along the rods. The
calculation is explained in Annex C and in the Digital Annex B.

Arranging some rods at an angle helps to overcome any stresses generated by shrink-
age effects perpendicular and parallel to the grain.

The GIR s rotational stiffness is underestimated using equation (20). Estimations based
on FEM analysis of rods subjected to axial tension forces showed a better rigidity
(Xu et al., 2012). The axial stiffness provided by equation (20) used in the calculation
gave low values. More realistic values are given by (Xu et al., 2012), the following
equation is used to calculate the axial stiffness.
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s Es

kser = m = 219911 kN/m

This approach gives much higher axial stiffness, consequently more rotational stiffness
according to equation (23).

6.5.3 Evaluation

e Connection between the intersected members (a) and (b):

2 bolts
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Figure 6.18 Connection between the intersected members (a)(b).

The connection between the intersected members (a) and (b) is a pinned connection that
can transfer the shear forces and does not transfer the bending moment between the
intersected members.

The connections in (a-1) and (a-2) are connected through member (b) by bolts, cylinder,
and screws that are fixed to metal plates parallel to the side of the continuous beam (b)
The bolts are placed at the top edge or in the tensioned zone to transfer the tension
forces.

Bolts:
Class:10.8
d=20 mm
Number of bolts: 2

The cylinder is placed to transfer the compression and shear forces between the two
parts. The void space inside the cylinder is designed to fit one bolt that has the function
to fix the two metal plates in its compression zone.

Cylinder:

Class: S 460 NH/NLH
dip, =38 mm
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dey =70 mm
t=16mm

To make sure that the shear force transferred from members (a) will not cause any high
stresses perpendicular to the grain in member (b) several screws will be threaded in the
two metal plates and inserted in the member (b) in 45 degrees angle.

e Comparison:

1. Both concepts provide reasonable dimensions and applicable design for manufac-

turing.

Fill the requirement of a hidden assembling.

3. From a structural behaviour point of view, both provide enough capacity with duc-
tile behaviour.

4. The main difference is the influence on the global behaviour because they provide
the global system with different rigidity which comes from their stiffness.

N

Table 6.13 Connection 2 stiffness evaluation.

Flexural stiff-

Transversal | Rotational | o Foihe | Utilization

Joint type stiffness stiffness

_ section [%]
[KN/m] | [KN-m /rad] [KN.m/rad/m]
Slotted-in metal 18608 38768 1070160 3.6
plates
GIR’s 5541 54381 1070160 51

GIR’s according to

(Xuetal., 2012) 155501 1526097 1070160 142.6

6.5.4 Design pattern for different angled connections

The connection 2 in which 4 members intersect each other is the connection model most
found in the structure, having as a differential factor the angle of intersection of the
members. Therefore, the creation of a connection that can be used as a design basis is
of utmost importance. Thinking about this, two models are briefly proposed. The first
model, Figure 6.19, is made up of metal sheets in a triangular shape that adapts to the
desired geometry, considering the angle of intersection. The advantage of this proposal
is that the parts of the connection, slotted-in steel plates, or rods have the same length
of insertion in the connected members, moreover, the beams do not need to be cham-
fered in their contact surface. As a disadvantage, the connections are apparent, breaking
the architectonic proposal of hidden connections and these connecting members will be
more susceptible to corrosion attacks and exposure to fire.

110 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



Figure 6.19 Model 1 for different angles.
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Chamfered area

Figure 6.20 Model 2 for different angles.

The second proposal, Figure 6.20, is safer in relation to external agents, in contrast, it
involves more detailing of each connection, as the beams should be adapted at their
ends to the intersection angle and the internal connector members will have varying
lengths, moreover, the anchorage of non-perpendicular bolts have to be deeper investi-
gated. Another way is to locate the bolts and the cylinder perpendicular to element B,
which makes it easier in production. Consequently, the bolts and the cylinder will be
subjected to moment and torsion since the transferred forces are parallel to members A.

6.6 Connection 3

In the model two knee joints are critical and have been investigated. Columns C82 and
C131 have different sections and stresses as shown in Table 6.14 and their geometry is
shown in Figure 6.21.

C82 consists of a beam and column connection with section (1400 x 360) mm.
C131 consists of a beam and column connection with section (2000 x 400) mm.
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Figure 6.21 Connection 3.
Table 6.14 Forces in connection 3.
My Vz N Mz Vy Mt
[KNm] [kN] [kN] [KNm] [kN] [KNm]
C82 -857 278 0 0 0 0
C131 1082 210 0 0 1 1

To choose a proper design two concepts have been calculated:

1. Fork joint with dowels.
2. Glued-in rods connected with metal plates.

6.6.1 Fork joint with dowels

The connection showed in Figure 6.22 is done by overlapping two external parts of the
column and an internal part of the beam. They are connected by dowels type fasteners
in two shear planes. The dowels are arranged in circles and subjected to lateral forces
caused by the moment added to the shear force using elastic distribution as explained
in Section 2.2.2.
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e (82:

The shared overlapping area is 1400x 1400 mm with the thickness equal to the thickness
of the beam, 360 mm, divided into three parts:

Fhed=Mnp

F.v.ed :
Mnip +V.edht| Ved

~1

Figure 6.22 Fork joint with dowels.

Thickness of outer parts of the column t; = 110 [mm].
Thickness of the internal part of the beam t, = 140 [mm].

The internal section of the beam with the thickness t, has been checked to guarantee
that it is able to transfer the moment and the shear force to the joint at the point where
the beam is cut. The section (1400x140) mm has enough moment capacity with
Mgy = 965.88 kN.m, but not enough shear capacity Vi; = 196kN.

Total number of dowels n=80

The dowels are in a circular arrangement, details in Table 6.15 and Figure 6.23.

Table 6.15 Dowels arrangement in C82

Class 6.8 D=20 [mm] Rotational Stiffness
Radius of circu- Number of K total
lar arrangement dowels [kN-m-rad™]
[mm] -] 447291
650 40
540 40
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Figure 6.23 C82 Fork joint.

The choice of the diameter and the strength of dowels in addition to the thickness of
timber parts are done to get the most efficient design according to EC5 and the calcu-
lation is explained in Annex C and in the Digital Annex B.

Table 6.16 C82 dowels capacity.

Lateral capacity of Type of failure Utilization
dowel mode [%]
[kN] ’
Fyrqa = 26.96 k(ductile) 85
Fy, ra = 19.85 J (ductile) 98.7

According to the results in Table 6.16, the dowel subjected to the horizontal load will
plasticize first.

e (C131:

The shared overlapping area is (2000 x 2000) mm with the thickness equal to the thick-
ness of the beam, 400 mm, it is divided into three parts:

Thickness of outer parts of the column t; = 120 [mm].
Thickness of the internal part of the beam t, = 160 [mm].

Total number of dowels n=280

The dowels are in a circular arrangement, details in Table 6.17, and in Figure 6.24.
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Table 6.17 Dowels arrangement in C131.

Class 6,8 D=20 [mm] o 1
o5 F.hed
Radius of circular Number of Fv.ed
dowels , Fovled
arrangement [mm] [] |
. 4
900 40 g N
700 40 0 0 X/ M
Rotational Stiffness
Kr.total !
[kN-m-rad-1] Figure 6.24 C131 Fork joint.
877710
Table 6.18 C131 dowels capacity.
Lateral capacity of dowel Type of failure Utilization
[kN] mode [%]
F,rqa = 26.96 K (ductile) 74
Fyra = 21,08 J (ductile) 82

6.6.2 Glued-in rods with steel plates

The structural concept behind this joint is dependent on the axial capacity of steel rods.
The bending moment is transferred by the rods in the compression and the tension zones
in different layers. The shear force is resisted by the beam and column timber’s contact
surface and checked as a compression force with an angle to the grain. Also, the shear
forces cause a lateral force acting on the rods as explained in Figure 6.25.
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Figure 6.25 Connection 3 with GIR ’s.

The rods are inserted in predrilled holes with d+ 2 mm, in which 1 mm accounts for the
thickness of the glued area. The glue injection points are drilled holes perpendicular to
the rod. The rods are screwed onto the plates, by pre-drilled threaded bores, and the
plates are attached together with of bolts.

e (82:

The connection C82 with GIR’s is presented in Table 6.19, and the force distribution
in the connection is presented in Figure 6.26.

Table 6.19 Connection 3 design, C82 GIR resisting normal forces

Rods in compression and tension Bending capacit Rotational
zones — Class 4.80 g capacity Stiffness
Layer d la Nur::)%esr of MRd Kr.total
[-] [mm] | [mm] [] [KN.m] [kN-m-rad™]
1 20 1000 4
2 20 1000 4 921 61908
3 20 1000 4

The spacing of the rods is as follows:

a, = 50 [mm] spacing to the edge of the timber cross-section.
a; = 80 [mm] spacing between the rods.

The horizontal rods with axial capacity Ny, rq = 67.32[kN] are determined by the ten-
sile strength of the rod.
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Figure 6.26 Force distribution in Beam C82.

The failure mode is governed by the tensile rods’ capacity which gives a ductile failure
behaviour. The reason to choose lower strength of the rods is to achieve a ductile be-
haviour and avoid failure in the timber member caused by pull -out stresses along the
rods. The stress distribution in the section is plastic. This design is considered conserva-
tive since the contribution of the timber contact surface has been neglected and this
affects largely the rotational stiffness. The reason to neglect the timber contact surface
is to get homogenous stress distribution during the design. The calculation is explained
in Annex C and in the digital attachment.

C131:

The connection C131 with GIR’s is presented in Table 6.20.

Table 6.20 Connection 3 design, C131 GIR resisting normal forces

Rods in compression

and tension zones Bending Capacity Rscg#:]cgzl
Class 4.80
Number of
Layer d lq rods M gq Ky totar
[-] [mm] | [mm] [ [KN.m] [kN'm-rad-1]
1 20 1000 4
2 20 1000 4 1406 123592
3 20 1000 4

6.6.3 Evaluation
1. Both concepts provide reasonable dimensions and applicable design for manufac-

turing.

2. Both fill the requirement of a hidden assembling. In fork joints, many dowels make
the assembling in the site harder and more time-consuming. Although the GIR’s
have also a big number of rods, it is still applicable, but expert workers are needed
to assure an accurate assembling.
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3. From a structural behaviour point of view, both provide enough capacity with duc-

tile behaviour.

4. The main difference is the influence on the global behaviour because they provide

the global system with different rigidity which comes from their stiffness.

For C82 and C131, the rotational stiffness for both types of connections is presented
in Table 6.21 and in Table 6.22.

Table 6.21 C82 rotational stiffness with Fork and GIR.

) Rotational stiffness Flexural stlffness of Utilization
Joint type [KN- m /rad] the section [%]
[KN.m/rad/m] °
Fork joint 447291 1070160 41.8
GIR 69433 1070160 6.5
GIR’s according to
(Xu et al., 2012) 1948503 1070160 182.1
Table 6.22 C131 rotational stiffness with Fork and GIR
. Rotational stiffness Flexural stlﬁ_‘ness of Utilization
Joint type [ KN- m /rad] the section [%]
[kN.m/rad/m]
Fork joint 707130 3466666 25.3
GIR 123592 3466666 3.6
GIR’s according to
(Xu et al., 2012) 3468355 3466666 100

As it was mentioned, the GIR’s rotational stiffness is underestimated. Especially in
cases with large moments, where gaps between timber members are neglected. The
rotational stiffness could be increased by considering the timber members' compression
zones contribution (Xu et al., 2012).

Another reason is the axial stiffness for GIR in tension according to (Xu et al., 2012)
also is underestimated. A closer value to a FEM analysis result is given by using the
following equation to calculate the axial stiffness.

A - E;
Keer = 55770 = 21991149 kN/m

This gives a much higher rotational stiffness:
ke, = 1737300.74 kN.m/rad
Regarding the fork joint, the stiffness is higher and based on the number of dowels

n=80, in which could be unpractical, in a connection with dowels with diameter d= 20
mm, 80 holes should be predrilled.
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6.7 Optimized design

After investigating different types of connections in three locations in the model, the
next step is to study the connection’s influence on the global system. Glued-in rods
connections are chosen for connection (2) and (3) and slotted-in type connections for
connection (1).

Eurocode (NA: Swedish)

Figure 6.27 Global behaviour of the structure. The thick black lines represent the
continuous beams and the red dots represent connection points. The
green circle accounts for the area of study.

Since connection (2) and (3) are chosen in the joints with maximum stresses, it is ap-
plicable in several other points in the model. Based on the distribution of the connec-
tions shown in Figure 6.27, the connections chosen by their stiffnesses were applied to
the studied part of the structural “FEM-Design 19 3D Structure” model. The FEM-
analysis is again performed, this time with the modified stiffness of the joints.

Figure 6.28 Member (b-1) and its connections in the model.
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The internal forces in connection (1) from the updated modified analysis are presented
in Table 6.24. The values are compared with the values from the original model in
which all connections were modelled with full rigidity.

Table 6.23 Rotational stiffness provided in FEM model.

Joint type Rotational stiffness
[ KN- m /rad]
Fork joint (3) 707130
GIR (3) 123592
Slotted-in a (1) 136774
GIR’(2) 54381
Default rotational
stiffness provided 9.95E+09
by StruSoft

Table 6.24 Internal forces in connection (1) after and before applying the connection’s
stiffnesses. After[ | Before [l

Connection 1
My V; N M; Vy Mt
[KN.m] | [KN] [KN] [KN.m] [KN] [KN.m]
Member a-1 1911 -97 -64 -296 -111 23
1762 -102 109 -70 -26 7
Member a-2 | 1546 -22 -136 -7 0 -4
1951 -11 -60 3 0 -1
Member b-1 1762 29 =72 -18 1 3
2319 47 -40 -4 0 0
Member b-2 | 2132 72 147 257 95 -13
2310 -51 147 85 49 -4
Member ¢ 524 44 232 15 3 -6
-264 203 278 -15 -5 -1

Figure 6.29 shows the moment distribution in the studied member after applying the
connection’s stiffness. Comparing the results with the original model, shown in
Figure 6.31, it observed that the moment redistribution takes place between the beam
and the connections. The moment in the column (knee joint) has increased, while the
moment at the connection (21) has decreased. Since the provided stiffness at connec-
tions (1) and (3) are different, the one with higher stiffness will attract more forces. The
difference is larger if fork joints are used in connection (3) since it provides more rota-
tional stiffness than the connections using GIR’s, as demonstrated in the calculation
made in Section 6.6. The moment distribution adopting the fork joint instead of the
knee joint is shown in Figure 6.30.
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Figure 6.30 Moment distribution in (b-1) with fork joint in connection (3).

My' [kNm]
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-1500
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Figure 6.31Moment distribution in (b-1) in the original model.

The next step is to check the structural members and the connections according to their
capacity to withstand the new forces. Also, the deflection in the serviceability limit state
should be checked since the stiffness has a direct effect on the deflection in the system.
If it is necessary to redesign any component of the system, the analysis should be re-
peated with the newly designed components and checked on ULS and SLS.
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After getting the results from “FEM-Design 19 3D Structure” the design is an iterative
process to get the most suitable and optimized design of the connections and of the
global structure. The design process is shown in the flowchart presented in Figure 6.32.

Apply connections stiff-
ness in the global model.

Get the new internal Design the connections on
forces in the members the generated forces and mo-
and the connections. ments.

Check members and connections
capacities and the deflections.

Figure 6.32 Design steps flowchart.
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7 Discussion

This chapter focuses on discussing the results presented in the case study, as well as
answering some questions raised in the aim and objectives of this master’s thesis. From
an evaluation of the two connection methods presented in the case study, namely, slot-
ted in metal plates and glued-in rods connections, the main ideas on the understanding
of connections of large wood beams are addressed.

e Slotted- in metal plates

The demands regarding capacity were met, and because they are hidden, the connection
has effective protection against external agents such as fire exposure and corrosion. The
connections using slotted-in metal plates could be designed using a higher strength class
of dowels. The reason to use a lower strength class is to increase the number of dowels
and consequently obtain higher stiffness. It is noted that the arrangement of dowels is
of utmost importance in defining the stiffness of the connection, since increasing the
number of dowels in a row parallel to the load, in which is the same to say, increasing
the number of dowels in series, will result in a negative influence on the value of the
rotational stiffness despite increasing the capacity of the connection. Analysing the
Equation (24) one can notice that the final value of the stiffness will be smaller with the
increase of dowels in the direction of the load. An increase in the number of dowels in
the vertical direction will contribute a lot to a higher rotational stiffness but in return,
the capacity of the connection will reduce, since the dowels will be closer to the centre
of rotation of the connection. Figure 7.1 exemplifies the influence of the number of
dowels per direction.

100 .00

Noax Rd=474 94 kN # N ax Rd=886 27kN

100

Kr=77536KN m-rad- | Kr=38768 kN1t

400

{2x5) d=20mm {(4x5) d=20 mm

Figure 7.1 Comparison between connection (1) C and connection 2 (a) for bending
resistance.

The same behaviour could be observed in relation to shear forces. The number of dow-
els in the direction of the applied force, in this case, 90 degrees, will influence the stiff-
ness. Therefore, dowels in the vertical direction are not beneficial to achieve a high
translational stiffness, although they contribute to the shear force capacity of the con-
nection. An increase of dowels in the horizontal direction will result in higher stiffness,
but in return, the dowels will have to withstand a higher moment generated by the ec-
centricity.

An influencing factor on the stiffness is the maximum number of dowels allowed when
the rules for minimum spacing following EC5 are adopted. As mentioned, several times
before in this report, the minimum spacing rules are defined in order to avoid splitting
of the timber member that leads to instant collapse due to large stresses caused by the
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group effect. An alternative to decrease the minimum spacing required, increase the
number of dowels and consequently increase the stiffness of a connection is to adopt
reinforcement members, such as threaded rods or self-tapping screws. An example of
this concept is presented in the article "Moment-resisting bolted timber connec-
tions"(Lam et al., 2010). The researchers were able to increase the capacity and stiffness
of a column-to-beam connection by 40% through the usage of self-tapping screws.
Therefore, a study taking this alternative into consideration should be considered.

The block shear effects that were determining factors of the connections presented in
Chapter 5, could be effectively controlled, this is due to the size of the members. The
areas of tensile and shear strength along the fracture perimeter are large enough to pro-
vide enough capacity.

The guide used for the design of the multi-plane slotted-in connections, “Limtrahand-
bok del 3” (Svenskt trd, 2016), determines that the thickness of the part of the timber,
between the metal plates, has the minimum value so that there will be no failure of the
timber, instead the failure will occur in the dowels. This way, it was possible to guar-
antee a ductile failure mode.

Another proposal for slotted-in steel plates connections could be to use plates that
would extend over the entire depth of the beam, instead of having separate plates dis-
tributed in the tension, compression, and shear areas. This way, it would provide easi-
ness in questions related to the in-situ assembly of the structure. In contrast, more ma-
terial would be used, the structure would be heavier and consequently result in an in-
crease in the final price of the construction. In this case, cracking might occur when the
beam shrinks as shown in Figure 4.10

e Glued-in rods

Based on the study carried out in Chapter 5 and the results from Chapter 6, glued-in
rods provide satisfactory axial capacity combined with an adequate stiffness. In order
to assure a ductile behaviour, the capacity must be limited by the tensile strength of the
rods. The tensile capacity limitation of glued-in rods constrains its usage in cases where
large bending moments capacity is necessary, this was noted on connection (1) of the
study case. One approach to increase the bending moment capacity is to place more
rods in more layers, however, as the rods approach the centre of rotation the influence
on the capacity will be smaller and less efficient. In addition, by using a plastic stress
distribution instead of an elastic distribution, will increase the capacity of the connec-
tion. The spacing between the rods is designed to prevent splitting at the edges and
other brittle failure modes that occur due to a lack of parallel tensile capacity of the
timber’s net section.

The lack of standards in glued-in rods design strongly affected the axial stiffness cal-
culation of the case study. Two analytical methods were adopted, the first from
“SC5.T5 Bonded-in-rods (first draft) Design of bonded-in-rods” (CEN et al., 2019), the
second from the article “Analytical study and finite element modeling of timber
connections with glued-in rods in bending” (Xu et al., 2012). The difference found in
the analytical calculations were rather divergent. One more investigation subject that is
also a discussion topic is the neglect of the timber’s compression contact surface which
affects the rotational stiffness.
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The designer should understand well the theoretical approach and the conditions behind
this method in calculating the capacity and the stiffness. It is preferred to base the design
on experimental curve fitting or on FEM analysis to find more reliable results.

e Fork joint

The capacity and stiffness of the dowels were calculated according to the elastic distri-
bution of the bending moment and forces. This means that only the far most dowels
would plasticize. Using the plastic distribution in the design, more capacity and stiff-
ness could be obtained. Another important factor is to prioritize obtaining the largest
number of dowels in the outermost layer of the circle, to achieve maximum strength
and stiffness in the connection considering the longest possible lever arm. In this case,
since the spacing can be less than the minimum according to EC5, reinforcement ele-
ments such as self-tapping screws should be introduced due to high stresses perpendic-
ular to the grain. To overcome a large number of dowels, another alternative is to install
hardwood plates between the beam part and the column parts. This would increase the
dowel capacity by increasing the number of shear planes and the embedding strength.

In a design situation, the thickness of the fork joint's members should be defined based
on whether the bending moment is more critical, or the shear force is more critical. This
is explained by the larger capacity of the dowels when the force is applied parallel to
the grain.

If the applied force on the dowel is generated mainly from the vertical shear force, the
most critical check is the dowel’s capacity on vertical load. The thickness of the parallel
members (column parts) to the applied vertical force has a significant influence on the
capacity of the connection, therefore it is important to allow a sufficient thickness for
the parallel portions of the members. Figure 7.2 demonstrates the influence of the force
in relation to the direction of the grains in a fork connection.

5

Figure 7.2 Direction of grains with an applied shear force.
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Similarly, when the moment is larger enough to decide the force applied on the dowel
the most critical to check the capacity of dowel subjected to horizonal force where the
capacity is smaller which could be increased by increased the thickness of parts with
directions parallel to the force the beam parts in this case since.

In cases where the bending moment and the shear force are equally contributing, it is
necessary to consider a balance among the thickness of the contributions of each mem-
ber.

|_—

Figure 7.3 Direction of grains with an applied horizontal force generated from the
bending moment.

It could be beneficial to "flip" the connection, so the beam has the two outer parts and
the column the middle part. Since the moment capacity was sufficient and the shear
force in the section of the splice was governing the beam, it would increase in the total
width and by that would allow more shear capacity. The contact area of the compression
force in the column will also increase by doing this.

e Global influence of connections stiffnesses:

The different connections designed in Section 6 provide different rotational and trans-
versal stiffness. The following discussion is based on the connection stiffness and their
application to the global system.

Preferably the design of moment resistance connections must attempt to achieve a be-
haviour close to a rigid connection to decrease the connection’s influence on the sec-
tional forces of the structural timber members.

When a member is connected with two connections with considerable difference in

stiffness, there will be a large redistribution of internal forces in the connections and in
the timber members. In this case, both considered critical and should be checked by
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their capacity and deflection. The connections with the larger value of stiffness will
attract large forces compared with the other members.

While if the chosen connections provide the system approximately with the same stiff-
ness, the effect will mostly be on the timber members since the rigidity of the connec-
tions is less than the timber section. As a result, the beams will attract more forces and
will be more critical.

Even if the system contains connections with different structural concepts and compo-
nents, it is important that the connections possess enough stiffness and that the stiffness
value of the connections does not diverge considerably. In this way, the sectional forces
distribution in the members will not change on a large scale. As an example, knee joints
using glued-in rods were chosen over fork joints because their stiffness is closer to the
stiffness of other connections in the model as in Section 6.7.

As a conclusion, not always a connection that has the highest rigidity is the most suita-
ble for the final design. The designer must find a balance between the distribution of
the internal forces in beams, columns, or connections so that there is no overload of one
of these members.
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8 Conclusion

e General conclusion

The study of connections in wooden structures has many variables, such as the size of
the structure, the type of environment, the intention of use. In the case of simple struc-
tures, the design can be elaborated in a relatively simple way, because the demand in
strength and rigidity is modest and many of the connectors available on the market are
produced according to the sizes of the timber structural elements produced by the large
producers. Available standards such as EC5, although in a very clear way, provides
design guides for connections that cover up to a certain point of complexity. With the
development of new techniques in the manufacture of members in Glulam and CLT,
the need for standardization is evident. The role of the designer in this type of project
is very influential because experience in connections and structural analysis is needed.
It is not possible to design such advanced structures using methods that only apply to
simple connections. Therefore, an understanding of glued-in rods, multi-plane slotted
in plates is crucial, moreover, the reinforcement mechanisms must be meticulously un-
derstood, i.e. self-tapping screws and threaded rods.

e Study on timber beam-to-column connections

Connections of this kind can be considered simple in terms of geometry, considering
that they consist of only two members. Nevertheless, the design of the case study ’s
connections varies as the connected beams have different inclinations in different areas
of the structure.

Since both the beam and the column have wide sections, it allows the use of dowel type
connections arranged in such a way as to provide sufficient capacity and rigidity, as in
the fork joint concept. The intersecting area between the members facilitates the ar-
rangement of the dowels far from the centre of the connections and withstands large
moments.

The fork joints in the way that was proposed, in which the column and beam are cut in
order to provide the fitting geometry, generates a negative impact in terms of ease in
construction. Usually, in connections of this type, two individual columns are used
which embrace the section of the beam. Connections using glued-in rods in this regard
may be more effective, as only an angular cut off at the ends of the beams will be
required.

To increase the shear capacity of the connection the addition of a part to the column as
a notch could help. The inclusion of these notches can be easily implemented as the
pillars are designed with a circular cladding between the beam and the column. This
angular cladding has only an architectural function, taking advantage of this, the
notches can be covered by these wooden panels.
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Figure 8.1 Beam to column connection with the notched part.
e Study on timber beam-to-beam connections

Beam to beam connections are considered complex and require more detailing in the
design. In the case study, the beams have 4 or 5-members intersections, with the mem-
bers intersecting at varying angles and with different cross-sections.

As a design strategy, it is helpful to keep the members with the highest forces as con-
tinuous members. In this way, the highest internal forces will still be transferred by the
timber members, while on intersecting members with smaller internal forces, they will
have their forces transferred to their segment through connections. In this way, the con-
nections, which are weak points in the structure, will have lower loading requests.

The most critical point of beam-to-beam connections is the determination of the con-
nection method that crosses the continuous beams. The solution presented in the con-
nection (2) was very convenient because it consists of small members that can be in-
serted in a hidden way, and fulfils the architectural limitation proposed for the project.
On the other hand, the solution presented for the connection (1), in which an orthogonal
metal plate was proposed, exceeded the dimensions of the beams. Another fact that
should be mentioned is that due to the architectural proposal the beams are sideways
inclined, this is a factor that for the final design of the connections is very challenging.

It is very important to understand how the forces are transferred between the members
and under which assumption. The detail in the connections should follow these assump-
tions. In case the intersected member transfers only shear forces as a pinned connection,
the mechanism in the connections should allow this behaviour and in the same time
avoiding any stresses that could cause failure in the continuous beam.

e Study of the most optimized design solution

The design of the connections presented in Chapter 6 qualify for the preliminary design
stage. Further research should be made concerning the optimization of the solutions
aiming mainly at the assembly easiness in the construction. Other aspects related to
stiffness and capacity should be improved through an on-going design process seeking
to accomplish a final proposal. In other words, the determination of the connections can
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only be considered as the result when all connections, with their respective unique de-
tailing, are added and analysed in the global structural model. It is noticeably that this
process can be time-consuming.

After analysing different alternatives for connections of large timber members, as a
conclusion the following alternatives proved to be the most effective and are worth
being optimized in matters related to stiffness and uniformization between different
connection points:

Beam to column connections: Glued in rods and dowel type fork joint.
Beam-to-beam connections: Glued-in rods and multi-plane slotted in metal plates.
e Study of the influence of the stiffness on a global level

The design at the global level is an important subject that needs to be further investi-
gated. The process of studying the influence of the stiffness of connections on a global
level is the last step of the design. It was not possible to perform the complete study in
this thesis due to the time this process takes. As mentioned in the discussion, the major
goal in the design is to provide the connections with an adequate and similar stiffness,
so that there is a rational distribution of forces between the timber members and the
connection.

The final design proposes presented in Chapter 6 can be considered conservative when
following the stiffness calculation methods given in EC5. The great discrepancy ob-
served in the values of the stiffness can be explained by considering that most of the
methods to calculate the stiffness are based on the elastic portion of the force-defor-
mation curve, which neglects the elastic-plastic portion.

8.1 Further studies

The sequencing of this study is essential to accomplish a final design proposal for the
free-form timber roof structure connections in which the case study has addressed.
Although the work has determined the type of connections that most appropriately per-
form in large timber members, the optimization of the proposed connections still re-
mains to be achieved. Due to the lack of standardization regarding the more advanced
methods of connecting timber structures, a more wide-reaching study may be carried
out in order to identify solutions that might prove to be more efficient especially in
terms of stiffness. For example, connections can be reinforced with self-tapping screws
and threaded rods, and the spacing can be reduced and allowing more fasteners. This
way the connection can be stiffer.

Different glued-in rods design methods are available in scientific publications, so there
are still other ways to determine the capacities and limitations of connections using this
type of mechanism, which have the potential to present themselves as more efficient.
For example, it was observed during the study that the determination of the axial stiff-
ness of the rods diverged from sources that determine it by means of probatory tests or
by FEM-analysis. Another pertinent observation, which affects the rotational stiffness
of the connections, is the fact that the contact surface of the timber in the compression
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area was not included in the calculations of this study. Therefore, further research on
this topic may improve the design.

The slotted-in plates designed connections have individual elements that transfer the
shear forces and bending moments, it might be interesting to study further how these
elements interact if only one connector member is used instead.

The design proposals submitted in this master’s thesis have a theoretical basis and can
be followed in order to achieve the necessary efficiency in terms of serviceability limit
state. The beam-to-beam connection also has plenty of room for other design interpre-
tations and proposals in the continuous beam crossing region. Therefore, this is a topic
worth further study and development. It is recommended that these parts are modelled
in a FEM-analysis software for greater understanding and certainty of design efficiency.
It is very important to have strict control of the influence of the intersecting connections
on the behaviour of the continuous beam.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 131



9 References

Aicher, S., Hezel, J., & Stapf, G. (2012). Mechanical and glued joints in glulam of ultra
high efficency. World Conference on Timber Engineering 2012, WCTE 2012,
2(January), 536-544.

Batchelar, M. L., & Mcintosh, K. A. (2012). Structural Joints in Glulam. NZ Timber
Design Journal, 7(4), 13-20.

Blaauwendraad, J., & Hoefakker, J. H. (2013). Structural Shell Analysis Understanding
and Application. Solid Mechanics and Its Applications, 200, 1-297.
https://doi.org/10.1007/978-94-007-6701-0

Blaauwendraad, J., & Hoefakker, J. H. (2014). Structural Shell Analysis. In Solid
Mechanics and its Applications (Vol. 200). Springer. https://doi.org/10.1007/978-
94-007-6701-0

Bocquet, J. F., Romain, L., & K. Bader, T. (2018). Design recommendations and
example calculations for dowel-type connections with multiple shear planes. In
Design of Connections in Timber Structures: A state-of-the-art report by COST
Action FP1402 / WG3. Shaker Verlag.

Borgstrom, E. (2016). Design of Timber Structures, Rules and formulas according to
Eurocode 5. In E. Borgstrom & R. Karlsson (Eds.), IABSE reports = Rapports
AIPC = IVBH Berichte (2nd ed., VVol. 65, Issue May 2016). Swedish wood.

Borgstrom, E., & Karlsson, R. (2016). Design of Timber Structures. In E. Borgstrom
(Ed.), IABSE reports = Rapports AIPC = IVBH Berichte (2nd ed., Vol. 1, Issue
May 2016). Swedish Forest Industries Federation.

CEN. (2004). EN 1995-1-1:2004. Eurocode 5 — Part 1-1: Design of timber structures:
Vol. Part 1-1: (Issue 2009).

CEN, TC 250, & SC 5. (2019). SC5.T5 Bonded-in-rods (first draft) Design of bonded-
in-rods. N 1083.

Cepelka, M., Malo, K. A., & Stamatopoulos, H. (2018). Effect of rod-to-grain angle on
capacity and stiffness of axially and laterally loaded long threaded rods in timber
joints. European Journal of Wood and Wood Products, 76(4), 1311-1322.
https://doi.org/10.1007/s00107-018-1314-z

COST. (2018). Design of Connections in Timber Structures, a state-of-the-art report
by COST Action FP1402 / WG 3 (Sandhaas, Carmen; Munch-Andersen,Jargen;
Dietsch, Philipp (ed.)). EUROPEAN COORPERATION IN SCIENCE &
TECHNOLOGY. https://doi.org/10.2370/9783844061444

Descamps, Lambion, T., & Laplume, J. (2006). Timber Structures: Rotational Stiffness
of Carpentry Joints.

Dietsch, P., & Brandner, R. (2015). Self-tapping screws and threaded rods as
reinforcement for structural timber elements-A state-of-the-art report.
Construction and Building Materials, 97, 78-89.
https://doi.org/10.1016/j.conbuildmat.2015.04.028

Feldt, P., & Thelin, A. (2018). Glued-in Rods in Timber Structures - Finite Element
Analyses of Adhesive Failure.

Frihwald, H. E. (2011). Analysis of structural failures in timber structures: Typical
causes for failure and failure modes. Engineering Structures 33(11), 2978-2982.

Frihwald, H. E., & Thelandersson, S. (2008). Design of safe timber structures - How
can we learn from structural failures in concrete, steel and timber? 10th World
Conference on Timber Engineering, Proceedings Vol. 4, 1962-1969.

Jacob, M., Harrington, J., & Robinson, B. (2018). The Structural Use of Timber -
Handbook for Eurocode 5: Part 1-1 (Vol. 1978).

132 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30



L. Zelinka, S. (2014). Corrosion of Metals in Wood Products. Developments in
Corrosion Protection. https://doi.org/10.5772/57296

Lam, F., Gehloff, M., & Closen, M. (2010). Moment-resisting bolted timber
connections. Proceedings of the Institution of Civil Engineers: Structures and
Buildings, 163(4), 267-274. https://doi.org/10.1680/stbu.2010.163.4.267

Maraveas, C., Miamis, K., & Matthaiou, C. E. (2015). Performance of Timber
Connections Exposed to Fire: A Review. Fire Technology, 51(6), 1401-1432.
https://doi.org/10.1007/s10694-013-0369-y

Ozelton, E. C., & Baird, J. A. (2002). Timber designers” manual (E. . Ozelton (ed.); 3rd
ed.). Blackwell.

SIS. (2012). SS-EN 14592: 2008 + Al: 2012 Timber structures - Dowel-type fasteners
- Requirements.

Stepinac, M., Cabrero, J. M., Ranasinghe, K., & Kleiber, M. (2018). Results from a
questionnaire for practitioners about the connections chapter of Eurocode 5.
Engineering Structures, 170.

Svenskt trd. (2016). Limtrahandbok del 3 (Vol. 3). Svenskt tra.

TRADA. (2007). Manual for the design of timber building structures to Eurocode 5.
December.

TRADA. (2012). Fasteners for structural timber: nails ,staples ,screws ,dowels and
bolts. Wood Information Sheet 2/3-52, 1-9.

TRADA. (2016). Module: Timber Connections. Learning Resources Level:
Introductory., Version 1(Unit: Connections for various assembly forms — Part 1).

TRADA. (2017). Wood Information Sheet Introduction to Eurocode 5. 1-8.

Xu, B. H., Bouchair, A., & Racher, P. (2012). Analytical study and finite element
modelling of timber connections with glued-in rods in bending. Construction and
Building Materials, 34, 337-345.
https://doi.org/10.1016/j.conbuildmat.2012.02.087

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 133



Annex A — Material properties

The following tables demonstrate the properties of the materials that were used in the
design of the connections presented in this master thesis.

Table A1 Glulam 30c material properties according to according to
SS-EN 14080:2013.
Strength values
Bending parallel to grain fmx 30 [MPa]
Tension parallel to grain frox 19.5 [MPg]
Tension perpendicular to grain froox 0.5 [MPa]
Compression parallel to grain fcox 24.5 [MPa]
Compression perpendicular to grain fc.gox 2.5 [MPa]
Shear fy.x (shear and torsion) 35 [MPa]
Rolling shear fr.x 1.2 [MPa]
Stiffness values for capacity analysis
Elastic modulus Eo.0s 10.800 [MPa]
Elastic modulus Ego.05 250 [MPa]
Shear modulus Gos 540 [MPa]
Stiffness values for deformation calculations. mean values
Elastic modulus Eo.mean 13.000 [MPa]
Elastic modulus Ego.mean 300 [MPa]
Shear modulus Gmean 650 [MPa]
Density
Density pk 390 [kg/m3]
Density pmean 430 [kg/m3]
Table A.2 Material factors utilized in the calculations, according to
SS-EN 1995-1-1:2004.
Service class 2
Load duration class Medium
k.mod 0.80
YMGL 1.25
k.h.tension 1.10
k.CI’ 067
k.h.bending 1.10
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Table A.3 Yield strength and ultimate tensile strength of dowel type fasteners
according to SS-EN 1993-1-8:2005.

%ﬁ;‘g' 4.6 4.8 5.6 5.8 6.8 8.8 10.9
n /Jﬁm?) 240 320 300 | 400 | 480 | 640 900
o /Jﬁm?) 400 | 400 500 | 500 600 | 800 | 1000

Table A.4 Nominal values of yield strength and ultimate tensile strength for
hot-rolled structural steel according to SS-EN 1993-1-8:2005.

Nominal thickness of the element t [mm]
Steel grade according to EN t<40 mm 40 mm <t < 80 mm
10025-4 fy fu fy fu
[N/mm2] | [N/mm2] | [N/mm2] | [N/mm?2]
S 275 M/ML 275 370 255 360
S 355 M/ML 355 470 335 450
S 420 M/ML 420 520 390 500
S 460 M/ML 460 540 430 530
Table A.5 Load combination | ULS-a
Included loads Factor
Self-weight 1.35
Roof self-weight 1.35
Table A.6 Load combination ULS-b
Included loads Factor
Self-weight 1.20
Roof self-weight 1.20
Snowe-as accumulated load 1.50
Snow 1.50

Table A.7 Load combination V SLS-quasi-permanent

Included loads Factor
Self-weight 1.00
Roof self-weight 1.00
S-accumulated 0.10
Snow 0.10
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Annex B - Chapter 5 connections

B.1 Connection on tension

B.1.1 Glued-in rods design steps

1. Design capacity of rods, according to “Limtrdhandbok del 3” page 74 (Svenskt
trd, 2016).

The design capacity of a single rod is the minimum value between the tensile capacity
of the rod F; gxr0q @nd the timber pull-out capacity F; gy timber-

faxx = 5.50 MPa (69)

faxx- Withdrawal capacity of the rod.

Fi Rkroa = 0-6fu.b A (70)

F: riroa - Tensile capacity of the rod [KN].
A, - Steel cross-sectional area.

Fi rictimber = T L * faxse k1" Ky (71)
R;  timper - Pull-out capacity.
[; - Glued length of the rod (inlimmade langden).
K, - Weather factor. Limtrahandbok del 3, Table 13.23. (Svenskt tra, 2016).

k, - Reduction factor for shear strength as a function of the glued length (li)
Limtrahandbok del 3, Table 13.24. (Svenskt trd, 2016).

The design rod capacity is the lowest value between F; gy ro0a/Vsteet (Vsteer=1.2) and
Fi rictimber * kmoa/VYm.cL-

The number of rods is governed by the spacing of the rods, as shown in Figure B.1 and
is calculated according to “Limtrahandbok del 37, Table 13.24 (Svenskt trd, 2016)

e
r
w

| ~o— 0| — 0 —o-

"

—| ~o— | —{o —o-

a, a,

Figure B.1 Rods spacing (Svenskt tra, 2016).
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The total resistance of the connection is:

Fira = Nyoas = Min (Feraroa- Ft.ra.timber) (72)
2. Brittle failure - Net tension capacity of the timber cross-section F; ¢t ri-

The tensile capacity parallel to the grain of the timber net cross-section must resist the
applied tensile force on the connection.

Finetra = ft.o.d Atimbernet (73)

The applied tensile force F; o g4 is compared t0 F; et ra (Frord = Frra)-

F,
LOEd 4 (74)

F tnet.Rd

3. Brittle failure — Single rod-end effect F; 4.f rq-

The affected timber area at the rod end must be checked according to “Design of
bonded-in-rods” (CEN et al., 2019). The affected area A, is a square with each of its

sides measuring 6d, where d is the rod’s diameter, see Figure B.2.

6d

/ A
\ peserTererTsvnresTRune ]
\ Meccncncrnsnsncnnnnnns -

Figure B.2 Affected timber area at rod-end.

Acknowledging it, the resistance against the rod-end effect is given by:

F
t.0.Ed <1 (75)
Fiaef.ra
Where,
frox A f
Ft.Aef.Rd = Tee: (76)

4. Stiffness K;p¢qr-
The stiffness of one single rod Kge, 04 1S given in Table 4.2 :

Kserroa = 0.004 - as- prlrigan (77)
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Total stiffness as the rods work in parallel:

Ktotar = Nroas * Kserrod (78)

B.1.2 External metal plate design steps

1. Design capacity of the bolted plate F; 4.
The single capacity of a bolt is calculated by the most critical failure mode according
to “Johannsen’s Theory” which is demonstrated in Section 4.1.2. Additionally, the ef-
fect of the Rope Effect is added., as in Section 4.1.3.

An important procedure is multiplying the final resistance by 2 because there are two
shear planes in this case.

In the thin plate case, the failure modes are given in EC5 8.2.3(3) (CEN, 2004):

0.5 frox ta d
=2-mi F,
Fopie =2-min3 4 15 Jz My i i d =2 (79)
In the thick plate case, the failure modes are given in EC5 8.2.3(3) (CEN, 2004):
0.5 fhak ta d
=2-mi F,
Fomie = 2-miny 5 34 J 2 My i frzi d + =57 (80)

Where,

fn.2.x - Embedment strength of the timber member.
t, - Thickness of the timber member.

M, gy — Fastener yielding moment.

The number of bolts is governed by the spacing of the bolts, as shown in Figure B.3,
and is calculated according to EC5 8.5.1.1(3) Table 8.4. The effective number (n.f) of
bolts in one row parallel to the grain is given by EC5 8.5.1.1(4) (CEN, 2004).

a3 al
P T

a2

ad

A

Z

/
Figure B.3 Spacing of a bolted connection.
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The design resistance of the connection is:

[Nrows™ Neffr min (Fy rg)]

Fira = kmoa- ]l:f = [kN] (81)
m.GL

Where,

Nyows- NUmber of rows
nerr— Number of bolts in a row considering the group effect. EC5 Eq. (8.34).
M,, gy — Fastener yielding moment.

2. Tensile capacity of the plate F; 4t ra-

Both thick and thin plates tensile capacity must be checked.

fyb * Anet
Ft.plate.Rd = 2 = (82)
Vsteel

Aper = (H— Nyows * d)- tolate

(83)
The applied tensile force per plate, Fg130c.t.0.ra/2, IS cOMpared to Fy piqte.ra-
F, 2
GL3OC.t.0.Rd/ <1 (84)
Ft.plate.Rd-

3. Brittle failure — Block shear Fy¢ py4:
The block shear failure mode is calculated according to EC5 Annex A (CEN, 2004) and
explained in Section 4.2.2. The calculations for block shear should be consistent with
the relevant failure mode.

4. Stiffness:
The stiffness of one single bolt is calculated according to Table 4.2. For two shear

planes, the value is multiplied by two, moreover, since it is a timber-to-steel connection
it is multiplied by two one more time.

Ker = (2% 2) % py,>.d/23 (85)

The stiffness in series is given by Equation (25) and the stiffness in parallel is given by
Equation (26):

Npolts.series

Kiotar = (K—) * Npoits.parallel (86)
ser
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B.1.3 Slotted-in metal plate design steps

1. Design capacity of the dowelled slotted-in plate F; .
The single capacity of a dowel is calculated by the most critical failure mode according
to “Johansson Theory” which is demonstrated in Section 4.1.2. Dowels have no contri-
bution from rope effect since they do not have axial capacity as demonstrated in Section
3.4.4 and in Section 4.1.3.

An important procedure is multiplying the final resistance by 2 because there are two
shear planes in this case.

The failure modes are given from EC5 8.2.3(3), (CEN, 2004):

(frhiktid

4'IVIy.Rk -1
frax dt? (87)

123 [ My e foricd

F,grx = 2 - min <

fraiktid \]2 +

Where,

frn1.x - Embedment strength of the timber member.
t, - Thickness of the smaller side timber member.
t, - Thickness of the timber middle member.
M,, gy — Fastener yielding moment.

The number of dowels is governed by the spacing of the dowels and is calculated ac-
cording to EC5 8.5.1.1(3) Table 8.5. The effective number (n,f) of bolts in one row

parallel to the grain is given by EC5 8.5.1.1(4) (CEN, 2004).

The design resistance of the connection is:

Fira =

[Mrows Nef: min (Fy gy)] [kN] (88)

Ym.GL

2. Tensile capacity of the plate F; 4t ra-

fyb " Anet
Ft.plate.Rd =2 = (89)
Vsteel
Aper = (H — Ny = d) - tplate (90)

The applied tensile force per plate, F; ; gq, is compared t0 F; ,iqte ra-
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FGL3OC.t.0.Rd < 1 (91)
Ft.plate.Rd-

3. Brittle failure — Block shear Fy g4

The block shear failure mode is calculated according to EC5 Annex A (CEN, 2004) and
explained in Section 4.2.2. The calculations for block shear should be consistent with
the relevant failure mode.

4. Stiffness K;prar:

The stiffness of one single dowel is calculated according to Table 4.2.

Keor = p®.d/23 (92)

The stiffness in series is given by equation (25) and the stiffness in parallel is given by
equation (26):

Ngowel.series

K ) " Ngowel.parallel (93)
ser

Kiotar = (
B.1.4 Double slotted-in metal plate design steps
1. Design capacity of each slotted-in plate F; .
The calculation of the tensile resistance of the connection now possessing 4 shear
planes, is dependent on the dowels shear resistance which is given by the resistance of

the center block with a thickness t, and the lateral parts resistance with a thickness t;.
The center block has two shear planes and is analyzed as a thick plate double shear

steel-to-timber joint. The control of the required thickness t,,.q = 1.15 - 4 /—jfy'RZ
h.k

assures that the dowel will form 3 plastic hinges and the failure will not occur on the
timber member. The lateral parts will behavior as a central member of a double shear
connection, that means that t, has also to be controlled to avoid failure of the timber

block and to allow a plastic hinge to be formed in the dowel, v2 / ?—'RZ <t; < 115
hk

4 / ]A:Iy—'RZ. The following equations give F,, zy.
h.k

Fy Rric.center = 2+ 115 \/E\/ 21VIy.Rk fraxd (94)
4M
. fraxtid 2+%—
Fy rilaterar = 2 - min h-k 1 (95)

1.15 \/E\/ 2My gk frax d
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In both cases, the shear resistance is multiplied by 2 accounting the number of shear
planes. Finally:

Fyrk = FyRi.center T FuRrkiateral (96)

The number of dowels is governed by the spacing of the dowels and is calculated ac-
cording to EC5 8.5.1.1(3) Table 8.5. The effective number (n,f) of bolts in one row
parallel to the grain is given by EC5 8.5.1.1(4) (CEN, 2004).

The design resistance of the connection is:

[ row " Ile 'Fv. ]
Frra = kmoa, 2L 2R [kN] (97)

Ym.GL

2. Tensile capacity of the plate F; 4t ra-

fyb * Anet
Ft.plate.Rd = 2 = (98)
Vsteel
Aper = (H - Nyertical d) - tolate (99)

The applied tensile force per plate, F ; rq, is compared to F; iq¢e ra-

Fersoctora _ 4 (100)
2Ft.plate.Rd

3. Birittle failure — Block shear Fy g rq4:

The block shear failure mode is calculated according to EC5 Annex A (CEN, 2004) and
explained in Section 1. However, in the case of a double slotted-in plate, the block shear
capacity must be calculated for the center block and for the lateral parts (Bocquet et al.,
2018).

4. Stiffness Kiptar:

The stiffness of one single dowel is calculated according to Table 4.2 and multiply by
4 number of shear planes and 2 as the connection is between timber and metal plate.

Keer = (4% 2)py>.d /23 (101)

The stiffness in series is given by equation (25) and the stiffness in parallel is given by
equation (26):

Ngowel.series

-1
K ) " Ngowel.parallel (102)
ser

Kiotar = (
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B.2 Connections in shear

B.2.1 Slotted-in metal plate design steps
1. Design capacity of the bolted plate F; z4:
The single capacity of a bolt is calculated by the most critical failure mode according
to “Johannsen Theory” which is demonstrated in Section 4.1.2. Additionally, the effect
of the Rope Effect, as in Section 4.1.3, is added.

The main difference from splice working on tension is calculating the embedding
strength  f}, 90.x With a =90 degrees from the grain as in Section 4.4.1.

An important procedure is multiplying the final resistance by 2 because there are two
shear planes in this case.

The failure modes are given from EC5 8.2.3(3), (CEN, 2004):

(fraiktid

4'IWy.Rk -1
frax dt? (103)

23 [ My foricd

frn1x - Embedment strength of the timber member at 90 degrees from the grain.

M, gy — Fastener yielding moment.

fraiktid \/2 +

F,grx = 2 - min <

Where,

The number of bolts is governed by the spacing of the bolts, as shown in Figure B.4
below, and is calculated according to EC5 8.5.1.1(3) Table 8.5. Since the force acting
perpendicular to the grain, no row effect is considered.

a3 al
7 A S
S
P
S
Z
/
Figure B.4 Spacing of a bolted connection.
The design resistance of the connection is:
Ft.Rd — [Mrows’ M in row' Min (Fy.ri)] [kN] (104)

Ym.GL
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Where:

Nows- NUmMber of rows.

Nin row — NUmber of bolts in a row.
M,, gy — Fastener yielding moment.

2. Splitting failure:

As the force acting perpendicular to the grain, the possibility of splitting caused by
tension perpendicular to the grain is checked as in EC5 8.1.4.

Foopre = 14-b-w Lhc [kN] (105)

(1-%)

Where:

Fyo ri - Characteristic splitting capacity.

h. - Loaded edge distance to the center of the most distant fastener.
h - Timber member height.

w - Modification factor =1.

b - Timber thickness

The characteristic splitting capacity should be larger than the joint characteristic capac-
ity to avoid brittle failure.

Foora > Ftri (106)

3. Stiffness:
The stiffness of one single bolt is calculated according to Table 4.2. For two shear

planes, the value is multiplied by two, moreover, since it is a timber-to-steel connection
it is multiplied by two one more time.

Koer = (2% 2) % pi>.d /23 (107)

The stiffness in series is given by Equation (25) and the stiffness in parallel is given by
Equation (26):

-1

Npolts.series

Kiotar = ( K " Npoits.parallel (108)
ser

B.2.2 External metal plate design steps
1. Design capacity of the bolted plate F; z4:
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The single capacity of a bolt is calculated by the most critical failure mode according
to “Johanssen’s Theory” which is demonstrated in Section 4.1.2. Additionally, the ef-
fect of the Rope Effect, as in Section 4.1.3, is added. The main difference is calculating
the embedding strength  f}, 90.x With o =90 degree from the grain as in Section 4.4.1.

An important procedure is multiplying the final resistance by 2 because there are two
shear planes in this case.
The embedding

In the thin plate case, the failure modes are given in EC5 8.2.3(3) (CEN, 2004):

0.5 fpak ta d

Fyrr = 2-min 1.15 JZ My, ric frzx d + %Rk

(109)

In the thick plate case, the failure modes are given in EC5 8.2.3(3) (CEN, 2004):

0.5 frox tad
Fax ric (110)

230 JZ My.Rk fh.Z.k d + T

F,prk =2 -min

Where,

fr2.x - Embedment strength of the timber member at 90 degrees.
t, - Thickness of the timber member.

M,, gy — Fastener yielding moment.

The number of bolts is governed by the spacing of the bolts, as shown in Figure B.5,
and is calculated according to EC5 8.5.1.1(3) Table 8.4. Since the force acting parallel
to the grain no row effect is considered.

a3 al
7’ A
N
pore
e S
Z
/
Figure B.5 Spacing of a bolted connection.
The design resistance of the connection is:
Ft.Rd — [Mrows" Min row' Min (Fy.rk)] [kN] (111)

Ym.GL

Where:
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Nows- NUmMber of rows.
Nin row — NUMber o_f bo_Its inarow.
M,, gy — Fastener yielding moment.

2. Splitting failure:

As the force acting perpendicular to the grain, the possibility of splitting caused by
tension perpendicular to the grain is checked as in EC5 8.1.4.

Foork =14-b-w- % [kN] (112)

(1_h)

Where:

Foo.ra - The characteristic splitting capacity.

h. - Loaded edge distance to the center of the most distant fastener.
h - Timber member height.

w - Modification factor =1.

b - Timber thickness.

The characteristic splitting capacity should be larger than the joint characteristic capac-
ity to avoid brittle failure.

Foori > Frri (113)

3. Stiffness:

The stiffness of one single bolt is calculated according to Table 4.2. For two shear
planes, the value is multiplied by two, moreover, since it is a timber-to-steel connection
it is multiplied by two one more time.

Koer = (2% 2)  py;°.d/23 (114)
The stiffness in series is given by Equation (25) and the stiffness in parallel is given by

Equation (26):

n ries\

Kiotar = (%) " Npoits.parallel (115)
ser

B.3 Connection in bending

B.3.1 Glued-in rods design steps

1. Design capacity of rods, according to “Limtrdhandbok del 3” page 74 (Svenskt
trd, 2016). And explained in B.1.1 Glued-in rods design steps
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The number of rods is only one layer in the top and the bottom governed by the spacing
is calculated according to “Limtrahandbok del 37, Table 13.24 (Svenskt trd, 2016)

-

- [N |

| ~0—o-|— o —o- » e

3 o
!

—| ro— - — B —o- M -
!

8, E

Figure B.1 Rods spacing (Svenskt tra, 2016).

The total moment resistance of the connection is:

Mg = Nyogs * Min(Fe g roa- Fe.ra.timper) * L (116)
L — Lever arm between the rods in tension and compression

2. Brittle failure - Net tension capacity of the timber cross-section F; et ri-

The tensile capacity parallel to the grain of the timber net cross-section must resist the
applied tensile force on the connection.

Finetra = ft.O.d Atimbernet (117)
The applied tensile force F; o g4 is compared t0 F et ra (Frora = Frra)-
F,
LOEd 9 (118)

F tnet.Rd

3. Brittle failure — Single rod-end effect F; 4.f rq-

The affected timber area at the rod end must be checked according to “Design of
bonded-in-rods” (CEN et al., 2019). The affected area A, is a square with each of its

sides measuring 6d, where d is the rod’s diameter, see Figure B.2.

6d

6d

Figure B.2 Affected timber area at rod-end.
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Acknowledging it, the resistance against the rod-end effect is given by:

Ft.O.Ed

<1 (119)
Ft.Aef.Rd
Where,
frox A
Fipefra = —)’Steezef (120)

4. Rotational stiffness K; ;otai-
The axial stiffness of one single rod K., o4 IS given in:

Kserroa = 0.004 - ae- prlrigan (121)

Rotational stiffness as the rods work in parallel:

Kiotal = Nrods * Kserroa ° d? (122)

B.3.2 External metal plates with bolts design steps
N oz vz

1. Design moment capacity of the bolted plate F; 4.
The single capacity of a bolt is calculated by the most critical failure mode according
to “Johannsen’s Theory” which is demonstrated in Section 4.1.2. Additionally, the ef-
fect of the Rope Effect is added., as in Section 4.1.3.

An important procedure is multiplying the final resistance by 2 because there are two
shear planes in this case.

In the thin plate case, the failure modes are given in EC5 8.2.3(3) (CEN, 2004):

0.5 frorta d

1.15 \/2 M, gk frox d+

F,rk = 2-min

Fax.Rk (123)
4

In the thick plate case, the failure modes are given in EC5 8.2.3(3) (CEN, 2004):

0.5 frorta d
2.30 \/2 My, gk frok d+

F ax.Rk (124)
4

F,rk = 2-min
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Where,

frox - Embedment strength of the timber member.
t, - Thickness of the timber member.

M,, gy — Fastener yielding moment.

The number of bolts in one row of the plate is governed by the spacing of the bolts al
and a3, as shown in Figure B.3, and is calculated according to EC5 8.5.1.1(3) Table
8.4. The effective number (n,) of bolts in one row parallel to the grain is given by
EC5 8.5.1.1(4) (CEN, 2004).

a3 al
e N

a2

ad

A

Z

/
Figure B.3 Spacing of a bolted connection.

The axial design resistance of one plate subjected to compression or tension is:

Neg s min (Fy pi)
Fera = kmoa. ~———*%< [kN] (125)

The design moment capacity of the connection is the axial capacity of the plate multi-
ply by the distance between the center of the compression and tension plates:

Mpq = Frpa - L [kN] (126)

| keee " oced L 4
| — bt lI

Nz /

Tensile capacity and compression capacity of the plates are checked F; 4t rqbased
on EC3

2. Brittle failure — Block shear Fyg pg4:
The block shear failure mode is calculated according to EC5 Annex A (CEN, 2004) and
explained in Section 4.2.2. The calculations for block shear should be consistent with
the relevant failure mode.

3. Stiffness:
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The stiffness of one single bolt is calculated according to Table 4.2. For two shear
planes, the value is multiplied by two, moreover, since it is a timber-to-steel connection
it is multiplied by two one more time.

Kser = (2% 2) % pp>.d/23 (127)

The stiffness in series is given by Equation (25):

Npolts.series)
Kiotar = ( OKS Serles) * Npoits.parallel (128)
ser
KT = Ktotal - 2 - d2 kN/rad (129)

B.3.3 Top and bottom steel nailed plates design steps

AL L
<=
— [T —

1. Design moment capacity of the nailed plate F; z4.

The single capacity of a nail is calculated by the most critical failure mode according
to “Johannsen’s Theory” which is demonstrated in Section 4.1.2. Additionally, the ef-
fect of the Rope Effect is added., as in Section 4.1.3.

The plate thickness is 8 mm and the penetration length of the nails is 40 mm so the
lateral capacity for nails is calculated for the thick plate.

In the thick plate case, the failure modes are given in EC5 8.2.3(3) (CEN, 2004):

( faxti d
2 M, ri Fox ri
tod| |2+ —L5 1]+ 2%
Fppi = 2 - min? frita j frx dt? 4 (130)
Fox rk
| 230 /2 My ric frx d + “’;

Where,
fnx - Embedment strength of the timber member.

M,, gy — Fastener yielding moment. EC5 8.14
F.r EC5EQq (8.23a) EC58.15
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The number of nails in one row of the plate is governed by the spacing of the nails al
and a3, as shown in Figure B.3, and is calculated according to EC5 Table 8.. The effec-
tive number (n.f) of nails in one row parallel to the grain is given by EC5 Equation
EC5 8,17

a3 al
P T

a2

ad

Z

/
Figure B.3 Spacing of a nailed connection.

The axial design resistance of one plate subjected to compression or tension is:

Fera = Kmoa ~LL 2B on [N] (131)
YmGL

The desigh moment capacity of the connection is the axial capacity of the plate multi-

ply by the distance between the center of the compression and tension plates:

Mpq = Fepa - L [kN] (132)

L- Height of the beam.
TR

< 2] I

LULLLLLLLL AL -

Tensile capacity and compression capacity of the plates are checked F; 4t rabased
on EC3

A -

2. Brittle failure — Plug shear Fy -
The plug shear failure mode is checked according to EC5 Annex A (CEN, 2004) and

explained in Section 4.2.2. The calculations for plug shear should be consistent with
the relevant failure mode.

3. Rotational Stiffness:
The stiffness of one single bolt is calculated according to Table 4.2. For two shear

planes, the value is multiplied by two, moreover, since it is a timber-to-steel connection
it is multiplied by two one more time.

Keer = (2) * pp,>.d /23 (133)
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The stiffness in series is given by Equation (25) :

Nnail.series\
Kiotar = (%) " Npoits.parallel (134)
ser
KT = Ktotal - 2 - d2 kN/rad (135)

The plates are checked on tensile force and compression force according to EC3
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Annex C — Chapter 6 connections

Detailed calculations covering all the structural concepts used in Section 6.

C.1 Connection 1 & 2
C.1.1 Slotted in metal plate

The calculation process presented in this section applies to connections 1 and 2 with
slotted-in plates. To illustrate this design process, only connection 1 will be demon-
strated to avoid repetition and ease the reading. For a complete analysis of the calcula-
tion process please refer to the Digital Annex B of this thesis. Figure C.1 shows the
geometry of the connection.

Figure C.1 Connection 1.

C.1.1.1 Connection 1 (A-1 to A-2) or (B-1 to B-2) - Shear

1) Forces acting on the connection

V2 [KN]
Forces -51 [kN]
Load to grain 90 []

2) Timber Cross Section

Width B 0,40 [m]
Height H 2,00 [m]
Area A 0,80 [m?]

3) Fastener - Steel Dowel - 6 to 30 mm in diameter

Dowel class 4.80
d 12,00 [mm]

Table 3.1 nominal value
fy 320,00 | [mm] | £\ '1993-1-8
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£, 400,00 [MPa] -IIE-?\lblleggél-?%mmal value
Yielding moment M, 76745,42 | [N*mm] | EC5 Eq. (8.30)
Embedment strength frox 18,39 [MPa] | EC5 Eq. (8.31)
Thickness of timber part¢t; | 196,00 [mm]

4) Plate
Steel grade S 355 N/NL EC3 Table 3.1
ts 8,00 [mm]
fy 355,00 [MPa]
fu 490,00 [MPa]
L 250,00 [mm]
H 200,00 [mm]

5) Single shear capacity

The single shear capacity is calculated according to equations 8.11 in EC5. The calcu-
lation as made for a steel plate of any thickness as the central member of a double shear

connection.
(friktid )
4My.Rk
Fy e = min 4 fraxtid JZ + e (9)
23 [ My s d (h)
1- () 43,26 [KN]
2-(9) 18,47 [kN]
3-(h) 9,47 [KN]

The minimum value is multiplied by 2 because there are two shear planes.

Fppe =2 %9,47 = 18,93 kN

5.1) Spacing
The spacing is calculated according to Table 8.5 in EC5.
a1 36,00 [mm]
a2 36,00 [mm]
as 84,00 [mm]
as 48,00 [mm]
5.2) Group
154
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N.row 3,28 3

Rows 3,89 3

Plate capacity 170,39 [KN]

Design plate capacity 109,05 [KN]

5.3) Number of fasteners

N parallel 3,00 [-]

Nefs 3,00 [-] EC5 Eq. (8.35) |
Total number of fasteners 9,00 [-]

6) Splitting due to tensile force in angle to the grain

As the force acting perpendicular to the grain, the possibility of splitting caused by
tension perpendicular to the grain is checked as in EC5 8.1.4.

Fgole=14"b'W'

Where:

Fyo ra - The characteristic splitting capacity.
h. - Loaded edge distance to the center of the most distant fastener.

h - Timber member height.
w - Modification factor =1.
b - Timber thickness

he

(-

Wy 250,00 [mm]
he 1352,00 [mm]
h 1400,00 | [mm]
b 392,00 [mm]
w 1,00 [-]
Foo.ri 1089,80 [kN]
Foo ra 697,47 [kN]
Utilization ratio 7,82 [%]
The utilization ratio is calculated by:
F90.Rd
Fy ga/2

Fy gq Design capacity of the connection.

[kN]
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7) Stiffness
The stiffness of one single bolt is calculated according to Table 4.2. For two shear

planes, the value is multiplied by two, moreover, since it is a timber-to-steel connection
it is multiplied by two one more time.

Keor = (2% 2) % pk>.d/23 (136)

The stiffness in series is given by Equation (25) and the stiffness in parallel is given by
Equation (26):

-1
Ktotal = (nbo;?.serles> ) nbolts.parallel (137)
ser
Kser 18608.70 | [N/mm]
N in series 3.00 [-]
N in parallel 3.00 [-]
K- Series 6202.90 [N/mm]
Kiotar 18608.70 [kN/m]

8) Generated moment from shear force
The calculation process follows Section 2.2.2.1.
Polar moment of inertia I, = Y12 26310 [mm?]
The dowel subjected to the maximum force generated by the moment is the farthest

away dowel, with local coordinates of (41 mm, 52 mm). The total applied force is
8.34 kN while the dowel resistance is 19,37 kN.

C.1.1.2 Connection 1 (A-1 to A-2) or ( B-1 to B-2) — Bending

1) Forces acting on the connection

My N
[KNm] [KN]
Forces 2319 -40

2) Timber Cross Section

Width B 0.40 [m]
Height H 2.00 [m]
Area A 0.80 [m?]
Elastic sectional modulus W 0.27 [m3]

3) Fastener - Steel Dowel - 6 to 30 mm in diameter
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Dowel class 4.80
d 20.00 [mm]

Table 3.1 nominal value
Iy 48000 | Imml | N 1993-1-8

Table 3.1 nominal value
fu 600.00 [MPa] EN 1993-1-8
Yielding moment M, 434460.70 | [N*mm] | EC5 Eqg. (8.30)
Embedment strength frox 25.58 [MPa] | EC5 Eq. (8.31)
Thickness of timber part 4121 [mm] Limtréhandbok 3 - P. 61-
{1.min ' Table 13.8
Thickness of timber part Limtrahandbok 3 - P. 61-
{2.req 134.04 [mm] Table 13.8
Thickness control (2 t.1.min +
t27eq < B) 216.46 [mm] | Okay

The control of the required thickness t; ., = 1.15 - 4 / % assures that the dowel
hk

will form 3 plastic hinges and the failure will not occur on the timber member, t, has
also to be controlled to avoid failure of the timber block and to allow a plastic hinge to

be formed in the dowel, v2

My.Rk My.Rk
<t;< 1.15 -4 / .
fhrd 1 fhrd

Dowels

4) Plate
Steel grade S 355 N/NL
ts 16,00 [mm]
fy 355,00 [MPa]
fu 490,00 [MPa]
L 600,00 [mm]
H 600,00 [mm]

5) Single shear capacity

The dowel’s shear resistance is given by the resistance of the center block with a thick-
ness t, and the lateral parts resistance with a thickness t,. The center block has two
shear planes and is analyzed as a thick plate double shear steel-to-timber joint. The
lateral parts will behavior as a central member of a double shear connection, the fol-
lowing equations give F,, zy.
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Fy Ri.center = 2+ 115 \/E\/ 2IWy.Rk fraxd

1M
fraktid 2"‘%—1
Fy Rk.laterqr = 2 min h.k 1

1.15 \/E\/ 2My gk frax d

In both cases, the shear resistance is multiplied by 2 accounting the number of shear

planes. Finally:

Fyrk = FyRi.center T FyoRilateral

R.k.center (M) 68,59 [kN]

Design thickness tq.1 72,00 [mm]

Design thickness tq. 256,00 [mm]

R.k.lateral (9,h) 46,38 [KN]

Rk 114,97 [kN]
5.1) Spacing

The spacing is calculated according to Table 8.5 in EC5.

a1 100,00 [mm]
a2 60,00 [mm]
as 140,00 [mm]
a4 60,00 [mm]
5.2) Group

Dowelsinarow - n 4,20 4
Neft 2,74 EC5 Eq. (8.34) |
Number of rows n.rows 9,00 9
Plate capacity 2837,41 [kN]
Design plate capacity 1815,94 [KN]
Capacity in central part 1083,34 [kN]
Capacity in one lateral part | 366,30 [kN]

6) Block shear

The block shear is checked for both the outer and central part. According to EC5 Annex
5. In multi-shear planes as in the case of this connection, the block shear capacity is
calculated by the sum of the maximum value between the shear capacity and the tensile
capacity per shear plane. Figure C.2 illustrates the design process.
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N, gy < Fis pa

n
Fb,\‘,/?d = ZmaX{

i=

Figure C.2 Block shear capacity of multi-shear planes connection.

15 N Ane!.t,l ‘ ft,o,l‘
0.7 Ane(,v,f 2 fv,lr

Block shear - both outer parts (g)

Lnett 300,00 [mm]
Anrett 21600,00 [mmz]
Lnetv 720,00 [mm]
tef 33,91 [mm]
Anetv 132415,74 [mm2]
Fos.rd (Shear) 415,26 [kN]
Fos.rd (tension) 808,70 [kN]
Fbs.Rd 808,70 [kN]
Utilization 0,91 []
Block shear center part (m)

Lnet.t 300,00 [mm]
Anett 76800,00 [mm?]
Lnet.v 720,00 [mm]
Anetv 184320,00 [mm?]
Fbsrd (Shear) 1610,22 [kN]
Fos.rd (tension) 1437,70 [KN]
Fbs.Rd 1610,22 [kN]
Utilization 0,67 [-]
Fbs.Rd.total 2418,92 [KN]

Utilization 0,75
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7) Plate tension check

H net 420,00 [mm]
Anet 6720,00 | [mm?]
Capacity 2385,60 [kN]

Design capacity 1988,00 [KN]

Utilization plate 0,46 [-]

H net IS the height of the plate disregarding the dowels.

8) Stiffness

Kser 62029,01 [N/mm]
N in series 4,00 [-]

N in parallel 9,00 [-]

Kser. Series 15507,25 [N/mm]
Krot 139565,27 [KN/m]

K rot 136773,96 [KN.m. rad?]

C.1.2 Glued-in rods

Connection 2 (A-1) or (A-2)

Force applied on the connection (ULS):

The designed connection

The horizontal GIR arranged to resist the maximum from the tension and compression

forces with spacing

160

My N
[KNm] [kN] [kN]
Forces 686 -67 41
) L 360 |
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e Moment and normal force capacity:

The rods' axial capacity is calculated according to “Limtrahandbok del 3” page 74
(Svenskt tré, 2016).

Tensile capacity of the rod:
T ) mm

Fox ricroa = 0.6fyp - As=0.6 X 400MPa X 1000

=75kN

F, 75kN
FaxRdrod = t.I;/k.rod = 12 = 62,83kN
m )

Withdrawal capacity of the rod:
Where:
Kk, = 0,29 Limtrahandbok del 3, Table 13.23. (Svenskt tra, 2016).

FoxRic.timper = T lef . fax.k +ky kg =m X 1000 mm X 5,5MPa x 1 X 0,29
= 105,23 x 1000 N = 105,23kN

kmoa X Ferictimper _ 0,8 X 105,23kN
Ym B 1,25

= 62,83kN

Fox Rd.timber =

Faxra = min(Fax.Rd.rod- Fax.Rd.timber) = 62,83kN

The capacity is determined by the tensile strength of the rods. All the rods assume to
yield:

Rods in compression Bending Capacity .
: . : Rotational
and tension zones based on the axial capacity Stiffness
Class 4.80 of the rods
l Number of
Layer d ¢ rods Fax.Rd Kr.total 1
[-] [mm] [mm] [ [kN] [KN-m-rad™]
1 20 1000 4
2 20 1000 4 673 54381
3 20 1000 2

a, edge distance = 50 [mm]
a,between the rods = 80 [mm]
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1400

]

e N.cRd
P

-

The axial designed capacity of each zone:
NRd = Fax.Rd X (Tll + nz + Tl3) == 673 kN

According to the arrangement :

The lever arm or the distance between the compression zone and the tension zone :

center for tensile rods 1286.00 [mm]
center for tensile rods 114.00 [mm]
Lever arm 1172.00 [mm]

The moment and the normal force are decomposed to two forces acting on each group

of the rods

Mgg N 686 41
+—= +— =605 kN

Nppy = — =——
tEd = T 271172 2

N.., = MEd+N— 086 +41—564kN
cka ™ T 271172 2

Utilization

max (N;.p4, N,.
U= (Nt.ga cEd)zo_g
Ngpa

¢ Inclined GIR resisting shear force.

Inclined rods with 45°in each zone tshheegi(?;pf;'%?asgg tﬁg Transversal
Class 4.80 pacity Stiffness
rods
Number of
I—ayer d la I’OdS Fv.Rd Ktotal
[-] [mm] [mm] [] [kN] [KN/m]
3 20 1000 2 190 22165
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Fax.ra = Min(Fox ra.rod- Fax.ra.cimper) = 62,83kN
The capacity for two rods in the vertical direction:
Fora =2 X Fypqg X sin45 = 95.45 kN

And by using 2 rods in each zone

Ftot_v_Rd = 2 X F’U.Rd = 190.48kN

Utilization:
F
U=—2E — 035
Ftot.v.Rd

e Rotational stiffness:
According to Section 4.7.3 and Equation (24)
ky = Zkserroa - 17
Where Koy r0q = 0.004 - d*® - pl5 = 7836.40 kN/m
k, = 54381.49 kN.m/rad
e Translational stiffness:

k =4 X Kgorroq X Sin45 = 22165 kN /m.
C.2 Connection 3
C.2.1 Fork joint calculation

C82:
My V,
[KNm] [kN]
Forces 857 278

Dowels “Class 6,8

D=20[mm].

fu = 600 [MPa].

Number of dowels n=_80.

Thickness of outer part of the column t; = 110 [mm].

Thickness of the internal part of the beam t, = 140 [mm].

The dowels are in a circular arrangement with detail in the next figure.
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F.y.ed %o
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} b’ ."‘b&
&

Radius of Number of
circles r; dowels n; rf
[mm] [-] [mm2]
650 20 8450000.00
550 20 6050000.00
450 16 3240000.00
350 16 1960000.00
250 10 625000.00

Polar moment of inertia I, = Y2 29000000 [mm?]
Dowel subjected to the maximum force generated by the moment is with
r = 650 mm:

o M-r;  857kN X 650mm
™ I, 20325000 mm?2 x 1000

= 19,5 [kN]

Vertical force from shear on each dowel:

F,_278kN _
Ul_n_ 80 - 4 [ ]

Three critical dowels with r=650mm horizontal a = (90,0,90) and vertical
a = (0,90,0) from force to grain to t, t,, t;.
The applied shear force in these dowels are:

Fyvpa = Fmi + F,; = 19,5 + 3,48 = 22.98kN
Fynga = B, = 19,5kN

The dowel design capacity is calculated according to ( EC5 (CEN, 2004) Equations
(8,70) (8,8)).
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For fasieness m double shear

Key
{8.8) (1} Single stwar
20 e

Dowel subjected to vertical force has a characteristic load capacity F, g, = 42.13kN
and response to failure mode h in which is a brittle failure.
Dowel subjected to vertical force has a characteristic load capacity Fj, z, = 31.02kN
and response to failure mode j in which is a ductile failure.

F,ra Xk
Fypq = X2~ mod _ 96.96kN
m
Frra X k
Fypg = —Xa = "mod _ 19 g5kN
Ym
Utilization:
U, = fovkd - 2278 _ ( g5 Uy = Derid - 225 _0 gg
Fyrd  26.96 Fnra  19.85

Rotational Stiffness:
The stiffness of one single dowel is calculated according to Table 4.2.

430%5kg  20mm

Ker = 2 pry d/23 = 2 x =% x =2 =15507.25kN/m

3

Rotational stiffness is calculated according to Equation 0(24):

Kr =Y Keer; 77 = 449710.30 kN.m/rad .

C.2.2 Glued-in rods with steel plate

C82:
My V;
[KNm] [KN]
Forces 857 278
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Dowels Class 4.8

f., = 400[MPal.

D=20[mm].

l, = 1000 [mm] with axial capacity Ny, rq = 62,82 [kN]
Number of dowels: 4 x 3 in compression and tension zone
a, edge distance = 50 [mm]

a,between the rods = 80 [mm]

1400

N.cRd
30

e Moment capacity
The rods' axial capacity is calculated according to “Limtrahandbok del 3” page 74
(Svenskt tré, 2016).

Tensile capacity of the rod:
T X—|mm

1000 =75kN

Foxriroa = 0.6fyp * As=0.6 X 400MPa X

Ft.Rk.rod — 75kN
Ym 1,2

FaxRdrod = = 62,83kN

Withdrawal capacity of the rod:
Where:
k; = 0,29 Limtrahandbok del 3, Table 13.23. (Svenskt tra, 2016).

Fox rictimper = T " lef * faxx " K1 -k =T X 1000 mm X 5,5MPa X 1 X 0,29
= 105,23 X 1000 N = 105,23kN

kmoa X Frictimper _ 0,8 X 105,23kN
Ym B 1,25

Fax.Rd.timber -

= 62,83kN

Faxra = min(Fax.Rd.rod- Fax.Rd.timber) = 62,83kN

The capacity is determined by the tensile strength of the rods. All the rods assume to
yield to get the maximum resisted moment.
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Mga = Faxra X (Mg X [y + 1 X [ + 13 X 134) Layer n; 1,[mm]
Where: 1 4 1300
l; — lever arm for the ilayer [mm] 2 4 1140
n; — number of rods in i layer 3 4 980

Mgy = 859,93 kN.m

Utilization:

M 857
Uy = —22 =—"—=0.997
Mgrq 859,93

e Shear checking

The shear force transfer through the steel plates to the timber

contact surface.
e Two checks should be done
e Compression at an angle with the grain.
e Lateral force acting on the rods.

1. Compression at an angle with the grain according to EC5 6.2.2.

a = 45 degree

Fy perp to plate = Fy.pa X sin(a) = 278 kN X sin(45) = 196 kN

The stress resultant from F, 0, to piate

F, to plat 196 kN
O-C.a.Ed = s th == = 1'4 m = 0;55Mpa
b x —keam () 36m X ————
beam = sin(a) sin(45)
Compared to equation (EC5 (6.16))
_ fc.o.d _ 116
OcaRd = jZJLd - 16

kc.90 X fc.o.d

OcaRd = 1,15kN

Utilization:

o 0,55
U =—c2E = 22 — 0,48 ok
Oc.a.Rd 14,5

2. Lateral force acting on the rods:

Fv.// to plate = Tv.perp to plate = 196 kN
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Lateral force on one rod:

sin(45) 139
Fiearoa = Fv.// to plate X Y, = 24 = 5,79kN

The lateral capacity of GIR is calculated according to (CEN et al., 2019) Section 7.3.
The characteristic yield moment of the rod

M,, g =289640.46 EC5 Equation (8,30)

foo.rk = 15.50545455 EC5 Equation (8,31. 8,32)
foorkroa = 1,25 X foo gk = 19,38 MPa
forkroa = 0,1 X foo rkroa = 1,94 MPa

foo.rkroa 1S the embedding strength of rod parallel to grain and equal 0,1 * fo0 rk.rod.

forkroa iS€mbedding strength of rod perpendicular to grain equal 1,25 - fo0 rk-

The failure mode associated with the design situation is a single plastic hinge in the
fastener located in the timber member, giving the following relation

Fax.Rd
Firaroa = LI5S X |2 X My pie X foRrkroa X d + = S1kN
Utilization:
Ul :mzs’ﬂzo'lsok
FlRdrod 31

Interaction between bending and shear in each rod:

(Fl.Ed.rod)z + (Fax.Ed.rod)z —0.03+0,993=1

FiRdrod FaxRd.rod

e Rotational stiffness:
According to Section 4.7.3 and Equation (24)

— 2
kr - ster.rod T

Where Kypp yoq = 0.004 - d18- pL5 = 7836.40 kN/m

k, =61907.57 kN.m/rad.
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