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PREFACE OF THE MONOGRAPHIC SERIES

Composing a scientific work in terms of a dissertation constitutes a supremely personal concern of a
cognition-oriented extension of knowledge. After having finalised and published such a work it is the
aim to conduct a liberal, scientific discourse with an interested and objective scientific community.
This circumstance together with the associated possibility to discuss this scientific work have to be
accentuated especially in times were the amount of applied research is increasing. In this spirit: The
personal liberty in research starts at that point where the externally demanded applicability
ends.

With the monographic series Timber Engineering & Technology (TET) of the Institute of Timber
Engineering and Wood Technology the publishers aim on providing the community with fundamental
works of the area of expertise. With regards to content this is judged as a contribution for an
outstanding and open-minded scientific discourse among experts. Citing B. von Chartes (freely
translated): “...we are like dwarfs on the shoulders of giants, so that we can see more than they,
and things at a greater distance, not by virtue of any sharpness of sight on our part, or any
physical distinction, but because we are carried high and raised up by their giant size.”.
Following this, today’s state-of-the-art together with the own scientific work counts as basis of the
next generations, thereby providing those fundamentals what from innovations can be derived in
succession.

Graz, February 2013, Univ.-Prof. Dipl.-Ing. Dr.techn. Gerhard Schickhofer
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Abstract

Axially Loaded Self-Tapping Screws in Solid Timber and Laminated Timber Products

Within the last 25 years, self-tapping screws have become probably the most relevant fasteners
in contemporary timber engineering. The main reasons for their success are their simple and
economic installation without pre-drilling, as well as their flexible geometry, enabling the use
for various different design situations, separated into connections and reinforcements.
Restricting the scope to axial loading, as most efficient way of application, the present thesis
aims on gaining a fundamental knowledge concerning the specifics of this kind of dowel-type
fastener. Thereby, the related considerations are divided into the two main topics, namely (a),
the (steel) product “self-tapping screw” itself and (b), the withdrawal behaviour, defined as the

axial composite interaction with the timber material where it is inserted into.

With regard to (a), the main outcomes are the derivation and verification of a mechanical
approach, describing the relationships of the relevant design properties fins, fior and My in
dependence of a geometrically varying screw thread profile, as well as some fundamental
findings in terms of fatigue-relevant loading and hydrogen-induced stress corrosion cracking

(HISCC), both assignable to the field of material science.

In case of (b), based on comprehensive experimental campaigns comprising about 14,000 single
test results, the impact of several influencing parameters (classified into “screw”, “timber
product”, “application” and “loading”) on the withdrawal behaviour of self-tapping screws is
determined, discussed and described by means of empirical, stochastic and mechanical

modelling.

Those parameters, where a significant influence can be observed, are finally included in the
determination of a universal approach for the empirical prediction of the screw’s mean and
characteristic (5 %-) withdrawal strength f,, irrespective the timber product used (solid timber
and the board-based, laminated timber products glued and cross laminated timber) and the

position the screw is inserted into.






Kurzfassung

Axial beanspruchte, selbstbohrende Holzbauschrauben in Vollholz und geschichteten

Holzwerkstoffen

Im Zuge der letzten 25 Jahre sind selbstbohrende Holzbauschrauben die wahrscheinlich
bedeutendsten Verbindungsmittel im modernen Ingenieurholzbau geworden. Als wesentlichste
Griinde fiir ihren verbreiteten Einsatz sind ihre einfache und wirtschaftliche Montage ohne
Vorbohren sowie ihre flexible Geometrie zu nennen, die ihre Anwendung fiir eine ganze Reihe
unterschiedlicher Einsatzbereiche, gliederbar in Verbindungen und Verstirkungen, ermoglicht.
Unter Einschrankung des Betrachtungsbereiches auf die axiale Beanspruchung, zufolge welcher
die Schrauben wohl am Wirksamsten eingesetzt werden konnen, konzentriert sich die
vorliegende Arbeit auf das Schaffen von Grundlagenwissen hinsichtlich der Besonderheiten
dieses stiftférmigen Verbindungsmittels. Dies aufgeteilt in zwei Teilbereiche, welche sich
einerseits mit dem Produkt ,selbstbohrende Holzschraube® und andererseits mit dessen
Ausziehverhalten, der axialen Verbundwirkung der Schraube mit dem umgebenden

Holzwerkstoff, beschéftigen.

Im Rahmen des ersten Teilbereichs ist als wesentlichstes Ergebnis der Arbeit die Herleitung und
Verifizierung eines mechanischen Modells, welches die Beziehung der relevanten
Bemessungskenngrofien fins, fior und M, in Abhidngigkeit einer variierenden Gewindegeometrie
beschreibt, zu nennen. Ferner werden eine Reihe grundlegender Erkenntnisse zum
Ermiidungstragverhalten sowie zur wasserstoffinduzierten Spannungsrisskorrosion bei axialer

Beanspruchung, welche dem Themenbereich der Werkstoffkunde zuzuordnen sind, diskutiert.

Der zweite Teilbereich der Arbeit beinhaltet die Untersuchung, Diskussion und Beschreibung
(mittels empirischer, stochastischer und mechanischer Ansitze) der Auswirkungen einer
Variation unterschiedlicher Einflussparameter (eingeteilt in die Hauptgruppen ,,Schraube®,
,Holz“, ,Applikation“ und ,Beanspruchung®) auf das Ausziehtragverhalten der axial
beanspruchten, selbstbohrenden Holzbauschrauben. Dem zugrunde liegen rund 14.000

Einzelergebnisse aus einer umfangreichen Reihe an experimentellen Priifserien.

Jene Parameter, welche das Tragverhalten der Schrauben signifikant beeinflussen, werden in
weiterer Folge fiir die Herleitung eines universellen Ansatzes zur empirischen Vorhersage des
Mittelwertes und charakteristischen (5 %-) Wertes der Ausziehfestigkeit f,x der
Holzbauschrauben beriicksichtigt. Das Modell erméglicht letztendlich die Bestimmung von fi,
unabhiingig des verwendeten Holzwerkstoffes (Vollholz sowie die brettbasierenden,
geschichteten Holzwerkstoffe Brettschichtholz und Brettsperrholz) und der Lage der

Verschraubung im Holz.
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CHAPTER 1
MOTIVATION AND SCOPE
OF THIS THESIS

The application of screws for various purposes in everyday life accompanied the human development
from ancient times on. About 2,500 years ago, the main function of the first known “screw pumps” (note:
the theoretical principle was originally derived by Archimedes of Syracuse, 287 + 212 BC), commonly
consisting of a heavy wooden pole, a double or triple helix, built of wood strips (or bronze sheeting), and
a board coating, waterproofed with pitch, was to lift the water from a lower to an upper level of
plantation, c. f. Dalley and Oleson (2003). Even though this form of conveying technique is still applied,
e. g. in agriculture or heat technology, the modern screw application predominately aims on transmitting
axial or lateral forces between two components in the frame of joining technology. In detail, this concerns
a huge variety of different technical fields such as astronautics, aeronautics, shipping, optics and fine
mechanics, as well as automotive, medical and environmental engineering. Therefore applied screw
diameters range from less than one millimetre to more than half of a metre, combined with a total length
of several metres, c.f. Strassmann (2005). Apart from steel, as probably the main material for
manufacturing, not only further metals such as titan and aluminium, but also magnesium or various

synthetics are frequently applied for their production.

Concentrating on their use for connecting wooden components, the application of first (metallic) screws
with cut or rolled threads dates back to the 18™ century, c. f. Hiibner (2013a). For a long period of time,
ending in the late 1990s, this predominately comprised furniture, or — with respect to timber engineered
structures — laterally loaded joints as the common method of assembling the connections at that time. In
fact, the last 20 + 25 years of Central European research and development in timber engineering changed
a lot. The trussed systems for the hall constructions, as well as the post and beam or frame constructions
for the residential buildings, both parts of the timber lightweight construction technique, were gradually
replaced by solid-web girder systems and solid timber constructions, realised with laminar elements.
Consequently, solid timber (ST), as the primary building product in the past, lost its former relevance in
favour of glued laminated timber (GLT) or cross laminated timber (CLT), as board-based laminated
products, with cross-sectional dimensions, fulfilling the demands on the new construction types.
Nevertheless, structural systems, composed by these new and/or improved timber components, required
new solutions for specific details i. e. the normal and the transversal joints with high force components,
the (CLT) edge joints with comparatively high member thicknesses, as well as the weak timber areas,

stressed perpendicular to grain.
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The parallel ongoing development of the self-tapping screws, optimised for an insertion without pre-

drilling, combined with the idea of situating them in a way, they are loaded predominately in axial
direction, established several opportunities for applying them to fulfil the aforementioned demands. A
huge variety in geometry, currently limited by the outer thread diameters up to 14 mm and the thread
lengths up to 2000 mm, c. f. ETA-11/0190 (2013), enables the design and the realisation of powerful and
efficient timber- or metal-to-timber connections in one- or two-dimensional loadbearing structures. The
butt joints, transmitting several MN of tensile forces, or the pre-fabricated (transversal) system
connectors, optimised for a fast assembly on site, are just two well-known examples related. With regard
to timber components, stressed in perpendicular to grain or by shear, especially the aforementioned upper
limits of the outer thread diameter and the thread length enable a flexible and particularly invisible
reinforcement of the related member areas. If compared to the glued-in rods, as second alternative,
covering a similar bandwidth of application, the screws benefit from a fast and economic assembling and
a less effort in quality control. It has to be pointed out, that they consequently fulfil the aforementioned
demands in probably the most powerful way and thus have become indispensable in modern timber

engineering.

With regard to the design of the self-tapping screws, loaded in axial direction, focusing on the single
fastener performance, two main failure modes, namely the steel failure in tension, as well as the
withdrawal failure, are not only predominately considered for the structural design, but also govern the
suitability of this kind of fastener. The former one, reached by exceeding the material’s steel tensile
capacity, represents the maximum force, which is bearable by one screw, as the upper limit to be achieved
for realising an efficient connection or reinforcement. The latter one, describing the response of the local
timber surrounding the screw, is not less important, since it includes all the timber-relevant boundary

conditions for a related design and optimisation process.

It is worth pointing out, that both failure scenarios depend on and are influenced by several different
parameters, whose impact is not entirely known so far. With regard to the mechanical performance of the
screw itself, this especially concerns the quantitative influence of the production process, the thread
geometry, the loading and the environmental exposure on its (steel) tensile capacity. For simplifying their
development, testing and design process, a mechanical approximation of the relationship between the
screw tensile, bending and torsional properties would be a valuable contribution as well. In case of
withdrawal, the given lack of knowledge does more specifically comprise the interrelationships between
the main influencing parameters (the outer thread diameter, the axis-to-grain angle, the timber density), as
well as the lamination effects (of screws situated in GLT or CLT) and, again, the environmental exposure.
Especially concentrating on determining and describing these impacts for both failure scenarios, the
present thesis aims to summarise and supplement the fundamental know-how, regarding the axial

loadbearing behaviour of modern self-tapping screws, applied in solid timber and in the laminated timber
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products GLT and CLT. Worth pointing out, that this not only concerns their bearing resistance, but also
their stiffness and their ductility, as both are supplemental information for describing their force-
displacement relationship. The related content is separated into chapters 2 + 6, which shall be summarised

as follows:

Chapter 2 represents a general introduction to the topic self-tapping screws and their relevance in timber
engineering. Beginning with and basing on a general definition of the most important principles for the
design of timber connections, the historical background of the modern screw application from the early
1990s on is summarised in brief. Furthermore, the development process of the self-tapping screws, as
mirrored by and depending on the product and design standards, the judicial documents, such as building
laws, directives and regulations, as well as on the technical product assessments, is illustrated and
discussed. The third and final part of chapter 2 deals with a comprehensive literature survey regarding the
previously conducted works in this field, thematically separated into the active (connections) and the

passive (reinforcements) application of the self-tapping screws.

The content of chapter 3 is about the first core topic of this thesis, namely the mechanical material
behaviour of the self-tapping screws and consists of a comprehensive summary, regarding their
geometrical properties, as well as their production process, which especially concerns the thread rolling
and the steel hardening as production steps, governing the related properties. Furthermore, a mechanical
approach, basing on the Euler-Bernoulli’s beam theory, a geometrical 3D-model of the screw thread
surface, as well as on an ideal plastic material behaviour, is formulated to determine the main steel
product characteristics, i. e. the tensile capacity fins, the yield moment M, and the torsional capacity fir.
The related model verification comprises a comparison with the results, gained from several experimental
programmes and numerical (FE-) calculations. This knowledge is further applied for determining the
performance of the screws if loaded in axial tension. This not only covers an ideal screw thread geometry,
statically loaded in tension, but also the impact of further parameters, such as the production inaccuracies,
the type of loading (static vs. cyclic/fatigue), as well as the varying environmental conditions, the latter

provoking the phenomenon of hydrogen-induced stress corrosion cracking (HISCC).

In the frame of chapters 4 to 6, the focus is on the composite interaction between the screw thread and the
local timber area around, limited by the withdrawal failure in case of the axial loading. Thereby, chapter 4
describes the relevant scale of the timber material, as characterised by its size and local defects, as well as
by its main physical and mechanical parameters, the latter for the assumption of orthotropic material
behaviour. Furthermore, the term “layered clear wood” is introduced and defined by the lamination

parameters, specifically given for the screw insertion in GLT and CLT.
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As the second core topic of this thesis, chapter 5 comprehensively summarises, evaluates and describes

the impact of several parameters on the axial load carrying capacity of the self-tapping screws failing in
withdrawal. The related classification comprises four main categories, denoted as “screw”, “timber
product”, “application” and “loading”. The considerations mainly base on several experimental
campaigns, carried out at Graz University of Technology during the last 10 years and not only include the
property withdrawal strength, but also the stiffness and the ductility. Furthermore, the outcomes are
compared with the findings made so far, and in cases, where new effects are observed (interrelationship
of the timber density with further main parameters; impact of the number of the penetrated layers, the
moisture content variation, the gaps, etc.) subsequently described by specifically chosen approaches

(empirical, stochastic, mechanical).

Within chapter 6, results of chapter 5 are applied to derive a new model, determining the withdrawal
strength of the self-tapping screws, situated in solid timber and the laminated timber products GLT and
CLT. This multiplicative, universal approach consists of a reference withdrawal strength model,
modification factors covering the interrelationship between more than one influencing parameter, as well
as of single parameter impact models. While the latter are adopted from chapter 5, both former are
derived and discussed in this chapter. After a successful verification, an additional approach is derived for
determining the characteristic (5 %-) withdrawal strength, as this property is required for the ULS design,
according to ON EN 1990 (2013).

Finally, all relevant findings, made in this thesis, are summarised in chapter 7, leading to practical
recommendations, not only for the design of and the construction with axially loaded self-tapping screws,

but also for the testing issues and the fastener optimisation.
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CHAPTER 2

APPLICATION OF SELF-TAPPING
SCREWS IN MODERN TIMBER
ENGINEERING

2-1  INTRODUCTION

Within this first introductive chapter, the way and background of how self-tapping screws are applied in
modern timber engineering nowadays, is described and discussed. In line with the overall aim of this
thesis, the focus is mainly on their performance if stressed predominately in axial direction. Thus, the
time frame analysed begins with the early 1990s, when first measures were set, enabling this form of
application (as explained later on). It is worth mentioning that a more historical view on this topic,
especially concerning the development and production of (timber) screws in general, can be found
elsewhere, see e. g. Hiibner (2013a). In order to start this introduction with a structural performance
related comparison of self-tapping screws in dependence of their load-to-axis orientation (either axially or
laterally loaded or something in between), three main design criteria have to be considered when planning

a timber connection and are discussed as follows.

2-1.1 Design principles for an optimised connection

Gehri (1993) mentions the joint’s ductility D as the dominating principle, essentially influencing the
connection’s loadbearing behaviour. According to ON EN 12512 (2001), D is defined as a ratio between
the joint’s deformation at the ultimate load bearable, F, (which is in major cases 80 % of the maximum
load Fin.y after reaching this value, their definition is illustrated in Figure 2.1) and that at the yielding load
F. There are two main reasons for its major importance: first, a high ductility of the single fastener goes
along with a high ‘plastic’ deformation at load levels close to Fi.x and thus allows a load redistribution of
the fasteners in the connection. The consequences are (i) a joint’s bearing resistance Finay, as the sum of
all single fasteners’ bearing resistances Fi.; in average (which means, that the effective number of
fasteners, 7. is equal to n as the total number of fasteners) and (b) a decreased variability of Fina, if
compared to that of F,x; due to homogenisation effects. Second, a high ductility of the connection itself
enables a load redistribution of the total system (if overdeterminated), useful in case of timber members

applied as bearing components, commonly failing by brittle modes; c. f. Schickhofer (2006b).

The second relevant design criteria is defined by Gehri (1993) as the joint’s total bearing resistance,

Fiaxn, Widely classified by the efficiency nmax as the ratio between Fi.x, and the unjointed resistance of
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the structural members to be connected. High values of nm. enable a high utilisation of the structure’s

bearing components increasing its economic feasibility. In contrast, connections with a pronounced
ductile failure behaviour and low n.x are advantageous for structures exposed to seismic actions. Due to
their minor resistance if compared to the timber component failing by brittle mode, they are certainly the
weakest points in the structure dissipating energy in case of an earthquake. Commonly used capacity
design methods in seismic engineering are applied to ensure this typical behaviour, see Priestley et al.
(2007).

Finally, Gehri (1993) denotes the joint stiffness K, as the ratio between force F' and deformation v in the
linear elastic part of the force-deformation-relationship as the third principle regarding the compilation of
connections. In terms of serviceability limit state (SLS) design, timber structures, especially those with a
high number of joints such as trussed systems, benefit from stiff connections significantly decreasing
vertical displacements to be limited. Furthermore, certain ultimate limit state (ULS) design situations,
e. g. buckling of columns or bending of beams, composed by flexibly bonded composites also advantage
from rigid joints and joint lines improving their structural performance. In contrast, there are cases high
K. may negatively affect the timber structures’ loadbearing behaviour, especially in form of partially

restrained hinges, originally designed as moment-free joints.

Briefly-worded: for major fields of application all three criteria introduced, namely ductility, bearing
resistance, as well as stiffhess of a timber connection should be increased as far as possible, optimising
the joint’s structural performance and cost-efficiency. Based on mentioned requirements a qualitative
joint behaviour, similar to the typical bilinear force-deformation relationship of low carbon steel (high
stiffness in the linear elastic part followed by pronounced plastic deformation until failure occurs at a high

load level), seems to be the ideal solution of this matter.

Nevertheless, the behaviour of commonly applied connections in timber engineering deviates from this
ideal conception. In Figure 2.1, not only the force-deformation diagrams of different kinds of connections
but also those of the two main directions self-tapping screws are commonly loaded are illustrated (lateral
and axial; both experimental curves (referred to n = 1) were determined by Bratulic et al. (2014) in cross-
laminated timber, CLT). The different timber products and the fastener dimensions disable a quantitative
comparison of absolute values. Nevertheless, from a qualitative point of view, clear dependencies
between ductility, resistance and stiffness can be observed. They indicate an almost rigid behaviour of
connections with a rather high bearing resistance but minor ductility, such as glued joints or axially
loaded self-tapping screws. In contrast, shear plane connections, where dowels, bolts or self-tapping
screws are stressed perpendicular to their axis, reach high ultimate deformations (thus high values of
ductility), but are significantly weaker in terms of bearing resistance and stiffness. Although, all various

forms of connections applied in modern timber engineering cannot be represented by those given in
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Figure 2.1. The fact, that all three criteria are hardly fulfilled by one type of connection remains

obviously.
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Figure 2.1: Force-deformation relationships of different timber connections and fasteners, according to

Schickhofer (2006b) and Bratulic et al. (2014)

With special regard to both experimental curves related to differently applied self-tapping screws, the
angle between screw and load axis, € balances their structural behaviour: in case of lateral loading
(e =90 °), the comparatively smallest failure loads appear at maximal deformations (maximal ductility).
Consequently, decreasing € increases bearing resistance and stiffness, while ultimate deformation and
ductility are reduced. Extreme values are reached again at total axial load conditions (¢ =0 °). Bratulic
etal. (2014) detected the joint stiffness K, as a parameter mainly affected by varying e, extreme

differences between axial and lateral stiffness reach ratios even up to 35.

2-1.2 Historical background of modern screw application

Based on a literature survey (in Europe) concerning modern screw application, Kiing (1987) can be seen
as one of the first recognizing this favourable opportunity to benefit from axial load condition in terms of
stiffness and resistance. In order to rehabilitate timber floors with reinforced concrete (RFC) slabs acting
as a composite system, Kiing (1987) experimentally evaluated the suitability of traditional wood screws
(standardised e. g. according to DIN 571 (1986) at this time) as mechanical fasteners connecting both
components. It is worth mentioning, that those structural systems need very rigid connections in order to
activate the total bearing potential of timber and concrete. Part of his examinations was, that he tested two
values of o as an inclination angle between screw axis and fibre orientation, namely 60 ° and 90 °.

Although 60 ° describe a rather high inclination, Kiing observed remarkably increased strength and
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stiffness values of the connection line as a consequence of mainly axially loaded fasteners if compared to

those with a = 90 ° predominately stressed in bending. The only but essential disadvantage of this system
was the necessity of pre-drilling the timber component when using traditional wood screws, which in fact

causes high installation efforts.

Only a few years later, the Swiss company “SFS Group AG” firstly developed a timber-concrete
composite screw, c. f. Z-9.1-342 (2010), which has been geometrically optimised for this specific kind of
application. As given in Figure 2.2, this fastener, designed as a partially threaded timber screw, has to
transmit horizontal shear forces from the timber beam (threaded part) to the concrete slab (shanked part,
acts as common shear stud). Due to inclined positioning (o = 45 °) and the significant differences between
axial and lateral stiffness mentioned, the screw is again mainly loaded in withdrawal activating its
maximal bearing performance. Meierhofer (1993) summarises the first experiences made with this
innovative system and recommends fastener design by assuming truss-like load distribution as explained
later on. Furthermore, he reports test results carried out at the Swiss Federal Laboratories for Materials
Testing and Research (EMPA), indicating a roughly 15 times higher horizontal shear stiffness of the
inclined connection line if compared to perpendicular arrangement. It is worth mentioning, that they were

now able to install the fasteners without prior pre-drilling, significantly increasing the system’s cost-

efficiency.
«— concrete slab
§ = — <— sheeting
(boards)
v A v / \ <«— timber beam
timber screw shear stud
Figure 2.2: Left: SFS timber-concrete composite screw according to Z-9.1-342 (2010);

right: schematic illustration of a timber-concrete composite connection

Additional experimental and numerical investigations, concerning the loadbearing behaviour of timber-
concrete composite structures with timber screws, carried out by e. g. Blal and Schlager (1996), Bla3
etal. (1996) (investigated short- and long-time behaviour) and Frangi (2001) (investigated general

conditions and fire exposure) were improving the suitability of this system.

At this time timber-concrete composite systems were just one application field of self-tapping screws.
Between 1990 and 2000 especially partially threaded screws were often used to fasten thermal insulation
material on top of rafters, see Figure 2.3. As discussed in Bla (2000a), screws are again positioned
inclined and thus aimed to transmit the roof loads’ shear components by withdrawal instead of bending.
Due to the growing material thickness, caused by increasing requirements in terms of thermal building

insulation, the screws used therefore were produced with nominal (thread) diameters ¢ up to 12 mm and
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total lengths /irew Of even 500 mm. Compared to traditional wood screws according to DIN 571 (1986),
their advantages were again a simple installation without pre-drilling as well as their geometry especially

modified for this form of application.

roof loads

shear component

compression between
counter-batten and
mineral insulation

Vo

tensile force in screw

shear loads

counter-batten —»

thermal insulation

vapour barrier

roof boards

rafter

Figure 2.3: Fastening of thermal insulation material on top of rafters — detail and loadbearing model;

according to Blaf3 (2000b) and ETA-11/0190 (2013)

Figure 2.3 also illustrates the former mentioned truss-like loadbearing model assumption. Thereby, the
roof loads’ shear components, acting in parallel to the rafter’s system axis, are transmitted by the
horizontal (tensile) resistance component of the inclined positioned self-tapping screws. The equilibrium
is fulfilled by considering the tensile force in the screw and the compressive force between counter-batten
and insulation. Thus, the latter mentioned component applies additional compressive loads on the

insulation material.

In addition to the increasing use of partially threaded self-tapping timber screws with thread lengths,
equal or smaller than the traditional ones according to DIN 571 (1986), new types with continuous
threads over the whole length and diameters relevant for timber engineered structures (6 to 12 mm) were
first produced in the late 1990s, c. f. Bla3 (1998). The idea behind was to connect two timber components
together, e. g. in form of combined purlins, joints between main and secondary beams, as well as butt
joints, see Figure 2.4. If compared to partially threaded screws, also generally suitable for this purpose,
their main advantages are (i) an equal force transmission in tension and compression, see e. g. Bejtka
(2003), and (ii) threaded parts situated in both timber components, both failing in withdrawal, instead of

head pull-through as the weaker resistance governing the design of partially threaded screws.
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Figure 2.4: Application examples of fully threaded inclined self-tapping screws applied in timber connections;
according to Blafs (1998) and Blaf; and Bejtka (2004b),

a) combined purlins; b) joint between main and secondary beam; c) tensile butt joint

Another very important (or maybe the even more important) reason for the vast development of fully
threaded self-tapping screws is seen in their suitability for various kinds of reinforcement measures. A
trend, beginning in the 2™ half of the 20™ century is preferring laminated products such as glued
laminated timber (GLT, glulam) instead of solid timber (ST) as the primary timber building product in the
past. While geometrically limited ST was mainly applied in form of lightweight structures, such as truss
systems, the lamellar composed GLT allowed the production of solid web girders with hardly any
restriction regarding size and form. Consequently, (mainly) the geometrical conditions at specific
locations of tapered and/or curved GLT beams, e. g. supports (with or without notches), cut-outs, holes,
transversely loaded dowel-type connections and apex areas in combination with the well-known
weakness of timber if stressed perpendicular to grain, led to a significantly increasing demand for
solutions strengthening these zones. Due to their high load-carrying capacity in axial direction, as well as
their simplicity in terms of installation, fully threaded self-tapping screws are, in fact, an economical
alternative to commonly used glued-in rods or glued-on wood-based panels for this purpose (see Figure
2.5 and Figure 2.6). The first main related research was done at the Karlsruhe Institute of Technology
(KIT), see e. g. BlaB and Schmid (2001), Bla3 and Bejtka (2004a), Bejtka and Blal3 (2005), Bejtka (2005)
and Bejtka and Blaf3 (2006).

a) L b)

P L =—

Figure 2.5: Fully threaded self-tapping screws applied as beam reinforcements; according to Blaf3 and Bejtka
(2004a); a) compression perpendicular to grain at supporting; b) tension perpendicular to grain
at notched supporting; c) tension perpendicular to grain at hole; d) tension perpendicular to grain

in apex area
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Figure 2.6: Fully threaded self-tapping screws applied as reinforcements of dowel-type connections;
according to Blaf$ and Bejtka (2004a) and Blaf3 and Schmid (2001);

a) transversely (perpendicular to grain) loaded connection; b) longitudinally loaded butt joint

Back to screw application in form of connections. With special focus on the timber-to-timber butt joint,
illustrated in Figure 2.4, one main fact, concerning the activated screws’ loadbearing potential, has to be
discussed. Due to their application without pre-drilling, especially fully threaded self-tapping screws
require torsional resistances in a dimension only being achieved by steel hardening after rolling the thread
(c. f. section 3-3). Direct proportional to increasing torsional strengths f,,, steel tensile strengths f, reach
thus values above 1,000 N/mm?. As a consequence of connecting two timber elements, the total thread
length is divided into two penetration lengths /.¢; being far too short reaching withdrawal resistances up to
steel tensile capacities in major cases. To sum up: the fastener’s total bearing resistance can hardly be

activated by one of the joint details shown in Figure 2.4.

In order to achieve more powerful and economic connections, further developments regarding the
application of (especially) fully threaded self-tapping screws (with d <12 mm and /yyew < 600 mm)
concentrated on solutions with steel plates as outer members; see Figure 2.7 (a). This measure enables the
arrangement of the nearly whole screw thread in just one timber component controlling the failure mode
desired (either withdrawal or tensile steel) by varying its penetration depth. Between 2000 + 2010, this
optimisation procedure finally led to steel-to-timber butt joints with several hundreds of inclined
positioned self-tapping screws transmitting normal forces up to 10 MN (or even more), c. f. Krenn and
Schickhofer (2007), Krenn and Schickhofer (2009) and Brunauer (2009). It should be pointed out, that

such details demand strict regulations in terms of production accuracy and quality control.

In a more simple form, this efficient combination of inclined positioned self-tapping screws and metal
plates as outer members was also recognized and applied in form of system connectors, designated for

joining main and secondary beams. In contrast to formerly known solutions with screws, dowels or nails,
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perpendicular arranged to force direction and thus mainly loaded by shear, first connectors with inclined

positioned and predominately axially loaded self-tapping screws were developed in the early 2000s, c. f.
Z-9.1-550 (2007) and Figure 2.7 (b). As compared in section 2-1.1, the significantly increased bearing
resistances per fastener stressed in axial direction reduced their total number necessary by far, improving
the cost-efficiency of the system. Furthermore, the maximum number of fasteners, arrangeable in one
end-grain system connector, depends on the cross-section dimensions of the secondary beam. The only
measure, remarkably increasing the connector’s resistance, is to achieve each single fastener’s total
loadbearing potential, c. f. Hude (2005). Thus, inclined positioning of self-tapping screws, combined with
their optimised arrangement, led to the development of a high performing connection system reaching
total (vertical) resistances of more than 600 kN nowadays, c.f. ETA-11/0295 (2013). One related

example is shown in Figure 2.7 (c).
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Figure 2.7: Examples of screwed connections with metal plates as outer members; a) tensile loaded high

stressed steel-to-timber butt joint; b) system connector “EL” illustrated in Blaf3 (2004); c) system
connector “SHERPA connector” according to Flatscher and Augustin (2010);

More or less parallel to the successful development of self-tapping screws beginning in the 1990s, the
two-dimensional orthogonally laminated timber product CLT has raised up to one of the most commonly
used building materials in modern timber engineering, see Brandner et al. (2016a). In form of the so-
called “Solid Timber Construction Technique (STC)”, CLT panels, with dimensions up to roughly
18 x 3.0 x 0.4 m?, are applied as wall and floor elements, especially aiming to erect single family houses
and multi-storey residential or office buildings. In contrast to timber frame systems, using predominately
nails (in form of angle brackets and hold-downs) and clamps for joining horizontal and vertical members,

as well as planking material, CLT has higher requirements on the connection technique applied.

The main reasons therefore are (i) panel dimensions with thicknesses up to 400 mm, demanding fastener
lengths in the size of self-tapping screws and (ii) the ongoing trend of increasing storey numbers
necessitates connections being able to transmit especially high horizontal wind and earthquake loads, see
Figure 2.8 (c). Several thousands of screws are thus applied in just one CLT housing project, c. f.
Bernasconi (2012) and Jacob-Freitag (2013), which significantly contributes to theit fast growing sales

market.

12
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Figure 2.8: Fully and partially threaded self-tapping screws applied in CLT structures; a) floor-to-floor joint;

b) wall-to-wall joint, c) wall-to-floor-to-wall joint according to Bernasconi (2012)

In the last decades an increasing growth rate of deciduous trees has been observed in Central Europe; c. f.
Hiibner (2013a). Consequently, boards or veneers out of hardwood species, such as European beech
(Fagus sylvatica L.), European ash (Fraxinus excelsior L.) or birch (Betula Pendula) will gain significant
relevance as a competitive alternative to the predominately used softwood species Norway spruce (Picea
abies) or larch (Larix decidua Mill.) for composing laminated timber products. Due to their
comparatively higher strength and stiffness values, especially in tension and compression parallel to grain
direction, hardwood applications enable a remarkable reduction of cross-sectional areas. Since the axial
loadbearing capacity of self-tapping screws is mainly influenced by thread lengths inserted, application
concepts, where the screw is oriented in parallel to the member’s axis, seem to be the logical consequence
of this development. These steel-to-timber end-grain joints, schematically given in Figure 2.9, are focused
by recent investigations and can be regarded as one of the main research activities concerning self-tapping
screws in the near future; c. f. Gehri (2009), Gehri (2010), Grabner and Ringhofer (2014) and Meyer
(2016) for instance.
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Figure 2.9: Steel-to-timber end-grain joint connecting hardwood components

2-1.3 Intermediate conclusions

As discussed in section 2-1.2, self-tapping screws have been frequently used in timber engineered

structures for about 25 years. Starting with the first application fields as timber concrete composite
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connectors or special fasteners for thermal insulation on top of rafters, they gained significant relevance

as their huge potential as economical solutions in terms of timber-to-timber connections and various kinds
of reinforcement measures was recognised. A further optimisation enabled the arrangement of numerous
screws in highly stressed steel-to-timber joints or efficient system connectors. Especially in case of the
prior mentioned connections, their total loadbearing potential is activated by inserting the screw thread in
just one timber component, reaching steel tensile capacity as upper limit. The parallel and successful
development of cross-laminated timber, nowadays a building material of global interest, offered further
favourable opportunities for their copious application in form of point and line connections. The current
research and development (R&D) activities mainly concentrate on screw application in engineered
hardwood products, especially regarding the loadbearing behaviour and potential of steel-to-timber end-

grain joints.

With regard to the examples, described in section 2-1.2, modern structural timber design always aims to
arrange self-tapping screws in a way they are predominately loaded in axial direction. Furthermore, the
mentioned various application types can be divided in two main fields, namely in “connection” and

“reinforcement”, see Figure 2.10.

‘ Axially Loaded Self-Tapping Screws ‘

‘ active® application in form of connections ‘ ,,passive” application in form of reinforcements ‘

.. timber-to-timber Compression perp. to supporting
normal joints . i ; . .
steel-to-timber grain & shear load introduction
apex zone

notches
cut-outs, holes
load introduction

. timber-to-timber B Ro1er K
% moment joints K # connections K single> Tsingle
system connectors Ny

timber-to-timber

# transversal joints { tension perp. to grain

system connectors

‘ pointwise (ST, GLT) and linear (CLT)

Figure 2.10: Classification of axially loaded self-tapping screws in modern timber engineering, according to

Ringhofer et al. (2014a)

One possibility differing between both fields can be seen in their function regarding the construction’s
structural performance: in those cases, where screws connect two bearing components, they “actively”
contribute to the system’s loadbearing behaviour. In contrast, if they are applied as reinforcements, they

are arranged in just one component, “passively” improving its bearing resistance at selected detail points.
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Consequently, the main research activities, done so far, will be discussed in two separate sections 2-3

(connections) and 2-4 (reinforcements).

If compared to other commonly used mechanical fastening systems in timber engineering, the main
advantages of screws are their simple installation without pre-drilling and a flexible geometry being
adaptable for many different purposes. Especially the latter mentioned fact requires product’s technical
guidelines for application and design, being suitable for dynamical adaptions as a consequence of
permanently growing application fields. This is also a main reason why self-tapping screws are ruled in
technical assessments (or approvals), able to cover the latest findings and developments (state-of-
knowledge), instead of product and design standards subjected to much longer actualisation rates,
mirroring state-of-art, c. f. Jobstl (2010). As a consequence, beginning in the early 1990s, the study of
these documents not only provides a deeper insight into the development of the product “self-tapping
screw” itself within this timeframe, but also enables the illustration and comparison of selected product
characteristics between different manufactures, application fields and issue dates. In section 2-2, the
development of product and design regulations regarding self-tapping screws during the last 25 years is
thus treated more in detail. The geographical focus is thereby set on Central Europe, which especially

includes the so-called D-A-CH countries (Germany, Austria and Switzerland).

2-2 DEVELOPMENT OF APPROVALS AND
STANDARDISATION WITH FOCUS ON SCREWS

As mentioned in section 2-1.3, considered as a common circumstance for innovative fasteners and
connection systems (at least in Europe), the application and design of self-tapping screws, as well as their
geometrical characteristics, are ruled in so-called European Technical Assessments (ETAs, formerly
known as European Technical Approvals) nowadays. The corresponding judicial background, based on
EU Regulation No 305/2011, c. f. European Union (2011), is together with the regulations being valid
before this document was published discussed in section 2-2.4. When designing timber connections by
using self-tapping screws, the somewhat complex interaction of design standards and technical
assessments/approvals has to be focused more in detail. Thus, sections 2-2.1 to 2-2.3 summarise the
development process regarding standardisation of design standards in Austria, Germany and Switzerland
from the early 1990s on, as well as the current situation in Europe. The concentration is thereby on
chapters related to the application and design of screwed connections predominately loaded in axial

direction.
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2-2.1 Standardisation in Austria

2-2.1.1 General comments

Regarding the development of Austrian timber design standards during the last 25 years, three main

periods have to be pointed out and separately discussed:

Between 1990 and 2006, all in all six different versions of the document ON B 4100-2 (2008) “Timber
Structures — Part 2: Design and construction” were published by the Austrian Standards Institute. Similar
to the standardisation in Germany and Switzerland, valid at least until 2003, this design guideline
principally bases on a global (deterministic) safety concept, where verification process has to be done as
follows:

s, <P and o, <o @2.1)

T ox = Oper
where S, is the nominal (mean) value of the action, R,, the nominal (mean) value of the resistance, y, the
global safety factor, o,y the existing stress and oy, the permissible stress. As given in eq. (2.1), the action

Sm has to be less than, or equal to, the resistance R,, divided by a global safety factor namely v,

considering both uncertainties in terms of action and resistance.

On January 1, 2006, the standard ON EN 1995-1-1 (2006), the first official version of Eurocode 5
(European design standard for timber structures), was published in Austria. From that time on, the
document ONR 21990 (2008) allowed the parallel application of the codes ON B 4100-2 (2004) and ON
EN 1995-1-1 (2006) for timber design purposes. This so-called “coexistence period” lasted roughly three
years and ended at May 31, 2009. In contrast to the ON B 4100-2 series, Eurocodes base on a semi-
probabilistic safety concept, where partial multiplicative safety factors namely y; increase actions on the
one hand and decrease resistances on the other hand. Furthermore, the characteristic (k) values, instead of

nominal (mean) values, for actions and resistances are applied, see eq. (2.2).

Besyos,, 2.2)

where Sy is the characteristic value of the action, Ry the characteristic value of the resistance, yg the partial
safety factor of the resistance and ys the partial safety factor of the action. Since July 1, 2009, ON EN
1995-1-1 (2009), its replacement documents and their national appendices (“B-documents”) have to be

solely considered for the structural design of timber buildings.
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2-2.1.2 Regulations in ON B 4100-2 series

This subsection includes a discussion of the documents ON B 4100-2 (1981), ON B 4100-2 (1997), ON B
4100-2 (2003a), ON B 4100-2 (2003b), ON B 4100-2 (2004) and ON B 4100-2 (2008).

e ONB4100-2 (1981)

In the first document of this series, ON B 4100-2 (1981), regarding the analysed timeframe, the design of
connections is declared within section 2.3.2. The regulations, concerning the determination of permissible
forces Ryr of “novel connections” (which corresponds to self-tapping screws at this time), basing on

laboratory examinations are given in subsection 2.3.2.1 (3), see

R
Ry son @3)
Furthermore, subsection 2.3.2.5 of ON B 4100-2 (1981) covers the application and design of screwed
connections. Three main facts are worth to be pointed out: (i) the minimum shank diameter dg, had to be
at least 5 mm, (ii) pre-drilling was mandatory and (iii) the consideration of screws situated in end-grain
joints (o= 0°) for structural purposes was not allowed. Although it is not explicitly mentioned within
section 2.3.2.5, especially point (i) and (ii), as well as the issue date of this standard indicate the exclusive
consideration of traditional wood screws for structural purposes in ON B 4100-2 (1981). Their
permissible force in axial direction N,pe (in N) in “dry wood” (irrespective the species) had to be

determined according to 2.3.2.5 (4):

Nyper =300-s,-d, and 4d, <s,<7d,,, (2.4)

with s, as the inserted threaded part (including the screw tip) and dy, as the already mentioned shank
diameter — both in cm. The minimum spacing requirements were equal to those of dowels, see Table 2.1.
For reasons of a better comparability of all documents, discussed in section 2-2, the minimum spacings
given are notated according to the latest version of ON EN 1995-1-1 (2015), see Figure 2.11. Thereby, a,
and a, are the distances between two fasteners in and perpendicular to grain direction, @, cg as unloaded

end and a; c¢ as unloaded edge distance (as a consequence of pure axial loading considered).
e ONB4100-2 (1997)

In ON B 4100-2 (1997), as replacement document of ON B 4100-2 (1981), now the structural design of
connections was ruled in section 4.2. Again, the general subsection 4.2.1 (5) of ON B 4100-2 (1997)
contains the regulations concerning the (experimental) determination of permissible forces Rp.. of
mechanical connections, which were not ruled within this standard. As given in the therein referred

section 6 “New Products and Building Techniques”, this process had to be done according to eq. (2.5):
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R

m

. 13.00
R, =min{ > 25)

min

2.50

whereat R, is the minimum value of a series, containing at least five tests with specimen of equal
dimension. While the way determining N, e, has not been remarkably changed (c. f. eq. (2.6), s, and dq,
now in mm), now the minimum spacing requirements were equal to nails with pre-drilled holes (section

4.2.5.3), see Table 2.1. Moreover, the necessity of pre-drilling for dy, > 6 mm was ruled in section 5.4.5.

N,

Zper

=3-5,+d,, and 4d, <5, <12d, with dy>4 mm. (2.6)

o ONB 4100-2 (2003a), ON B 4100-2 (2003b), ON B 4100-2 (2004) and ON B 4100-2 (2008)

Compared to ON B 4100-2 (1997) in the above listed documents no relevant changes have been made
concerning design and application of screws in timber connections. The only exceptions are the increase
of ay ¢ to 5 times dy, (c. f. Table 2.1) and the fact, that the fastener design is ruled in section 5.2 now. The
aforementioned assumption, ON B 4100-2 series only cover traditional wood screws in the relevant
sections, still remains. Furthermore, it is worth mentioning that the documents analysed do not consider
any limitations regarding the angle between screw axis to grain direction o in the frame of screw
application and design. Note: sole exception is the permission of screws applied in end-grain joints acc. to
ON B 4100-2 (1981).

Table 2.1: Minimum spacings of screws according to ON B 4100-2 series, notation according to

ON EN 1995-1-1 (2015)

standard a, a ai,cc a,cG

ON B 4100-2 (1981) 5 dg 3 dg 3 dg, 3 dg

ON B 4100-2 (1997) 5dg 5 dg S5dan 3 dan

ON B 4100-2 (2003a), ON B 4100-2 (2008) 5da 5dg 5dan 5 da
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Figure 2.11: Minimum distances of predominately axially loaded screws according to ON EN 1995-1-1 (2015)

2-2.1.3 Regulations in ON EN 1995-1-1 series

As mentioned in section 2-2.1.1, the first official version of Eurocode 5 has been published in Austria on
January 1, 2006. In order to describe the development of EN 1995-1-1, regarding the regulations of
screwed connections from the early stage of this standard on, this subsection not only includes a
discussion of the documents ON EN 1995-1-1 (2006), ON EN 1995-1-1 (2009), ON EN 1995-1-1 (2014),
ON EN 1995-1-1 (2015), but also of their forerunners ON ENV 1995-1-1 (1992), ON ENV 1995-1-1
(1995) and prEN 1995-1-1 (1999). All related national appendices such as ON B 1995-1-1 (2006), ON B
1995-1-1 (2009), ON B 1995-1-1 (2014) and ON B 1995-1-1 (2015) are considered, too.

e ONENV 1995-1-1 (1992)

The document ON ENV 1995-1-1 (1992) was the first (draft) issue of Eurocode 5 published for the
application in Austria, c. f. Austrian Standards (2015). Therein, connections are regulated in its section 6,
screwed joints consequently in subsection 6.7. The design withdrawal capacity for axially loaded screws

(at @ =90 °), Rq (in N) had to be determined according to equations 6.7.2a and b, see

Ry=fog-(l;—d,) and f,, =(1.5+0.6d,)[p, . 2.7

where f,q is seen as the withdrawal parameter (own assumption, not mentioned by name in this
document) in N/mm, / the threaded length in the member receiving the screw (including its tip), ds, the
shank diameter (denoted as d in this document), both in mm, and py the characteristic density of the wood
product in kg/m?®. The latter mentioned parameter is commonly used as a material indicator, describing
shear and embedment strength of dowel-type fasteners in modern design codes, c. f. ON EN 1995-1-1
(2015). In contrast to eq.(2.6), implemented in ON B 4100-2 series where no material parameter
considers the inherent strength variability of timber products, the density in eq.(2.7) enables the

consideration of different withdrawal properties, caused by different strength classes of one wood species
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applied, as well as those of different wood species in general. Furthermore, also deviating from
ON B 4100, Iy is reduced by one times the diameter, maybe taking the screw tip barely contributing to
axial loadbearing performance into account. Similar to ON B 4100-2, the minimum penetration depth is
limited to 4 dy,. With regard to the screw application in form of an axially loaded connection, minimum
distances should be chosen equally to lateral loading; see Table 2.2. As given in section 7.4(9) of this

standard, all screws with dg> 5 mm should be pre-drilled.

Table 2.2: Minimum spacings of screws according to ON ENV 1995-1-1 (1992), notation according to
ON EN 1995-1-1 (2015)

minimum dg, <8 mm dg, > 8 mm
spacings without pre-drilling with pre-drilling
P < 420 kg/m? 420 < py < 500 kg/m?®

dg<5 mm: 10 dy,

“ dy> 5 mm: 12 dy, 15 dw 7 dy, 4d,
a 5 dsh 5 dsh 3 dsh 4 dsh
aice 10 dg 15 dg, 7 dy, 4d,
face 3 dan 7 d, 3 dg, 3dg,

Note: in Table 2.2, each cos- or sin-components increasing the specific distance a; are neglected.
o ONENV 1995-1-1 (1995)

The regulations, concerning axially loaded screwed connections in the second draft version of Eurocode 5
published on February 1, 1995 in Austria, do not differ remarkably from the document discussed before.
The sole exceptions are the requirements on minimum distances between two screws and dy, < 8 mm, see
Table 2.3.

Table 2.3: Minimum spacings of screws in ON ENV 1995-1-1 (1995), only those deviating from ON ENV
1995-1-1 (1992); notation according to ON EN 1995-1-1 (2015)

minimum spacings dg <8 mm
without pre-drilling with pre-drilling
P <420 kg/m? 420 < p, <500 kg/m?
a 5 dg 7 dgn 4 dg,
a 5 dqn 7 din 3 dan

Note: in Table 2.3, each cos- or sin-components increasing the specific distance a; are neglected.
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o prEN 1995-1-1 (1999)

prEN 1995-1-1 (1999) is identified as the first working draft for EN 1995-1-1 (2004) (general European
version) and has not been published as Austrian draft standard. Its specific regulations on screwed
connections significantly differ from the aforementioned codes and are majorly influencing the following
documents. Thus, it needs to be discussed in this section. Now the connections are ruled in section 8,
whereat subsection 8.7.2 especially concentrates on axially loaded screws. Therein, point 8.7.2(1) firstly
mentions different failure mechanism of such connections: (i) withdrawal, (ii) head pull-through and (iii)
a so-called pull-out failure of a whole timber block with a group of screws (denoted as plug shear).
Furthermore, equal to modern standards and approvals/assessments, d is denoted as the outer thread
diameter and applied for determining the characteristic withdrawal capacity Ry instead of the formerly
used shank diameter dg,, which additionally should be less than d; according to prEN 1995-1-1 (1999),

see

/. v,90k

sin® o+ gcos2 o

R =f, (n-d-1;) with £, = and fg, =1.2-107-p,°-d ™. (2.8)

In eq. (2.8), determination bases on f,x as the characteristic withdrawal strength in N/mm?, firstly
considering the significant influence of o on withdrawal properties. Since no related limitations were
given, prEN 1995-1-1 (1999) allowed the application of screwed connections irrespective their
arrangement in the timber product. Furthermore, the so-called group effect, reducing the resistance of a

connection with more than one fastener, is given in prEN 1995-1-1 (1999) for the first time, see
n 0.8
Ry = 2(5) forn>2, 2.9)

with ner as the effective number of screws and n as the total number of screws acting together in a
connection. Similar to the aforementioned standards, the minimum penetration depth of the threaded part
of the screw, lermin (including its tip) had to be at least 4 d. Now the minimum spacings were treated
separately from the ones of laterally loaded screwed connections, see Table 2.4. The therein made
differentiations in dependence of o are especially worth to be pointed out. Similar to the documents

discussed so far, screws with diameters > 5 mm should be pre-drilled.
e ONEN 1995-1-1 (2006) and ON B 1995-1-1 (2006)

ON EN 1995-1-1 (2006), as the first official version of Eurocode 5 published in Austria, is identical with
the general European version EN 1995-1-1 (2004). Thus, both documents are not discussed separately. If
compared to prEN 1995-1-1 (1999), some remarkable changes have been made regarding the axial
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loadbearing design: (a) the screw failure in tension (including screw head tear-off) has been added to the
failure modes (i) to (iii) as listed before, and (b) determining the withdrawal capacity F,,,rx had to be

executed as follows:

Sk

mand fox =3.6:107p 7. (2.10)

0.8 - .
Frome =t (0d 1) fraios Sanar =
Furthermore, the method calculating the effective number of screws acting together in one connection, 7.¢

has been simplified as given in eq. (2.11):
n,=n". (2.11)

With regard to the requirements concerning screw application, /ermin (now without the tip, considered as a
reduction of one d) was increased to 6 d, while the minimum spacings have been kept the same.
Furthermore, the minimal diameter, where no pre-drilling was necessary, was also increased to 6 mm.
Within the national appendix ON B 1995-1-1 (2006) no specifications have been made regarding axially

loaded screwed connections.
e ONEN 1995-1-1 (2009) and ON B 1995-1-1 (2009)

As mentioned in section 2-2.1.1, ON EN 1995-1-1 (2009) together with its national appendix ON B 1995-
1-1 (2009) were the first versions of Eurocode 5 exclusively ruling the construction and design of timber
buildings in Austria. Both differ significantly from older versions in terms of content and volume. With
regard to screwed connections, especially the amendment document EN 1995-1-1:2004/A1 (2008),
published during the Austrian coexistence period (2006 — 2009) and considered in these new versions of
Eurocode 5, influenced the related sections 8.7.2 and 10.4.5 of ON EN 1995-1-1 (2009) in a major way.
With regard to the axial loadbearing design, buckling of screws loaded in compression (e. g. in form of
reinforcement measures, see section 2-1.2), has been added to the list of failure mechanisms.

Furthermore, the method Fy o ri is determined, has been changed remarkably:

Ry fos - d g Ky
1.2-cos> a+sin’ a

ax,o,Rk =

d
with f,, =0.52-d"**-I.>"-py* and k, =min{é . (12
1

While new parameters, such as k4 as a correction factor for diameters less than 8 mm, are rare, the
regression function determining f,«x (the value now included the circle constant z, but again denoted as
“strength”), as well as the term considering the influence of o on withdrawal capacity were significantly
modified. In clear contrast to eq. (2.8), given in prEN 1995-1-1 (1999), a lower limit of 30 ° between

screw axis and grain direction was established.
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In terms of the screw application the minimum spacings have been increased by far (see Table 2.4) while
the requirement of /¢ min = 6 d, equal to the minimal thread length according to ON EN 14592 (2009), has
been adopted. In addition, new criteria were introduced: on the one hand, a minimum thickness ¢ of the
timber product, where the screw is inserted into, was set to 12 d and on the other hand the following

requirements on screw geometry were defined in accordance with ON EN 14592 (2009):

e 6mm<d<12mm,and

e 0.60<d./d=<0.75,

where d, is the inner thread diameter of the screw. The latter mentioned standard ON EN 14592 (2009) as
well as its currently valid replacement document ON EN 14592 (2012) influenced the test procedure of
several screw design parameters and CE-labelling of the product itself in a major way, and are thus
separately discussed in section 2-2.4. In those cases when these geometrical conditions are not fulfilled,
the characteristic withdrawal strength f,.x in eq. (2.12) has to be experimentally determined according to
ON EN 14592 (2009). This, together with eq. (2.12), multiplied by the factor (py/p,)"*, where p,

considers the density of the timber material used for these tests.

Table 2.4: Minimum spacings of screws according to Eurocode 5 series, beginning with prEN 1995-1-1
(1999); notation according to ON EN 1995-1-1 (2015)

standard a a a,ce [ZXee
prEN 1995-1-1 (1999), at right angle to the grain 4d 4d 4d 4d
ON EN 1995-1-1 (2006) in end grain face 4d 25d

ON EN 1995-1-1 (2009) to

ON EN 1995-1-1 (2015) 7d o 5d 104 4d

With regard to section 10.4.5 in ON EN 1995-1-1 (2009), the pre-drilling requirement for screws with
d>6 mm (in softwood) did not concern the modern self-tapping timber screws any more, while the

hardwood application of screws necessitates this procedure in principle.

In contrast to older versions, the Austrian appendix ON B 1995-1-1 (2009) included comments
concerning both relevant sections, 8.7 and 10.4.5 in ON EN 1995-1-1 (2009). Therein, the application and
design of screws, according to their European Technical Approvals (ETAs), is explicitly recommended in
cases, where the regulations deviate from those given in ON EN 14592 (2009). It should be pointed out,
that on the issue date of these documents no ETA concerning self-tapping screws was existing, c. f.

section 2-2.5.
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e ONEN 1995-1-1 (2014) and ON B 1995-1-1 (2014)

Both documents were published on November 15, 2014. While the regulations concerning the screwed
connections have not been changed in the EN part, ON B 1995-1-1 (2014) includes several related
national specifications. The already mentioned recommendation, designing screws according to ETAs as
alternative to the regulations given in section 8.7, has been adopted. Furthermore, a new Annex K, firstly
including design rules for CLT as a structural building material, has been provided. Due to its cross-
layered inhomogeneous lay-up, the regulations regarding the position of screws and their design in ON
EN 1995-1-1 (2014), section 8.7.2 are not sufficient to cover all application possibilities in CLT side and
narrow faces (definition shown in Figure 2.12). Consequently, Annex K specifies this form of application
as follows: In contrast to ON EN 1995-1-1 (2014), letmin is generally reduced to 4 d. When positioned in
the CLT panels’ narrow faces, section K.8.7.2 introduces three further geometrical requirements,
depending on the outer thread diameter to be fulfilled; namely #cprmin @8 minimal panel thickness, # min as
minimal layer thickness, where the screw is placed into, and /,, as minimal insertion length, see
Table 2.5. Furthermore, the lower limits for d, as well as the minimum spacings between two fasteners
with respect to the panel’s ends and edges — indices “3” and “4” instead of “1” and “2” according to ON
EN 1995-1-1 (2014) — both again depending on the screw position, are outlined. The comparatively
higher d-value for the narrow face application is caused by the possibility of gaps, which are currently
limited to W <6 mm, c.f. Brandner (2013a), between two wooden boards in one panel layer,
significantly decreasing the withdrawal resistance if the screw is placed into, see Grabner (2013). While
the withdrawal capacity Fyyqrx Of screws in CLT side faces may be determined according to eq. (2.12),

the narrow face application again requires a special treatment:
Flone =20-d°%-13. (2.13)

As a consequence of different axis-to-grain angles a in CLT narrow faces, ON B 1995-1-1 (2014)
suggests to situate the screws in layers with o =90 °, if possible. If not, only partially threaded screws

should be used, including the boundary condition

L, =3d+1,. (2.14)

min

In case of o > 45 ° and screws are arranged in just one layer, F gy determined according to eq. (2.13) can

be increased by multiplying it with the factor 1.25.
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Table 2.5: Minimum spacings and other geometrical requirements of screws in CLT side and narrow faces;

according to ON B 1995-1-1 (2014)

pOSiﬁOﬂ a a asc Ay tCLT,min tl,min Imin dmin
side face 4d 25d 6d 25d 6 mm
d<8mm:3d
narrow face 10d 3d 7d S5d 10d d>8mm:2d 10d 8mm
a3,c a; _— -
s
¥ & + =
s a3 a,
e % T
F - =
w w
as . a =
+ > ! side face :.,J E
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Figure 2.12: Minimum distances of predominately axially loaded screws in CLT side and narrow faces;

according to ON B 1995-1-1 (2014)

Finally, and as a consequence of the linear (one dimensional) character of typical CLT connections,
section K.10 in ON B 1995-1-1 (2014) also provides different kinds of maximum distances enax; between

two fasteners/connectors to be kept. With regard to screws, they are

e line connection CLT with CLT: €max = 500 mm
e line connection CLT with GLT: Emax = 500 mm

e line connection CLT with steel beams: ey = 750 mm.

The outer thread diameter d should be at least 8 mm for loadbearing CLT connections, excluding the
aforementioned d = 6 mm side face criteria, being only applicable for stepped joints. Furthermore /ey as
the total length of the screw, should be at least 1.5 times the thickness of the CLT panel where its head is

placed into. In case of stepped joints, /ey is limited to > 0.8 fcrt.
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e ONEN 1995-1-1 (2015) and ON B 1995-1-1 (2015)

The current Austrian version of Eurocode 5 was issued on June 16, 2015. Regulations concerning axially
loaded self-tapping screws were majorily adopted from the forerunner documents. Sole exception is the

minimum layer thickness requirement expressed in Table 2.5, which was corrected as follows:

3d for d>8mm
Ly min (2.15)

- 2d for d<8mm’

2-2.2 Standardisation in Germany

2-2.2.1 General comments

Similar to Austrian history, regarding the development of timber design standards introduced in section 2-
2.1.1, there are also three different periods of German standardisation worth to be separately discussed.
Between 1990 and 2004, national DIN standards DIN 1052 P1 (1988) (design and calculation), DIN 1052
P2 (1988) (mechanical joints) and DIN 1052 P3 (1988) (buildings constructed from timber panels),
including a corrigendum published in 1996, were provided by the German Institute for Standardisation in

order to design timber structures.

Equal to ON B 4100-2 series, these documents ruled the design process by a deterministic safety concept.
Unlike Austria, where the safety concept in ON B 4100-2 has never been changed within the document’s
validity period, the German replacement document DIN 1052 (2004) already contained a semi-
probabilistic safety concept comparable to Eurocode 5. Between 2004 and 2010, DIN 1052 (2004), later
DIN 1052 (2008) and DIN 1052 C1 (2010) (corrigendum) had to be solely considered for design
purposes. The German coexistence period, regulated by the so-called Model List of Technical Building
Rules (MLTB), c.f. ISN-ARGEBAU (2014), started in December 2011 and lasted till July 1, 2012
(December 31, 2013 in the countries Hesse and Bavaria). Within this time period, DIN EN 1995-1-1
(2010), together with its national appendix DIN EN 1995-1-1/NA (2010) as the first official German

Eurocode 5 versions, were applicable in parallel to DIN 1052.

Since January 1, 2014 at latest, the European standardisation in form of DIN EN 1995-1-1 (2010) and the
current national version DIN EN 1995-1-1/NA (2013) are valid. In strict contrast to Austrian conditions,
the national standard DIN 1052-10 (2012) still supplements both Eurocode 5 documents in terms of

specific design situations.

2-2.2.2 Regulations in DIN 1052 series

This subsection includes a discussion of the documents DIN 1052 P2 (1988), DIN 1052 (2004), DIN
1052 (2008) and DIN 1052 C1 (2010).
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e DIN 1052 P2 (1988)

Published in 1988 the DIN 1052 document contained three parts overall, each treating specific topics,
such as mechanical fasteners specified in DIN 1052 P2 (1988). Therein, section 9 rules the design of
screwed connections, confined to the exclusive application of pre-drilled traditional wood screws,
according to DIN 96 (1986), DIN 97 (1986) and DIN 571 (1986), in subsection 9.1. The permissible
bearing capacity in terms of axial loading, as well as the boundary conditions concerning the minimum
shank diameter, effective length and minimum spacings are equal to ON B 4100-2 (1997), as discussed in
2-2.1.2, see eq. (2.6) and Table 2.1. Furthermore, general notes, given in section 3.4 of DIN 1052 P2
(1988), forbid the arrangement of screws as a loadbearing connection in end-grain joints. There are no

additional comments limiting o.
e DIN 1052 (2004)

As already mentioned in section 2-2.2.1, DIN 1052 (2004) as a replacement document of DIN 1052 P2
(1988), regarding the design of fasteners, already contained a semi-probabilistic safety concept.
Furthermore, this document explicitly mentions the application of non-predrilled (except py exceeds
500 kg/m* and/or Douglas fir is used) self-tapping screws within section 12.6 as an alternative to
traditional wood screws with threads according to DIN 7998 (1975). As a consequence of product
characteristics, deviating from the mentioned standards related, predominately in terms of geometry, the
suitability of self-tapping screws as loadbearing fasteners for timber engineered structures had to be
verified in national technical approvals (NTAs, c. f. section 2-2.4). R., as the withdrawal screw capacity
(in softwood), had to be determined as minimum of both failure mechanisms “withdrawal” and “head

pull-through”, see

.fi,k'd'lcf

sin® o+ gcos2 o

R, =min

ax,

o e [ - (2.16)

Hereby, fix and fox are denoted as the characteristic withdrawal (including m) and head pull-through
parameters, both in N/mm?, divided into three loadbearing classes 1, 2, 3 and A, B, C, see Table 2.6.
Furthermore, dpeaq is the diameter of the screw head or the washer (in original form with the index k) and
Ie¢ the inserted threaded part of the screw including its tip. For traditional wood screws the loadbearing
class 2A may have been applied, while in terms of self-tapping screws, the related values published in
NTAs had to be used. In clear contrast to the similar formulation for determining R,k according to prEN

1995-1-1 (1999), given in eq. (2.8), a is limited to 45 ° <a. <90 °. In case of “steel failure in tension”,
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also mentioned as mechanism to be verified, section 12.8.2(7) regulates the determination of R, for

traditional wood screws, see eq. (2.16).
R, =75-1-(0.9-d)", 2.17)

which bases on a steel tensile strength £, of 300 N/mm? far below that of self-tapping screws, again given
in the related NTA. As a consequence that no related regulations are given in DIN 1052 (2004) and
deviating from Eurocode 5 series, beginning with prEN 1995-1-1 (1999), the effective number of

fasteners in one connection, n.r was set equal to its total number ».

Table 2.6: Classification of screw strength parameters according to DIN 1052 (2004)
loadbearing class fix loadbearing class frx
1 60-10°-p2 A 60-10°°-p;
2 70107 -p? B 80-107°-p;
3 80-10°-p; C 100-10°°-p;

With regard to the minimum spacings between two screws and to the timber product’s ends and edges,
DIN 1052 (2004), section 12.8.2(8) regulates their application irrespective of the angle between load and
screw axis. Furthermore, similar to ON ENV 1995-1-1 (1992) and ON ENV 1995-1-1 (1995) (c. f.
Table 2.2 and Table 2.3), but without the differentiation in dependence of d smaller or bigger than 8 mm,

screws should be treated equally to nails, see Table 2.7.

Table 2.7: Minimum spacings of screws according to DIN 1052 (2004)
minimum spacings without pre-drilling with pre-drilling
px <420 kg/m? 420 < py < 500 kg/m?
a 5d 7d 3d
a, 5d 7d 3d
d<5mm:7d
4ce d>5mm: 10d 15d 7d
axcc 5d 7d 3d

Note: in Table 2.7, each cos- or sin-components increasing the specific distance a; are neglected.

Similar to ON EN 1995-1-1 (2009) and to avoid splitting failure, a minimum thickness ¢ of the timber
product applied was introduced and determined as follows:

Timber in general: z:max{14-d;(13-d—30)-2p0ko}. (2.18)
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Pine softwood and components made of other softwoods if aycg>10d (14 d) and p, <420 kg/m?

(500 kg/m?): ‘= max{7»d;(13-d—30)-%}. (2.19)

e DIN 1052 (2008) and DIN 1052 C1 (2010)

Compared to the previously discussed DIN 1052 (2004), no remarkable changes, regarding the design and
application of axially loaded self-tapping screws, have been made in DIN 1052 (2008) and later in DIN
1052 C1 (2010). The only exception is found in the diameter used for determining the steel tensile
capacity according to eq. (2.17). Therein, the product 0.9 - d has been replaced by the inner thread

diameter d..

2-2.2.3 Regulations in DIN EN 1995-1-1 series

In addition to a discussion of DIN EN 1995-1-1 (2010), together with DIN EN 1995-1-1/NA (2010) and
subsequently DIN EN 1995-1-1/NA (2013) the first official version of Eurocode 5 applied in Germany,
this section also includes some short comments on DIN V ENV 1995-1-1 (1994) and DIN V ENV 1995-
1-1 NAD (1995). This, due to the fact, that both latter mentioned standards are referred in several NTAs

as an alternative to the also valid version of DIN 1052.
e DINVENV 1995-1-1 (1994) and DIN V ENV 1995-1-1 NAD (1995)

While DIN V ENV 1995-1-1 (1994) is widely identical with the Austrian equivalent ON ENV 1995-1-1
(1995), discussed in section 2-2.1.3, the additionally published national application document DIN V
ENV 1995-1-1 NAD (1995) contains some supplements regarding the specific design situations. In case
of screwed connections, equal to DIN 1052 P2 (1988), the screw geometries applied have to coincide
with the product standards mentioned in section 2-2.2.2. Furthermore, the characteristic steel tensile
strength f,x was set to 300 N/mm?, when introducing eq. (2.17) as additional failure mechanism to be
considered for design purposes. It has to be mentioned, that the characteristic properties, determined by
experiments and provided for the design process, had to be regulated in accordance to the responsible

building authority.

o DINEN 1995-1-1 (2010), DIN EN 1995-1-1/NA (2010), DIN EN 1995-1-1/NA (2013)
and DIN 1052-10 (2012)

The document DIN EN 1995-1-1 (2010), currently applied in Germany for designing screwed
connections, is generally equal to the latest Austrian EN document discussed in section 2-2.1.3.
Furthermore, both national appendices, published between 2010 and nowadays, do not include any

deviating modifications concerning the axial loadbearing design and application of self-tapping screws.
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This also concerns supplemental information given in DIN 1052-10 (2012), wherein no self-tapping

screw related specifics were found.

2-2.3 Standardisation in Switzerland

2-2.3.1 General comments

In contrast to the situation in Austria and Germany (discussed in sections 2-2.1 and 2-2.2), the Swiss
standardisation predominately contained and contains exclusively applied national documents. In terms of
structural timber design, again two main periods with different safety concepts are worth to be pointed
out. Between 1992 and 2003 SIA 164 (1992), containing a deterministic safety concept, was provided for
timber design purposes. With the issue date of SIA 265 (2003) on March 2003, the concerning situation
has been changed and a semi-probabilistic safety concept, comparable to Eurocode series, has been
introduced in Switzerland. Since the country (or better the Swiss Association for Standardisation, SNV) is
a member of the European Committee for Standardisation (CEN), it confirmed adopting Eurocode 5 as a
timber structures’ related regulation, see also SIA (2015). Following the principle of Eurocode
standardisation, the national appendices, including specific federal regulations, should supplement the
main documents in order to provide a reasonable background for practical application. On May 1, 2014,
SN EN 1995-1-1/NA (2014) as the first national Annex of Eurocode 5, containing ‘“Nationally
Determined Parameters (NDP)”, has been published in Switzerland, c. f. Fischer (2015). Thus, it is
assumed that both standards SIA 265 (2012) replacing SIA 265 (2003) as well as Eurocode 5 are

currently applicable regarding the design of timber structures.

2-2.3.2 Regulations in SIA 164 (1992)

The comments, given in section 3.23.5 of SIA 164 (1992), concerning application and design of axially
loaded screwed connections, are equal to those found in ON B 4100-2 (1981), regarding the
determination of N, (see eq.(2.4)), and to those given in DIN 1052 P2 (1988), where the screw
geometries are ruled in accordance to certain product standards in form of VSM 12 800 (1942), VSM 12
801 (1942), VSM 12 802 (1942) and VSM 12 803 (1942). Deviations from Austrian and German
documents are seen in the determination of permissible resistances by tests (see eq. (2.20)) and in specific
boundary conditions: neither a minimum (shank) diameter nor a limit depending on axis to grain angels
(e. g. the prohibition of end-grain joints as loadbearing connections) are found in SIA 164 (1992). The

minimum spacings were ruled equally to pre-drilled nails, see Table 2.8.

?)Rniolo Rmiu 20.75 I{m
R =1" . (220)
Rus g <075R,
2.25
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Table 2.8: Minimum spacings of screws according to SIA 164 (1992);
notation according to ON EN 1995-1-1 (2015)

standard a a aicc arcc

SIA 164 (1992) 7 dg, 4 dg, 7 dg 4 dg

2-2.3.3 Regulations in SIA 265 series

This subsection contains a discussion of the documents SIA 265 (2003) and SIA 265 (2012), together
with their supplements for wood based products SIA 265/1 (2003) and SIA 265/1 (2009); the corrigenda
STA 265-C1 (2008) and SIA 265/1-C1 (2012) are also considered.

o SIA 265 (2003) and SIA 265/1 (2003)

In addition to modifications regarding the safety concept applied (see section 2-2.3.1), essentially
influencing the general design process, significant changes compared to SIA 164 (1992) have also been
made in terms of screwed connections. Similar to DIN 1052 (2004), SIA 265 (2003), section 6.5.1
explicitly denotes “self-cutting” screws (equal to self-tapping; pre-drilling was ruled according to
technical regulations provided by screw manufacturers) as an alternative to traditional wood screws and
also defines them by d. > 0.6 d (d was originally denoted as d,), providing design equations in case of
4 mm < d < 10 mm (for traditional wood screws: 4 mm < dg, < 16 mm and f; min = 800 N/mm?). No further

comments about the necessity of technical approvals for self-tapping screws could be found.

With regard to axial loadbearing design, regulations given in SIA 265 (2003), section 6.5.3 correspond to
different Eurocode 5 versions discussed in section 2-2.1.3: The design (instead of characteristic as given
in Eurocode 5) withdrawal capacity had to be determined according to eq. (2.21), which is quite similar to

ON EN 1995-1-1 (2006), see

.fv,QU,d

_ -0.2
mand Soona =30-107 (m-d 1) py, (2.21)

Ry 4= n" (n d- lel') Soags Fraa =
where f, 04 is denoted as shear strength against withdrawal (at o = 90 °), also found in prEN 1995-1-1
(1999). Furthermore, SIA 265 (2003) contains the same regulations with respect to minimum spacings as
given in ON EN 1995-1-1 (2006), see Table 2.4, while specifications regarding the minimum insertion

length /,,;, (originally denoted as /) were treated more accurately:

e traditional wood screws: lin=6d
e self-tapping screws: Iin=8d

e self-tapping screws (exclusively applied in end-grain joints): /[y, = 100 mm
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The latter mentioned form of application was only allowed for moisture classes 1 and 2 (similar to service
class definition given in Eurocode 5). Finally, failure mechanisms, which had to be verified, are again
identical with the comments given in ON EN 1995-1-1 (2006). Within the supplementary document SIA

265/1 (2003), no specifications regarding screwed connections are found.
o SIA 265 (2012) and SIA 265/1 (2009)

On January 1, 2012 the latest and currently valid issue of SIA 265 (2012) has been published in
Switzerland. In contrast to its forerunner document, SIA 265 (2012), section 6.5.1 clearly differs between
(i) traditional wood screws and (ii) modern self-tapping timber screws in terms of definition and
application: in case (i), thread geometries are regulated in accordance to DIN 7998 (1975), whereby
dy, = max[d]. Furthermore, pre-drilling is mandatory. In case (ii), self-tapping screws (fully and partially
threaded) are defined by dy, < max[d]. Both pre-drilling (where dpp = d.) and non-predrilling is possible,
except for characteristic densities px > 420 kg/m? necessitating the prior mentioned form of preparation.
For both different types of screws, SN EN 14592+A1 (2012) is referred as a basis document. This also
concerns the geometrical limits in terms of the outer thread diameter and its relationship to the inner

thread diameter, c. f. section 2-2.1.3.

With regard to screwed connections applied as end-grain joints (o = 0 °), regulations given in SIA 265
(2003) have been supplemented by /¢ (tip included) > 8 & and the condition, that no cracks are allowed in
the timber member while failure mechanisms, as well as minimal spacings and insertion depths, are ruled
according to ON EN 1995-1-1 (2015) now, see Table 2.4. A modification of the latter mentioned
geometrical requirements, deviating from those given in SIA 265 (2003), was done in SIA 265-C1 (2008)
and adopted in SIA 265 (2012). In addition, SIA 265 (2012) includes the possibility of decreasing a, to 3d

in cases, screws are pre-drilled and R, 4 is reduced by

. a 0.35 o)
red 54 > .

Focusing on the withdrawal resistance, the general determination of R, 4 has not been changed, compared
to SIA 265 (2003), while the prior mentioned harmonisation process to Eurocode 5 significantly

influenced the procedure calculating the design shear strength f, , 4 as a basis input value, see

ku'fmk
Soua = n-(sinza+l.2-c0s2¢1)

a>30°
, (2.23)

20107 [m-d (L, ~d)]"-p, 0°<a<30°

and
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Sfor =0.52-d7 10" ok, (2.24)

where k, (= 0.62) is a factor, converting the characteristic value given in Eurocode 5 to the design value
used in SIA 265 (2012), and fi«x is the characteristic withdrawal strength determined according to
Eurocode 5. With respect to eq. (2.23), the size of o designates the way f; .4 has to be determined. In case
of a > 30 °, the Eurocode 5 procedure, denoted in ON EN 1995-1-1 (2009), is applied. In case of lower a,
SIA 265 (2003) formula (see eq.(2.21)) is used for setting o constantly to zero. Thereby noticed
irritations, predominately caused by different approaches regarding the way the screw tip is considered (at
o> 30 ° tip is included, at a < 0 ° tip is excluded) have already been discussed in Hiibner (2013a). Within
the supplementary document SIA 265/1 (2009), again no specifications regarding the axially loaded
screwed connections are found. Thereby the only exception is the modification, provided in SIA 265/1-
C1 (2012), that in cases, when the timber members are connected with wood based materials, traditional

wood screws with threads according to DIN 7998 (1975) are not allowed.

2-2.3.4 Short comments on SN EN 1995-1-1 series
Specific regulations, concerning the design and application of axially loaded self-tapping screws, were
not found in SN EN 1995-1-1/NA (2014) as the first (and still valid) Swiss national Annex of Eurocode 5.

Thus, the related content given in the European document can be applied without any constraints.

2-2.4 Judicial background from 1990 — 2015

2-2.4.1 Introduction

This section deals with the context between the D-A-CH standards, discussed in section 2-2.1 to 2-2.3,
and both different types of national and European Technical Approvals (Assessments, ETAs) regarding
the application and design of axially loaded screwed connections. Not only the relationship between those
types of specifications (standards and approvals), but also the judicial background of screw application in
general is influenced by national, European and international guidelines, regulations and laws.
Consequently, these legal documents and their impact on self-tapping screws’ design process in D-A-CH

countries are also explained and discussed.

2-2.4.2 European Construction Products Directive

In order to support the free movement of goods, produced by the construction industry within the
European Economic Area (EEA) in form of an easily accessible and transparent internal market, the
European Economic Community (EEC) published the council directive (89/106/EEC) on February 11,
1989, c. f. European Union (1989). Doing so, various kinds of national requirements, which are subjected
to provisions, regulations or administrative actions — directly influencing the nature of construction

products — should be replaced by harmonised technical specifications (in order of relevance: product
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standards, European Technical Approvals and non-harmonised documents recognized at Community
level). They base on and include essential requirements ruled in so-called interpretative documents, e. g.

in Austria the OIB guidelines, c. f. OIB (2015c), related products have to fulfil (in major cases):

e mechanical resistance and stability
e safety in case of fire

e hygiene, health and the environment
e safety in use

e protection against noise

e energy economy and heat retention

The construction products (e. g. self-tapping screws), performing in accordance to these technical
specifications, are identified as “fit for use”, enabling free movement and use within the EEA and without
any national restrictions. For a better recognition, they are consequently labelled by the EC-mark (better
known as CE label). In order to obtain the CE labelling for a construction product, conformity to the
aforementioned harmonised specifications has to be declared by an approved certification body or by the
manufacturer itself. Details concerning the conformity attestation and surveillance during the production

can be found in European Union (1989).

Back to product standards and ETAs denoted as technical specifications. The overall aim of the document
is to regulate the CE labelled construction products according to product standards such as ON EN 14592
(2012) for self-tapping screws. In case (a), product standards are not available and cannot be produced or
foreseen within a reasonable period of time or (b), products substantially deviate from these standards, the
fitness for their use should be proved by ETAs issued for a five-year period with an option for extension;
c. f. European Union (1989). These approvals base on investigations and (laboratory) tests being
regulated by the aforementioned interpretative documents and so-called European Technical Approval
Guidelines (ETAGs), which were published for this reason. If ETAGs for the specific purpose do not
exist (this was the situation for self-tapping screws), an individual ETA can be issued in accordance to the
relevant essential requirements and interpretative documents. Furthermore, the assessment of the product
will be consensually adopted by the approved certification bodies in form of Common Understanding of
Assessment Procedure (CUAP) documents; see also Jobstl (2010). In case of self-tapping screws, CUAP
06.03/08 (2010), discussed in section 2-2.4.5, was published to regulate this approval process.

2-2.4.3 European Construction Products Regulation

On April 4, 2011 and twenty-two years after publishing the council directive (89/106/EEC), the document
has been replaced by regulation (EU) No 305/2011, considering a transitional period until July 1, 2013,
see European Union (2011). By the latter mentioned date at the latest, regulation (EU) No 305/2011
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repealed the formerly discussed directive in order to simplify and precise the valid conditions.
Furthermore, it aimed to improve transparency and effectualness of the existing measures associated with
making construction products being available on the market. Compared to the European Construction

Products Directive significant modifications are as follows:

Firstly, the essential requirements, discussed in section 2-2.4.2, have been renamed in “basic
requirements” and expanded by a seventh clause to be considered and denoted as “sustainable use of

natural resources”.

Secondly, CE labelling should exclusively indicate the product’s conformity with its declared

performance and compliance with requirements related to the Union harmonisation legislation.

Thirdly, products, covered by a harmonised specification (product standard or European Technical
Assessment, again abbreviated as ETA) should own a declaration of performance (DoP) fulfilling
specifically defined essential characteristics related to the mentioned basic requirements. In cases, when
the harmonised product standards may not sufficiently enable a declaration of performance (the product
does not fall within the standard’s scope or one of the standard’s assessment methods is inappropriate or
even missing for at least one essential characteristic), the European Technical Assessments, which replace
the aforementioned European Technical Approvals (note: still valid Approvals can be used as

Assessments), have to be issued for related products.

Finally, the ETA’s compilation process, graphically explained in Figure 2.13, is covered by European

Assessment documents (EADs) replacing the formerly used ETAGs and CUAPs.

35



TU DEVELOPMENT OF APPROVALS AND STANDARDISATION
Grazm WITH FOCUS ON SCREWS

‘ Manufacturer ‘ ‘ RTAB ‘ ‘ EOTA/WG ‘ ‘ Commission

Submission of blank : Information letter to | ! AVCP Assessment and Verification of Constancy of Performance
« St / i EOTA European Organisation for Technical Assessment

form “Application for | manufacturer P S

0 pplcation 1o ' ulacture hEN  harmonised European standard

issuing an ETA : i RTAB Responsible Technical Assessment Body
: 1 WG Working Group, consisting of delegated TABs for the
: : product area concerned

Product by Product

EAD covered

i| A: covered by hEN

i B: not fully ; . Information on content
{| covered : i and AVCP method

A: covered: drafting of
: ETA

Contact with 4{ B: not fully covered ‘
manufacturer : :

A4 |
EAD together with EOTA/WG H EAD for comment

! v !
‘ EAD for info H Completion ’—% EAD for info ‘
i v i

‘ Drafting of ETA ‘

‘ EAD for comment H Drafting of

Figure 2.13: Procedure for drafting a European Assessment Document, according to DIBt (2015¢)

2-2.4.4 Harmonised product standard EN 14592 for dowel-type fasteners

ON EN 14592 (2009), as well as its currently valid replacement document ON EN 14592 (2012), are
defined as product standards for dowel-type fasteners used in timber structures, thus also including
traditional wood and modern self-tapping timber screws. As mentioned in section 2-2.1.3, they influence
the application and design process of screwed connections, given in design standards such as Eurocode 5.
In addition, according to European Union (1989), both documents have been listed in European Union
(2009) and European Union (2013) respectively. Consequently, they are harmonised specifications, CE-
labelled dowel-type fasteners traded in Europe and used in timber structures have to conform. Covering
the essential requirements explained in section 2-2.4.2, section 6 of both ON EN 14592 (2009) and ON
EN 14592 (2012) provides specific minimum demands on those fasteners regarding (i) the (basis)
material, (ii) the geometry (2.4 mm <d <24 mm, 0.60 <d./d <0.90), (iii) the mechanical strength and
stiffness and (iv) the protection against corrosion. In order to verify the product’s conformity with the
harmonised standard, enabling its CE-labelling and fitness-for-use, both Initial Type Testing (ITT) and
Factory Production Control (FPC) procedures have to be executed. Regarding ITT, requirements (i) to

(iv), according to section 6 of these standards, have to be controlled by an approved laboratory.
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Focusing on self-tapping screws, the requirements (ii) to (iv) can easily be fulfilled, while ON EN 14592
(2009) regulated the basis material (i), they have to be produced according to ON EN 10016-1 (1995),
ON EN 10016-2 (1995), ON EN 10016-3 (1995), ON EN 10016-4 (1995) and ON EN 10083-2 (2006) for
carbon steels, as well as ON EN 10083-1 (2006) and ON EN 10088-2 (2005) for stainless steels. None of
these standards includes basis material, sufficiently enabling the production of modern self-tapping timber
screws, especially with regard to their tensile strengths above 1,000 N/mm?, caused by steel hardening,
c. f. Jobstl (2010). Consequently, self-tapping screws substantially deviated from ON EN 14592 (2009)
and necessitated the proof of fitness-for-use according to European Technical Approvals, basing on

CUAP 06.03/08 (2010), c. f. section 2-2.4.5.

On March 1, 2013, ON EN 14592 (2012) obtained the official denotation as a harmonised standard in
accordance to the council directive (89/106/EEC); see European Union (2013). With regard to screw
production, two essential points were modified — if compared to ON EN 14592 (2009): first, the
minimum thread length has been reduced to 4 d. Second, the requirement (i) concerning the basis material
was modified, including the clause that steel grades, which are not listed in the mentioned standards are
also suitable for screw production — if the mechanical product characteristics (to be verified in the frame

of ITT) correspond to the standards.

The latter mentioned flexibility in choosing different steel grades enabled the proof of fitness-for-use
according to the council directive (89/106/EEC) (for the timeframe between March 1 to July 1, 2013), as
well as the declaration of performance according to regulation (EU) No 305/2011 on the basis of ON EN
14592 (2012). Nevertheless, 27 European Technical Approvals, concerning self-tapping screws, have
been issued within the mentioned timeframe, see OIB (2015b). The reason therefore can be seen in the
assessment method determining the fastener’s stiffness Ki..x (affecting basis requirement “mechanical
resistance and stability”), not declared in ON EN 14592 (2012), which may disables the sufficient
assessment of self-tapping screws. Furthermore, an EAD offers the favourable opportunity to define and
assess certain characteristics related to screw application deviating from Eurocode 5, such as the necessity
of pre-drilling (maximum density without pre-drilling, specific values for dpp) or minimum spacings

between two screws and the timber member’s end and edge distances.

2-2.4.5 Common Understanding of Assessment Procedure for self-tapping screws

Due to the circumstance, that no ETAG existed for self-tapping screws, CUAP 06.03/08 (2010) has been
issued in December 2010 and served as a guideline for the development of European Technical Approvals
in accordance to the council directive (89/106/EEC) until the end of the transition period on July 1, 2013.
All in all 65 ETAs related to self-tapping screws, according to this guideline, have been published in this
timeframe; c. f. OIB (2015b). Especially in comparison with ON EN 14592 (2009), CUAP 06.03/08
(2010) enables more flexibility with respect to fastener design (0.50 <d./d <0.90) and steel material
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used for screw production. Furthermore, the document provides assessment methods of tensile yield
strength f; and axial stiffness, which are missing in EN 14592, as well as additional regulations
concerning minimum spacings and timber thickness. The latter may decrease corresponding values

currently given in ON EN 1995-1-1 (2015) — if positively evaluated.

2-2.4.6 European Assessment Document (EAD) for self-tapping screws

After a comparatively long time period, within manufacturers could only declare their screw product’s
performance according to ON EN 14592 (2012), EAD 130118-00-0603 (2016) as the assessment
document for “screws for use in timber constructions” was issued on April 7, 2016. Even though several
specific regulations regarding the determination of the fasteners’ main mechanical properties were
modified, content of EAD 130118-00-0603 (2016) is quite comparable to that of CUAP 06.03/08 (2010).
The probably most significant change worth pointing out in this context concerns the lower limit of /g,

which now depends on the axis-to-grain angle applied, see eq. (2.25) and Figure 2.14.
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Figure 2.14: Effective inserted thread length (including the tip) as function of a;
according to EAD 130118-00-0603 (2016)

As pointed out in EAD 130118-00-0603 (2016), this especially concerns manufacturers intending to
allow parallel-to-grain screw insertion in their ETAs. In this case (o < 15 ©), three further conditions have

to be fulfilled as well:

o the timber material is restricted to solid softwood according to ON EN 14081-1 (2016) and glued
laminated timber made from softwood according to ON EN 14080 (2013),
®  faxa=0ok / faxa=0ox = 0.6, With fox o=ix as short-term characteristic withdrawal strength, and

e the number of screws in the connection, » shall be at least four.
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2-2.4.7 Judicial situation in Germany

In Germany, the design and construction of timber engineered supernatural buildings is ruled in so-called
federal building codes being specifically valid in and issued by the 16 constituent states of the federal
republic. All federal documents generally base on the Model Building Regulation (MBR), administrated
by the conference of Ministers of Construction (IS-ARGEBAU). Thus, the currently valid MBR (version
November 2002, modified on September 2012), c. f ISSARGEBAU (2012), is discussed in this section.
Therein, both paragraphs, §3 and §17, especially concern the design and application of screwed

connections and are worth to be focused in detail:

First, §3 “General Requirements” refers in section (3) to (more or less) annually published Technical
Building Rules, which have to be considered in the frame of design and construction process. The
currently valid List of Technical Building Rules consists of three parts (part I: Model List of Technical
Building Rules (MLTB), issued in June 2015, part Il and III issued in November 2014), see IS-
ARGEBAU (2015) and DIBt (2014), wherein part I includes certain standards/documents, which have to
be considered for the design of building structures. In case of screwed connections, applied in timber
buildings, MLTB refers to Eurocode 5, to DIN 1052-10 (2012), as well as to DIN 20000-6 (2015) (note:
enclosure 2.5/1 E, point 6). The latter mentioned document contains German national application rules of
dowel-type fasteners according to EN 14592 in this context. This subsequently leads to the fact, that
dowel-type fasteners regulated in EN 14592 (excluding bolts and dowels with circular cross-sections and
smooth shanked nails, but definitively including self-tapping screws) had to be applied according to other
technical regulations such as National Technical Approvals (NTAs) until DIN 20000-6 (2013) as the
forerunner document of DIN 20000-6 (2015) was issued, referred in the MLTB (which was firstly done
within version 03/2014) and adopted in the federal building codes.

Second, §17 “Building products” differs between three types of products being applicable for the German
building market. These are: (i) so-called “regulated products” in accordance to the technical regulations
given in Construction Products List A (traditional wood screws with threads according to DIN 7998
(1975) are e. g. regulated by DIN 1052 (2008) and DIN 1052 C1 (2010); see DIBt (2015a) ), (ii) products
sufficiently deviating from these technical regulations, or where such regulations are missing (“non-
regulated products”), and (iii) CE-labelled products according to the regulation (EU) No 305/2011
(before: council directive, 89/106/EEC), where related harmonised standards (EN 14592) and guidelines
(ETAG, CUAP or EAD) are referred in Construction Products List B, c. f. DIBt (2015a). In case (ii),
including modern self-tapping timber screws, before EN 14592 and DIN 20000-6 (2013) were referred in
Construction Products List B and MLTB respectively (including the adoption in federal building codes),
all application was exclusively done in accordance to National Technical Approvals (§18 MBR). It has to
be mentioned that option (iii) is also possible in cases when self-tapping screws are CE-labelled according

to EN 14592.
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As a consequence of their dynamical adaption process, NTAs, issued by the “Centre of Competence in
Civil Engineering (DIBt)”, essentially influenced and mirrored the development of self-tapping screws at
least in D-A-CH countries (see the comment in section 2-1.3 and the related discussion in section 2-2.5)
during the analysed timeframe. As given in Figure 2.15, the process for obtaining an approval deviates
from that explained in section 2-2.4.3 for ETAs, especially with regard to an occasionally differing test
programme determined by the DIBt in agreement with an expert committee and not regulated in specific
guidelines such as CUAP 06.03/08 (2010) or EAD 130118-00-0603 (2016).

Applicant DIBt

If necessary Preliminary

—— . .
discussion

I

‘ submits request ‘

DIBt draws up - if necessary -

the test program If necessary mn
I agreement with

expert committee
DIBt presents necessary P
< . . < who recommends
verification

v

Presents verification
(test or calculations)

q
>

DIBt checks }—P If necessary in
agreement with
expert committee

DIBt issues approval }47 who recommends

A

Figure 2.15: Procedure for obtaining a National Technical Approval, according to DIBt (2015d)

2-2.4.8 Judicial situation in Austria

Similar to the situation in Germany, discussed in section 2-2.4.7, in Austria the design and construction of
timber engineered supernatural buildings is also regulated by nine different federal state building codes.
In contrast, Austrian building codes do not base on a fundamental document (such as MBR in DE) and
thus significantly differ regarding the treatment of specific topics. Avoiding to overextend the scope of
this introductive chapter, the Styrian Building Code (SBC), together with the Styrian Building Products

and Market Surveillance Act (SBPMSA), are representatively discussed within this section.

Within this document — and deviating from the German building law where specific technical regulations
are explicitly denoted — basic requirements for the design and construction of buildings, given in
regulation (EU) No 305/2011 and adopted in §43 SBC, especially those concerning their mechanical
resistance and stability, have to be fulfilled by generally applying the “state-of-art”. This means, that
structural design, according to the current version of Eurocode 5, is possible and reasonable but not

mandatory in Styria (Austria). With regard to the application of building products, the currently valid
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Styrian building code refers to the Styrian Building Products and Market Surveillance Act from 2013,
c. f. Federal State of Styria (2013). Therein, three types of building products are differentiated: (i)
products not underlying harmonised technical specifications, (ii) products underlying harmonised
technical specifications and (iii) other products. Since ON EN 14592 (2012) and ETAs are defined as
harmonised technical specifications, see section 2-2.4.2, self-tapping timber screws, CE-labelled

according to ETAs or ON EN 14592 (2012), are part of group (ii).

The requirements on products as parts of group (ii) are treated in section4, §10 and §11 SBPMSA
indicating their registration in the so-called Building Products List OE; c.f. OIB (2015a). This list
specifies the regulations concerning the application and performance of such products, which require a
detailed specification (from the opinion of the Austrian Institute of Construction Engineering, in short:
OIB). Due to the fact, that none of the plenty CE-labelled screw products is mentioned in the current
Building Products List OE, c. f. OIB (2013), self-tapping screws obviously need no specific treatment.

Before CUAP 06.03/08 (2010) was published and self-tapping screws were applied without CE-labelling
in Austria, different versions of the Styrian Building Code (together with Styrian Building Products Acts,
SBPA, as forerunners of SBPMSA) were existing and classified the screws as products, not underlying
harmonised standards. Their application was generally possible, providing that they correspond to §43
SBC (fitness-for-use in accordance to “state-of-art”). Further product specifications, such as an Austrian
Technical Approval or an OIB expertise, proved this circumstance but were not mandatory. In fact, the
majority of people, involved in the Austrian building process, designed and realised screwed timber
connections in accordance to product-related German NTAs, also representing state-of-art at this time
rather than according to the aforementioned Austrian documents, see e. g. Pirnbacher and Schickhofer

(2007).

2-2.4.9 Judicial situation in Switzerland

Unlike Germany (section 2-2.4.7) and similar to Austria (section 2-2.4.8), design and construction of
supernatural timber engineered buildings in Switzerland allows certain flexibility regarding the
application of standards and guidelines within this process. As described in section 0, SIA 265 (2012)
currently represents the state-of-art of Swiss timber building standardisation and is also part of the
building contract between the customer and the contractor, according to SIA 118/265 (2004). Note: this
document is currently under modification, c. f. prSIA 118/265 (2015). Within the latter mentioned (draft)
document, the requirements on building products applied in timber structures should correspond to the
regulations given in SIA 265 (2012). It is worth mentioning that section 0.4 allows deviations from those
regulations, if reasonably proved by theoretical and experimental investigations or if legitimated by new
developments and findings, actualising the “state-of-art”. Note: this clause is also included in the

forerunner documents SIA 265 (2003) and SIA 164 (1992).
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Further regulations, concerning the placement and application of building products on the Swiss market,
are found in both (i) Swiss Federal Construction Product Law and (ii) Swiss Federal Construction Product
Regulation — see Swiss Federal Authorities (2014a) and Swiss Federal Authorities (2014b). Document (i)
thereby denotes essential characteristics building products have to fulfil. They correspond to those
included in regulation (EU) No 305/2011, indicating an adaption to the latter mentioned document by the
Swiss Federal Legislation. Consequently, CE-labelled products, according to harmonised specifications
such as EN 14592 (included in the related Swiss list) and including a declaration of performance, are seen
as “fit-for-use” within the Swiss building market. Prior to the issue date of CUAP 06.03/08 (2010), the
forerunner documents of (i) regulated their application as “fit-for-use” by providing two options: clause
(a) (article 3, section 5) included building products deviating from technical specifications and allowed
their application when produced in accordance to state-of-art and fulfilled requirements given in other
federal regulations (not explicitly cited and thus not analysed within this section). Clause (b) (article 5,
section 6) allowed the proof of fitness-for-use according to foreign technical approvals if the notified
bodies publishing those documents fulfilled the requirements given in the Swiss Federal Law on
Technical Barriers to Trade, article 18, sections 2 and 3; c. f. Swiss Federal Authorities (2010a) and Swiss
Federal Authorities (2010b). Assuming that the DIBt fulfilled these requirements, the German NTAs
served as alternative documents, proved fitness-for-use and enabled the application of self-tapping screws

in Switzerland.

2-2.5 Development process based on technical approvals

2-2.5.1 General comments

Summarising the conclusions made in section 2-2.1 to 2-2.4, the technical approvals governed the design
and application process of timber connections composed by self-tapping screws over the whole analysed
timeframe. Prior to the issue date of CUAP 06.03/08 (2010) on December, 2010, German National
Technical Approvals (NTAs), not only used in Germany, but also in Austria and Switzerland, were
fulfilling this purpose. From December, 2010 on, the European Technical Approvals/Assessments (ETAs)
replaced the national ones and are seen as background documents, CE-labelling and declaration of
performance of self-tapping screws are basing on them. Consequently, NTAs and ETAs include essential
information, not only regarding the market development, but also the one of the screw product itself and
thus mirror the relevant research activities done so far within this scientific field. Section 2-2.5.2 to 2-
2.5.6 illustrate this process by comparing selected market parameters and product characteristics between
different approval holders (geometry, design process, application, referenced standards, etc.). Worth
mentioning, related timeframe analysed covers the years 1986 + 2014. Such ETAs published according to

EAD 130118-00-0603 (2016) are thus excluded from the following considerations.
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2-2.5.2 General facts and figures

As discussed in section 2-2.4.7, the DIBt is responsible for issuing the German National Technical
Approvals. All documents related to self-tapping screws contain the denotation Z-9.1-XXX, see DIBt

“p»

(2015b), wherein “9” stands for “Timber construction and derived timber products”, subitem for
“Timber construction” and “XXX” for a sequential number. Beginning with Z-9.1-175 (1986) and ending
with Z-9.1-845 (2014), 73 approval numbers have been issued between 1986 and 2014. The documents
have been dynamically adapted, predominantly before reaching their maximum validity period of five
years. The main reasons were geometrical modifications (or better extensions) on the one hand and
adaptions including latest research findings related to self-tapping screws on the other hand. Thus, all in
all 220 documents have been analysed and considered within this section, c. f. Annex B-1, Table B.1 to

Table B.4.

With regard to the European Technical Approvals, deviating from German NTAs, their denotation ETA-
YY/XXXX consists of “YY” as year specification (when the approval was firstly issued) and “XXXX” as
sequential number. Between 2011, after CUAP 06.03/08 (2010) was published, and 2014, 42 numbers
have been assigned, including 65 documents all in all, c. f. Annex B-1, Table B.5 and Table B.6.

In Figure 2.16, the number of simultaneously valid documents, including NTAs and ETAs, is illustrated
for the timeframe between 1990 and 2014. Furthermore, Figure 2.17 and Figure 2.18 classify the number
of the approval holders (motivated by the fact, that several companies hold more than one NTA or ETA)
in dependence of their nationality. With regard to German National Technical Approvals, three main
periods are worth to focus on. Between 1990 and 1997 less than ten approvals have been valid at the same
time, confirming the conclusions made in section 2-1.3, concerning the minor relevance of self-tapping
screws as connection solutions in timber engineering of the 1990s. Between 1997 and 2000, as well as
between 2005 and 2010, the number of approvals (and their holders) significantly increased. The reasons
therefore are definitively seen in an increasing focus of research and development activities on these
fastener types emerging several new possibilities of their application as discussed in section 2-1.2.
Especially both surges, 1998 and 2005, may be directly related to research activities detailed in
sections 2-3 and 2-4.

Simultaneously to the significant increase of European Technical Approvals starting in 2011, a
continuous decrease of German NTAs, provoked by the possibility to use ETAs as an alternative (see
section 2-2.4), can be observed. A further reason is found in the circumstance, that additional application
forms of self-tapping screws, such as the fastening of insulation on top of rafters, which were formerly
ruled in separated documents, are unified in the manufacturers “main” approvals now. A main argument
confirming the second reason is found in Figure 2.17, where the number of approval holders remains

more or less constant since 2009. Here, a decreasing trend can not be observed.
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Figure 2.16: Number of Technical Approvals valid at the same time

One reason why section 2-2 treats standardisation and judicial background exclusively for D-A-CH
countries is seen in the distribution of approval holders in dependence of their nationalities, as given in
Figure 2.17 and Figure 2.18. Focusing on NTAs (Figure 2.17), especially between 1990 and 2005, the
vast majority of approvals corresponds to German holders (in average 81 %). Further Central European
countries such as Switzerland, Austria and Hungary only share minor parts in this market distribution.
From 2006 to 2014, the number of German approval holders did not change remarkably, while the total
increase was mainly influenced by that of foreign approvals holders, including Italy and Taiwan, too.
Nevertheless, the share of German companies is still about two thirds of the total sum. With regard to the
ETA related development, given in Figure 2.18, market relations similar to those of NTAs between 2006
and 2014 can be found. Although further countries such as Spain, Czech Republic and Liechtenstein also
contribute to the total number, the German share (61 %) and that of the D-A-CH countries (74 %) still
significantly prevails. It is worth mentioning, that the Austrian and Swiss parts together currently are
about 20 % (ETA) to 30 % (NTA) of that of D-A-CH, which directly mirrors the relation of size and

population between Austria, Germany and Switzerland.
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Figure 2.17: Number of holders of National Technical Approvals valid at the same time
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Figure 2.18: Number of holders of European Technical Approvals valid at the same time

Deviating from German NTAs, exclusively issued by the DIBt, European Technical Approvals can be
generally published by certain notified bodies according to regulation (EU) No 305/2011, as members of
the European Organisation for Technical Assessment (EOTA). In case of ETAs related to self-tapping
screws, Figure 2.19 illustrates the distribution of these institutions regarding the number of specifications
they have already issued. Therein, it can be clearly seen, that (a) only four institutions are part of this
process and (b) both DIBt and ETA Danmark dominate this development while further ones, such as the
Austrian OIB or the Czech Technical and Test Institute for Construction (TZUS), only amount a

negligible part.

Figure 2.19: Overview of notified bodies regarding the number of issued ETAs

2-2.5.3 Screw types and geometrical characteristics

As summarised in section 2-1.2, the screw development led to three main different types of screw
products during the last 25 years, each related to a specific form of application. These are: (i) partially
threaded screws (PT), (ii) fully threaded screws (FT) and (iii) screws used as timber-concrete composite
connectors (TCC). With regard to the technical approvals analysed, (iv) double threaded screws (DT) as
hybrid forms of (i) and (ii) are worth to be additionally considered. Figure 2.20 (NTAs) and Figure 2.21
(ETAs) consequently overview the development of these four different screw types between 1990 and

2014. Focusing on partially and fully threaded screws (all diameters @) ruled in NTAs, a behaviour
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similar to the approval number’s development, given in Figure 2.16 (poor between 1991 and 1997,
followed by two surges in 1998 and 2005), can be observed. Both discussed figures also show the number
of approvals containing fully threaded screws with outer thread diameters d bigger than 7 mm. This value
is seen as a lower limit for practical use in high stressed timber connections or reinforcement measures.
As given in Figure 2.20, the first related NTA was issued in 2002, which may be again caused by research
findings recommending self-tapping screws as suitable fasteners for both application fields, c. f. sections
2-3 and 2-4. Finally, with focus on double threaded and TCC screws: although the number of approvals,
including one of both types steadily increases from 1995 to 2014, their market impact is comparatively

small if compared to fully or partially threaded screws.
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Figure 2.21: Number of different screw types given in European Technical Approvals valid at the same time

Geometrical properties, such as the outer thread diameter ¢ and the thread length /ye.d, as well as the
properties directly related to screw application, hereby especially the insertion angle o, are seen as

reasonable indicators how the specific screw product can be valuably used in certain detail solutions.
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Thus, Figure 2.22 illustrates the NTA development trend of these mentioned parameters (each annual
maximum in case of d and /jread, €ach annual minimum in case of ) for the period between 1990 and

2014.

Focusing on self-tapping screws suitable for (a) high stressed timber connections and (b) reinforcement
measures, both in GLT or CLT components: in order to enable an optimal loadbearing behaviour,
comparatively long thread lengths caused by geometrical and mechanical conditions are required. Reason
therefore is steel failure in tension as maximum load bearable per fastener occurring at Jieaq > 15 + 20 d;
see e. g. Gaich etal. (2008). As shown in Figure 2.22, the screw development firstly enabled both
application forms (a) and (b) between 2002 and 2003. Again, the hereby observed surge, especially
concerning /ieaq can be directly referred to related research activities, see sections 2-3 and 2-4. Thread
lengths, equal or below 116 mm as upper limit between 1990 and 2001 (see Figure 2.22), indicate the
predominate use of partially threaded screws for fixing the insulation on top of the rafters or very short
fully threaded screws for minor loadbearing tasks and/or as TCC connectors at this time. Currently, the
latest screw development led to outer thread diameters up to 14 mm and thread lengths up to even
2,000 mm (e. g. declared in ETA-11/0190 (2013), not published in NTAs and illustrated in Figure 2.22).
Note: the latter mentioned geometrical maximums are only applied as reinforcements of GLT beams with

extraordinary dimensions and can be seen as a self-tapping alternative to threaded rods.

With regard to the insertion angle’s development, a steady trend of minimising o with a remarkable surge
from 45° to 15° in 2006 can be observed. Currently, the whole spectrum between 0 ° and 90 ° is
applicable, considering the significant restrictions if screw axes are arranged parallel to grain as a
consequence of poor long-time loadbearing behaviour as described in Pirnbacher and Schickhofer (2012)

or Hiibner (2013b) for instance.
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Figure 2.22: Development of thread length, outer thread diameter and minimum insertion angle

between 1990 and 2014, only NTAs considered
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In addition, Figure B.1 and Figure B.2, given in Annex B-1, overview the outer thread diameter
bandwidth of all analysed NTAs and ETAs. Therein, a clear concentration of d between 6 and 10 mm can

be observed.

2-2.5.4 Minimum distances and insertion depths

The arrangement of fasteners plays an important role for designing competitive connections in terms of
mechanical strength and stiffness, cost effectiveness and optical visibility. With regard to axially loaded
screwed connections, standards, discussed in section 2-2.1 to 2-2.3, include the minimum spacings
between two screws (a; parallel and a, perpendicular to grain direction), the timber member’s end and
edge distances (a1 cg to the ends and a, ¢ to the edges), as well as the minimum member thickness #n, as
the related geometrical boundary conditions. As discussed in section 2-2.4.4, NTAs and ETAs offer the
favourable opportunity of modifying these conditions by adopting the current state-of-knowledge. In
2003, two NTAs Z-9.1-449 (2003) and Z-9.1-519 (2003) related to self-taping screws being applicable for
high stressed connections and reinforcements (TCC screws are again excluded), firstly introduced the
specific regulations deviating from DIN standardisation (valid at this time) concerning minimum spacings
and dimensions. Similar to the minimum values found in all analysed approvals, compared in Table 2.9,
they were quite equal to those for pre-drilled traditional wood screws published in DIN 1052 P2 (1988).
This fact (similar values for pre-drilling and self-tapping) already indicates a certain trend, especially
minimising the spacings a;, a, and a, ¢, which is seen as a competitive process between approval holders
from this time on. Consequently, the majority of Technical Approvals (TAs), valid in 2014, contained the

specifications given in Table 2.9, line 2.

The current test procedure, these spacings and dimensions are determined with, was originally developed
by Uibel (2012) and is published in CUAP 06.03/08 (2010) and EAD 130118-00-0603 (2016). It should
be pointed out, that it generally bases on drilling-in tests, not being able to cover the group loadbearing
behaviour. In case of certain conditions, regarding the connection geometry (spacings according to
modern TAs) and loading, Mahlknecht et al. (2014) observed block shear failure of screwed groups,
which were designed to fail in withdrawal or steel tensile. This failure mode, with lower bearing
resistance if compared to withdrawal or steel tensile, is currently not ruled in approvals and/or
standardisation and significantly depends on the size of the timber volume stressed by the connection, see
section 2-3. Consequently, there is a certain demand in clarifying this situation, either by increasing the

minimum values given and/or by introducing a design background covering this additional failure mode.
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Table 2.9: Comparison of minimum spacings and timber dimensions given in Eurocode 5 and Technical

Approvals (TCC screw approvals excluded)

source a a min(a, * a;) aice @ .cc [

ON EN 1995-1-1 (2009) to
ON EN 1995-1-1 (2015) 7d  sd 35 10d 44 12d
minimum values currently given in sd 254 25 P 54 14 104

Technical Approvals

2-2.5.5 Design background and mechanical properties

Due to their dynamical character, enabling the content modification whenever necessary, Technical
Approvals generally cover the currently applicable state-of-knowledge — in contrast to product and design
standards subjected to much longer actualisation rates (c.f. section 2-1.3). Nevertheless, the latter
mentioned guidelines always serve as background documents for NTAs and ETAs, especially concerning
the way certain material properties have to be determined and the design process has to be executed. In
case of European Technical Approvals, EN 1995-1-1:2004/A1 (2008) is referred by all documents
published so far. In case of National Technical Approvals, the German standardisation process, discussed
in section 2-2.2, significantly influenced related information given in the documents. Figure 2.23
consequently illustrates the number of NTAs valid per year in dependence of the standards they are
referring to. The only exception, not treated in Figure 2.23, is Z-9.1-251 (2004), bases on DIN 18168-1
(2007) as German standard, ruling the application of suspended ceilings with gypsum plasterboards. The
comparison given in Figure 2.23 shall underline the fact, that approvals often referred to standards, which
were not valid at this time; c.f. section 2-2.2. For example, information concerning design and
application of self-tapping screws, according to a semi-probabilistic safety concept as given in DIN V
ENV 1995-1-1 (1994), was firstly provided in 1998, four years before DIN 1052 (2004) (also semi-
probabilistic) has been published in Germany. Furthermore, in 2014, ten approvals still provided design
properties for application of the deterministic safety concept according to DIN 1052 P2 (1988) as a
standard published 26 years ago and valid until 2004.
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Figure 2.23: Number of NTAs valid at the same time and classified by the standards the design and application
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process has been done in accordance to

With regard to the design process of screwed connections, the main mechanical properties used therefore
are one of the essential contents provided in Technical Approvals. In terms of axial loadbearing
conditions, as the main topic of this thesis, both withdrawal (f,xx) and head pull-through (ficaax)
parameters, as well as the screw’s steel tensile capacity fensx are needed for failure mechanism
verification, as discussed in section 2-2.1.3. Based on a statistical evaluation of the vast majority of
currently valid ETAs (at the beginning of 2015) and related to self-tapping screws (TCC screw approvals
contain system resistances and are thus excluded), Table 2.10 summarises mean values, coefficients of
variation CV[X], minima and maxima of both properties fux and fensix for a reference outer thread
diameter d =8 mm. Since the head pull-through failure mechanism is only of minor relevance when
focusing on high stressed screwed connections (c. f. section 2-1.2), its parameter related is not treated
within this consideration. In case of f,x, the given value belongs to the reference density px =350 kg/m?

733

and the insertion angle o = 90 °. With regard to fins;ix, the index “i” classifies the screw product used as

hardened carbon steel (index 1) and unhardened carbon or stainless steel (index 2).

It is well known, that the steel tensile strength of self-tapping screws principally shows a much smaller
variability (especially if one charge of fasteners is tested), than those of timber properties in general.
Nevertheless, different basic steel material, hardening procedures and further treatments, discussed in
section 3-3 in detail, lead to comparatively high deviations of this property in dependence of the screw
manufacturer or approval holder (difference of 47 %(1) | 36 %(2) between minimum (reference) and
maximum value issued!), even bigger than that of the withdrawal parameter (at least in case of fins1x)-
Although the procedure (timber material, density, moisture content, test set-up etc.) determining the latter
mentioned value was clearly ruled in CUAP 06.03/08 (2010), and any further differentiations regarding
the thread geometry (e. g. described by the ratio d, / d) do not really influence the withdrawal properties
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of self-tapping screws in a major way, c. f. Pirnbacher and Schickhofer (2007) or Frese et al. (2010) for

instance, an unexpected high difference between fox k min (reference) and fox k max 0f 37 % can be observed.

Table 2.10: Main statistics of withdrawal and steel strength properties issued in currently valid ETAs

(TCC screw approvals excluded)

property mean[X] CV[X] min[X] max|[X]
Jaxk [N/mm?] 11.7 8.52% 10.0 13.7

Jrens 1k [N] 20,477 9.01% 17,000 25,000

Jrens 2. [N] 12,736 8.13% 11,000 15,000

1 = carbon steel screws, 2 = stainless steel screws

As discussed in section 2-2.2.1, DIN 1052 (2004) was the first German standard, when published already
containing a semi-probabilistic safety concept. Thus, approvals issued until 2004 exclusively provided the
equations for determining the permissible withdrawal resistance Nz, similar to that given in DIN 1052
P2 (1988), see eq. (2.6). The deviations to eq. (2.6) are: (a) NTAs use the outer thread diameter d instead
of the shank diameter d, and (b) several documents contained pre-factors up to 5, instead of 3 as a fixed
value given in eq. (2.6). Worth mentioning, the ratio between Nz per and Fi if p = 350 kg/m?®, d = 8 mm,
lef(sg) = 10 d and a = 90 ° of all NTAs analysed results to roughly 2.0, which was also found between the

permissible and characteristic steel tensile capacities.

The modern standardisation of timber engineered structures, such as ON EN 1995-1-1 (2015), explicitly
mentions the connection stiffness K..x do be considered for ultimate and serviceability limit state (ULS
and SLS) design process. Furthermore, also discussed in section 2-2.4.4, this mechanical property
concerns the basis requirement “mechanical resistance and stability” according to regulation
(EU) No 305/2011 and thus should be provided within the declaration of performance when basing on
Technical Approvals. Consequently, first approaches determining the axial fastener stiffness have been
published in German NTAs in the early 2000s, see Figure 2.24. Therein, both numbers of simultaneously
valid NTAs and ETAs containing withdrawal stiffness specifications are given for the timeframe
analysed, approvals treating TCC screws and thus providing system values are again excluded. As shown
in Figure 2.24, only a small number of NTAs specifies this property at all, while K, is included in most
of the ETAs related. A significant surge can be observed between 2006 and 2007, which is once again

caused by research findings discussed in sections 2-3 and 2-4.
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Figure 2.24: Number of Technical Approvals providing withdrawal stiffness specifications
(TCC screw approvals excluded)

In contrast to the withdrawal strength predominately provided as a constant value in dependence of a
reference diameter and density, the information regarding K., is consistently given in form of certain
equations, which can be applied for value determination. Although different formulas are provided, two

main approaches remain as worth being discussed; see

780 softwood 234-(p-d)” 1120
(Ta) K =d* 15" ;(b) Ko = Bi(pd) ;A0) Koo =————, (2.26)
’ 870 hardwood ’ 1 1 ’ 1 1
“oa v o Zoa T4
leﬂ 1 lel',Z leﬁ 1 lef,Z
16-d
(ITa) Kmax =25. Zer -d ; (1Ib) Kmyax (a=45°)= T 1 (2.27)
[ + PR
RS

with indices 1 and 2 in cases, two timber members are penetrated by one screw acting as serial system. As
shown in eq. (2.26) and (2.27), both approaches (I) and (II) significantly differ in the way, their main
influencing parameters p, d and /s are considered. Furthermore, the specifications concerning a varying
insertion angle are missing. Thus, K.« values, determined with all approaches shown, except of (IIb),
are equal for the whole bandwidth of a. Due to the fact, that equations (Ia,b,c) show no remarkable
differences for the diameter bandwidth d =8 + 12 mm considered, Figure 2.25 solely compares Kgerax
values determined by both approaches (Ia) and (Ila) in dependence of the screw’s effective length and a
constant py =350 kg/m*. Therein, significant deviations up to 720 % between (Ia) and (IIb) can be

observed, indicating the fact, that different opinions concerning the determination of this parameter exist.
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Figure 2.25: Comparison of different specifications regarding the withdrawal stiffness provided in Technical
Approvals (TCC screw approvals excluded)

2-2.5.6 Approved laminated timber products and wood species

As introduced in chapter 1, this thesis concentrates on examinations of axially loaded screwed
connections, situated in laminated timber products, which are composed of N single boards as a basis
material. This definition contains unidirectional and orthogonal oriented glued and cross laminated timber
(GLT and CLT), as well as solid timber (ST; N=1) as the lower limit in both cases. Thus, the
information regarding the applicability of these products, approved in NTAs and ETAs, is a further topic
of interest to be treated within this section 2-2.5. While all NTAs and ETAs approve the application of
self-tapping screws in solid timber and in addition all documents apart from Z-9.1-175 (1986) in GLT, the
National Technical Approvals allowing the same in CLT are rare. The first NTA considering CLT was
published in 2005; c. f. Z-9.1-279 (2005). This document, as well as the majority of further ones, issued
between 2005 and 2014 and regulating this timber product, predominately approved self-tapping screws
exclusively applied as fasteners for the insulation on top of rafters or as TCC connectors. In both
mentioned application fields, screws are mainly used in form of line connections, situated in the side face
of CLT panels. The requirements concerning the minimum spacings in both, side and narrow face,
especially necessary for high-stressed punctual connections, are not ruled therein. In 2014, 11 out of 40
NTAs valid, allow the use in CLT, whereof only two documents detail their application in form of
specific minimum spacings and thicknesses. The situation for European Technical Approvals is in
contrast: here, only two out of 40 analysed ETAs (valid in 2014) do not contain the applicability in CLT.

Nevertheless, the number of documents, clearly specifying this form of application, is rare again.

As mentioned in section 2-1.2, contemporary research activities mainly focus on screwed connections in
timber products made of hardwood species. In this context, only seven approvals (three NTAs, all of the

same approval holder, and four ETAs) allow screw application in these materials. The wood
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species/products, mentioned in these six documents, are ST and GLT in beech and oak (6 times) and GLT

in ash (3 times).

2-2.6 Intermediate conclusions

Focusing on axially loaded screwed connection, the development of standardisation and approvals
(between 1990 and 2014) has been analysed within section 2-2. Based on the findings, the following

intermediate conclusions are worth to be shortly summarised.

Firstly, based on the study of Central European (D-A-CH countries) design standards related to timber
engineering, none of them exclusively enables the design and the application of self-tapping screws
without any further documents, e. g. considering Technical Approvals. The reasons therefore are on the
one hand that older documents, namely ON B 4100-2 series, DIN 1052 P2 (1988) or SIA 164 (1992)
solely rule traditional wood screws, and on the other hand that, beginning with SIA 265 (2003) and DIN
1052 (2004) respectively, modern design codes only provide insufficient information concerning specific
screw parameters (e. g. axial stiffness) and application forms (CLT, hardwood products). In addition to
these technical barriers, the publication of council directive (89/106/EEC) and regulation (EU) No
305/2011 in combination with EN 14592 enable the CE labelling of self-tapping screws, which currently

also necessitates European Technical Approvals as basis documents.

Secondly, with regard to the development process of self-tapping screws based on Technical Approvals,
German NTAs, not only applied nationally, but also in Austria and Switzerland, and later ETAs, clearly
mirror the main research findings made in this specific field within the timeframe analysed. Due to the
fact, that these documents still govern the design and application process of self-tapping screws, related
statistics of Technical Approvals also serve as good market indicators of this specific fastener product.
The main development steps regarding standards, building and building product laws as well as technical

approvals, discussed in section 2-2, are illustrated in Figure 2.26.
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Figure 2.26: Lllustration of the development of standards and approvals analysed in section 2-2
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2-3 ACTIVE APPLICATION AS CONNECTION

As previously introduced, this section 2-3 summarises the main research activities done so far, concerning
the active application of self-tapping screws in form of predominately axially loaded timber connections.
Subsections 2-3.1 to 2-3.3, structured in accordance to Figure 2.10, consequently focus on normal,
transversal and moment joints, wherein screws are responsible for transferring structural loads between
two loadbearing members in timber and/or steel. Due to the fact that fasteners, line-wisely connecting
CLT elements, are mostly stressed by load combinations (normal and transversal forces and/or moments),

the concerning literature is separately discussed in section 2-3.4.

The documents, regulating screws applied as TCC connectors, only have a minor relevance with regard to
the total number of related approvals published so far, c. f. section 2-2.5.3. In addition, their loadbearing
behaviour is influenced to a large extent by that of the concrete member, not thematically treated within
this thesis. Thus, research works already done concerning this subject are not taken into consideration.
This also concerns predominately partially threaded and comparatively minor stressed self-tapping screws

applied to fix insulation material on top of rafters.

It is worth mentioning, that research activities exclusively concentrating on influencing parameters and
their application in the frame of different prediction models of axially loaded single screws, mostly failing
by withdrawal, are not discussed within section 2-3. In fact, their essential impact on the current state-of-
knowledge, especially concerning self-tapping screws’ withdrawal behaviour as one of the core topics of

this thesis, is discussed in chapter 5 in detail.

2-3.1 Normal joints

2-3.1.1 Timber-to-timber normal joints

In Figure 2.27, a commonly applied timber-to-timber tensile connection with inclined positioned self-
tapping screws is shown. This so-called butt joint can either be composed by equally orientated screws
loaded in tension (Figure 2.27, left) or oppositional oriented crossed screws, loaded either in tension or in
compression. The joint’s main design parameters are (a) the screw’s length /., (and thread length liead
in case of partially threaded screws) and outer thread diameter d, (b) thicknesses # and the material
properties (commonly represented by p;) of the outer and inner timber members and (c) the inclination
angle o as a parameter depending on the joint’s application. Worth mentioning, that the distances @; and
aicc between two screws and to the timber members ends and edges, introduced in section 2-2 but not

illustrated in Figure 2.27, have to be considered in the design process as well.
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inner timber member outer timber members

Figure 2.27: Cross-section of a typical timber-to-timber tensile connection with inclined positioned

self-tapping screws; lefi: tensioned screw joint; right: crossed screw joint

As already discussed in BlaB (1998) and demonstrated in section 2-2.5.3, the development of fully
threaded screws with d > 7 mm, and lengths being relevant for the corresponding geometrical conditions,
firstly enabled this form of application in the early 2000s. Due to their comparatively smaller thread
lengths, leading to smaller withdrawal capacities and the fact, that their axial resistance is governed by
their head pull-through capacities in the outer timber members, the use of inclined positioned partially
threaded screws results in a significantly reduced joint capacity. Thus, they are barely applied for this

purpose and not treated in the literature discussed within this section.

Focusing on the application of former mentioned fully threaded screws, Blal and Bejtka (2001), Bejtka
and Blaf3 (2002), Blaf} and Bejtka (2003b), Bla3 and Bejtka (2004b) and finally BlaB et al. (2006) carried
out several investigations to describe the loadbearing behaviour of this specific joint detail. Due to
inclined positioning, the screw axis’ directions, shown in Figure 2.27, deviate from the direction of the
joint load F. Since screws are stressed in axial and lateral direction, their loadbearing behaviour is
influenced by screw withdrawal and bending, as well as the timber members’ embedment strength f ;.
Both latter mentioned failure modes are commonly used for determining the lateral bearing capacity of
dowel-type fasteners loaded perpendicular to their axis. In Bla3 and Bejtka (2001), they adapted this
calculation method basing on Johansen’s yield theory (in particular failure mode 3 where one plastic
hinge occurs in each timber component, c. f. Johansen (1949), see Figure 2.28, left) by introducing an
additional term in form of the horizontal component (parallel to the direction of F, see Figure 2.28 right)
of the previously mentioned fastener’s withdrawal capacity R, ;. In Bejtka and Bla (2002), they
extended this design approach for all possible Johansen’s failure modes, and also considered the positive
effect of friction caused by the vertical component of R,; (perpendicular to F) compressing the gap

between the timber members.
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Figure 2.28: Left: schematic illustration of forces and stress distributions in an inclined screwed timber-to-
timber connection for Johansen'’s failure mode 3; according to Blaf3 and Bejtka (2001) and Bejtka
and Blaf3 (2002); right: truss-like force system exclusively considering axial screw capacity;
according to Blafs and Bejtka (2003b)

Furthermore, they reduced the withdrawal strength £, (in original form the withdrawal parameter f}) in
dependence of the lateral displacement J, negatively affecting the composite behaviour between timber
and screw. Eq. (2.28) exemplarily shows the determination of the load-carrying capacity of one screw, R

in case of Johansen’s extended failure mode 3:

R ey = Roy meens - (€Os 0+ psina) + (1 —pcotar) - %-J2~My~d~fhl-sinza, (2.28)
: y, : :
with

Ry Saxmoas AT Ly -
Ry ey =MiNg 7 =min<” ©and min| f, (=071, (2.29)
e {R {fax,mod,z demely, I: e ] ’

ax,2

where p is the friction coefficient between the two timber members (assumed between 0.25 and 0.35), M,
the yield moment of the screw and fi mod; the modified (= reduced) withdrawal strength of the timber
member i. A detailed derivation of further Johansen’s extended failure modes la to 2b, as well as the

relationship between f,x moa; and d, can be found in Bejtka and BlaB3 (2002).
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In BlaB et al. (2006) they finally summarised the results of their research so far. Thereby, they not only
concentrated on the formerly mentioned design approach and its experimental evaluation but also on the
determination of prediction models describing the lateral (f;, and M,) and axial (fux, faxmod> Kserax) SCrEW
basic properties. Focusing on axial (withdrawal) loadbearing behaviour, they recommend determining R,

as follows:

B 0.6~\/§~l&'9 ‘po.s

= . 2.30
1.2-cos’ a+sin’ o ( )

Eq. (2.30) bases on the regression model published in Bejtka (2005). Furthermore, the characteristic
withdrawal capacities were determined by decreasing the pre-factor 0.6 to 0.52 and considering py instead
of p. Issuing EN 1995-1-1:2004/A1 (2008), eq. (2.30) as the currently valid European approach of
determining the characteristic withdrawal capacity of axially loaded self-tapping screws, has firstly been
applied for Eurocode 5 series, c. f. section 2-2.1.3. In terms of withdrawal stiffness K ax (in original form
K.x), they also provide a model approach in form of
Koo =234(p-d)” 1%, @31

again on the basis of Bejtka (2005). The majority of technical approvals, which contain information
regarding the withdrawal stiffness, therefore provide at least a modified form of eq. (2.31); c. f. section 2-

2.5.5. Thus, eq. (2.31) significantly influenced the design process of self-tapping screws in the last years.

Back to the experimental investigations concerning timber-to-timber normal joints, composed by several
inclined screws. For the majority of practical cases, where a as the angle between screw axis and fibre

direction does not exceed 45 °, eq. (2.28) can be simplified to
R =R, -(cosa+psina), (2.32)

solely considering the axial loadbearing component of the screw. This is due to the fact, that no plastic
screw deformations were observed for specimen, which were opened after tests had been finished. Since
the group effect was not negatively influencing the loadbearing capacity of a group of n fasteners,
compared to that of n =1 (this means n = n., deviating from recommendations published in Eurocode 5),
eq. (2.32), multiplied by n, showed a good overall agreement with test results. In case of connections
where screw pairs are crosswise applied, one loaded in tension and one in compression, no detailed
approach similar to that given in eq. (2.28) had been determined so far. Thus, BlaB et al. (2006) applied a
simplified model for determining Rx as the withdrawal resistance of one screw pair originally reported by

Kevarinméki (2002) in form of
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R,=2-R_ -cosa. (2.33)

As there is no significant difference between tension and compression, c. f. Bejtka (2005), the withdrawal
capacity of one screw can be doubled, while any friction between the two timber members remains zero.
In fact, friction depended components [ - R, ; - sina balance each other. Again, the model assumptions
(this time multiplied by the number of screw pairs) corresponded very well to related test results. Now
focusing on the lateral (parallel to force axis) stiffness of these connections, two important matters have to

be outlined:

Firstly, test results with 11 single screws or 7 screw pairs (both per gap), compared to those with one
screw or one screw pair, showed significantly reduced connection stiffness (about 86 % and 82 % of one
screw or screw pair multiplied by their number). Thus, a certain group effect has to be considered when
estimating the specific joint stiffness. This was done in Blaf et al. (2006) by applying the theory of

Lantos (1969) in form of a declining behaviour of K, with increasing ».

Secondly, BlaB et al. (2006) recommend to determine the single fastener’s (or pairs’) lateral stiffness K
as a serial system of the two inserted screw threads’ axial stiffness as follows (note: exclusively for

0°< o < 45 °1):

l+p-tana
Tensioned screw joint (one screw): K, = luil (2.34)
K ser,ax, | K, ser,ax,2
- . 2
Crossed screw joint (one pair): K, = T 1 (2.35)
+
ser,ax, | Kser,ax.Z

Nevertheless, the estimated connection stiffness in form of single values according to eqs. (2.34) and
(2.35) multiplied by a reduced n¢ according to Lantos (1969) clearly underestimated the experimental
results. The main reason therefore was seen by BlaB3 et al. (2006) in the application of eq. (2.31) for
estimating Keraxi of screw types (thread geometries) applied in the connection tests, which differ from

those screw types eq. (2.31) was derived with.

Basing on the previously discussed publications, Tomasi etal. (2010) carried out an extensive
experimental campaign related to this topic. Thereby, they extended the possibilities of screw application,
given in Figure 2.27, by one further configuration covering the case of screws, which are exclusively
stressed in compression. An overview of their programme, which also contains a comparison between one
and two rows of screws (including two values of a; = {70, 160} mm and three of o. = {45, 60, 75, 90) °, is

shown in Figure 2.29.
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Figure 2.29: Screw configurations tested by Tomasi et al. (2010); a) single row and b) double row (a; varied)

Jjoint with tensioned or compressed screws, c) joint with crossed screws

As discussed in section 2-1.1, not only strength and stiffness properties but also its ductility D governs the
joint’s design process and classification. Thus, Tomasi et al. (2010) determined this parameter “static”
ductility Dy according to ON EN 12512 (2001) increasing from min[D;] =4 for low o (predominately
axially loaded joints) to max[D;]=30 for a=90° (predominately laterally loaded joints). The
verification of the bearing capacities Fi,x; was done by applying the design approach recommended in
the Eurocode 5 version (valid at this time), and the functions derived by Bejtka and Blafl (2002),
exemplarily given in eq. (2.28). In case of an inclined screw positioning (tensioned and crossed), the latter
mentioned model again shows a good agreement with test results, while the one according to Eurocode 5
significantly underestimates the real load-carrying capacity. Higher deviations (underestimations)
between eq. (2.28) and tests results were found for both, compressed and laterally loaded, screws
(=90 °), which were quite equal in the size of Fi.x. Worth mentioning, Tomasi et al. (2010) applied
eq. (2.28) for all screw positions tested and used the total withdrawal strength instead of a reduced one, as

recommended in Bejtka and Bla3 (2002).

In contrast to the estimation of the loadbearing capacities and alternative to Blaf} et al. (2006), Tomasi
et al. (2010) derived a new approach, estimating the stiffness K (parallel to force axis) of the screwed
connection. Based on the relationship between the displacements &; shown in Figure 2.30 (left) and
Hooke’s law §; = F; / K, they recommend to apply eq. (2.36) for this purpose.

K, =K, sino-(sina—p-cosa)+K,,, -cosa-(cosa+p-sina), (2.36)

ser,ax
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L5 1
with Kscr,lat = % ’ Kser,ax = 11 and Kser,ax,i = 30'lef,i d, (2.37)
+
K

ser,ax, 1 ser,ax,2

as lateral and axial stiffness of both parts of the screw thread situated in the timber members 1 and 2.
While the former mentioned has been adopted from Eurocode 5 for laterally loaded dowel-type
connections (pmean as average density of both timber members), the latter one again bases on the
assumption of a serial system with K. .; determined according to Z-9.1-472 (2006), which was the
technical approval of the applied screws’ manufacturer. As demonstrated in section 2-2.5.5, the
application of this approach (eq.(2.37), right) for determining Ki..; results in stiffness values
significantly higher than those estimated with eq. (2.31). A comparison of both approaches (eq. (2.34) and
eq. (2.36)) is illustrated in Figure 2.30 (right). The parameters were set to tensioned screws,
30°<a<90° p=0.30 and a ratio between Ko and Ky of 35:1, as published in Bratulic et al.
(2014), ignoring the previously discussed deviations between Keraxeq234) and Keraxeq (236 While the
estimations, determined with eq. (2.34), slightly decrease with decreasing a (as a consequence of 9 as the
cos component of 3,), those determined with eq. (2.36) show a clear oppositional behaviour in
dependence from the inclination angle. Hence Blaf3 and Bejtka (2001) experimentally determined a ratio
between Kier g=4se and Ker q=90- of roughly 12:1, a high predictive quality, concerning not only the stiffness

values, but also the course of K.(a), can be addressed to the approach published by Tomasi et al. (2010).

8lat
N 6ax :
A 3 /& i
i 1 3000% -
o (ﬁmn% S = 7500% | —— Blass et al. (2006)
5 : °—§ 2000% L— ——Tomasi et al. (2010)
: j 1500% A
-— = 1000% A
. 500% -
o 0% : : : .
30 45 60 75 90
a[°]
Figure 2.30: Left: lateral and axial displacement components of inclined screw joints; according to Tomasi

et al. (2010); right: comparison of connection stiffness K., (referred to K., .,) between the models
of Blaf3 et al. (2006) and Tomasi et al. (2010)

Nevertheless, expectations of K, again significantly underestimated experimental results, especially for

low o and predominately axially loaded screws. Based on optical examinations of tested connections,
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where the (remarkable) screw displacements mostly occurred in only one of both timber members,
Tomasi et al. (2010) consequently assumed Kieax = min(Keraxi)- This measure increases the connection
stiffness by far and led to a much better compliance with experiments. Since K., describes the /inear
elastic force-deformation relationship at minor values of &;, this assumption, basing on nonlinear
deformations after connection failure observed, seems questionable. With regard to the effective number
of fasteners 7., compared to their total number », possibly influenced by different a,; = {70, 160} mm, no
remarkable difference was found as a consequence of the parameter variation. Moreover, the general

assumption of ner = n, published by BlaB et al. (2006), could be confirmed.

All models discussed so far allow a determination of resistance and stiffness solely for joints loaded in
parallel to the timber members’ surface. For screwed connections with a load-to-surface angle of 90 °,
Jockwer et al. (2014) derived a further approach, which enables the determination of both properties in
this case. As illustrated in Figure 2.31 (left), their considerations again base on Johansen’s theory, taking
the timber member’s resistance against the force component F, acting perpendicular to the screw axis into
account. As the screw is hereby torn out of the timber member, the embedment strength at its surface has
to be zero. According to Jockwer et al. (2014), the length x,, along the embedment strength has to be

reduced, mainly depends on the timber’s rolling shear strength f; and can be determined as follows:

_ fh . def , (2.38)
2-tana- f,

with dee=1.1-d, as the effective diameter of the screw according to ON EN 1995-1-1 (2015) and
presupposing that the screw is inclined in fibre direction. Further assuming zero embedment strength

along x;, Jockwer et al. (2014) propose the determination of R, defined as the screw’s lateral resistance

according to eq. (2.39), see

Ro=—fy o3 ody +J(20 M + o3 d ) £y od (239)

Ry as the screw’s resistance against a load direction perpendicular to the timber member’s surface can be

finally determined according to eq. (2.40):
Ry, =R, -sina+R, -cosa. (2.40)

With regard to the joint stiffness, Jockwer et al. (2014) recommend to treat both stiffness components

Kierax and K.y as serial system, see:

1 1 1 3-E -m-d?
= with K, ==t
K. K ser 64-x

ser,90 ser,v ser,ax

, (241
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assumed as bending stiffness of a cantilever beam with length x,, see Figure 2.31 (right). A comparison of
the model approach with results of an experimental campaign on screwed connections with varying
inclination angles, also presented in Jockwer et al. (2014), showed a high agreement. Worth mentioning,
that Jockwer etal. (2014) used a modified form of of eq. (2.27) (pre-factor 25 replaced by 40) for

estimating K, in this case.

g | |
N X r X, N
Fvl
X1
Figure 2.31: Left: schematic illustration of forces and stress distributions in an inclined screwed timber-to-

timber connection loaded perpendicular to grain; right: stiffness model simplification with

reduced embedment strength, according to Jockwer et al. (2014)

Finally, four further works done by Kevarinméki (2002), Tomasi et al. (2006), Gehri (2010) and Piazza
etal. (2011) are worth to be highlighted within this section. Similar to Bejtka and BlaB3 (2002),
Kevarinmiki (2002) focused on determining strength and stiffness properties of (i) tensioned and (ii)
crossed screw connections in solid timber and laminated veneer lumber (LVL). His already mentioned
model approach, given in eq. (2.33), estimating the joint’s bearing resistance in case (ii), has to be pointed
out again. Concentrating on their behaviour in case of seismic actions (earthquakes), Tomasi et al. (2006)
and Piazza etal. (2011) conducted several experimental investigations on screwed connections under
monotonic and cyclic loading according to ON EN 12512 (2001). In addition, they confirmed the
monotonic test results with the approach developed by Bejtka and BlaB3 (2002), as well as by means of
numerical methods. In terms of seismic behaviour, they classified the connections as L (low ductility,
small values of o, predominately axially loaded screws) to H (high ductility, a — 90 °, predominately
laterally loaded screws) according to ON EN 1998-1 (2013). Furthermore, tests on connections with
varying o; (within one specimen) showed, that the total joint capacity R may be easily composed by

summing up all singe capacities R;(0;); even in cases, o; significantly differed. According to Tomasi et al.
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(2006) and Gehri (2010), it would be possible to control the shape of the joint’s force-deformation

relationship by applying differently inclined screws within one connection.

2-3.1.2 Steel-to-timber normal joints

As discussed in section 2-1.2, further investigations, aiming to maximise the loadbearing capacity of
predominately axially loaded screwed connections, led to the development of two different kinds of steel-
to-timber joint designs. The first possibility, given in Figure 2.32 (left), simply replaces both outer timber
components by steel plates, while the inclined screw configuration, shown in Figure 2.27, has been
adopted. In the second case (Figure 2.32, right), analogies found between glued-in rods and screws
regarding their loadbearing behaviour resulted in screw arrangement parallel to grain (end-grain joints).
Due to the fact, that almost the whole screw thread (lef = {lscrew — tst / €OSO., Lerew — (faga T 1) }) 1s situated in
just one timber component, the steel tensile failure as the maximum loadbearing capacity per screw in
axial direction may be reached by both possibilities. With regard to joint design, the input parameters are

similar to those mentioned in section 2-3.1.1.

timber member Lyerew

ﬂb qb
& Ly Lada Tt
A\
Foof
-— -
= a N N = ol
*steel plate KIS M
Figure 2.32: Cross-section of two types of steel-to-timber connections with predominately axially loaded self-

tapping screws; left: inclined screw butt joint; right: end-grain joint with screws inserted parallel

to grain direction

Focusing on steel-to-timber butt joints with inclined positioned self-tapping screws, major investigations
related have been conducted by Krenn and Schickhofer (2007), Krenn (2009), Krenn and Schickhofer
(2009) and Krenn (2010). Therein, they carried out a huge experimental campaign with up to 600 tests on
single and multiple row joints with one to eight screws per gap. The overall aim of this research
programme was to determine whether a negative group effect for this type of connection exists or not.
Further parameters varied were: a; = {30 °, 45 °}, the effect of friction (for a certain number of tests,
Teflon stripes (1 — 0) have been used) and screw thread length (fully and partially threaded screws were

applied), the latter consequently leads to different failure mechanisms (withdrawal instead of head tear-

off).

65



ﬁTU ACTIVE APPLICATION AS CONNECTION
Grazm

Based on the conclusions made in Krenn and Schickhofer (2009), a slightly reduced 7. with increasing n
results for screws failing in withdrawal, while in case of head tear-off (steel tensile) failure no influence
of n on R has been observed. In fact, the average loadbearing capacity (referred to one screw) of the latter
mentioned failure mode slightly increased with n, probably being influenced by a certain screw ductility,
enabling a load redistribution within the connection to a small degree. In terms of withdrawal failure,
their observations differ from those made by BlalB} et al. (2006), which may be caused by outer steel plates
allowing minor deformations (and thus minor load redistribution) if compared to the timber components
they replace. Nevertheless, in order to avoid differing between the two failure mechanism observed, and
to cover practical uncertainty (as mentioned in section 2-1.2, steel-to-timber connections require far more
production accuracy and quality control), Krenn and Schickhofer (2009) recommend determining 7. as

the product of n multiplied by 0.9.

With regard to the loadbearing capacity of steel-to-timber joints, composed by inclined positioned self-
tapping screws, Krenn and Schickhofer (2009) confirmed the simplified approach from BlaB et al. (2006)
(and Kevarinméki (2002) respectively) of solely considering the screw’s axial resistance (including both
cos and p-sin components) in form of a truss-like force system. Thereby, they recommend
approximating the friction coefficient to u=0.25. Focusing on serviceability limit state (SLS), the
determined connection stiffness K., showed a clear regressive behaviour by increasing », similar to the
findings for timber-to-timber joints made by BlaB} et al. (2006). For instance, Kgs of tests with eight
screws per gap (head tear-off failure) was roughly 70 % of K multiplied by n = 8. Consequently, 7 e
should be assumed by n°®. Concerning the structural detailing, Krenn and Schickhofer (2009) recommend
overlapping the screws at least 4 d at the timber member’s system axis, in order to avoid its splitting
caused by remarkable tensile stresses perpendicular to grain occurring in this zone (observed and

numerically verified).

Concluding the findings made by Krenn and Schickhofer (2009), steel tensile failure always occurred as a
head tear-off rupture at the transition zone between timber member and outer steel plate. This due to an
assumed tensile (axial tension and bending) and shear stress interaction, caused by the contact of the
thread flanks with the steel plate’s borehole wall at minor deformations parallel to force direction.
Consequently, the investigations done by Ringhofer et al. (2014b) focused on the development of an
optimised screw geometry, which based on an idea from Pirn