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Abstract

In timber engineering, self-tapping screws, optimized primarily for axial loading, represent the
state-of-the-art in fastener and reinforcement technology. Their economic advantages and
comparatively easy handling make them one of the first choices for application in both domains.
This paper focuses on self-tapping screws and threaded rods applied as reinforcement,
illustrating the state-of-the-art in application and design approaches in Europe, in conjunction
with numerous references for background information. With regard to medium to large span
timber structures which are predominately erected by using linear timber members, from e.g.
glued laminated timber, the focus of this paper is on their reinforcement against stresses
perpendicular to grain as well as shear. However, latest findings with respect to cross laminated

timber are included as well.

Keywords: Self-tapping screws; Rods; Reinforcement; Glued laminated timber; Cross laminated

timber; Stresses perpendicular to the grain; Shear stresses



1. Introduction

Wood is a highly anisotropic material, featuring low capacities in tension and compression
perpendicular to the grain as well as shear. When designing structural elements from timber, it
should be aimed at minimising e.g. tensile and compressive stresses perpendicular to the grain. If
this cannotbe fully achieved, the timber element can be reinforced to compensate for these low
strength properties. The list of applicable internal or external reinforcement is — amongst other
factors — based on the necessity of a continuous interconnection between the timber and the
reinforcement as well as sufficient stiffness of this connection (to prevent cracking). Fully
threaded, self-tapping screws are a very economical alternative to the traditional reinforcement
by glued-in steel rods or wood-based panels which are glued onto the timber member. After a
brief introduction to wood screws in general, we focus on the state-of-the-art of fully-threaded
self-tapping screws and threaded rods and associated design approaches common in Europe. In
principle, the approaches presented in the following also apply to glued-in rods. For an in-depth

overview on glued-in rods, the interested reader is kindly referred to [1]

Traditional wood screws feature a shank with a threaded and a smooth part, the outer diameter of
the thread generally equaling the smooth shank diameter. Such screws are described in national
standards, like DIN 7998 [2]. Typically, the length of the threaded part is only 60 % of the total
length. For shank diameters d > 6 mm, pre-drilling is required (depending on e.g. density of the
timber). Their axial load-carrying capacity is mostly limited by the pull-through capacity of the
screw head. Thus the additional use of adequately designed washers is commonly meaningful.
The combination of threaded and smooth shank and the use of mild- or low carbon steel allow

using them for loading in shear and tension or a combination of both.

Constraints in the load-carrying capacity of primarily axially-loaded screws were overcome with
the development of self-tapping screws. In contrast to traditional screws which have their
threaded part turned down from the original rod diameter, the thread of self-tapping screws is
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produced by rolling or forging a wire rod around the shank, which consequently features a
smaller diameter when compared to the outer cross sectional thread diameter (see also Fig. 1).
Self-tapping screws mostly feature a continuous thread over the whole length. This leads to a
more uniform load transfer between the screw and the wood material as well as a considerably

enhanced axial load-carrying capacity, the type of loading for which they are optimized.

During manufacture, their thread is hardened, leading to an increased bending and torsion
capacity, but also to a more brittle failure mechanism. In combination with the development of
optimized drill tips and threads, self-tapping screws, featuring diameters up to 14 mm and

lengths up to 1000 mm, are produced and applied today, see Fig. 1 and Fig. 2.

An extension of these geometric limits is possible by the application of threaded rods. These are
a modification of self-tapping, fully threaded screws featuring screw threads over the full length.
These can reach diameters of up to 20 mm and lengths of up to 3000 mm. Threaded rods with
screw threads need pre-drilling with the core diameter and a coating and/or lubricant to reduce
friction stresses when driving them in. In dependency of the length of the screw or threaded rod,
their axial load-carrying capacity may be limited by the tensile capacity of the steel or, if loaded
in compression, by buckling. Following EN 1995-1-1 [3] and investigations made in e.g. [4], a

group of axially loaded screws may also fail in block shear.
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Fig. 1 Different forms of drill tips and threads (with and without shank cutter) as well as
variations of screw heads, comparison with DIN-screw (third from right), from [5]
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Fig. 2 Development of screw length (and implicitly load-carrying capacity) from traditional
wood screws to self-tapping screws, from [6]

Requirements for self-tapping screws are for example given in EN 14592 [7]. Here, the nominal
diameter equals the thread diameter d which has to be 2.4 mm < d < 24 mm (practical range:

8 mm, 10 mm and 12 mm for screws, 16 mm and 20 mm for threaded rods). The core diameter
dihastobe 0.6 - d<d1<0.9-d (0.6 -d<di <0.75 - d according to EN 1995-1-1 [3]). The
minimum thread length is restricted to /g > 4 - d (minimum embedment depth or effective
penetration (anchoring) length, /ef, according to EN 1995-1-1 [3] is: for axially loaded screws

6 - d and for laterally loaded screws 4 - d,), see also Fig. 3.



d ... nominal (thread) diameter
d, ... core diameter

dy, ... head diameter

[ ...length

N e e e bl b i I, ... thread length

Fig. 3 Geometry parameters for screws

The mechanical properties are defined by the characteristic values of (i) the yield moment, (ii)
the withdrawal capacity of the threaded part, (iii) the tear-off capacity of the screw head, (iv) the
pull-through capacity of the screw head, (v) the tensile strength of the screw, and (vi) the
torsional strength of the screw,. The mechanical properties can be derived from tests or from
equations given in e.g. EN 1995-1-1 [3]. The use of other screws as specified in EN 14592 [7] is
allowed, provided their applicability is proven by a technical approval. These used to be issued
by national building authorities; currently most national approvals are being converted into
European Technical Approvals (ETAs). Between the products available on the market, there are
a variety of head and thread forms and differences in shank-, tip- and thread-diameter as well as
different ratios between thread to core diameter, see Fig. 1. However, a comprehensive
comparative study on self-tapping screws of five different manufactures, tested at angles
between screw axis and fibre direction of 90°, 45° and 0°, showed only minor differences in the
withdrawal capacities. The range of = 10 % is in-line with the technical approvals. More relevant

are the differences in the practical application of the screws, see e.g. [5].

Meanwhile, many regulations in technical approvals have been adapted between different
approvals, facilitating design and comparability. Nevertheless, there are a number of approvals
in which special rules are given that must be followed. For example, there are different rules in
the following areas:

e minimum spacings and distances, minimum member thickness requirements;

e axial withdrawal capacities (as a function of characteristic (5 %-quantile) density);



e permissible angles between screw axis and grain direction;

e wood species (mostly softwoods);

e tensile capacity;

o stability of the screws, i.e. buckling failure when loaded in compression;
o stiffness values (Kser, Kaxser, Ku).

Because of these differences, specified screws shall not be substituted by other screws.

2. General rules on the application of self-tapping screws

The European basis for the design of self-tapping screws is the design concept given in
Eurocode 5 (EN 1995-1-1 [3]) in combination with the provisions given in the European
Technical Approvals (ETAs). For applications which are not covered by Eurocode 5, design
approaches can be given in the National Annexes to Eurocode 5 (as non-contradictory,
complementary information (NCCI)). Some ETAs, e.g. [8], [9] and [10], also feature annexes

containing design provisions for certain applications.

One advantage of self-tapping screws is that they do not require pre-drilling, given the density of
the timber is not too high (e.g. p < 550 kg/m?, given for most softwoods). However, research
results in [11] indicate, that for the application of self-tapping screws in timber with temperature
below zero, pre-drilling may be required to prevent splitting of the timber which becomes more
brittle at these temperatures. In more recent technical approvals, pre-drilling is allowed. Here,
the borehole diameter shall not be greater than the core diameter of the screw. Pre-drilling can
have a positive effect on the precision of the screw positioning. This is of special importance if
the screws are positioned at an angle to the grain, which is challenging if carried out free-
handed, especially if screws of small diameter (e.g. d = 6 mm) and high slenderness are used.
For this, placement devices or CNC machinery can be used. Some ETAs allow to reduce the
minimum spacing if pre-drilling is applied. Most self-tapping screws feature a special drill-tip
which allows the use of reduced spacings and distances even without pre-drilling. For such

screws, most technical approvals (e.g. [8], [9] and [10]) contain the spacing and distance



requirements for axially loaded screws given in Tab. 1 (see also Fig. 4). In the case of screws
positioned at an angle between grain and screw axis, the centroid of the threaded part of the
screw in the respective timber member shall be used as reference for determining spacings and
distances (see Fig. 4 and e.g. [8], [9], [10] and [12]). In the case of reinforcement against tensile
stresses perpendicular to the grain, the distance between the reinforcement and the (mostly

localized) area of stress peaks should be minimized, e.g. by using the minimum of a3 (see e.g.

[12]).

Tab. 1 Typical minimum spacings and minimum
distance requirements given in technical approvals
for axially loaded self-tapping screws

ai az a3c A4c

5d? 5:d? 5-d 4-d®

 may be reduced to 2.5-d, if the condition ai1-a2 > 25-d? is fulfilled.

b. .
in some cases, 3-d is allowed.

[ ]
®

<@
7
Fig. 4 Definition of spacings, end and edge distances for axially loaded screws

According to Eurocode 5 (EN 1995-1-1 [3]), a reduction in cross-section, caused by screws do
not need to be considered in cases of d < 6 mm (without pre-drilling) and for screws placed in
areas under compressive stresses. For nominal diameters d > 6 mm, a reduction of the cross-

section shall be taken into account. This is typically realized by considering only the cross-
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sectional area of the screws, cut at an angle a at the timber cross section featuring the highest
number of penetrating screws (e.g. [12]). However, tension parallel to grain tests on butt-joints
with inclined fully threaded self-tapping screws showed, that the net cross section is better
approximated by the timber area between the projected screws, see Fig. 5, right. Thus, the sole
consideration of the screw holes as loss in net cross section was shown to be not sufficient [13].
Recent research results [14] indicate that a reduction of the cross-section should also be
considered in members under compression, even if the holes are filled with a material of higher
stiffness than the wood. This is explained by stress peaks developing in the vicinity of the

fasteners. The exception is glued-in rods since the glue-line shall lead to a reduction in stress

peaks.
O
k=
- =
G
F ~
—

Fig. 5 Butt-joint with self-tapping screws and proposal for definition of net cross section, from
[13]

The characteristic axial load-carrying capacity of the screw, FaxRk, is determined as the
minimum of the characteristic tensile capacity, Firk, (or characteristic buckling capacity, Fki.rk)
and the characteristic withdrawal capacity, FaxqRk, Of the screws, see Eq. (1). The characteristic
withdrawal capacity, Fax.aRrk, 1S calculated as the product of the characteristic withdrawal
parameter, faxk, (given in the technical approval; conforming with the characteristic withrawal
strength multiplied by © = 3.14), the nominal diameter, d, and the effective anchorage length, er.
In the case that screws are positioned at an angle o between grain and screw axis, most approvals

contain an equation with which the withdrawal capacity can be determined according to the



values for o = 90°. Some technical approvals allow to use the values determined for o = 90° in

case of angles o > 45°.

F . orF,
F . t,Rk ki, Rk
ax,Rk { faxjk d .qu (1)

The slip moduli, Kser (slip moduli in shear) and Kax ser (axial slip moduli), are needed e.g. in the
case of mechanically jointed (e.g. doubled) beams which are designed with the y-method or
shear analogy (see chapter 6). Experiments to determine the axial slip modulus, Kax ser, show
large variations in results (e.g. [15] and [16] contain values approximately twice as high as in
[17]). This variety of results is also observed in different technical approvals, which report
different values of the slip modulus. Eq. (2), which is based on tests on screws from different
manufacturers featuring maximum penetration lengths of 120 mm [17]), is generally reported in
many technical approvals. Other technical approvals report different equations delivering higher
results.

K, =780-d"-1," 2)
Test results reported in [15] and [18] show that the slip moduli are also significantly dependent
on the angle o between screw axis and grain direction. In contrast to the withdrawal capacity the
slip moduli increase with decreasing angle a. In [18], tests on screwed-in rods featuring
penetration lengths of 200 mm and 400 mm are reported that indicate a disproportionate (above-

average) increase of the axial stiffness when doubling the penetration length.

3. Self-tapping screws as reinforcement to carry tensile stresses
perpendicular to the grain

Screws under axial loading are very stiff, favoring their use as reinforcing elements. In the
following subsections, typical applications of self-tapping screws as reinforcement to carry
tensile stresses perpendicular to the grain in timber structures are presented. Within the

approaches presented, the tensile capacity perpendicular to the grain of the timber is neglected,
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1.e. a cracked tension zone is assumed. This is different from to the approach taken by [19] in
which only the force components, exceeding the tensile strength perpendicular to the grain of the
timber, are considered for the design of the reinforcement.

3.1 Reinforcement of connections with a tensile force component perpendicular to the
grain

The approach to design the reinforcement of connections with a tensile force component
perpendicular to the grain explained in the following is standardized [20], previous sources
include [21] and [22]. The approach is explained in [23] as well as [24], previous works include

[25].

The design tensile force perpendicular to the grain, Ft90.4, is the resultant of the tensile stresses
perpendicular to the grain on the plane defined by the loaded edge distance to the center of the
most distant fastener, 4, (see e.g. [26]). According to beam theory, the connection force
component perpendicular to the grain results in a step in the shear force distribution. The tensile
force perpendicular to the grain, Fi 0.4, see Eq. (3), is determined from this change in shear stress
by integration of the shear stress in the area between the row of fasteners considered and the
unloaded edge, as indicated by the shaded area in Fig. 6 right. A derivation of this approach can

be found in e.g. [27].

1,90d — [1—3-0(2 +2'a3]'Fv,Ed
with: a=h,/h

F,, design value of the shear force component perpendicular to the grain

F,
3)

The design approach for reinforcement of connections with a tensile force component
perpendicular to the grain can also be translated to the reinforcement of girder hangers or the

mortise part of a dovetail connection.
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Fig. 6 Reinforced cross-connection: reinforcement (left) and distribution of shear stresses and
shear flow (right, see also [27])

The highest tensile stresses perpendicular to the grain occur in direct vicinity of the fasteners.
Therefore, the distance between the screw and the fasteners, a1, should be minimal. It is ideal to
place the reinforcement (also) in between the fasteners, as shown in Fig. 6 left. With respect to
further geometric considerations for the reinforcement, the specifications given in 3.2 apply. The
load-carrying capacity of the screw is determined in dependence of the length of the screw
between the row of fasteners considered and the unloaded edge, fads. The thread of the
reinforcement should at least cover 75 % of the beam height, see e.g. [28]. In all other cases, the

tensile stresses perpendicular to the grain at the screw tip have to be verified as well.

3.2 Reinforcement of notched members

The approach to design the reinforcement of notches in members with rectangular cross-section
explained in the following is standardized [20], previous sources include [21] and [22]. The
approach is explained in [23], [24] as well as [12]. Preceding works include e.g. [25]. The tensile
force perpendicular to the grain, Fi90,d, can be approximated by integration of the shear stress in
the area between the inner and outer corner of the notch (see shaded area in Fig. 7 right). A

derivation of this approach can be found in [27].

A more detailed analysis of the magnitude of the tensile stresses perpendicular to the grain

around the notch, using plate theory, has shown that these stresses are increased due to the
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eccentricity between the support and the inner edge of the notch ([29], [30]). For relationships
x < het/ 3 (see Fig. 7), the tensile force perpendicular to the grain, Fi90,d, can be sufficiently

estimated by applying an increase factor of 1.3.

The design tensile force, F,90.4, to be carried by the reinforcement, can be determined according

to Eq. (4).

Fio0a=13-V4 ‘[3'(1—(1)2 —2-(1—0L)3], forxshef/3
with: o=/, /h

V,; design value of the shear force

(4)

The design approach for notched members can also be used for the reinforcement of the tenon

part of a dovetail connection, as e.g. applied by [31].

Due to the limited distribution length of the tensile stresses perpendicular to the grain outside the
corner of the notch, the distance between the screw and the notch, a3, should be minimized, see
Fig. 7 left. Only one row of screws at a distance a3 should be considered, hence it should be
aimed at placing all necessary screws in the first row, utilizing — if necessary — the minimum

possible distance a2 between the screws (see Fig. 4).

The load-carrying capacity of the screw is determined in dependence of the smaller of both
anchorage lengths, with £er = €ad.

s ¥ L |
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Fig. 7 Notched beam: reinforcement (left) and distribution of shear stresses (right)

Since end-grain is exposed and commonly not sealed at a notch, the superposition of moisture
induced stresses and load-dependent tensile stresses perpendicular to the grain around holes can
be significant [32]. Therefore, some authors recommend that notched members should always be

reinforced, see e.g. [12], [33].
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Experiments on notched members reinforced with screws have shown the potential of a crack
developing from the corner of the notch. The crack development ends just after it has crossed the
screw. The reason for this can be seen in the very small deformation capacity of timber before
exceeding the tensile strength perpendicular to grain. Although it could be considered a visual

deficiency, such a crack is not a sign of reduced load-carrying capacity of the notched beam.

Recent research [34] indicates that Eq. (4) might not be conservative for all cases since it does
not account for shear failure of the reinforced notch. The authors state that a combination of
reinforcement to cover both shear and tensile stresses perpendicular to the grain, has a positive

effect on the structural behavior of reinforced notched beams.

Recent developments also include self-tapping screws with changing angle of the thread along
the screw. Such screws can be used to induce compressive stresses perpendicular to the grain,
thereby reducing the effect of load-dependent or moisture induced tensile stresses perpendicular
to the grain [35]. The maximum acceptable displacement between the thread and the wood
material is limited, implying that this approach could be most adequate for details with localized
areas of high tensile stresses perpendicular to the grain. So far, the influence of relaxation on the
long-term occurrence of the imposed compressive stresses perpendicular to the grain could not

be clarified.

3.3 Reinforcement of members with holes

The approach to design the reinforcement of members with holes explained in the following is
standardized [20], previous sources include [21] and [22]. The approach is explained in [23] as
well as [24], research on this approach is presented in [36]. Modifications to the approach are
explained in [37] and [38]. Modifications constitute the limitation of the permissible relative

dimensions of the hole in dependency of the type of reinforcement (e.g. 74 < 0.3 - 4 in case of
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reinforcement with screws). Information on the behavior of holes in timber beams in general can

be found in e.g. [39], [40], [41], [42] and [43].

The tensile force perpendicular to the grain, Fi90,v.d, see Eq. (5), can be approximated by
integration of the shear stress between the axis of the member and the corner of the hole under
tensile stresses perpendicular to the grain as indicated by the shaded area in Fig. 8 right. A
derivation of this approach can be found in [27]. Experimental results given in [40] also show a
tensile failure perpendicular to the grain at holes in areas without shear. From the experimental
results, a tensile force component due to bending moment, Fi90,m,4, was determined which has to
be added to the force component due to shear. In the case of circular holes, the parameter 4 may
be increased by 0.15 - 44 to account for the fact that potential fracture will occur at a position
described by an angle of 45° from the center line of the hole. The applicable effective anchorage
length, Zet, is equal to the applicable distance /: from the edge of hole to the upper/lower edge of

the member, given the length of the screw after the potential failure plane exceeds /.

4.h

7

V,-h h,? M
Fo0a =Froopa+Fooma =24 '{3‘5_2}+0-008'h_d (5)

with: V¥, design value of the shear force at the edge of the hole
M ,; design value of the bending moment at the edge of the hole
a hole length
hy hole depth

distance from lower edge of hole to bottom of member

distance from upper edge of hole to top of member

b o= {min {hm; hm} for rectangular holes

! min {h,, + 0,15-hy; h,, +0,15-h, } for round holes

I, support distance of a hole
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Fig. 8 Beam with hole: reinforcement (left) and distribution of shear stresses (right)
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The superposition of moisture induced stresses and load-dependent tensile stresses perpendicular
to the grain around holes can be significant [32], in particular if the end-grain in the holes is not
sealed. Therefore, some authors recommend that members with holes should always be
reinforced, see e.g. [33]. In most cases, the necessity to reinforce holes will be given by the
geometrical boundary conditions for unreinforced holes (44 < 0.15 - /). With respect to
geometric considerations for the reinforcement, e.g. distances, the specifications given in 3.2
apply.

It shall be emphasized that besides the reinforcement with screws also a verification of the shear
strength of the timber in the vicinity of the hole is required. The distribution of the shear stresses
in the vicinity of the hole deviates considerably (polynomial stress distribution instead of
parabolic stress distribution), its maxima can reach significantly higher values compared to the
values determined according to beam theory. A description as well as an associated design
equation is given in [24], see Eq. (6). In [44] it is recommended to apply the same verification
for round holes as well. In the same publication, a method is described to verify the bending
stresses above or below rectangular holes, including the additional longitudinal stresses from the

frame action (lever of the shear force) around the hole (see also [40]).

0.2
I,S‘Vd a hd l,S‘Vd
=gy =184 [ 1+ L || B2

with:  x,,,, factor to take account for the increased shear stresses
in the area of the edge of the hole
description of terms see Eq. (5)

hy may be replaced by 0.7 -h, in case of round holes

3.4 Reinforcement of double tapered, curved and pitched cambered beams

Double tapered, curved and pitched cambered beams mostly feature beam depths which exceed

the maximum length of self-tapping screws. An alternative reinforcement is given by threaded
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rods which are produced in lengths of up to 3000 mm and installed by aid of pre-drilling with the
core diameter. Threaded rods featuring screw threads constitute a modification of self-tapping,

fully threaded screws, i.e. the main specifications given above apply.

A standardized approach to design the reinforcement of curved and pitched cambered beams is
given in [20], previous sources include [21] and [22]. The approach is explained in [23]. It is
differentiated between reinforcement to carry the full tensile stresses perpendicular to the grain
and reinforcement to only carry the tensile stresses perpendicular to the grain from climatic

conditions, i.e. the moisture induced tensile stresses perpendicular to the grain.

The first approach is based on an integration of the sum of tensile stresses perpendicular to the
grain in the plane of zero longitudinal stresses. The equations given in [3] (based on [45]) only
provide the maximum tensile stresses perpendicular to the grain in the apex. Depending on the
form and loading of the beam, the tensile stresses perpendicular to the grain decrease with
increasing distance from the apex. They even spread to some extent into the straight parts of the
beam, see Fig 9 and [46]. In [47] and [48], these results were verified and extended to beams
with mechanically fixed apex, see Fig 9 below right. For simplification, reinforcement in the
inner quarters of the area exposed to tensile stresses perpendicular to the grain is designed for

the full tensile stresses perpendicular to the grain, see Eq. (7).

G¢,90,d b

(7)

Foo0q4 =
n

with: £, g, design tensile force perpendicular to grain in the reinforcement

G,904 design tensile stress perpendicular to grain

b beam width, in [mm]
a distance between fasteners in grain direction
n number of reinforcing fasteners within a;

16



Fig. 9 Distribution of tensile stresses perpendicular to the grain over the beam depth and
length in double tapered (above left), curved (above right), pitched cambered (below left) and
cuved beam with mechanically fixed apex, i.e. secondary apexes (below right)

In the outer quarters, the tensile stresses perpendicular to the grain are assumed to reach 2/3 of
the maximum tensile stresses perpendicular to the grain determined with Eq. (7), see Fig 9.. The
spacing between the reinforcement is limited to a1 < 0.75 - hap (hap as height of the apex) to
ensure that the whole area exposed to tensile stresses perpendicular to the grain is covered by

reinforcement.

Even if the requirements regarding systematic, load-dependent tensile stresses perpendicular to
the grain can be met, see [3], it is state of the art to reinforce double tapered, curved and pitched
cambered beams. Reason is the superposition of the load-dependent stresses with moisture
induced stresses perpendicular to the grain due to e.g. changing climatic conditions or a drying
of the beam after the opening of the building, see e.g. [49], [50]. In the lack of a method to
reliably predict the magnitude of tensile stresses perpendicular to the grain, it is custom to apply
reinforcement if the maximum load-dependent tensile stresses perpendicular to the grain
exceeded 60 % of the design tensile strength of the timber member perpendicular to the grain.
Some authors recommend that double tapered, curved and pitched cambered beams are always
reinforced, independent from the magnitude of tensile stresses perpendicular to the grain, see

e.g. [33]. Eq. (8) represents one approach to design reinforcements to carry moisture induced
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tensile stresses perpendicular to the grain ([20], [21] and [44]). It is based on the assumption that
1/4 of the tensile stresses perpendicular to the grain from external loads are carried by the
reinforcement. It is also based on the assumption that the potential magnitude of moisture
induced stresses increases with increasing member width, i.e. increases due to decelerated
adaption of timber moisture content in the interior of the cross-section. For a member width

b =160 mm, Eq. (8) lends " of the full reinforcement determined by Eq. (7), less reinforcement

for smaller member widths and more reinforcement for larger member widths.

2

1004 D"y (8)
640 -n

In the case of reinforcement to carry the tensile stresses perpendicular to the grain from climatic

Fo04 =

conditions, the spacing between the reinforcement should be kept constant. It is recommended

that the spacing is limited to the member depth [44].

Recent research has begun to examine the question of the influence of reinforcement on the
magnitude of moisture induced stresses since reinforcement restricts the free shrinkage or
swelling of the timber beam. Experimental studies (short-term tests) and analytical
considerations, presented in [51] and [52], indicate that a reduction of timber moisture content of
3 % to 4 % around threaded rods, positioned perpendicular to the grain, can lead to critical
stresses with respect to moisture induced cracks. In addition, a substantial mutual influence of
adjacent reinforcing elements could be identified. Experiments on drying glulam members
reinforced by screwed-in threaded rods placed perpendicular to the grain are presented in [53].
The results indicate that moisture induced stresses in the timber can lead to forces in the

reinforcement in the order of the steel capacity of the rods.

3.5 Reinforcement of connections with a tensile force component parallel to the grain

The load-carrying capacity of connections with multiple fasteners in one row parallel to the grain

can be lower than the sum of the load-carrying capacities of the single fasteners (depending on
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the fastener distances parallel to the grain). This is due to the splitting forces (tensile stresses
perpendicular to the grain) induced by the fasteners. The tendency to splitting increases with
decreasing spacing of the fasteners parallel to the grain, a1 (Fig. 10). In the codes, this is
accounted for by an effective number of fasteners, nef, [3] (based on [54]). Placing self-tapping
screws with continuous thread perpendicular to the fastener axis and to the grain direction may
prevent splitting, i.e. nef = n may be used, see Fig. 10. The closer the screw is placed to the
dowel-type fastener, the better the effect. Since the splitting force is highest close to the joint
between two connected members, the screws should be positioned with a minimum edge
distance, a4, see Fig. 10 right. In [44] it is recommended to design the self-tapping screws for

an axial force of 30 % of the load transferred by each dowel-type fastener and shear plane.
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Fig. 10 Reinforcement of dowel-type connections

According to [55], [56] as well as [57], the load-carrying capacity of dowel-type connections,
reinforced with self-tapping screws with continuous thread can be further increased, if the screw
is in direct contact with the dowel-type fastener. This necessitates very exact positioning which
is not always feasible. Pre-drilling can have a positive effect on the precision of screw
positioning.

4. Self-tapping screws as reinforcement to carry compressive stresses
perpendicular to the grain

Structural details in which the timber is loaded in compression perpendicular to the grain are
very common, €.g. beam supports or sills / sole plates. The combination of high loads to be

transferred over localized areas and low capacities in compression perpendicular to the grain can
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make it difficult to meet the associated verifications. Fully threaded, self-tapping screws are a
means to improve the stress dispersion into the timber, see Fig. 11. Research on this type of
reinforcement is presented in [56], background information as well as a design approach is

presented in [58].
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Fig. 11 Reinforcement of support areas

The load-carrying capacity of a reinforced support can be determined under the assumption of an
interaction between the timber under compressive stresses perpendicular to the grain and the
screws under compression, see Eq. (9). This assumption is valid if certain deformations of the
loaded edge are accepted. In addition it should be verified that the compression capacity
perpendicular to the grain of the timber is not exceeded at the screw tips (transition between
reinforced and unreinforced section), i.e. at a distance equaling the point side penetration depth,
s, of the screw. For this, an angle of stress distribution of 45° may be applied. On the safe side,
this angle should be measured from the screw heads, see Fig. 11. Here, the factor kc,90 shall be

taken as kc,90 = 1.0.

Fo00,ra + 15 Fux ra

F90,Rd = mln{ (9)

belos+ fe90,a

20



with:  Fyg g, design force perpendicular to grain with reinforcement
F,

+ 90 rg design compression perp. to grain capacity without reinforcement,

with F. o9 g = ke 9001+ fe 90,4 (se€ [2])
F,..ra design axial load-carrying capacity according to Eq. (1) (without R, g )
Je00.q design compression perp. to grain strength

k.99  factor adjusting compression perp. to grain strength to real design situations (see [3])

ng total number of screws

b beam width (support width > b)
[ length

Lo effective length

[ point side penetration length

The compression force must be evenly distributed to all screws and the compression stresses at
the screw heads have to be absorbed by the bearing material. These two requirements can only
be met by a hard bearing material. This can be realized in form of a hard intermediate layer from
e.g. steel, designed in adequate thickness and thus capable to transfer the load uniformly. The
screws shall be equally distributed over the bearing area and the screw heads shall be on one line
with the surface of the timber member. The distance requirements are the same as for screws in

tension, see Tab. 1 and Fig. 4.

5. Self-tapping screws as reinforcement to carry shear stresses in glued-
laminated timber and cross-laminated timber

5.1 Reinforcement of glued-laminated timber against shear stresses

The shear strength of timber is in the range of five times the magnitude of tension perpendicular
to the grain strength. However, there can be applications in which the shear stresses exceed the
shear capacity of a timber beam. Examples are double tapered or pitched cambered beams,
where the changing depth leads to high shear stresses in the area of the supports, see Fig. 12.
With respect to an economic use of reinforcing elements it is of interest, whether a proportionate
distribution of shear stresses between the timber beam and the shear reinforcement can be
achieved in the unfractured state. In [51] (see also [59] and [60]), an analytical approach is

proposed to determine the load-carrying capacity of timber beams in the uncracked state,
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featuring shear reinforcement like screws or threaded rods. This approach is based on common
theoretical concepts and constitutive equations for material properties and enables the
incorporation of the semi-rigid composite action between the reinforcement and wood material,
as well as the interaction of shear stresses and stresses perpendicular to the grain. The
applicability and accuracy of the approach is verified by laboratory tests, also taking into
account research carried out and presented in [18]. It appears that the redistribution of load from
the timber to the shear reinforcement is comparatively low. Considering the uncracked state,

comparative calculations indicate that, under realistic construction conditions, an increase in

shear capacity of up to 20 % is feasible.

Fig. 12 Pitched cambered beam — potential reinforcement zones (from [59])

Since wood is characterized by very brittle failure mechanisms both in shear and tension
perpendicular to the grain, it is beneficial to design the corresponding reinforcements so that
they are able to also carry the corresponding stresses in the fractured state, see e.g. [61]. The
shear analogy ([62], [63], [64]) represents an applicable approach to calculate the semi-rigid
composite action between both sections in the fractured state. A numerical study on highly
stressed shapes of glulam beams (see [51] and [59]), featuring the minimum required
reinforcement to carry the stresses that are released in the case of cracking shows, that the
maximum increase in bending stresses between the intact state and the fractured state is in the

range of one third.
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5.2 Reinforcement of cross-laminated timber against shear stresses

The load-carrying capacity of cross-laminated timber (CLT) elements can be limited by the
rolling shear strength, which is in the range of only 1/3 of the shear strength of softwood parallel
to the grain, see Fig. 13. Possible examples are CLT elements loaded out of plane under high
concentrated loads or point supports. Fully threaded, self-tapping screws used as shear
reinforcement can have a distinct positive influence on the shear capacity of CLT elements. The
reason is that CLT elements feature significantly larger shear deformations than GLT elements.
This can mainly be explained with the low rolling shear modulus of the transverse layers

(Gr = 0.1 - G), see Fig. 13. This results in a larger share of the screws in the proportionate
distribution of shear stresses between the timber beam and the shear reinforcement.

Cross-laminated timber (CLT) Glued laminated timber (GLT)

Shear flow ¢ Shear flow ¢

—_— — = —p — —

Jek =173 fo j
Gp=01-G

- -— - | — -— @
—_— e e e —

-— —— -— — — <

S rolling shear strength (perpendicular to the grain) J,x: shear parallel to grain strength
G: rolling shear modulus (perpendicular to the grain) G: shear modulus parallel to grain

Fig. 13 Shear reinforcement of CLT and GLT — deformation and strength capacities, from [60]
In [65] and [66] a design concept is proposed which is validated by means of experiments, see
also [67]. The concept is based on a strut-and-tie model and takes into account the positive
influence of the interaction of compression perpendicular to the grain and rolling shear stresses,
by a factor kr.90, as well as the load-carrying capacity of the screws in direction of the potential

fracture plane, see Eq. (10) and Fig. 14. In [67] it could also be shown that in the case of biaxial
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load transfer, additional effects are activated, leading to an increase in the rolling shear capacity

compared to that of beam elements.

Rax,k /\/5

SR =kroo Jri+ \/E-al ary (10
with:  kpgo = min{1 +0’13;)Gc’90 and G99 = —\/ga'xc’lk /;/5
> 1742 ¢f
7 gk characteristic load-carrying capacity of the reinforced CLT under stress [N/mm2 ]
Jrx  characteristic rolling shear capacity (according to technical approvals) [N/mmz]
R, x  characteristic load-carrying capacity of a screw parallel to its axis [N]
a distance between screws parallel to the load-bearing direction [mm]

ay s  effective distance between screws perpendicular to the load-bearing direction [mm)]
lor effective embedment length of the screws for calculation of R [mm]

kroo parameter for the consideration of the stress interaction [-]
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Fig. 14 Design concept for shear reinforcement in CLT on the basis of a strut and tie model,
adapted from [65]

6. Self-tapping screws to realize mechanically jointed beams

Fully threaded, self-tapping screws can also be used to strengthen existing beams by
mechanically joining an additional cross-section to the existing beam. Screws feature
significantly higher axial slip moduli, Kaxser, compared to slip moduli in shear, Kser, see Fig. 15.
Therefore they should be positioned at an angle to the joint (e.g. 45°), to enable axial loading of
the screw, see Fig. 16. Models for calculation of these slip moduli can be found in e.g. [17], see

Eq. (2) and [68] and [69].
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Comparison of axial slip moduli K, ., and slip moduli in shear K,
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Fig. 15 Comparsion of axial slip moduli Kaxser (see Eq. (2)) and slip moduli in shear Kser (see
[3]) for different screw diameters and lengths.
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Fig. 16 Example of two cross-sections, mechanically jointed by screws incl. schematic
illustration of composition of shear stresses and longitudinal stresses

A common, standardized method [3] to design such beams is the “gamma-method” [70]. The
coefficient y symbolizes the efficiency of the connection (y = 1 — rigid connection, y = 0 — no
connection). It is used to determine an effective moment of inertia of the beam with which the
stresses in the beam as well as the shear flow in the joint can be determined. For cases, in which
the basic assumptions for the “gamma-method” are not met (e.g. continuous joint stiffness and
cross-section, single-span or symmetric continuous beams), an alternative is given by the “shear

analogy method” [62], [63] and [64].

The timber members to be connected by screws should be fixed in their position so that no gap
occurs in the joint when the screws are driven in. If the screws are positioned so that they are
loaded in axial tension, they could close a potential gap due to a rope-effect. Another option is to

place the screws crosswise, i.e. one screw is mainly loaded in axial tension, and the other screw
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is mainly loaded in axial compression. The shear flow in the joint can be distributed to the
screws using a triangle of forces. When determining the joint stiffness of a mechanically jointed
beam, the slip moduli of the threaded parts of the screws in both beams have to be accounted for.
For common types of mechanically jointed beams with self-tapping screws (e.g. [8]-[10]) set at
an angle between screw axis and fibre direction of 45°, i.e. loaded primarily in axial direction,

values in the range of v = 0.8 can be obtained.

7. Conclusions and remarks

Fully-threaded, self-tapping screws represent the latest developments in screwing technology for
timber engineering, providing a significant load-carrying capacity if loaded in axial direction.
The screws enable stiff connections but limited plastic potential. Apart from their obvious
application as fasteners in timber connections, fully-threaded, self-tapping screws feature a high
potential for numerous reinforcement applications. An overview of possibilities and related

design procedures is given, including relevant literature for background information.

For numerous applications, design procedures exist, which have already been clarified to an
extent satisfying engineering needs, e.g. reinforcement taking the full tensile stresses
perpendicular to the grain. Other applications are well developed but require some additional
research, e.g. reinforcement approaches which consider proportional load sharing between the
timber and the reinforcement, including the modelling of stiffness properties (Kser, Kax,ser, Ku), as
well as reinforcement against compressive stresses perpendicular to the grain. However, there is
a need for further efforts in research, e.g. considering the potentially harmful effect of

reinforcement restricting the free shrinkage or swelling of the timber.

Although fully threaded, self-tapping screws have undoubtedly a great potential for use in timber
structures, should their potential application as reinforcement always be considered with care.

For centuries, excellent timber structures have been designed without the need for reinforcement.
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Wood features a multitude of positive characteristics in view of its application as building

material, i.e. a general reinforcement of timber elements — as known from concrete structures —

is not necessary. Although recent developments have largely increased the range and forms of

structures to be realized with timber products, good design of timber structures should still aim

at minimizing stresses for which timber only features small capacities and brittle failure

mechanisms (e.g. tensile stresses perpendicular to the grain and shear), thereby avoiding or at

least minimizing the necessity for reinforcement.
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