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Abstract

"CEN/TC 250/SC 5 N 1650: prEN 1995-1-1_FOR ENQ (working draft to CIB)", which is
referred to as New Eurocode 5 in this thesis, is a revised Eurocode 5 draft created by the
European Committee for Standardization (CEN) as a further development of the Eurocode
5 - Part 1-1 to achieve a further improvement of design rules for timber structures in
Europe. The "Eurocode 5: Design of timber structures - Part 1-1: General - Common
rules and rules for buildings" (EN 1995-1-1), which is referred to as Present Eurocode 5
in this thesis, is nowadays implemented and applied for the design of timber structures in
all European countries. The aim of this thesis is to review and explore the design rules for
connections in timber structures on the New Eurocode 5 and comparing them to the
Present Eurocode 5. A comparison study is performed, and example cases are also
included in the comparison. The changes or differences between the design rules for
connections in timber structures on the New Eurocode 5 and the Present Eurocode 5 are
explored and highlighted in this thesis and some of them are as follows:

e For the determination of the characteristic value of the dowel-effect contribution
(Johansen’s part) of a fastener, the New Eurocode 5 provides the same set of
failure modes for timber-to-timber and steel-to-timber connections and the steel
plate is treated as a member in steel-to-timber connections. The Present Eurocode
5 provides different sets of failure modes for timber-to-timber and steel-to-timber
connections and the steel plate is not treated as a member in steel-to-timber
connections. For connections with more than two shear planes, four compatible
failure mode combinations (A), (B), (C) and (D) are given by the New Eurocode 5,
but the compatibility between the failure modes must be checked according to the
Present Eurocode 5.

e When determining the characteristic withdrawal capacity of connections with
axially loaded screws and rods with wood screw thread, the range of diameters is
changed from 6 mm < d < 12 mm to 3.5 mm < d £ 22 mm and the minimum
withdrawal length is also changed from 6d to 5d in the New Eurocode 5.

e In the New Eurocode 5, the design splitting capacity of a connection with
fasteners loaded perpendicular to the grain must be equal to the sum of the
values of the two shear forces on the sides of the connection and does not depend
on the position of the connection along the beam length. In the Present Eurocode
5, it must be equal to or greater than the maximum of the shear force values on
the sides of the connection and depends on the position of the connection along
the beam length.

e The New Eurocode 5 give provisions for the compression (buckling) resistance of a
connection with axially loaded screws and rods with wood screw thread, but the
Present Eurocode 5 does not.

e For laterally loaded metal dowel-type fasteners and shear connectors, the
expressions provided by the New Eurocode 5 for determining the minimum values
of spacing and end and edge distances do not include the load to grain angle a,
but the load to grain angle a is included in the Present Eurocode 5.
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Sammendrag

"CEN/TC 250/SC 5 N 1650: prEN 1995-1-1_FOR ENQ (working draft to CIB)", som
refereres til som ny Eurokode 5 i denne oppgaven, er et revidert Eurokode 5-utkast
utviklet av Den europeiske standardiseringskomiteen (CEN) som en videreutvikling av
Eurokode 5 - Del 1-1 for & oppnd en ytterligere forbedring av dimensjoneringsregler for
trekonstruksjoner i Europa. " Eurokode 5: Prosjektering av trekonstruksjoner - Del 1-1:
Allmenne regler og regler for bygninger" (EN 1995-1-1), som refereres til som
navaerende Eurokode 5 i denne oppgaven, er na for tiden implementert og anvendt for
prosjektering av trekonstruksjoner i alle europeiske land. Malet med denne oppgaven er
& gjennomgad og utforske dimensjoneringsreglene for forbindelser i trekonstruksjoner pa
den nye Eurokode 5 og sammenligne dem med den ndvaerende Eurokode 5. En
sammenligningsstudie er utfgrt, og eksempeltilfeller er ogsa inkludert i sammenligningen.
Endringene eller forskjellene mellom dimensjoneringsreglene for forbindelser i
trekonstruksjoner pa den nye Eurokode 5 og den ndvaerende Eurokode 5 er utforsket og
gitt i denne oppgaven, og noen av dem er som fglger:

e For & bestemme den karakteristiske verdien av bidraget fra sdkalte dybeleffekten
(Johansens del) av en forbinder gir den nye Eurokode 5 samme sett av
bruddformer for tre-mot-tre - og stal-mot-tre forbindelser, og stalplaten
behandles som et element i stdl-mot-tre forbindelser. Den ndveerende Eurokode 5
gir forskjellige sett av bruddformer for tre-mot-tre - og stdl-mot-tre forbindelser,
og stdlplaten behandles ikke som et element i stdl-mot-tre forbindelser. For
forbindelser med mer enn to skjeerplan er fire kompatible
bruddformskombinasjoner (A), (B), (C) og (D) gitt av den nye Eurokode 5, men
kompatibiliteten mellom bruddformene ma kontrolleres i henhold til den
navaerende Eurokode 5.

e Ved bestemmelse av den karakteristiske uttrekkskapasiteten for forbindelser med
aksialt belastede skruer og gjengestenger endres diameteromrddet fra 6 mm < d
< 12 mm til 3.5 mm < d £ 22 mm, og den minste inntrengningsdybden endres
ogsa fra 6d til 5d i den nye Eurokode 5.

e I den nye Eurokode 5 md den dimensjonerende splittingskapasiteten av en
forbindelse med forbindere belastet vinkelrett pd fiberretningen veere lik summen
av verdiene av de to skjeerkreftene pd sidene av forbindelsen og den er ikke
avhengig av posisjonen til forbindelsen langs bjelkelengden. I den ndveerende
Eurokode 5 mad den veare lik eller stgrre enn den maksimum av de
skjeerkraftverdiene pa sidene av forbindelsen og den er avhengig av posisjonen til
forbindelsen langs bjelkelengden.

e Den nye Eurokode 5 gir regler for kompresjonskapasiteten (knekking) av en
forbindelse med aksialt belastede skruer og gjengestenger, men den navaerende
Eurokode 5 gjgr det ikke.

e For tverrbelastede stavformede metall forbindere og tgmmerforbindere inkluderer
uttrykkene gitt av den nye Eurokode 5 for & bestemme minimumsverdiene for
innbyrdes avstand og ende- og kantavstander ikke vinkelen a mellom kraft- og
fiberretning, men vinkelen a er inkludert i den ndveerende Eurokode 5.
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1 Introduction

1.1 Motivation and problem statement

A revised Eurocode 5 draft named as "CEN/TC 250/SC 5 N 1650: prEN 1995-1-1_FOR
ENQ (working draft to CIB)", which is hereafter referred to as New Eurocode 5 [1], is
created by the European Committee for Standardization as a further development of the
Eurocode 5 - Part 1-1 to achieve a further improvement of design rules for timber
structures in Europe. The "Eurocode 5: Design of timber structures - Part 1-1: General -
Common rules and rules for buildings" (EN 1995-1-1), which is hereafter referred to as
Present Eurocode 5 [2], is nowadays implemented and applied for the design of timber
structures in all European countries. The chapter of connections takes up a large part of
the Present Eurocode 5. One of the most important and most challenging aspects of the
design of timber structures is the design of timber connections. Thus, the design rules for
timber connections should be more user-friendly. What are the changes or differences
between the design rules for connections in timber structures on the New Eurocode 5 and
the Present Eurocode 5 and how do they influence the design of timber connections? To
answer this question, a comparison study is performed on the design rules for
connections in timber structures provided by the New Eurocode 5 and the Present
Eurocode 5. Worked example cases are also included in the comparison. The types of
timber considered in this thesis are solid/structural timber (ST), glued structural timber
(GST) and glued laminated timber (GLT) to make the comparison simple and efficient.

1.2 Introduction to Eurocode 5

Eurocode 5 (EN 1995) has Part 1-1: General - Common rules and rules for buildings (EN
1995-1-1), Part 1-2: General - Structural fire design (EN 1995-1-2) and Part 2: Bridges
(EN 1995-2). The International Council for Research and Innovation in Building and
Construction, Working Commission W18 Timber Structures (CIB-W18), began drafting of
design code for timber structures in 1973 using the National standards as the basis of
discussion. The first CIB-Structural Timber Design Code was published in 1983 [3]. The
CIB-Structural Timber Design Code (CIB, 1983) was the basis for the proposed Eurocode
5 [3]. A report of the European Commission, which was the predecessor to Eurocode 5,
was published in 1987 and had a commenting period open for national comments until
April 1989 [4]. The European Committee for Standardization (CEN) had received the
work on the Eurocode 5 in 1990 [3]. The first version of Eurocode 5 was published in
1993 in the form of a prestandard ENV 1995-1-1 (ENV stands for EuroNorm Vornorm)
[3]. This version was the basis for the final version of EN 1995-1-1:2004 which was
published in 2004. For some European countries, it was the first ever code for timber
structures [3].

National Determined Parameters (NDP) are provided by the Eurocodes to make future
adjustments on the national level [5]. The National Standardization Body (NSB) is
responsible for the NDP’s to be published in National Annexes (NA) to the national
editions of the Eurocodes [5].



The European Commission asked CEN to develop a detailed work program for the
preparation of the second generation of Eurocodes through the Mandate M/515 in
December 2012 [5]. One of the demands, which were asked by the Mandate, was the
“"Refinement to improve the ‘ease of use’ of Eurocodes by practical users” [6]. In May
2013 the CEN responded to the European Commission with a work program as “Response
to Mandate M/515” [7]. The CEN/TC 250 document called “Position paper on enhancing
ease of use of the Structural Eurocode” [8] provides a clear definition to whom the
Eurocodes are addressed [5], which are “Competent civil, structural and geotechnical
engineers, typically qualified professionals able to work independently in relevant fields”
[8]. The CEN/TC 250 document is intended to make the Eurocodes more user-friendly by
setting principles to improve harmonization between the Eurocodes [5]. One of the
principles in the CEN/TC 250 document [8] is avoiding basic changes to the approach to
design and to the structure of the Eurocodes [5].

1.3 Eurocode 5 standardization committee

The European Committee for Standardization, in short CEN (Comité Européen de
Normalisation), which is officially recognized by the European Union and the European
Free Trade Association (EFTA), is responsible for developing and defining standards at
European level [5]. There are several technical committees (TC) in charge of different
subjects inside the CEN [5]. The technical committee CEN/TC 250 is dealing with
developing and defining the design rules of civil engineering structures and common
buildings [5]. CEN/TC 250 is divided into different subcommittees (SC) representing the
existing Eurocodes [5]. The number of the subcommittee is the number of the
represented Eurocode for instance Eurocode 5 is represented by SC 5 [5]. Each
subcommittee has different supporting working groups (WG) intended to divide the work
into specific subjects and the work for the next generation of Eurocode 5 is classified into
ten WG’'s [5]. Table 1 shows the ten WG’s with their specific subjects in CEN/TC 250/SC
5. Project Teams (PT’s), which are groups of experts from different countries, are
responsible for the writing process of the new standards and each Project Team (PT) has
five members and one leader [5]. WG’'s and PT’s work closely to get good outcome [5].
After working with the SC 5/WG's, the PT’'s write the Eurocode draft and sends the draft
to the CEN/TC 250/SC 5 to be reviewed and then accepted [5]. The CEN/TC 250/SC 5
then sends the accepted draft to the CEN/TC 250 to take the final decision to accept the
new Eurocode in compliance with all other Eurocodes [5].

Table 1: Ten working groups of CEN/TC 250/SC 5 with their respective subjects [5].

CEN/TC 250/SC 5

WG 1 Cross Laminated Timber (CLT)

WG 2 Timber Concrete Composites (TCC)

WG 3 Cluster: floor vibrations, racking strength, stability of members etc.

WG 4 Fire




WG 5 Connections

WG 6 Bridges

WG 7 Reinforcement

WG 8 Seismic design

WG 9 Execution

WG 10 Basis of design and materials

1.4 Aim and structure

The main objective of this thesis is to review the design rules for connections in timber
structures on the New Eurocode 5 and compare them to the Present Eurocode 5. The
thesis explores and highlights the changes or differences between the design rules for
connections in timber structures on the New Eurocode 5 and the Present Eurocode 5. The
thesis is structured by topic and consists of 10 different topics excluding the introduction,
example cases covering multiple topics and the conclusion parts. The topics covered in
this thesis are axially loaded fasteners, laterally loaded fasteners, connection design with
dowel-type metal fasteners, slip modulus of connections, spacing and end and edge
distances, brittle failure modes of connections, bonded-in rods, shear connectors,
punched metal plate fasteners and connections with interlayers. All the topics in this
thesis are included under the chapter of connections in the New Eurocode 5. Some topics
and subtopics in this thesis are not covered by the Present Eurocode 5. A review of the
rules given by the New Eurocode 5 is provided for each topic except for the topic of
connections with interlayers which is only introduced. For each of the topics and
subtopics covered by both the New Eurocode 5 and the Present Eurocode 5, the changes
or differences between the design rules are discussed. Reinforced connections and
carpentry connections, which are covered by the New Eurocode 5, are not covered in this
thesis.




2 Axially loaded fasteners

2.1 Withdrawal resistance

2.1.1 Screws and rods with wood screw thread

The New Eurocode 5 provides a more detailed expression for determining the
characteristic withdrawal capacity of axially loaded screws and rods with wood screw
thread. In addition to changes of symbols for some parameters, few alterations in the
expression have been made in the New Eurocode 5 relative to the expression in the
Present Eurocode 5. Range of diameters and ratio of inner thread diameter to outer
thread diameter are changed from 6 mm < d £ 12 mm and 0.6 < d:/d < 0.75 in the
Present Eurocode 5 to 3.5 mm =< d £ 22 mm and 0.55 < d:/d < 0.76 in the New
Eurocode 5 respectively. The withdrawal parameter (fax«) for screws and rods with wood
screw thread with diameters greater than 12 mm is not provided in the Present Eurocode
5 and must be determined by testing according to EN 14592. The requirement for the
minimum withdrawal length is changed from 6d to 5d. In the Present Eurocode 5, the
angle between the fastener axis and the grain direction a cannot be lower than 30
degrees (a = 30°) to eliminate the risk of splitting failure, but in the New Eurocode 5 a
withdrawal length of /v < 20d must be used for small angles 0° < £ < 30°. Although no
information is provided in the Present Eurocode 5, the characteristic density of the timber
member in the connection cannot be greater than 700 kg/m?3 in the New Eurocode 5.
Thus, the New Eurocode 5 has overcome some limitations of the Present Eurocode 5 for
determining the characteristic withdrawal capacity of connections with axially loaded
screws and rods with wood screw thread by increasing the range of diameters (3.5 mm <
d < 22 mm) and by including small angles between the fastener axis and the grain
direction (0° < £ < 90°).

The expression for the determination of the characteristic withdrawal capacity in the
Present Eurocode 5 has the parameter ner as presented in Equation (1). Therefore, the
characteristic withdrawal capacity of a connection is based on the effective nhumber of
fasteners in the connection. The expression in the New Eurocode 5, as given in Equation
(6), is for determining the characteristic withdrawal capacity of one fastener. The
characteristic withdrawal capacity of a connection is based on the actual number of
fasteners acting together in the connection according to the New Eurocode 5.

Present Eurocode 5

The characteristic withdrawal capacity of connections with axially loaded screws and rods
with wood screw thread of 6 mm < d < 12 mm and 0.6 < d:/d < 0.75 is given by:

Faxark = e fax ‘-?f d (1)
o 1.2 * cos?a + sina
faxx = 0.52 % d™05 « lef‘o-1 % p 08 2)



d (3)

ks = min{g

The effective number of screws for a connection with a group of axially loaded screws is
given by:

ner = n°° (4)

For all other screws that do not satisfy the inner and outer thread diameter requirement
mentioned above is given by:

L . O (5)
o 1.2 * cos?a + sina  \p,

where all the symbols are the same as explained in Table 2:

faxx is the characteristic withdrawal parameter perpendicular to the grain in
compliance with NS-EN 14592 for the associated density p,, in N/mm?;

Pa is the associated density for f,, ,, in kg/m3.

New Eurocode 5

The characteristic withdrawal resistance of screws and rods with wood screw thread of
3.5mm < d < 22 mm and 0.55 < d:/d < 0.76 is determined by:

Fw,k:n*d*lw*fw,k (6)
_ Pr \*P 7
fw,k = kscrew * kw * kmat *d7033 & (ﬁ) ( )
kserew = ki, where i = 6,7,8,9,10
k6=6,k7=7, kB=8, k9 =9 and k10 =10 are values for ks.rey (8)
k= {1.0 for 30° < & < 90° (9)
W71 1-0.0130—¢) for0°<e<30°
In (n
Kmae = {1 + In () <1.15 (10)
12
1.10 for softwoods and 15° < £ < 90°
ky = { 1.25 — 0.05d for softwoods and 0° < ¢ < 15° (11)
1.6 for hardwoods and 0° < £ < 90°



k, = kqe = 1.0 for materials that are not specifically mentioned.

The expressions given by the Present Eurocode 5 and the New Eurocode 5 for the
determination of the characteristic withdrawal capacity of axially loaded screws and rods
with wood screw thread use some common parameters, which can vary, such as outer
thread diameter, withdrawal length, angle between the fastener axis and the grain
direction and characteristic timber density. A comparison has been made by varying one
of these parameters at a time while holding the other parameters constant. The values
used are diameter d = 12 mm, withdrawal length of 200 mm, angle with 90° and GL30c
timber member with density px = 390 kg/m3. The values, which are chosen for the
parameters in this comparison, are conservative.

a) Withdrawal resistance using different diameters.

Fasteners of diameters 3.5 mm < d £ 22 mm are used according to the New Eurocode 5.
The Present Eurocode 5 does not include diameters of less than 6 mm. For these
diameters, the graph is plotted with a dashed red line in Figure 1. The graph which
represents the Present Eurocode 5 has four different slopes due to varying values of
some parameters in the formulas. The first slope is due to the parameter k¢ which has a
varying value and reaches a maximum value of 1 (one) at the diameter of 8 mm. kg has
constant value of 1 (one) beyond the 8 mm diameter which is the cause for the second
slope. For diameters greater than 12 mm, the withdrawal strength parameter is not
provided in the Present Eurocode 5 and must be obtained by testing according to EN
14592. The value of the withdrawal strength parameter used in this case, faxxk = 11.92
MPa, is for rods with wood screw thread of diameters d = 12 mm embedded in a GL30c
timber member with associated characteristic density p= = 400 kg/m?3 from an article by
Stamatopoulos and Malo [9]. The third slope is due to this change of values of the
withdrawal strength parameter. Finally, the fourth slope is due to the constant value of
the withdrawal strength parameter.

As shown in Figure 1, the New Eurocode 5 gives higher withdrawal capacities for
fasteners with diameters up to about 19 mm. At diameter of 19 mm, the Present
Eurocode 5 and the New Eurocode 5 give the same value for the withdrawal capacity. For
diameters greater than about 19 mm, the results for the withdrawal capacities from the
Present Eurocode 5 have higher values. Therefore, the New Eurocode 5 is more
significant and effective for the commonly used screws and rods with wood screw thread
with diameters up to around 20 mm in terms of the withdrawal capacities.



Withdrawal resistance with different diameters

= == == Not included in Present Eurocode 5 New Eurocode 5
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Figure 1: Withdrawal resistance using different diameters.

b) Withdrawal resistance using different withdrawal lengths.

Withdrawal length is the varying parameter in this case to determine the characteristic
withdrawal capacity of axially loaded screws and rods with wood screw. Withdrawal
lengths for different values of 5d < /w £ 30d, where diameter d = 12 mm, are used. As
shown in Figure 2, the New Eurocode 5 gives higher values of the withdrawal capacities
for all values of withdrawal lengths. The difference between the values of the withdrawal
capacities by the Present Eurocode 5 and the New Eurocode 5 is increasing as the
withdrawal length increases. The New Eurocode 5 gives better results than the Present
Eurocode 5 in the withdrawal capacities of screws and rods with wood screw with long
withdrawal lengths.



Withdrawal resistance with different lengths
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Figure 2: Withdrawal resistance using different withdrawal lengths.

c) Withdrawal resistance using different angle between the screw axis and the
grain direction.

In this case, the angle is the varying parameter to determine the characteristic
withdrawal capacity of axially loaded screws and rods with wood screw. The angles used
are from 0° to 90°. In the Present Eurocode 5, the angle between the fastener axis and
the grain direction @ cannot be lower than 30 degrees (g = 30°). For these angles, the
graph is plotted with a dashed red line in Figure 3. When the angle increases, the value
of the characteristic withdrawal capacity by the Present Eurocode 5 increases with a
decreasing slope as depicted in Figure 3. The graph which represents the New Eurocode
5 has four different slopes due to varying values for some parameters in the formula for
determining the characteristic withdrawal capacity of axially loaded screws and rods with
wood screw. kw and kp depend on the angle values. The first slope is due to the value
change of only kw for the angles 0° to 10°. The second slope is due to the change of
values of both kw and kp for the angles 10° to 20°. The change of the value of only kw
creates the third slope in the graph. The last slope is owing to the constant values of
both kw and kp. As shown in Figure 3, the New Eurocode 5 gives better results than the
Present Eurocode 5 in the withdrawal capacities of screws and rods with wood screw for
all values of the angles.



Withdrawal resistance with different angles
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Figure 3: Withdrawal resistance using different angles between the screw axis and the grain
direction.

d) Withdrawal resistance using different characteristic timber density.

The characteristic timber density p« is the varying parameter in this case to determine
the characteristic withdrawal capacity of axially loaded screws and rods with wood screw.
The values of the characteristic timber density p«x from 300 kg/m?3 to 700 kg/m?3 are used.
As shown in Figure 4, the New Eurocode 5 gives higher values of the withdrawal
capacities for all values of characteristic timber densities. The difference between the
values of the withdrawal capacities by the Present Eurocode 5 and the New Eurocode 5
increases with the increase of the values of the characteristic timber densities. The New
Eurocode 5 gives better results than the Present Eurocode 5 in the withdrawal capacities
of screws and rods with wood screw with higher values of the characteristic timber
density.



Withdrawal resistance with different densities
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Figure 4: Withdrawal resistance using different characteristic timber densities.

The nomenclature used in the withdrawal resistance of axially loaded screws and rods
with wood screw thread in the Present Eurocode 5 and the New Eurocode 5 is presented

in Table 2.

Table 2: Nomenclature used in the withdrawal resistance of axially loaded screws and rods with
wood screw thread.

Present New Meaning
Eurocode 5 | Eurocode 5
Foxark Fy characteristic withdrawal capacity of a fastener, in N
faxk characteristic withdrawal strength perpendicular to the
grain, in N/mm?
fwk characteristic withdrawal strength, in N/mm?
les L, penetration length of the threaded part, in mm
Nes effective number of screws
n number of screws acting together in the connection
Pk Dk Characteristic timber density, in kg/m3
a € angle between the screw axis and the grain direction
d d outer thread diameter of the fastener, in mm

10




d, d, inner thread diameter of the fastener, in mm

kscrew prefactor for withdrawal categories for screws and
woodscrew threaded rods

ki withdrawal category for screws and woodscrew threaded
rods (Annex N.7 in New Eurocode 5 [1])

kmat material parameter for the number of laminations

n, number of layers penetrated by the fastener

2.1.2 Nails

The characteristic withdrawal capacity of axially loaded nails is given by Equation (12) in
the Present Eurocode 5 and by Equation (15) in the New Eurocode 5. The characteristic
withdrawal strength, diameter and withdrawal length are common parameters for both
equations. The expression provided by the New Eurocode 5 has additional parameter n
(pi). For determining the characteristic withdrawal strength, the expressions provided by
the Present Eurocode 5 and the New Eurocode 5 are not the same. According to the
Present Eurocode 5, the characteristic withdrawal strength fax« is determined by tests in
accordance with EN 1382 and EN 14358 if it is not specified, but the New Eurocode 5
provides an expression to determine the characteristic withdrawal strength fw,« for all
nails. The multiplication factor for the values of the withdrawal resistance for smooth
nails that are installed in timber at or near fiber saturation point, which is most probably
to dry out later in service, is 1/3 in the New Eurocode 5 and it is 2/3 for all nails in the
Present Eurocode 5. The nomenclature used in the withdrawal resistance of axially loaded
nails in the Present Eurocode 5 and the New Eurocode 5 is presented in Table 3.

Present Eurocode 5

Faxrie = faxge * A * tpen (12)
a) For smooth nails:
with t,., = 12d,
faxe = 20 X 107 % p; 2 (13)
with 8d < t,., < 12d,
Faex = 20 X 1076 * p, 2 * (tf;;“ _ z) (14)

b) For nails other than smooth nails:

11




For threaded (other than smooth) nails with 6d < t,., < 8d, the characteristic withdrawal

strength must be multiplied by (t’ﬂ— 3), i€, faxr* (t?ﬂ_ 3)

2d 2d

New Eurocode 5

Fw,kzn*d*lw*fw,k (15)
- Ring shank nails (threaded nails) with 1.9 mm < d < 8 mm
For I, , = 8d: B D \ 125 ‘6
fuw =2 (ﬁ) (16)
For 6d <1,,, < 8d: _ Pr \"2° [l (17)
=2+ (550)  *(353)
For not predrilled members: fwr = 0.117 * d%® = [, x p, O8 (18)
- Smooth nails with 1.9 mm < d < 8 mm and not predrilled timber members
For 1,,, > 12d: _ Pr (19)
" fus = ku * (355)
k,, = 0.78
. l
For 84 < 1,,, < 12d: k, =078+ (W_,Z_ 2) (20)
4d
Table 3: Nomenclature used in the withdrawal resistance of axially loaded nails.
Present New Meanin
Eurocode 5 | Eurocode 5 9
Foxric Fox characteristic withdrawal capacity of nails, in N
faxk fwk characteristic point side withdrawal strength of nails, in
N/mm?2
d d diameter of the nail, in mm
tpen Ly withdrawal length of the profiled part of the nail, in mm
L, withdrawal length of the nail, in mm
ol P characteristic timber density, in kg/m?3
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2.1.3 Bolts

The withdrawal capacity of axially loaded bolts is not included in the New Eurocode 5. In
the Present Eurocode 5, the withdrawal capacity and axial load-bearing capacity of axially
loaded bolts is given by:

F _ min{ Fax,bolt,k (21)
ax,Rk —
3 * fc,90,k * Awasher

12+t
s plate (22)
Awasher - mln{ 4 dbolt

where

Fox ric is the withdrawal capacity and axial load-bearing capacity of an axially
loaded bolt, in N;

Foxpoit x is the tensile capacity of the bolt, in N;

feook is the characteristic compressive strength perpendicular to grain, N/mm?;

Ayasher is the area of the washer, in mm?2;

tplate is the thickness of the steel plate, in mm;

dyoir is the diameter of the bolt, in mm.

2.1.4 Example case for withdrawal resistance

In this example case, withdrawal capacity of threaded rods is predicted by the formulas
given in the Present Eurocode 5 and the New Eurocode 5. The correlation between
experimental results and predicted values is evaluated and used for comparison between
the Present Eurocode 5 and the New Eurocode 5. A collection of experimental results,
which is used in an article by Stamatopoulos and Malo [10], is used in this example case.
It is clearly stated in the article that the collection of experimental results consists of
results by BlaB and Kriger [11] and Stamatopoulos and Malo [9, 12, 13]. The collection
of experimental results is used for determining the withdrawal capacities of single
threaded rods [10]. The experimental results are presented in Table 4 [10].

The article says that the results include both the withdrawal capacity and the withdrawal
stiffness at reference climatic conditions (MC = 12%). There are 31 sets (denoted as Sd-a-
1) of the total 221 test results and are arranged according to the varied parameters:
diameter, angle of fastener axis to grain direction and penetration length respectively.
The values for the mean and characteristic 5%-fractile withdrawal capacity and the
corresponding coefficient of variation (CoV) are given in Table 4 for each set of having at
least five number of test results (ntests). The obtained values are also double checked with
the values provided in the article by Stamatopoulos and Malo [10].
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Table 4: Collection of experimental results from withdrawal tests of single threaded rods [10].

Set name Ref. | Mg d a [ Pm Pi’ Favarmeest | Faxarktes” | COV

[mm] | [deg] | [mm] | [kg/m’] | [kg/m?3] [kN] [kN] [%]
S$16-45-200 [11] 10 16 45 200 430 359 45.6 36.3 10.9
S16-45-400 10 16 45 400 433 361 92.4 80.8 6.5
S20-45-200 10 20 45 200 431 359 56.6 44.9 10.9
S20-45-400 10 20 45 400 433 361 117.3 101.0 7.1
S$16-90-200 10 16 90 200 422 352 37.4 31.1 8.5
S$16-90-400 10 16 90 400 441 368 94.1 83.0 6.1
S20-90-200 10 20 90 200 425 354 47.9 40.9 7.5
S20-90-400 10 20 90 400 441 368 115.1 103.6 3.9
S20-90-100 [9, 12, 10 20 90 100 472 394 28.0 21.7 11.7

13]

S20-90-250 5 20 90 250 472 394 73.2 64.7 2.8
S20-90-300 5 20 90 300 487 406 96.5 80.8 7.2
S20-90-450 5 20 90 450 486 405 139.2 121.9 5.3
S20-60-100 6 20 60 100 476 396 28.7 18.3 17.3
S20-60-300 5 20 60 300 488 407 93.6 66.9 12.3
S20-60-450 5 20 60 450 476 397 141.7 125.3 3.1
S20-30-100 10 20 30 100 478 399 27.9 20.9 13.0
S20-30-300 5 20 30 300 477 397 99.9 77.4 10.7
S20-30-450 5 20 30 450 475 396 144.6 115.5 9.2
S20-20-100 10 20 20 100 477 398 30.2 19.5 18.9
S20-20-300 5 20 20 300 478 398 98.7 74.3 10.8
S20-20-450 5 20 20 450 473 394 145.8 124.7 6.3
S20-10-100 10 20 10 100 468 390 25.8 17.9 17.7
S20-10-300 5 20 10 300 479 399 99.8 76.9 9.8
S$20-10-450 5 20 10 450 446 372 127.5 88.7 13.8
S$20-0-100 10 20 0 100 456 380 26.2 19.6 13.9
S20-0-300 5 20 0 300 474 395 89.7 66.8 11.7
S20-0-450 5 20 0 450 458 382 130.2 66.7 23.9
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520-0-600 5 20 0 600 443 369 161.6 141.8 5.2

S$20-10-600¢ 5 20 10 600 462 385 _ — —
520-20-600¢ 5 20 20 600 481 401 _ _ _
S$20-30-600¢ 5 20 30 600 486 405

@ the characteristic density was determined by p, = p,,/1.2 [14].
b the characteristic withdrawal capacity was determined according to EN14358 [15].

¢ in these sets, steel failure was observed so withdrawal capacity was undetermined [10].

The characteristic density is an approximated value in this case and is determined by
dividing the mean density by a factor of 1.2 (i.e., px = p,n/1.2) which is formulated by
rearranging the expression p, =12x*p, provided in EN 384 [14]. The strength
parameters are assumed as logarithmically normally distributed [15]. The characteristic
5%-fractile withdrawal capacity is determined according to EN 14358 [15] by:

Fax,a,Rk,test = exXp (}7 - ks (n) * Sy) (23)

The expressions for determining the mean value y and the standard deviation s, are
provided in EN 14358 [15], but Excel is used in this example case. For logarithmically
normally distributed test values, the standard deviation s, cannot be less than 0.05 (5%)
[15], therefore the minimum value of the standard deviation s, used in the calculation is
0.05 (5%). The value of the factor ks(n), which depends on the number of test specimens
(ntests), is given in Table 1 of EN 14358 [15]. The values used in the calculation are ks(n)
= 2.46 for ntests = 5, ks(n) = 2.388 for ntests = 6 and ks(n) = 2.10 for Ntests = 10. The
experimental characteristic withdrawal capacity by EN 14358 [15] and the predicted
characteristic withdrawal capacities by the Present Eurocode 5 and the New Eurocode 5
are given in Table 5 for each set which is having at least five nhumber of test results
(Ntests).

Table 5: Characteristic withdrawal capacities of single threaded rods.

Set name | Neqs | Farariiest [KN] | Faxarkpresent Burocodes [KN] | Fuypnew Eurocode s [KN]
516-45-200 10 36.3 31.8 36.9
S516-45-400 10 80.8 63.9 76.7
520-45-200 10 44.9 39.7 42.9
520-45-400 10 101.0 79.9 89.1
S$16-90-200 10 31.1 34.4 36.1
S$16-90-400 10 83.0 71.3 78.3
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$20-90-200

$20-90-400

S520-90-100

S520-90-250

$20-90-300

S520-90-450

S520-60-100

S520-60-300

S20-60-450

S20-30-100

S$20-30-300

S20-30-450

S20-20-100

S20-20-300

S20-20-450

S$20-10-100

S$20-10-300

S20-10-450

S20-0-100

S20-0-300

S20-0-450

S20-0-600

S520-10-6002

S520-20-600°

S20-30-600°

10

10

10

40.9

103.6

21.7

64.7

80.8

121.9

18.3

66.9

125.3

20.9

77.4

115.5

19.5

74.3

124.7

17.9

76.9

88.7

19.6

66.8

66.7

141.8

43.3

89.2

23.5

58.8

72.4

108.3

22.5

69.0

101.5

20.7

61.9

92.6

20.2

60.6

90.0

19.5

59.8

84.8

19.1

59.0

86.1

111.7

42.3

90.9

22.5

60.4

75.9

113.6

22.7

76.0

111.2

22.8

74.2

110.9

20.5

66.9

99.2

16.3

53.3

78.6

14.1

46.5

69.2

91.5

a8 jn these sets, steel failure was observed so withdrawal capacity was undetermined [10].

16




In the Present Eurocode 5, the withdrawal capacity for screws and rods with wood screw
thread with diameters greater than 12 mm is given by Equation (5). The withdrawal
strength parameter (faxk) in Equation (5) for screws and rods with wood screw thread
with diameters greater than 12 mm is not provided in the Present Eurocode 5 and must
be obtained by testing according to EN 14592 [2]. The value of the withdrawal strength
parameter fax,k, which is used in this case, is 11.92 MPa. This value is from the article by
Stamatopoulos and Malo [9] and it is the value of the withdrawal strength parameter of
rods with wood screw thread with diameters d = 20 mm embedded in a GL30c timber
member with associated characteristic density pa = 400 kg/m3. Two withdrawal
capacities have been calculated for the individual tests, first by using the actual density
and second by using the characteristic density of the sets they belong to. The values of
the withdrawal capacities for individual tests are included in Figure 5. The withdrawal
capacities for the sets, as shown in Figure 5, have been calculated by using the
characteristic density of the sets they belong to.

In the New Eurocode 5, Equation (6) and Equation (7) are provided for screws and rods
with wood screw thread with diameters up to 22 mm. Equation (6) is used for
determination of the withdrawal capacity and Equation (7) is used for determining the
withdrawal strength parameter. The number of penetrated layers (np) exists in the
expression for the withdrawal strength parameter, and it is obtained by dividing the
withdrawal length (/w) by the thickness (t) of one layer of the timber member (i.e., np =
Iw/t). The thickness (t) of one layer of the timber member, which is used in the
calculation, is 45 mm [9, 11]. The prefactor kscrew = 8 from Table N.5 in Annex N of the
New Eurocode 5 for the middle screw category k8 is used for calculating the withdrawal
strength parameter. Two withdrawal capacities have been calculated for the individual
tests, first by using the actual density and second by using the characteristic density of
the sets they belong to. The values of the withdrawal capacities for individual tests are
included in Figure 6. The withdrawal capacities for the sets, as depicted in Figure 6, have
been calculated by using the characteristic density of the sets they belong to.

The correlation between the experimental characteristic withdrawal capacities and the
predictions by the Present Eurocode 5 is depicted in Figure 5. The correlation between
the experimental characteristic withdrawal capacities and the predictions by the New
Eurocode 5 is shown in Figure 6. The predictions provided by the Present Eurocode 5 and
the New Eurocode 5 are on the safe side as shown in Figure 5 and Figure 6 respectively.

When actual density is used for determining the withdrawal capacity for individual tests,
the predictions provided by the Present Eurocode 5 are on the safe side in a greater
number, especially for the tests with higher withdrawal capacities, than the predictions
provided by the New Eurocode 5. When a withdrawal capacity of more than 60 kN is
considered only two individual tests are overestimated by the Present Eurocode 5, but
several tests are overestimated by the New Eurocode 5.

For individual tests where characteristic density is used for determining the withdrawal
capacity, the predictions provided by the Present Eurocode 5 and the New Eurocode 5 are
almost the same and on the safe side as shown in Figure 5 and Figure 6 respectively.
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Figure 5: Correlation between experimental characteristic withdrawal capacity and the prediction
by the Present Eurocode 5.
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Figure 6: Correlation between experimental characteristic withdrawal capacity and the prediction
by the New Eurocode 5.
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The predictions by the Present Eurocode 5 and the New Eurocode 5 for the characteristic
withdrawal capacity of the sets are generally on the safe side as depicted in Figure 5 and
Figure 6 respectively. However, they have predicted one point (one set) each with
overestimated characteristic withdrawal capacity. For the set S20-0-450, the difference
between the predicted value by the Present Eurocode 5 and the value of the
experimental result is 19.4 kN (86.1 kN - 66.7 kN = 19.4 kN). For the set S20-60-300,
the difference between the predicted value (76.0 kN) by the New Eurocode 5 and the
value of the experimental result (66.9 kN) is 9.1 kN. The New Eurocode 5 overestimates
less than the Present Eurocode 5 and this means that the New Eurocode 5 predicts better
than the Present Eurocode 5 in a such situation. For the sets, the Pearson correlation
coefficient (PCC) is used to evaluate the degree of correlation between the experimental
results and the predicted values by the Present Eurocode 5, and between the
experimental results and the predicted values by the New Eurocode 5. The PCC = 0.9684
between the predictions by the Present Eurocode 5 and the experimental results is nearly
equal to the PCC = 0.9585 between the predictions by the New Eurocode 5 and the
experimental results. The PCC indicates that these correlations are very strong
correlations.

It can be concluded that both the Present Eurocode 5 and the New Eurocode 5 have
generally provided safe side predictions to the experimental results. The correlation
between the predictions by the Present Eurocode 5 and the experimental results, and the
correlation between the predictions by the New Eurocode 5 and the experimental results
are very strong.

2.2 Head pull-through resistance

2.2.1 Screws and rods with wood screw thread

The formulas provided by the New Eurocode 5 and the Present Eurocode 5 for the
determination of the characteristic head pull-through capacity of connections with axially
loaded screws and rods with wood screw thread are different. The expression for the
determination of the characteristic head pull-through capacity of a connection in the
Present Eurocode 5 includes the parameter ner as given in Equation (24). Hence, the
characteristic head pull-through capacity of a connection is based on the effective
number of fasteners in the connection. The characteristic head pull-through parameter
freada,k is determined in accordance with EN 14592 for the associated density pa. The angle
between the fastener axis and the grain direction a cannot be lower than 30 degrees (a
= 30°) to eliminate the risk of splitting failure.

The expression in the New Eurocode 5, as given in Equation (25), is for determining the
characteristic head pull-through capacity of a fastener. The characteristic head pull-
through capacity of a connection is based on the actual number of fasteners acting
together in the connection. The characteristic head pull-through parameter fheas is
determined directly by Equation (26) or Equation (27). The thickness of the first timber
member must be greater than 4d (t: = d) to avoid the risk of failure modes according to
the New Eurocode 5. The nomenclature used in the head pull-through resistance of
axially loaded screws and rods with wood screw thread in the Present Eurocode 5 and the
New Eurocode 5 is given in Table 6.
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Present Eurocode 5

The characteristic head pull-through resistance of connections with axially loaded screws
and rods with wood screw thread is determined by:

Pr\*8 24
Fax,a,Rk = nef * fhead,k * dh2 * <,D_) ( )
a

The effective number of screws, ner, for a connection with a group of axially loaded
screws is given by Equation (4).

New Eurocode 5

The characteristic head pull-through resistance Fpui,x of axially loaded screw or rod with
wood screw thread having head diameter, dheas = 1.8d, is given by:

F — fhead * Ahead for Ahead <4072 mmZ (25)
PULE ™ 3. 00k * Aneaa for Apeqq > 4072 mm?
dheaa Pr \*8 (26)
fhead =19« exp (_ 50 ) * (ﬁ)

dpeaa = 72 Mm gives the value 4,,,4 = 4072 mm?

- For screw-press bonding in the connection,

p—k)O.B (27)

freaa = 14 * dhead_o.14 * (350

Table 6: Nomenclature used in the head pull-through resistance of axially loaded screws and rods
with wood screw thread.

Present New Meanin
Eurocode 5 | Eurocode 5 9
Fox.ark characteristic head pull-through resistance of the

connection, in N, at an angle a to the grain, a = 30°

Fpuik characteristic head pull-through resistance of the fastener,
in N
fhead characteristic head pull-through parameter of the screw in
compliance with EN 14592 for the associated density p,, in
N/mm?2
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fheaak characteristic head pull-through parameter, in N/mm?
Nes effective number of screws
n number of screws acting together in a connection
Pk Pk characteristic density of the member, in kg/m3
Pa associated density for fyeqax, in kg/m?3
a angle between the screw axis and the grain direction with
a = 30°
d, dheqd diameter of the head of the fastener, in mm
Apead area of the fastener head or the area inside the perimeter
of the fastener head, in mm?
feook characteristic compressive strength perpendicular to grain,
in N/mm?2

2.2.2 Nails

For determining the characteristic head pull-through capacity of nails, the expressions
provided by the Present Eurocode 5 and the New Eurocode 5 are different. In the Present
Eurocode 5, the characteristic head pull-through strength fheaq,x of the nail is determined
by tests in accordance with EN 1383 and EN 14358 if it is not specified. The value of
fread,k is multiplied by a factor of 2/3 for nails installed in timber at or near fiber
saturation point, which is most probably to dry out later in service. In the New Eurocode
5, the fhead,k does not exist in the expression for the determination of the characteristic
head pull-through resistance of nails. The thickness of the first timber member must be
greater than 4d (t: = d) to avoid the risk of failure modes according to the New Eurocode
5. The nomenclature used in the head pull-through resistance of axially loaded nails in
the Present Eurocode 5 and in the New Eurocode 5 is presented in Table 7.

Present Eurocode 5

The characteristic head pull-through capacity of nails with head diameter d» = 1.8d, for
both nailing perpendicular and nailing inclined to the grain is given by:

a) For nails other than smooth nails, as defined in EN 14592:
Faxrk = fhead,k * dh2 (28)
b) For smooth nails:

Faxric = faxk * d * t + freaar * dp’ (29)
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- for smooth nails with ¢

New Eurocode 5

freaax =70 X 107°  p 2

> 12d,

pen =

(30)

The characteristic head pull-through capacity of a nail with head diameter, dheas = 1.8d,

is given by:

F,

putte = 15 % dpega” * (ﬁ

Pk )0'8 (31)

Table 7: Nomenclature used in the head pull-through resistance of axially loaded nails.

Present
Eurocode 5

New
Eurocode 5

Meaning

Foxark Fouuk characteristic head pull-through resistance, in N
faxk characteristic point side withdrawal strength of nails, in
N/mm?2
fhead characteristic head pull-through strength parameter of
the nail, in N/mm?2
d diameter of the nail, d =8 mm
dy, dhead diameter of the nail head, in mm
t thickness of the head side timber member, in mm
tpen length of the point side penetration or the length of the
threaded portion of the nail, excluding the point length,
in the point side timber member, in mm
Dk Dk characteristic density of the timber member, in kg/m?3

2.3 Tensile resistance

2.3.1 Screws and rods with wood screw thread

The expressions provided by the New Eurocode 5 and the Present Eurocode 5 for the
determination of the characteristic tensile resistance of connections with axially loaded
screws and rods with wood screw thread are not the same. In the Present Eurocode 5,
the characteristic tensile resistance of a connection is based on the effective humber of
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fasteners in the connection. The characteristic tensile resistance of the fastener ftens« is
determined in compliance with EN 14592. In the New Eurocode 5, an expression is given
for the determination of the characteristic tensile resistance of a fastener from EN 1993-
1-8:2005. The characteristic tensile resistance of a connection is based on the actual
number of fasteners acting together in the connection. The nomenclature used in the
tensile resistance of axially loaded screws and rods with wood screw thread in the
Present Eurocode 5 and in the New Eurocode 5 is given in Table 8.

Present Eurocode 5

The characteristic tensile resistance of a connection with axially loaded screws and rods
with wood screw thread is determined by:

Ft,Rk = nef * ftens,k (32)

The effective number of screws, ner, for a connection with a group of axially loaded
screws is given by Equation (4).

New Eurocode 5

The characteristic tensile resistance of axially loaded screws and rods with wood screw
thread can be taken from the respective European technical product specification or the
New Eurocode 5 provides an expression from EN 1993-1-8:2005 which is given by:

Ft,k = 0.9 * 4 *fu,k (33)

Table 8: Nomenclature used in the tensile resistance of axially loaded screws and rods with wood
screw thread.

Present New Meanin
Eurocode 5 | Eurocode 5 9
Fy ric Fiy characteristic tensile resistance of a connection with axially
loaded fasteners, in N
frensik characteristic tensile strength of the screw in compliance

with EN14592, in N/mm?2

Nes effective number of fasteners in the connection
n number of fasteners acting together in the connection
fuk characteristic steel strength for the type of fastener used

in the connection, in N/mm?2

Ag nominal stress area of the fastener based on the inner
thread diameter d; for screws and rods with wood screw
thread, in mm?
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2.3.2 Nails and bolts

The characteristic tensile capacity of axially loaded nails is not covered by the Present
Eurocode 5 and tensile capacity of bolts is only mentioned without additional information.
The New Eurocode 5 provides an expression from EN 1993-1-8:2005 for determining the
characteristic tensile resistance of axially loaded nails and bolts and it is given by:

Forp =09%Ag* fy ) (34)
where
fur is characteristic steel strength for nails, in N/mm?;
A; is the nominal stress area of the fastener based on the relevant diameter, in mm?.

- d for nails and d,, (approximately 0.86d) for bolts

2.4 Compression resistance

2.4.1 Screws and rods with wood screw thread

The compression (buckling) capacity of a connection with axially loaded screws and rods
with wood screw thread is not covered by the Present Eurocode 5. In the New Eurocode
5, the compression capacity of axially loaded screws and rods with wood screw thread
with 6 mm < d < 22 mm and with 0.55 < d:/d < 0.76 is determined by:

Fop= Yr w k% Ny (35)
Ym1
1 for 1, < 0.2 (36)
1 i}
ke = ——— for 4, > 0.2
k + /kz -1
k=05[1+049 (T, —02) + %] (37)
[N (38)
Niik
d,? (39)

1
Ny = m* 4 * fy,k

Ny = \VCn * Es x I (40)
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90° + ¢
cn = (0.19 + 0.012 * d) * py, * (W) (41)

d;* (42)
E, x I = ZlOOOO*n*a

where
Vr is the partial factor for a material property;
Y1 is the partial factor for a design resistance based on an (semi) empirical analysis

with a ductile failure mode, see section 4.3.2 (2) in prEN 1993-1-8:2020 [1];
k. is the factor for the buckling of the fastener;
N, is the characteristic axial yield capacity of the fastener, in N;

Nyix is the ideal elastic buckling load, in N;

fyk is the characteristic yield strength of the fastener in N/mm?;

d, is the inner thread diameter of the fastener, in mm;

d is the outer thread diameter of the fastener, in mm;

ch is the characteristic value of the foundation modulus, in N/mm?2;
Ok is the characteristic density of the member, in kg/m3;

3 is the angle between screw axis and grain direction;

E(l is the bending stiffness of the steel dowel-type fastener, in Nmm2.
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3 Laterally loaded fasteners

In the New Eurocode 5, the characteristic lateral resistance of a single fastener per shear
plane Fv« is given by:

For =Fpi+ Frpi (43)
where
Fpx is the characteristic dowel-effect contribution per shear plane, in N;
F.,r is the characteristic rope-effect contribution, in N.

The New Eurocode 5 treats the characteristic dowel-effect contribution and the rope-
effect contribution in two separate sections. The contributions of the yield moment and
the embedment strength are considered in the New Eurocode 5 and the Present Eurocode
5 for the determination of the characteristic lateral resistance of a metal dowel-type
fastener per shear plane. The characteristic embedment strength and the characteristic
yield moment are included under each section of the type of metal dowel-type fasteners
in the Present Eurocode 5. In the New Eurocode 5, the characteristic yield moment and
the characteristic embedment strength have their own sections. Based on the structure
and organization of the topics of yield moment and the embedment strength, the New
Eurocode 5 is more user-friendly than the Present Eurocode 5.

3.1 Dowel-effect contribution of a single fastener in a single
and double shear planes

For both timber-to-timber and steel-to-timber connections with fasteners loaded in a
single shear plane and in double shear planes, the New Eurocode 5 provides the dowel-
effect contribution of a single fastener per shear plane. The New Eurocode 5 gives the
same set of failure modes for both timber-to-timber connections and steel-to-timber
connections when determining the characteristic value of the dowel-effect contribution of
a fastener. The Present Eurocode 5 gives different sets of failure modes for timber-to-
timber connections and steel-to-timber connections.

In the New Eurocode 5 and the Present Eurocode 5, six failure modes (a) to (f) are given
for a connection with a fastener loaded in a single shear plane as shown in Figure 7. The
expressions provided by the New Eurocode 5 and the Present Eurocode 5 for the six
failure modes (a) to (f) are the same. The only difference is that the embedment depth
of an inner member in the expression for the failure mode (b) must be taken as half of
the thickness of the inner member (tn2 = t2/2) in the New Eurocode 5, but a reduction
factor 0.5 is directly included in the expression for the corresponding failure mode (b) in
the Present Eurocode 5. The New Eurocode 5 gives the names of the failure modes (a),
(b), (d) and (f) for a symmetric connection with a fastener loaded in double shear planes
as depicted in Figure 9 according to the failure modes (a), (b), (d) and (f) respectively
for a single shear plane in the connection. For a symmetric timber-to-timber connection
with a fastener loaded in double shear planes, the Present Eurocode 5 gives the names of
the failure modes (g), (h), (j) and (k) as shown in Figure 8 according to the failure
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modes (g), (h), (3) and (k) respectively for a single shear plane in the connection. For a
single shear plane in a symmetric connection with a fastener loaded in double shear
planes, the expressions provided by the New Eurocode 5 for the failure modes (a), (b),
(d) and (f) are the same with the corresponding expressions provided by the Present
Eurocode 5 for the failure modes (g), (h), (j) and (k) respectively. The only difference is
that the embedment depth of an inner member in the expression for the failure mode (b)
must be taken as half of the thickness of the inner member (tr2 = £2/2) in the New
Eurocode 5, but a reduction factor 0.5 is directly included in the expression for the
corresponding failure mode (h) in the Present Eurocode 5.
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Figure 7: Failure modes (a) to (f) for a fastener loaded in single shear plane [1].

.....
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.....

Figure 8: Failure modes (g), (h), (j) and (k) of a symmetric connection with a fastener loaded in
double shear planes [2].
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Figure 9: Failure modes (a), (b), (d) and (f) of a single shear plane for a fastener loaded in double
shear planes [1].

The expressions provided to determine the characteristic value of the dowel-effect
contribution of a fastener per shear plane Fp« for the six failure modes (a) to (f) are for
timber-to-timber and steel-to-timber connections in the New Eurocode 5, but for only
timber-to-timber connections in the Present Eurocode 5. The characteristic value of the
dowel-effect contribution of a fastener per shear plane (Fp,k) is the minimum value of the
expressions for the six failure modes (a) to (f):

Fp . = min{(a); (b); (c); (d); (e); ()} (44)
where

(a), (b), (¢), (d), (e) and (f) are the expressions (Johansen’s equations) for the six failure
modes (a) to (f) and are given below by Equations (45) to (50) respectively.

The expressions (Johansen’s equations) for the six failure modes (a) to (f) are given by:

Failure . ’ .
mode Expression (Johansen’s equation)
(a) friktnd (45)
(b) frzxtn2d (46)
2 2 (47)
fuaitud o[y 4 bz (B2] g B2\ oy, B2
st oo+ 220 (2] e (2 -0 14 12)
friktnid 4B (2 + BIM,, gy (48)
(d) L0557 jz;;a +B) + —dns ﬁ]
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49)
frirtnad 4p(1 + Zﬁ)MJ’Rk (
o 1.05—/————| |2B%(1+ pB) + — =
(e) 1+ 2B \/ FA+R) fridtna” d
” (50)
(f) 1.15 m\/m
with
B = ?Z—Z’; in all the expressions above (1)

For a timber-to-timber connection, the Present Eurocode 5 provides expressions for the
six failure modes (a) to (f) to determine the Johansen’s part of the characteristic load-
carrying capacity (dowel-effect contribution) of a fastener per shear plane. For a steel-to-
timber connection, the Present Eurocode 5 provides different expressions to determine
the characteristic dowel-effect contribution (Johansen’s part) of a fastener per shear
plane. The characteristic lateral resistance of a steel-to-timber connection depends on
the thickness of the steel plates. According to the Present Eurocode 5, steel plates having
thickness less than or equal to 0.5d are thin plates and steel plates having thickness
greater than or equal to 1d with the tolerance on hole diameters being less than 0.1d are
thick plates. The characteristic load-carrying capacity of a connection with steel plate
having thickness between a thin and a thick plate is to be determined by linear
interpolation between the values for thin and thick plate.

In the Present Eurocode 5, the characteristic dowel-effect contribution (Johansen’s part)
of metal dowel-type fastener in steel-to-timber connection is taken as the minimum
value found from the expressions of the failure modes given below:

- Single shear with a thin steel plate (tp < 0.5d)

0.4f t1d (@) (52)

F, = min
vRk { 1.15,/2M,, e frorc (b)

- Single shear with a thick steel plate (t, = d)

fritid ©

4M (53)
/2 YRE 1 d
+fh,kdt12 ‘ @
23 /My,kah,kd (e)

. t;d
Fypie = min fuity
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- Double shear with any thickness of a steel plate as an inner member

friktid ®

AMypi ® (54)
fraedts? 8

2.3 /My,kah,l,kd (h)

friktid| |2+

Fy, rx = min

- Double shear with thin steel plates (t, < 0.5d) as the outer members

0.5fn2xt2d 0) (55)
F, rr = min

115 /ZMy,kah,z,kd ®

- Double shear with thick steel plates (t, = d) as the outer members

0.5fn2t2d M (56)
Fy, rx = min

2.3 /My,kah,Z,kd (m)

Figure 10: Failure modes (a) to (m) for a fastener in a steel-to-timber connection [2].

The New Eurocode 5 considers the thickness of the steel plate in a steel-to-timber
connection by introducing a factor kp when determining the characteristic embedment
strength of the steel plate fn«x. The factor kp depends on the ratio d/t where d is the
fastener diameter and t is the thickness of steel plate.

fux = kpy * 600 N/mm? (57)
where
k,, = 1.0 for inner steel plates
k,, = 0.5 for d/t < 0.5 for outer steel plates

k, = 1.0 for d/t > 1.0 for outer steel plates
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and for intermediate ratios d/t interpolation is allowed.

In addition to the expressions for the six failure modes (a) to (f) discussed above, the
New Eurocode 5 provides the following expressions as a simplification to determine the
characteristic value of the dowel-effect contribution of a fastener per shear plane Fpx.
These simplified formulas are some of the additions made to the New Eurocode 5. In a
timber-to-timber connection of members with embedment depths th: and tn> the
simplified formula is given as:

thl/thl ,req (58)
= 1.15 /ZMykfhlkd * min thz/tmreq

with

_ fr2k (59)
frak

In steel-to-timber connections having timber members with embedment depth t, the
simplified formula is given as:

Fop =115 2% [Myfyd *min {th/ Fured (60)

with

M 61
threq = 115 * 4 * hi"c‘l (61)

The expressions for determining the values of the required minimum embedment depths
which ensure failure mode (d) or (e) are given in Table 9 and for those which ensure
failure mode (f) are given in Table 10.

Table 9: Required minimum embedment depths which ensure failure mode (d) or (e) [1].

Failure
mode Member 1 (62) Member 2 (63)
Fasteners in a single shear plane

=) (=)
d 1req — 5 T 2,req — 5 —_—
() ftreq 10\/_fh1k <\/m fhzreq 10\/_fh2k 1+[3+\/E

1

(e) thlreq - 105\/_ fhlk <\/L \/_) thzreq = 105‘/_ fh2k <—m>
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Fasteners in two or more shear planes

tha
M JB t =
d thireqg = 1.05\/§ i(_) h2,req
( ) hl,req fh‘l‘kd ,—1 n ﬁ B
(e) Does not apply Does not apply

Table 10: Required minimum embedment depths which ensure failure mode (f) [1].

Failure
mode Member 1 (64) Member 2 (65)
Fasteners in a single shear plane
M JB My, 1
f tnreg = 115 2 y"‘( +1) thareq = 1.15 %2 |—2 ( +1)
® rrea frakd\J1+ B nared fr2kd \J1+ B
Fasteners in double shear planes
M M 1
(f) thireq = 115 %2 [—2& < J8 + 1) thareq = 115 % 2 [—2& (ﬂ)
+

frakd

J1+p

fr2kd

The nomenclature used in the dowel-effect contribution of a single fastener in a single
and double shear planes in the Present Eurocode 5 and the New Eurocode 5 are given in

Table 11.

Table 11: Nomenclature used in the dowel-effect contribution of a single fastener in a single shear
plane and double shear planes.

Present New Meanin
Eurocode 5 | Eurocode 5 9
Fy ric Fyx characteristic lateral resistance of a connection in N
ik ik characteristic embedment strength of member 1, in
N/mm?2
frak frok characteristic embedment strength of member 2, in
N/mm?2
t; tha embedment depth of member 1, in mm
t, tho embedment depth of member 2, in mm
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v t thickness of the steel plate, in mm

M, gy M, characteristic yield moment, Nmm
d d diameter of the fastener, in mm
B B ratio between embedment strengths of the members
thireq required minimum embedment depth of the timber

member 1 in timber-to-timber connection, in mm

thareq required minimum embedment depth of the timber
member 2 in timber-to-timber connection, in mm

)iy frk characteristic embedment strength of timber member in
steel-to-timber connection, in N/mm?

th embedment depth of the timber member in steel-to-timber
connection, in mm

threq required minimum embedment depth of the timber
member in steel-to-timber connection, in mm

3.2 Dowel-effect contribution of multiple shear planes

In the New Eurocode 5 and the Present Eurocode 5, the dowel effect contribution per
fastener for connections with more than two shear planes is determined by summing the
dowel effect contribution of each individual shear plane. In the Present Eurocode 5, a
connection with more than two shear planes is decomposed into a series of three -
member connections and the dowel effect contribution of each individual shear plane is
determined by considering each individual shear plane as part of the three-member
connection. The governing failure mode of the fasteners in the respective shear planes
must be compatible with each other and must not comprise of a combination of failure
modes (a) and (b) from Figure 7 or failure modes (g) and (h) from Figure 8 or failure
modes (e), (f) and (j/I) from Figure 10 with other failure modes in order to combine the
dowel effect contribution of each individual shear plane. Checking the compatibility of
failure modes is not always easy and it is a tedious work for some configurations of
connections.

In the New Eurocode 5, the inner members in connections with more than two shear
planes, as shown in Figure 11, are considered as inner members in connections with
fasteners in double shear planes as depicted in Figure 9. Compatibility between the
members is achieved for fasteners that fail in mode (a) only or in mode (b) only or in
modes (d) and (f) only or in mode (f) only. In connections with more than two shear
planes, the failure modes (a), (b), (d) and (f) can occur for the side members and the
failure modes (a), (b) and (f) can occur for the middle members. From these failure
modes, the New Eurocode 5 provides four compatible failure mode combinations (A), (B),
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(C) and (D) for connections with more than two shear planes. For instance, failure mode
combination (A) is the combination of only failure mode (a) for all outer and inner single
shear planes as shown in Figure 11. The governing combination of these four compatible
failure mode combinations (A), (B), (C) and (D) gives the dowel effect contribution per
fastener for connection with more than two shear planes. Combinations of other failure
modes, such as failure mode combinations (E), (F) and (G) in Figure 11, are avoided
according to the New Eurocode 5. For connections with four or more shear planes,
compatibility between the members is ensured for fasteners that fail only in modes (d)
and (f) as in combination (C) in Figure 11 and only in mode (f) as in combination (D) in
Figure 11, if:

- the inner members have required thickness value in Table 10
- the outer members have more than 64 % of the required thickness value in Table 10

The New Eurocode 5 provides four failure mode combinations (A), (B), (C) and (D) to
ensure compatibility between the members in a connection with more than two shear
planes, but the compatibility between the failure modes must be checked by the designer
according to the Present Eurocode 5.

A - B - C - D

[_] ZFpas [_] 2fpaa {_] 2Fpas ()

fp1a M1z p12 fpia b1z Fp12

I S S I S £7 45 [ 4s
1 2 |3 2 11 N2(1312]1 1 2 3 2 11 1 2 3 2 1

olo | ele] @lo | olo |

Foz.a* Foaaa Foza+ Fozz Fpz1t Fpzs 2k 2K

Thi il"h3| thy | | Thi th--J‘ Ih2-3 hi J( tha tha
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Figure 11: Combinations of failure modes for fasteners in a connection with four shear planes [1].

3.3 Characteristic embedment strength

3.3.1 Nails

The expression provided by the New Eurocode 5 for the determination of the
characteristic embedment strength of nails has one more parameter, which is kmat, than
by the Present Eurocode 5. kmat is @ material factor which depends on the type of the
material. For the types of timber that are considered in this thesis, kmat = 1.0 as shown in
Table 12. In the New Eurocode 5, the characteristic embedment strength, which is given
in Table 12, is for all nails. In the Present Eurocode 5, the characteristic embedment
strength, which is given in Table 12, is for nails with diameters up to 8 mm (d < 8 mm).
For nails with diameters greater than 8 mm (d > 8 mm), the characteristic embedment
strength values for bolts are applied according to the Present Eurocode 5.

Table 12: Characteristic embedment strength of nails.

Present Eurocode 5

New Eurocode 5

~0.082p,d™%?
Not i} (66) ™ (67)
= 0.082p,d %3 mat
predrilled T Pi
Kmat = 1.0 for ST and PL
(68) p ~0.082(1— 0.01d)p, (69)
. ha,fk — k
Predrilled frr = 0.082(1 — 0.01d) py mat

Kmat = 1.0 for SL and PL
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3.3.2 Bolts and Dowels

As given in Table 13, the expressions for the determination of the characteristic
embedment strength of bolts and dowels provided by the New Eurocode 5 and the
Present Eurocode 5 are the same. In the New Eurocode 5, the characteristic embedment
strength value for nails is applied for dowels with diameters less than or equal to 8 mm
(d £ 8 mm), and the characteristic embedment strength values for bolts is applied for
dowels with diameters up to 30 mm (d £ 30 mm). The expressions for kmat and koo in
Table 13 are in accordance with the types of the timber members considered in this
thesis, which are SL and PL. In the Present Eurocode 5, the characteristic embedment
strength value for nails is applied for dowels with diameters up to 8 mm (6 mm < d < 8
mm), and the characteristic embedment strength value for bolts is applied for dowels
with diameters up to 30 mm (8 mm < d < 30 mm).

Table 13: Characteristic embedment strength of bolts and dowels.

Present Eurocode 5 New Eurocode 5
Jnok (70) 0.082(1 — 0.01d)py (71)
fh,a,k = ) 2 hak =
kggsin?a + cos?a kmat
frox = 0.082(1 — 0.01d)py (72) ket = kopsin?a + cos?a (73)
koo = 1.35 4+ 0.015d (74) koo = 1.35 + 0.015d (75)

3.3.3 Screws and rods with wood screw thread

For the determination of the characteristic embedment strength for screws and rods with
wood screw thread, the New Eurocode 5 provides an expression as given in Equation
(76) and the Present Eurocode 5 gives a provision as presented below.

Present Eurocode 5

The characteristic embedment strength values for nails are applied for screws with
effective diameters less than or equal to 6 mm (der < 6 mm) and the characteristic
embedment strength values for bolts are applied for screws with effective diameters
greater than 6 mm (der > 6 mm).

New Eurocode 5

The characteristic embedment strength for screws and rods with wood screw thread is
given by:

0019 % pk1.24— % d—0.3
hek =™ 25 % cos?e + sinZe (76)
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The nomenclature used in the characteristic embedment strength for metal dowel-type
fasteners in the Present Eurocode 5 and the New Eurocode 5 are presented in Table 14.

Table 14: Nomenclature used in the characteristic embedment strength for metal dowel-type

fasteners.

Present
Eurocode 5

New
Eurocode 5

Meaning

frx frapk characteristic embedment strength for nails, in N/mm?
f f characteristic embedment strength for bolts and dowels, in
h,ak h,ak N/mmz
f characteristic embedment strength for screws and rods
hek with wood screw thread, in N/mm?
f characteristic embedment strength parallel to grain, in
ok N/mm?
Pr Dr characteristic timber density, in kg/m?3
d d diameter of the fastener, in mm
a a or ¢ angle between the fastener axis and the grain direction
8 angle between the fastener axis and the surface of the

wide face

3.4 Characteristic yield moment

3.4.1 Nails

The expressions provided for determining the characteristic yield moment of nails by the
Present Eurocode 5 and the New Eurocode 5 are the same as given in Table 15. The only
distinguishing parameter is the value of the coefficient in the expressions. The value of
the coefficient in the expression by the New Eurocode 5 is 0.3 for all nails, but My« is
increased by 50 % for square nails where the nail diameter d is taken as the side
dimension. The value of the coefficient in the expressions by the Present Eurocode 5 is
based on shape of nails, namely 0.3 for round nails and 0.45 for square and grooved
nails. For square and grooved nails, the side dimension is taken as the nail diameter d.
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Table 15: Characteristic yield moment of nails.

Present Eurocode 5 New Eurocode 5
Round nails Square and grooved nails All nails
My,Rk = 0.3fud2'6 (77) My,Rk = 0.4’5fud2'6 (78) My,k = 0.3fu'kd2'6 (79)

3.4.2 Bolts and Dowels

The expressions for determining the characteristic yield moment of nails provided by the
Present Eurocode 5 and the New Eurocode 5 are the same and are given in Table 16.

Table 16: Characteristic yield moment for bolts and dowels.

Present Eurocode 5 New Eurocode 5

Mlek = 0'3f‘u.,kd2.6 (80) My,k = 0.3fu'kd2'6 (81)

3.4.3 Screws and rods with wood screw thread

For the determination of the characteristic yield moment for screws and rods with wood
screw thread, the New Eurocode 5 provides an expression as given in Equation (82) and
the Present Eurocode 5 gives a provision as presented below.

Present Eurocode 5

For screws with effective diameters less than or equal to 6 mm (der < 6 mm), the
characteristic yield moment values for nails are applied and for screws with effective
diameters greater than 6 mm (der > 6 mm), the characteristic yield moment values for
bolts are applied.

New Eurocode 5
The characteristic yield moment for screws and rods with wood screw thread is given by:
My, = 0.3f,,d*° (82)

For screws and rods with wood screw thread with 3.5 mm < d < 22 mm, the outer
diameter d is equal to the inner thread diameter d: for the following ratios in Table 17:
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Table 17: di/d values for screws and rods with wood screw thread [1].

d 355d<10 10<d<14 14<d<22

d,/d 0.65 0.60 0.75

The nomenclature used in the characteristic yield moment for metal dowel-type fasteners
in the Present Eurocode 5 and the New Eurocode 5 is given in Table 18.

Table 18: Nomenclature used in the characteristic yield moment for metal dowel-type fasteners.

Present New Meaning
Eurocode 5 | Eurocode 5
M, gy M, characteristic value for the yield moment, in Nmm
fu OF  fuk fuk characteristic tensile strength of the wire, in N/mm?2
d d diameter of the fastener, in mm
d, inner thread diameter of the fastener, in mm

3.5 Rope-effect contribution

For connections with single shear plane, the rope-effect contribution is only accounted for
failure modes (c) to (f) in Figure 7 in the New Eurocode 5 and the Present Eurocode 5.
For connections with double shear planes, the rope-effect contribution is only accounted
for failure modes (j) and (k) in Figure 8 in the Present Eurocode 5 and for failure modes
(d) and (f) in Figure 9 in the New Eurocode 5. No rope effect contribution is accounted
for failure modes (a) or (b) in Figure 7 and Figure 9 in the New Eurocode 5. No rope
effect contribution is accounted for failure modes (a) or (b) in Figure 7 and (g) and (h) in
Figure 8 in the Present Eurocode 5. The approach for the determination of the rope effect
contribution by the Present Eurocode 5 and the New Eurocode 5 are the same. The
Present Eurocode 5 provides no explicit formula for the determination of the rope effect.
The New Eurocode 5 provides an expression for the determination of the rope effect
contribution. The value of the factor for the rope effect contribution kip,: is 0.25 in
general and 0.40 for ring shank nails in the New Eurocode 5 and they are given in Table
19. The New Eurocode 5 considers the head pull-through, withdrawal and axial capacities
and takes the minimum value of these capacities. The value of the factor for the rope
effect contribution kw1 is 1/4 % (0.25) in general and it exists directly in the expression
for determining the load-carrying capacity in the Present Eurocode 5. The Present
Eurocode 5 considers only the withdrawal resistance. The limitation factor for the rope
effect contribution k2 in the New Eurocode 5 and the specific percentages in the Present
Eurocode 5 are the same and are given in Table 20.
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Present Eurocode 5

The characteristic rope effect contribution is the minimum of one fourth of the
characteristic withdrawal capacity Faxr«k of the fastener and a specific percentage (krp,2) of
the Johansen part (dowel-effect contribution Fp«) and it is given by Equation (83). If
Fax,rk is unknown, the rope effect contribution is zero.

Fax,Rk
Rope — ef fect = min 4 (83)
krp,z * FD,k

New Eurocode 5

The characteristic rope-effect contribution per shear plane per fastener Fi,« is given by:

Fypye = min {";:;2** i (84)
F,
Funes = min] Fuge (85)
Ft,k

where
kyp 1 is the factor for the rope effect, see Table 19;
kip2 is the limitation factor for the rope effect, see Table 20;
Fpr is the dowel effect contribution, in N;
Foxer is the characteristic axial capacity of the fasteners, in N;
Fpuiik is the characteristic head pull-through resistance, in N;
Fok is the characteristic withdrawal resistance, in N;
Fix is the characteristic tensile resistance, in N.

Table 19: Factors ky,; for the rope effect contribution [1].

Fastener and connection type kip1
General 0.25
Ring shank nails 0.40

40




Table 20: Limitation factors kx> for the rope effect contribution [1].

Fastener type ky2
Dowels 0
Smooth round nails and uncoated staples 0.15
Smooth square nails and bolts 0.25
Ring shank nails and coated staples 0.50
Screws, rods with wood screw thread and laterally loaded

_ 1.00
bonded-in rods

3.6 Example cases for dowel-effect contribution

3.6.1 Fastener in a single shear plane

As shown in Figure 12, a connection with two timber members subjected to tension and
fasteners in a single shear plane is used in this example case. The connection is a
timber-to-timber connection. The timber members are of solid timber C24 with a
characteristic density px = 350 kg/m3. Dowels of diameter d = 12 mm with a
characteristic tensile strength fu« = 600 N/mm? are used as fasteners in the connection.
The angle of the load to the grain direction is 0° (a = 0°) in both timber members. For
timber-to-timber connections with fasteners in a single shear plane, the Present
Eurocode 5 and the New Eurocode 5 provides the same expressions and follows the same
procedure to determine the characteristic value of the dowel-effect contribution of a
fastener per shear plane (Fp,k). The values achieved in this example by using expressions
provided by these two versions of Eurocode 5 are therefore the same. Equations (70) and
(71) are applied to determine the value of the characteristic embedment strength and
Equations (80) and (81) to determine the characteristic yield moment in the Present
Eurocode 5 and the New Eurocode 5 respectively. Different values of the six failure
modes (a) to (f), the minimum value (Fp,«min) and the characteristic values (Fp,k) of the
dowel-effect contribution of a fastener for the connection are obtained by changing the
thickness of one timber member at a time while keeping the thickness of the other
member constant. The values of the six failure modes, the minimum and the
characteristic values of the dowel-effect contribution per fastener for the connection by
changing the thickness of member one and member two are presented in Table 21 and
Table 22 and plotted in Figure 13 and Figure 14 respectively.
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Figure 12: Connection with fasteners in single shear.

Table 21: Values for failure modes and minimum and characteristic dowel-effect contribution of a
fastener in a single shear plane by using different thicknesses of member 1.

tn [mm] | @ [kN] [ b [kN] [ c [kN] [ d [kN] | e [KN] | £ [KN] | Fpx[KN] | Fpmn [KN]

0 0 10.91 | 3.99 | 7.16 | 6.65 | 9.61 0 0

1d 3.64 | 10.91 | 3.64 | 6.33 | 6.65 | 9.61 3.64 3.64
2d 7.27 | 1091 | 3.89 | 6.24 | 6.65 | 9.61 3.89 3.89
3d 10.91 | 10.91 | 4.52 | 6.65 | 6.65 | 9.61 4.52 4.52
4d 14.55 | 10.91 | 5.36 | 7.36 | 6.65 | 9.61 5.36 5.36
5d 18.18 | 10.91 | 6.34 | 8.24 | 6.65 | 9.61 6.35 6.34
6d 21.82 | 10.91 | 7.41 | 9.23 | 6.65 | 9.61 6.65 6.65
7d 25.46 | 10.91 | 8.54 | 10.30 | 6.65 | 9.61 6.65 6.65
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Failure modes and dowel-effect contribution per
fastener in single shear by Present and New EC5
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Member thickness, t,; [mm]

Figure 13: Failure modes and minimum and characteristic values of dowel-effect contribution of a
fastener in a single shear plane by using different thicknesses of member 1.

The values presented in Table 21 and plotted in Figure 13 are obtained by holding the
thickness of member 2 constant, th2 = 36 mm. Figure 13 shows that the failure mode (a)
increases significantly with the thickness of member 1 as it is the embedment failure of
only member 1. The failure modes (c) and (d) change slightly with the thickness of the
member 1 as they include respectively embedment failure of member 2 and yielding
failure of the fastener in addition to embedment failure of member 1. The failure modes
(b), (e) and (f) are not drawn in Figure 13 because they are constants as they are
independent of the change of the thickness of member 1 (tn:). By referring to the plot of
Fb,k,min, the thicknesses of transition are 1d mm (ttans = 12 mm) and 5d mm (ttrans = 60
mm). They are the thicknesses of member 1 where the plot of Fp«min changes from the
failure mode (a) to the failure mode (c) at 1d mm and it changes again at 5d mm from
the failure mode (c) to the failure mode (e) which is constant and independent of the
thickness change of member 1.

Table 22: Values of failure modes and minimum and characteristic dowel-effect contribution of a
fastener in a single shear plane by using different thicknesses of member 2.

tp [mm] | a[kN] | b [kN] | ¢ [KN] | d [kN] | e [kN] | f[KN] | Fpx [KN] | Fpjmin [KN]
0 10.91 0 3.99 6.65 7.16 9.61 0 0
1d 10.91 3.64 3.64 6.65 6.33 9.61 3.64 3.64
2d 10.91 7.27 3.89 6.65 6.24 9.61 3.89 3.89
3d 10.91 | 10.91 4.52 6.65 6.65 9.61 4.52 4.52
4d 10.91 | 14.55 5.36 6.65 7.36 9.61 5.36 5.36
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5d 10.91 | 18.18 | 6.34 6.65 8.24 9.61 6.35 6.34

6d 10.91 | 21.82 | 7.41 6.65 9.23 9.61 6.65 6.65

7d 10.91 | 25.46 | 8.54 6.65 10.30 9.61 6.65 6.65

Failure modes and dowel-effect contribution per
fastener in single shear by Present and New EC5
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Figure 14: Failure modes and minimum and characteristic values of dowel-effect contribution of a
fastener in a single shear plane by using different thicknesses of member 2.

The values presented in Table 22 and plotted in Figure 14 are achieved by keeping the
thickness of member 1 constant, th; = 36 mm. As shown in Figure 14, the failure mode
(b), which is the embedment failure of only member 2, increases significantly with the
thickness of member 2. The failure modes (a), (d) and (f) are not included in Figure 14.
Since they do not depend on the thickness change of member 2, they are constants. The
failure modes (c) and (e) decrease slightly at the beginning and keep slightly increasing
as the thickness of the member 2 increases. In addition to the embedment failure of
member 2, the failure mode (c) includes embedment failure of member 1 and the failure
mode (e) includes yielding failure of the fastener. By referring to the plot of Fp,«min, the
transition thicknesses are 1d mm (ttrans = 12 mm) and 5d mm (ttans = 60 mm). They are
the thicknesses where the plot of Fp«min changes its course from the failure mode (b) to
the failure mode (c) at 1d mm and it changes its course again from the failure mode (c)
to the failure mode (d) which is constant and do not depend on the change of thickness
of member 2 beyond the transition thickness 5d mm.

3.6.2 Fastener in double shear planes

The connection in this example case, which is also a timber-to-timber connection,
consists of two side members (member 1) and one middle member (member 2)
subjected to tension and fasteners in double shear planes as depicted in Figure 15. The
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timber members are of solid timber C24 with a characteristic density px = 350 kg/m3.
Dowels of diameter d = 12 mm with a characteristic tensile strength fu,x = 600 N/mm?
are used as fasteners in the connection. The angle of the load to the grain direction is 0°
(a = 0°) in all timber members. The Present Eurocode 5 and the New Eurocode 5
provides the same expressions and follows the same procedure to determine the
characteristic value of the dowel-effect contribution of a fastener per shear plane (Fp«) in
timber-to-timber connections with fasteners in double shear planes, however they use
different names for the failure modes.

In the New Eurocode 5, the names of the connections with fasteners in double shear
planes are (a), (b), (d) and (f) which correspond to the failure modes (a), (b), (d) and (f)
for each single shear plane in the connection respectively. In the Present Eurocode 5 the
names of the connections with double shear planes are (g), (h), (j) and (k) according to
the failure modes (g), (h), (j) and (k) for each single shear plane in the connection
respectively. For a single shear plane in a connection with a fastener loaded in double
shear planes, the expressions provided by the New Eurocode 5 for the failure modes (a),
(b), (d) and (f) are the same with the corresponding expressions provided by the Present
Eurocode 5 for the failure modes (g), (h), (j) and (k) respectively. The embedment depth
of an inner member in the expression for the failure mode (b) must be taken as half of
the thickness of the inner member (th2 = t2/2) in the New Eurocode 5, but a reduction
factor 0.5 is already existed in the expression for the corresponding failure mode (h) in
the Present Eurocode 5. The values achieved in this example case by using expressions
provided by the New Eurocode 5 and the Present Eurocode 5 are therefore the same.

Equations (70) and (71) are applied to determine the value of the characteristic
embedment strength and Equations (80) and (81) to determine the characteristic yield
moment. Different values of the four failure modes (a), (b), (d) and (f), the minimum
value (Fpmin) and the characteristic value (Fp) of the dowel-effect contribution of a
fastener for the connection are obtained by changing either the thickness of the side
member (member 1) or the thickness of the middle member (member 2) at a time while
holding the thickness of the other member constant. The values of the four failure
modes, the minimum and the characteristic values of the dowel-effect contribution for
the connection by changing the thickness of side members and middle member are
presented in Table 23 and Table 24 and plotted in Figure 16 and Figure 17 respectively.

grain direction

o <2 || [N ][~ e

dowel

Figure 15: Connection with fasteners in double shear planes [16].

Table 23: Values for failure modes and minimum and characteristic dowel-effect contribution of a
fastener in double shear planes by using different thicknesses of side members.
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tpy [mm] | a[kN] | b [kN] | d [kN] | f[KN] | Fpy[KN] | Fpgmin [KN]

0 0 7.27 7.16 9.61 0 0

1d 3.64 7.27 6.33 9.61 7.27 3.64
2d 7.27 7.27 6.24 9.61 12.48 6.24
3d 10.91 7.27 6.65 9.61 13.30 6.65
4d 14.55 7.27 7.36 9.61 14.55 7.27
5d 18.18 7.27 8.24 9.61 14.55 7.27
6d 21.82 7.27 9.23 9.61 14.55 7.27

Failure modes and dowel-effect contribution per
fastener in double shear by Present and New EC5

25
20 -~
/
/
u.é 10 7 P -~ _— =d
7 —
7~ — T —— =FD,k
— #_ f
5 / FDk,min
0
0 1d 2d 3d 4d 5d 6d

Member thickness, t,; [mm]

Figure 16: Failure modes and minimum and characteristic values of dowel-effect contribution of a
fastener in double shear planes by using different thicknesses of side members.

The values presented in Table 23 and plotted in Figure 16 are achieved by keeping the
thickness of middle member (member 2) constant, tr2 = 48 mm. As shown in Figure 16,
the failure mode (a), which is the embedment failure of only member 1, is increasing
significantly with the increasing thickness of member 1. The failure modes (b) and (f) are
independent of the change in thickness of member 1. Since they are constant, they are
not drawn in Figure 16. The failure mode (d) slightly decreases and then increasing
slowly with the thickness of the member 1 as it also depends on yielding failure of the
fastener. By referring to the plot of Fp«min, the transition thicknesses are 24 mm (2d)
and 48 mm (4d) conservatively. They are the thicknesses where the plot of Fp«min
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changes from the failure mode (a) to the failure mode (d) at 2d mm and from the failure
mode (d) to the failure mode (b) at 4d mm.

Table 24: Values for failure modes and minimum and characteristic dowel-effect contribution of a
fastener in double shear planes by using different thicknesses of middle member.

tp, [mm] | a[kN] | b [kN] | d [kN] | f[KN] | Fpy[KN] | Fpgmin [KN]

0 10.91 0 6.65 9.61 0 0

1d 10.91 1.82 6.65 9.61 3.64 1.82
2d 10.91 3.64 6.65 9.61 7.27 3.64
3d 10.91 5.46 6.65 9.61 10.91 5.46
4d 10.91 7.27 6.65 9.61 13.30 6.65
5d 10.91 9.09 6.65 9.61 13.30 6.65
6d 10.91 | 10.91 6.65 9.61 13.30 6.65

Failure modes and dowel-effect contribution per
fastener in double shear by Present and New EC5
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12 - -~
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4 rd
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0 1d 2d 3d ad 5d 6d

Member thickness, t;,; [mm]

Figure 17: Failure modes and minimum and characteristic values of dowel-effect contribution of a
fastener in double shear planes by using different thicknesses of middle member.

The values presented in Table 24 and plotted in Figure 17 are obtained by holding the
thickness of side members (member 1) constant, tr; = 36 mm. Figure 17 shows that the
failure mode (b) is increasing significantly with the increasing thickness of middle
member (member 2) owing to the embedment failure of member 2 only. The failure
modes (a), (d) and (f) are independent of the change in thickness of middle member and
they are therefore constants. By referring to the plot of Fp,«min, the thickness of transition
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is 4d mm conservatively. It is the thickness of the middle member where the plot of
Fo,x,min changes its course from the failure mode (b) to the failure mode (d) which is
independent of the thickness change of member 2 beyond the transition thickness 4d
mm.

3.6.3 Fastener in multiple shear planes

A connection is used in this example case which consists of a timber member with
multiple slotted-in steel plates subjected to tension and fasteners in multiple shear
planes as shown in Figure 18. The connection is a steel-to-timber connection. The timber
member is a glued laminated timber GL32c with a characteristic density px = 400 Kg/m?3.
Dowels of diameter d = 12 mm with a characteristic tensile strength fu«x = 400 N/mm?
are used as fasteners in the connection. The thickness of the steel plate is 8 mm and it is
assumed as a thick steel plate in this example case. The angle of the load to the grain
direction is 0° (a = 0°). The side member (member 1) is the outer most part of the
timber member on the side of the connection. The inner member (member 2) is the part
of the timber member between two steel plates. Equations (70) and (71) are applied to
determine the value of the characteristic embedment strength of the timber members
and Equations (80) and (81) to determine the characteristic yield moment of the dowels.
For connections with more than two shear planes, the dowel effect contribution per
fastener is the sum of the dowel effect contributions of each individual shear plane and
the inner members are treated as inner members in connections with fasteners in double
shear.

r,
"

/

1 F Steel plate I F

Figure 18: Connections with fasteners in multiple shear planes [16].

The New Eurocode 5 treats the steel plate as a member in a steel-to-timber connection
and Equation (57) is used to determine the characteristic embedment strength of the
steel plate fyk. In the New Eurocode 5 for connections with more than two shear planes,
the inner members are considered as inner members in connections with fasteners in
double shear planes and compatibility between the members is achieved for fasteners
that fail in mode (a) only or in mode (b) only or in modes (d) and (f) only or in mode (f)
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only. The failure modes (a), (b), (d) and (f) are for the side members and the failure
modes (a), (b) and (f) are for the middle members. From these failure modes, the New
Eurocode 5 provides four compatible failure mode combinations (A), (B), (C) and (D) for
connections with more than two shear planes. For instance, failure mode (A) is the
combination of only failure mode (a) for all outer and inner single shear planes as shown
in Figure 11. The governing combination of these four compatible failure mode
combinations (A), (B), (C) and (D) gives the dowel effect contribution per fastener in
connections with more than two shear planes. For the side members, the failure modes
(a), (d) and (f) in the New Eurocode 5 give almost the same results with the failure
modes (c), (d) and (e) respectively in the Present Eurocode 5. For the middle members,
the failure modes (b) and (f) in the New Eurocode 5 give almost the same results with
the failure modes (l) and (m) respectively in the Present Eurocode 5.

The Present Eurocode 5 has different failure modes (a) to (m) for a steel-to-timber
connection depending on the thickness and location of the steel plates and number of
shear planes in the connection. The expressions for failure modes (a) to (m) in a steel-
to-timber connection are given in Equations (52) to (56). The connection is decomposed
into a series of three-member connections and the dowel effect contribution of each
individual shear plane is determined by considering each individual shear plane as part of
the three-member connection. For the side members having single shear plane with a
thick steel plate, Equation (53) with failure modes (c), (d) and (e) is applied. For the
middle members having double shear planes with thick steel plates as the outer
members in a three-member connection, Equation (56) with failure modes (I) and (m) is
used. To get the dowel effect contribution of a fastener in a steel-to-timber connection
with more than two shear planes, the failure mode of each individual shear plane must
be compatible with each other. If failure mode (l) is the governing failure mode in
Equation (56), then it is combined with the failure mode (c) in Equation (53) to fulfill the
compatibility. If failure mode (m) is the governing failure mode in Equation (56), then it
is combined with either failure mode (d) or failure mode (e) depending on which one is
the governing failure mode in Equation (53). The Present Eurocode 5 says the strength of
the steel plate must be checked but, in this example, it is assumed that the steel plate
has enough strength.

Different values of the characteristic dowel-effect contribution per fastener (Fp,k) in the
connection are obtained by using different number of steel plates and by changing either
the thickness of the timber side member (member 1) or the thickness of the timber
middle member (member 2) at a time for each number of steel plates used while holding
the thickness of the other member constant. The characteristic values of the dowel-effect
contribution of a fastener in the connection by changing the thicknesses of side members
and middle members at a time for each number of steel plate used in the connection are
plotted in Figure 19 and Figure 20 respectively.
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Dowel-effect contribution per fastener in a connection with
slotted-in steel plates by Present EC5 and New EC5

160
10 = e e e e — — 2 st.pl. Present EC5
120 4 st.pl. Present EC5
=
= 10 — — 6 st.pl. Present EC5
o 80
= 2 st.pl. New Eurocode 5
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40 4 st.pl. New Eurocode 5
20 6 st.pl. New Eurocode 5
0
0 1d 2d 3d ad 5d 6d 7d

Member thickness, t,; [mm]

Figure 19: Characteristic dowel-effect contribution of a fastener in a connection with multiple shear
planes by using different number of steel plates and different thicknesses of the side members.

Figure 19 shows that the Present Eurocode 5 and the New Eurocode 5 give the same
values of the characteristic dowel-effect contribution of a fastener in a connection with
multiple shear planes by using different thicknesses of the side members at a time, for
the different number of steel plates. In Figure 19, the thickness of the middle member
(member 2) is kept constant, th = 6d = 72 mm, but the thickness of the side member is
varied from very small thickness almost 0 mm (1d * 1012 mm) to 7d mm at a time, for
every number of steel plates which are 2, 4 and 6 steel plates. The characteristic dowel-
effect contribution of a fastener increases when the number of steel plates increases, but
it decreases and then increases slightly with increasing the thickness of the outer
members up to 6d mm for all humber of steel plates. The characteristic dowel-effect
contribution of a fastener depends only on the fastener yielding failure which is constant
beyond the 6d mm thickness of the outer member.
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Dowel-effect contribution per fastener in a connection with
slotted-in steel plates by Present EC5 and New EC5
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Figure 20: Characteristic dowel-effect contribution of a fastener in a connection with multiple shear
planes by using different number of steel plates and different thicknesses of the middle members.

Figure 20 shows that the characteristic dowel-effect contribution of a fastener in a
connection with two steel plates is independent of the change in the thickness of the
middle timber member in the New Eurocode 5. It depends on the embedment failure of
the side members, the embedment strength of the steel plate and the yielding failure of
the dowels, but they are all constants in this case. The characteristic dowel-effect
contribution of a fastener in the connection with 4 and 6 steel plates, increases with the
thickness of the middle members up to a certain thickness of 3d mm and 5d mm
respectively. It is constant beyond these thickness values because it depends on the
embedment failure of the side members, the embedment strength of the steel plate and
fastener yielding failure, and these are all constant values in this case.

As shown in Figure 20 for each number of steel plates 2, 4 and 6, the characteristic
dowel-effect contribution of a fastener in the connection increases with the thickness of
the middle members and reaches a maximum value at a thickness of 5d mm in the
Present Eurocode 5. But it decreases again to a certain value for each number of steel
plates as the thickness of middle member increases to 6d mm. Beyond the thickness of
6d mm, the characteristic dowel-effect contribution of a fastener in the connection for
each number of steel plates becomes constant owing to the embedment failure of the
side members and yielding failure of the fastener which are both constants.

The Present Eurocode 5 and the New Eurocode 5 give the same and constant values of
the characteristic dowel-effect contribution of a fastener in connections with 2, 4 and 6
steel plates beyond the thickness of 6d mm. In both the versions of Eurocode 5, when
the number of steel plates increases, the number of shear planes also increases and
therefore, the characteristic dowel-effect contribution of a fastener in a connection
increases.
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4 Connection design with metal dowel-type
fasteners

4.1 Axial design capacity

Axial design capacity of a connection with fasteners loaded by a design axial tensile force
or design axial tensile force component must satisfy the requirement given in Table 25.
As presented in Table 25, the requirements for axial design capacity of a connection in
the Present Eurocode 5 and the New Eurocode 5 are the same.

Table 25: Requirement for axial design capacity

Present Eurocode 5 New Eurocode 5
Fax,Ed < Fax,Rd (86) Fax,t,Ed < Fax,t,Rd (87)
Fax,Rd = nefFax,d (88) Fax,t,Rd = nefFax,t,d (89)

4.1.1 Effective number of axially loaded metal dowel-type fasteners

In the Present Eurocode 5, the effective number of fasteners ner for a connection with
multiple fasteners loaded with an axial load component is given by Equation (90). In
addition to Equation (90), the New Eurocode 5 provides expressions in Equation (91)
based on the number of screws in a group and the angle € between the fastener axis and
the grain direction.

ner = n%° in general (90)
09n for screws 30° < € < 90° and controlled insertion moment (91)
ner =4 0.9n  foragroup of more than 10 screws in a timber to timber connection
n for a group of up to 10 screws in a timber to timber connection

The nomenclature used in the axial design capacity and the effective number of axially
loaded metal dowel-type fasteners in the Present Eurocode 5 and the New Eurocode 5 is
given in Table 26.

Table 26: Nomenclature used in the axial design capacity and the effective number of axially
loaded metal dowel-type fasteners.

Present New Meanin
Eurocode 5 | Eurocode 5 9
Faxka FoxtEa design axial tensile force or design axial tensile force
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component, in N
Foxra Foxtra design axial tensile resistance of the connection, in N
Foxa Faxta design axial tensile resistance per fastener, in N
Ny Nes effective number of fasteners in a connection
n n number of fasteners acting together in the connection
£ angle between the fastener axis and the grain direction

4.2 Lateral design capacity

The effective design resistance parallel to a row of fasteners parallel to the grain and the
design splitting resistance perpendicular to a row of fasteners parallel to the grain must
satisfy the requirements given in Table 27. The requirement for the effective design
resistance parallel to a row of fasteners parallel to the grain has the same expression in
the New Eurocode 5 and the Present Eurocode 5. The requirements for the design
splitting resistance perpendicular to a row of fasteners parallel to the grain in the New
Eurocode 5 and the Present Eurocode 5 are discussed in detail in section 7.2.

Table 27: Requirement for lateral design resistance parallel or perpendicular to a row of fasteners
parallel to the grain.

Present Eurocode 5 New Eurocode 5
Parallel to grain Perpendicular to | Parallel to grain Perpendicular to
grain grain
Fv,ef,Rd 2 Frow,d (92) F90,Rd 2 Fv,Ed (93) Fv,Rd 2 Fv,Ed (94) Fsp,Rd 2 F90,Ed (95)
Eyerra (96) | Fyea (97) | Fora = NefFpa | (98) | Foora (99)
= NerFyra — ma {Fv.Ed,l = Fp4 * sina
Fv,Ed,Z

The requirement presented in Table 27 is for a force acting parallel or perpendicular to a
row of fasteners parallel to the grain. The New Eurocode 5 and the Present Eurocode 5
say that for a force acting at an angle to the direction of a row of fasteners parallel to the
grain, as depicted in Figure 21, the force component parallel to the row Fv a0 in
member A and Fv,s0,e¢ in member B, must be less than or equal to the effective design
resistance component parallel to the row as given in Table 28. The New Eurocode 5
provides a figure, as depicted in Figure 21, which gives a much better illustration and
description of the equilibrium of forces of a connection than the figure provided by the
Present Eurocode 5.
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Table 28: Requirement for lateral design resistance at an angle to a row of fasteners parallel to the

grain.

Member Present Eurocode 5 New Eurocode 5

Timber member A Fya0ka < Foerraa (100) Fya0ea < Foraa (101)
Timber member B Fypora < Foefras (102) Fypora < Fyorap (103)

FypoEa/2

Figure 21: Equilibrium of forces of a connection [1].

4.2.1 Effective number of laterally loaded metal dowel-type fasteners

FyB,0,Ed

It is considered that the capacity of a connection with multiple fasteners of the same type
and dimension, can be lower than the summation of the individual capacities of each
fastener. In the Present Eurocode 5 and the New Eurocode 5, the effective number of
fasteners nerin @ row of fasteners perpendicular to the grain is given by:

Nep = Ngo

(104)

In the Present Eurocode 5 and the New Eurocode 5 for a row of fasteners parallel to the
grain, the effective number of fasteners ner is given in Table 29.
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Table 29: Effective number of laterally loaded metal dowel-type fasteners in row parallel to the

grain [1].
Fastener Effective number of laterally loaded fasteners
Nails Nep = n'ef (105)
1 fora; > 14d (106)
ke =40.85 fora, = 10d
0.7 fora, = 7d

Only predrilled:

(107)
ker =0.5 fora, = 4d
For intermediate spacings, linear interpolation of k., may
be applied.
Screws with See nails
d <12 mm
Screws and rods _ n . (108)
with  wood  screw Mep = MINY 09, * ﬁ

thread d=>12 mm,
dowels and bolts

The nomenclature used in the lateral designh capacity and the effective number of
laterally loaded metal dowel-type fasteners in the Present Eurocode 5 and the New
Eurocode 5 is given in Table 30.

Table 30: Nomenclature used in the lateral design capacity and the effective number of laterally
loaded metal dowel-type fasteners.

Present New Meanin
Eurocode 5 | Eurocode 5 9
Fyefra Fyra effective design resistance per row of fasteners parallel to
the grain, in N

Frowa FyEa design force per row of fasteners parallel to the grain, in N
Fyra Fya design resistance per fastener, in N

Foo,ra Fop ra Design splitting capacity perpendicular to grain, in N

F Fyo.pa design tensile force component perpendicular to the grain,
vEd in N

Frq Frq design tensile force at an angle a transmitted by the
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connection, in N

Fyoraar Fogaz design shear forces on either side of the connection, in N

Fya0Ed force component parallel to the row of fasteners parallel to
the grain in member A, in N

Fy50Ea force component parallel to the row of fasteners parallel to
the grain in member B, in N

Fyefraa Fyraa effective design resistance component parallel to the row
of fasteners parallel to the grain in member A, in N

Fyef rap Fyrap effective design resistance component parallel to the row
of fasteners parallel to the grain in member B, in N

Nes Ner effective number of fasteners in a row parallel to the grain
n number of fasteners in a row parallel to the grain
Tgg number of fasteners in a row perpendicular to the grain

a, a; spacing between fasteners parallel to the grain, in mm

d d diameter of the fastener, in mm

4.3 Interaction of axial and lateral loads

In the Present Eurocode 5 and the New Eurocode 5, the connections subjected to a
combination of load in the shear plane (lateral load) and perpendicular to the shear plane
(axial load) must satisfy the requirement given by:

P 14
<Fax,Ed> +(Fv,sd) <1 (109)
Fax,Rd Fv,Rd

The values of the exponent p in the expression for the interaction of axial and lateral
capacities of fasteners in the New Eurocode 5 and the Present Eurocode 5 are given in
Table 31. For screws, the New Eurocode 5 gives different values for the exponent p
depending on the type of failure modes of the screw and thus on the number of hinges
on the screw. The exponent p has a constant value of 2.0 for screws in the Present
Eurocode 5.
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Table 31: Exponent p for the interaction of axial and lateral capacities [1].

Fastener P Failure mode
Smooth nails 1.0 _

Ring shank nails 2.0 _
Screws and rods with wood screw thread 1.0 Mode unknown

1.0 Mode (a) and (b) - no plastic hinge
1.5 Mode (d) and (e) - one plastic hinge

2.0° Mode (f) two plastic hinges

@ For screws in the Present Eurocode 5.

The nomenclature used in the interaction of axial and lateral capacities of metal dowel-
type fasteners in the Present Eurocode 5 and the New Eurocode 5 is given in Table 32.

Table 32: Nomenclature used in the interaction of axial and lateral capacities of metal dowel-type
fasteners.

Present New Meaning
Eurocode 5 | Eurocode 5

FoxEa Faxa axial design force of the fastener, in N

Foxra Foxra axial design capacity of the fastener, in N
Fyrq FyEa lateral design force of the fastener, in N

Fyra Fyra lateral design capacity of the fastener, in N
Nes Neg effective number of fasteners in a connection
p D exponent taken from Table 31
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5 Slip modulus of connections

Generally, the slip modulus is calculated per shear plane per fastener under service load
(SLS). Therefore, the slip modulus of a connection is the sum of all slip moduli per shear
plane per fastener in the connection according to the New Eurocode 5 and the Present
Eurocode 5. The Present Eurocode 5 provides no explicit expression, but the New
Eurocode 5 provides an expression for the determination of the slip modulus of a
connection Ksis as:

em 110
Ksis = Z Ksis,i ( )
i=1
where
n is the number of fasteners;
m is the number of shear planes per fastener;

Kss; is the slip modulus of a single fastener per shear plane.

5.1 Lateral slip modulus of metal dowel-type fasteners
a) Serviceability limit state (SLS)
- Timber-to-timber connection

In the New Eurocode 5 and the Present Eurocode 5, the mean lateral slip modulus per
shear plane per fastener for two timber members of the same density in timber-to-timber
connection for serviceability limit state (SLS) is given in Table 33.

Table 33: Values for the mean lateral slip modulus per shear plane per fastener in timber-to-timber
connection for serviceability limit state (SLS).

Present Eurocode 5 New Eurocode 5
Type of fastener
Kser [N/mm] KSLS,v,mean [N/mm]
Dowels pmi>d /23 (111) Prmean'>d/23 (112)
Bolts with or without clearance @
Nails (with pre-drilling) pm°d/23 (113) Pmean->d%8/30 (114)
Screws pm°d/23 (115) 60(0.7d)*7 (116)
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Bonded-in rods

- Perpendicular to grain (e = 90°) Not included Pmean'>d/25 (117)
- Parallel to grain (s = 0°) Pmean>d /125 (118)
Nails (without pre-drilling) Pmi2d%8/30 (119) Prmean>d%8/30 (120)

@ The clearance is added separately to the deformation.

b For bonded-in rods service class (SC) 1 and 2 apply only.

The Present Eurocode 5 says that the following expression is applied for pm in Table 33 if
the mean densities of the two jointed timber members, as shown in Figure 22, are
different, but the New Eurocode 5 does not give provision about two jointed timber
members with different densities.

Pm = /Pma1 * Pm2 (121)

Figure 22: Laterally loaded fastener [1].

The New Eurocode 5 says that the values given in Table 33 for the mean lateral slip
modulus are reduced by half (50 %) for connection members loaded perpendicular to the
grain (a = 90°) and linear interpolation is applied for intermediate angles (0° < a < 90°),
but the Present Eurocode 5 does not give provision for this case.

- Steel-to-timber connection

The mean density pm of the timber member is used for steel-to-timber or concrete-to-
timber connections in the Present Eurocode 5, but this is not mentioned in the New
Eurocode 5. The value of the mean lateral slip modulus per shear plane per fastener
under service load (SLS) is multiplied by 2.0 (doubled) in the New Eurocode 5 and the
Present Eurocode 5.

b) Ultimate limit state (ULS)

The value of the mean lateral slip modulus per shear plane per fastener for ultimate limit
state (ULS) is the value of the mean lateral slip modulus per shear plane per fastener for
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serviceability limit state (SLS) multiplied by 2/3 in the New Eurocode 5 and the Present
Eurocode 5.

2 KSLS,v,mean ( 1 2 2)

K, = nger or KULS,v,mean = 15

5.2 Axial slip modulus of metal dowel-type fasteners

The New Eurocode 5 includes the axial slip modulus of connections with fasteners loaded
in their axial direction. The axial slip modulus Kaxser is not covered by the Present
Eurocode 5.

a) Serviceability limit state (SLS)

The mean axial slip modulus Ksisax,mean per fastener per connected member in a
connection for serviceability limit state (SLS) is given in Table 34 provided that the
effective withdrawal length /v is not greater than 20d (/v < 20d).

Table 34: Values for the mean axial slip modulus Ks;s,ax,mean for axially loaded fasteners in timber-
to-timber connections [1].

Type of fastener K15 axmean [N/mMm]

Threaded part of screws and rods Pmean\*®> 151 06 (123)
_ 160 (=£2n) - gooy,,

with wood screw thread 420

Bonded length of bonded-in rods 2d%%1,, " prmoan®?® (124)

b) Ultimate limit state (ULS)

The mean axial slip modulus Kisaxmean per fastener per connected member in a
connection for ultimate limit state (SLS) is given by:

_ KSLS,ax,mean (1 25)
KULS,ax,mean - T

£ = 90‘3 ‘1 KSLS,&X
rf .

J
I
: —
I
J

l

Figure 23: The slip modulus of an axially loaded fastener [1].
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5.3 Combinations of axial and lateral slip modulus

The effective slip modulus of a connection with a combined axial and lateral loading of
the fasteners is determined from the deformation of the fastener under the applied load.

In a connection where there is no gap between the connected members and the
fasteners are loaded in tension and inclined with an inclination angle € to the grain
direction as depicted in Figure 24(a), the mean slip modulus Ksis per shear plane per
fastener is determined by:

(126)

1
Ks1s = Ksi5pmean Sin€ (sine — pcose) + EKSLS,ax,mean cose (cose — using)

In a connection where the fasteners are inclined in crosswise arrangement with an
inclination angle € to the grain direction as shown in Figure 24(b), the mean slip modulus
Ksis per shear plane per fastener is determined by:

i 127
Kgis = KSLS,v,mean sin® € + EKSLS,ax,mean cos’ e ( )
A PR A
OE fE S/ E
L i ¥ L | i
|/ /= -+ AN L
- —7// ‘ s -\ ‘
a) Inclined fastener b) Fasteners in crosswise arrangement

Figure 24: Connections with inclined fasteners [1].

The nomenclature used in the slip modulus of connections in the Present Eurocode 5 and
the New Eurocode 5 are presented in Table 35.

Table 35: Nomenclature used in the slip modulus of connections.

Present New Meanin
Eurocode 5 | Eurocode 5 9
Keer Ks1svmean mean lateral slip modulus per shear plane per fastener for

serviceability limit state (SLS), in N/mm

Pm Pmean mean density of the connection, in kg/m3
d d diameter of the fastener, in mm
Pm.1 mean density of the first timber member, in kg/m3
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Pm.2 mean density of the second timber member, in kg/m?3

K, KyLs v mean mean lateral slip modulus of a connection for the ultimate
limit state (ULS), in N/mm

Ks1s,ax mean mean axial slip modulus per shear plane per fastener for
serviceability limit state (SLS), in N/mm

L, withdrawal length of the fastener, in mm

KyLs axmean mean axial slip modulus of a connection for the ultimate
limit state (ULS), in N/mm

a angle between the direction of acting force and the
direction of the grain, in degrees

€ angle between the fastener axis and the direction of the
grain, in degrees

U friction coefficient between the members,
u=0.25

5.4 Example case for slip modulus (withdrawal stiffness)

In this example case, the correlation between experimental results and the predicted
values by the New Eurocode 5 is evaluated. Withdrawal stiffness (mean axial slip
modulus) for screws and rods with wood screw thread is given by Equation (123) in the
New Eurocode 5. The mean axial slip modulus is not covered by the Present Eurocode 5.
The same collection of experimental results is used in this example case for withdrawal
stiffness and in the previous example case for withdrawal capacity in section 2.1.4. This
collection of experimental results is used to determine the withdrawal properties
(capacity and stiffness) of single threaded rods as used in the research article by
Stamatopoulos and Malo [10]. It is a collection of experimental results by BlaB and
Kriger [11] and Stamatopoulos and Malo [9, 12, 13] as stated in the research article
[10].

As stated in section 2.1.4, the research article [10] says that the experimental results
include both the withdrawal capacity and the withdrawal stiffness at reference climatic
conditions (MC = 12%). There are 31 sets (denoted as Sd-¢-/) of the total 221 test results
and are arranged according to the varied parameters: diameter, angle of fastener axis to
grain direction and penetration length respectively. The values for the experimental
withdrawal mean stiffness, and the corresponding coefficient of variation (CoV) are given
in Table 36 for each set which is having at least five number of test results (ntests). The
obtained values are also double checked with the values provided in the research article
by Stamatopoulos and Malo [10]. The predicted withdrawal mean stiffness by the New
Eurocode 5 is also presented in Table 36.
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Table 36: Collection of experimental results from withdrawal tests of single threaded rods [10] and

the prediction by the New Eurocode 5.

setname | Ref | mw || gl | g | kg l[cskeﬁmnesf kﬂ&afi:ﬁv/erwnﬁf o ([:7\]’
S16-45-200 [11] 10 16 45 200 430 32.4 47,6 21.5
S16-45-400 10 16 45 400 433 44.3 63,5 8.5
S20-45-200 10 20 45 200 431 37.7 58,2 16.3
S20-45-400 10 20 45 400 433 57.7 88,7 11.7
S16-90-200 10 16 90 200 422 18.2 46,8 11.6
S16-90-400 10 16 90 400 441 29.7 64,5 11.7
S20-90-200 10 20 90 200 425 22.6 57,6 11.6
S20-90-400 10 20 90 400 441 37.8 90,1 5.6
S20-90-100 [9, 12, 10 20 90 100 472 29.02 41,7 31.1
13]

S20-90-250 5 20 90 250 472 _ _ _

S20-90-300 5 20 90 300 487 61.4 82,5 11.2
S20-90-450 5 20 90 450 486 66.6 97,7 16.4
S20-60-100 6 20 60 100 476 36.62 41,8 33.2
S20-60-300 5 20 60 300 488 73.5 82,5 17.3
S20-60-450 5 20 60 450 476 90.1 96,1 9.4
S20-30-100 10 20 30 100 478 42.6 2 42,0 27.5
S20-30-300 5 20 30 300 477 111.2 81,0 11.2
S20-30-450 5 20 30 450 475 100.3 95,9 10.5
S20-20-100 10 20 20 100 477 53.82 41,7 23.1
S20-20-300 5 20 20 300 478 116.1 81,1 11.4
S20-20-450 5 20 20 450 473 121.7 95,5 16.0
S20-10-100 10 20 10 100 468 56.0 2 40,4 27.4
S20-10-300 5 20 10 300 479 126.9 81,3 9.8
S20-10-450 5 20 10 450 446 132.8 91,0 21.9
S20-0-100 10 20 0 100 456 54.6 2 39,6 15.9
S20-0-300 5 20 0 300 474 121.0 80,5 30.1
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520-0-450 5 20 0 450 458 121.8 93,0 13.0
S520-0-600 5 20 0 600 443 128.6 90,3 17.4
520-10-600 5 20 10 600 462 131.1 93,6 5.3
S$20-20-600 5 20 20 600 481 128.0 97,0 14.3
S$20-30-600 5 20 30 600 486 114.8 97,7 11.2

@ jn these sets, mean stiffness values were calculated based on five tests (no stiffness data for the
rest of the tests in the set) [10].

The New Eurocode 5 says that the effective withdrawal length /v cannot be greater than
20d, i.e., Iw =min (lw; 20d), therefore the maximum effective withdrawal length /» used is
20d. For example, for the set S16-90-400 the effective withdrawal length used is Iv =
20*16 = 320 mm instead of the actual withdrawal length 400 mm used in the test.
Equation (123) is only for axial withdrawal stiffness, which is at angles 90° between the
fastener axis and the grain direction (¢ = 90°), but the experimental results include
angles from 0° up to 90° (0° < € < 90°). Figure 25 shows the correlation between the
mean and individual experimental results and the predictions by the New Eurocode 5.
The correlation for angles other than 90° are also included in Figure 25 to examine the
outcome of the New Eurocode 5 for the angles other than 90°.

Slip modulus (withdrawal stiffness) of threaded rods

180

90 degree
160 (individual value)

_ 140 Other than 90

E 120 4 3:: degree (individual
= 3 o value)
< 100 Kser,ax,m,test =

g Y KSLS,ax,m,New EC5
£ 80 ¥

; 60 & .y * ® 90degree (mean
o7 ¥ value)

40 * * >
oY ©
20 . » ¢ Other than 90
degree (mean value)
0

0 20 40 60 80 100 120 140 160 180

Ksis,ax,m,NewECs [kN/mm]

Figure 25: Correlation between experimental mean withdrawal stiffness and the prediction by the
New Eurocode 5.

As shown in Figure 25, the predictions by the New Eurocode 5 for the mean (sets) and
the individual withdrawal stiffnesses for all angles from 0° up to 90° (0° < € < 90°) are
generally inaccurate. The New Eurocode 5 gives underestimated predictions of the
withdrawal stiffness for some individual tests and sets at angles other than 90 degrees
which have higher withdrawal stiffness values of greater than or equal to 100 kN/mm
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(i.e., Kstsax,mean = 100 kN/mm). The New Eurocode 5 predicts overestimated values of
withdrawal stiffness for some individual tests and sets at angles other than 90 degrees
which have lower withdrawal stiffness values of less than 100 kN/mm (i.e., Ksis,ax,mean <
100 kN/mm). The New Eurocode 5 overestimates the values of the withdrawal stiffness

for all individual tests and all sets at angles 90° (g = 90°) for which it is intended for.

For some individual tests and sets at angles other than 90° which have higher withdrawal
stiffness values, the New Eurocode 5 has generally provided underestimated predictions
of the withdrawal stiffnesses. For some individual tests and sets at angles other than 90°
which have lower withdrawal stiffness values, the New Eurocode 5 has predicted
overestimated values of the withdrawal stiffness. The New Eurocode 5 predicts generally
overestimated values of the mean axial slip modulus of screws and rods with wood screw
thread than the experimental mean withdrawal stiffness values.
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6 Spacing and end and edge distances

6.1 Axially loaded metal dowel-type fasteners

The New Eurocode 5 provides explicitly the minimum values of spacing and end and edge
distances for screws with inner diameter d: less than or equal to 6 mm (d: < 6 mm) and
not predrilled members, and for screws with inner diameter d: greater than 6 mm (d: >
6 mm) and predrilled members. The values for the minimum spacing and end and edge
distances for axially loaded screws and rods with wood screw thread provided by the
Present Eurocode 5 are the same for all sizes of screws and are not specified whether
they are for predrilled or not predrilled timber members. In the New Eurocode 5 and the
Present Eurocode 5, the symbols for the names of spacings parallel to the grain and
perpendicular to the grain are the same but the symbols for the names of the end and
edge distances are changed. The symbol for the name of the distance of the center of
gravity of the threaded part of the screw in the structure to the end is changed from ai,cc
in the Present Eurocode 5 to azcc in the New Eurocode 5 and the symbol for the name of
the distance of the center of gravity of the threaded part of the screw in the structure to
the edge is changed from azcc in the Present Eurocode 5 to a4cs in the New Eurocode 5.
The minimum spacing and end and edge distances for axially loaded screws and rods
with wood screw thread having diameter d in the Present Eurocode 5 and New Eurocode
5 are given in Table 37 and in Figure 26.

Table 37: Minimum spacing and end and edge distances of axially loaded screws.

Minimum distance of the
Minimum spacing between | center of gravity of the
screws in a plane threaded part of the screw
in the structure to the
Parallel to | Perpendicular
. . End Edge
the grain to the grain 9
Present Eurocode 5 a; a; Q1,c6 z,ce
All screws 7d 5d 10d 4d
New Eurocode 5 a, a as,co Auco
i <
Not predrilled d, <6 7d c4 10d ad
mm
Predrilled d;, > 6 mm 5d 2.5d 10d 2d
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b) Screws inclined in two directions.

Figure 26: Minimum spacing and end and edge distances of axially loaded screws [1].
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Table 38: Nomenclature of minimum spacings and edge and end distances used in Figure 26 [1].

New Eurocode 5 Meaning
a, spacing between screws in a plane parallel to grain, in mm
a, spacing between screws in a plane perpendicular to grain, in mm
asce distance of the center of gravity of the threaded part of the screw

in the structure to the end, in mm

Ay co distance of the center of gravity of the threaded part of the screw
in the structure to the edge, in mm

€ angle between the axis of the fastener and the grain direction
1 point at the center of gravity of the inclined screw

Sij center of gravity of the screw i in the timber member j

L1 withdrawal length in timber member 1, in mm

Ly> withdrawal length in timber member 2, in mm

6.2 Laterally loaded metal dowel-type fasteners

The New Eurocode 5 provides expressions, which do not include sin a or cos a, for the
minimum spacing and end and edge distances for laterally loaded metal dowel-type
fasteners. The expressions provided by the Present Eurocode 5 include the load to grain
angle a as depicted in Figure 27 and as presented in Table 40. The value of the
expression which includes either sin a or cos a is maximum when the value of either sin a
or cos a in the expression is maximum which is equal to one (1). This means that the
expressions for the minimum spacing and end and edge distances provided by the New
Eurocode 5 are the maximum evaluated values of the expressions provided by the
Present Eurocode 5 by substituting the sin a or cos a with a maximum value of 1 (one).
For example, the expression (4+ | cos a |) d is given in Table 40 as the expression for
the minimum spacing a: in the Present Eurocode 5 and the maximum value of this
expression is 5d. The maximum value of 5d is obtained by using the maximum value of
cos a, which is 1, in the given expression i.e., (4+ | cos a |) d = (4+1) d = 5d. This
maximum value of 5d is given in Table 41 as the expression for the minimum spacing a:
in the New Eurocode 5.

The same principle is used in all the subsequent expressions for the minimum spacing
and end and edge distances for each type of laterally loaded metal dowel-type fasteners
presented in the following subsections below.
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Figure 27: Spacings and end and edge distances for fasteners in the Present Eurocode 5 [2].
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Figure 28: Spacings and edge and end distances for fasteners in the New Eurocode 5 [1].
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Table 39: Nomenclature used in the expressions for the minimum spacing and end and edge
distances for laterally loaded metal dowel-type fasteners.

Present Eurocode 5 and
New Eurocode 5

Meaning

a, spacing between dowel-type fasteners in a plane parallel to
grain, in mm

a, spacing between dowel-type fasteners in a plane
perpendicular to grain, in mm

as. distance between dowel-type fastener and unloaded end,
in mm

as¢ distance between dowel-type fastener and loaded end, in
mm

Qyc distance between dowel-type fastener and unloaded edge,
in mm

Ayt distance between dowel-type fastener and loaded edge, in
mm

a angle between the force and the grain direction (load to
grain angle)

Pk characteristic density of the timber member, in kg/m?3

6.2.1 Nails

The expressions for the minimum spacing and end and edge distances for laterally loaded
nails provided by the Present Eurocode 5 and the New Eurocode 5 are presented in Table
40 and Table 41 respectively. The timber members are distinguished as without
predrilled holes and with predrilled holes based on the timber density value of 430 kg/m?3
in the New Eurocode 5 and 420 kg/m?3 in the Present Eurocode 5.
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Present Eurocode 5

Table 40: Minimum spacings and end and edge distances for nails [2].

Spacing or Load to
dlstanc-:e grain angle Minimum spacing and end and edge distance
(See Figure
27) a

Without predrilled holes With predrilled

holes

pk < 420 kg/m3 | 420<px < 500 kg/m3
Spacing a1 | 0° < a < 360° d<5mm: (748 | cosa|) d (4+ | cosal)d
(parallel to
grain) (5+5| cosal)d

d=5mm:

(5+7| cosal)d
Spacing az | 0° < a < 360° 5d 7d (3+ | cosa|)d
(perpendicular
to grain)
Distance a3t | -90°<a <90° | (10+5cosa) d (15+5cosa)d (7+5 cos a) d

(loaded end)

Distance as,.c | 90°<a < 270° 10d 15d 7d
(unloaded
end)
Distance a4t | 0° < a < 180° d <5 mm: d < 5mm: d <5mm:
(loaded edge)
(5+2sina)d (7+2sina) d (3+2sina)d
d=5mm: d=5mm: d=5mm:
(5+5sina)d (7+5sina) d (3+4 sina) d
Distance a4, 180°<a=<360° 5d 7d 3d

(unloaded
edge)
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New Eurocode 5

Table 41: Minimum spacings and end and edge distances for nails [1].

Spacing or distance

(See Figure 28)

Minimum spacing and end and edge

distances

Not predrilled Predrilled
pi < 430 kg/m? 430 Egil;ni 500
Spacing ai (parallel to grain) 10d 15d 5d
Spacing a2 (perpendicular to grain) 5d 7d ad
Distance ast (loaded end) 15d 20d 12d
Distance as,c (unloaded end) 10d 15d 7d
Distance a4, (loaded edge) 7d 12d 7d
Distance a4,c (unloaded edge) 5d 7d 3d

6.2.2 Bolts

The minimum spacings and edge and end distances for bolts in the Present Eurocode 5
and the New Eurocode 5 is given in Table 42.

Table 42: Minimum spacings and edge and end distances for bolts.

Present Eurocode 5

New Eurocode

5
Spacings_ and Load to grain o _ Minimum
end/edge distances angle Minimum spacing or .
. spacing or
distance .
distance
a
a1 (parallel to grain) 0° < a < 360° (44 | cosa|)d 5d
az . (perpendicular to 0° < a < 360° 4d 4d
grain)
a3 (loaded end) -90° < a <90° | max (7 d; 80 mm) 2:‘) (7di 80
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as,c (unloaded end)

90° < a < 150°

(1+ 6sina) d

150° < a < 210° | 4d 4d
210° < a =< 270° | (1+ 6 |sinal)d
ast (loaded edge) 0° < g < 180° max [(2+ 2 sin a) d; 4d
3d]
as,c (unloaded edge) 180° <a<360° [3d 3d

6.2.3 Dowels

The minimum spacings and edge and end distances for dowels in the Present Eurocode 5
and the New Eurocode 5 is given in Table 43.

Table 43: Minimum spacings and edge and end distances for dowels.

Present Eurocode 5

New Eurocode
5

Spacings and

Load to grain

. . . Minimum
end/edge distances angle Minimum spacing or .
. spacing or
distance .
distance
a
a1 (parallel to grain) 0° < a < 360° (3+2]|cosal)d 5d
a2 (perpendicular to 0° < a < 360° 3d 3d
grain)
ast (loaded end) -90° < a £ 90° max (7 d; 80 mm) max (7d; 80
mm)
as,c (unloaded end) 90° < a < 150° ast | sin aj 4d
150° < a < 210° max (3.5 d; 40 mm)
210° < a < 270° ast | sin a
ast (loaded edge) 0° < a < 180° max [(2+ 2 sin a) d; 4 d
3d]
a4,c (unloaded edge) 180° < a < 360° 3d 3d
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6.2.4 Screws and rods with wood screw thread

In the New Eurocode 5, the values of minimum spacings and edge and end distances for
screws and rods with wood screw thread are the same as for nails given in Table 41 in
section 6.2.1. In the Present Eurocode 5, the values of minimum spacings and edge and
end distances for screws with a diameter less than or equal to 6 mm (d < 6 mm) are the
same as for nails given in Table 40 in section 6.2.1 and for screws with a diameter
greater than 6 mm (d > 6 mm) are the same as for bolts given in Table 42 in section
6.2.2.

6.3 Staggered laterally loaded metal dowel-type fasteners

In the New Eurocode 5, the minimum combination of the spacings parallel to the grain a:
and perpendicular to the grain a: for staggered laterally loaded metal dowel-type
fasteners is given by:

%21_<&)2 (128)

a a

with

as/a, <1 and ays/a, <1 (129)

where

ays is the minimum spacing of staggered dowel-type fasteners parallel to grain,
see Figure 29;

Ay is minimum spacing of staggered dowel-type fasteners perpendicular to
grain, see Figure 29;

a, is the minimum spacing of dowel-type fasteners parallel to grain, taken
from section 6.2;

a, is the minimum spacing of dowel-type fasteners perpendicular to grain,

from section 6.2.
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Figure 29: Minimum spacing of staggered fasteners due to a force transmitted by the fasteners in
their center of gravity [1].

6.3.1 Laterally loaded metal dowel-type fasteners in moment connections

In the New Eurocode 5, the minimum spacing and end and edge distances for laterally
loaded metal dowel-type fasteners in moment connections, as depicted in Figure 15, is
given by Equations (128) and (129).

'
'
. .
L] L ]
. : ' . el
. . C:H-
L ] L] " —“:—
|
- L] G N
L] —q_\__
-
=
I P25 92,4, |92,
_____________________________________
"-——_—-"‘

Figure 30: Example of staggered fasteners in a moment connection without necessary
reinforcements [1].
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7 Brittle failure modes of connections

7.1 Brittle failure modes of connections with fasteners loaded
parallel to grain

Brittle failure mode is due to a failure of the wood usually happens before the steel
fasteners reach their plastic range. It is usually a sudden collapse of the connection. The
New Eurocode 5 includes the brittle failure mode of connections with fasteners loaded
parallel to the grain. The Present Eurocode 5 does not include explicitly the brittle failure
of connections with fasteners loaded parallel to the grain and it only considers block
shear and plug shear failures in its informative Annex A directly. The most common
brittle failure modes of connections with metal dowel-type fasteners loaded parallel to
grain are splitting, row shear, block shear, net tensile failure and plug shear. The New
Eurocode 5 introduces possible situations where the brittle failure modes of connections
may be neglected by assessing some conditions given in section 7.1.1. For situations
where the brittle failure modes of connections may not be neglected, the New Eurocode 5
divides the connections into two types, symmetrical and unsymmetrical connections.
Symmetrical connections are connections where the thicknesses of the inner and the
outer members are symmetrical. Unsymmetrical connections have inner and outer
members with different thicknesses.

7.1.1 Simplification of brittle failure modes of connections

The New Eurocode 5 gives provision for situations where the brittle failure modes of
connections may be neglected for the following two conditions:

1) failure mode (f) in Equation (50) governs the design of the connection. By fulfilling the
minimum embedment depth given in Table 10, a connection where failure mode (f)
governs may be achieved.

2) the minimum spacings and end and edge distances are achieved. The spacings
between the fasteners parallel to the grain a: and perpendicular to the grain a2z, and the
distance from the loaded end as,: are increased by the factor kor.

For connections with fully penetrated timber members, the factor kur is determined by:

(130)

1
kp, = max{(l + krp,z) kpos nOO.S n900.3 d-02

ke = {0.65 for outer members (131)
pos 1.10 for inner members

For connections with partially penetrated timber members, the factor kur is determined
by:
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1 (132)

ky, = max{(1 + krp,Z) 143 ngy 02 d—04

where
ky, is the factor to increase the spacings a,, a, and loaded end distance as,;
krp2 is the limitation for the rope effect contribution which is given in Table 20;

k,os is the factor related to the position of the timber member;

ng is the number of fasteners in a row parallel to the grain;
Ny is the number of fasteners in a row perpendicular to the grain;
d is the diameter of the fastener, in mm.

7.1.2 Design brittle failure resistance of symmetrical connection

According to the New Eurocode 5, symmetrical connections are connections where the
thicknesses of the inner and the outer timber members are symmetrical. The design
brittle failure resistance of a symmetrical connection with multiple shear planes, Fbrrq, is
the sum of the individual resistances of the timber members in the connection and is
given by:

t
Fpoa (nz +ny t—l) failure of outer members (133)

Fpr,ra = min 2

t
Fyia <n2 24 nl) failure of inner members
1, t

where
F,14 Is the design brittle failure resistance of the inner member;

F,.q4 is the design brittle failure resistance of the outer member;

ny is the number of inner timber members;
n, is the number of outer timber members;
t is the thickness of the inner timber member, as shown in Figure 31;
t, is the thickness of the outer timber member, as shown in Figure 31;
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a) Outer members b) Inner member c) One inner and two outer members
Key: 1 = inner member 2 = outer member

Figure 31: Generic definition of outer and inner timber members [1].

7.1.3 Design resistance of a timber member in a connection

The design brittle failure resistance of a connection consisting multiple timber members
is the sum of the design brittle failure resistance of the individual timber members in the
connection. Therefore, the design brittle failure resistance of the individual timber
members in the connection must be obtained. According to the New Eurocode 5, the
design brittle failure resistance of a timber member in a connection with a single row of
fasteners is the minimum of design resistances of splitting failure, row shear failure or
net tensile failure. In a connection with more than one row of fasteners, the design brittle
failure resistance of a timber member is the minimum of the design resistances of the
failure modes of splitting, row shear, net tensile, block shear or plug shear. In the
Present Eurocode 5, the design brittle failure resistance of a timber member in a
connection is not explicitly provided.

7.1.4 Design capacity of an individual failure plane

There are three types of failure planes in a connection with multiple fasteners according
to the New Eurocode 5. These failure planes are side shear plane, bottom shear plane
and head tensile plane. In the New Eurocode 5, the capacities of these individual failure
planes are used to obtain the resistances of different failure modes of a connection.
Finding the capacities of these individual failure planes in advance, make the expressions
for the resistances of the different failure modes of a connection easier to understand
and use them. According to the New Eurocode 5, a basic geometry of a generic
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connection with multiple fasteners is given by Figure 32. In the given geometry, as
depicted in Figure 32, four fasteners are in a line parallel to the grain (no = 4) and three
fasteners are in a line perpendicular to the grain direction (ns = 3).
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Figure 32: Basic geometry of a generic connection with multiple fasteners [1].

7.1.4.1 Side shear plane

A side shear plane is a plane with lateral shear crack along the exterior row of fasteners
in the connection. The expression to determine the design shear resistance per lateral
shear plane Fy,a,q is given by:

Fv,la,d = kvteflconfv,d (134)
k, = 0.4+ 1.4 Somean_ 135
v EO,mean ( )
leon =a;(ng — 1) + Azt (136)
7.1.4.2 Bottom shear plane

A bottom shear plane is a plane with horizontal shear cracks along the entire rows of
fasteners, which is parallel to grain, in the connection. The expression to determine the
design shear resistance of a bottom shear plane Fv,rqs is given by:

Fypra = kvlconbnecfoa (137)

Gmean ( 1 38)

k, = 0.4+ 1.4

0,mean
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leon =a;(ng —1) + az, (139)

bnet = (az - dhole,max)(n‘m - 1) (140)

7.1.4.3 Head tensile plane

Head tensile plane is a plane with a head tensile crack along the first column of fasteners
in the connection. Equation (141) is used to determine the design tensile failure
resistance parallel to the grain of the head tensile plane Fyrq. The thickness of the timber
member is the effective thickness of the head tensile plane for connections with fully
penetrating fasteners. For connections with partially penetrating fasteners, the effective
thickness of the plane is determined in section 7.1.4.4.

Ft,Rd = bnettefft,o,d (141)
bpet = (a; — dhole,max)(n% -1) (142)
7.1.4.4 Effective thickness

The expressions for determining effective thickness in the Present Eurocode 5 and the
New Eurocode 5 are different. In the New Eurocode 5, there are two types of effective
thicknesses of the failure planes given depending on the type of deformation in the
connection, namely the elastic effective thickness and the plastic effective thickness. The
effective thickness is elastic effective thickness when the deformation is elastic due to
brittle member failure, and it is plastic effective thickness when the deformation is plastic
due to yielding failure of fasteners. In the Present Eurocode 5, the effective thickness, as
shown in

Figure 33, of failure planes depends on the thickness of the steel plates and the number
of plastic hinges of the fasteners in the connection and do not explicitly mention the type
of the effective thickness.

Figure 33: Effective thickness [2].

80



Present Eurocode 5

- The effective thickness for thin steel plates f, < 0.5d, (for failure modes given in
brackets) is determined by:

{0.4 t ©) (143)
te‘f =

My,Rk
fhrd (b)

- The effective thickness for thick steel plates t, = d, (for failure modes given in brackets)
is determined by:

, [ (&)(h) (144)
' itl [W -1] @ (2)

- For steel plates with intermediate thickness, interpolation is applied.

New Eurocode 5

The elastic effective thickness of the failure planes is applied for connections with fully
penetrating fasteners. For partially penetrated timber members, the effective thickness
of the failure planes in plug shear can be calculated by:

tef,el (145)

a) Elastic effective thickness

The elastic effective thickness of the failure planes terer can be calculated separately for
inner and outer members.

- For one inner member, the elastic effective thickness of the failure planes is given by
Equation (146). For multiple inner timber members, the elastic effective thickness of the
failure planes is given by multiplying Equation (146) by a factor of 0.85, i.e., 0.85¢tete.

t .
tni if % < 1lay (146)
t = min th,l : thr'
ef el max[(z — m) Acith,; if 71 > 1lagy
0.65aclth'1
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with
ag =1 when mode (f) governs in steel-to-timber connections;

ag = 0.65 for timber-to-timber connections and for steel-to-timber connections for all
failure modes excluding mode (f).

- For outer member, the elastic effective thickness of the failure planes is given by:

e < (147)
Lefer = min max{ (1.17 - ltg—'fi) Teitno if t’;" >3
0.35a.ty,
with
ag =1 when mode (f) governs in steel-to-timber connections;
a. = 0.65 for timber-to-timber connections and for steel-to-timber connections for all

failure modes excluding mode (f).
b) Plastic effective thickness

The plastic effective thickness terpr can be calculated separately for non-predrilled
fasteners and predrilled fasteners.

- For non-predrilled fasteners, the plastic effective thickness is given by:

t My (148)
efpt 2dfror 2
- For predrilled fasteners, the plastic effective thickness is given by:
149
foppi = |2 4t (49
ef.pl — dthk ef,el,2
t
thpt i % <11 (150)
Lefer = Min ( _M) if thpt
max 2 11d thpi if d >11
0.65tp, 1

~ M, (151)
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7.1.5 Splitting failure

Splitting failure, as depicted in Figure 34(a), is a failure of the timber member in the
connection due to tensile stresses perpendicular to the grain that generate a longitudinal
crack along a row of fasteners loaded parallel to the grain. Splitting may not be the cause
of the global failure of a connection with multiple rows of fasteners since it is a more
locally failure in a single row of fasteners. In the New Eurocode 5 and the Present
Eurocode 5, splitting along a row of fasteners loaded parallel to the grain is implicitly
considered by the effective number of fasteners nesr and by respecting some spacing
limitations. The design splitting resistance along a row of fasteners loaded parallel to the
grain is also implicitly covered in this thesis in section 4.2. The effective number ner for a
row of fasteners parallel to the grain is discussed in detail in section 4.2.1. The design
splitting failure resistance along a row of fasteners loaded parallel to the grain must
satisfy the requirements given in Table 44. The requirement for the design splitting
failure resistance along a row of fasteners loaded parallel to the grain has the same
expression in the New Eurocode 5 and the Present Eurocode 5.

Table 44: Requirements for the design splitting failure resistance along a row of fasteners loaded
parallel to the grain.

Present Eurocode 5 New Eurocode 5
Fv,ef,Rd = Frow,d (152) Fv,Rd = Fv,Ed (153)
Fv,ef,Rd = nefFv,Rd (154) Fv,Rd = nefFv,d (155)

7.1.6 Row shear failure

Row shear failure, as depicted in Figure 34(b), is a failure of the timber member due to
shear stresses that generate parallel cracks along each row of fasteners in the
connection. This failure is defined by the failure of two side shear planes for each row of
fasteners. For the row shear failure, no explicit provision is given by the Present
Eurocode 5. In the New Eurocode 5, the expression for the design row shear failure
resistance of a timber member, Frs,q, is given by:

Frsa = 2n99Fy10,a (156)
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a) Splitting failure b) Row shear failure

Figure 34: Splitting failure and Row shear failure modes [1].

7.1.7 Block shear failure

Block shear failure, as depicted in Figure 35(a), is a failure of the timber member
generated by the tear out of the loaded area of the timber along the perimeter of the
fastener area where the fastener protrudes the full thickness of the timber member.
Block shear failure, as shown in Figure 37, is defined by the failure of two side shear
planes along the exterior rows of fasteners and a head tensile plane along the first
column of fasteners in the connection. The expressions provided for determining the
block shear failure by the Present Eurocode 5 and the New Eurocode 5 are different.

The expression for the design block shear failure resistance provided by the New
Eurocode 5, as given in Equation (162), is for timber-to-timber and steel-to-timber
connections. According to the New Eurocode 5, the block shear failure resistance of the
timber member is the maximum of the tensile resistance of the head tensile plane or the
sum of the shear resistances of the two side shear planes only. As depicted in Figure 32,
the net length of the shear fracture side /won is considered without the reduction of the
cross-section of the timber member due to the pre-drilled holes for the fasteners. The
provided expression is for the design resistance using design material strength. The
desigh material strength is obtained using the partial factor for strength property of the
material Ym.

The expression provided by the Present Eurocode 5, as given in Equation (157), is for
both the block shear and plug shear failure resistances of the timber member in steel-to-
timber connections only. For timber-to-timber connections, no explicit provision is given
by the Present Eurocode 5. According to the Present Eurocode 5, the block shear failure
resistance is the maximum of the tensile resistance of the head tensile plane or the sum
of the shear resistances of the two side shear planes and the bottom shear plane
corresponding to the effective thickness. For connections with fully penetrated timber
members, there is no activated bottom shear plane and Equation (157) gives the block
shear failure resistance of the timber member which is the maximum of the tensile
resistance of the head tensile plane and the sum of the shear resistances of only the two
side shear planes. This is taken into account by Equation (159) which means that the
type of failure mode of the shear plane in the connection is decisive for the number of
shear planes to be used in Equation (157). Equation (159) gives two side shear planes
for failure modes (c,f,j/l,k,m) and for all other failure modes it gives two side shear
planes and a bottom shear plane. As depicted in Figure 36, the total net length of the
shear fracture area Lnetv is considered with the reduction of the cross-section of the
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timber member due to the pre-drilled holes for the fasteners. The provided expression is
for the characteristic resistance. Partial factor for the resistance property Yz is used to
convert the characteristic resistance to the design resistance.

Therefore, the partial factors used to determine the design block shear failure resistance
in the New Eurocode 5 and the Present Eurocode 5 are not the same. The partial factor
for strength property of the material v is used in the New Eurocode 5 and the partial
factor for the resistance property 1z is used in the Present Eurocode 5.

a) Block shear b) Plug shear

Figure 35: Block shear and plug shear failure modes [1].

Present Eurocode 5

The block shear failure resistance and the plug shear failure resistance of the timber
member, as depicted in Figure 36, is given by:

1.5Anettfr 0k (157)

F, = max{
bs,Rk 0.7Anet,va.k

with
Anet,t = Lnet,t ty (158)
Lpetw ty failure modes (¢, f,j/1, k, m) (159)
A =1L
net, %“’ (Lyet,s + 2tor) all other failure modes
and
Lo = Z L (160)
i
Lpets = Z lt,i (161)
i
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Figure 36: Terms used in the expression for block shear failure [2].

New Eurocode 5

For connections with fully penetrated timber member, the design block shear failure
resistance, Fss,q, is determined by:

Fysq = max (2 Fyiq,4; Frra) (162)

Figure 37: Block shear failure surfaces [1].

7.1.8 Plug shear failure

Plug shear failure, as depicted in Figure 35(b), is a failure of the timber member
generated by the tear out of the loaded area of the timber along the perimeter of the
fastener area where the fastener protrudes the partial thickness of the timber member.
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This failure, as depicted in Figure 38, is defined by the failure of two side shear planes
along the exterior rows of fasteners, a head tensile plane along the first column of
fasteners and a bottom shear plane parallel to the grain. The expressions provided for
determining the plug shear failure by the Present Eurocode 5 and the New Eurocode 5
are different.

The expression provided by the New Eurocode 5, as given in Equation (163), is for
timber-to-timber and steel-to-timber connections. According to In the New Eurocode 5,
the plug shear failure resistance of the timber member is the maximum of the sum of the
shear resistances of the two side shear planes or the sum of the tensile resistance of the
head tensile plane and the shear resistance of the bottom shear plane. As depicted in
Figure 32, the net length of the shear fracture side /con is considered without the
reduction of the cross-section of the timber member due to the pre-drilled holes for the
fasteners. The provided expression is for the design resistance using design material
strength which also uses partial factor v for strength property of the material.

The expression provided by the Present Eurocode 5, as shown in Equation (157), is for
both the plug shear and block shear failure resistances of the timber member in steel-to-
timber connections only. For timber-to-timber connections, no explicit provision is given
by the Present Eurocode 5. For connections with partially penetrated timber member,
Equation (157) gives the plug shear failure resistance of the timber member which is the
maximum of the tensile resistance of the head tensile plane or the sum of the shear
resistances of the two side shear planes and the bottom shear plane corresponding to the
effective thickness. This is taken into account by Equation (159) which means that the
type of failure mode of the shear plane in the connection is decisive for the number of
shear planes to be used in Equation (157). Equation (159) gives two side shear planes
for failure modes (c,f,j/l,k,m) and for all other failure modes it gives two side shear
planes and a bottom shear plane. As depicted in Figure 36, the total net length of the
shear fracture area Lnetv is considered with the reduction of the cross-section of the
timber member due to the pre-drilled holes for the fasteners. The provided expression is
for the characteristic resistance and partial factor vz for the resistance property is to be
used to convert it to the design resistance.

Therefore, the partial factors used to determine the design plug shear failure resistance
in the New Eurocode 5 and the Present Eurocode 5 are different. The partial factor for
strength property of the material v is used in the New Eurocode 5 and the partial factor
for the resistance property 1z is used in the Present Eurocode 5.

ZFv,la,d (163)

Fosq = max{
ps: Fira + Fyp,ra
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Figure 38: Plug shear failure surfaces [1].

7.1.9 Net tensile failure

In the New Eurocode 5 and the Present Eurocode 5, there is no explicit definition and
expression given for net tensile failure depicted in Figure 39. The design net tensile
failure resistance is determined according to section 8.1.2 in the New Eurocode 5 [1] and
section 6.1.2 in the Present Eurocode 5 [2]. The process of determination of the design
net tensile failure resistance by the New Eurocode 5 and the Present Eurocode 5 is the
same. In a timber member subjected to tension parallel to the grain, the design tensile
stress along the grain oto¢ must be less than or equal to the design tensile strength
along the grain fit04. The net section is determined at a critical section which is the
section having the largest number of fasteners perpendicular to the load direction. The
consideration of the reduction of the cross-section of the timber member due to the pre-
drilled holes for the fasteners and slots for metal plates is provided in section 7.2.3 in the
New Eurocode 5 [1] and in section 5.2 in the Present Eurocode 5 [2]. The approach used
in the Present Eurocode 5 and the New Eurocode 5 for the consideration of the reduction
of the cross-section of the timber member is the same. For depths in bending and widths
in tension less than 150 mm (h < 150 mm), the effect of member size on material
strength by the depth modification factor k» is considered according to sections 5.3 and
5.4 in the New Eurocode 5 [1] and sections 3.2 and 3.3 in the Present Eurocode 5 [2] for
solid timber (ST) and glued laminated timber (GL) respectively. The values of the
exponents in Equations (170) and (171) are not the same and they are 0.1 and 0.08
respectively.

Table 45: Net tensile failure.

Present Eurocode 5 New Eurocode 5
Ot0d < froa (164) Ot0d < froa (165)
ft,o,a = kmodkhft,o,k/VM (166) froa = kmodkhft,o,k/VM (167)
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15040. 150, o,
kp = min {(T)OZ for ST (168) ky = min {(T)OZ for ST (169)
1.3 1.3
600v0.1 600 0 08
k, = min {(T) for GL (170) | &, = min {(T) for GL (171)
1.1 11

Figure 39: Net tensile failure [1].

The nomenclature used in the brittle failure modes of connections with fasteners loaded
parallel to the grain in the Present Eurocode 5 and the New Eurocode 5 is presented in
Table 46.

Table 46: Nomenclature used in the brittle failure modes of connections with fasteners loaded
parallel to the grain.

Present New Meanin
Eurocode 5 | Eurocode 5 9
k, a reduction factor for shear
ter tef the effective thickness of the plane, determined in 7.1.4.4,
in mm
leon the length of the connection parallel to the grain, see
Figure 32, in mm
fox foa the characteristic/design shear strength of timber, in
N/mm?2
a, the spacing of fasteners parallel to grain, in mm
ng the number of fasteners in a row parallel to grain, see
Figure 32
as; distance from loaded end parallel to grain, in mm
Gmean the mean shear modulus of timber, in N/mm?
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Eomean the mean modulus of elasticity of the timber parallel to the
grain, in N/mm?
Fylaa the design shear resistance per lateral shear plane, in N
byt the net width between the fasteners over the whole cross-
section, see Figure 19, in mm
TNgg the number of fasteners in a row perpendicular to the
grain, see Figure 32
a, the spacing between the fasteners perpendicular to the
grain, in mm
Ahote max the largest diameter of the predrilled hole or diameter of
the fastener, in mm
Fybra the design shear resistance of bottom shear plane, in N
frox froa the characteristic/design tensile strength of the timber
parallel to the grain, in N/mm?
Fira the design tensile failure resistance parallel to grain of the
head tensile plane, in N
tefel the elastic effective thickness, determined in section
7.1.4.4, in mm
tefpl the plastic effective thickness, determined in section
7.1.4.4, in mm
t the the penetration length of the fastener in the inner
member, which corresponds to the thickness of the inner
timber member t,;, in mm
ag the factor related to the clamping condition of the
fastener, defined by the yielding mode
t tha the thickness of the outer timber member t,, for fully
penetrated members or the penetration length of the
fastener for partially penetrated members, in mm
M, gy M, characteristic yield moment given in section 3.4, in Nmm
frk frok the characteristic embedment strength of the timber
member given in section 3.3, in N/mm?
ty the embedment depth of the fastener, in mm
tefel2 the remaining elastic effective thickness, in mm
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thpt the plastic penetration length, determined by Equation
(151), in mm
Anetr the net cross-sectional area perpendicular to the grain, in
mm?
Anety the net shear area in the parallel to the grain direction, in
mm?
Loty the net width of the cross-section perpendicular to the
grain, in mm
Lyet total net length of the shear fracture area, in mm
Ly e are distances defined in Figure 36, in mm
Fyef ra Fyra effective design resistance per row of fasteners loaded
parallel to the grain, in N
Frowa Fyra design force per row of fasteners loaded parallel to the
grain, in N
Fyra Foaq design resistance per fastener, in N
Ny Nes effective number of fasteners in a row parallel to the grain,
determined in section 4.2.1
Frsa the design row shear failure resistance of a timber
member, in N
Fys ri Fpsa the characteristic/design block shear failure resistance of a
timber member, in N
Fpsa the design plug shear failure resistance of a timber
member, in N
Ot 04 Otod the design tensile stress parallel to the grain, in N/mm?
ftoa ftoa the design tensile strength parallel to the grain, in N/mm?2
Kmod Kmod the modification factor accounting for the effect of the
duration of load and moisture content
Yum Yum the partial factor for the material property
ky, kp, the depth modification factor
h h the depth for bending members or width for tensile

members, in mm

91




7.2 Brittle failure modes of connections with fasteners loaded
perpendicular to the grain

Brittle failure mode is due to a failure of the wood usually happens before the steel
fasteners reach their plastic range. It is usually a sudden collapse of the connection.
Splitting failure is a failure of the timber member in a connection loaded to tensile force
or tensile force component perpendicular to the grain, as depicted in Figure 40(a), that
generate a longitudinal fracture along a row of fasteners parallel to the grain due to
tensile stresses perpendicular to the grain. The New Eurocode 5 and the Present
Eurocode 5 include the brittle failure mode of connections with fasteners loaded
perpendicular to the grain, but with different expressions. The design splitting failure
resistance is based on the design shear forces created on the sides of the cross-section of
the beam by the tensile force or tensile force component.

In the New Eurocode 5, the design splitting resistance of a connection with fasteners
loaded perpendicular to the grain does not depend on the position of the connection
along the beam length. The design splitting resistance must be equal to or greater than
the tensile force or tensile force component perpendicular to the grain which is equal to
the sum the values of the two shear forces on the sides as shown in Figure 42(a). The
design splitting resistance of a connection with fasteners loaded perpendicular to the
grain depends on the number of fasteners in a row parallel to the grain no and on the
distance from the loaded edge to the center of the most distant fastener he. This means
that the design splitting resistance increases with the increasing number of fasteners in a
row parallel to the grain no and with increasing the distance from the loaded edge to the
center of the most distant fastener he. If the distance from the loaded edge to the center
of the most distant fastener he is kept constant, the design splitting resistance depends
on the number of fasteners in a row parallel to the grain no and on the number of
fasteners in a row perpendicular to the grain nge. This means that the design splitting
resistance increases with the increasing number of fasteners in a row perpendicular to
the grain noo and with the increasing number of fasteners in a row parallel to the grain
no.

In the Present Eurocode 5, the design splitting resistance of a connection with fasteners
loaded perpendicular to the grain must be equal to or greater than the maximum of the
shear force values Fv,eq,1 or Fv,eq,2 on the sides as depicted in Figure 40(a) and therefore it
depends on the position of the connection along the beam length. When a connection is
not at midspan of the beam, the values of the two shear forces Fv,zq,: and Fy,zq,2 are not
equal and hence, the maximum value of the shear forces Fy,e,: or Fveq2 is decisive for
the design splitting resistance of the connection. When a connection is at midspan of the
beam, the values of the two shear forces Fv,eq,1 and Fv,eq,2 are equal and hence, one of the
shear forces Fv,eq: or Fyeq2 is decisive for the design splitting resistance of the
connection. The design splitting resistance of a connection with fasteners loaded
perpendicular to the grain does not depend on the number of fasteners in a row parallel
to the grain no but depends on the distance from the loaded edge to the center of the
most distant fastener he. If the distance from the loaded edge to the center of the most
distant fastener he is kept constant, the design splitting resistance of a connection with
fasteners loaded perpendicular to the grain does not depend on the number of fasteners
in a row perpendicular to the grain no and on the number of fasteners in a row parallel
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to the grain no. The design splitting resistance of a connection with fasteners loaded
perpendicular to the grain must satisfy the requirement given in Table 47.

Table 47: Requirements for the design splitting resistance of a connection with fasteners loaded
perpendicular to the grain.

Present Eurocode 5 New Eurocode 5

Fyga < Foora (172) Foopa < Fspra (173)

Fyran (174) Fyo,gqa = Fgq * sina (175)

F, pq = max {F
v,Ed,2

Present Eurocode 5

The characteristic splitting resistance of a connection with fasteners loaded perpendicular
to the grain, as the arrangement shown in Figure 40, is given by:

(176)
F90,Rk = 14’ b w
Wolvo3s (177)
max {( 10 0) for punched metalplate fasteners
1
1 for all other fasteners
FEd
aw b
Y
A
o]
by
£ v
v Fugaz bi2 b2 bl
> - > -
a) b)

Figure 40: Inclined force transmitted by a connection [2].

New Eurocode 5

The characteristic splitting resistance of one connection with fasteners loaded
perpendicular to the grain is given by:
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Fsp,Rk = kmathbefkcon,Okcon,90

(178)

_ (0.6 ST 179
Fmar = {0.8 PL (179)
by =b (181)
}4b (182)
kcon,O = max 0.7 + *lcon
n
kcon,QO = ngog(;ll (183)
Zi:l(h_i)z
Fea/ |Foo.Ed
4 Fo.Ed i | "2 — M !
Al i u ¥ . : ; T T i
o ! i ./ ; |
J:T "':\ 1—l| . :i‘— ' FQU,E&
I H
a) Laterally loaded fasteners b) Axially loaded fasteners
!1 bi:un. 'fz |‘I-50n. ';3 |
. =3 { I !
L“# D - i—“é“ .E S :
Sl &£ I *L;L Y I T
T T 1 - J ]
v Foo,ed v Foo,ed v Fao,ed
c) Multiple connections
Key:
ly is end distance of a group of dowel-type fasteners parallel to the grain, in mm;
I, is spacing between a group of dowel-type fasteners parallel to the grain, in mm;
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Iy is spacing between a group of dowel-type fasteners and shear connectors, in mm;
beon is width of a connection, in mm;
h is the depth of the beam, in mm);

h, is the distance from the loaded edge to the location where the full connection
force is transmitted, for screws the penetration length without the point, in mm;

L, is point length of screws, in mm;
Foorq 1S the design load perpendicular to the grain, in N.

Figure 41: Loaded edge distance, end face distance and distances between connections [1].

For ratios he/h = 0.7 other cross-section forces or moments are usually governing the
design of a connection therefore splitting failure may be neglected. The characteristic
splitting failure resistance of multiple connections with the same he/h ratio can be
determined by multiplying Equation (178) with a modification factor kn,: which is given

by:

(184)
ky =1 |7 for 2h < a; < 6h

1 forl, <horl, > 8h

The modification factor kn: is determined by linear interpolation for the distances
between connections h < /2 < 2h or 6h < 2 < 8h.

Table 48: Nomenclature used in the brittle failure modes of connections with fasteners loaded
perpendicular to the grain.

Present New Meanin
Eurocode 5 Eurocode 5 9
Fy0 ra Fspra the design splitting failure resistance
Fyra Foo,ga the design tensile force component perpendicular to the
grain
Fora1r Fogas the design shear forces on either side of the connection,
in N
Frq Fgq the design tensile force transmitted by the connection
Foo,rie Fsp ri the characteristic splitting resistance
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b b the member thickness, in mm

w a modification factor

he he The distance from the loaded edge to the location where
the full connection force is transmitted, for screws the
penetration length without the point, in mm

h h the member depth, in mm
Komat a reduction factor
kg a fracture parameter, in N/mm?->
beon the distance between the outermost columns within one

connection, see Figure 41(c), in mm

g the number of fasteners in a row perpendicular to the
grain
h; the distance of the i*" row to the unloaded edge of the

member, with h;,; — h; < 0.5h, see Figure 41(c), in mm

Pk the density of the timber, in kg/m?3

n the number of connections

a; spacing between fasteners along the grain, in mm

L, The distance between fasteners of two consecutive

connections, see Figure 41(c), in mm

7.2.1 Example case for splitting resistance of a connection with fasteners
loaded perpendicular to the grain

This is an example case for the design splitting resistance of a connection with fasteners
loaded perpendicular to the grain. The expressions for design splitting resistance of a
connection with fasteners loaded perpendicular to the grain provided by the Present
Eurocode 5 and the New Eurocode 5 have many variable parameters. The aim of this
example is to examine how the design splitting resistance is affected by the expressions
provided by the New Eurocode 5 and the Present Eurocode 5. This example is solved by
considering two variable parameters from which only one parameter is varying at a time
and one constant parameter. In the first, the distance from the loaded edge to the center
of the most distant fastener he and the number of dowels parallel to the grain no are the
variable parameters and the number of dowels perpendicular to the grain ns is the
constant parameter. In the second, the number of dowels parallel to the grain no and
perpendicular to the grain ng are the variable parameters and the distance from the
loaded edge to the center of the most distant fastener he is the constant parameter. The
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parameters used in all the tables and the figures in this example case are h = 450 mm, b
= 80 mm, a; = 60 mm, az = 50 mm, as+c = 150 mm, px = 400 kg/m?3, dimeter of the
dowels d = 12 mm, kmos = 0.9 and ym = 1.3. The value of a4 varies corresponding to the
applied number of dowels perpendicular to the grain neo.

By holding the number of dowels perpendicular to the grain ne (nso = 1) constant, the
values of the design splitting resistance with different distances from the loaded edge to
the center of the most distant fastener he and different number of dowels parallel to the
grain no are presented in

Table 49 and given in Figure 42 and Figure 43. By keeping the distance from the loaded
edge to the center of the most distant fastener he (he = 300 mm) constant, the values of
the design splitting resistance with different number of dowels perpendicular to the grain
noo and different number of dowels parallel to the grain no are presented in Table 50 and
given in Figure 44 and Figure 45.

In the New Eurocode 5, the design splitting resistance must be equal to or greater than
the applied design tensile force or design tensile force component perpendicular to the
grain which is equal to the sum the values of the two design shear forces on the sides of
the beam (Fsp,rd = Foo,e4). The design splitting resistance of a connection with fasteners
loaded perpendicular to the grain does not depend on the position of the connection
along the beam length.

In the Present Eurocode 5, the design splitting resistance of a connection with fasteners
loaded perpendicular to the grain must be equal to or greater than the maximum of the
design shear force values on the sides of the beam and therefore it depends on the
position of the connection along the beam length. Foo,ra is the design splitting resistance
when the connection is at the support of the horizontally placed beam and one of the
design shear forces on the sides of the beam has a maximum value which is equal to the
value of the applied design tensile force perpendicular to the grain and the other shear
force has a minimum value which is equal to zero. Fao,rs” is the design splitting resistance
when a connection is at midspan of the beam and each of the design shear forces on the
sides of the beam has a maximum value which is equal to half of the value of the applied
design tensile force perpendicular to the grain. Fao,r¢ must be equal to or greater than the
value of the applied design tensile force perpendicular to the grain (Feord = Fv,eq) and
Foo,ra™ must be equal to or greater than half of the value of the applied design tensile
force perpendicular to the grain (Foors™ = Fved/2). Therefore, Foora = 2 Foord™ as
presented in Table 49 and depicted in Figure 42.

When the number of dowels in a row perpendicular to the grain ng and in a row parallel
to the grain no are kept constant, the design splitting resistance of a connection with
fasteners loaded perpendicular to the grain increases with increasing distances from the
loaded edge to the center of the most distant fastener he in the New Eurocode 5 and the
Present Eurocode 5 as given in Table 49 and as shown in Figure 42 and Figure 43. when
the number of dowels in a row perpendicular to the grain nso and the distance from the
loaded edge to the center of the most distant fastener he are kept constant, the design
splitting resistance of a connection with fasteners loaded perpendicular to the grain
increases in the New Eurocode 5 and remains constant in the Present Eurocode 5 with
the increasing number of dowels in a row parallel to the grain no as given in Table 49 and
as shown in Figure 42 and Figure 43.
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Table 49: Design splitting resistance with different distances from the loaded edge to the center of
the most distant fastener he and different number of dowels in a row parallel to the grain no.

2 dowels parallel to grain | 4 dowels parallel to |6 dowels parallel to
grain grain
(ny =2)
(ng = 4) (ny =6)
he [mm] | Foora™ | Foora Fgpra Foora" | Foora Fsyra | Foora™ | Foora Fp ra
[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN]
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50 5.82 11.63 5.48 5.82 11.63 6.91 5.82 11.63 8.96
100 8.79 17.58 9.39 8.79 17.58 11.83 | 8.79 17.58 15.34
150 11.63 | 23.26 14.32 | 11.63 | 23.26 18.04 | 11.63 | 23.26 23.39
200 14.71 | 29.42 21.38 | 14.71 | 29.42 26.94 | 14.71 | 29.42 34.92
250 18.39 | 36.78 32.58 |18.39 | 36.78 41.05 | 18.39 | 36.78 53.21
300 23.26 | 46.52 52.71 | 23.26 | 46.52 66.41 | 23.26 | 46.52 86.08
Splitting resistance with different distances h, and
different number of dowels parallel to the grain n,
100
90
80
70
Z 60 no=2 Fsp,Rd
2
_3 50 = no=4 Fsp,Rd
L& 40 n0=6 Fsp,Rd
30
2 - = F90Rd
10 = = F90,Rd*
0

100

150

200 250

Distance, h, [mm]

300

Figure 42: Design splitting resistance with different distances from the loaded edge to the center of
the most distant fastener he and different number of dowels in a row parallel to the grain no.
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Grain direction Grain direction

FQO,Ed Fgo,Ed
a) h,=50mm, ny=2 b) h,=300mm, ny=2
Fsp,Rd = 548 7 F90,Rd = 1163 Fsp,Rd = 5271 7 F90,Rd = 4652
Grain direction Grain direction

he
1 ! 1 1
Fo,ed Fao,ed
a) h,=50mm, mn,=6 b) h,=300mm, n,=6
Fspra =896, Fyopqg = 11.63 Fspra = 86.08 ,  Foopq = 46.52

Figure 43: Arrangement of dowels in a row parallel to the grain nyp at different distances he in
connections and corresponding values of design splitting resistance in kN.
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When the distance from the loaded edge to the center of the most distant fastener he is
kept constant, the design splitting resistance increases with the increasing number of
dowels in a row perpendicular to the grain ne and in a row parallel to the grain no in the
New Eurocode 5 as shown in Table 50 and in Figure 44 and Figure 45. Hence, the design
splitting resistance depends on the number of fasteners in a row perpendicular to the
grain neo and in a row parallel to the grain no when the distance from the loaded edge to
the center of the most distant fastener he is kept constant according to the New Eurocode
5. In the Present Eurocode 5 as shown in Table 50 and in Figure 44 and Figure 45, the
design splitting resistance remains constant with the increasing number of dowels in a
row perpendicular to the grain ne and in a row parallel to the grain no when the distance
from the loaded edge to the center of the most distant fastener he is kept constant.
Hence, the design splitting resistance of a connection with fasteners loaded perpendicular
to the grain does not depend on the number of fasteners in a row perpendicular to the
grain neo and in a row parallel to the grain no when the distance from the loaded edge to
the center of the most distant fastener he is kept constant according to the Present
Eurocode 5.

Table 50: Design splitting resistance with different number of dowels in a row perpendicular to the
grain ngp and in a row parallel to the grain no.

2 dowels parallel to grain | 4 dowels parallel to| 6 dowels parallel to

grain grain
(ng =2)
(ng = 4) (ny =6)
Ngg F 90,Rd* Foo ra F sp,Rd F 90,Rd* Foo ra F sp,Rd F 90,Rd* Fgo ra F sp,Rd
[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN]
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 23.26 | 46.52 21.93 | 23.26 | 46.52 27.63 | 23.26 | 46.52 35.82
2 23.26 | 46.52 28.07 | 23.26 | 46.52 35.37 | 23.26 | 46.52 45.85
3 23.26 | 46.52 34.22 | 23.26 | 46.52 43.12 | 23.26 | 46.52 55.90
4 23.26 | 46.52 40.38 | 23.26 | 46.52 50.88 | 23.26 | 46.52 65.96
5 23.26 | 46.52 46.54 | 23.26 | 46.52 58.64 | 23.26 | 46.52 76.02
6 23.26 | 46.52 52.71 | 23.26 | 46.52 66.41 | 23.26 | 46.52 86.08
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Splitting resistance with different number of
dowels perpendicular ng, and parallel n, to grain

100
80
= n0=2 Fsp,Rd
i 60
T n0=4 Fsp,Rd
4 40
w n0=6 Fsp,Rd
20 - = F90Rd
-— *
o F90,Rd

0 1 2 3 4 5 6
Dowels in a row perpendicular to grain, ngg

Figure 44: Design splitting resistance with different number of dowels in a row perpendicular to the
grain noeo and in a row parallel to the grain no.

F9[1,Ed F9[.'I,Ed

FSp,Rd = 2193 ’ F90,Rd = 46.52 Fsp,Rd = 28.07 ’ F90,Rd = 4‘6.52

101



'y ¥
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1 1 1 1
F9[],Ed F9[],Ed
Fsp,Rd = 34.22 7 F90,Rd = 46.52 Fsp,Rd = 40.38 ’ F90,Rd = 46.52
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Grain direction

e ry
h. h,
A i ¥
1 1 1 1
FB(],Ed FQO,E::I
Fsp,Rd = 2354 7 F90,Rd = 4652 FSp,Rd = 2807 7 F90,Rd = 4652
| . Grain direction
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-~
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h
h, h.
¥ Ri ¥
1 1 1 1
FB(],Ed FBD,Ed
Fopra = 52.71, Foopq = 46.52 Fspra = 6641, Foopa = 46.52
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K ¥
h
h, h.
¥ ¥ v
1 1 1 1
FQU,Ed FQO,Ed
Fsp,Rd = 36.73 7 F90,Rd = 46.52 Fsp,Rd = 50.88 7 F90,Rd = 46.52
Grain direction
1 1 1 1
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¥ ¥
h. h h,
ki h A X
1 1 1 1
FB(},Ed Fgﬂ,Ed
FSp,Rd = 67.33 ’ F90,Rd = 46.52 Fsp,Rd = 86.08 7 F90,Rd = 4‘6.52

Figure 45: Arrangements of dowels in rows perpendicular to the grain ngy and parallel to the grain
no in connections and corresponding values of design splitting resistance in kN.
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8 Example cases covering multiple topics

In this chapter some example cases are presented covering multiple topics from different
sections. In these example cases a comparison is made between the results of the
calculations using the Present Eurocode 5 and the New Eurocode 5. The Present Eurocode
5 and the New Eurocode 5 provide expressions for the design value of a material
strength and design value of a resistance. For comparison purposes, only the expressions
for the design values provided by the Present Eurocode 5 are used in this chapter. The
design values are given by:

Table 51: Design values by the Present Eurocode 5 and the New Eurocode 5.

Design value of a | Present Eurocode 5 New Eurocode 5

material strength fi 185 fi 186
E fa= kmod_k ( ) fa= kmodnki_k ( )

Ym
resistance R 187 188
Ryq = Kmoa = ( ) Ry = kmod_k ( )

where

fa is the design value of a strength property;

fic is the characteristic value of a strength property;

knoa 1S the modification factor accounting for the effect of the duration of load and
moisture content;

Ik; is the product of applicable modification factors, in addition to k,,,4;
Yu is the partial factor for a material property;

R, is the design value of a resistance;

Ry is the characteristic value of a resistance;

Vr is the partial factor for a resistance.

8.1 Example 1

The case used here is from the lecture notes of TKT4211 Timber Structures 1 [16],
named as Example C1, in the spring 2022. The results in this Example 1 using the
Present Eurocode 5 are the same as the results in Example C1 given in the lecture notes.
The design check for the block shear failure based on the rules on the Present Eurocode 5
is not done in Example C1 of the lecture notes because the expression provided by the
Present Eurocode 5 for the determination of the block shear failure resistance is for steel-
to-timber connections only. However, the expression provided by the Present Eurocode 5
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is used in this Example 1 to perform the design check for the block shear failure as an
additional check. The obtained results in this Example 1 using the Present Eurocode 5
and the New Eurocode 5 are compared.

In this example case, as shown in Figure 46, a connection with timber side members
subjected to tension is used. The task is to find the maximum design value of the force F
(i.e., Fq) in the connection. There are two symmetric connections and the connection on
the left side is investigated here.

Top view

i r 1 - T - .
F g | | .
G - @ 2 - —

4
8 1= -
dowel Side view
F ¢ o o e o o F
Y - —
] o o] o o] o]

Figure 46: Connection with timber side members subjected to tension [16].

Used parameters:

Service class 2, short-term load: kmos = 0.9
Connections: yv = 1.3 (Norwegian national annex [2])
Dowels

Diameter: d = 12 mm

fuk = 600 N/mm?

Fax,re = 0

Side members (1)

Thickness: t; = 36 mm

Timber C24: px,: = 350 kg/m3

Load-to-grain angle: a; = 0°
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Ym = 1.25 (Norwegian national annex [2])
Middle member (2)

Thickness: t2 = 48 mm

Timber C24: p«> = 350 kg/m3
Load-to-grain angle: a2 = 0°

Ym = 1.25 (Norwegian national annex [2])

8.1.1 Spacing, end and edge distances

Since the load-to-grain angle is zero, a1 = 0° and a2 = 0°, the Present Eurocode 5 and
the New Eurocode 5 give equal values for the minimum required spacing and end and
edge distances for dowels according to Table 43 in section 6.2.3. As shown in Figure 47,
there is not a loaded edge and there is not an unloaded end (far away) in the connection.
Therefore, the distances corresponding to these ends and edges are not relevant. The
values of the spacings and end and edged distances are given in Table 52.

Table 52: Example 1 - spacing and end and edge distances.

Present Eurocode 5 and New Eurocode 5
Spacing and
end and edge Side members Middle member
distances
Minimum [mm] Actual [mm] Minimum [mm] Actual [mm]
a, 60 60 60 60
a, 36 36 36 36
az; 84 84 84 84
as . Not relevant Not relevant Not relevant Not relevant
Qg Not relevant Not relevant Not relevant Not relevant
Ay c 36 36 36 36
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Side members (1)

84 60 60

loaded | T I :

end | h—lh- Y.

3

unloaded edge

Middle member (2)
60 60

unloaded edge

84

Figure 47: Example 1- spacing and end and edge distances [16].

8.1.2 Design Check

a) Load transfer

unloaded edge

p3sb
h 36:: i“lﬁ _______ loaded
v : I ) d
L & P — en
} 3} e

As presented in Table 53, the values of the design load-carrying capacity per fastener at
load transfer according to the Present Eurocode 5 and the New Eurocode 5 are equal. In
the Present Eurocode 5 and the New Eurocode 5 the expressions for the failure modes
are the same, but the names of the failure modes are different. Hence, they give equal

results.

Table 53: Example 1 - load transfer.

Load transfer

Present Eurocode 5

New Eurocode 5

Value Equation Value Equation

Side members, f, o, [N/mm?] 25.3 (72) - -

Middle member, f;, 0, [N/mm?] 25.3 (72) - -

Side members, ko, 1.53 (74) 1.53 (75)
Middle member, ko, 1.53 (74) 1.53 (75)
Side members, k., - - 1.0 (73)
Middle member, k... - - 1.0 (73)
farx [N/mm2] 25.3 (70) 25.3 (71)
fazx [N/mm2] 25.3 (70) 25.3 (71)
B 1.0 (51) 1.0 (51)
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My, [Nmm] 115118 (80) 115118 (81)
Nshear 2 - 2 -
Left side of the connection, nsgseener 6 - 6 -
Rope-effect, F,,, [N] 0 (83) 0 (84)
Fyriq)” OF Fpr@y™ [N] 10911 (45) 10911 (45)
Fyriecny” OF Fp )™ [N] 7274 (46) 7274 (46)
Fyriey” OF Fp g™ [N] 6651 (48) 6651 (48)
Fyrkey” OF Fpier™ [N] 9606 (50) 9606 (50)
Characteristic load-carrying capacity 6651 (44) 6651 (44)
per shear plane per fastener, Fp; [N]

S N B RPN
Design load-carrying capacity per

fastener [N1, Fy pq = kmod%k 9209.23 (187) 9209.23 (187)
Design force [kN], F; = Fp raNsastener 55.26 - 55.26 -

* Dowel-effect contribution due to a failure mode in the Present Eurocode 5.

** Dowel-effect contribution due to a corresponding failure mode in the New Eurocode 5.

b) Splitting failure

The values of the design load-carrying capacity per row which are calculated based on
the rules provided by the Present Eurocode 5 and the New Eurocode 5 are equal as given

in Table 54.

Table 54: Example 1 - splitting failure along a row of fasteners loaded parallel to the grain.

Splitting failure

Present Eurocode 5

New Eurocode 5

fasteners loaded parallel to

. Value Equation Value Equation
grain
a, [mm] 60 Table 52 60 Table 52
Ny 3 - 3 -

109




Nef 2.12 (108) 2.12 (108)
Nrow 2 - 2 -
Ch teristic load- i it

aractenstic load-carrying capacity | 413302 Table 53 | 13302 | Table 53
per fastener, F,; [N]
Design load-carrying capacity per
fastener [N], F,q = kmd% 9209.23 (187) 9209.23 (187)
Design load-carrying capacity per
row [NJ, Fypa = Foamies 19493 (154) 19493 (155)
Design force [KN], F; = F,raNrow 38.99 (152) 38.99 (153)

c) Net tensile failure

The design net tensile failure values, as provided in Table 55, at the critical cross-section
of the side members, as depicted in Figure 48, according to the Present Eurocode 5 and

the New Eurocode 5 are equal.

Table 55: Example 1 - net tensile failure for side members.

Net tensile failure Present Eurocode 5 New Eurocode 5

Side members Value Equation Value Equation

hiep [MmM] 150 [2] 150 [1]

h [mm] 108 Figure 47 108 Figure 47

ky, 1.068 (168) 1.068 (169)

fron IN/mm?] 14.5 EN 338 14.5 EN 338

froa [N/mm?] 11.15 (166) 11.15 (167)
Section Section

— _ 2

Aper = ti(h —2d) [mm?] 3024 71.9 3024 21.9

Number of members, n,.mpers 2 - 2 -

Design net tensile failure [kN], 33.71 (164) 33.71 (165)

Fd,member = Anetft,o,d

Design force [KN], 67.43 ) 67.43 )

Fy = Fd,member Nmembers
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The design net tensile failure values, as provided in Table 56, at the critical cross-section
of the middle member, as depicted in Figure 48, which are calculated using the rules on
the Present Eurocode 5 and the New Eurocode 5 are equal.

Table 56: Example 1 - net tensile failure for middle member.

Net tensile failure Present Eurocode 5 New Eurocode 5

Middle member Value Equation Value Equation

hper [Mm] 150 [2] 150 [1]

h [mm] 108 Figure 47 108 Figure 47

ky, 1.068 (168) 1.068 (169)

feox [N/mm?] 14.5 EN 338 14.5 EN 338

froa [N/mm?] 11.15 (166) 11.15 (167)
Section Section

= — 2

Aper =ty (h—2d) [mm?] 4032 219 4032 219

Number of members, n,empers 1 - 1 -

Desi t tensile fail kN

esign net tensile failure [kNJ, 44.95 (164) 44.95 (165)

Fd,member = Anet ft,O,d

Design force [kN], 44.95 ) 44.95 )

Fy = Fd,member Nmembers

Side members (1)

[
I

L |
o= =

|

a &= Ih
% I
Critiln:al

cross-section

Middle member (2)

1
|

i
|
P e =

4_1-1'-»7
i s

Critical
cross-section

Figure 48: Example 1 - critical cross-section for net tensile failure [16].
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d) Block shear failure

The expression provided by the Present Eurocode 5 for the determination of the block
shear failure resistance is for steel-to-timber connections only. However, the expression
provided by the Present Eurocode 5 is used in this Example 1 to perform the design
check for the block shear failure as an additional check. The value of the design block
shear failure capacity of the side members, as given in Table 58, obtained by the New
Eurocode 5 is 15.03 % lower than the value of the design block shear failure capacity of
the side members, as presented in Table 57, obtained by the Present Eurocode 5. The
value of the effective thickness of the side members according to the Present Eurocode 5
is more than the value according to the New Eurocode 5. For the value of the design
block shear failure capacity of the middle member, the New Eurocode 5 gives 30.76 %
higher than the Present Eurocode 5. This is owing to the length of the distances based on
the New Eurocode 5, as depicted in Figure 50, is more than the length of the distances
based on the Present Eurocode 5, as shown in Figure 49. For the side members and the
middle member, the shear failure is decisive for the block shear failure according to the
Present Eurocode 5 and the New Eurocode 5.

The expressions for determining the block shear capacity in the Present Eurocode 5 and
the New Eurocode 5 are different. Furthermore, the partial factors used to determine the
design block shear failure resistance in the New Eurocode 5 and the Present Eurocode 5
are not the same, namely strength property of the material vv is used in the New
Eurocode 5 and the resistance property Yz is used in the Present Eurocode 5.

Present Eurocode 5

Table 57: Example 1 - block shear failure using the Present Eurocode 5.

Block shear failure Present Eurocode 5
Side members Middle member

Value Equation Value Equation
leifastener = G2 —d [mMm] 24 Figure 49 24 Figure 49
Ly fastener = a1 —d [Mm] 48 Figure 49 48 Figure 49
Lyiena = @3¢ — 0.5d [mm] 78 Figure 49 78 Figure 49
tery [mm] 36 (144) 48 (144)
tnete [MM] 36 (158) 48 (158)
feox IN/mm?] 14.5 EN 338 14.5 EN 338
fox IN/mm?] 4.0 EN 338 4.0 EN 338
Lyeee [Mm] 24 (161) 24 (161)
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Lyer, [MmM] 348 (160) 348 (160)
Apere [Mm?] 864 (158) 1152 (158)
Apetr, [MmM?2] 12528 (159) 16704 (159)
Nmembers 2 - 1 -
Characteristic block shear failure

capacity, Fy e [N] 35078.4 (157) 46771.2 (157)
Design block shear failure

capacity, Fy, g [KN] 24.29 (187) 32.38 (187)
Design force [kN], 48.57 ) 32 38 )
Fd = FbS,Rd Nimembers

Side members (1)

78 |48 a8 !

[} I:-H.:: |
o :I‘:::Hi::*: _%_2‘_4
::#:“ﬁi::fI ~
«—py o ]
78 48 48

Middle member (2)

148 1148 11 78
A
_IZZg q’“:.___ . :q“:::
241y W W
TIIII el Teed temdy -
it e |
14817481 78

Figure 49: Example 1 - spacings and distances in block shear failure using the Present Eurocode 5

[16].

New Eurocode 5

Table 58: Example 1 - block shear failure using the New Eurocode 5.

Block shear failure

New Eurocode 5

Side members

Middle member

Value Equation Value Equation
dhole,max [m m] 12 - 12 -
g 0.65 (147) 0.65 (146)
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fox IN/mm?] 4.0 EN 338 4.0 EN 338
foa [N/mm?] 2.88 (185) 2.88 (185)
Gmean [N/mm?] 690 EN 338 690 EN 338
Eo mean [N/MmM?2] 11000 EN 338 11000 EN 338
k, 0.751 (135) 0.751 (135)
loon [MM] 204 (136) 204 (136)
Bpe: [Mm] 24 (142) 24 (142)
frox [N/mm?] 14.5 EN 338 14.5 EN 338
fi0.a [N/mm?] 10.44 (185) 10.44 (185)
Ngo 2 - 2 -
Mimembers 2 - 1 -
Head tensile plane Head tensile plane
ter [Mmm] t; = 36 - t, =48 -
Fira [N] 9020.16 (141) 12026.88 (141)
Side shear plane Side shear plane
ter [Mm] 23 (147) 48 (146)
Fyiaa [N] 10319.72 (134) 21168.65 (134)
Eae[f;gc?t;':f:[hkel\?]r failure 20.64 (162) 42.34 (162)
Design force [kN], 41.28 ) 4234 )

Fy = Fys.a Mmembers
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Figure 50: Example 1 - spacings and distances in block shear and row shear failures using the New
Eurocode 5 [16].

e) Row shear failure

The calculated value of the design row shear failure capacity using the rules provided by
the New Eurocode 5 is given in Table 59. The row shear failure capacity is not covered by
the Present Eurocode 5.

Table 59: Example 1 - row shear failure using the New Eurocode 5.

Block shear failure New Eurocode 5
Side members Middle member

Value Equation Value Equation
ngo 2 - 2 -
Nmembers 2 - 1 -
Fyiaa [N] 10319.72 Table 58 21168.65 Table 58
Desi h fail ity,

esign row shear failure capacity 41.28 (156) 84.67 (156)

Frs,d [kN]
Design force [KN], 82.56 ) 84.67 )

Fyq = Frs g Nmembers

Design force Fq

The design value of the force F (i.e., Fq) is the minimum value of the design forces due to
the resistance cases evaluated above. In this case, the maximum design value of the
force F (i.e., Fq) for the connection is F¢ = 32.38 kN according to the Present Eurocode 5
and Fs = 38.99 kN according to the New Eurocode 5. The value of the design force Fu
obtained by using the New Eurocode 5 is 20.41 % higher than the value of the design
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force Fq obtained by using the Present Eurocode 5. According to the New Eurocode 5, the
splitting failure along a row of fasteners loaded parallel to the grain is decisive for the
design of the connection. According to the rules on the Present Eurocode 5, the block
shear failure in the middle member is decisive for the design of the connection. This
implies that the block shear failure can be decisive for the design of a connection in
timber-to-timber connections and not giving provision for the block shear failure in
timber-to-timber connections is a shortcoming of the Present Eurocode 5.

8.2 Example 2

The case used here is from the lecture notes of TKT4211 Timber Structures 1 [16],
named as Example C2, in the spring 2022. The design check for the block shear failure
based on the rules on the Present Eurocode 5 is not done in Example C2 of the lecture
notes owing to the expression provided by the Present Eurocode 5 for the determination
of the block shear failure resistance is for steel-to-timber connections only. However, the
expression provided by the Present Eurocode 5 is used to perform the design check for
the block shear failure as an additional check in this Example 2. The actual values of
some spacing and end and edge distances used in the Example C2 of the lecture notes do
not comply with the minimum required values for spacing and end and edge distances
obtained based on the rules on the New Eurocode 5. Therefore, the results obtained in
the Example C2 of the lecture notes based on the Present Eurocode 5 are not relevant for
comparison. The actual values of the spacing and end and edge distances used in
Example C2 of the lecture notes are altered in Example 2 of this thesis to comply with
the actual values of the spacing and end and edge distances obtained by using the New
Eurocode 5. By using the new actual values for the spacing and end and edge distances,
new results are obtained in Example 2 based on the rules on the Present Eurocode 5. The
obtained new results according to the Present Eurocode 5 and the results according to
the New Eurocode 5 are compared in this Example 2.

In this example case, as shown in Figure 51, a timber-to-timber connection with dowels
and inclined members is investigated. The task is to find the maximum design value of
the force F (i.e., Fu) in the connection.
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a) Side view of the timber-to-timbe connection.

Static scheme

b) Static scheme of the connection.

Figure 51: Timber-to-timer connection with dowels and inclined members [16].

Used parameters:

Service class 2, short-term load: kmos = 0.9
Connections: vv = 1.3 (Norwegian national annex [2])
Dowels

Diameter: d = 12 mm
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fuk = 360 N/mm?

Fax,re = 0

Side members (1)

Thickness: t; = 80 mm

Timber C24: p«: = 350 kg/m3

Load-to-grain angle: a: = 70°

Ym = 1.25 (Norwegian national annex [2])

Middle member (2)

Thickness: t> = 80 mm

Timber C24: pk> = 350 kg/m3

Load-to-grain angle: @2 = 0°

Ym = 1.25 (Norwegian national annex [2])

8.2.1 Spacing, end and edge distances

The minimum requirement values for spacing, end and edge distances based on the rules
on the Present Eurocode 5 in Example C2 of lecture notes and this Example 2 are equal.

The actual values for spacing and end and edge distances used in the Example C2 are

changed, as provided in Table 60, to comply with the values calculated for spacing and
end and edge distances based on the rules on the New Eurocode 5, as given in Table 61.
The actual values inside the brackets in Table 60, which are also shown in Figure 51(a),
are the values used in Example C2 and the actual values outside the brackets in Table 60

are the new values which are used in this Example 2. The ends of the side members are

far away from the connection. For the middle member, there is not a loaded edge and
there is not an unloaded end (far away) in the connection. Therefore, the distances
corresponding to these ends and this edge are not relevant.

Table 60: Example 2 - spacing and end and edge distances using the Present Eurocode 5.

Spacing, end

Present Eurocode 5 (Example C2 and Example 2)

and edge
distances Side members Middle member
Minimum [mm] Actual [mm] Minimum [mm] Actual [mm]
a, 44.2 64 [53] 60 64 [64]
a, 36 60 [60] 36 60 [50]
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as; Not relevant Not relevant 84 85 [85]
as. Not relevant Not relevant Not relevant Not relevant
Ayt 46.6 60 [60] Not relevant Not relevant
Ay 36 60 [60] 36 40 [45]

Table 61: Example 2 - spacing and end and edge distances using the New Eurocode 5.

Spacing, end

New Eurocode 5

and edge
distances Side members Middle member
Minimum [mm] Actual [mm] Minimum [mm] Actual [mm]

a, 60 64 60 64
a, 36 60 36 60
as; Not relevant Not relevant 84 85
as. Not relevant Not relevant Not relevant Not relevant
Ayt 48 60 Not relevant Not relevant
Ayc 36 60 36 40

8.2.2 Design Check

8.2.2.1

a) Load transfer

Force parallel to the grain in the middle member

When the force is parallel to the grain in the middle member, the calculated values of the
design load-carrying capacity per fastener, as presented in Table 62, according to the
Present Eurocode 5 and the New Eurocode 5 are equal. In the Present Eurocode 5 and

the New Eurocode 5 the names of the failure modes of connections with double shear

planes are different, but the expressions for the failure modes are the same. Hence, the
results are equal in this case.
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Table 62: Example 2 - load transfer when the force is parallel to grain in the middle member.

Load transfer

Present Eurocode 5

New Eurocode 5

Value Equation Value Equation
Side members, f; o, [N/mm?] 25.3 (72) - -
Middle member, f, 0, [N/mm?] 25.3 (72) - -
Side members, kq, 1.53 (74) 1.53 (75)
Middle member, ko, 1.53 (74) 1.53 (75)
Side members, k4 - - 1.47 (73)
Middle member, k.. - - 1.0 (73)
frik [IN/mm?] 17.2 (70) 17.2 (71)(71
fr2x [N/Mm?] 25.3 (70) 25.3 (71)
B 1.47 (51) 1.47 (51)
M, [Nmm] 69071 (80) 69071 (81)
Nshear 2 - 2 -
Number of fasteners, nggseeners 4 - 4 -
Rope-effect, F,,, [N] 0 (83) 0 (84)
Fyriecg)" OF Fpr@'™ [N] 16516 (45) 16516 (45)
Fyriny” OF Fp ™™ [N] 12123 (46) 12123 (46)
Fork(jy” OF For™ [N] 7075 (48) 7075 (48)
Fyreo)” OF Fpiry™ [N] 6698 (50) 6698 (50)
Characteristic load-carrying
capacity per shear plane per 6698 (44) 6698 (44)
fastener, Fp; [N]
Characteristic load-carrying
capacity per fastener [N], 13397 - 13397 -
Fpx = Fpx Nshear
Design load-carrying capacity 9274.80 (187) 9274.80 (187)

120




per fastener [N], Fpgq = kmodFyL’—""'
M

Design force [kN],

Fyg = FD,Rd Nfasteners

37.10

37.10

* Dowel-effect contribution due to a failure mode in the Present Eurocode 5.

** Dowel-effect contribution due to a corresponding failure mode in the New Eurocode 5.

b) Splitting failure

When the force is parallel to the grain in the middle member, the calculated values of the
design load-carrying capacity per row of fasteners loaded parallel to the grain according
to the Present Eurocode 5 and the New Eurocode 5 are equal as given in Table 63.

Table 63: Example 2 - splitting failure along a row of fasteners loaded parallel to the grain when

the force is parallel to the grain in the middle member.

Splitting failure

Present Eurocode 5

New Eurocode 5

fasteners loaded parallel to

. Value Equation Value Equation
grain
a, [mm] 64 Table 60 64 Table 60
Mo 2 - 2 N
Nes 1.49 (108) 1.49 (108)
Number of rows parallel to grain, 5 ) 5 )
nTOW
Ch teristic load- i
aracterisfic loac-carrying 13397 Table 62 13397 Table 62
capacity per fastener, F,, [N]
Design load-carrying capacity
per fastener [N], F,q = kmod% 9274.80 (187) 9274.80 (187)
M
Design load-carrying capacity
13843 (154) 13843 (155)
per row [N], Fyra = Fyq Ner
Design force [kN], 27.69 (152) 27.69 (153)

Fy = Fv,Rd Nyow
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c) Net tensile failure

For the side members, the tensile strength is less than the compressive strength and
moment is the largest, therefore check for tension and moment is critical. The value of
the moment cannot be determined, and the net-section design check cannot be
performed because the lengths of the moment arms (/: and /2) are not given. As given in
Table 64, the axial stresses and the bending stresses in the gross cross-section are
respectively 15.4 % and 4.7 % higher than in the net cross-section due to reduction of
the cross-section by the presence of holes.

Table 64: Example 2 - net tensile failure for side members.

Net tensile failure

Present Eurocode 5

New Eurocode 5

Side members Value Equation Value Equation
hrer [MmM] 150 [2] 150 [1]

h [mm] 180 - 180 -

ky, 1.00 (168) 1.00 (169)
feox [N/mm?2] 14.5 EN 338 14.5 EN 338
fi0.a [N/mm?] 10.44 (166) 10.44 (167)
fmie [IN/mm?2] 24 EN 338 24 EN 338
fma [N/mm?] 17.28 (185) 17.28 (185)
feor [IN/Mm?] 21 EN 338 21 EN 338
fepa [N/mm?] 15.12 (185) 15.12 (185)
a1 min 44.2 Table 60 60 Table 60
Staggered spacing < a; /2 21.84 (OK) [2] 21.84 (OK) [1]
Aper = 2t, (h — 2d) [mm?] 24960 - 24960 -
Agross = 2t;h [mm?] 28800 - 28800 -
Wiee [Mm3] 74257920 - 74257920 -
Wyross = % [mm?3] 77760000 - 77760000 -
Faress 1.154 - 1.154 -
Vzgv—t 1.047 - 1.047 -
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As given in Table 65, the design net tensile failure values calculated at the critical cross-
section of the middle member using the rules provided by the Present Eurocode 5 and

the New Eurocode 5 are equal.

Table 65: Example 2 - net tensile failure for middle member.

Net tensile failure Present Eurocode 5 New Eurocode 5
Middle member Value Equation Value Equation
hper [Mm] 150 [2] 150 [1]

h [mm] 140 - 140 -

kn 1.014 (168) 1.014 (169)
feox [IN/mm?] 14.5 EN 338 14.5 EN 338
fooa [N/mm?2] 10.59 (166) 10.59 (167)
a1,min 60 Table 60 60 Table 60
Staggered spacing < a; i, /2 21.84 (OK) [2] 21.84 (OK) [1]
Anec = to(h — 2d) [mm?] 9280 Socon 9280 Socon
Number of members, n,empers 1 - 1 -
E;j:::er”it Atri?;:"fdfa”“re kNI, 98.23 (164) 98.23 (165)
Fo = Famone T 23 |- | sa |

d) Block shear failure

The Present Eurocode 5 provides an expression for the determination of the block shear
failure resistance for steel-to-timber connections only. However, the expression provided
by the Present Eurocode 5 is used in this Example 2 to perform the design check for the
block shear failure as an additional check. The end of each side member is not loaded
when the force is parallel to the grain in the middle member. Therefore, the block shear
failure is not relevant for the side members in this case. When the force is parallel to the
grain in the middle member, the value of the design block shear failure capacity of the
middle member obtained by using the New Eurocode 5, which is presented in Table 67, is
10.88 % lower than the value obtained by using the Present Eurocode 5 which is given in
Table 66. The provided expressions for determining the block shear capacity by the
Present Eurocode 5 and the New Eurocode 5 are different. Furthermore, the partial
factors used to determine the design block shear failure resistance in the New Eurocode 5
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and the Present Eurocode 5 are not the same. In the New Eurocode 5 is Ym which is for
strength property of the material and in the Present Eurocode 5 is Yz which is for the
resistance property. In this case, the tear-out (tensile) failure is decisive for the block
shear failure according to the Present Eurocode 5, but the shear failure is decisive for the
block shear failure according to the New Eurocode 5.

Present Eurocode 5

Table 66: Example 2 - block shear failure using the Present Eurocode 5 when the force is parallel
to the grain in the middle member.

Block shear failure Present Eurocode 5
Middle member
Value Equation
lej fastener = Gz —d [mm] 48 -
Ly fastener = @1 —d [mm] 52 -
lyiena = asc — 0.5d [mm] 79 -
tery [MmM] 80 (144)
tnete [MM] 80 (158)
feox [N/mm?] 14.5 EN 338
fox IN/mm?] 4.0 EN 338
Lyt [Mm] 48 (161)
Lpety [Mm] 261.7 (160)
Apeee [Mm?] 3840 (158)
Apety [MmM?] 20936.11 (159)
Nmembers 1 -
Characteristic block shear failure capacity, Fy;p, [N] 83520 (157)
Design block shear failure capacity, F,spq [KN] 57.82 (187)
Design force [KN], Fy = Fysra Mmembers 57.82 -

New Eurocode 5
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Table 67: Example 2 - block shear failure using the New Eurocode 5 when the force is parallel to
the grain in the middle member.

Block shear failure New Eurocode 5

Middle member

Value Equation
dhote;max [MM] 12 -
Acl 0.65 (146)
fox IN/mm?] 4.0 EN 338
foa [N/mm?Z] 2.88 (185)
Gmean [N/Mm?] 690 EN 338
Eomean [N/Mm?] 11000 EN 338
k, 0.751 (135)
leon [Mm] 148.98 (136)
b [MmM] 48 (142)
feox [N/mm?] 14.5 EN 338
feoa IN/mm?] 10.44 (185)
oo 2 -
Nmembers 1 -

Head tensile plane
ter [MM] t, = 80 -
Fira [N] 40089.6 (141)

Side shear plane
ter [Mmm] 80 (146)
Fyiaa [N] 25766.41 (134)
Design block shear failure capacity, Fys4 [KN] 51.53 (162)
Design force [kN], Fy = Fpsq Nmembers 51.53 -
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e) Row shear failure

For the side members, the end of each member is not loaded when the force is parallel to
the grain in the middle member. Therefore, the row shear failure is not relevant for the
side members in this situation. When the force is parallel to the grain in the middle
member, the value of the design row shear failure capacity of the middle member
obtained by using the New Eurocode 5 is given in Table 68. The row shear failure is not
covered by the Present Eurocode 5.

New Eurocode 5

Table 68: Example 2 - row shear failure using the New Eurocode 5 when the force is parallel to the
grain in the middle member.

Row shear failure New Eurocode 5
Middle member

Value Equation
Ngg 2 _
Nimembers 1 -
Fyjaa [N] 25766.41 Table 67
Design row shear failure capacity, F,;4 [kN] 103.07 (156)
Design force [KN], F; = Frgq Nmembers 103.07 -
8.2.2.2 Force parallel to the grain in the side members

a) Load transfer

When the force is parallel to grain in the side members, the calculated values of the
design load-carrying capacity per fastener according to the rules on the Present Eurocode
5 and the New Eurocode 5, which are presented in Table 69, are equal. The names of the
failure modes of connections with double shear planes in the New Eurocode 5 and the
Present Eurocode 5 are different, but the expressions for the failure modes are the same.

Table 69: Example 2 - load transfer when the force is parallel to grain in the side members.

Load transfer Present Eurocode 5 New Eurocode 5
Value Equation Value Equation
Side members, fj, 0, [N/mm?] 25.3 (72) - -
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Middle member, f, o, [N/mm?] 25.3 (72) - -
Side members, kq, 1.53 (74) 1.53 (75)
Middle member, kq, 1.53 (74) 1.53 (75)
Side members, k4 - - 1.00 (73)
Middle member, k., - - 1.47 (73)
frik [IN/mm?] 25.3 (70) 25.3 (71)
frn2x [IN/mMm?] 17.2 (70) 17.2 (71)
B 0.68 (51) 0.68 (51)
M, [Nmm] 69071 (80) 69071 (81)
Mshear 2 - 2 -
Number of fasteners, nggseeners 4 - 4 -
Rope-effect, F,,; [N] 0 (83) 0 (84)
Fyriay” OF Fogecay™ [NI 24246 (45) 24246 (45)
Foriey” OF Fpy™ [N] 8258 (46) 8258 (46)
Foriey” OF Fokeay™ [N] 8696 (48) 8696 (48)
Fyreao” OF Fpien™ [N] 6698 (50) 6698 (50)
Characteristic load-carrying

capacity per shear plane per 6698 (44) 6698 (44)
fastener, Fp, [N]

Characteristic load-carrying

capacity per fastener [N], 13397 - 13397 -
Fpx = Fpk Nshear

Design load-carrying capacity

per fastener [N], Fpqq = kmoa% 9274.80 (187) 9274.80 (187)
Design force [KN], 37.10 ) 37.10 )

Fy = Fppra Nfasteners

* Dowel-effect contribution due to a failure mode in the Present Eurocode 5.

** Dowel-effect contribution due to a corresponding failure mode in the New Eurocode 5.
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b) Splitting failure

When the force is parallel to the grain in the side members, the calculated values of the
design load-carrying capacity per row of fasteners loaded parallel to the grain, as
provided in Table 70, based on the rules on the Present Eurocode 5 and the New
Eurocode 5 are equal.

Table 70: Example 2 - splitting failure along a row of fasteners loaded parallel to grain when the
force is parallel to the grain in the side members.

Splitting failure Present Eurocode 5 New Eurocode 5
fast_eners loaded parallel to Value Equation Value Equation
grain
a, [mm] 64 Table 60 64 Table 60
Mo 2 - 2 N
Nes 1.49 (108) 1.49 (108)
Number of rows parallel to grain, 5 ) 5 )
nTOW
Ch teristic load- i
aracteristic foad-carrying 13397 Table 69 13397 Table 69
capacity per fastener, F,; [N]
Design load-carrying capacity
per fastener [N], F,q = kmod% 9274.80 (187) 9274.80 (187)
M
Design load-carrying capacity 13843 (154) 13843 (155)
per row [N]/ Fv,Rd = Fv,d Neg
Design force [KN],
80.95 152 80.95 153
Fy = Fyra Nrow/c0s(az) ( ) ( )

When the force is parallel to the grain in the side members, the value of the design
splitting failure capacity along a row of fasteners loaded perpendicular to the grain
obtained using the New Eurocode 5 is 60.01 % higher than the value of the design
splitting failure capacity obtained using the Present Eurocode 5, as presented in Table 71.
For determining the splitting capacity along a row of fasteners loaded perpendicular to
the grain, the Present Eurocode 5 and the New Eurocode 5 provide different expressions.
When the connection is positioned at the support of the beam, the value of design force
obtained by the New Eurocode 5 is 60.01 % higher than the value obtained by the
Present Eurocode 5. When the connection is positioned at the midspan of the beam, the
value of design force obtained by the New Eurocode 5 is 19.99 % lower than the value
obtained by the Present Eurocode 5.
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Table 71: Example 2 - splitting failure along a row of fasteners loaded perpendicular to grain when
the force is parallel to the grain in the side members.

Splitting failure

Present Eurocode 5

New Eurocode 5

fasteners loaded At the
; At the . See .

perpendicular to support of midspan Connection at any
grain the beam of the Figure 51 position along the

beam beam length

(I, =0) _ (b)
(I =1)
Value Value Equation Value Equation
w 1.0 1.0 (177) - -
b or b, [mm] 160 160 - 160 (181)
h [mm] 180 180 - 180 -
h, [mm] 120 120 - 120 -
kmat - = - 06 (1 79)
kg - - - 19.5 (180)
bcon [mm] - - - 64 -
hy [mm] - - - 60 -
h, [mm] - - - 120 -
Ngo - - - 2 -
koo - - - 1.2 (182)
k con.00 - - - 1.6 (183)
Characteristic splitting
capacity, Fuppe [N] 42501 42501 (176) 68004 (178)
Design splitting
capacity [N], Fopra = 29423.78 | 29423.78 (187) 47079.42 (187)
kmod CenRi
147%
Design force [kN], F,; =
, 31.31 62.62 174 50.10 175

Fypa/sin(ay) (174) (172)
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c) Net tensile failure

The net tensile failure capacity when the force is parallel to the grain in the side
members is the same as the net tensile failure capacity when the force is parallel to the
grain in the middle member.

d) Block shear failure

For the side members, the distance from the connection to the end of the member (end
distance) is very long. Therefore, the block shear failure is not relevant for the side
members when the force is parallel to the grain in the side members. For the middle
member, the block shear failure capacity when the force is parallel to the grain in the
side members is the same as the block shear failure capacity when the force is parallel to
the grain in the middle member.

e) Row shear failure

For the side members, the distance from the connection to the end of the member (end
distance) is very long. Therefore, the row shear failure is not relevant for the side
members when the force is parallel to the grain in the side members. For the middle
member, the row shear failure capacity when the force is parallel to the grain in the side
members is the same as the row shear failure capacity when the force is parallel to the
grain in the middle member.

Design force Fq

The design value of the force F (i.e., Fq) is the minimum value of the design forces due to
the resistance cases calculated above. In this case, the maximum design value of the
force F (i.e., Fq) for the connection is Fs = 27.69 kN based on the rules on the Present
Eurocode 5 and the New Eurocode 5. The splitting failure along a row of fasteners loaded
parallel to the grain is the decisive failure for the design of the connection by the Present
Eurocode 5 and the New Eurocode 5. The values of the design force Fqs obtained by using
the New Eurocode 5 and the Present Eurocode 5 are equal.

8.3 Example 3

The case used here is from the lecture notes of TKT4211 Timber Structures 1 [16],
named as Example C4, in the spring 2022. The results found in this Example 3 using the
Present Eurocode 5 are the same as the results in Example C1 given in the lecture notes.
The obtained results based on the rules on the Present Eurocode 5 and the New Eurocode
5 are compared.

In this example case, as depicted in Figure 52, a connection with multiple slotted-in steel

plates and dowels is applied. The task is to find the maximum design value of the force F
(i.e., Fg) in the connection.
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Figure 52: Connection with multiple slotted-in steel plates and dowels [16].

Used parameters:

Service class 2, short-term load: kmos = 0.9
Connections: vv = 1.3 (Norwegian national annex [2])
Dowels

Diameter: d = 12 mm

fuk = 400 N/mm?

Fax,re = 0

Timber member

Thickness of outer timber members: t; = 40 mm
Thickness of inner timber members: t2 = 71 mm

Timber GL32c: px = 400 kg/m3
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Load-to-grain angle: a = 0°

Ym = 1.15 (Norwegian national annex [2])
Steel plates

Thickness of steel plates: t, = 8 mm

Thickness of slots for steel plates: ts = 9 mm

8.3.1 Spacing, end and edge distances

Since the load-to-grain angle is zero, a = 0°, the rules on the Present Eurocode 5 and
the New Eurocode 5 give equal values for the minimum required spacing and end and
edge distances for dowels according to Table 43 in section 6.2.3. There is not a loaded
edge and there is not an unloaded end (far away) in the connection. Therefore, the
distances corresponding to these ends and edges are not relevant. The values of the
spacings and end and edged distances are given in Table 72.

Table 72: Example 3 - spacing and end and edge distances.

Spacing and end and edge Present Eurocode 5 and New
distances Eurocode 5
Minimum [mm] Actual [mm]
a, 60 60
a, 36 36
as; 84 84
as . Not relevant Not relevant
Ayt Not relevant Not relevant
Ay 36 36

8.3.2 Design Check
a) Load transfer

For the values of the design load-carrying capacity per fastener, which are presented in
Table 73, the New Eurocode 5 gives 1.75 % lower than the Present Eurocode 5. In steel-
to-timber connections, the New Eurocode 5 considers the steel plate as a member, but
the Present Eurocode 5 does not consider the steel plate as a member. As discussed in
section 3.2, the provisions given by the New Eurocode 5 and the Present Eurocode 5 for
achieving the compatibility between the members are different.
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Table 73: Example 3 - load transfer.

Load transfer

Present Eurocode 5

New Eurocode 5

Value Equation Value Equation
Side members Side members

frox [IN/Mm?] 28.9 (72) - -
kyo 1.53 (74) 1.53 (75)
Kat - - 1.00 (73)
frax [N/mm?] 28.9 (70) 28.9 (71)
Nshear 2 - 2 -
Rope-effect, F,,, [N] 0 (83) 0 (84)
Fyri(e)” OF For@™ [N] 13855 (53) 13855 (45)
Fprwy™ [N] - - 28800 (46)
Fyriccay” OF Fpycay™ [N] 8287 (53) 8549 (48)
Fyriey” OF Fpjeery™ [N] 11858 (53) 11583 (50)
Characteristic load-carrying
capacity per shear plane per 8287 (53) - -
fastener, Fp, [N]
Characteristic load-carrying
capacity per fastener [N], 16574 - - -
Fpx = Fpk Nshear

Middle members Middle members
fro IN/MmM?] 28.9 (72) - -
koo 1.53 (74) 1.53 (75)
Knat - - 1.00 (73)
fr2x [N/Mm?] 28.9 (70) 28.9 (71)
Nshear 12 - 12 -
Rope-effect, F,,, [N] 0 (83) 0 (84)
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Fpr™ [N] - - 57600 (45)
Fyrieqy” OF Fp ™™ [N] 12296 (56) 12296 (46)
Fyrkam)” OF Forery™ [N] 11858 (56) 11583 (50)
Characteristic load-carrying
capacity per shear plane per 11858 (56) - -
fastener, Fp, [N]
Characteristic load-carrying
capacity per fastener [N], 142296 - - -
FD,k = FD,k Nshear
Entire connection Entire connection
nfasteners 25 - 25 -
Aa) (@) [KN] - - 718.9 Figure 11
B,y [KN] - - 205.2 Figure 11
Cacr) [kN] - - 156.1 Figure 11
Dy, ry [KN] - - 162.2 Figure 11
Characteristic load-carrying Section Section
capacity per fastener, Fp; [kN] 158.87 3.2 156.1 3.2
Design load-carrying capacity
per fastener [kN], Fppq = 109.99 (187) 108.07 (187)
F

kmod%ﬂf
Design f kN

esign force [kNJ, 2749.72 ; 2701.63 -

Fy = Fpra Nfasteners

* Dowel-effect contribution due to a failure mode in the Present Eurocode 5.

** Dowel-effect contribution due to a corresponding failure mode in the New Eurocode 5.

b) Splitting failure

For the values of the design load-carrying capacity per row, as given in Table 74, the
New Eurocode 5 gives 1.74 % lower than the Present Eurocode 5. This is due to the
difference between the calculated values of the design load-carrying capacity per
fastener according to the Present Eurocode 5 and the New Eurocode 5.
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Table 74: Example 3 - splitting failure along a row of fasteners loaded parallel to grain.

Splitting failure

Present Eurocode 5

New Eurocode 5

fast-eners loaded parallel to Value Equation Value Equation
grain
a, [mm] 60 Table 72 60 Table 72
Ny 5 - 5 -
Nef 3.35 (108) 3.35 (108)
Number of rows parallel to grain, 5 ) 5 )
nT‘OW
Ch teristic load- [

aracteristic loac-carrying 158.87 Table 73 156.1 Table 73
capacity per fastener, F,, [KN]
Design load-carrying capacity
per fastener [N], F, 4 = kmod% 109.99 (187) 108.07 (187)

M

Design load-carrying capacity 368.7 154 362.3 155
per row [N]I Fv,Rd = Fv,d nef ' ( ) ' ( )
Design force [kN], 1843.52 (152) 1811.28 (153)
Fyg= Fv,Rd Nrow

c) Net tensile failure

As presented in Table 75, the value of the design net tensile failure resistance obtained
by the New Eurocode 5 is 0.10 % lower than the value obtained by the Present Eurocode
5. This is due to the difference in k» values according to the Present Eurocode 5 and the

New Eurocode 5.

Table 75: Example 3 - net tensile failure.

Net tensile failure

Present Eurocode 5

New Eurocode 5

Side members Value Equation Value Equation
hyer [Mm] 150 [2] 150 [1]

h [mm] 570 - 570 -

kn, 1.005 (170) 1.004 (171)
frox IN/mm?] 19.5 EN 14080 19.5. EN 14080

135




feoa [N/mm?] 15.34 (166) 15.32 (167)

ngg 5 - 5 -
. Section
A, [mm?] 78585 Section 7.1.9 | 78585 B
Desi t tensile fail
esign net tensiie failure 1205.44 (164) 1204.21 (165)

[kN]/ Fy = Apet ft,o,d

Design force, F; [kN] 1205.44 - 1204.21 -

d) Block shear failure

The value of the design block shear failure capacity obtained by using the New Eurocode
5, which is presented in Table 77, is 24.64 % lower than the value obtained by using the
Present Eurocode 5 which is given in Table 76. The provided expressions for determining
the block shear capacity by the Present Eurocode 5 and the New Eurocode 5 are
different. Furthermore, the partial factors used to determine the design block shear
failure resistance in the New Eurocode 5 and the Present Eurocode 5 are not the same.
In the New Eurocode 5 is rym which is for strength property of the material and in the
Present Eurocode 5 is Y= which is for the resistance property. In this case, the tear-out
(tensile) failure is decisive for the block shear failure according to the New Eurocode 5
and the Present Eurocode 5.

Present Eurocode 5

Table 76: Example 3 - block shear failure using the Present Eurocode 5.

Block shear failure Present Eurocode 5
Value Equation
ltifastener = @z —d [Mmm] 24 -
lyi fastener = @1 —d [mMm] 48 -
lyiena = @3¢ —0.5d [mm] 78 -
ter@ [Mm] 24 (144)
tnere [MM] 507 (158)
feox [N/mm?] 19.5 EN 14080
fox IN/mm?] 3.5 EN 14080
Lpet,e [mm] 96 (161)
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Lnet,v [mm]

540

(160)

Anett [mm?]

48672

(158)

Middle members

Anet,v [mmz]

230040

(159)

Side members

Assumed 3 shear planes

Anet,v [mmz]

38839

(159)

Assumed 2 shear planes

ATLEt,V [mmz]

21600

(159)

Entire member

Anety [MmM?] 273240 -
Nmembers 1 -
Characteristic block shear failure capacity, Fygg, [N] 1423656 (157)
Design block shear failure capacity, Fyszq [KN] 985.61 (187)
Design force [kN], F; = Fpsra Nmempers 985.61 -
New Eurocode 5
Table 77: Example 3 - block shear failure using the New Eurocode 5.
Block shear failure New Eurocode 5

Value Equation
dhote;max [MM] 12 -
®clin 1.00 (146)
Actout 0.65 (147)
fox IN/mm?] 3.5 EN 14080
foa [IN/Mmm?] 2.74 (185)
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Gean [IN/Mm?2] 650 EN 14080
Eomean [N/mm?] 13500 EN 14080
k, 0.707 (135)
leon [MM] 324 (136)
bper [Mm] 96 (142)
feone IN/mm?] 19.5 EN 14080
froa [N/mm?] 15.26 (185)
Ngg 5 -
Nmembers 1 -
Head tensile plane

tes [Mm] 507 -
Fyra [N] 742777 (141)

Inner members side shear plane

ter [Mmm] 71 (146)

Fyaa [N] 267367.2 (134)

Outer members side shear plane

ter [Mm] 26 (147)

Fyaa [N] 32140.78 (134)

Entire member side shear plane

Fyiaa [N] 299508 (134)
Design block shear failure capacity, F,sq [KN] 742.78 (162)
Design force [kN], F; = Fpsq Nmembers 742.78 -

e) Row shear failure

The row shear failure is not covered by the Present Eurocode 5. The value of the design
row shear failure capacity obtained by using the New Eurocode 5 is given in Table 78.
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Table 78: Example 3 - row shear failure using the New Eurocode 5.

Row shear failure New Eurocode 5

Value Equation
Mgy 5 -
Nmembers 1 -

Entire member side shear plane

Fy1aa [N] 299508 Table 77
Design block shear failure capacity, F,54 [KN] 2995.08 (156)
Design force [kN], Fy = Frsqa Nymempers 2995.08 -

Design force Fq

The design value of the force F (i.e., F4) is the minimum value of the design forces due to
the resistance cases investigated above. In this case, the maximum design value of the
force F (i.e., F4) for the connection is Fu = 985.61 kN according to the rules on the
Present Eurocode 5 and Fqs = 742.78 kN based on the rules on the New Eurocode 5.
According to the Present Eurocode 5 and the New Eurocode 5, the block shear failure is
the decisive failure for the design of the connection. The value of the design force Fq
obtained by using the New Eurocode 5 is 24.64 % lower than the value of the design
force Fq obtained by using the Present Eurocode 5.
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9 Bonded-in rods

Bonded-in rods are not covered by the Present Eurocode 5, but they are included in the
New Eurocode 5. Hence, all the descriptions and expressions about bonded-in rods in this
chapter are according to the New Eurocode 5.

Bonded-in rods are commonly used in tension and compression connections. Bonded-in
rods are mainly efficient for transferring or carrying of tensile and compressive loads
along their axis. Bonded-in rods may also be loaded perpendicular to their axis. In a
connection with bonded-in rods, shear forces are also created in addition to the tensile
and compressive forces. Tensile forces are transferred from the wood to the rod through
the glue or the adhesive and compressive forces are transferred by direct contact
between the wood and the rod. Shear forces in the connection are transmitted by the
embedment of wood and the rod cross-section. Bonded-in rods can be applied in timber-
to-timber, steel-to-timber, and concrete-to-timber connections. Bonded-in rods can be
used in a connection in parallel or perpendicular to the grain direction. The following
failure modes can appear in a connection with axially loaded bonded-in rods in service
classes 1 and 2 and the load-carrying resistance of the connection must be verified for
these failure modes [1]:

a) tension failure of the rod

b) compression (buckling) failure of the rod

c) failure of the adhesive in the bond line and its bond to rod and timber
d) shear failure of the timber adjacent to the bond line

e) splitting of the timber departing from the bonded-in rods

f) timber failure of the member in the surrounding of the bonded-in rod (e.g., net-section
failure or block shear failure in a connection with multiple bonded-in rods)

9.1 Effects of the changes of moisture content

Within a specific ranges of moisture content and temperature, the properties of the
adhesive and its bond to the rod and timber must be permanent throughout the service
life of the structure according to the New Eurocode 5. The timber must be treated close
to the final equilibrium moisture content during gluing. The risk of splitting in the timber
due to the variations in moisture content must be considered in a connection with
bonded-in rods perpendicular to the grain.

9.2 Material requirements

Materials used in a connection with bonded-in rods are timber, rod, and adhesive. The
types of timber that can be used in such connections are glued laminated timber (GL) or
glued solid timber (GST), laminated veneer lumber (LVL) and glued laminated veneer
lumber (GLVL) and cross laminated timber (CLT). Two types of rods with diameters of 6
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mm up to 30 mm can be used in a connection with bonded-in rods and they are ribbed
rods of reinforcing steel in compliance with EN 10080 and metric rods with coarse thread
in compliance with EN ISO 898-1. The type of an adhesive which is applied in a
connection with bonded-in rods is according to EN 17334. The values of the characteristic
withdrawal strengths of bonded-in rods fw,x, which are used in a connection with bonded-
in rods, are equal to at least the values given in Table 79.

Table 79: Minimum characteristic withdrawal strength of bonded-in rods for softwood and
hardwood fi,« [1].

Effective withdrawal length [, ., of the rod according to (194 in mm

Lyer <250 mm 250 < [, o; < 500 mm 500 < L, .; < 1000 mm

Fpp N 4.0 5.25 — 0.005 L, o 3.5~ 0.0015 L,, o
N/mm?22

@ The load-carrying resistance determined for [, . = min (40d; 1000) in mm is applied for
applications in which [, ., > min (40d;1000) in mm.

9.3 Geometric requirements for bonded-in rods

The withdrawal length of the bonded-in rods /w, as shown in Figure 53, must satisfy the
requirement given by:

0.4 d? (189)

lWZmax{ 8d

where d is the diameter of the bonded-in rod.

T yrin

- - /
-2
-"’ = :E | \3\- ~ ;
_ R N I Fiy=Fcosa
4 —]—- 4B ™ ' —- -
y @\\ -l | + a X
Y = L |
| N A s F
s ~, d F,=Fsina
*ﬁ . S 1
g loan
Key:
1 Adhesive dgriu  Drill hole diameter
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2 Timber d Diameter of the rod

3 Rod lean Distance between bond-line and the lateral load
Larinr Drill hole length a Angle between load and rod axis

Ly Withdrawal length F Force

Ly Not bonded length Fi, Lateral force

ty Bond line thickness F,. Axial force

Figure 53: An example of a bonded-in rod [1].

9.4 Axial resistance of a connection with bonded-in rods

9.4.1 Tension resistance of the rod in the connection

In the New Eurocode 5, the design axial tensile resistance of the bonded-in rod in tension
is determined by:

Fra (190)

Faxrqa = min {F
w,d

with
A 0.94 191
min [ﬂ, M] for threaded rods ( )
F ., = Ym0 VYm,2
LT A fyx
SR for ribbed rods
Ym0
k
Fwd — mod FW,k (192)
Ym
(Al erfwk (193)
F,. = mln{ wefiw,
wk EsASEu,timber
Ly (194)
lyer = min 40d
1000 mm
where

F.xra 1S the design axial resistance of the bonded-in rod, in N;
Fiq is the design tensile resistance of the rod, in N;

Fya is the design withdrawal resistance of the bonded-in rod, in N;
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A is the nominal stress area according to EN ISO 898-1 for threaded rods and the
nominal cross-sectional area according to EN 10080 for ribbed rods;

fyk is the characteristic yield strength of the bonded-in rod;
fuk is the characteristic ultimate strength of the bonded-in rod;
d is the diameter of the bonded-in rod;

L, is the withdrawal length;

lyer is the effective withdrawal length;

Fo is the characteristic withdrawal strength, defined as f,,, according to EN 17334;
Ym0 is the partial factor for material properties;

Ym2 is the partial factor for material properties;

Yu is the partial factor for material properties;

ewemper 1S the partial factor for material properties;

For softwood timber &y, timper = 2.4 %eo.

In a connection with bonded-in rods, ductile failure is preferred to brittle failure of the
connection. If failure mode (a), which is the tensile failure, of the rod occurs prior to the
other failure modes presented in section 9, ductile behavior of axially loaded connections
with bonded-in rods is achieved. Equation (195) must be satisfied to achieve ductility in
the connection.

Fro95 < Fy (195)

Fip.05 = Asfy005 (196)

Froos IS the 95%-percentile of the resistance of the bonded-in rod;
Fuk is the characteristic withdrawal resistance of the bonded-in rod;

A is the nominal stress area according to EN ISO 898-1 for threaded rods and the
nominal cross-sectional area according to EN 10080 for ribbed rods;

fyo90s is the 95t-percentile of the yield stress of the bonded-in rod;

The requirement in Equation (195) can be attained by fulfilling another requirement in
Equation (197), if a steel rod with a given strength is applied.

Foa < (197)

td
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where
Fya is the design withdrawal resistance of the bonded-in rod, in N;

Fiq is the design tensile resistance of the rod, in N;

9.4.2 Compression resistance of the rod in the connection

The design axial compressive (buckling) resistance of the bonded-in rod in compression
can be determined according to section 2.4.

9.4.3 Resistance of the timber member in the connection

9.4.3.1 Tensile resistance of the timber member

When determining the tensile resistance of the timber member in a connection with
bonded-in rods, the net cross-sectional area is considered by the reduction of the timber
cross-section for the diameters of the predrilled holes. For achieving a balanced stiffness
between the timber and the rods parallel to the grain, the bonded-in rods must be
uniformly distributed over the timber cross-section or within a group of rods acting
together according to the New Eurocode 5.

For a single bonded-in rod inserted parallel to grain where the effective timber area Aer of
the given rod, as depicted in Figure 54, cannot be greater than a square of maximum 6d
(Aer < 36d?), the design tensile resistance of the timber member parallel to the grain
Fto,ra is determined by Equation (198). The effective timber area Aer is neglected when
the spacing between the adjacent rods is less than 6d as shown in Figure 54.

Fiora = froader (198)

where
fioa  is the design tensile strength of the timber;
Agr is the effective timber area, see Figure 54;

d is the diameter of the bonded-in rod.
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Figure 54: Effective timber areas for bonded-in rods parallel to the grain [1].

9.4.3.2 Splitting resistance of the timber member

For a single bonded-in rod inserted at an angle to the grain, the design splitting
resistance of the timber member is determined according to the provisions given in
section 7.2. As depicted in Figure 55, he is the distance from the loaded edge to the end
of the rod, and ber is the effective width with a maximum of 6d per rod.
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-] ) . P |
o ; ; I |
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th" Hn?:-_"_ E "“"-; i E. 1 i -
! H 1
v | @ 0 ; : i}
b1 | - : ; I : i o
o™ ] - 5 |
dﬁ v i et i
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= ; !
o

l Fax,Ed

Figure 55: Effective timber areas for bonded-in rods at an angle to the grain [1].
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9.5 Lateral resistance of a connection with bonded-in rods

The design of the lateral resistance of the bonded-in rods is determined according to the
provisions given in section 4.2. The embedment strength for dowels and bolts according
to section 3.3.2 is applied for the laterally loaded bonded-in rods inserted perpendicular
to the grain (¢ = 90°). The embedment strength for the laterally loaded bonded-in rods
inserted parallel to the grain (€ = 0°) is 10 % of the embedment strength for the laterally
loaded bonded-in rods inserted perpendicular to the grain (¢ = 90°). The embedment
strength for the laterally loaded bonded-in rods inserted at an angle to the grain is
determined by linear interpolation between the embedment strengths for the laterally
loaded bonded-in rods inserted perpendicular to the grain (€ = 90°) and parallel to the
grain (e = 0°). The characteristic value of the dowel-effect contribution Fp,« for a bonded-
in rod is calculated by Equation (199 for loads acting at a distance e > 0, which is
depicted in Figure 58, by considering the failure modes (al) and (bl) depicted in Figure
56.

Afnk <\[(lh + 2leqn)? + 1" — by — 21can> (a1) (159)
ez df; < l 2+%—1 ) (b1)
h,k can dfh,k can
where
d is the nominal diameter of the bonded-in rod;
frk is the characteristic embedment strength according to section 9.5;

lean is the distance between load and bond-line, see Figure 56;
I is the embedment depth;

M,, is the characteristic yield moment of the rod, see section 3.4.2.

t\.

‘ !h ‘lca‘l ) | JIh _‘rt;n i

a) Failure mode al b) Failure mode b1

Figure 56: Failure modes (al) and (bl) for a bonded-in rod loaded at a distance I, from the
bond-line [1].
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9.6 Spacing, edge and end distances

For laterally loaded bonded-in rods as shown in Figure 58, the minimum spacings and
end and edge distances provided in Table 80 are applied for adhesives not exceeding 150
% of the required value of the characteristic withdrawal strength fu « according to Table
79. The denotations of spacings and edge and end distances of axially loaded bonded-in
rods are given in Figure 57 and the denotations of spacings and edge and end distances
of laterally loaded bonded-in rods are given in Figure 58.

darin, | d
F;a.\:,i-i'_-:,iT T Fz]x,}i'_{,i ‘ i /1

&
4}
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".') Ix]
e e | —
[ ¥]
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ag; ag as .
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drill, L e
<
[}
- (W 1
i £ ~
[}
@ @ ' 3
<
L]
. . a; A4, FaxEk,i T T FaxEl,i

Figure 57: Denotation of spacings and edge and end distances of axially loaded bonded-in rods [1].
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Figure 58: Denotation of spacings and edge and end distances of laterally loaded bonded-in rods

[1].

Table 80: Minimum spacings and distances for bonded-in rods for GL, GST, LVL and GLVL [1].

Bonded-in rods

Axially loaded rods

Laterally loaded rods

az = 5d a2 = Sd
Parallel to grain a,. = 2.5d a4c = 2.5d
a4't = 4’d
a, =4d The New Eurocode 5 informs the
user to see in Table 11.17 to
a, =4d 11.19 [1], but no explicit values
Perpendicular to grain for bonded-in rods are given in
U3c = 2:5d Table 11.17 to 11.19 [1].
a4‘C = 2.5d

The minimum spacings and distances in Table 80 are reduced by 30 % for axially loaded
rods bonded-in parallel to the grain with adhesives not exceeding the required value of
the characteristic withdrawal strength fs,« according to Table 79. When an unbonded
length of /np = 5d is used, the values of these reduced spacings and distances are applied
for adhesives not exceeding 125 % of the required value of the characteristic withdrawal
strength fw,« according to Table 79. Linear interpolation can be applied when an
unbonded length of 3d < /n» < 5d is used.
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10 Shear connectors

Shear connectors are different from the metal dowel-type fasteners. Shear connectors
are used to transfer shear between the contact surfaces of adjacent members. They are
more efficient than the dowel-type fasteners in transferring shear stresses. When
transferring shear stresses, the shear connectors distribute the shear stresses over a
large area, but the dowel-type fasteners concentrate the shear stresses at a very small
area (a point). The design of a connection with shear connectors consists of determining
the resistance of a fastener, spacing and edge and end distances and design of the
connection. In this chapter, most of the expressions provided by the Present Eurocode 5
and the New Eurocode 5 are the same. Unless it is specified, the presented expressions
are according to both the New Eurocode 5 and the Present Eurocode 5. The difference in
the nomenclature of parameters in the expressions provided by the Present Eurocode 5
and the New Eurocode 5 is given in Table 86.

10.1 Split-ring and shear plate connectors

In the New Eurocode 5 and the Present Eurocode 5, the characteristic load-carrying
resistance parallel to grain Fv,0« per connector per shear plane is determined by Equation
(200) for shear connections with split-ring connectors of type A or shear plate connectors
of type B according to EN912 and EN14545, and with diameter not bigger than 200 mm
(dcon = 200 mm). In the Present Eurocode 5, there is no parameter ks in the condition (a)
in Equation (200).

Fuaw = min Fkokaliks (35 oo ) Q (200)
w k1k3th(31'5 dcon) (b)
1 (201)
ty
k; = min{ 3ty
t,
5¢,

The factor k2 applies to a loaded end (-30° < a < 30°) and is determined by:

kq (202)
k, = min{ 43t
ZdCOTl
with
K = {1.25 for connections with one connector per shear plane (203)
@7 1.0 for connections with more than one connector per shear plane

For other values of a, k> = 1.0.
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1.75 (204)
ks = min{ Px_
350
K, = {1.0 for timber — to — timber connections (205)
4 1.1 for steel — to — timber connections

(206)
ks =1.0 for SLand PL

The expression (a) in Equation (200) is neglected for connections with one connector per
shear plane which is loaded in an unloaded end situation. The minimum required
thickness is 2.25tx for the outer timber member and 3.75t» for the inner timber member,
see Figure 59 as a reference.

Y S
;h,h
oS _
| I | | I
[ 1 1 I - e
T <
I i i B,
= e I

ty Embedment depth

t Thickness of the outer member
ty Thickness of the inner member
d.on ~ Shear connector diameter

Figure 59: Dimensions for connections with split-ring and shear plate connectors [1].
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The characteristic load-carrying resistance Fv,q«, for a force at an angle a to the grain,
per connector per shear plane is determined by:

with

10.1.1

Fv,o,k

Fv,a,k =

kogsin?a + cos?a

koo = 1.3 + 0.001d

Spacing and edge and end distances

(207)

(208)

The expressions for the minimum spacing and end and edge distances for ring and shear
plate connectors provided in the Present Eurocode 5 include the load to grain angle q,
but the expressions provided in the New Eurocode 5 do not include the load to grain
angle a. The minimum spacings and edge and end distances for ring and shear plate
connectors in the Present Eurocode 5 and the New Eurocode 5 is given in Table 81.

Table 81: Minimum spacings and edge and end distances for ring and shear plate connectors.

Present Eurocode 5

New Eurocode 5

Spacings and end

Load to grain

. .. . Minimum
and edge distances angle Minimum spacing or .
. spacing or
distance .
distance
a
a1 (parallel to grain) 0° < a < 360° (1.2+4+0.8|cosal)de 2.0 dcon
a2 (perpendicular to
: 0° < a < 360° 1.2 dc 1.2 deon
grain)
ast (loaded end) -90° < a £ 90° 2.0 dc 2.0 dcon
as,c (unloaded end) 90° < a < 150° (0.4 + 1.6 |sina])dc
150° < g < 210° 1.2 dc 1.5 dcon
210°<a<270°| (0.4+1.6|sina])dc
ast (loaded edge) 0° < a =< 180° (0.6 + 0.2 | sina|) dc 0.8 dcon
as,c (unloaded edge) 180° < a < 360° 0.6 dc 0.6 dcon

The minimum spacings parallel to the grain a: and perpendicular to the grain a: for
staggered shear connectors in the New Eurocode 5 as depicted in Figure 60(a), and in
the Present Eurocode 5 as shown in Figure 60(b), must comply with the expressions

given in Table 82.
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Table 82: Requirement for minimum spacings parallel and perpendicular to the grain for staggered
shear connectors.

Present Eurocode 5 New Eurocode 5
(ka1)? + (ka2)? 2 1 (209) s | _ (a_1>2 (210)
a a;
with {0 Sko =1 (211) | with  a;s/a; <1 and ays/a, <1 (212)
0<kip<1

If a2 < 0.5a:, the shear connectors are considered as aligned parallel to the grain
according to the New Eurocode 5. If ka2az < 0.5ka1a:, the shear connectors are
considered as aligned parallel to the grain according to the Present Eurocode 5. In the
condition to be fulfilled to consider the connectors as positioned parallel to the grain, the
actual spacings a: and az are used in the New Eurocode 5, but the reduced spacings ka:a:
and kazaz are applied in the Present Eurocode 5. The spacings a; in the New Eurocode 5
and kaza;: in the Present Eurocode 5 are multiplied by a reduction factor ks,req, 0.5 < Ks,red
< 1.0, given the resistance in Equation (200) is multiplied by a reduction factor Ks,req.

kr,red = 02 + O-8ks,red (213)
50 & e
- s
) = ’
S b
| I Q
| [
| =

- kngaz -

O

a) Spacing for staggered shear connectors b) Spacing for staggered shear connectors

in the New Eurocode 5 [1] in the Present Eurocode 5 [2]

Key:

ays is the staggered spacing of dowel-type fasteners parallel to the grain, in mm;
Ay is the staggered spacing of dowel-type fasteners perpendicular to grain, in mm;
a, is the spacing of dowel-type fasteners perpendicular to the grain, in mm;

ka1 is a reduction factor for the minimum distance a, parallel to the grain;

kao is a reduction factor for the minimum distance a, perpendicular to the grain.

Figure 60: Spacing for staggered shear connectors.
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It is considered that the load-carrying capacity of a connection with multiple connectors
of the same type and dimension, can be lower than the summation of the individual
capacities of each connector. The effective number of connectors ner is not covered by
the New Eurocode 5. In the Present Eurocode 5, the effective number of connectors ner in
a row of connectors parallel to the grain for determining the load-carrying capacity
parallel to the grain is given by:

= _"yn— (214)
ner=2+(1 20)(11 2)
where
Nes is the effective number of connectors;
n is the number of connectors in a line parallel to the grain.
10.1.2 Cross-section reduction of members

When the split-ring and shear connectors are used in a connection, there is a reduction in
the size of the members in the connection. The cross-section reduction of the members
in a connection with connectors is not covered by the Present Eurocode 5. The cross-
section reduction of the members in a connection with split-ring connectors of type A or
shear connectors of type B according to EN 912 and EN 14545, and with a diameter of
the connectors not bigger than 200 mm is provided in Table 11.25 in the New Eurocode 5

[1].

10.2 Toothed plate connectors

The characteristic load-carrying resistance of connections with toothed-plate connectors
is the sum of the characteristic load-carrying resistance of the shear connectors and the
bolts in the connections. Section 3 is applied for determining the characteristic load-
carrying resistance of the bolts used with the toothed-plate connectors. In the New
Eurocode 5 and the Present Eurocode 5, the characteristic load-carrying resistance Fv,o,«
per toothed-plate connector of type C according to EN 912 and EN 1445 is given in
Equations (215) and (216) respectively.

According to EN 912:

Single-sided connectors: type C2, C4, C7, C9 and C11
Double-sided connectors: type C1, C3, C5, C6, C8 and C10
New Eurocode 5

Fo - min {18k1k2k3 deon ™ for types C1 to C9 (215)
nok 25k, ko ks deon ™ for types C10 and C11
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Present Eurocode 5

18k, kyks d. M for single — sided types (216)

F. = min
vRK {25k1k2k3 d s for double — sided types

The New Eurocode 5 says that the first expression in Equation (215) is for types C1 to C9
which are not all single-sided types according to EN 912 and the second expression in
Equation (215) is for types C10 and C11 only. The Present Eurocode 5 says that the first
expression in Equation (216) is for single-sided types of connectors and the second
expression in Equation (216) is for double-sided types of connectors according to EN 912.

k; = min E (217)

- For types C1 to C9

(218)
k, =min{_ %3t
15d.,,

with

1.1dcon (219)
as; = max 7d
80 mm

- For types C10 and C11

1 (220)
k, =min{_ %3t
20d,,,

with

1.5 deop
as; = max 7d
80 mm

(221)

1.5
Pr (222)

ks; = min{
350
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According to the New Eurocode 5, the first expression in Equation (215) is neglected for
connections with one toothed-plate connector per shear plane which is loaded in an
unloaded end situation. According to the Present Eurocode 5, the minimum required
thickness is 2.25th for the outer timber member and 3.75t» for the inner timber member
in connection with toothed-plate connector, see Figure 59 as a reference.

10.2.1 Spacing and edge and end distances

The expressions for the minimum spacing and end and edge distances for toothed-plate
connectors provided in the Present Eurocode 5 include the load to grain angle «, but the
expressions provided in the New Eurocode 5 do not include the load to grain angle «a.
According to the New Eurocode 5 and the Present Eurocode 5, the minimum spacing and
edge and end distances for toothed-plate connectors of types C1 to C9 and types C10
and C11 are given in Table 83 and Table 84 respectively. In the New Eurocode 5, the
minimum spacing and edge and end distances for staggered shear connectors of type C1,
C2, C6 and C7 with circular shape is given by the values presented in Table 83 multiplied
by a factor of 0.85. In the Present Eurocode 5, the minimum spacing and edge and end
distances for staggered shear connectors of type C1, C2, C6 and C7 with circular shape
must comply with the expressions given in Table 82.

Table 83: Minimum spacings and edge and end distances for toothed-plate connector types C1 to
Co.

Present Eurocode 5 New Eurocode 5
Spacings and end Load to grain .. . Minimum
Minimum spacing and .
and edge angle spacings and
. end and edge
distances . end and edge
distances .
a distances
a1 (parallel to grain) 0° < a < 360° (1.2+4+0.3|cosal)dc 2.0 dcon
a2 (perpendicular to
: 0° < a < 360° 1.2 dc 1.2 dcon
grain)
ast (loaded end) -90° < a £ 90° 1.5 dc 2.0 dcon
as,c (unloaded end) 90° < a < 150° (0.9 + 0.6 | sina|) dc
150° < a < 210° 1.2 dc 1.5 dcon
210° < a £ 270° (0.9 + 0.6 |sina])dc
ast (loaded edge) 0° < a < 180° (0.6 + 0.2 | sina |) dc 0.8 dcon
as,c (unloaded edge) 180° < a < 360° 0.6 dc 0.6 dcon
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Table 84: Minimum spacings and edge and end distances for toothed-plate connector types C10
and C11.

Present Eurocode 5 New Eurocode 5
Spacings a_nd end Load to grain - _ Minimum
and edge distances angle Minimum spacing or .
. spacing or
distance .
distance
a
a1 (parallel to grain) 0° < a < 360° (1.2+0.8]cosal)d 2.0 dcon
a2 (perpendicular to
: 0° < a < 360° 1.2 dc 1.2 deon
grain)
ast (loaded end) -90° < a £ 90° 2.0 dc 2.0 dcon
as,c (unloaded end) 90° < a < 150° (0.4 + 1.6 |sina])dc
150° < a < 210° 1.2 dc 1.5 dcon
210° < a<270° | (0.4 + 1.6 |sina])dc
ast (loaded edge) 0° < a < 180° (0.6 + 0.2 | sina|) dc 0.8 dcon
as,c (unloaded edge) 180° < a < 360° 0.6 dc 0.6 dcon
10.2.2 Cross-section reduction of the members

There is a reduction in the size of the members when toothed-plate connectors of type C
are used in a connection. The cross-section reduction of the members in a connection
with toothed-plate connectors of type C according to EN 912 and EN 14545 is provided in
Table 11.26 in the New Eurocode 5 [1]. The cross-section reduction of the members in a
connection with toothed-plate connectors is not covered by the Eurocode 5.

10.3 Split-ring and shear plate connectors in end grain

The split-ring and shear plate connectors in a connection in an end grain of members is
not covered by the Present Eurocode 5. In the New Eurocode 5 for members of solid
wood with the moisture content less than 20 %, glued lumber (GL) and glued structural
timber (GST) in a connection, the following shear connectors according to EN 912 may be
used in the end grain of the members:

- split-ring connectors of type Al with diameters dcon < 126 mm;
- tooth-plate connectors of type C1 with diameters dcon < 140 mm;
- spiked shear plate of type C10.
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Table 85: Requirements for bolt diameters d in end-grain connections [1].

Connector diameter d_,, Bolt diameter d

Shear connector Type

[mm] [mm]
Split-ring Al <130 12<d <24
Toothed or spiked shear <75 12 <d < dgop, @
plate C1

=95 10<d <30

C10 10<d <30

a d.on1 is the diameter of the center hole of the shear connector, in mm.

Members with a characteristic density of less than 350 kg/m3 must not be used in an
end-grain connection according to the New Eurocode 5. For an end-grain connection with
split-ring connectors of type A1 and members with a characteristic density of at least 350
kg/m3 (px = 350 kg/m?3), the characteristic load-carrying capacity F.,~ is determined by:

F _ ky F (223)
PHET (1.3 4 0.001 dgpp) *
ky = 0.65 for one or two successively arranged dowels
ky =0.80 for three, four or five successively arranged dowels

For an end-grain connection with toothed-plate connectors of type C1 and spiked shear
plate connectors of type C10 and members with a characteristic density of at least 350
kg/m3 and not more than 500 kg/m?3 (350 kg/m3 < px < 500 kg/m3), the characteristic
load-carrying capacity Fv,x,« is determined by:

Fypy = 14d.on"® + 0.85F, 0 x (224)
For end-grain connections with split-ring and shear plate connectors, the design load-
carrying capacity Fv,x,rd is given by:

kmodFv,H,Rk (225)

Fynra = Neon
YR

The nomenclature used in the shear connectors in the New Eurocode 5 and the Present
Eurocode 5 is provided in Table 86.
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Table 86: Nomenclature used in the shear connectors.

Present
Eurocode 5

New
Eurocode 5

Meaning

Fyork Fyox characteristic resistance parallel to grain per connector per
shear plane, in N
d, dcon shear connector diameter, in mm
he th embedment depth, in mm
t t, thickness of outer member, in mm
t, t, thickness of inner member, in mm
as¢ as; loaded end distance parallel to grain, in mm
Dk Pk characteristic density of timber member, in kg/m?3
Fy Rk Foar characteristic resistance per shear connector per shear
plane for a force at an angle a to grain, in N
d, dcon - toothed-plate connector diameter for types C1, C2,
C6, C7,Cl10 and C11, in mm
- toothed-plate connector side length for types C5,
C8 and C9, in mm
- square root of the product of both side lengths for
types C3 and C4, in mm
Fyo0k characteristic resistance per connector per shear plane for
a force perpendicular to grain, in N
Fynree characteristic load-carrying resistance of the respective
bolt or threaded rod, in N
Neon number of shear connector units in a connection, with
Neon <5
Kmod modification factor accounting for the effect of the duration
of load and moisture content
Yr partial factor for connections
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11 Punched metal plate fasteners (PMPF)

The section for connections with punched metal plate fasteners (PMPF) is given in a
normative Annex P in the New Eurocode 5 and within chapter 8 in the Present Eurocode
5. The provision given by the New Eurocode 5 for connections with punched metal plate
fasteners is more detailed and include many expressions and illustrative figures than the
provision given by the Present Eurocode 5.

11.1 Design resistance

The expression for the design resistance of a punched metal plate fastener (PMPF) is not
explicitly given in the Present Eurocode 5. In the New Eurocode 5, the design value of a
resistance Rq of a punched metal fastener is given by:

Ry (226)

Rd = ksyskmodﬁ

The values of kmos and the values of partial factors rm for resistances of connections with
punched metal fasteners (PMPF) are given in Table P.3 and Table P.2 respectively, in the
New Eurocode 5 [1]. Furthermore, requirements for moisture content at a time of
fabrication of structural timber members connected with the punched metal plate
fasteners (PMPF) are given in Table P.1 in the New Eurocode 5 [1].

11.2 Forces at an angle to the grain in a connection

The section of forces acting at an angle to the grain in a connection with punched metal
plate fasteners (PMPF) is not included in the Present Eurocode 5. Hence, this section is
according to the New Eurocode 5 only.

For connections with punched metal plate fasteners (PMPF), he is the distance between
the loaded timber edge and the most distant edge or corner of the PMPF as depicted in
Figure 61. When a force acts at an angle to the grain in a connection with punched metal
plate fasteners (PMPF) where he < 0.8h, splitting caused by the tensile force component
Fessing perpendicular to the grain is considered. The splitting caused by the tensile force
component Fegsing perpendicular to the grain must satisfy the requirement given by:

Fgqsing < Foora (227)

The characteristic splitting capacity Foo,rc perpendicular to the grain of a connection with
PMPF, as shown in Figure 61, is determined by:

h (228)
,net
Foork = k¢ kmae b ky %
1 — Lemet
(1-7¢)
k. = {2 + 0.05p4 for ST, FST and GL (229)
G764 0.05p, for LVL — P
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. 0.5 _ 0.5
fmac = 5 (1) +mm<0-5(lz/lref)> (230)

lref
(bPMPF,O >0'35
kw = max 100 mm (231)
1.0

hener = he — (¢ — 5 mm) (232)

i 1

Y N I I P
\

v
= <
—_— ¢
[
Key:
1 Punched metal plate fastener;
2 Overlap area Aoiap of PMPF with member being loaded perpendicular to grain.

Figure 61: PMPF connection with member loaded in tension perpendicular to grain [1].

When punched metal plate fasteners are applied not parallel to the loaded edge of the
member in the connection, the width of the plate wp, as shown in Figure 62, is
determined by:

A
Wpl — olap (233)

he,net
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Key:
1 Punched metal plate fastener;
2 Overlap area Aoiap of PMPF with member being loaded perpendicular to grain.

Figure 62: Dimensions he, Wy, I; and /> for PMPF with an edge parallel to the member loaded in
tension perpendicular to the grain [1].

11.3 Plate geometry

The same geometry of a punched metal plate fastener, as shown in Figure 64(a), is given
in the New Eurocode 5 and the Present Eurocode 5. There are two more figures in the
New Eurocode 5 than in the Present Eurocode 5 to give additional information about the
effective area of the total contact surface between the plate and the timber as depicted in
Figure 63 and the force in the anchorage area as shown in Figure 64(b).

II|I."_ 1 4- Aef E
J_.-’l; IJI."I; Al
D e "
e /
E
> 6t| | = 6t g
[T
Al

Figure 63: Effective anchorage area [1].
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a) Geometry where each plate is loaded by Fes and Meq [1] [2].

b) Anchorage area loaded by Faes and Maeq [1].

Key:

1 Border of effective area

2 Plate anchorage area centroid

e Eccentricity from timber centerline to plate centroid

l Length of the plate measured along the connection line

Fyea Design force from the moment on a single plate (Fyzq = 2Mgy/1)
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Frq Design force acting on a single plate

F,rqa Design force acting on a single plate at the centroid of the effective area (i.e. half
of the total force in the timber member)

Mgy Design moment acting on a single plate

M,z Design moment acting on a single plate at the centroid of the effective area

a Angle between the x-direction and the force (0° < a < 90°)
B Angle between the grain-direction and the force (0° < g < 90°)
y Angle between the x-direction and the connection line (0° < y < 90°)

Figure 64: Geometry and anchorage area [1].

11.4 Plate strength and stiffness properties

11.4.1 Characteristic anchorage strengths

In accordance with EN 14545, the characteristic anchorage strengths of the plate are
given below. For ST and GL, the characteristic values are determined at a reference
characteristic timber density pkrer in kg/m3 in the New Eurocode 5. In the Present
Eurocode 5, the characteristic values are determined at a characteristic timber density p«
in kg/m3. The Present Eurocode 5 provides the anchorage strength per unit area for
values of only 0° and 90° for both a and B as presented below.

Present Eurocode 5
fa00 is the anchorage strength per unit area for « = 0° and g = 0°, in N/mm?;
fa.90.90 is the anchorage strength per unit area for a« = 90° and g = 90°, in N/mm?;

New Eurocode 5

fa00kref is the anchorage strength per unit area for « = 0° and g = 0°, in N/mm?;
faz00kref is the anchorage strength per unit area for a« = 30° and g = 0°, in N/mm?;
fa60.0kref is the anchorage strength per unit area for a = 60° and g = 0°, in N/mm?;
fa00,0kref is the anchorage strength per unit area for a = 90° and g = 0°, in N/mm?;
fa,9090,kref is the anchorage strength per unit area for « = 90° and g = 90°, in N/mm?;
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11.4.2 Characteristic steel plate strengths

In accordance with EN 14545, the characteristic steel plate strengths given in the New
Eurocode 5 and the Present Eurocode 5 are the same and the only difference is the
nomenclature of the symbols used. The name of each characteristic steel plate strength
in the Present Eurocode 5 does not include the alphabets p and k. For instance, the
characteristic tension strength per unit width of the plate for a = 0° is given by fto in the
Present Eurocode 5 and ftp,0,« in the New Eurocode 5.

Present Eurocode 5 and New Eurocode 5

fepox IS characteristic tension strength per unit width of the plate for a = 0°, in N/mm;

fepox 1S characteristic compressive strength per unit width of the plate for a =0° in
N/mm;

fopok 1S characteristic shear strength per unit width of the plate in the x-direction, in
N/mm;

fepoox 1S characteristic tension strength per unit width of the plate for a = 0°, in N/mm;
fepoox IS characteristic compressive strength per unit width of plate for a = 90°, in N/mm;

fopoox 1S Characteristic shear strength per unit width of the plate in the y-direction, in
N/mm;

k,, vo are the plate steel property constants in the Present Eurocode 5 and New
Eurocode 5;

ki, k,, ay are constants in the Present Eurocode 5;

11.5 Plate anchorage strengths

The characteristic anchorage strength per plate in the New Eurocode 5 is determined for
plates installed into different types of timber members with characteristic timber density
pr in kg/m3 and with reference characteristic timber density pxrer in kg/m3. The
expressions, which are given below from the New Eurocode 5, are in accordance with the
types of timber members considered in this thesis. The characteristic anchorage strength
per plate fs,q,5« in the Present Eurocode 5 is determined for plates installed into all types
of timber members of characteristic timber density p« in kg/m3.

Present Eurocode 5

The characteristic anchorage strength per plate 1,45« for the characteristic timber density
pk in kg/m?3is determined from tests or obtained by:

(234)

B
fa,a,o,k - (fa,a,o,k - fa,90,90,k) 4__50

for B < 45°
fa00k — (fa,o,o,k - fa_go_go_k)sin(max(a,ﬁ))

fa,a,ﬁ,k = max
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or

faapk = fa00k — (fa,0,0,k - fa,9o,9o,k)5in(max(a'ﬁ)) for 45° < g < 90° (235)

New Eurocode 5

The characteristic anchorage strength per plate f;q,5rer for the reference characteristic
density of structural (ST) or glued laminated (GL) timber is determined by:

_ _ B (236)
fa,a,ﬁ,k,ref = max fa,a,o,k,ref (fa,a,o,k,ref fa,90,90,k,ref) .450 for ﬂ < 45°
fa,0,0,k,ref - (fa,o,o,k,ref - fa,90,90,k,ref)Sln(max(a: ﬁ))
or
fa,a,ﬁ,k,ref = fa,0,0,k,ref - (fa,0,0,k,ref - fa,90,90,k,ref)5in(max(a» ,8)) for 45° < B <90° (237)

The characteristic anchorage strength per plate fsq5« for different timber types of
characteristic timber density p« in kg/m?3 is derived from tests in accordance with EN
14545 or obtained from:

- for plates installed into structural timber (ST) or homogenous glued laminated (GL)
timber

Pi )"'5 (238)

fa,a,ﬁ,k = fa,a,ﬁ,k,ref (
pk,ref

- for plates installed into combined glued laminated (GL) timber

0.9pk>0'5 (239)
pk,ref

fa,a,ﬁ,k = fa,a,ﬁ,k,ref <

In the Present Eurocode 5, the expression for determining the characteristic anchorage
strength per plate parallel to the grain includes the constants ki, k> and ao. The values of
the constants ki, k2 and ao are obtained from anchorage tests in accordance with EN
1075 and for the actual plate type in accordance with EN 14545. The characteristic
anchorage strength per plate parallel to the grain is for the characteristic timber density
Pk in the Present Eurocode 5. The characteristic anchorage strength per plate parallel to
the grain is for the reference characteristic timber density p«rer in the New Eurocode 5.
The characteristic anchorage strength per plate parallel to the grain is determined by:

Present Eurocode 5

f = {fa,0,0,k + kya when a < aq (240)
a,a,0k faoox + kiao + ko (a — ayp) when ay < a < 90°
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New Eurocode 5

a
(fa,o,o,k,ref + W (fa,S0,0,k,ref - fa,0,0,k,ref) when a < 30° (24 1)
(a - 30 . .
fawokrer = faz00krer T T(fa,so,o,k,ref - fa,30,0,k,ref) when 30° < a < 60
(@ - 60°) .
fa,ﬁ0,0,k,ref + T (fa,90,0,k,ref - fa,60,0,k,ref) when a > 60

11.6 Plate withdrawal strengths

The characteristic withdrawal strength of punched metal plate fastener is not covered by
the Present Eurocode 5. According to the New Eurocode 5, the characteristic withdrawal
strength per unit width of connection line fw« for different timber types of characteristic
timber density p« in kg/m3is determined from tests or obtained from:

- for plates installed into structural timber (ST) or homogenous glued laminated (GL)
timber

Pi >1.5 (242)

fw,k = fw,k,ref (—
pk,ref

- for plates installed into combined glued laminated (GL) timber

0.9pk>1'5 (243)
pk,ref

fw,k = fw,k,ref (

11.7 Plate slip modulus

The Present Eurocode 5 does not cover the slip modulus of punched metal plate
fasteners. According to the New Eurocode 5 for plates installed into solid timber or glued
laminated timber of mean density pmesn in kg/m3, the mean slip modulus of each
anchorage area for both plates ksis is determined from:

Pmean (244)

mean,ref

ksis = ZkSLS,refAef

According to the New Eurocode 5 for plates installed into solid timber or glued laminated
timber of mean density pmean in kg/m3, the mean rotational slip modulus of each
anchorage area for both plates ksis,rot is determined from:
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Pmean (245)

mean,ref

kSLS,rot =2 kSLS,ro tref Ip

11.8 Connection strength verification in-plane of timber
assembly

The strength verification of a connection is divided into in-plane and out-of-plane of
timber assembly in the New Eurocode 5. In the Present Eurocode 5 the strength
verification of a connection is in-plane of timber assembly, but it is not explicitly
specified.

11.8.1 Internal forces

In the New Eurocode 5, the contact pressure between the timber members in chord
splices is either in compression when Fes < 0 or in tension when Fes > 0. The contact
pressure between the timber members in chord splices provided in Present Eurocode 5 is
only in compression. In the Present Eurocode 5 and the New Eurocode 5, the contact
pressure between the timber members in chord splices in compression is considered by
designing the single plate for a design force Fa,es and a design moment Ma,eq given by:

Present Eurocode 5 and New Eurocode 5

E, 246
Fppa = —"\/sz + (Fiqsinp)? (246)
’ |E|
M
Myga = TEd (247)
with
— FEdCOSB 3|MEd| (248)

x 2 2h

In the New Eurocode 5 when Fes > 0, the contact pressure between the timber members
in chord splices in tension is considered by designing the single plate for a design force
Fa,es and a design moment Mg, eqs according to:

_ 2 (249)
Fppq = \/(FEdcosB + mg—;W) + (Fggsinf)?
(4 p)Meq (250)

AEd =
’ 2
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with

2Fg cosf
e =Ming fo 00 aAer (251)
1

11.8.2 Plate anchorage capacity

The same expressions are provided in the Present Eurocode 5 and the New Eurocode 5
for the design anchorage stress tr¢ On a single punched metal plate fastener due to a
force Faeqs and the design anchorage stress w,¢ due to a moment Maeq. The expressions
are given by:

_ Faga (252)
Tra = 2

ef
S My ga (253)

ma =

with
Wor = J rda (254)
A

The New Eurocode 5 and the Present Eurocode 5 provide expressions for the requirement
to be satisfied for the verification of the plate anchorage capacity. The expression
provided by the Present Eurocode 5, as given in Equation (255), is without a square root.
The expression given by the New Eurocode 5, as presented in Equation (256), is under a

square root.
2 2 255
(TF,d>+<TM,d)S1 ( )
fa,a,ﬁ,d fa,0,0,d

2 2
Tra TM,d
, + G <1 256
\/<fa,a.l?.d> (fa.0,0.d) ( )

11.8.3 Plate capacity

The Present Eurocode 5 and the New Eurocode 5 provide expressions for the plate
capacity. The New Eurocode 5 provides a more detailed information by using additional
sign parameters ksigx and ksigy in the expressions and illustrative figures, as shown in
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Figure 65 and Figure 66. The parameters ksigx and ksigy in the expressions give the signs
for the directions of the forces. The Figure 65 and Figure 66 give illustrations on the
values of the sign parameters and the directions of the forces. The forces in the two main
directions are taken for both ends for each joint interface as:

Present Eurocode 5
Fypa = Fgqco0s (o) £ 2Fy gqsin (2] (257)

Fy pq = Fggsin (@) + 2Fy ggcos (y) (258)

New Eurocode 5

Fyy = ksingE,d cos(a) + 2Fy gqsin )
(259)
Fy1 = KsigyFgasin(a) + 2Fy gqcos (v)

Fyp, = ksingE,d cos(a) — 2FM,EdSir1 )
(260)
Fyz = ksigyFE,d sin(a) — 2FM,EdCOS )

Casel Case 2 Case 3
Tension and tension shear Tension Tension and compression shear

F=0; km'g:qzl,' -Ifsjg}' =-1 F=0; kslg‘(z'lj Ii{m'g_vz 1 F>0; j{mg:q =-1; kslg_v =1

NOTE Force perpendicular to
connection line is in tension > F> 0

Figure 65: Values of ksigx and Kksigy for connections under tension [1].
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Case 4 Case 5 Case 6
Compression and compression shear  Compression Compression and tension shear

F<0; kqu =1; .Ifgjg}- =-1

NOTE Force perpendicular to
connection line is in compression =
F=<0

Figure 66: Values of ksigx and ksjg, for connections under compression [1].

The New Eurocode 5 and the Present Eurocode 5 provide expressions for the requirement
to be satisfied for the verification of the plate capacity. The expression provided by the
Present Eurocode 5 is without a square root and for the two main directions taken
without separating the ends as given in Equation (261). The expressions given by the
New Eurocode 5 are under square root and for the two main directions taken separately
for both ends as presented in Equation (262).

2 2
<Fx,Ed) + <Fy,Ed) <1 (261)
Fx,Rd Fy,Rd

(Fxl,Ed>2 n (Fyl,Ed)z <1 (FxZ,Ed)z n (FyZ,Ed>2 <1 (262)
Fxl,Rd Fyl,Rd - sz,Rd FyZ,Rd -

According to the New Eurocode 5 and the Present Eurocode 5, the plate capacities are
obtained from the maximum of the characteristic capacities at sections parallel or
perpendicular to the main axes. The characteristic plate capacities in the main axes are
determined based upon the expressions given below.

Present Eurocode 5 and New Eurocode 5

frapok Lsin (¥ — yosin (2y)) (263)

F = max{
x,Rk
)v,p,o,k l COsy

frpook L cosy (264)

F, = max{ .
y.Rk kfv,p,QO,k [ siny

with

f B {ft,p,o,k for Fypa >0 (265)
POk fc,p,O,k for Fx,Ed <0
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f = {ft,p,fao,k for Fy gq > 0 (266)
R VA, for F, g <0

L= 1+ k, sin (2y) for Fypg >0 (267)
= {1 for Fogg <0

11.9 Connection strength verification out-of-plane of timber
assembly

The strength verification of a connection out-of-plane of timber assembly is not covered
by the Present Eurocode 5. In the New Eurocode 5, the design withdrawal stress ow,s on a
single punched metal plate fastener must satisfy the requirement given by:

Ow,a < fw,d (268)

The design withdrawal stress ow,s on a single punched metal plate fastener due to a shear
force acting out-of-plane of timber assembly is determined by:

__Va (269)
O-W'd_ZIS,W
where
lsw is the length of the punched metal plate fastener along the connection line

reduced, where applicable, by an edge distance of 5 mm, see Figure 67

Vg4 is the shear force out of the plane of timber assembly, see Figure 67
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a) Side and plan view of ridge joint b) Side and plan view of splice joint

Figure 67: Out of plane shear force acting on ridge joint or chord splice joint [1].

The nomenclature used in the connections with punched metal fasteners (PMPF) in the
New Eurocode 5 and the Present Eurocode 5 is provided in Table 87.

Table 87: Nomenclature used in the connections with punched metal fasteners (PMPF).

Present
Eurocode 5

New
Eurocode 5

Meaning

ksys system strength factor
Kmod modification factor accounting for the effect of duration of
load and moisture content
Ry, characteristic load-carrying capacity of PMPF
Y partial factor for material properties of PMPF
Foo,ra design splitting capacity, in N
Foo ric characteristic splitting capacity, in N
ke fracture parameter, in N/mm?->
kmat reduction factor accounting for distance of PMPF
connection from either end of member or from an adjacent
PMPF
b member thickness, in mm
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bpumpro width of PMPF parallel to grain, in mm
Pk characteristic timber density, in kg/m?3
Piref reference characteristic timber density, in kg/m?3
he distance between the loaded timber edge and the most
distant edge or corner of the PMPF, in mm
Rpet loaded edge distance reduced by the allowed geometrical
deviation due to misalignment, in mm
dimensions from member end to the intersection point of a
L, L perpendicular line passing through the plate’s anchorage
area centroid, see Figure 62
lref reference length with .., = 500 mm
faapkref characteristic anchorage strength per plate for the
reference characteristic density py s
fwiref characteristic withdrawal strength per width of connection
line for the reference characteristic density py s
ksisrer mean translational slip modulus per mm? for ppeanrer, IN
N/mm?3
Pmean mean timbe density, in kg/m?3
Pmeanref reference mean timbe density, in kg/m?3
ksisrotref mean rotational slip modulus per mm? for pyeanrer, iN
N/mm?3
L, Polar moment of inertia of the plate effective anchorage
area
FaEa FiEa design force acting on a single plate at the centroid of the
effective area (i.e. half of the total force in the timber
member), in N
My gq My gq design moment acting on a single plate on the centroid of
the effective area, in Nmm
Frq Frq design force of the chord acting on a single plate
(compression or zero), in N
Mg, Mgy design moment of the chord acting on a single plate, in

Nmm
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h h height of the member, in mm
Ue modification factor for plate moment in tension splices
fa00.d fa0,04 design anchorage strength per unit area of plate when the
force is parallel to the x-direction and the grain direction
Ay Ay plate effective anchorage area, in mm?
r T distance from the center of gravity of the effective plate
area to the segmental plate area dA
w, Wy plastic rotation of section modulus
faapa faap.a design anchorage strength per unit area of plate for angle
a and angle B
FyEa Fyga design force from the moment on a single plate (
Fypa = 2Mgg /1), in Nmm
kegigx Sign as given in Figure 65 and Figure 66
ksigy Sign as given in Figure 65 and Figure 66
Fyika design force acting in the x-direction at end 1
Fyika design force acting in the y-direction at end 1
Fraka design force acting in the x-direction at end 2
Fy2ka design force acting in the y-direction at end 2
Fyira design plate capacity in the x-direction at end 1
Fy1ra design plate capacity in the y-direction at end 1
Fyora design plate capacity in the x-direction at end 2
Fy2 ra design plate capacity in the y-direction at end 2
Fyerar Fypa Fyrar Fyrpa | design forces acting in x- and y-direction
Fyrar Fyra Fyrar Fyra | design plate capacity in x- and y-direction

fw,d

design withdrawal strength per unit width of connection
line
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12 Connections with interlayers

Connections with interlayers are not covered by the Present Eurocode 5. In the New
Eurocode 5, the topic of connections with interlayers is provided in the normative Annex
S. In this thesis, the structure of Annex S is introduced without providing the review of
the rules for connections with interlayers. The normative Annex S gives provisions for the
connections with interlayers. Interlayer is a layer between two structural members in a
connection. The structural member in a connection can be either timber or steel. In the
Annex S, the connections with interlayers are distinguished into two sections, namely
timber-to-timber and steel-to-timber connections. There are two subsections for each
section of timber-to-timber and steel-to-timber connections. The first is when there is no
connection between interlayer and timber, and the second is when there is connection
between interlayer and timber.

When there is no connection between the interlayer and the timber member in the
timber-to-timber connections, expressions for three failure modes (a), (b) and (c) are
provided. The characteristic load-carrying resistance per shear plane per fastener is the
minimum of the values of these three failure modes (a), (b) and (c).

Expressions for three failure modes (a), (b) and (c) are provided, when there is
connection between the interlayer and the timber in the timber-to-timber connections.
The characteristic load-carrying resistance per shear plane per fastener is the minimum
of the values of these three failure modes (a), (b) and (c).

In timber-to-timber connections, when there is connection and no connection between
interlayer and timber member, expressions for the mean slip modulus per fastener are
given for screwed connections with € = 90° as shown in Figure 68(a), and for
connections with fully threaded screws and € = 45°, as depicted in Figure 68(b).

e mqemmmamm - vk
1 i| 2 } B Ry iy g =45°
i.}/
LB T AP ST T ﬁ— L
« £=90°
1%, 2|
{ t k. - T
h,1 “h,i h,2 F.
i T | vk

a) Screw normal to shear plane b) Inclined screw regarding shear plane
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Fo is the characteristic load-carrying resistance per shear plane per fastener;
tha is the thickness of timber member 1;

tho is the thickness of timber member 2;

th is the thickness of the interlayer i;

€ is the angle between the fastener axis and the grain direction.

Figure 68: Screwed timber-to-timber connection [1].

When there is no connection between the interlayer and the timber member in steel-to-
timber connections with thick steel plates, expressions for three failure modes (a), (b)
and (c) are provided. The characteristic load-carrying resistance per shear plane per
fastener for joints with thick steel plates is the minimum of the values of these three
failure modes (a), (b) and (c).

Expressions for two failure modes (a) and (b) are provided, when there is no connection
between the interlayer and the timber in the steel-to-timber connections with thin steel
plates. The characteristic load-carrying resistance per shear plane per fastener for joints
with thin steel plates is the minimum of the values of these two failure modes (a) and

(b).

When there is connection between the interlayer and the timber member in steel-to-
timber connections with thick steel plates, expressions for three failure modes (a), (b)
and (c) are provided. The characteristic load-carrying resistance per shear plane per
fastener for joints with thick steel plates is the minimum of the values of these three
failure modes (a), (b) and (c).

Expressions for two failure modes (a) and (b) are provided, when there is connection
between the interlayer and the timber in the steel-to-timber connections with thin steel
plates. The characteristic load-carrying resistance per shear plane per fastener for joints
with thin steel plates is the minimum of the values of these two failure modes (a) and

(b).

For screwed connections with € = 90°, as depicted in Figure 69(a), and for connections
with fully threaded screws and € = 45°, as shown in Figure 69(b), expressions for the
mean slip modulus per fastener are given when there is connection and no connection
between interlayer and timber in steel-to-timber connections.
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a) Screw normal to shear plane b) Inclined screw regarding shear plane
Key:
Fox is the characteristic load-carrying resistance per shear plane per fastener;
the is the thickness of timber member 1;
thi is the thickness of the interlayer i;
€ is the angle between the fastener axis and the grain direction.

Figure 69: Screwed steel-to-timber connection [1].
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13 Conclusion

The main objective of this thesis is to review the design rules for connections in timber
structures on the New Eurocode 5 and compare them to the Present Eurocode 5. The
thesis explores and highlights the changes or differences between the design rules for
connections in timber structures on the New Eurocode 5 and the Present Eurocode 5. The
main differences or changes found are the following:

e For the determination of the characteristic value of the dowel-effect contribution
of a fastener, the New Eurocode 5 provides the same set of failure modes for
timber-to-timber and steel-to-timber connections and the steel plate is treated as
a member in steel-to-timber connections. The Present Eurocode 5 provides
different sets of failure modes for timber-to-timber and steel-to-timber
connections and the steel plate is not treated as a member in steel-to-timber
connections. For connections with more than two shear planes, four compatible
failure mode combinations (A), (B), (C) and (D) are given by the New Eurocode 5,
but the compatibility between the failure modes must be checked by the designer
according to the Present Eurocode 5.

e In the New Eurocode 5, the design splitting resistance of a connection with
fasteners loaded perpendicular to the grain must be equal to the sum the values
of the two shear forces on the sides of the connection and does not depend on the
position of the connection along the beam length. In the Present Eurocode 5, it
must be equal to or greater than the maximum of the shear force values on the
sides of the connection and depends on the position of the connection along the
beam length.

e When determining the characteristic withdrawal capacity of connections with
axially loaded screws and rods with wood screw thread, the range of diameters
and ratio of inner thread diameter to outer thread diameter are changed from 6
mm < d <12 mm and 0.6 < d:/d < 0.75 in the Present Eurocode 5 to 3.5 mm <
d < 22 mm and 0.55 < d:/d < 0.76 in the New Eurocode 5 respectively.
Furthermore, the requirement for the minimum withdrawal length is changed
from 6d in the Present Eurocode 5 to 5d in the New Eurocode 5.

e The compression (buckling) resistance of a connection with axially loaded screws
and rods with wood screw thread is included in the New Eurocode 5, but it is not
covered by the Present Eurocode 5.

e For laterally loaded metal dowel-type fasteners and shear connectors, the
expressions provided by the New Eurocode 5 for determining the minimum
values of spacing and end and edge distances do not include the load to grain
angle g, but the load to grain angle a is included in the Present Eurocode 5.

e When determining the withdrawal and head pull-through capacities of
connections with axially loaded screws and rods with wood screw thread, a
withdrawal length of /w < 20d must be used for small angles 0° < & < 30°
according to the New Eurocode 5. The angle between the fastener axis and the
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grain direction g cannot be lower than 30 degrees (g = 30°) according to the
Present Eurocode 5.

The New Eurocode 5 gives provision for the brittle failure mode of connections
with fasteners loaded parallel to the grain. The Present Eurocode 5 does not
include this explicitly and it only considers the block shear and plug shear failures
in its informative Annex A directly.

The expressions provided by the New Eurocode 5 for the determination of the
resistances of the block shear and plug shear failures are for both timber-to-
timber and steel-to-timber connections, but the expression provided by the
Present Eurocode 5 is for steel-to-timber connections only.

For axially loaded screws and rods with wood screw thread, the New Eurocode 5
provides the minimum values of spacing and end and edge distances for screws
with inner diameter d; less than or equal to 6 mm (d: < 6 mm) and not predrilled
members, and for screws with inner diameter d: greater than 6 mm (d: > 6 mm)
and predrilled members. The Present Eurocode 5 provides the minimum values
without distinguishing between the predrilled and not predrilled members and
between the size of screws.

The withdrawal, head pull-through and tensile resistances of a connection with
axially loaded screws and rods with wood screw thread are based on the actual
number of fasteners acting together in the connection in the New Eurocode 5 and
on the effective humber of fasteners in the connection in the Present Eurocode 5.

The provision given by the New Eurocode 5 in its normative Annex P for
connections with punched metal plate fasteners (PMPF) is more detailed and
includes more expressions and illustrative figures than the provision given by the
Present Eurocode 5.

Expression for the determination of the characteristic tensile resistance of bolts
and nails are provided by the New Eurocode 5 from EN 1993-1-8:2005. The
Present Eurocode 5 only mentions the characteristic tensile resistance of bolts
without providing additional information but does not cover for nails.

The structure of the chapter of connections in the New Eurocode 5 is changed to
ease the navigation through the chapter. For example, the characteristic
embedment strengths of the metal dowel-type fasteners are gathered and
provided in a table and the spacing, edge and end distances of the metal dowel-
type fasteners and connectors are collected and provided in a new subsection.

The axial slip modulus of connections with fasteners loaded in their axial direction
and the effective slip modulus of a connection with a combined axial and lateral
loading of the fasteners are included in the New Eurocode 5. The Present
Eurocode 5 does not include any of them.

Bonded-in rods and connections with interlayers, which is provided in the
normative Annex S, are covered by the New Eurocode 5, but they are not covered
by the Present Eurocode 5.
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e The split-ring and shear plate connectors in a connection in an end grain of
members is covered by the New Eurocode 5, but this is not covered by the
Present Eurocode 5.

e The New Eurocode 5 does not cover the withdrawal capacity of axially loaded
bolts, but the Present Eurocode 5 does.

13.1 Further work

Some of the topics under the chapter of connections in the New Eurocode 5 are not
covered in this thesis. Further work that would be relevant to be done are:

e Compare experimental results and/or worked examples to the results or
predictions obtained by using the rules for bonded-in rods, shear connectors,
punched metal plate fasteners and connections with interlayers on the New
Eurocode 5.

e Reviewing and exploring of the design rules for reinforced connections and
carpentry connections provided by the New Eurocode 5.
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