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Introduction

Design basis for [BS 5268]

[BS 5268], Structural use of timber, is based on permissible stress design,
and this phrase appears in the title of Part 2. However, it does not
include a description of the design principles equivalent to those in
[EN 1990]. Grade stress values for properties of materials, most of
which are given in tabular form in [BS 5268-2] itself, incorporate
safety factors so that they represent the stress that the material is consid-
ered able to bear over the life of a building with a reasonable level of
safety. The grade stresses are considered for 50—60 years’ load duration.
A series of modification factors are then applied to the mechanical
properties, generally increasing the load-bearing capacity for shorter
load durations. The permissible stress in service for a particular type
and duration of load to the element is thus established, and verified
against the stress applied by the design loads. These design loads are
normally obtained from the parts of [BS 6399].

In addition to supporting normal loads, [BS 5268-2] requires timber
structures to withstand accidental damage without catastrophic
collapse. The Approved Document A gives guidance for the require-
ments of disproportionate (progressive) collapse design.

[BS 5268-2] has been the key code in the series, covering structural
design of timber in general. The other parts provided subsidiary informa-
tion. [BS 5268-2] specified how timber structures may be designed to
withstand applied loads. [BS 5268] includes several parts as listed
below:

e DPart 2: 2002, Code of practice for permissible stress design, materials
and workmanship

e Part 3: 1998, Code of practice for trussed rafter roofs

e Part 4.1: 1978, Fire resistance of timber structures. Recommendations
for calculating fire resistance of timber members

e DPart 4.2: 1990, Fire resistance of timber structures. Recommendations for
calculating fire resistance of timber stud walls and joisted floor constructions

1
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Practical design of timber structures to Eurocode 5

e Part 5: 1989, Code of practice for the preservative treatment of struc-
tural timber

e DPart 6.1: 1996, Code of practice for timber frame walls. Dwellings not
exceeding seven storeys

e Part 6.2: 2001, Code of practice for timber frame walls. Buildings other
than dwellings not exceeding seven storeys

e Parts 7.1 to 7.7: Recommendations for the calculation basis for span
tables for various elements

The appropriate loads to be used for design purposes were given in
[BS 6399] with three parts covering dead, imposed and wind loads.

Definitions

Element and component

There is great confusion in definition of elements and components at
European level. The UK’s definition of elements and components is
reversed in the Eurocode and the rest of Europe. For clarity the
following are definitions which the UK must adopt:

Element is a structure or part of the structure which consists of
members or components. For example, a trussed rafter is an ‘element’
because it includes members/components which are rafters, internal
web, ceiling tie and punched metal plate connectors. Another example
would be a wall panel which is termed ‘element’ because it consists of
elements or components such as studs and sheathing.

Component or member is a part of an element.

System is a structure which consists of elements.

Notation

Introduction

The symbols and notations are very vital and important as the UK is
used to different symbols and notations than those given in Eurocode.
Many major errors can occur if these notations are mixed when used
in design.

Member axes

The UK has been used to x—x, y—y and z—z being the major, minor and
out-of-plane axes respectively. These have been changed into y—y, z—2
and x—x respectively in the Eurocode (see Fig. 1).

2
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y z
X X y y
y z
z-z being out-of-plane axis Xx—x being out-of-plane axis
In [BS 5268] In [EN 1995-1-1]

Fig. 1 Differences between axes according to [BS 5268] and Eurocode 5

Decimal symbols
The UK uses a full point (.) to denote a decimal place, whereas in the
Eurocodes this is seen as a comma (,). For example:

In [BS 5268]

1,000.00 means one thousand; 1.000 means one
In [EN 1995-1-1]

1,000 means one; 1.000,00 means one thousand
Symbols
General

Symbols usually consist of a main symbol with one or more indices
separated by commas. For example f.o) which is the characteristic
compression strength parallel to the grain (where ‘f’ is strength, ‘c’ is
compression, O is parallel to the grain and ‘k’ is characteristic).

In accordance with Eurocode 5, the following general symbols are
used. Symbols not mentioned are defined where used and their meaning
may vary.

Main symbols

cross-sectional area

E modulus of elasticity

F force, action

G permanent action; or

shear modulus

second moment of area, sometimes called moment of inertia
bending moment

2>

zN
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axial force

variable action

shear force or also sometimes used as volume
section modulus

=<0z

distance

width

diameter or also sometimes used as side length (nails)
eccentricity

material strength

height

radius of gyration

constant

length

radius

t thickness

u, v, w deflections parallel to the axes
x,y,z coordinates

SSTh QL SR

= — X~ -

e angle

y partial coefficient
A slenderness ratio
P density

o normal stress

T shear stress
Indices

apex apex
mean mean Or average

c compression
cr critical

d design

def deformation (deflection)
eff effective

fin final

h embedment
inst instantaneous
k characteristic
m bending

ser serviceability
t tension

4
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tor torsion
ult ultimate
v shear
vol volume
X,V,Z axes

y yield

— Symbol for fibre direction

Axes, forces and moments
For beams a coordinate system as shown in Fig. 2 is used.

Combined stress index (verification)

In order to verify the adequate strength of a structural member, all the
applied stresses should be combined. For example, if a structural timber
member is under bending, compression and tension, for strength verifi-
cation the sum of the ratios of stress to strength for particular loads must
be less than or equal to 1.0. For example, if a timber beam is in both
tension and bending, then:

Ut/ft—l_gm/fmg 1 (1)

where o, is the tensile stress and f, is the tensile strength, o,, is the
bending stress and f,, the bending strength.

Construction products

Building materials and products are covered by the EU Construction
Products Directive (Council Directive 89/106/EEC). The purpose of

Fig. 2 Coordinate system (axes, forces and moments)
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Fig. 3 CE mark

the directive is to ensure the free market in the building sector that has
traditionally been one of the most nationally regulated.

For building products, compliance with the Construction Products
Directive must be demonstrated when they are marketed for permanent
incorporation in buildings or civil engineering works and have influence
on:

mechanical resistance and stability
safety in case of fire

hygiene, health and the environment
safety in use

protection against noise

energy economy and heat retention.

AN

National building authorities are only permitted to put requirements in
relation to these six so-called ‘Essential Requirements’. This means that
it cannot be requested that ‘convenience standards’ are followed.
Example of a convenience standard can be a standard for timber sizes.

Products meeting the requirements of the harmonised standard (see
below) may be marked with the CE mark, see Fig. 3.

Most European countries, but excluding the UK and a few other
European countries, will require manufacturers to mark their product
with the CE mark. However, it is prudent for UK users to specify and
request CE marking which will be proof of compliance with the Harmo-
nised Standard, thereby complying with the Construction Products
Directive.

The CE mark allegedly tells the consumer that the product meets all
legal essential requirements in all EU member states.

The Building Products Directive applies to all products whether they
are produced within or outside the EU. The basis for the CE marking is
either:

e a harmonised European standard, i.e. a standard produced by CEN
(Comité Européen de Normalisation), the European Organisation
for Standardisation, or

Copyright © ICE Publishing, al rights reserved.



Introduction

e a European technical approval guideline (ETAG) produced by
EOTA, the European Organisation for Technical Approval.

In both cases they are based on a request called a ‘Mandate’ by the EU
Commission.
A harmonised European standard is compulsory and contains:

e technical requirements for the product

e requirements for initial type testing to ensure that the product may
be able to fulfil the requirements

e requirements for the producers’ quality assurance system

e the level of attestation of conformity, i.e. who is responsible for the
initial testing and the tasks in relation to the producers’ quality
assurance system.

Decisions about initiation of the work, scope, acceptance etc. are taken
by the EU Commission.

An ordinary European standard contains normally only the technical
part and its use is voluntary. All decisions about initiation of the work,
scope, acceptance etc. are taken by CEN. For products not expected to
be covered by a harmonised standard in the near future a European
Technical Approval (ETA) may be granted. An ETA is a favourable
technical assessment of the fitness for purpose of a product for an
intended use made by a technical body notified by a member state on
the basis of technical guidelines (ETAGs) produced and adopted by
EOTA. An ETA issued in one EU country is automatically valid in
all member countries.

The following products may be CE marked:

fasteners, connectors and nail plates

structural timber

glulam

LVL (laminated veneer lumber)

prefabricated elements assembled with punched metal-plate fasteners
prefabricated wall, roof and floors

light composite wood-based beams and columns (i.e. [-beams, box
beams, others).

Copyright © ICE Publishing, al rights reserved.
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Basis of design

1.1  Overview of UK and European design principles
1.1.1 General

In the UK, the design of civil and structural engineering works has
generally been based on a series of Codes of Practice, drafted by
committees within the British Standards Institution (BSI), and
published by BSI. The BSI structural Codes of Practice are widely
respected and used in many other countries. However, most major
countries have their own codes or equivalent documents. As a result,
different design procedures have been required for structures according
to the country in which they are built.

As part of the European Union’s (EU’s) initiative to facilitate trade
within the construction sector, the EU has commissioned a common
set of codes to be used for construction throughout the EU. Drafting
of these codes was initially overseen directly by the EU, but later it
was passed to the European Standards Organisation (CEN). Member-
ship of CEN includes the National Standards Organisations of countries
belonging to the European Union and the European Free Trade Asso-
ciation (EFTA). Hence, a complete suite of Codes for civil and struc-
tural engineering design has been developed, termed the Eurocodes.
These codes will replace the existing national codes by the end of 2010.

The Eurocodes aim to:

e provide a common basis for the design of structures within EU
Member States

e facilitate the exchange of construction services between Member
States

e facilitate the marketing and use of structural components

e improve the competitiveness of the European construction industry
in countries outside the European Union.

The Eurocodes cover ten main subjects listed in Table 1.1. Many of
these codes are subdivided into a series of parts. [EN 1995], Design of

8
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Basis of design

Table 1.1 The structural Eurocodes

EN number The structural Eurocodes

EN 1990 Eurocode: Basis of structural design

EN 1991 Eurocode 1: Actions on structures

EN 1992 Eurocode 2: Design of concrete structures

EN 1993 Eurocode 3: Design of steel structures

EN 1994 Eurocode 4: Design of composite steel and concrete structures
EN 1995 Eurocode 5: Design of timber structures

EN 1996 Eurocode 6: Design of masonry structures

EN 1997 Eurocode 7: Geotechnical design

EN 1998 Eurocode 8: Design of structures for earthquake resistance
EN 1999 Eurocode 9: Design of aluminium structures

timber structures, has three parts:

1. [EN 1995-1-1] General. Common rules for buildings
2. [EN 1995-1-2] General rules. Structural fire design
3. [EN 1995-2] Bridges

The introduction of the key Eurocode for the design of timber struc-
tures, [EN 1995-1-1] (called Eurocode 5), will have a major impact on
the design of future timber structures in the UK. The Eurocodes are
based on limit state design, while timber is the only principal construc-
tion material for which the UK Codes are not limit state design codes
but permissible stress design.

1.1.2 The Eurocodes

Background

The Commission of the European Community decided in an action
programme in the field of construction that ‘The Eurocodes are to
establish a set of common technical rules for the design of buildings
and civil engineering works which will ultimately replace the differing
rules in the various Member States’.

Relationship between the Eurocodes and National Regulations/Public
Authority Requirements

There is a clear and vital distinction between design codes and National
Regulations/Public Authority Requirements. Harmonisation of National
Regulations is outside the scope of Eurocode development. It is the

9
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Practical design of timber structures to Eurocode 5

objective however that the Eurocodes, together with their appropriate
National Annexes, should be recognised in National Regulations as
one of the routes for meeting compliance. The legal status of the Euro-
codes under the Building Regulations will be exactly the same as that of
the current National Codes of Practice. In accordance with normal rules
following the introduction of European Standards, Eurocodes will be
called up in public procurement specifications, and to be used for the
design of products for the purpose of obtaining a CE (Conformité
Européen) mark.

The Eurocode programme and the relationship between various Eurocodes
The structural Eurocodes are shown in Table 1.1. Each Eurocode gener-
ally consists of a number of parts, which cover the technical aspects of
the structural and fire design of buildings and civil engineering struc-
tures, with specific parts relating to bridges. A list of the various parts
and the publication date of each EN are continuously being updated
on the Thomas Telford website www.eurocodes.co.uk.

The Eurocodes are a harmonised set of documents that have to be used
together. Their linked relationship is shown in Fig. 1.1. In accordance
with Fig. 1.1 [EN 1995-1-1] has to be used with [EN 1990], the head
key Eurocode, the appropriate parts of [EN 1991] and relevant parts of
the other Eurocodes.

Structural safety,

serviceability and
EN 1990 durability
| Actions on
EN 1991 structures

EN 1992 | | EN 1993 | | EN 1994 | |
H Design and
detailing
EN 1995 [ | EN 1996 | | EN 1999
EN 1997 —— EN 1998 Geotechnical and

seismic design

Fig. 1.1 Relationship between the Eurocodes

10
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Basis of design

Supporting and related documents (product standards, etc.)
The following standards are required for the use of [EN 1995-1-1]:

e General reference Eurocodes:
o [EN 1990]: Basis of structural design
o [EN 1991]: Actions on structures (all parts)
o [EN 1995-1-2]: Structural fire design

e Other reference standards.

e Harmonised standards (hENs). hENs are Harmonised Product
Standards. They give the rules by which products can meet the
requirements for CE marking to be placed on the market. hENs
reference (call up) all other relevant CEN standards covering a
particular product, including (but not limited to) the following:

O fire requirements

test methods

classification standards

production standards

material specifications

grading standards.

hENSs are written (or being written) for:

o solid timber [EN 14081]

o all panel products [EN 13986]

o glulam [EN 14080]

© laminated veneer lumber, LVL [EN 14374]

o fasteners/connectors [EN 14592] and [EN 14545]

o trusses/trussed rafters [EN 14250]

o timber frame wall, floor and roof elements [EN 14732].

o O O O O

The following CEN standards are probably also needed, depending on

the sector:

e [EN 338] Timber strength classes

e [EN 1912] Visual grades (assignment to strength classes)
e [EN 336] Timber size tolerances

e [EN 1194] Glulam strength classes

e [EN 12369: Part 1] Strength properties of oriented strand board

(OSB) /chipboard/fibreboards
e [EN 12369: Part 2] Strength properties of plywood

Role of National Annex — Using EN Eurocode at a national level
It is the responsibility of each National Standards body (e.g. the British
Standards Institution (BSI) in the UK) to implement Eurocodes as

11
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: National title page
. Foreword

. EN title page

EN text

EN annexes

: National Annex z

NOQOOTQ

Fig. 1.2 National Standards implementing Eurocodes

National Standards. The National Standard implementing each Euro-
code part will comprise, without any alterations, the full text of the
Eurocode and its annexes as published by the CEN (Fig. 1.2, boxes c,
d...). This is preceded by a national title page (box a) and national
foreword (box b), and may be followed by a National Annex (box z).

Rules and contents of National Annexes for Eurocodes

The European Commission, recognising the responsibility of regulatory
and national competent authorities in each EU Member State, has safe-
guarded their right to determine values related to safety matters at
national level through a National Annex. These safety matters include
different levels of protection that may prevail at national, regional or
local level and ways of life.

A National Annex may only contain information on those para-
meters which are left open in the Eurocode for national choice,
known as Nationally Determined Parameters, to be used for the
design of buildings and civil engineering works to be constructed in
the country concerned. Where a Eurocode clause allows choice, a
recommended value or method is given.

Nationally determined parameters (NDPs)

NDPs will allow Member States to choose the level of safety applicable
to their territory. The values, classes or methods to be chosen or deter-
mined at national level are:

12
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Basis of design

e values and/or classes where alternatives are given in the Eurocode
(e.g. levels of safety)

e values to be used where only a symbol is given in the Eurocode (e.g.
partial factors)

e country-specific data, e.g. geographical, climatic (snow maps for
instance)

e procedures to be used where alternative procedures are given in the
Eurocodes.

National Annexes

The National Standards bodies (i.e. BSI in the UK) publish the NDPs in
a National Annex. In addition to NDPs a National Annex may also
contain:

e decisions on the application of informative annexes

e references to non-contradictory complementary information (NCCI)
to assist the user in applying the Eurocode. The NCCI is sometimes
referred to as ‘Rump Standards’ or ‘Residual Standards’ in the UK.

It should be noted that in Eurocode 5, NDPs are used for situations
other than just to safeguard Member States’ rights to define safety. They
have been also been used to cover situations where there is no possibility
of a consensus view being reached on an issue (e.g. for most of the

serviceability section and the sections on detailing rules in [EN 1995-
1-1]).

Principles — Application Rules
Eurocode 5 has two main notations throughout its contents for certain
rules and requirements:

1. ‘Principle requirements’ are annotated by the suffix ‘P’. This means
that you must comply with the requirement. They are general state-
ments and definitions for which there is no alternative permitted
unless specifically stated.

2. ‘Application Rules’ are generally recognised rules which comply with
and satisfy the ‘Principle requirements’.

The UK National Annex requirements are included in this publication
which may differ from those required by other countries. When a struc-
ture is designed for countries other than the UK, the National rules of
that country must be adopted.

13
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Informative and Normative Annexes in the Eurocode are defined as
non-compulsory and compulsory requirements respectively. Informative
Annexes can become Normative if they are recommended by the
National Annexes. For example, Annexes A, B and C of Eurocode 5
for buildings and civil engineering works are recommended for use in

the UK by the UK National Annex.

1.1.3 Basis of structural design (the use of [EN 1990] for
timber structures design)

It is recommended that [EN 1990] is studied separately in detail.

However, this section introduces the principles of [EN 1990] and

describes the objectives of [EN 1990], lists the requirements and

provides information on the representative values of the loads to be

used in the combination of actions for use with the design and detailing

clauses of Eurocode 5. It also gives the values adopted by the BSI
National Annex to [EN 1990].

Note: The principal differences between EN 1990 and UK practice are all listed and
explained in Gulvanessian, Calgaro and Holicky, 2005, who provide a comprehensive
description, background and commentary to EN 1990. Guidance on EN 1990 [BRE,
200] describes the background to the selections made in the BSI National Annex to
EN 1990.

Design link to [EN 1990]

[EN 1990] is the head key Eurocode for the harmonised Structural
Eurocodes and is required for the verification of both ultimate and
serviceability limit states as it provides the information for safety factors
for actions and combination of superimposed actions.

[EN 1990] establishes and provides comprehensive information and
guidance for all the Eurocodes, on the principles and requirements for
safety and serviceability, describes the basis of their design and verifica-
tion and gives guidelines for related aspects of structural reliability and
durability of structures. It is based on the limit state concept and used in
conjunction with the partial factor method. [EN 1995] does not give
the material-independent clauses required for design. These are only
included in [EN 1990]. Hence it is very important that [EN 1990] is
used with all the Eurocode parts.

The limit state concept and the partial safety factor method used in
[EN 1995] constitute a big change from the traditional British Standard

14
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Basis of design

approach for timber. In the Eurocode system the safety and reliability
concept is to be chosen and developed by the designer.

Requirements of [EN 1990]
The requirements of [EN 1990] which need to be adhered to by [EN
1995] are:

e Fundamental requirements. These relate to safety, serviceability
and robustness requirements.

e Reliability differentiation.

e Design situations. [EN 1990] stipulates that a relevant design
situation is selected taking account of the circumstances in which
the structure may be required to fulfil its function. [EN 1990]
classifies design situations for ultimate limit state verification as
follows:

O persistent situations (conditions of normal use)

O transient situations (temporary conditions, e.g. during execu-
tion)

© accidental situations

O seismic situations.

e Design working life. For buildings and other common structures the
recommended design working life (i.e. the assumed period for
which a structure is to be used for its intended purpose with antici-
pated maintenance but without major repair being necessary) is 50
years. Design working life needs to be considered for material
property deterioration, life-cycle costing and evolving maintenance
strategies.

e Durability.

e Quality assurance.

1.1.4 Limit state design

General
In the Eurocodes, the safety requirements for structures are formulated
in terms of limit states. A limit state is a state where the structure is on
the point of not fulfilling the required performance requirements.

A distinction is made between serviceability and ultimate limit
states.

15
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Serviceability limit states
Serviceability limit states concern:

e the functioning of the construction works or parts of them
e the comfort of people
e the appearance.

Serviceability limit state failure occurs when:

e deflection of a structure or a member is visually or functionally
unacceptable (e.g. it may result in cracks of ceiling and walls or
leakage of roofs)

e sway or vibrations are unacceptable or uncomfortable

e there are incipient attacks of rot or corrosion that may eventually
contribute towards or lead to failure if remedial steps are not
taken.

Eurocode 5 contains some recommended deflection and vibration
limits, but it is the designer’s responsibility in consultation with the
client to detail the requirements.

Ultimate limit states
Ultimate limit states are associated with collapse or with other forms of
structural failure and concern:

e the safety of people
e the safety of the structure and its contents.

Ultimate limit state failure occurs when:

e uplift, overturning or sliding of the whole or part of the structure
takes place

e failure of materials is evident

e instability of members or structures (i.e. column failure, lateral tor-
sion instability, overturning, etc.) occurs.

1.1.5 The partial coefficient method

General

The basic elements are characteristic actions (commonly known as
loads in UK) and characteristic material parameters (mechanical prop-
erties). The basic principles are that:

16
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Basis of design

e design actions are found by multiplying the characteristic actions by
partial safety factors (load factors); the design action effects are
found from prescribed combinations of design action

e design material parameters are found by dividing the characteristic
parameters by other partial coefficients (material factors) and
design resistance is calculated with these design parameters

e it shall then be verified that the design resistance is not less than
the design action effects.

Actions
A distinction is made between four types of actions that are classified by
their variation in time:

1. permanent actions (G), e.g. self-weight, fixed equipment and
actions caused by shrinkage and uneven settlements

2. variable action (Q), e.g. imposed loads, wind and snow

3. accidental actions (A), e.g. explosions or impact from vehicles

4. seismic actions.

In addition to the characteristic value of an action (G, Q) and Ay)
which is similar to the British Standards’ definition, other representative
values are specified in [EN 1990] for variable and accidental actions.
Three representative values commonly used for variable actions are
the combination value ¥yQy, the frequent value Q) and the quasi-
permanent value 1),Qy. The factors 1y, 1; and 1), are reduction factors
of the characteristic values of variable actions, and each are defined
below, and their numerical values are given in Table 1.2.

Table 1.2 Factors for the representative values of actions

%o ¥ (0

Imposed loads

A: Domestic and residential areas 0.7 0.5 0.3

B: Office areas 0.7 0.5 0.3

C: Congregation areas 0.7 0.5 0.6

D: Shopping areas 0.7 0.5 0.6

E: Storage areas, including lofts 1.0 0.9 0.8

H: Roofs* 0.7 0 0
Snow loads on buildings

Situated up to 100 m above sea level 0.5 0.2 0
Wind loads on buildings 0.5 0.2 0

*The roof imposed load should not be applied at the same time as wind or snow.

17
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The combination value 1)yQ), is associated with the combination of
actions for ultimate and irreversible serviceability limit states (the
serviceability limit states where some consequences of actions
exceeding the specified service requirements will remain when the
actions are removed) in order to take account of the reduced probability
of simultaneous occurrence of the most unfavourable values of several
independent actions.

The frequent value t,Qy, is primarily associated with the frequent
combination in the serviceability limit states and it is also assumed to
be appropriate for verification of the accidental design situation of the
ultimate limit states. In both cases the reduction factor v, is applied
as a multiplier of the leading variable action.

The quasi-permanent value v,y is mainly used for the assessment of
long-term effects, for example in checking cracking or deflection. But
they are also used for the representation of variable actions in accidental
and seismic combinations of actions (ultimate limit states) and for
verification of frequent and quasi-permanent combinations (long term
effects) of serviceability limit states.

Design actions
For permanent actions (dead load):

Gy = G (1.1)
For variable loads:
Qu = 10Lk (1.2)

The load factors are different for permanent actions (yg) and variable
actions (7) — otherwise the method would be identical to the permis-
sible stress method with a load factor of 1.0 which has been used until
now in the UK.

Action (load) combinations
In most cases permanent actions and one or more variable actions act
simultaneously. According to [EN 1990] the following combination
rules shall be used (a part of the equation in [EN 1990] prestressing
has been omitted because this is never applicable for ordinary timber
structures).

There are two main design situations: fundamental and accidental.
These are now discussed in turn.

18
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1. Fundamental (persistent and transient) design situations (strength
or equilibrium):

> 6.6k +101Qut T Y 0,%0:k

i>1 i>1
[EN 1990] Expression (6.10) = (1.3)

where Q) ; is the so-called leading variable action (live load). For
most materials the leading action is that which results in the largest
action effect, but this is not necessarily so for timber structures
because of the factor k,,,4, see below.

Where it is not obvious which is the leading action, each action
should in turn be taken as Q; to determine the combination
which produces the worst effect.

2. Accidental design situations (fire, impact or explosion):

ZGM (Ag) +¥11Qu1 +Z¢21Qk1

i>1 i>1
[EN 1990] Expression (6.11a) = (1.4)

The accidental action is in parenthesis because it should only be
included when considering the direct effects on the structure of
an explosion or impact. It should not be included when considering
the situation after the event or after a fire.

Expression (1.3) may, if it is less demanding, be replaced by the
following equations:

Z 76,:Gki + 70,1%0,1Qk1 + Z 70,i%0.Qk 1

i>1 >1

[EN 1990] Expression (6.10a) = (1.5)
Z §76.Gr; +701Qk1 + Z 70,i%0.CQk.1
i>1 >1

[EN 1990] Expression (6.10b) = (1.6)

where £ = 0.925.
Expressions (1.5)—(1.6) may only be used:

e for fundamental (not accidental) design situations

for strength (not equilibrium) verifications

e when the leading variable action is wind or snow and it is
unfavourable and its characteristic value exceeds 13.5% of
the characteristic value of the permanent actions, or when
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the leading action is any other type of variable action except
storage and its characteristic value exceeds 22.5% of the char-
acteristic value of the permanent actions.

Material parameters (mechanical properties)

For strength properties, modulus of elasticity and density, the character-
istic value my, is taken as the 5 percentile, i.e. a probability of 5% of getting
lower values is accepted. For stiffness values (e.g. modulus of elasticity),
the mean value E,,,,, is normally taken as the characteristic value.

Design material parameters
Design material parameters, my, are determined as:

my

my :kmod% (17)

where:

knoa is a modification factor taking into account different condi-
tions such as load duration, moisture content, temperature
and size. In Eurocode [EN 1990] the notation 1) is used instead
of kmod;

my,  is the characteristic value of the material parameter m;

v is the partial coefficient covering the uncertainty in deter-
mining of m.

Similarly, for stiffness:
Ey

Ed = kmod —
™

(1.8)
For vy the values in Table 1.3 are to be used in the UK.

The calculation of the design action effect is the same for all materials
and reference is made to [EN 1990]. On the resistance side of the equa-
tion there are several features that are material dependent. The
following describes how the design resistance is determined for timber
structures.

Service classes

To take into account the moisture content in the timber- and wood-
based materials, structures shall be assigned to one of the three service
classes given below.
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Table 1.3 Partial coefficients for actions (load factors), ultimate limit states

Permanent actions, g Variable actions, 7

Unfavourable Favourable Favourable Unfavourable

Strength verification 1.35 1.00 1.50 0
Equilibrium verification ~ 1.10 0.90 1.50 0
Combined strength and ~ 1.35 1.00 1.50 0

equilibrium verification®

“The combined check is an optional alternative to separate calculations for
equilibrium and strength verifications when both have to be carried out. However, if
it is employed then it must also be verified that setting 75 to 1.00 for both the
favourable and unfavourable parts of the permanent load does not produce a less
favourable effect.

e Service class 1 is characterised by a moisture content in the
materials corresponding to a temperature of 20°C and the relative
humidity of the surrounding air only exceeding 65% for a few weeks
per year. In service class 1 the average moisture content in most
softwoods will not exceed 12%.

e Service class 2 is characterised by a moisture content in the
materials corresponding to a temperature of 20°C and the relative
humidity of the surrounding air only exceeding 85% for a few weeks
per year. In service class 2 the average moisture content in most
softwoods will not exceed 20%.

e Service class 3 is characterised by climatic conditions leading to
higher moisture contents than in service class 2.

Examples of assignments to service classes in the UK is given in

Table 1.4.

Table 1.4 Service classes

Service class Type of construction

1 Warm roofs

Intermediate floors

Internal and party timber walls of buildings
2 Cold roofs

Ground floors

External timber-frame walls

External uses where member is protected from direct wetting
3 External uses, fully exposed
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Table 1.5 Load-duration classes

Load-duration class ~ Duration Examples of loads

Permanent More than 10 years Self-weight

Long-term 6 months to 10 years  Storage loading (including in lofts)
Water tanks

Medium-term 1 week to 6 months  Imposed floor loading

Short-term Less than 1 week Snow

Maintenance or man loading on roofs
Residual loading after accidental event

Instantaneous Wind
Impact loading and explosion

To take into account the influence of load duration on strength, loads
shall be assigned to one of the five load-duration classes of Table 1.5.

The factor k.4 as a function of service class and load duration is
given in Table 1.6.

Verification
For static equilibrium (EQU™), it shall be verified that:

Sadse < Ragw (1.9)
where:

Sqds  is the design value of the destabilising actions;
Rysp s the design value of the stabilising actions.

*EQU limit states. These involve loss of static equilibrium in the considered structure,
either as a whole rigid body or in any one of its constituent parts. In such situations, the
mechanical and resistance properties of the material are not generally determining
factors, while even modest geometric variations in the distribution of actions or their
points of application may be crucial.

" STR limit states. These concern the failure or excessive deformation of a structure or
its constituent members. In such cases, it is the resistance of the materials that is the
determining factor in verification.

T GEO limit states. These involve failure or excessive deformation of the soil. The
critical factor in ensuring safety for such limit states is the mechanical characteristics of
the ground. In the case of the design of structural members (footings, piles, basement
walls) involving geotechnical actions and resistance of the ground (STR and GEO),
three separate approaches are recommended.
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Basis of design

Material ~ Standard Service Load-duration class
class
Perm- Long- Medium- Short- Instan-
anent term  term term  taneous
action action action action action
Timber, [EN 14081-1] 1 0.60 0.70 0.80 0.90 1.10
glulam [EN 14080] 2 0.60 0.70 0.80 0.90 1.10
and LVL  [EN 14374], 3 0.50 0.55 0.65 0.70  0.90
[EN 14279]
Plywood  [EN 636, Part 1] 1 0.60 0.70 0.80 090 1.10
[EN 636, Part 2] 2 0.60 0.70 0.80 090 1.10
[EN 636, Part 3] 3 0.50 0.55 0.65 0.70  0.90
OSB* [EN 300], OSB/2 1 0.30 045 0.65 0.85 1.10
[EN 300], OSB/3 1 040 050 0.70 0.90 1.10
and OSB/4
[EN 300], OSB/3 2 030 040 0.55 0.70  0.90
and OSB/4
Particle-  [EN 312, Part 4 1 030 045 0.65 0.85 1.10
board and 5]
[EN 312, Part 5] 2 0.20 030 045 0.60 0.80
[EN 312, Part 6 1 040 0.50 0.70 090 1.10
and 7]
[EN 312, Part 7] 2 0.30 040 0.55 0.70  0.90
Fibreboard, [EN 622-2] HB.LA, 1 0.30 045 0.65 0.85 1.10
hard HB.HLA1 or HLA.2
[EN 622-2] 2 0.20 030 045 0.60 0.80
HB.HLA1 or HLA2
Fibreboard, [EN 622-3] 1 0.20 040 0.60 0.80 1.10
medium  MBH.LA1 or 2,
MBH.HLSI or 2 1 0.20 040 0.60 0.80 1.10
MBH.HLS1 or 2 2 - - - 045 0.80
Fibreboard [EN 622-5] MDF.LA 1 0.20 040 0.60 0.80 1.10
and MDF.HLS
MDF** MDF.HLS 2 - - - 045 0.80

* OSB, oriented strand board. ** MDF, medium density fibreboard.

For verification for internal failure or excessive deformation of the
structure or structural members, including footings, piles, basement
walls, etc., where the strength of construction materials governs
(STR™); and for failure or excessive deformation of the ground where
the strength of soil or rock is significant in providing resistance

Copyright © ICE Publishing, al rights reserved.
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(GEOY), it shall be verified that:
S <Ry (1.10)
where:

S, is the design value of the effect of action such as internal force,
moment or a vector representing several internal forces or
moments;

R, is the design value of the corresponding resistance.

Note: [EN 1990] used symbol E with various subscripts for design
actions and design resistance. To avoid confusion with modulus of elas-
ticity the symbols S and R have been preferred.

1.1.6 Serviceability

Design stiffness values

For serviceability limit states, mean stiffness values are used directly to
obtain the best estimates of expected deformations. In Eurocodes this is
expressed more formally as follows:

The mean values should be used with a partial coefficient:
™ =1 (1.11)

Serviceability limit states verification
For the serviceability limit states verification [EN 1990] stipulates that:

Sy <C;  [EN 1990] expression (6.1) = (1.12)
where:

S, is the design value of the effects of actions specified in the
serviceability criterion, determined on the basis of the relevant
combination;

C, is the limiting design value of the relevant serviceability criterion.

Combination of actions for the serviceability limit states

For serviceability limit states verification, [EN 1990] requires the three
combinations to be investigated which are shown below. [EN 1990]
gives three expressions for serviceability design: characteristic, frequent
and quasi-permanent.
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1. The characteristic (rare) combination is used mainly in those cases
when exceedance of a limit state causes a permanent local damage
or permanent unacceptable deformation.

Z G+ Qu1 + Z 0, Qki

i>1 i>1
[EN 1990] Expression (6.14b) = (1.13)

2. The frequent combinations are used mainly in those cases when
exceedance of a limit state causes local damage, large deformations
or vibrations which are temporary.

Z G+ ¥1,1Qk1 + Z Py Qi

ji>1 ji>1
[EN 1990] Expression (6.15b) = (1.14)

3. The quasi-permanent combinations are used mainly when long-
term effects are of importance.

Z Gy,j + Z (RO

i>1 i>1

[EN 1990] Expression (6.16b) = (1.15)

Creep

When a structure is loaded it will get an instantaneous deformation
which should be calculated with mean values determined by standar-
dised short-term tests.

When a load is maintained constantly (e.g. a permanent load), the
deformation of the structure or member will increase in principle as
shown in Fig. 1.3. This phenomenon is called creep. During the early
stages of loading, the deformation increases fast, but with time the
rate of increase will decrease asymptotically to a final value ug,. The
deformation at time t may be expressed as:

u(t) = ting[1 + (1)) (1.16)

where (t) is called the creep function.
In Eurocode 5, Expression (1.16) is written as:

Ufin :uinst(l _'_kdef) (117)

where ks is a modification factor for deformation which depends on the
material, the moisture content and the load-duration class. Examples of
kgf are given in Table 1.7.
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Load, F
F
. T Time
Deformation, u
Uinst, kdef
Uijnst
Time

Fig. 1.3 Constant load F and deformation u with time t of a simply supported
beam followed by unloading at time T

If a load after a time T is removed, the deformation will be reduced by
the same u;,, as when it was loaded. This will be followed by a creep
recovery deformation until the deformation stops at a permanent defor-
mation. It should be noted that if the stress level is less than about 50%
of the characteristic strength (and this will most often be the case), the
permanent deformation will be small and may in practice be disregarded
if the total loading period is smaller than the unloaded period, e.g. snow
loading in the UK.

Over a period, the deformations depend on the average load that
in most cases is considerably smaller than the characteristic load.
The average load is called the ‘quasi-permanent’ part of the load. The
deformation from a variable load is, therefore, calculated as:

Ufin = uinst(l =+ ¢zkdef) (117)

where 1), is given in Table 1.2 and Table 1.8.

If two or more constant loads are applied at different periods, see
Fig. 1.4, they will each induce deformations as described above. For
more than one load, the deformations calculated for each load should

be added together.

Shear deformations

In most cases only deformations from bending are of importance, but
since the shear modulus is rather low there are situations where it is
also necessary to take shear deformations into account, e.g. for thin
webbed I-beams — see Example 6.1 in Chapter 6.
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Table 1.7 The factor kg

Material Standard Service class
1 2 3
Structural timber [EN 14081-1] 0.60 0.80 2.0
Glulam [EN 14080]
LVL [EN 14373] and [EN 14279]
Plywood [EN 336-1] 0.80 - -
[EN 336-2] 0.80 1.00 -
[EN 336-3] 0.80 1.00 2.50
OSB [EN 300]
OSB/2 2.25 - -
OSB/3 and OSB/4 1.50 2.25 -
Particleboard [EN 312]
Type P4 2.25 - -
Type P5 2.25 3.00 -
Type P6 1.50 - -
Type P7 1.50 2.25 -
Fibreboard, hard [EN 622-3]
MHB.LA1 and MHB.LA2 2.25 -

MHB.HLS1 and MHB.HLS2 2.25 3.00 -

Fibreboard, medium [EN 622-2]
HB.LA 3.00 -
HB.HLA1 and HB.HLA2 3.00 4.00 —

Notes: For timber which is installed at or near its fibre saturation point, and which is
likely to dry out under load, these values shall be increased by 1.0. It is a known fact
that dried timber is stiffer than wet timber. However, when a timber structure or a
member with high moisture content is loaded, the deformations will not be reduced
during drying of the structure or the member. In fact the deformation will increase
further. In addition, if a timber beam which is near its fibre saturation moisture
content, is exposed to alternating load, the deformations will continue to increase.

Deformation contributions from joints
Joints in timber structures are rather flexible and in trussed structures
their contribution to the deflections may be larger than those from
deformations of the timber part.

The slip g for a load F should be calculated from:

g=F/K (1.19)

where K is the slip modulus. Table 1.9 contains expressions for the
slip modulus for some common fasteners. Reference is also made to
Chapter 9 for further information.
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Table 1.8 Quasi-permanent factor

¥

Imposed loads

A: Domestic and residential areas 0.3

B: Office areas 0.3

C: Congregation areas 0.6

D: Shopping areas 0.6

E: Storage areas, including lofts 0.8

H: Roofs” 0
Snow loads on buildings

Situated up to 100 m above sea level 0
Wind loads on buildings 0

* The roof imposed load should not be applied at the same time as wind or snow.

Limiting values for defection of beams

The serviceability criteria should be specified for each project and
agreed with the client. In the UK National Annex, the values in
Table 1.10, which take into account creep deformations, are given for

guidance.

Vibrations

Loads applied on structures should not cause vibrations that can impair
the function of the structure or cause unacceptable discomfort to the

users.

Load, F

F [ [

F

Deformation, u

Time

UinstoKer2

uinst,z

Uinst 1Kger 1

uinst,1

Fig. 1.4 Deformations for a structure over a period with two different constant

loads
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Table 1.9 Slip modulus K in N/mm for dowel-type fasteners with diameter d

Dowels

1.5
Screws Pm_ g
Tight-fitting bolts” 23
Nails with pre-drilling

1.5
Nails without pre-drilling pSLOdOB

1.5
Staples Pm_ 08

p 30 d

*For bolts the clearance should be added separately.
Note: p,, is the density of the wood (mean value) in kg/m’.

For residential floors with a fundamental frequency f; < 8Hz, a
special investigation should be made.

For floors, unless other values are proven to be more appropriate, a
modal damping ratio of { = 0.02 (i.e. 2%) should be assumed.

The fundamental frequency for a rectangular floor, | x b, simply
supported along all four edges and with timber beams having a span [,
can be calculated as:

7w [(EI),
= 1.20
where:
m is the mass per unit area in kg/m?;
l is the floor span in m;
Table 1.10 Limiting values of individual beams
Type of member Limiting value for final deflections of
individual beams, wg,
A member of span | A member with
between two supports a cantilever [
Roof or floor member with a plastered 1/250 /125
or plasterboard ceiling
Roof or floor member without a /150 /75

plastered or plasterboard ceiling

Note: wg, should be calculated as ug, in accordance with [EN 1995-1-1], 2.2.3(5).
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(EI), is the equivalent plate bending stiffness of the floor about an
axis perpendicular to the beam direction, in Nm?/m.

For residential floors with a fundamental frequency f; < 8 Hz, Euro-
code 5 gives very advanced design methods. The UK National Annex
however states that floors with a span up to 6 m will normally behave
satisfactorily provided the deflection a under a point load is smaller
than:

1.85 mm/kN for [ < 4500 mm

a <4 68200 (1.21)

5 mm/kN  for [ > 4500 mm

where the floor deflection should be calculated as:

kdistlgz.zz kshear /kN ( 12 2)
ad=————mm .
kcomp (E I ) joist

where:

K gise is proportion of point load acting on a single joist

0.42—0.091n [14(?)”]
N

= max
0.35
Leg is equivalent floor span in mm
= 1.0l for simply supported single span joists
= 0.91 for the end spans of continuous joists
= 0.85l for the end spans of continuous joists
kiear  is amplification factor to account for shear deflections
comp 1s factor to account for composite action between joist and
floor decking
(E)joise  is bending stiffness of a joist in Nmm?’ (calculated using

Emean)
(EI), isfloor flexural rigidity perpendicular to the joists in Nmm?/m
s is joist spacing in mm
l is span between supports in mm
kigor = 1.05 for simply supported solid timber joists

= 1.10 for continuous solid timber joists
= 1.15 for simply supported glued thin-webbed joists
= 1.30 for continuous glued thin-webbed joists

comp = 0.3 for floor decking nailed or screwed to the joists in
accordance with the decking manufacturer’s recommenda-
tions
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= 0.325 for floor decking nailed or screwed, and glued to
the joists at standard centres and glued in accordance
with the manufacturer’s recommendations

(EI),  is calculated as the flexural rigidity of the floor decking
perpendicular to the joists, using E, ., for E. Discontinuities
at the edges of floor panels or the ends of floor boards may be
ignored. (EI), may be increased for plasterboard, strutting
and strongbacks as follows:

add 0.34 - 10° N/mm?/m for standard plasterboard

add 0.53 - 10° N/mm?/m for standard strutting

add for a single continuous strong-back fastened to all joists
within 0.1 of mid-span its bending stiffness in Nmm®
divided by the span [ in metres.

1.1.7 Robustness

All structures are required to be reasonably robust, i.e. they should not
be sensitive to unintended incidents or small deviations from the design
assumptions, e.g. small deviations from the intended geometry due to
execution errors, or foundation settlements.

Robustness (sometimes called safety against disproportionate or
progressive collapse) requirements are those that, in the case of an
accident, the structure does not fail disproportionate to the cause of
the accident, i.e. failure in a small part of the structure must not
result in failure of the whole structure.

Robustness may be ensured by the design of the statical system, e.g.
by choosing statically indeterminate structures where there is more than
one path for the loads to the supports, by choice of materials and joints
and by control of the construction execution. It should be noted that
increase of the safety factors, by itself rarely has an important effect,
even though the safety codes sometimes accept this as a possible way
of compliance.

The codes are rather vague regarding implementation of the robust-
ness requirements into practice and it is usually left to the designer. In
the UK, Building Regulations Approved Document A (Communities
and Local Government, 2000) provides some design guidance for
robustness (disproportionate collapse or progressive collapse), which

should be used.
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2

Construction products

2.1  The tree

2.1.1 Structure of the tree

Living trees consist of foliage, stem, branches and roots. The foliage
(leaves or needles) contains chlorophyll that, with energy from the sun,
can decompose the carbon dioxide (CO;) in the air into oxygen and
carbon which are the basic elements in cellulose, hemicellulose and
lignin as the main chemical components of wood. The stem and branches
carry the foliage and contain vessels for transport of liquids between the
root and top of the tree and is a store for nourishment (see Fig. 2.1).

Pith

The pith is a narrow wood bar (about 10 mm in diameter) in the centre
of the stem. It consists of loosely bounded dead cells that are oriented
along the tree. Pith rays from the pith to the bark are able to transport
liquids and nourishment.

Bark

The stem and the branches are covered by the bark which protects the
wood against drying out, attacks of fungi, beetles and physical damage.
Under the bark there is a thin growth layer called the cambium where
new bark cells are formed outward and new wood cells inward. Every
year the tree produces a new annual ring.

Annual rings

The inner part of the annual rings is called early wood or spring wood
and is formed during the spring, often with relatively high growth
rate. Its purpose is to ensure an early transport of liquids. Early wood
is light in colour and has relatively low density, stiffness and strength
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Bark

Cambium (growth layer)

Heart wood

Pith ray

Fig. 2.1 Cross-section of a tree stem

because of thin fibre walls and big lumens (cell holes/voids). The outer
part of the annual rings is called late wood and is formed relatively slowly
during the summer. It is darker than the early wood and has higher
density, stiffness and strength.

For conifers the thickness of late wood is almost constant and trees with
narrow annual rings are preferred because the amount of spring wood is
relatively small. For deciduous trees (often a little misleadingly called
hardwoods) the thickness of early wood is almost constant and trees
with broad annual rings are preferred because the amount of late wood
is relatively large. The width of the annual rings is in the range 2—10 mm.

Wood cells

The basic element of wood is the wood cells. They consist of cell walls
surrounding the cell lumen. The cells are oblong and oriented
essentially in the lengthwise direction of the tree and grow at lengths
of 2—=4mm and their thickness varies between 10—50 um. The cells
are squeezed between each other and connected through pores so
that long tubes, called wood fibres, are formed, serving in the living
tree to transport liquids.

Tree growth
The growth of a tree is shown schematically in Fig. 2.2.
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Fig. 2.2 Schematic growth of a conifer

Early in the spring a top shoot grows lengthwise and creates a narrow
year shoot on the top of the tree. Similarly, side shoots grow out from the
pith as small individual trees. The side shoots become branches and
their anchorage in the stem form knots. Branches that are overgrown
so that they do not get sunshine die and will eventually break off.

Knots

A knot is the embedded part of a branch. At areas close to the knots the
wood fibres in the stem change direction and continue into the branches.
The fibre direction can be heavily distorted as shown in Fig. 2.3. When a

Fig. 2.3 Radial cross-section in a tree stem and knots: (a) living knot; (b) knot
from a dead branch — near to the surface the knot will become loose; (c) embedded
knot
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branch dies it often breaks off close to the surface of the tree. When the
tree continues to grow, the knot becomes embedded into the stem. A
distinction is made between dead and living knots.

e Dead knots are the dead part of a branch and are not integrated
with the stem. They will often become loose and fall out when
the tree stem is cut up because the wood in the branches shrinks
more than ordinary wood.

e Living knots are integrated into the stem and will usually not fall
out, but can crack during drying.

The knots in pine wood are concentrated at the same height around
the trunk and spaced corresponding to a year’s growth, typically 250—
800 mm. For spruce the knots are more randomly dispersed along the
tree stem. When the tree is cut, the knot pattern on the board surface
will vary (see Fig. 2.4). The knots are denoted after their location such
as edge knots, (narrow) side knots and (wide) face knots. Furthermore,
they are denoted after their shape as round, horn or leaf knots.

Horn knot
Leaf knot

Pith

Pith side

Edge

/ Wide face

Wide face knot Edge knot

External side
Narrow side

Narrow side knot
Wane

Annual ring

Fig. 2.4 Different types of knots
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Sapwood and heartwood

The outer material in the tree stem is denoted sapwood. It contains
many living cells that can transport liquids from the bottom to the
top of the tree. When the tree becomes old, the old wood cells die
and resin, sugar composites, tannin and oils are deposited in the cavities.
This is when a heartwood core is formed in the central area of the tree
(see Fig. 2.1). The heartwood is often darker and more durable than the
sapwood. It is, however, not always the case. As an example, it is not
possible with the naked eye to detect the core of spruce and it has
poor durability.

Density

The density of the wood cell wall is about 1550 kg/m’. The density of
wood is smaller due to the voids within the cells. The density of
spruce and pine is typically in the range 300-600 kg/m’ corresponding
to a void percentage of 80-60.

Cracks and shakes

Cracks and shakes often arise during drying of solid timber products, but
sometimes they may be initiated in the living tree because of growth
stresses.

Main directions of wood

Due to the wood structure with annual rings, three main material direc-
tions may be identified, i.e. longitudinal (L), tangential (T) and radial
(R) (see Fig. 2.5). The longitudinal direction refers to the fibre direction
and the radial direction radiates from the pith to the bark and finally the
tangential direction is perpendicular to these two.

2.1.2 Moisture content

General

Wood always contains water in the cells, either as free water in the cell
lumens or as bonded water in the cell walls. The weight of the water as a
percentage of the weight of the dry wood is called the moisture content:

(2.1)

ight of
(%) = 100 weight of water

weight of dry wood
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Longitudinal direction
A

- Cross-section

External side
Pith side

Tangential direction

— Annual rings

11| ™ Radial direction

Fig. 2.5 Material directions and side definitions in tree stem and solid board
(Courtesy Erik Serrano, SP, Sweden)

The moisture content may be determined by weighing a piece of wood,
drying it at 105°C until weight equilibrium is reached and then weighing
it again. The moisture content is found as the weight loss (i.e. weight of
water) relative to the weight of the dried wood:

ight — igh
w(%) = 10Owetwelg t — dry weight

dry weight (2.2)
In practice the moisture content is determined by an electric moisture
meter. The principle is that the electric resistance is measured between
two electrodes pressed into the wood. Electric moisture meters can,
however, only be used for moisture contents between about 6 and 30%.

Just after felling of the tree the moisture content is high; in some
wood species higher than 100%. When the wood is dried, the free
water in the cell lumens disappears first, followed by the water
bonded to the cell walls. The moisture content when all free water
has been removed is called the fibre saturation point. This point differs
between wood species and varies normally between 25 and 30%. The
moisture content in dried wood may be increased again, by placing it
in a moist atmosphere or by exposing it directly to water. In the
former case the moisture content cannot exceed the fibre saturation
point.

If a piece of wood is placed in a constant climate for long time the
moisture content in the wood will reach an equilibrium moisture
content (EMC). As an approximation it may be assumed that the
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Fig. 2.6 Influence of RH and temperature on EMC in Nordic conifers

EMC in wood only depends on the relative humidity (RH) and the
temperature of the surrounding air as shown in Fig. 2.6.

[t may take some time for wood to reach the equilibrium moisture
content, especially for members with large cross-sections. For an
ordinary floorboard it will take some days to reach equilibrium, whereas
it may take months for a large timber member. The moisture content at
the surface of a glulam beam follows the short-term climatic variation,
but the moisture content inside the member will correspond to the long-
term variations over the year. For large glulam members, the inside
moisture content will be almost constant, corresponding to the average
RH over the year.

The indoor EMC of wood will typically vary between 12 and 15%
during summer and between 7 and 10% during winter because of the
heating. The outdoor EMC of wood is about 15% during summer and
it increases during the winter to:

e 18-25% if the timber is exposed to the weather

e 16-20% if the timber is protected against direct weather exposure,
e.g. by a roof

e 14-17% in facades, windows and doors.

Moisture-related deformations

Moisture variation above the fibre saturation point will not cause dimen-
sion changes in wood products because it is only the free water content in
the lumen that is changed. Moisture changes below the fibre saturation
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Table 2.1 Shrinkage/swelling strains for Nordic conifers for every unit change in
the moisture percentage

Longitudinal strain: % Tangential strain: % Radial strain: %

0.01 0.3 0.15

point will on the other hand result in dimensional changes. Wood shrinks
when it is dried and swells during wetting. The shrinkage/swelling strains
in the longitudinal, radial and tangential directions of wood are assumed
to be proportional to the values shown in Table 2.1.

The longitudinal strain is relatively small compared to the other
strain components. However, the effect cannot always be disregarded,
as for a 30 m long beam the length change will be about 30 mm for a
change in the moisture percentage of 10.

In practice the direction of the sawn cut wood relative to the annual
rings is random and usually an average strain value of 0.2% is used for
the shrinkage/swelling strains perpendicular to the fibre direction.
The difference between the tangential and radial strains results in
distorted cross-sections when solid timber is dried (see Fig. 2.7). The
distortion is highly affected by the annual ring pattern of the individual
piece — see Fig. 2.7 where:

(a) the growth rings are running in the radial direction and perpendi-
cular to the wide faces, therefore the board will keep its shape but
become thinner and shorter;

(b)

Fig. 2.7 Sawn cut patterns and shape distortion of timber cross-sections caused by
shrinkage being larger in the tangential than in the radial direction
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(b) the growth rings at the ends are running in the tangential direction
but in the radial direction in the middle, thus the thickness changes
are largest at the ends;

(c) this cross-section will shrink less in the radial direction than in the
tangential and it becomes skew, and timber cut in this way should
not be used in structures;

(d) the wide growth rings are running more ‘tangential’ in the outer side
than in the inner, so the outer side will shrink more than the inner
and the cross-section will become concave with the concave side
outwards. If this cross-section is pressed flat (e.g. when planed)
the outer side will crack.

Solid timber will often crack during drying, especially if it is dried fast.
The drying starts in the outer layer and the shrinkage will be prevented
by the inner core that is still wet. This internal constraint can result in
high tensile stresses that can cause significant crack damage of the
material. Due to unavoidable changes in the temperature and RH,
wood will always be changing its size and shape during its service life
and it is necessary to take this into consideration in the design of
timber structures. To reduce the problems, timber should be condi-
tioned to the climatic conditions where it is going to be used. The
following maximum moisture content values should be specified:

e indoor 10-13%
e outdoor, under cover 14—18%
e outdoor exposed to weather 20-25%.

If higher moisture contents cannot be avoided, shrinkage should be
allowed to take place freely to avoid damage to the structure. Eurocode
5 permits the use of wood with high moisture content during con-
struction but only if it is ensured that the wood can dry without risk
of attack from fungi and that it is possible to replace members subject
to unacceptable distortions.

2.1.3 Density
Since both mass and volume vary with moisture content, different density
measurements are used. The two most common density definitions are:

e dry density, py = myy/Vy,y determined from mass and volume of
completely dried wood

e moist (wet) density, p, =m,/V, determined from mass and
volume at the moisture content u (%).
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Often py; determined from mass and volume at a moisture content of
12% (corresponding to a climate of about 20°C and 65% RH) is
taken as reference. For spruce and pine the following expression may
be used for u between 8 and 18%.

p12 = pu[l —0.05(u — 12)] (2.3)

2.1.4 Durability

If wood is not treated correctly it is a perishable material. It can be
destroyed by insects, bacteria and fungi. On the other hand wood is
resistant to many chemicals and is often used in storages for aggressive
agents such as salt and soda and in swimming halls (chlorine). However,
in these cases it is often necessary to use fasteners of stainless steel or
other especially durable materials.

Fungi

In buildings it is possible to find about 30 species of wood-destroying
fungi. This number is much higher in woodlands and forests. Although
some of the fungi are harmless, their presence should be regarded as a
warning sign. They indicate that the moisture level is high and that
there is risk of attack by wood-destroying fungi. Fungal spores are
found everywhere in the air. They are minute (thousandths of a
millimetre) and are carried by the air movement until they find a
place where the growth conditions are favourable. The spores shoot
with a so-called hypha that takes root, grows into the wood and
develops into a mycelium. From the tip of the hypha, enzymes are
secreted. They convert the wood to food substances that can nourish
continued growth of fungi. Under the right conditions mushroom- or
chanterelle-like fruits may develop from the mycelium. In these,
spores may be formed, and the life-cycle begins again.

Fungi growth requires food, oxygen, a reasonable temperature and
moisture. Most fungi prefer temperatures around 20-30°C but some
require higher temperatures. At temperatures below 5°C all fungi
growth stops. In saturated wood (moisture content above about
75%), the oxygen content is insufficient for most fungi to grow. This
explains why timber pile foundations below the groundwater table do
not rot.

Fungi do not attack sound wood at moisture contents below 20%
and the attack will normally stop if the moisture content is reduced
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below 20%. There are, however, some fungi that can attack wood at
lower moisture contents when the wood has been affected by fungi
previously.

Rot
The result of a fungi attack is rot. Often no distinction is made between
dry rot and brown (wet) rot.

e Dry rot is the result of a normally slow destruction of the wood
caused by fungi or bacteria under prolonged high moisture content,
e.g. due to insufficient maintenance or inappropriate structural
detailing. Building insurance may not cover dry rot because it
could be taken by insurers as a sign of lack of proper maintenance.

e Brown (wet) rot normally results from a sudden influx of water or
entrapment of water during the building process.

Mould and discolouring fungi

Wood exposed to moisture may be attacked by mould or discolouring
fungi, e.g. blue stain. These attacks are harmless and the strength and
stiffness are not reduced but the appearance is impaired and indicates
that the moisture level is so high that there is risk of attack of wood-
destroying fungi. Mould live on the surface of the wood and growth
may start if the air moisture content at the surface is higher than 16%
in the wood itself. Mould has been attracting increased attention
because it may be carcinogenic and allergenic, even when the fungi
are dried out and dead. Therefore, wood with visible mould should
not be used indoors.

Blue stain fungi create black or blue discolouring on the surface which
cannot be removed easily without extensive planing. In the trade, blue
stain is regarded as a blemish that should be avoided if the surface is to
stay untreated. Blue stain can be avoided if the wood is dried
immediately after cutting or sprayed with or dipped in a fungicide.

Insects and marine borers

Insects normally pose only small problems, with the exception of house
longhorn beetles which may cause great damage to the structure. House
longhorn beetles are most commonly found in the south-west area of
London (mainly Surrey) where special Building Regulations exist to
protect structural timber and prevent further spread. The best way to
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avoid problems is to keep the wood dry as house longhorn beetles
cannot live in wood with moisture contents below 10%. For all other
insects the limit is about 15%.

Attacks from shipworm that live in saltwater may be disastrous for
marine structures.

Natural durability

According to the European standard [EN 350-1] a five-class system is
used to describe the natural durability of wood and wood-based
products to wood-destroying fungi:

very durable
durable
moderately durable
slightly durable
not durable.

Ul B W —

[EN 350-2] lists the natural durability of solid wood for selected wood
species which are important for design and construction. Examples
are shown in Table 2.2.

Table 2.2 Natural durability classes for certain species

Wood species Durability class

Ash

Azobé

Birch

Beech

Douglas

Oak, European
Oak, American
Greenheart

Larch

Merbau

Scots pine

Fir

Sitka

Thuja, North American
Thuja, European
Western Red Cedar
Wallaba

Sapwood, all species

|
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Table 2.3 Definition of hazard classes according to EN 335-1

Hazard classes
(biological use class)

Typical service conditions

Examples

1

Wood indoor in dry
conditions

Wood not directly exposed to
outdoor climate or ground
contact, but brief wetting is
possible

Wood exposed to outdoor
climate and condensation,
but without ground contact
and not permanently wet,
provided damaged wood may
be replaced without
significant problems and
provided consequences of
failures are small

Wood in permanent contact
with ground or freshwater or
especially exposed to weather.
Parts critical to safety that
may be difficult to replace

Wood in saltwater and parts
having special requirements
for strength and durability

Furniture, wall panels

Roof structures. Wood
outdoor under cover

3.1 Windows and exterior
doors

3.2 External claddings and
garden components above
ground

Poles for overhead lines,
sleepers, fence posts, wood
flag stones, exterior stairs and
balconies, beams in crawl
spaces, sills on foundation
walls

Quay wharfs, moorings, poles

[EN 335-1] defines five hazard classes, also called biological use
classes. They are described in Table 2.3. It should be noted that the
hazard classes are not the same as service classes which take into
account only the influence of the moisture content on the strength
and stiffness properties.

Design for durability
Fungi attacks can be avoided if the wood is dried immediately after
cutting and kept dry during all phases of the construction and in use.
This is possible by proper design and construction which is called
‘Design for durability’. Examples are given in Table 2.4.
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Table 2.4 Examples of design for durability

Protect outdoor structures from
getting wet, e.g. by effective roof
overhangs and eaves

Ensure external surfaces are
treated properly to repel water
and dirt

Slant-cut top of members
exposed to weather so that water
can run off

Cover ends of posts and
cantilevered beams
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Table 2.4 Continued

Use drip trays or ledgers so water
can run off

Keep wooden members away
from ground and vegetation

Make sure the pith side is
outwards as the heartwood is
more durable than sapwood, the
pith side gets fewer fissures and it
is a better base/surface for
painting
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Table 2.4 Continued

Use vertical claddings so water
can run off and not become
trapped

Ensure that the wood can move P g g I l
freely; use overlap joints rather )
than butt joints

A .
N e s

Nail correctly in order to reduce
cracks around the nails
Nail heads shall just be flush with

the surface of the wood member
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Chemical wood protection
Where it is not possible by other means to prevent decay of timber by
fungi and insects etc., wood should be chemically treated by pressure
or vacuum impregnation.

Pressure impregnation

Pressure impregnation is a process whereby wood is placed in a pressure
cylinder and a vacuum is created to extract air out of the cells before the
cylinder is filled with preservative liquid and exposed to high pressure
for a period of time. The wood is then dried and the preservative
agents are fixed to the wood and become insoluble. Note: The wood
should not leave the plant before the preservative agents are fully fixed.

The active preservative agents are organic fungicides and heavy
metal salts dissolved in water. In the past the active agents were
based on copper, chromium and arsenic (CCA). Nowadays however,
arsenic and chromium are prohibited in most European countries
because they may cause allergies and cancer. They are replaced by
less harmful copper compounds.

Creosote is also used to preserve timber, especially for poles and
railway sleepers. However, impregnation with creosote is no longer
permitted in some European countries, although the creosote treated
products may be used.

Vacuum impregnation

The penetration of the preservative that is decisive for the protection
depends on the preservative and the wood species. For some species
it is possible to fully penetrate the wood or at least the sapwood. This
is the case for the sapwood of fir, larch and Douglas, but not for
heartwood that has high natural durability.

Spruce is very difficult to treat because the penetration both in its
sapwood and the heartwood (which is not very durable) is only a few
millimetres; therefore spruce is not normally treated.

Pressure-impregnated wood shrinks and swells as untreated wood.
Therefore, it should be dried to a moisture content corresponding to
the environmental conditions of its end-use and service life. It should
be noted that pressure treatment may reduce the strength of wood.
The producers shall declare the reduction if it is more than 10%.

Vacuum impregnation is a process developed for components (i.e.
doors, windows, facade elements, etc.).

In the vacuum treatment, the penetration in the sapwood is about
5—-10 mm from the surface and about 50 mm from the ends.
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Sapwood

Heartwood

Fig. 2.8 The extent of penetration by (from top): pressure treatment, vacuum
treatment, surface treatment

Vacuum-impregnated structures should not be processed or shaped
(machined) after treatment. The same applies in principle to pressure-
treated wood, because there is a risk of exposing small unprotected
zones in the border between the pith and the core.

Figure 2.8 shows the extent of penetration by pressure, vacuum and
surface treatment.

The recommended protection depending on the hazard classes and
durability classes in accordance with [EN 460] is shown in Table 2.5.

Table 2.5 Guide for selection of materials according to [EN 460]

Hazard classes Durability class

(biological

use class) 1 2 3 4 5

1 ° ° ° ° °

2 ° ° ° (o) (o)

3 J o (o) ()—() (o)~ (i)
4 ° (o) (i) i i

5 ° (i) (i) i i

e Durability acceptable

(o) Durability normally acceptable

(e)—(i) May be acceptable

(i) Impregnation normally advisable

i Impregnation necessary

Note: Judgement depends on the degree of exposure and the surface treatment.
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CEN has published standards for treated timber where nine classes
are distinguished and are very open to methods and preservatives.
Guidance should be sought from the producers.

Heat treatment

Heat treatment with temperatures about 200°C in closed tanks may
increase durability. Heating causes sugar ingredients in the wood to be
broken down and changed to tar compounds colouring the wood brown
and increasing moisture stability and durability against fungi. The strength
and stiffness are reduced by 10-30%. Heat-treated wood is marketed as
an environmentally friendly product for fagades, playgrounds and
garden furniture and accessories. As understanding of its durability and
performance in use is still in its infancy, the suppliers recommend using
a surface treatment similar to those used for untreated wood for the
time being until more experience is gained from its performance in service.

2.1.5 Fire
Wood is classed as a combustible material but it has in many respects good
fire properties because its behaviour is predictable and the reduction of
strength and stiffness is slow. With the introduction of performance-
based building regulations it is now possible to build wooden houses up
to four, five, six and seven stories high in certain European countries.
The UK Standard [BS 5268: Part 6] now provides guidance for building
timber-frame dwellings up to seven storeys high, which is the result of a
prestige research project called TF2000 (see Enjily, 2001) carried out
jointly by the Building Research Establishment (BRE), Timber Tech-
nology Ltd (TTL) and industry.

To be able to assess the behaviour of building products during fire,
they are classified based on their contribution to fire, smoke generation
and giving off of droplets and particles:

e their reaction to fire, which is specially important for cladding and
wood-based panels
e their resistance to fire.

Reaction to fire is determined according to [EN 13823]. According to
this standard, building products are classified in the following classes,
based on:

e Classes A to F (Class A covers products that do not contribute to
fire (i.e. non-combustible materials)).
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e Classes sl to s3 for their smoke generation (where s1 is the best i.e.
generates less smoke).

e Classes dO to d2 for the giving-off of burning droplets and particles
(where dO is the best i.e. gives less burning droplets and particles).

Structural timber with a minimum mean density of 350 kg/m’ and a
minimum thickness of 22 mm is, without further testing, classified as:

e C(lass D: Building products whose contribution to fire is acceptable.
e C(lass s2: Limited smoke generation.
e Class dO: No burning droplets or particles.

The following notations are used for European reaction to fire in
terms of their performance criteria:

e R for structural resistance
e E for integrity
e [ for isolation.

The measured time for maintaining the required performance under
a standardised fire test is expressed in minutes, e.g. 30, 60, 90, 120. It
is also possible to combine the classes, for example RE30 means that
both load-carrying capacity and integrity are maintained for 30 minutes.

Wood and wood-based panels can be classified as Classes 0, 1 and 2
(Classes 0 and 1 can be achieved by treating them with fire-retardant
chemicals). European classification can be obtained in accordance
with [EN 13501-2] using the fire resistance test data.

The fire resistance may be verified by testing and calculations
according to [EN 1995-1-2], [BS 476], and [EN 13501-2]. However,
there are other ways of demonstrating fire resistance by calculations
to [BS 5268-4], Section 4.2 and [BRE Report BR128].

Reaction to fire may be verified by testing according to [BS 476-6],
[BS 476-7] and [EN 13823].

Joints with steel parts may be weak spots in the structure if not
designed properly, not only because the steel strength is temperature
sensitive but also because the steel transmits the heat into the wood.
Joints with unprotected steel parts cannot be assumed to have a fire
resistance of more than 15 minutes. However, steel parts in joints
may be protected by countersinking them into the wood or by covering
them with plasterboard or other board materials.

The fire resistance and reaction to fire of timber may be improved by
surface or pressure treatment using fire retardants which delay the fire
rather than prevent the wood from burning completely. It should be

51

Copyright © ICE Publishing, al rights reserved.



Practical design of timber structures to Eurocode 5

noted that it is cheaper to increase the sizes of timber members (for
higher fire resistance) rather than using fire retardants, especially in
heavy structures. Fire-retardant impregnation reduces the strength
and stiffness of timber, especially in some products that are hygroscopic,
and they may cause damp and salt spots in rooms with varying RH.

2.2 Structural timber
2.2.1 Sawing and marketing

Sawing

Structural timber (i.e. solid timber that has been strength graded) has
in most cases a rectangular cross-section (sawn/cut on four sides), see
Fig. 2.9.

The sawing starts with two or more parallel cuts along the length of
the log, giving waste side-boards and a centre block. The centre block is
then turned 90° and split with two or more parallel cuts into waste side-
boards, boards and planks. Other sawing patterns may also be used to
obtain cut members with certain shrinkage or appearance properties.
Examples are shown in Fig. 2.10.

Fig. 2.9 A typical sawing practice for solid timber
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Quarter sawing

Star sawing

Fig. 2.10 Sawing patterns

Standard sizes

Specifications of sizes for structural timber are based on target sizes and
tolerances. Target sizes are the actual sizes used in design calculations
and are therefore the size required from the supplier, with no deviations
outside the specified tolerance class being permitted. Two tolerance
classes are specified in EN 336:

1. For tolerance class 1 the acceptable deviations are —1 mm to
+3mm for thicknesses and widths less or equal to than 100 mm
and —2 to +4 mm thereafter.

2. For tolerance class 2 the acceptable deviations are —1mm to
+1mm for thicknesses and widths less than or equal to 100 mm
and —1.5 to +1.5 mm thereafter.

If graded timber is machined beyond these limits, it should be regraded
and its size reclassified.

Timber structures can be designed using any size of timber. However,
since producers are not normally aware of the specific end use of timber
at the time of production it has become practice to produce a limited
range of sizes, which have therefore become the most readily available
sizes in the UK. These commonly available sizes are listed in Table
2.6. Unless otherwise specified, sawn timber will meet the requirements
of tolerance class 1.

Timber is often machined (processed) on two opposing sides or on all
four sides to get more precise dimensions meeting tolerance class 2.
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Table 2.6 Commonly available target sizes of sawn softwood timber

Thickness: Width: mm

mm

75 100 125 150 175 200 225 250 275 300

22
25
38
417
63
75
100
150
250 v
300 v

ESNENEN

v v

NN N NN NN
NN NN
ASENENENENENE NN
NN NN
SSENENENENENENEN
NN N NENE

v
v v
v

Note: Certain sizes may not be obtainable in the customary range of species and grades.

Timber is often planed (processed) on one or more sides for the sake
of appearance, use and more uniform sizes. Planing on two opposite
sides will result in the following size losses:

e 22-100mm: 3 mm (4 mm) or where the surface quality is especially
important 4 mm.

e 120-300: 5mm.

The number in brackets applies if there are special requirements to the
surface quality and straightness. If only a thickness adjustment is
needed, the loss will be about 2 mm for all sizes.

Boards for formworks or underlay boards for roofing felt are often only
planed on one of the wide sides. The planing shall only ensure that the
boards have a uniform thickness.

A complete specification of sizes may read: 35 (T2) - 100 (T'1) or 38
(T1) - 145 (T2).

Commonly available North American timber (lumber) sizes (to toler-
ance class 2) are shown in Table 2.7.

Standard lengths are a multiple of 0.3 m, with a minimum length of
1.8 m. Lengths up to 5.4 m are common, but lengths up to 7.2 m can
be obtained at cost. Lengths of 5.7m and over may not be readily
available without finger jointing. Minus tolerance on lengths are not
permitted.

For special purposes, timber boards are only cut on the two wide sides.
They have higher bending strength than ordinary sawn boards because
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Table 2.7 Commonly available softwood structural timber surfaced to the
Canadian Lumber Standard (CLS)/American Lumber Standard (ALS) sizes

Thickness: Width: mm
mm

63 89 114 184 235 285
38 v v v v Ve v

Note: CLS/ALS surfaced structural timber has rounded arises not exceeding 3 mm
radius.

the wood fibres are not cut and are often used in scaffolds. Tongue-and-
groove edging is used to ensure connection between boards. The tongue
and grooves for planks used in sheet piling may be shaped as shown by
the left diagram in Fig. 2.11.

Normal planks and timber often have wanes. In cases when this is not
acceptable it is necessary to specify square-edged cross-section, which
can be expensive.

2.2.2 Strength classes

General

Wood is a natural material with strong variation in its material proper-
ties such as density, stiffness and strength. To ensure a more uniform
quality, timber is graded. The aim of the grading may be to achieve a
desirable appearance; this is relevant for joinery, or to ensure a specified
strength and stiffness.

The grading may be either visual (i.e. based on an assessment of the
growth defects visible on the surface) or mechanical (machine). The
two methods may also be combined. The most common mechanical
strength grading methods are based on the simple statistical fact that
strength and stiffness are correlated. Machine grading may therefore
be performed by loading a piece of timber in bending (for practical

X [

Fig. 2.11 Planks for sheet piling and ordinary tongue-and-groove plank

NN

55

Copyright © ICE Publishing, al rights reserved.



Practical design of timber structures to Eurocode 5

reasons about the weak axis) and measuring the deflection or by
measuring the force necessary to obtain a specified deflection. There
are also other grading machines which expose the timber to vibrations
Or use gamma rays.

Most timber-producing countries have national visual grading rules
linked to local traditions for use, sawing practice or wood species and
it has not been possible to agree on common European rules. There
is, however, a European standard, [EN 14081-1], describing minimum
requirements to visual grading standards.

The optimum utilisation is obtained by giving strength and stiffness
values for each species and grade, but this is not practical. Normally
several species and grades are used, often mixed. Therefore, a system
with strength classes has been established. A strength class is defined
by the characteristic values for the most important properties,
normally bending and compression strength and modulus of elasticity.
Based on tests, a species and grade is then referred to a strength class
if its basic properties are equal to or better than the class values. For
the other properties, such as tension and shear conservative values
are used.

The European strength class system is described in [EN 338]. For
softwood it covers nine classes with characteristic bending strengths
between 14 and 30 N/mm?. For hardwoods there are six classes with
characteristic bending strengths between 30 and 70N/mm?’. In the
UK the most common softwood classes are: C16 and C24. The C indi-
cates softwood (conifer), while hardwoods are denoted D (deciduous).
The values refer to the characteristic bending strengths in N/mm?. The
characteristic values for some classes according to [EN 338] are given in
Table 2.8. While characteristic values for some hardwood strength
classes are given in Table 2.9 together with examples of species
belonging to the classes.

Marking
Each structural timber piece shall be marked. The following information
shall be given in the mark or in accompanying documents:

e Year of marking.

e Name or identifying mark (logo) of certification body/grading com-
pany.

e Company or grader’s reference.

Species: type of timber graded.

e Grading code: the code on which grading was based.
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Table 2.9 Hardwoods, characteristic strength stiffness and density values

Strength class D30 D40 D60 D70
Examples of species Oak  Beech Azobé Greenheart
Basralocus

Characteristic strength values N/mm?

bending Frke 30 40 60 70
tension in the fibre direction feok 18 24 32 32
compression in the fibre direction f, g9} 23 26 32 34
compression perpendicular to the f o 8 8 8 8

fibre direction

Mean stiffness values N/mm?’

E parallel to the fibre direction ~ Eg 10000 11000 17000 20000

Density kg/m’
Characteristic P12k 530 590 700 900

e Grading condition. Dry if the timber has intentionally been graded
at a mean moisture content of 20% or less, without any measure-
ment exceeding 24%.

e Bending strength, compression strength, tension strength, shear
strength and modulus of elasticity. Normally by reference to one
of the strength classes of [EN 338], e.g. C16, C24.

e Reaction to fire. For softwood with a minimum density of 350 kg/m’
and a minimum thickness of 22 mm: class D-s2,d0.

e Durability. For timber not treated against biological attack, one of
the classes 1-5 in [EN 350-2] or NPD (no performance determined)
which means that the durability is not determined. For treated
timber, information about the treatment can be found in

[EN 15288].

An example of a mark is shown in Fig. 2.12; the markings are explained
as follows:

Grading company (EHAB).

General structures (GS).

Strength class (C16).

Reference number (S1 1 1V).

Species of timber (EW/ER — European whitewood or redwood).
The British Standard on which the grading has been based [BS 4978].
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Fig. 2.12 Example of a mark

2.3  Glulam

2.3.1 Introduction

Glulam (glued laminated timber) is produced by gluing thin wood

lamellas together on their wide faces to produce members with sizes

limited only by the production facilities and transport considerations.
Since the starting-point is thin flexible lamellas, it is possible to

produce curved members that would be expensive for other materials.

Examples of structures and typical beam sizes are given in Chapter 3.

Production and delivery
Production is shown schematically in Fig. 2.13.

The basic material is strength-graded boards dried to a uniform
moisture content of about 12%. The boards are planed and their ends
are finger-jointed and glued to produce long boards (laminations or
lamellas), see Fig. 2.14.

The end-jointed lamellas are cut in lengths corresponding to the
member length. Glue is applied on the faces of lamellas and these are
placed in a jig and pressed together. For curved members, the jig is
made by bolting vertical posts to the base, corresponding to the form
of the component (Fig. 2.15) and the clamping pressure is applied by
bolts. Straight beams are normally pressed by hydraulic presses in
stationary jigs.
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Fig. 2.13 Production process for glulam members

The clamping pressure shall be maintained until the glue is cured. To
obtain a shorter curing time and a more reliable curing, the temperature
in the curing chamber is normally increased to about 40°C or the glue
lines are heated by high-frequency excitation. After curing, the compo-
nents are finished by clean cutting on depth, planing on the wide faces,
shaping, surface treatment, mounting of fittings, etc. Most glulam
members are produced from Norway spruce because it has good strength
properties and a light and uniform appearance. Also its moisture

=
g }
=] 1

Fig. 2.14 Finger joint. p = pitch, | = finger length, b, = tip width, I, = tip gap.
The top board has finger joints with colourless glue on the wide face
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Clean cutting

Clean cuttin
uting Part of the manufacturing rig for producing camber

Fig. 2.15 Plan view of production of curved structure and beam with varying

height

changes are rather slow, and shrinkage and swelling are moderate.
However, spruce has low natural durability and is difficult to impreg-
nate. For moist environments, pressure-treated fir is sometimes specified
but the improvement is only small and rarely worth the extra cost. The
heartwood and the impregnated parts of the sapwood are of course
durable but there is a risk that small unprotected areas of sapwood in
the border areas are exposed by planing of the lamellas.

The glues used in glulam are at least as durable against weather,
moisture and fire as the wood used and they do not give off harmful
agents, even when burned. Traditionally, resorcinol glues that give a
dark glue line have been regarded the best and most durable, but the
use of colourless polyurethane glues is increasing because of appearance
requirements by architects. In service classes 1 and 2, it is also permitted
to use the cheap melamine-urea glues if it can be guaranteed that the
temperature in the structure will not exceed 50°C. They also give
almost colourless glue lines.

In principle, glulam beams can be produced with any rectangular
cross-section and even I-shaped. In most cases the most economical
solution is, however, a solid rectangular cross-section with one of the
standard widths 65, 90, 115, 140, 160 or 185 mm (Scandinavian prac-
tice, based on Imperial sizes) or 60, 80...200 m (Continental European
practice). They correspond to the widths of boards with a planing loss of
10 mm for widths up to 150 mm and 15 mm for wider boards. Beams
wider than 185 mm are normally produced by gluing two or more
boards side by side (see Fig. 2.16). The top and bottom laminations
are edge glued; the others are just placed side by side. Wide beams
are more difficult to produce and therefore more expensive. Beams
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Vertical glulam

Fig. 2.16 Cross-sections of glulam beams

with width 65 mm or less are normally produced by sawing of wider
beams along their lengths. This gives an unfavourable knot pattern
and the strength values should be reduced by 20%.

For beams it is economical to choose a high ratio between depth h and
width b. The higher the h/b ratio, the more important it becomes with
an effective bracing to avoid lateral instability. With a normal bracing, a
ratio up to 6—7 may be used.

To reduce moisture stresses the laminations should be used with their
pith in the same direction through the thickness. However, because of
the increased risk of splits of the sapwood, both top and bottom lamina-
tions are normally placed with their pith outwards.

To reduce stresses in curved beams when the laminations are pressed
in place, the lamination thickness t should not exceed t,,:

L S
bmax = 35 (1—1— 80> (2.4)

where 7 is the radius and f,, ; the characteristic bending strength of the
lamination. The maximum lamination thicknesses depending on
bending radius are shown in Table 2.10.

Table 2.10 Maximum lamination thickness
(t) depending on bending radius r

Glulam max t
GL36 0.006r
GL28 0.0055r
GL24 0.0052r
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Table 2.11 Glulam tolerances according to [EN 390] at 12% moisture content

Width +2mm All widths
—2mm

Depth +4 mm h <400 mm
—2mm
+1% h > 400 mm
—0.5%

Length +2 mm 1<2.0m
—2mm
+0.1% 20m<1<20m
—0.1%
+20mm 20m<I
—20mm

Cross-section angle Deviation from right angle <1:50

Unless otherwise agreed, glulam is delivered with the tolerances given
in Table 2.11.

The sizes of glulam members are limited by the production equipment
and the time permitted from glue application on the first [amination to
finished clamping. Normally members with volume over about 10 m’
and more than 25m long will require special measures. The size may
also be limited by transport restrictions. The height from the road to
the top point of the load is normally limited to 4.95 m, see Fig. 2.17,
and normal allowable overhang is 3.5m, 2.00m and 1.00m at rear,
front and sides respectively. Anything outside these limits and lengths
over 35-40m require special permissions.

Camber may be used for beams to compensate for the deflections.
Since the correct camber depends on factors normally not known by
the producer, beams are delivered without camber, i.e. with straight
underside, unless otherwise specified by the client.

Glulam factories shall be subject to third-party external control. The
control shall comprise:

e grading and moisture content of the laminations

Max. 4.95 m

e

0.3m

Fig. 2.17 Size limits by road transport
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strength of finger joints

quality of the lamination planing

mixing and application of glue

gluing times and clamping

curing conditions, temperature and air moisture content
glue line quality.

The strength of finger joints shall be controlled regularly by bending
tests to failure. The glue line quality is controlled by so-called delamina-
tion tests where 100 mm long cut-offs are impregnated with water under
high pressure and then dried fast. The length of delaminated glue lines is
taken as an indication of the glulam quality.

Delivery and handling on site

Glulam beams are normally delivered on trucks with a crane that may be
used to offload and also to erect light structures. Glulam shall be
handled with care on site and checked to ensure it has not been
damaged during transport and handling. Glulam is often delivered
wrapped in plastic as a protection against water and soil. If there is
water under the plastic, e.g. from condensation, the glulam may be dis-
coloured due to mould and the plastic should be removed so the wood
may dry. For outdoor storage the glulam shall be stacked on a flat and
dry support base and protected against the rain. To ensure ventilation,
battens shall be placed between the glulam beams and under the
covering. The battens shall be placed vertically above each other
otherwise the members may be permanently deformed by prolonged
storage.

2.3.2 Properties

Moisture-related properties

Glulam is regarded as more moisture stable than timber because it
is delivered dry and moisture changes are slower due to the larger
dimensions.

Sun exposure may result in a rapid drying out at the surface. This
may lead to surface cracks and with time to destruction of the surface.
Cantilevered beam-ends, especially south facing, require special
protection (see Fig. 2.18).

The moisture content at delivery is about 12%. If glulam is exposed to
moisture, e.g. if stored outdoor during winter, the moisture content may
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ﬁ Ventilation

Ventilation

Fig. 2.18 Examples of protection of cantilevered beams by profiled boards or
metal plates

increase to 18—20%. If glulam is built in with this high moisture content
it is important that the building is not suddenly heated to high tempera-
ture since this may lead to severe cracking because the wet core will
prevent shrinkage of the outer part of the members.

Density
A density of 500kg/m’® or more should be assumed when calculating
dead load from glulam structures.

Strength and stiffness
Glulam has higher mean strength and smaller variation than ordinary
timber. EN 1194, Timber structures — Glued laminated timber — Strength
classes and determination of characteristic values, gives strength classes for
glulam. There are four classes for so-called homogeneous glulam and
four for composite glulam. In homogeneous glulam the lamination
quality is the same in the whole cross-section. In composite glulam
the lamination quality in the middle two-thirds may be of a lower
class than outer laminations. The classes are denoted GL (glulam)
followed by the characteristic bending strength in N/mm? and by h
for (homogeneous) or ¢ for (composite). The characteristic strength
and stiffness values are given in Table 2.12.

For rectangular cross-sections the reference depth in bending and
width in tension is 600 mm.
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Table 2.12 Characteristic strength and stiffness values for glulam

Glulam class GL24 GL28 GL32
h c h c h c

Strength: N/mm?

bending fon 24 24 28 28 32 32

tension, parallel fio 16.5 14 19.5 16.5 22.5 19.5

compression, par. feo 24 21 26.5 24 29 26.5

compression, perp. fe00 2.7 2.4 3.0 2.7 33 3.0
Shear fo 2.7 2.2 32 2.7 3.8 32
Mean stiffness: N/mm?

E nean Ep 11.6 11.6 12.6 12.6 13.7 13.7

For smaller depths and widths, h, the bending and tension strengths
may be multiplied by:

1.1

k, = min ( 600 )0‘1 (2.5)
h

Since the bending properties depend especially on the properties of the
outer laminations it is assumed that the load-carrying capacity of a
glulam column is the same for homogeneous and composite glulam.

For glulam loaded in tension or compression without column effect
the strength of composite glulam is smaller than for homogeneous.
Normally the producers will deliver composite glulam. If the higher
axial strength is needed, it is necessary to specify homogeneous
glulam.

Specifications
In addition to requiring that glulam shall be produced according to
[BS EN 14080]. The following should be specified:

e special requirements to wood species, e.g. fir

e any special requirements to glue, e.g. colourless glue to finger joints
or in general

e any special requirements to moisture content

any special requirements to lamination thickness

e any special requirements to protection against biological attacks.
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2.4  Wood-based panel products

2.4.1 Introduction
Wood-based panels play an important role for timber structures, for
example as:

floors and roofs

underlay for flooring and roofing
stabilising walls and roofs (bracing)
webs and flanges in I- and box-beams
gusset plates

diaphragms.

The first wood-based panel product produced was plywood in about
1900. Plywood was in the beginning produced with joiner’s glues such
as animal and casein glues, which had little moisture resistance.
Later, around 1930, particleboards were produced using the first
synthetic glue (urea formaldehyde). Wood fibreboards were introduced
a short while after particleboards.

2.4.2 Plywood

Production

Plywood is made by gluing together 1.5-3 mm thick plies (veneers),
usually with their grain direction perpendicular to each other (see
Fig. 2.19). The direction parallel to the grain direction of the outer
plies is called the panel grain direction. The plies perpendicular to
this direction are called cross-plies. In plywood with an even number
of plies, the fibres in the two middle plies are parallel.

Panel grain direction

Face veneer (front)
Panel cross direction

Middle veneer

Inner
veneers

Fig. 2.19 A typical layout of plywood
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Structural plywood is mainly made from spruce, fir and birch.
Different species and qualities are also used, e.g. one species for the
outer plies and another for the inner (combi plywood) or a better quality
for the outer plies. To avoid bow, plywood shall be symmetric about the
middle plane, both with regard to thickness of the veneers and their
material properties.

Plies are rotary peeled from straight logs with large diameter. The logs
are cut in lengths that correspond to the final pressing plate length.
After softening by water storage, timber logs are mounted in the mill
so that they can rotate about their central axis. By pressing a knife
against the log a long thin veneer sheet is cut out. The veneer is
dried and cut in smaller lengths that are graded in different quality
classes. If necessary, defects are cut out and repaired by glued-in
patches. Glue is applied on veneers and the sheets are pressed together
in a hot press. After pressing, the panels are climatised and cut to the
desired dimensions. The panels may be sanded to improve appearance.
For structural plywood, sanding may be a doubtful advantage because it
is often made so imprecise that one of the outer plies is removed partially
or completely.

According to [EN 314-2], a distinction is made between three gluing
classes:

e class 1: only for use in dry indoor condition (Service class 1)

e class 2: for use in outdoor condition if protected against direct
weather and water, and in moist indoor climate (Service class 2);
the glue is resistant to direct water exposure for a limited period
of time, e.g. during construction

e class 3: for use in outdoor conditions (Service class 3).

Plywood is produced in three corresponding classes according to stan-

dard [EN 636].

Properties

Because of the crossing fibres, moisture-related deformations in the
panel plane are only slightly larger than for wood in the grain direction.
The following free shrinkage/swelling strain values may be used for a
unit percentage change in moisture content:

e in the thickness direction: about 0.2%
e in the length direction: about 0.010% (~0.1 mm/m)
e in the cross direction: about 0.015% (~0.15 mm/m).
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In principle the strength and stiffness properties for plywood may be
estimated by the usual methods for composite materials based on the
geometry, the material properties and fibre orientation of the individual
veneers. It can, however, only be a rough estimation and the structural
properties shall be verified through tests.

Plywood products

The panel surfaces are normally untreated, but they may be sanded,
sandblasted or profiled. The top ply may be plugged or filled to make
the surface smooth; this is important if the plywood is to serve as
underlay for thin flooring or roofing. Plywood may be surface treated
or coated and the outer plies may be impregnated with polymers.
Peeled plywood has a tendency to acquire fine surface fissures. They
have no influence on the strength properties of the final product but
may be visible through paints; this, however, may be counteracted by
applying a film to the outer surfaces during production. Structural
plywood is mainly imported from Scandinavian countries, Canada and
the USA. With the exception of Finnish birch plywood there are only
small differences between the products from these countries.

The standard dimension for European plywood is 1200 - 2400 mm
and for plywood from the USA is 1220-2440mm. Panels with
tongue-and-groove edges are about 15 mm smaller. Normal thicknesses
vary from about 8 to about 30 mm.

Strength and stiffness
The properties vary considerably and it is necessary to obtain the specific
properties from the producer. As an example, for Europly plywood,
available throughout most of Europe, the values in Table 2.13 may be
used.

The shear strengths and stiffnesses for all thicknesses are:

foik = 3.2N/mm*
fv,rolling,k =09 N/mmz
G = 500N /mm*

The mean density is 400 kg/m’.

There are two essentially different shear types. One of the shear types
is when plywood acts as a panel or diaphragm (see Fig. 2.20). The panel
shear strength is denoted f,. The other type is when the plywood is
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I B
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Fig. 2.20 Panel shear in an I-beam and in a wall panel

acting as a slab (see Fig. 2.21). It is called plate shear or rolling shear
(because the fibres are rolling on each other), and is denoted f, ,,.

Further information about plywood can be found in [Digest 477, Part
4, 2003].

2.4.3 Particleboards

Production
Many types of particleboard are produced for building purposes. The
main raw materials in particleboards are wood and glue. Particleboard
production is a resource-effective industry process; it uses waste
materials from processing of timber, e.g. shaving, sawdust and wood
particles from sawmills, furniture and window factories. Thinning
chopped into particles is also used. The particles are dried and graded
normally into two fractions by sieving: fine shavings for the outside
and coarse particles for the interior of the boards. The glue is mixed
into the wood particles and the mixture is spread on a steel conveyer
belt that passes under another steel belt where the particles are gradu-
ally pressed together and heated to the curing temperature (about
250°C). The most common glue types are urea, phenol and melamine
formaldehyde. Adhesives based on isocyanate are also used.

In ordinary particleboards the particles are oriented randomly, but it is
possible to orient them. This is utilised in the so-called OSB boards

Fig. 2.21 Plate shear (rolling shear)
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Table 2.14 Minimum qualities of particleboards in Service classes 1 and 2. (Note
that particleboards are not allowed to be used under Service class 3 conditions)

Service class

1 2
EN312
Type P4 Load-bearing boards for use in dry conditions v -
Type P5 Load-bearing boards for use in humid conditions v v
Type P6 Heavy-duty load-bearing boards for use in dry v -
conditions
Type P7 Heavy-duty load-bearing boards for use in humid v v
conditions
EN 300
OSB 1 General-purpose boards for use in dry conditions v -
OSB 2 Load-bearing boards for use in dry conditions v -
OSB 3 Load-bearing boards for use in humid conditions v v

(oriented strand board), a board type developed especially for the building
industry. OSB is made with relatively long fibres normally placed in three
layers, where the particles in the outer layers are oriented mainly in the
board direction whereas the middle layer is oriented mainly perpendicular
to them. OSB is thus in principle similar to plywood.

The standard dimension of OSBis 1200 - 2400 mm but it is possible to
get board up to 2.7-12m. The thickness range is 6—40mm. The
requirements for ordinary particleboards are given in [EN 312] and
for OSB in [EN 300]. The different panel types may be used as
shown in Table 2.14.

Properties
The average density varies between 500 and 650 kg/m’ and is highest
for thin boards. The moisture-related deformations are considerably
higher than for wood and they are only partly reversible because some
of the bonds between particles are broken during moisture expansion.
This is especially pronounced for the thickness direction. By repeated
wetting and drying the boards become thicker and thicker. It is there-
fore essential that the boards are conditioned to the climatic conditions
where they will be used during their service life.

The size changes are almost proportional to the changes in the
relative air humidity RH. A change of 10% in RH results in length
and width changes of 0.06% (0.6 mm/m) and thickness changes of
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Table 2.15 Characteristic strength values and mean stiffnesses in N/mm? for
particleboard type P7 according to [EN 312]

Thickness, Plate Tension, Com- Shear  Plate Tension/ Density,
t: mm bending, f, oy pression, —— bending, com- p:
Fk feok fok forolk Ep pression, kg/m3
Eio, Eco

6<t<13 183 11.5 15.5 8.6 2.4 4600 2600 650
13 <t<20 16.7 10.6 14.7 8.1 2.2 4200 2500 600

20<t<25 154 9.8 13.7 7.9 2.0 4000 2400 550
25 <t<32 142 9.4 13.5 74 1.9 3900 2300 550
32 <t<40 133 9.0 13.2 72 1.9 3500 2100 500
40 <t 12.5 8.0 13.0 7.0 1.8 3200 2000 500

0.3-0.4% (3—4 mm/m). By soaking in water for 24 hours, the thickness
may increase by about 10%.

Strength and stiffness
Examples of strength and stiffness values are given in Tables 2.15 to
2.17. There are, as for plywood, two shear strength values corresponding
to panel (panel shear) and plate behaviour (rolling shear).

Further information about particle boards and OSB can be found in
[Digest 477, Part 2, 2003] and [Digest 477, Part 1, 2003].

2.4.4 Wood-fibre boards

Production

The raw materials are the same as those for particleboards. There are
two production methods: the wet method (the original and most
common method) and the dry method. In the wet method, the fibres

Table 2.16 Density (in kg/m®) and characteristic strength values (in N/mm?) for
OSB/2 and OSB/3 according to [EN 300]

Thickness,  Density, Bending Tension Compression Shear
t: P
mm fm‘O‘k fm,90,k ft,O‘k fl,90,k fc‘O,k fc‘90.,k fv,k fv,ml,k
>6to 10 550 180 9.0 99 12 159 129 68 1.0
>10to 18 550 164 8.2 94 170 154 127 68 1.0
>18to25 550 148 74 9.0 68 148 124 68 1.0
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Table 2.17 Stiffness values (mean values) in N/mm?® for OSB/2 and OSB/3
according to [EN 300]

Thickness, Bending Tension and compression
t:

mm E.o E,.00 Ey Ego
>6 to 25 9000 2000 3800 2200

are kept and transported in water after the raw material has been
decomposed into fibres. Two decomposition processes are used:

1. The ‘masonite’ method. Wood chips are steamed under high pres-
sure. A sudden removal of the pressure makes the chips ‘explode’
into fibres.

2. The ‘defribrator’ method. Wood chips are decomposed by grinding.
The fibre mass that contains about 70% water is placed on a net
conveyor belt with a layer of sawdust or paper mass on top. The
mass is pressed in a stack press. Normally the net is only removed
after pressing which leaves a characteristic surface pattern on one
side, with the other surface being smooth.

No glue is added but the lignin in the cell walls acts as a thermo-
setting glue which is cured by the heat in the press at about 200°C
for 5-10 minutes followed by curing in a chamber at about 165°C for
about 5 hours. When leaving the curing chamber the moisture content
is very low and the boards are, therefore, conditioned in a normal-use
climate followed by cutting into the required dimensions. Hard oil
tempered boards are dipped in or sprayed with oil before curing.

The production of porous fibreboards is simpler. The wood-fibre mass,
after being pressed to the chosen thickness, is cured at a temperature of
165-180°C and the moisture content is adjusted by sprinkling water on
both sides. It is possible to impregnate the boards during the process, e.g.
by adding asphalt to the fibre mass or by giving them a surface treatment
after curing.

Fibreboards are marketed in many sizes where length and width are
multiples of 610mm, with a maximum dimension of 2.44 x 6.10m.
For structural boards a distinction based on density is made between
hard and medium boards:

e Hard boards have a density above 800 kg/m’. Standard thickness
are 3.2, 4.8 and 6.4mm. The requirements for their production
are given in [EN 622-2].
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Table 2.18 Minimum quality of fibreboard for use in Service classes 1 and 2.
(Fibreboards should not be used in Service class 3)

BS EN Service class

1 2

622-2 Hard boards HB.LA v -
HB.HLA v Ve

622-3 Medium boards MBH.LA v -
MBH.HLS v v

622-5 MDF MDE.LA v -
MDEF.HLS v v

Notes: HB: hard board; MB: medium board; L: for structural use (load bearing); A: all
load durations; H: also Service class 2 (humid); S: only short term.
“Not as underlay for roofing felt or foil or in crawl spaces.

e Medium boards have a density of between 600 and 800 kg/m’.
Standard thicknesses are 9, 11 and 12 mm. The requirements for
their production are given in [EN 622-3].

A new board type is MDF (medium-density fibreboard) which is
produced in a similar way to particleboards by mixing glue and a dry
fibre mass that is pressed between two hot steel plates. The result is a
homogeneous panel with two smooth faces. These boards were origin-
ally aimed for the furniture industry but have also found a market in
the building sector. The boards may be produced with thickness
between 9 and 50mm. The requirements to their production are
given in [EN 622-5]. The density of these boards is about 700 kg/m’.

A board type called HDF (high-density fibreboard) is a traditional
wet process board, but with two smooth sides.

Fibreboard and MDF are produced in many qualities (see Table 2.18,
which also indicates where they may be used according to Eurocode 5).

Properties

The moisture-related deformations are quite similar to those of
plywood. Traditional boards will bow if the moisture content is changed
and it is necessary to condition them under pressure to the service life
conditions.

Strength and stiffness
Examples of strength and stiffness are given in Tables 2.19 and 2.20.
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Table 2.19 Characteristic strengths and mean stiffness and density values for
medium-density board

Thick- Strength values in N/mm?’ Stiffness values in N/mm?  Density:
ness, kg/m’
t: mm Plate Tension, Com- Shear  Bending, Tension, Com-

bending, f, pression, — f, oLk E pression,

Frk ok fok forolk E..
<10 74 3.9 3.9 2.4 0.13 3100 3100 3100 650
>10 6.5 3.5 3.5 1.9 0.11 2900 2900 2900 600

Further information about fibreboards may be found in [Digest 477,
Part 5] and [Digest 477, Part 6, 2003].

2.4.5 LVL and other wood-based products
LVL

LVL (laminated veneer lumber) is most often made of 2—3 mm thick
spruce veneers with a length of 2.5m and a width of 900 mm. The
veneers are dried, graded and placed after glue application on a
conveyor belt with the fibres essentially parallel to the panel direction.
In some types there are, however, also some cross-plies to improve the
shear strength. The veneer package is fed into a hot press to cure the
glue and a continuous panel with thickness of 25-75 mm is formed.
The outer veneers are scarf end jointed whereas the inner veneers are
butt jointed. Finally, the panels are cut into either panels or beams
with depths up to 900 mm and lengths up to 20 m.

Table 2.20 Characteristic strengths and mean stiffness and density values for

MDEF.LA
Thickness, Strength values in N/mm’” Stiffness values in N/mm’ Density:
t: mm keg/m’

Bending, Tension, Com- Shear Bending, Tension/

fnk fex pression, " fy0lk compression,

ch( fv.k fv.ml,k Er‘k/Ec‘k

<12 12.4 9.2 9.2 3.2 48 3700 3100 690
12<t<19 124 8.4 8.4 3.2 48 3200 2800 600
19<t<30 124 1.6 7.6 3.2 48 3200 2700 550
30 <t 11.8 6.0 6.0 3.0 3.6 2100 2400 500
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Table 2.21 LVL, characteristic strength and stiffness values in N/mm? for Kerto

Strength value: N/mm?

Bending, flatwise fn0k
Bending on edge fnok
Tension in the fibre direction frok
Tension perpendicular to the fibre direction ft;go,k
Compression in the fibre direction feok
Compression against narrow side feo0k
Compression against wide face feo0k
Panel shear fox
Rolling shear forolk

Mean stiffness values: N/mm?’
Bending flatwise or on edge Ey

38
35
27
7
27
12
3.5
5.5
1.5

10000

In Europe, LVL is produced under trade names; for example, in
Finland the brand name is Kerto while in Sweden the brand name is
Swedlam. They are produced in accordance with [EN 14374]. LVL is
used in line with structural timber and glulam. Due to the glued thin
veneers, the strength properties in the fibre direction are rather high,

typically between 35 and 50 N/mm?, as shown in Table 2.21.

Examples of structures made with Kerto are shown in Fig. 2.22.

Fig. 2.22 Structures made with Kerto products

Copyright © ICE Publishing, al rights reserved.
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¥ [

Fig. 2.23 Geometry of typical I-beams and metal web beams

I-beams
I-beams with flanges made of timber LVL and web made of hard fibre-
board or OSB are produced as a standard product in the UK and other
countries (see Fig. 2.23).

The depths of the I-beams vary between 200 and 500 mm and the
standard lengths are 6/7/9/12 m.

Parallel strand lumber and laminated strand lumber

Parallel strand lumber (PSL) is produced from slender ply strips that are
mixed with glue. A strip bundle is pressed to the desired shape in a hot
press until the glue is cured. Laminated strand lumber (LSL) is produced
similarly from long chips. Both products are used in line with structural

timber (see Figs 2.24-2.26).
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(a) (b)

Fig. 2.24 (a) Parallel strand lumber; (b) laminated strand lumber. Both are
proprietary products

Fig. 2.26 LSL beam
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2.5 Joints and fasteners

2.5.1 Introduction

In timber structures there are generally many joints and they are often
crucial points and part of design, because they take up considerable
space and have a tendency to become complex. Normally joints dictate
the final size of timber members and components. Joints are often made
as lap joints or with gusset plates of steel, or wood-based panels fastened
either by glue or by laterally loaded mechanical fasteners. The
load-carrying capacity of glued lap joints is limited due to stress concen-
trations at the glue line borders.

Traditional timber joints have been out of use for some time but due
to the introduction of computer numerically controlled (CNC) wood-
working machines some traditional joint types may again become of
interest because of their fire resistance, or for use in structures with
many similar compression members, e.g. lattice shell structures.
Examples are shown in Fig. 2.27.

In the following the most common fasteners will be described with
examples of their load-carrying capacity. A more detailed description
of strength and stiffness and requirements for spacing and end and
edge distances is given in Chapter 9.

2.5.2 Nails
Nails consist of a metal rod or shank which is usually made of steel,
although it can be made of aluminium, brass or many other metals, or
even plastic. The shank is usually designed to be round and smooth.
The most common nail types are smooth nails with circular cross-section.
Shanks with annular grooves, spiral, or helical threads are used when a
stronger, more permanent grip is required. There are nails specific to
their end-use, e.g. tile roofing, flooring, shingles, guttering, panel
products, gypsum panels, sheet metal and concrete. Some nails are
designed to be driven by air-powered nail guns rather than by a hammer.

Steel wire is usually drawn from coils of metal wire and fed into a nail-
making machine. They can be further twisted or formed to the desired
type. According to the European standard [EN 14592], a minimum
ultimate tensile strength of 600N/mm? is required. The head is
normally round with a diameter of about 2.5d, where d is the diameter
or side of a square cross-section shank. For brads the head is only a little
larger than d.

Nails other than smooth nails are produced from special steel so that
they have the same bending strength as smooth nails.
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Fig. 2.27 Traditional timber joints

The sizes for some commonly used nails are given in Tables 2.22 and
2.23. Annular ring shank nails are especially aimed at joints with thin
steel plates and are less slender than common nails. Square twisted
nails are also used, but they have poorer properties than screw and
ring shank nails (see Fig. 2.28).

In some countries, round nails with a rolled thread with high pitch are
also used. They rotate when they are hammered in and act to some
extent similar to screws. Staples, although used to a lesser extent in
the UK, may be used to join thin wood members (see Fig. 2.28).
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Table 2.22 Commonly used smooth round wire nails

Diameter, Length, l: mm
d: mm

25 40 50 65 75 90 100 125 150

2.36 v v

2.65 v

3.0 v

3.25 v

3.75 v

4.5 v

5.0 v
5.6

6.0

Table 2.23 Annular ring shank nails (Strongtie). Dimensions: diameter, d;
length, L; ringed length, L;; and head diameter, D. The point length is about 1.5d

— 1
d
Sizes: mm b I "] Siaes . s -
L
k-
Description d L Ly D
2.5x35 2.5 35 25 5.0
2.8 x 60 2.8 60 50 5.6
31x22 3.1 22 15 6.2
3.1 x40 40 30
3.1 x 60 60 50
3.4 x60 3.4 60 50 6.8
3.7 x50 3.7 50 40 7.4
4.0x 35 4.0 35 25 8.0
4.0 x 40 38.5 30
4.0 x 50 48.5 40
4.0 x 60 58.5 50
4.0x175 73.5 65
4.0 x 100 98.5 70
6.0 x 60 6.0 60 50 12.0
6.0 x 80 80 70
6.0 x 100 100 70
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Fig. 2.28 Nail types: (a) Smooth square nail; (b) smooth round nail; (c) annular
ring shank nail; (d) screw nail; (e) square twisted nail and (f) staple

The characteristic load-carrying capacities of some round nails are
given in Table 2.24. It is seen that strength-wise it is advantageous to
use slender nails, but the labour cost becomes higher. Even though the
load-carrying capacity of one nail is small, nailed joints are very effective
because they do not require shaping of the timber and because nails can
be placed close to each other (minimum net pattern 5d x 10d).

Nails are flexible fasteners with a slip in the order of 0.1d at the
serviceability load.

The tensile load-carrying capacity of smooth nails is small and not
reliable. The characteristic tensile load-carrying capacity of one
smooth nail 3.4.90 is about 0.15kN and tensile loaded smooth nails
should only be used in secondary structures (possibly as skew nailing),
otherwise annular ring shank nails should be used. The tensile load-
carrying capacity of an annular ring shank nail 4.0 x 75 is about 1.2 kN.

Nailed joints are common in light structures such as truss structures,

see Fig. 2.29.

Table 2.24 Load-carrying capacity F, ) for one laterally loaded nail in C18 and
the area A needed to transfer 1 kN (shear) force

d: mm Fi: kN A needed per nail: mm? A needed for 1 kN: mm?*
2.5 0.5 350 700
4.0 0.8 1050 1300
8.0 2.6 4150 1600
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Fig. 2.29 Nailed joints in a truss

Nails used indoors (service class 1) are normally not corrosion protected
but the Eurocode 5 has protection requirements for other service classes as
listed in Table 2.25. For specially corroding environments Fe/Zn 40, hot-
dip zinc coating or stainless steel should be used. This also applies for nails
in contact with corroding material, e.g. some wood species (oak, western
red cedar and thuja for instance) and some types of preservative.

2.5.3 Bolts

Bolted joints are often used in heavy timber structures, e.g. glulam
structures. The most common bolts are M10-M24 bolts which are
normally hot-rolled, with coarse threads. They are available in total
lengths and thread lengths almost as desired. They are always used

Table 2.25 Minimum corrosion protection requirements of nails and screws

Description Service class
1 2 3
Nails and screws with d < 4 mm None Fe/Znl2c Fe/Zn25¢c
7275 7350
Nails and screws with d > 4 mm None None Fe/Zn25¢c
7350
Staples Fe/Znl12c Fe/Zn12c Stainless steel
7275 7275

Fe/Zn, electro zinc coating; Z, hot-dip zinc coating.
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(a) (b)

Fig. 2.30 Bolt types: (a) machine bolts without and with washers; (b) coach bolts
without and with washers under the nut

with washers with side length 3d and thickness 0.3d under both head
and nut and may therefore be used for lateral as well as axial loads.

Coach bolts or carriage bolts are used in secondary structures. They
have a smooth curved head and a square part under the head to prevent
the bolt from turning when tightening. It is thus not possible to use
washers under the head unless washers are purpose-made with a
square hole. Different bolt types are shown in Fig. 2.30.

Examples of bolted structures are shown in Fig. 2.31.

Eurocode 5 requires bolts to be fitted tightly in the holes in the
timber; however, in practice, to ease the fitting, the holes are always
drilled about 1 mm larger than the diameter of the bolts. Bolts may be
placed in a pattern about 4d - 10d. Examples of load-carrying capacities
for bolted timber-to-timber joints are given in Table 2.26 and the
minimum requirements to corrosion protection are given in Table 2.27.

2.5.4 Dowels

Dowels with diameter 8—20 mm are often used instead of bolts. They
shall fit tight in the holes and are therefore often made from turned
special steel with bevelled ends (see Fig. 2.32). The use of dowels usually

2

Fig. 2.31 Bolted structures
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Table 2.26 Characteristic load-carrying capacities Fy for bolted timber-to-timber

joints and the necessary areas to transfer a load of 1 kN. The values are per shear
for double-shear joints where the thickness of the side members is t = 47 mm and

the thickness of the middle member is 2t

d: mm Fp: kN A needed per 1 bolt: mm? A needed for 1 kN: mm?
8 3 2200 750

16 8 9000 1100

24 15 20000 1300

Table 2.27 Minimum corrosion protection requirements for bolts and dowels

Service class

1 2 3
Bolts and dowels None None Fe/ZN25¢
7350

results in a nicer appearance and a stiffer joint because the slip due to
the oversized holes is avoided. An example of a dowelled joint is
shown in Fig. 2.33. The holes should be drilled in one operation
unless CNC equipment is used.

The lateral load-carrying capacity of dowel joints are the same as for a
corresponding bolted joint, but the spacing along the grain may be
reduced to 7d. The required corrosion protection is the same as for bolts.

2.5.5 Screws

Screws are often used instead of nails in joints where appearance is
important, where it should be possible to separate the timber parts
again and where higher load-carrying capacity is required than could
be achieved by using nails. The most common screws have been slotted

Yed—d

Fig. 2.32 Dowels
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Fig. 2.33 Dowelled joint between glulam arch and cast-in steel plate

screws with diameter d between 2 and 6 mm, length between 3d and 12d
and with threaded length about 60% of the total screw length. Coach
screws/lag screws with hexagonal head and diameter between 6 and
20mm are often used for larger timber connections. Examples of lag
screws and slotted screws are shown in Fig. 2.34. For diameters above
5 mm pre-drilling is required.

Screws have advantages where small members have to be fastened to
large timber members as shown in Fig. 2.35(a) and (b). Bolts would be
more expensive and become less effective when shrinkage of timber
members takes place if no retightening is scheduled.

A new development is long (up to 1000 mm) self-drilling and self-
tightening screws that can be screwed in by light electric hand tools;
these screws are made from high-strength steel. Examples are shown
in Fig. 2.36.

These screws have slightly higher lateral load-carrying capacity
than corresponding nails but their main advantage is their high axial
load-carrying capacity, making them suitable for anchorages and
reinforcements (see Fig. 2.35(c) and (d)).

%%

(a)
Fig. 2.34 Screw types: (a) lag screws; (b) slotted screws
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(@) (b)

AR )

(c) (d)

Fig. 2.35 Screwed joints: (a) a post fastened to a glulam arch with lag screw with
hexagonal head; (b) column fastened to a steel anchor; (c) joist fastened by a long
screw; (d) screw used as reinforcement of notched beam

Fig. 2.36 Top: self-drilling spun screw 6 x 150mm. Middle: SFS screw with
thread both under the head and at the end (the pitches are a little different resulting
in the parts being drawn tight together). Bottom: self-drilling screw 6 x 300 mm
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(a) (b)

Fig. 2.37 (a) Screws used to fasten a joist to a header beam; (b) lateral loads
transferred by inclined screws

The high axial load-carrying capacity means that many laterally
loaded joints may be made as screwed tension/compression joints (see
Fig. 2.37(b)).

Steel plate connectors (i.e. joist hangers, brackets, etc.) are known in
Europe as ‘three-dimensional connectors’. They are usually fastened
with 3.7mm or 4-5mm connector screws with a cone under the
head (see Fig. 2.38). The cone causes the nails or screws to be rigidly
held in the plate.

The requirements for corrosion protection are given in Table 2.27.

2.5.6 Glued-in bolts
Steel rods glued into holes in solid timber may obtain a high load-
carrying capacity both laterally and axially. These joints, often called

b
=

=3t
rs
3

Fig. 2.38 Angle bracket with connector screw
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Fig. 2.39 Joints made with glued-in bolts in end grain

glued-in bolts (sometimes referred to as glued-in rods), may be made
with the hole direction parallel, perpendicular and at an angle to the
grain direction. Glued-in bolts give several structural possibilities and
are being used more and more in glulam structures (see examples in
Figs 2.39 and 2.40). Smooth rods may be used but normally threaded
rods are preferred. The most frequently used glues are polyurethane
or epoxy glues, which (as opposed to resorcinol glues) also bond to steel.

The axial load-carrying capacity of glued-in bolt joints increases
approximately with v/] where [ is the glued-in length. The joint is rela-
tively stiff and failure is often brittle and stress redistribution between
the bolts not possible. In joints with several bolts there is a risk for

Fig. 2.40 Joints made with glued-in bolt
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Fig. 2.41 Punched metal plate fasteners

uneven load distribution over the bolts: if a bolt is overloaded and fails,
progressive failure may take place (zipper failure). The anchorage length
should be sufficient to ensure that initial failure is ductile yielding in the
steel and normally mild steel is recommended.

2.5.7 Punched metal plate fasteners

Punched metal plate fasteners (also called nail plates) are 1-2mm
thick steel plates with protruding teeth on one side. The plates on
the market differ regarding the shape of the teeth and their pattern
(see Fig. 2.41). Some plates have only one tooth type whereas others
have two or more, e.g. short and stiff for high shear load and some
long and slender that serve to anchor the plate into the wood. Nail
plates are mainly used as gusset plates pressed into the surfaces of the
timber sections they join. A typical area of usage is light trussed struc-
tures, e.g. roof trusses (an example is shown in Fig. 2.42), but the
plates are also suitable for other structures made of boards and planks
with the same width.

Fig. 2.42 Truss rafter with punched metal plate fastener joints
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Fig. 2.43 Reinforcement of end notched beam

A typical shear load-carrying capacity is about 5 N/mm?, i.e. the area
needed to transfer a load of 1 kN is about 200 mm®.

The external pressure needed to press the plates into the wood is
considerable — about 5-6 N/mm’ — and the whole plate should be
pressed into the timber in one operation, which requires special press
equipment. The punched metal plate connectors are normally produced
in special factories operated by organisations which provide sophisti-
cated design and detailing software for the trusses. On some occasions
however, it is possible to mount the plates on site by hammering on a
stiff steel plate — see Fig. 2.43 for an example.

Normally the plates are electro-zinc-plated before punching. Experi-
ence shows that there are no corrosion problems even though the edges
and sides of the teeth are unprotected. The general requirements to
protection of thin steel plates are shown in Table 2.28.

2.5.8 Nailing plates

It is possible to nail through 1-1.2 mm steel plates without drilling. For
thicker plates it is necessary to pre-drill the steel plate. Nailing plates
with pre-punched 5mm holes spaced at 10-20 mm are available up

Table 2.28 Minimum protection requirements for nail plates and thin steel plates

Description Service class
1 2 3
Nail plates and steel plates up to 3 mm Fe/Znl2c¢  Fe/Znl2c  Stainless steel
7215 7215
Steel plates 3—5 mm None Fe/Znl2¢c  Fe/Zn25c
7275 7350
Steel plates thicker than 5 mm None None Fe/Zn25¢

7350

Fe/Zn, electro-zinc-plated; Z, hot-dip zinc coating
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Fig. 2.44 Gusset plate cut from plate with pre-punched holes (4 mm ring shank
nails or 5mm connector screws are placed in the marked holes)

to 1.3-3m’ from which plates or strips may be cut as desired. An
example is shown in Fig. 2.44.

2.5.9 Connectors

Bolt and screw joints may be reinforced by connectors located between
the faces of two timber parts. There are two connector types: inlaid and
pressed-in connectors. The first type consists of cylindrical rings or discs
placed in milled cut-outs. The second type consists of plates with teeth
along the perimeter pressed into the wood. Inlaid ring connectors are
shown in Fig. 2.45.

Pressed-in connectors are marketed under the brand name Bulldog.
They are made from thin steel plates from which triangular teeth are
pressed up along the edge(s) (see Figs 2.46 and 2.47). There are two
types: two-sided and single-sided tooth-plate connectors. The two-
sided tooth-plate connectors are used in wood-to-wood joints. The
middle hole for the two-sided connectors is larger than the bolt
diameter, i.e. the shear force in the joint is transferred from the
timber parts through the teeth. The single-sided tooth-plate connectors
are aimed at steel-to-wood joints but may also be used for timber-to-
timber joints, making it possible to separate the parts if desired at
some stage. They may also be used in pairs (back to back) where it is
not possible to press the parts together during execution. The hole for
the single-sided connectors is 0.5 mm larger than the bolt diameter,
and the bolt edge is reinforced by a bulb, making it possible to transfer
load from the connector to the bolt. Typically the lateral load-carrying
capacity of the bolt connection is increased by a factor of 2—3.
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Fig. 2.45 Inlaid connectors: (a) split-ring; (b) shear plates
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Fig. 2.46 Single-sided Bulldog connector. One connector is used in steel-to-wood
joints. In wood-to-wood joints, two connectors are used if the parts need to be
separated at a later stage
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Fig. 2.47 Double-sided Bulldog connectors
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Table 2.29 Dimensions of Bulldog connectors (mm)

Circular 50, 62, 75, 95, 117
Oval 70 x 130
Square 100 x 100, 130 x 130

Bulldog may be round, square or oval with diameter/side lengths
between 50 and 130 mm (see Table 2.29).

In most cases connectors are delivered unprotected just oiled or oil
varnished. It is, however, recommended to use hot-dip zinc treated
connectors in severe environments.
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Structural examples

3.1 Introduction

This chapter gives examples of timber structures. The purpose is not to
cover all structural possibilities but merely to give a survey of often-used
simple structures with typical dimensions as inspiration and help for
drawing and design. More complicated structures made by combining
straight and curved beams and panels are only dealt with briefly.

3.2  Main and secondary members

It is often possible to distinguish between a main and secondary
members. In the example shown in Fig. 3.1 the main members are
the glulam beams supported by concrete columns and the secondary
members are the structural timber joists. In the example shown in
Fig. 3.2, the main members are trusses with punched metal plate
connectors, spanning from fagade to facade and the secondary members
are the members spanning between trusses. In the example shown in
Fig. 3.3 the glulam arches are the main members and the glulam
beams are the secondary members.

The secondary members themselves may in some cases be regarded as
main members with secondary members. For example, in Fig. 3.1 the
deck may be regarded as a secondary member relative to the joists.

If the distance between the main members is not determined by the
layout of the structure, the following may be used as a guide. It is normally
economical to have a large distance, a, between the main members. The
moments and consequently the required section moduli increase propor-
tionally to a, but the required section dimensions increase as an approx-
imation only by a'/? and the required timber volume by a*/>. The number
of joints and foundations are the same, i.e. the costs per unit area will
decrease with the distance. On the other hand, the costs of the secondary
members increases as the distance between main members increases, as
shown in Fig. 3.4 where an optimum distance can be found.
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Fig. 3.1 Structural timber joists supported by glulam beams

The optimum distance a,, for a span [ of the main member with
secondary structural timber members may be estimated from:

dgp = 0.3751°° (3.1)

For other materials acting as a secondary member, the optimum
distance may be estimated from:

Aoy = 0.751°F (3.2)

Fig. 3.2 Trusses with punched metal plate connectors spannning from facade to facade.
The members carrying the roof covering are not shown
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Fig. 3.3 Glulam arches spanning 80m at 8 m centres carry glulam joists

As an alternative, an often-used optimum distance is:
aopt - \/Z

The above expressions are illustrated in Fig. 3.5.

Cost per m?
Total

Secondary structures

Main structure

| Distance between
Optimal main members

Fig. 3.4 The optimum distance is the one that results in minimum total costs
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Structural examples

9_
8_
7_
61 Glulam
E5p
& 4t
3_
oL
1Lk
0 1 1 1 1 1 )
0 5 10 15 20 25 30

Span, /inm

Fig. 3.5 Optimum distance between main structures

Examples of structural members are shown below.

Solid beams
Beams of structural timber with a distance of 1—2 m may be used for
spans up to 7 m. Normally h/b is 4 to 8 where h is the depth and b is
the width or thickness. Beams deeper than about 6b require special
bracing to avoid lateral instability.

Glulam beams may be produced with any length but longer spans
may utilise other types of structural components such as trusses.

Simply supported single-span beam

| | b>b/7
t , i h~1/20t01/17
Continuous beam
| | b>b/7
-t b, f h ~1/25 t01/20

—_

Continuous beams of structural timber may be made as coupled
beams with the double cross-section over the support, where the
moment is the largest. The beams are joined by nails or screws.
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Glulam beams may be tapered or pitched.

/\| hmiddle ~ l/ZO to l/lO
f i

s
} i

Glulam beams may have one or several curved parts.

S~

An architecturally interesting structure is called a boomerang
beam, i.e. a pitched beam with curved underside. With downward
load the moments will try to straighten the beam, which results in
tension stresses perpendicular to the grains that weaken the beam
considerably.

t f

The problems may be avoided by using a tension tie, but it limits the
space utilisation.

f f

In houses it is common to use collar trusses with roof inclinations of
35-55° and spans up to 12 m. The horizontal reaction shall be taken
by the deck or a tension tie. These are sometimes called raised tie
trusses or ‘A’-frame trusses.
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Trusses

NN

PN VAV

Countless types of trusses are produced. Slender closely spaced
trusses (usually at 0.6 m spacings) with spans up to about 20 m are
almost always produced with punched metal plate fasteners.

P00 VAV

IV N

NAVAVAYZ
YININININ NN NN/

Copyright © ICE Publishing, al rights reserved.

f~1/10and (f +h) ~1/5

Large trusses are produced with flanges of glulam or LVL and steel
gusset plates or brackets with bolts or dowels.

Structural examples

The roof inclination for
spans up to 25m should
be greater than 15° i.e.

h~1/1.

The mid-depth h should be
about [/7 for mono pitch
beams.

Scissor trusses are made
with roof/ceiling inclina-
tions of:

(25-30°)/(10-15°), ..

For parallel N- or V-
trusses:

h~1/9 tol/14
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ik i o 18

V-girder trusses supporting sports hall roof
Types of trusses.

I~ A

King post ‘ Queen post ' Fink A
% a5

N

Small cantilever

Monopitch Room in roof

Dormer room in roof " Flat-top room in roof
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Structural examples

// N\

Extended joist

Raised ceiling

H [

LN ® ®

Room in roof gambrel

Parallel chord ’ Vaulted

Portal frame

Frames and arches

Due to transport considerations and because of the problems with
making joints moments stiff, frames and arches are often made as
three-hinged frames or arches.

Typical dimensions for
span [:
h Maximum depth:
h ~ 0.03!
Depth at foot: hy ~ 0.9h
! ¥ Depth at top: h, ~ 0.5h
Width: b ~ 0.18h

+*
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The curved corners that limit the usability may be avoided by joining
straight beams with finger joints. The joints weaken the strength and
the required depth is increased by 20%. To reduce the strength
reduction a middle piece is often used. The two straight parts may
also be joined by gusset plates with mechanical fasteners.

Middle piece

Anrches and cupolas
With large-span (up to 120m) arches with depths of about 0.02—
0.011 are required. The closer the centre line is to the line of thrust
the smaller the required depth, but the bigger the problems with
unintentional deviations from the assumed geometry.

Beams — straight and curved — can be built together to form pyra-
mids and cupolas.

85m

L b
1 i

A glulam arch in a sports hall
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Structural examples

Erection of glulam portal frames
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4

Straight members and beams
with varying depth

4.1 Tension and compression

4.1.1 Tension parallel to grain
For beams loaded by concentric tensile force parallel to grain F, g, it

shall be verified that:
7u0d (4.1)
frod
F
00 = 3o (42)

net

0,04 is the design tensile stress parallel to grain and f, o 4 is the design
tensile strength parallel to grain. A, is the effective cross-sectional
area, i.e. the total area reduced by areas of slots, notches, bolt
and nail holes. Reductions of the cross-sectional area may be ignored
for nails and screws with a diameter of 6 mm or less driven without
pre-drilling. When assessing the effective cross-sectional area at a
joint with multiple fasteners, all holes within a distance of half the
minimum fastener spacing measured parallel to the beam from a
given cross-section should be considered as belonging to that cross-
section.

It should be remembered that for structural timber the design
strength may be increased by the factor

1.3

k, = min (@)“ (43)
h
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Example 4.1

]
|

O O 10
>7OI

=30, =40 =30

b
A

R |

The tension member shown in the figure above is loaded in the

member (grain) direction by a dead load of 8 kN and an imposed
load of 25 kN.

The tension member is made of material C16 and it has a
rectangular cross-section with thickness 75 mm and width b. The
load is transferred to the member through an 8 mm thick steel
plate in a 10 mm slot by four 10 mm dowels in 10 mm holes. The
minimum width due to the required dowel distances is

30 + 40 + 30 = 100 mm.
Service class 1 (indoor)
Find: The member width b.

The design tensile strength parallel to grain f, o 4 is with f, o = 10N/
mm? and vy = 1.3:

Dead load (kpog = 0.6): f,04 = 0.6 - 10/1.3 = 4.61 N/mm’

Imposed load (kyog = 0.8): f,04 = 0.8 - 10/1.3 = 6.15 N/mm*
The design loads:

Dead load v = 1.35, F; = 1.35 -8 = 10.8kN

Dead + imposed g = 1.35,75 = 1.5,
F;=135-84+1.5-25=483kN
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For an estimated width b = 125 mm the effective area becomes:

Ay = (75—-10) - (125 —2-10) = 6.83 - 10’ mm®

150 0.2
Ky = (ﬁ) —1.04 < 1.3

The combined stress index:

for dead load:
(10.8-10%)/(6.83 - 10%)  1.58
= =021<1
(1.04 - 7.38) 767 A<
for dead load and imposed load:
3 3
(48.3-10°)/(6.83-10°)  7.08 069 < 1

(1.04 - 9.85) ~ 1027

4.1.2 Compression parallel to grain
For a short column (with no risk of instability failure) loaded by a com-
pressive concentric force F, ¢4 parallel to the grain, it shall be verified

that:
Ted < (4.4)
fc,O,d
where:
F.
Oed =5 (4.5)

net

The effective area A,,, is calculated similar to a tension member.
However, also holes in the compression area may be disregarded if
they are filled with a material stiffer than the wood. For columns, reduc-
tions from symmetrically placed holes may also be disregarded.

4.1.3 Tension perpendicular to the grain
Where a volume, V, is exposed to a uniform tensile stress perpendicular
to the grain (as in a curved beam), it shall be verified that:

0¢90,d
—— <1 4.6
Kool fr.90.4 (*+6)
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where:

vref 0.2
i = () (@)

0.004 is the tensile stress perpendicular to the grain and V, is the
reference volume for which f, g9 is defined:

e for glulam: V,; = 0.01 = 10- 107 m’
e for structural timber: V,,; = 0.57 - 107> m’.

4.1.4 Compression perpendicular to the grain

Block bearing compression

Where a large surface area of a timber member is exposed to a uniform
compression stress o oo 4 perpendicular to the grain (e.g. at continuous
supports), it shall be verified that:

fc,90.d

Rail bearing compression

Where a beam is exposed to a concentrated pressure over a small surface
area, e.g. at a support, it has been shown experimentally that the
compression capacity becomes larger than the pure material strength
perpendicular to the grain. This is especially the case if the structure
is not sensitive to the effect of deformations due to the compression.
The reasons for this effect are that not only the wood fibres directly
under the load carry the load but also the neighbouring material and
that the resistance increases with increasing compressive deformation.

To take this into account, Expression (4.8) is replaced by:

0¢,90.¢ff d
Ze0effd g 49
kc,90 fc,90,d ( )

where the effective design stress perpendicular to the grain is calculated
as:

Fc d
0c90.eff.d = A9](; (4.10)

where:

A is an effective contact area;
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ey
T =z gy

+— 1= 30 mm

Agr = b(/+ 30 mm)
(a)
R

/=30 mm

— l:th

+—+ a=30mm
A = b(l + 60 mm)
(b)

Fig. 4.1 Beam loaded perpendicular to the grain

kego is a factor taking into account the load configuration, the
possibility of splitting and the degree of compressive
deformation.

The effective area should be calculated as the actual compression
length | increased at each end by 30 mm, but not more than a, [ or
li/2 (see Fig. 4.1(a)).

Unless otherwise specified in the following kog shall be assumed to be
unity.

For members on continuous full supports, provided that [; > 2h (see

Fig. 4.1(a)):

® koo = 1.25 for solid softwood timber
® koo = 1.5 for glued laminated softwood timber.

For members on simple supports, provided that [; > 2h (see

Fig. 4.1(b)):

® koo = 1.5 for solid softwood timber
e koo = 1.75 for glued laminated softwood timber

where h is the depth of the member and [ is the contact length.
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Example 4.2

A timber frame wall is made of studs with cross-sectional dimensions
txb=44 x 145mm and a centre-to-centre (c/c) distance of
600 mm. The bottom sill has the same width and is supported on a

concrete foundation. The load on each stud is 2 kN from dead load
and 8 kN from imposed load.

Service class 1 (indoor)

Verify that the load from the studs can be carried by the bottom chord.
The characteristic compression strength perpendicular to the grain

is fooox =2.2 N/mm?. The design strength for load group M

(knod = 0.8) and with yy = 1.30 for structural timber is given by:

o904 = kmodfe0i/ M = 0.8 - 2.2/1.30 = 1.35N/mm’

For dead load + imposed load, the design load for each stud is given
by:

Fi=7%G+7Q=135-2+15-8=14.7kN
With an effective compression length of l.g =t+2-30 =44+

60 = 104 and k.go = 1.25 for structural timber on a continuous
support the combined stress index is:

Ocooefd _  Fa 14.7 - 10° 097
keoofeood  keooblepfoooa 1.25-145-104-1.35  1.69
=058 <1

4.1.5 Load at an angle to the grain

Tension
For a timber beam that is loaded in tension in an arbitrary direction
defined by the angle o between the load and grain, it shall be verified that:

Trad (4.11)
f t,a,d
where the tensile strength in the load direction should be taken as:
frodfiood
= 0k 12
fro frod sin o + fro04d cos? a (+12)
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Fig. 4.2 Compressive stress at an angle a to the grain

Compression
For a timber beam that is loaded in compression, as shown in Fig. 4.2, it
shall be verified that:

Tead (4.13)

fc,a,d

where the compressive strength in the load direction should be taken as:

fc,O,dkc,9O fc,90,d (414)

foad = :
T foasin® a4 ke oo f004 cost o

Figure 4.3 shows how the tensile and compressive strength properties
for the material classes C16 and GL24h are influenced by the load

1.00 — S c16

Compression

0.90 0.95 -

0.80 |- \ 0.90 -

fmd/lc

0.70 A 0.85 |-
\ \ Tension N

0.60

0.50 |-

fcvd/fc

0.40 -

0.30 -

0.20 -

Fig. 4.3 Variation of tensile and compressive strength at an angle « to the grain
direction for C16 and GL24h for angles between 0° and 90°. In the insert: angles
between 0° and 5°. ¢ = compression, t = tension
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angle. It is seen that for tension even small angles reduce the strength
considerably.

4.1.6 Bending

Bending about one main axis
For beams loaded in pure bending about one of the main axes it shall be
verified that:

Omd  Mg/W
fm,d fm,d ( )
where:

Opg is the maximum stress caused by the design bending moment
Mg;

W s the section modulus;

fma is the design bending strength.

Bending about two main axes
For beams loaded in biaxial bending it shall, except for rectangular
cross-section, be verified that:

O-m,d . Um,y,d + O_m7z7d S 1 (416)

m B fm,d fm,d

where the bending stresses 0,, 4, 0,44 and o, , 4 are calculated as:

M M
yd z2d
Omd Omy.d Omzd

W W (4.17)

where W, and W, are the section moduli.
For rectangular cross-sections and for other angular cross-sections it
shall however only be verified that the following two conditions are

fulfilled:
Omy,d Omzd
d g Tmad g 4.18
fm,y,d fm,z,d ( )
Ky, omad y Tmzd (4.19)

" fm,y,d fm,z,d

where the coefficient k,, equals 0.7.
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i
|
! V4 A
! | Stress distribution in
| the Z-Zplane
|
! .
| \
! |
X \
' Y=\ =Ry - Y Omy
&I
| i
IZ

Gm,z
I%I Stress distribution in the Y=Y plane

Fig. 4.4 Stress distribution in a rectangular beam subjected to biaxial bending

The background for the modification is that for these cross-sections
the maximum stresses only act at small volumes close to the corners
(see Fig. 4.4), and it is unlikely that the whole cross-section will fail if
the bending stress exceeds the bending strength just in these small
volumes. The bending strengths for bending about the axes may be
different due to the depth factor k.

Lateral instability
High slender beams can fail due to lateral deflection and torsion when
they are loaded in pure bending as shown in Fig. 4.5.

Example 4.3

The purlins in a roof with slope 1:3 (o = 18.4°) are spaced at 1.2 m
(measured in the roof plane) and have a span of 4.8 m.
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Timber C16. Service class 1.
Loads:

e dead load: g =0.3 kN/m? (measured along the roof)
e snow:s = 0.4kN/m’ (measured horizontally)
e wind pressure: w = 0.5 kN/m’ (measured along the roof).

Find: an appropriate purlin size.

A purlin cross-section of 75 x 200mm is estimated. The design
moments from dead load (yg = 1.35) and snow load (7o = 1.5)
about a horizontal axis is calculated as:

M=12(135-03+15-0.4cos18.4°) - 4.8’ /8 = 3.37kNm
My =3.37 - cos 18.4° = 3.19 kNm

W, = 500 - 10’ mm’

Opyd = 3.19-10°/(500 - 10°) = 6.39 N/mm*

M, =3.37 - sin 18.4° = 1.065 kNm

W, = 187.5 - 10° mm’

Omrd = 1.065 - 10°/(187.5 - 10°) = 5.68 N/mm*

Opmd = 6.39 + 5.68= 12.07N* /mm*

The coefficient k,,, is determined by the short-term snow load
kpoa = 0.9:
fmd =0.9-16/1.30 = 11.08 Nmm*

The ratio ,, 4/ fn 4 is larger than 1 but the combination is acceptable
because both (4.18) and (4.19) are satisfied.
For bending about the z-axis:

150 0.2
o= (20 - s

Omy.d Omzd 6.39 5.68
3y k 325 — )
fooa T 1108 T T3 11,08

=058+0.7-045=089 < 1

Omyd Omzd 6.39 568
iy omad 4 Tmad _
"o e 011708 T 115 11.08

=0.7-058+045=0.85<1
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Also the load combination 1.35¢ + 1.5s + 0.5v shall be investigated.
Due to wind 0,4 is increased by:

15.03-0.5-1.2-4.8" = 1.17N/mm*

For this case k,,,; = 1.1, i.e. the strength is increased more than the
stresses.

For the dead load, the maximum instantaneous deflection in the
centre of the purlin is given by:

_ 5 g'_ 5 03-cos184-1.2-4800°
Yot =384 BT 384 8000.50.10°0 o ¢
and the final deflection becomes:
Uy fin = Ug inst (1 + V2kimoa) = 5.9(1 4+ 1-0.6) = 9.4mm < [/750

For the snow load where the load is given for the horizontal area
the final deflection is calculated as:

Uy = 5.9 - cos 18.4 - 0.9/0.3 = 16.5mm < 1/260

To calculate the load-carrying capacity of a straight elastic and simply
supported beam, it is assumed that the torsion is prevented at the end
supports and that the beam is loaded by two equal bending moments
M = M, at the beam end. Under these conditions the beam will be
stable for loads below a critical value M = M. If this value is exceeded
the beam will suddenly deflect as shown in Fig. 4.6. Solving the
governing differential equations the following expression for the critical

Fig. 4.5 Lateral torsional buckling deformation of a simply supported beam
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Fig. 4.6 Beam deflected in torsion and lateral deflection instability

buckling moment is found:

Mo =" e (14 (F) B (4.20)
- CT_l Ve tor l GItOT .

where I, is the moment of inertia for torsion and I, is the so-called
warping constant. The last term in the bracket is only of importance
for open thin-walled cross-sections. For the majority of cross-sections
in timber structures I,/ (lzltm) ~ 0 and the expression becomes:

M, =7 VELGL, (4.21)

Expression (4.21) applies to beams with equal end moments. For other
cases numerical methods, e.g. based on strain energy methods (virtual
work), are required. The results can always be written in the form:

M, = VELGL, (4.22)
eff

where [ is an effective length of the beam. Eurocode 5 gives some
approximate values as shown in Table 4.1. As is apparent from Figs 4.5
and 4.6, the critical moment depends on the location of the load in
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Table 4.1 Effective length 1.4 as a function of beam length | and beam depth h
(see Example 4.4)

Load acts in:

the bottom of the beam  the centreline the top of the beam

/’5 ‘\g l

,§;1:]:1:1:1:1;%§ 0.91 - 0.5h 0.9 0.91 + 2h
2 2 0.8al —0.5h 0.8al 0.8al + 2h

I I 1 I I 1 I 0.6l — 0.5h 0.6l 0.6l 4 2h

the cross-section. The higher the location, the bigger the driving effect
and the smaller the critical load. Loads acting below the axis of
rotation will even have a stabilising effect. This is taken into account
in Eurocode 5 by reducing/increasing L4 as shown by 0.5h and Zh
respectively.

The torsion moment of inertia I, of a rectangular cross-section with
side lengths b and h(>b) is given by:

hb’ b
Ly, ~ 5 (1 —0.63 E) (4.23)
For a closed box cross-section as shown in Fig. 4.7, I,,, is given by:
2b%(h — hy)?
L, = el G N (4.24)
t Gweb * h_f

For a rectangular cross-section, Expression (4.22) can be rewritten as:

Omer Mg, 1

— — 4.25
fm me )\anJd ( )
whereas for columns a relative beam slenderness ratio has been
introduced.
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z

Fig. 4.7 Box beam geometry and notation

From Expression (4.22) with characteristic values inserted:
M., T

= = v Eo051.Go o5l .26
Omcr Wy Wyleff 0.05420.05 tor (4 )

For typical strength and stiffness values for structural timber:

0.78b*
Omer = WEO.% (427)

Until now linear elastic behaviour has been assumed, i.e. 0, 4/fmg <
about 0.5 and A, ,,; > about 1.4.

Tests to determine bending strength are normally performed on
beams with A, ,,; ~ 0.75. In Eurocode 5 the following expression for
O-cr,d/fm,d is given:

1 A\ < 0.75
k, = ()’[d = { 156 = 0.75),,4 for 0.75 < X\,u <14 (4.28)
L VOt 14 < Ay

Expression (4.28) is shown in Fig. 4.8.

kCI

1
0.8
0.6
0.4
0.2

0

0 0.5 1 1.5 2 25 3 3.5 4
;Lm,rel

Fig. 4.8 ko, = 0.4/ fina as a function of the relative slenderness ratio A, 1
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Example 4.4

|F
|T | |:| IO.7m

25m 7.5m T 0.14m
L b

¥
4 ) 7

A simply supported glulam beam (GL32c¢) with cross-section dimen-
sions 115 x 700 mm has a length of 10 m. The load is a short-term
load F acting on the top of the beam. The ends of the beam are
restrained against torsion.

Service class 1.
Find: the maximum value F,,,,.

For a load acting at the centreline the effective length according to
Table 4.1 is:

Ly =(0.8-4-0.25-0.75)- 10 +2-0.7 = 7.4m
With Eq s = 11100 and f,,; = 32 N/mm?*:

o 0.78b* 0.78 - 115

fmk 32
= [ =2 =12
An el Omerk V221 y

For load acting on top of the beam:

- 11100 = 22.1N/mm*

Oerd/ fmd = 1.56 — 075X, = 1.56 — 0.75 - 1.20 = 0.66
Omerd = 0.66-32-0.9/1.25 = 15.2N/mm’

W =115 - 700%/6 = 9.39 - 10° mm’

M., = 15.2-9.39 = 142.7kNm

M =2.57.5F4/10 = 1.875F g

Frucd = 142/1.875 = 76 kN
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4.1.7 Combined bending and axial loading
Frames made of solid timber or laminated beams are often subjected to
combined bending and axial loading.

Bending and axial tension
For beams with arbitrary cross-section and combined tensile load and

bending it shall be verified that:
Otd + Omy.d + Omz,d

][t,O,d fm,y,d fm,z,d

<1 (4.29)

For rectangular cross-sections Expression (4.29) may be replaced by
the following two conditions:

Otd Omy.d Omzd
frod  fmyd fnzd (+30)
O’t’d + k Um,)ud + O'm,z,d S 1 (431)

ft,O,d " fm,y,d fm,z,d

where the bending coefficient k., is equal to 0.7 for rectangular cross-
sections.

Bending and axial compression
For beams with arbitrary cross-section and loaded in combined bending
and axial compression it shall be verified that:

2
Ocd Omyd | Omzd
d) 4 Tmad y Tnad 4.32
(fc,O,d) fm,y,d fm,z,d ( )

where 0,4 = F_4/A is the compression stress. For rectangular cross-
sections Expression (4.32) is replaced by the following two conditions:

2
( Ted ) 4 Tmad g Tmzd (4.33)
fc,O,d fm,y,d fm,y,d
2
Ocd Omyd | Omzd
= +ky——+—-<1 (4.34)
(fc,O,d) fm,y,d fm,z,d
where the bending coefficient k,, is equal to 0.7 for rectangular cross-
sections.
Combined bending, axial compression and buckling are dealt with in
Chapter 5.
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h, 'max

Fig. 4.9 Single tapered beam

4.2  Tapered beams

Beams are sometimes tapered in order to obtain a suitable geometry (e.g.
roof slope) or to tailor the size to the force distribution or architecturally
be attractive. Figures 4.9 and 4.10 show two types of beams commonly
used in practice, namely single tapered and double tapered beams. It is
common practice to cut/taper the fibres on only one side of the beams,
normally the top/compression side and that the fibres on the other side
(normally the bottom/tension face) are parallel to the span.

In derivation of some of the following equations, it is assumed that
the beams are simply supported, but the equations may also be used
as an approximation for other cases, e.g. for the calculation of the
straight parts of arches, see Chapter 6.

4.2.1 Single tapered beam

The stress distributions in tapered beams differ significantly from those
of beams with constant depth. Both the normal stresses and the shear
stresses vary significantly over the cross-section depth and along its
length (see Fig. 4.9).

In single tapered beams, the bending stress increases slightly at the
bottom face and reduces at the top face. A lateral load also induces
not only axial stresses but also stresses perpendicular to the fibres.
The reason for this is that the normal stress parallel with the top surface
requires a vertical stress component to fulfil the equilibrium conditions.
These effects are taken into account by reducing the bending strength

X
p—

! T a !
i ] D —

T B © 1

0.5/ 0.5/

Fig. 4.10 Double tapered beam

122

Copyright © ICE Publishing, al rights reserved.



Straight members and beams with varying depth
by a factor k,, and it shall be verified that:

Om.d
km,afm,d ( )

where:

Opd 1is the design bending stress:

6M,
Jm,d - W (436)
For tensile stresses parallel to the tapered side:
1
s = : : 437)
1+ < I tan a) + < fnd tan a>
0.75f,4 fro0d
For compressive stresses parallel to the tapered side:
k = ! (4.38)

h 1+ < fna tan a>2 + < fnd tanO‘)z
L.5f,4 fe90d

The reduction factor k,, ., for compression and tension is shown in
Fig. 4.11 for glulam GL32h and GL24c. The reduction factors for
other grades of glulam will fall between the two grades.

0.80
0.70
0.60

= 0.50

K

0.40

0.30

0.20 -

0.10

000 1 1 1 1 1 1 1 1 1 J
0
a: degrees

Fig. 4.11 Reduction factors k,, ., for glulam GL32h and GL24c
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For single tapered beams, the maximum bending stress is often at a
cross-section near the shallower end of the beam. The critical cross-
section may be found analytically but it is often easier to calculate the
stresses in several cross-sections along the beam. For a simply supported
single tapered beam with a uniformly distributed load ¢, the distance x
from the shallower end of the beam to the critical section is given by:

hmin
where the stress is calculated as:
0.75ql*
>4 (4.40)

T = bhmin hmax

The deflection may be found by the principle of virtual work. For the
beams mentioned above, the largest deflection becomes:

Umax = kdeﬂecuo (441)

where the deflection constant kg, is given in Fig. 4.12. The deflection
ug is the deflection in a corresponding beam with constant depth equal
to hmean = O'S(hmin + hmax)‘

4.2.2 Double tapered beams

For a simply supported beam (see Fig. 4.10) with uniformly distributed
load, g, the distance x from the shallower end to the critical cross-
section with the maximum stresses is:

hmin
thax (442)

x=1

and the maximum bending stress is:

B 0.75q1*
- bhmin(thax - hmin)

The bending deformation of the beam results in tension stresses perpen-
dicular to the grain direction under the apex point (cross-section C in
Fig. 4.10). The distribution of the tension stress, o, g, is as shown in
Fig. 4.10. The normal stress at the top becomes zero because of the
discontinuity in the slope of the upper surface. The maximum tensile
stress may be calculated by the expressions given in Chapter 5. They
will, however, rarely be of any importance.
For the deflections, Expression 4.41 applies.

(4.43)

Om
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Bmin] |/;,’] Ihmax

kdeﬂec
-
.
o

1 12 14 16 18 2 22 24 26 28
hma)/hmin
Single tapered beam

hmr’nI l/;/\‘ Ihmax

0.95
0.9
0.85

kdeﬂec

J
1 12 14 16 18 2 22 24 26 28
hmax/hmin
Double tapered beam

Fig. 4.12 Relation between the deflection factor kg, and the (taper) ratio

hmax / hmin
Example 4.5
F L 4500 ,
0] m |:| } 000
T 9000 115
¥ +

A simply supported glulam beam (GL32h) has a span of 9 m, the beam
width is 115 mm, and the depth varies from 400 mm to 1000 mm (slope
1:15). The beam is held against lateral buckling and is loaded in the
mid-span by a concentrated short-term load F; = 90 kN.
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Service class 1.
Show that the load-carrying capacity is sufficient.

The cross-section with the maximum stress is placed at a distance x
from the middle towards the shallower end.
The moment is 0.5Fx, the depth is h(x) = 0.40 + 0.6x/9, and the

bending stress is:

0.5F
") = s

The maximum stress is found in the middle of the beam, see the
table below.

x: m 4.0 425 450
o: N/mm?  21.13 2137 21.56

The design strengths in N/mm? are:

fad =09-32/1.25 = 23.04
fooa =09-22.5/1.25 = 16.20
f.o04 =0.9-0.5/1.25 = 0.36
fooa=09:29/1.25 =20.88
foo0a=09-33/1.25=123.8

With v = 3.8° the reduction factor on the top surface where the
fibres are cut becomes k,, , . = 0.936:

Um,d 21.56

km,a,c,d B 0.936 - 24.06 =0.96 < 1

The instantaneous deflection in the middle of a beam with a
constant depth of 700 mm is calculated as:

_FP 12-90-10°(9-10°)°
"~ 48EI  48-13.7-10°-115-700°

From Fig. 4.12 with h,/hy, = 1000/400 = 2.5, the deflection
factor is found to be kg, = 1.18 and the deflection:

Ui, = 1.18 - 30.4 = 36 mm

= 30.4 mm

Up

The deflection for the characteristic load is approximately 70% of
this value.
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4.3  Shear
4.3.1 General

Timber beams can be subject to large shear stresses, especially close to
concentrated forces and near supports. Shear stresses can also be caused
by a torsion moment applied to the beam.

4.3.2 Shear stresses caused by bending
For beams with shear forces it shall be verified that:

< (4.44)

The effect of an external shear force V, in the z direction of a beam is
illustrated in Fig. 4.13. H is the horizontal shear force induced by V,
on the cross-section with unit length. H is equal to:

H= 5 Vv (4.45)
I

where S, is the static moment of the shaded area about the y—y axis. The
formula applies irrespective of how the cut is made.

To determine the corresponding shear stresses it is necessary to
estimate the distribution over the cutting surface. For thin-walled cross-
sections a uniform distribution over the thickness may be assumed. The
same applies for rectangular beams for cuts parallel to one of the sides.

For a rectangular beam with the shear forces V, and V, and the cuts

y
1-1 and 2-2 shown in Fig. 4.14, the shear stresses are calculated as:

_ S _ S
T, = b—IyVZ and 7, = h_lzvy (4.46)

The resultant shear stress is found by vector addition as:

= /TZZ + Tyz (447)

&

Fig. 4.13 lllustration of shear force H acting on an arbitrary cross-section

z
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1 .z
T \
\
\ B
y| % | y
’ |
||
2 ;* — —2
- 1 z
e
b

Fig. 4.14 Illustration of notation used for determination of shear stresses for a
beam with rectangular cross-section

For a beam with rectangular cross-section with depth h and width b,
and with a shear force V in the direction of h, it shall be verified that:

3V
i hkcmckb =1 (448)

where kg, is a factor that takes into account the effect of end cracks:

0.67 for structural timber

kerackk = § 0.67  for glulam (4.49)

1 for other wood-based products

According to Eurocode 5, loads within a distance h from the end may
be disregarded (see Fig. 4.15). For beams this reduction applies only
when the notch is on the opposite side of the support.

.
= e

Fig. 4.15 For calculation of the shear force V, loads closer to the support edge
than the beam depth h or hg may be disregarded

Nesr
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Example 4.6
The same beam as in Example 4.5 is studied.

Find: the shear capacity of the beam.

The maximum shear stress is found at the support at the shallower end:
Vy =45kN

For GL32 and short-term loads the shear strength becomes:
foa =0.9-3.8/1.25 = 2.74N/mm’

b = 115mm, h = 400 mm. The crack factor is k., = 0.67

T 1.5-4500/[115/(0.67 - 400)] _2.19

= = =080<1
Fodkerar 274 274 0 S

4.3.3 Beams with end notches

For a beam with a notch at the support, there may be a risk of cracking

failure along the paths shown in Figs 4.16(a) and (b), due to stress

concentrations at the notched corner. Initially the crack is stable, but

with increasing load the crack propagates and results in total collapse.
For the notched beams shown in Fig. 4.16, it shall be verified that:

T4 \Z
=1.5 <
kv fv,d bheffkv fv,d o

For a beam with the end notch at the compression side (see Fig.
4.16(c)) the reduction coefficient k, = 1, whereas for a beam with
the notch at the tension side (see Fig. 4.16(a) and (b)), the reduction
coefficient factor should be calculated as:

1 (4.50)

1
— ] 1
= mm{ k= (Vo —o? + 050V T =) #30

where:

a is the distance from the reaction to the corner of the notch;
h  is the beam depth (in mm)
hes s the effective depth (in mm)

o = hcff/h
B8 =a/h
i is the notch slope.
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g b N

(@) (b) ()

Fig. 4.16 Rectangular beam with end notches: (a) sharp notch at the tension side;
(b) inclined notch at the tension side; (c) inclined notch at the compression side (it
should be noted that there is no crack pattern as the notch is in compression)

1.00

0.80

0.20

0.00 L L L
0.3 0.5 0.7 0.9

Fig. 4.17 The influence of beam depth and notch depth on the factor k, for
glulam beams. The figures are beam depth in mm

- { 5 for structural timber (4.52)
" 6.6 for glulam '
1.5
k=1+11— (4.53)

Vh

The influence of the beam depth and the notch depth on the factor k,
is illustrated in Fig. 4.17 that corresponds to k, = 6.5 (for glulam) and
B =0.5.

Example 4.7

~<. 12 75

1200

1
|
|
|
|
|
|
|
100 /J
Symmetry
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A concrete form is supported by beams of class C18 with 500 mm
centres. The beam span, measured between the centre points of
the supports, is 2.5m. The depth of the end notch is limited to
75 mm. The short-term design load is ¢; = 3.0kN/m?.

Service class 3 (outdoor).
Find a beam with sufficient strength and stiffness.
The design bending and shear strengths for C18 are:
fma = 0.7-18/1.3 = 9.69 N/mm*
foa =0.7-3.4/1.3 = 1.83N/mm’
The design bending moment is:
M;=0.5-3.0-2.5%/8 = 1.17kNm
The necessary section modulus:
W =1.17-10°/9.69 = 121 - 10’ mm’
Possible cross-sections:
for 38 x 200: W = 253 - 10’ mm’, A = 7600 mm’
for 47 x 175: W = 240 - 10’ mm’, A = 8225 mm’
V;=0.5-3.0-1.2 =1.80kN
For 38 x 200:
h =200 mm
heg = 75 mm
a = 50mm
o = hyy/h =0.375
B =a/h=50/200 =0.25
i=0
k=0
k, =5

According to Expression (4.51) the reduction factor is:

1 1 -1
k, = 5—— ( /0375 — 0.3752 + 0.8 - 0.254/—— — 0.3752
v =200 ( L Ch 0375 037 )

= 0.44
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kcmck :067
1.5-1800 ;
T = 38.75.0.67 .41 N/mm
i LAl o551

kfoa 0.44-183

Therefore the strength is insufficient.

For 47 x 175:

k, = 0.455
151800 ;
& SLUY VI

kfoa 0.455-1.84

Therefore the strength is still insufficient.

Instead of using a bigger (wider) cross-section, the beam-ends
are cut as shown in Fig. 4.16(b). For an inclination 1:i~1:3 the
coefficient k; becomes:

31.5
k=14+1.1—— =143
V175

and the strength is sufficient.
The deflection for the characteristic load that is estimated to 80%
of the design load becomes:

5 g 5 05-08-3.0-2500*
u = u; ==
T 384 E1 384 9000 - 20.99 - 10°
= 3.2 mm < /750

4.3.4 Torsion shear stresses

Pure torsion
For beams loaded in torsion, the torsion shear stresses 7, 4 must fulfil
the following condition:

Tior,d

<12 (4.54)
fv,d
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For a circular cross-section with a radius r the maximum torsion shear
stress is:

2T

Tiormax = —3 where T is the twisting moment (or torque)  (4.55)

For a rectangular cross-section h x b with h > b the maximum torsion
shear stress is:

T(3h + 1.8b)
Ttor,max = T

(4.56)
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5

Columns

5.1 Introduction
A member loaded by a compression force is normally called a column.

5.2  Axially loaded columns

For a column with cross-section area A, loaded by an axial compression
force F. that induces a compressive stress of o. = F./A, it shall be
verified that:

e
s 1 (5.1)
where k. is a factor (k. < 1) called the column factor, is derived in the
following Expression for k.
For the column shown in Fig. 5.1 it is assumed that it may deflect in
one of main axes directions. The corresponding second moment of area
is [ and the elastic buckling stress is equal to the Euler stress og:

2 2
nEl  @°E
E=PA TN G2
where X\ =1/i, | is the free column length, i is the radius of gyration:
i =+/I/A and I is the second moment of area (moment of inertia).

Traditionally, the slenderness ration A is used to describe the slender-
ness of the column. In the following it is, however, found more conve-
nient to use the so-called relative slenderness ratio defined by:

fe
Al = A 5 (5.3)
With this relative slenderness ratio, Expression (5.2) becomes:
OE 1
E_ ___ 5.
fc )\Eel ( 4)

In practice, all columns have certain imperfections. They are often
not perfectly linear, and the load can act with some eccentricity due
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A .

/

Fig. 5.1 Simply supported, axially loaded column

to knots. As an approximation it is, therefore, assumed that the column
in the initial situation has a sinusoidal defection with the eccentricity e
in the middle of the column (see Fig. 5.2). This means that the axial
force will give a moment M,y = F.(e + uy;) in the middle of the
beam where u,,; is the deflection of the beam.

The governing differential equation for static equilibrium of an initi-
ally deflected column is given by:

2
Eld—u: —M = —F, U+ esin s (5.5)
dx* l
The resulting centre deflection is given by:
Umid = € e (56)
O — O¢
Oc kE
ety =e+e (5.7)

=e
O — O¢ kE - Gc/fc
where kg is defined from the Euler stress as kg = o /f.. In the mid-
height of the column the normal stress is 0. and the bending stress is:

o.Ae kE
W kE c/fc

Failure corresponds, see Expression (4.29) to:

Om = Fc(e +umid)/W =

i_f_o-_m =1
fc,O fm

giving:
o n o.Ae kE
fc,O me kE c/fc

O-C/fC = C
z
T_.x es"‘? Fo=0,A

Reference situation
k

bs

i
Fig. 5.2 Simply supported, axially loaded column with initial deflection
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that is:

eAch 1
k{ll+————) =1 .
L( +W’ﬂ11—AQh) G9)

from which with:

eA f. 1
k_05<1+WE+E>

then:
1

C:kﬂ/kz—)\fel

Since all grading rules for structural timber restrict the initial deflec-
tion to a fraction of the length [, and since \,,; is proportional to [, it
would seem natural to set e proportional to \,; but this results in
k. < 1 even for small values of A, which is in contradiction to the fact
that the compression strength is found by specimens with a slenderness
ratio, A, of about 15, corresponding to Ao = 0.3. It is instead assumed

k (5.10)

that:
B L B0 = ) (5.11)
W 1. ’
where
0.2 for structural timber
= { (5.12)
0.1 for glulam
Arelo = 0.3 (5.13)
that is:
k=0.5[14 B\ — 0.3) + A3 (5.14)

Figure 5.3 shows k. as a function of \,,. For \,,; < 0.3, k. = 1.0.

The load-carrying capacity of columns depends very much on the
stiffness of the column as a whole and local reductions in the cross-
section area have only small effect. k, is, therefore, calculated with
the properties of the total cross-section. The stresses shall however be
calculated for the reduced cross-section. The biggest reductions are
normally found at the ends where it shall be verified that:

O¢ mett F c

= <1 (5.15)
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0.9
0.8
0.7
0.6

Structural timber

member
0.4
0.3 |-
0.2 |-
0.1 |
0 1 1 1 1 1 J
0 0.5 1 1.5 2 25 3

lrel

Fig. 5.3 Relationship between column factor k. and A, for structural timber and
glulam

where A, is the reduced cross-section area. If the cross-section varies
over the length, the calculations are normally made with the smallest
cross-section over the middle third of the length.

For types of support (boundary) conditions other than simply
supported, the same expressions are used as an approximation, with
the free column lengths (effective lengths) corresponding to the support
conditions. Where support restraints depend on mechanical fasteners
the effects of slip in the joints shall be taken into account by using
conservative values for the column length, see Fig. 5.4 unless a more
stringent analysis is made.

1@ 4 N

b cacd b cccccccd TIITITII? TITTITTT? =~
Theory 1.0/ 2.0/ 0.71 0.5/
Recommended 1.0/ >2.5/ 0.85/ 0.7/

Fig. 5.4 Theoretical free column lengths and recommended effective lengths for
columns with restramt support conditions made by mechanical fasteners
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Example 5.1

A simply supported column of timber class C16, with length 4.0 m
and cross-section dimensions of 150 x 150 mm is loaded by short-
term load under service Class 1 conditions.

Find: the load-carrying capacity.
i=150/V12 = 43.3mm
A =4000/43.3 =92.4
fe0a=09-17/13 =11.77
E; = 5400N/mm?

5 fc.,O,d . fc70,k
mce =
d k

X [for 924 [17
Arel—; Ek = . 5400—165

From Expression (5.14):
k=0.5(140.2(1.65 — 0.3) + 1.65%) = 1.98

Expression (5.3) gives:

From Expression (5.10):
k. = !
1.98 +v1.98% — 1.65?

F.g=k.f.0dA =0.326-11.77-150* - 10 = 86.4 kN

=0.326

5.3  Laterally loaded columns
A simply supported column that in addition to an axial force is loaded by
a lateral load inducing a moment with a maximum value My at the
mid-height is considered. The bending stress from My is o,,. For prac-
tical reasons o, is defined differently from that than in Expression
(5.8) where o, for the axially loaded column is the bending stress in
the initially deflected column.

[t is initially assumed that the column is loaded in the plane of one of
the main axes and restrained against deflection perpendicular to this
plane (see Fig. 5.5).
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s

Fig. 5.5 Laterally loaded, simply supported column with initial moment My in the
mid-height of the column

In principle, the calculations are the same as for the concentrically
loaded column, but with a formal initial eccentricity in the middle of
(e +My/F,). Due to the axial force this moment is increased by the
factor o, /(0. — 0F).

For a laterally loaded columns it shall be verified that:

o,

[ Um
+—<1 (5.16)
kc,y fc.,O fm
If the column is not simply supported or if the moment is not maximum
in the middle, o,, should be taken as the moment that is increased
substantially due to the deflection.
For the general case with bending about two axes it shall be verified

that:
o, Oy + kno
C - T 5.17a
kc,y fc,O fm ( )
0. kmam y + Omyg
: =<1 5.17b
kc,z fc,O fm ( )
where:
key is the column factor for deflection in z axis direction (bending

about the y—y axis);

ke, is the column factor for deflection in the y axis direction
(bending about the z—z axis);

k,, is the factor taking into account that it is unlikely that total
failure takes place when the strength is exceeded in one cross-
section corner only. Normally a value of k,, = 0.7 is used.
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Note that even when the bending moment acts about the y—y axis both
conditions shall be fulfilled to take into account any coupling effects
between the deflections. In practice the main axes are not necessary
parallel to the sides of the cross-section because of knots etc.

Example 5.2

Fy=12kN My;=1.5kNm
=’/
L—
|- /
s £
~— =
- - 8
-~ S
= 1 8
-— ‘»
[ g
< | 2400 mm o ]
= o
S
~ 1 e
~— 8
nE ©
|-— 1 87
~— 5
o
- | o
L
—
L -— & [ /

t

A simply supported rectangular column of C16 with planed cross-
section 44 x 145 mm and length of | = 2400 mm, with a permanent
concentric load of F; = 12.0kN and a uniformly distributed lateral
wind load inducing a design moment of My; = 1.5kNm at mid-
height about the strong axis is used outdoors to support a roof.
The column is in a service Class 2 condition. The compression side
of the column is braced in its full length.

Show that the column has sufficient load-carrying capacity.

@ 17

For axial compression load alone:

Permanent load:

12 000 )
— = 1.88N
004 14145 88 N/mm
kynod = 0.6
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w =13

fooa =0.6-17/1.30 = 7.85N/mm’
i =41.9mm

A = 2400/41.9 = 57.3

A oo 513
M = 2 [Jeok 513 oaia — 1004
w\ E, T

From Expression (5.14):
k=0.5[140.2-(1.024 — 0.3) + 1.024*] = 1.097

From Expression (5.10):

1

1.097 + v/1.0972 — 1.0242

©

From Expression (5.16):

Ocd 1.88

kaC,O,d B 0.671-7.85 =036 <1

For axial load and moment:

The wind, which is classed as instantaneous, determines k. For
service Class 2, kg = 1.1:

fooa = 1.10- (17/1.3) = 14.38 N/mm’
fma = 1.10- (16/1.3) = 13.54N/mm*
Opg=15-10°-6/(44 - 145*) = 9.73N/mm’

From Expression (5.16):

Oy Ong 1.88 9.73
e — 0.19 +0.72
kofod | Jua 06711438 ' 13.53 07

=091 <1
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Example 5.3
The same column as that in Example 5.2 is held against deflection in
the weak direction in the mid-height only.

Show that the column has sufficient load-carrying capacity.

Fa=12KkN M=1.5kNm
—]
-
-
-~
-~
-
-~
-
-
-~ :
~— (2400 mm ] 1 Bracing
-~
-~
-
-
R 1200 mm
-
-~
-
-
LA & E — L

t

The column may deflect in both main directions. Deflection about
the strong axis is already covered by Example 3.2. Only checking
of deflection about the weak axis is required.

For axial load alone:

For | = 1200 mm, i = 12.7 mm:

12
Al = L1200 /500314 = 1.69
127w
k=0.5[1+0.2(1.69 — 0.3) + 1.69%] = 2.062
ke = ! = 0.308
2.062 4+ v2.062% — 1.692
Ocd 1.88

kfou 0308785 11

For axial load and moment:

150\°?
ky = — =1.28< 1.3
' (44) =
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From Expression (5.17b):

1.88 0.7-9.73

03081438 T 128 1354 e OT0

=0424039=081<1

Therefore the load-carrying capacity of the column is adequate.

5.4  Lateral torsional buckling of laterally loaded columns
In the examples above it has been assumed that the failure takes place
due to bending in the main direction. For deep, narrow cross-sections
loaded in bending about the strong axis a failure mode with combined
lateral deflection and torsion is possible or more likely. To take this
into account it should for A, ,; > 0.75 be verified that:

2
Ocd Omy.d )
+ <1 5.18
kc,z fc,O,d <kcr fm,d ( )

where k., is the column factor for deflection in the weak direction and
ke, is the factor for lateral instability, see Expression (4.28).
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6

Curved beams and frames

6.1  Curved beam

Loading a curved beam in bending will result in stresses both parallel
and perpendicular to the beam (see Fig. 6.1). The normal stresses in
the convex side of the beam are smaller than the stresses at the concave
side and the stresses at the concave side are larger than the stresses in a
corresponding straight beam. The reason for this is that even if
the deformations vary linearly, the strains will not do so because of
the varying fibre lengths. Normally these effects are disregarded,
i.e. the stress is for a rectangular cross-section calculated as for a straight
beam:

O = O = OM/bh? (6.1)

The bending stresses o,, developed during the fabrication when the
laminations with thickness t are formed to a curvature 1/r are theoreti-
cally rather high. In the outermost fibres:

o = Et/(2r) (6.2)
These internal stresses reduce the load-bearing capacity of the cross-
section.

For an elastic modulus E = 12000N/mm?, a lamella thickness
t =33mm and a radius r = 5000 mm, the bending stress becomes
o, = 40N/mm?, ie. corresponding to the characteristic strength.
Experimental results show, however, that the built-in stresses become
significantly smaller, probably due to creep that occurs during the
hardening process where moisture from the adhesive is added.
According to Eurocode 5 the strength values for bending, tension and
compression for v/t < 240 should be reduced by the factor:

ke = 0.76 4 0.001 : (<1) (6.3)

The bending moment results also in stresses perpendicular to grain.
The following simplified derivation of the transversal stresses illustrates
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Fig. 6.1 Stress variation in a plane curved beam with constant bending moment

this effect. It is assumed that the normal stresses vary linearly over the
beam depth (see Fig. 6.2), i.e. the influence of the non-linear stress
distribution is disregarded. The force resultant F on one half of the
cross-section is F = 1.5M/h. Equilibrium of the marked element
loaded by F on both cross-sections and the stress o9y requires:

Fdo = U9ObTmid de

F M
= =15 (6.4)
bTmid thmid
where b is the thickness (width) of the beam.

When the moment distribution tends to reduce the curvature, as is
the case in Fig. 6.3, the stresses perpendicular to the grain are tensile
stresses and it is necessary to take into account that the strength
perpendicular to grain depends on the stressed volume. The relevant

090

Fig. 6.2 Internal forces and tension stresses perpendicular to the grain direction in
a curved beam

145

Copyright © ICE Publishing, al rights reserved.



Practical design of timber structures to Eurocode 5

é : sl
T Tangent point T

Fig. 6.3 For a curved beam consisting of two straight parts joined by a curved
part the strength perpendicular to grain depends on the volume of the curved part

volume, V, is shaded in Fig. 6.3. To take into account the variation of
stresses over the depth, the volume should not be taken higher than
2V, /3, where V. is the total volume of the beam. It shall be verified

that:
0t,90.d vref >O'2
o < kg | = 6.5
frood ~ ‘ (V (©3)

The reference volume for glulam is V,.; = 0.01 m’. The factor ky; takes
into account the stress variation over the depth. For a parabolic
variation from zero at the surface to a maximum value in the middle

kdis - 14.

Example 6.1

r=17m

4m Sm\ 5m
¥ + + ¥

10°
C
? By
ﬁ_\ 633 mm
300 mm
E \_\_\_\_\L

A glulam beam carrying a roof structure is supported by a double
glulam column as shown in the figure above. The glulam is GL32h
with a thickness of 160 mm. It has two straight parts AB and CD
joined by a 633 mm deep curved part BC. The fibres of the straight
parts are cut at the bottom. The radius is 17 m. The beam is simply

supported at A and B and it is assumed that the roofing provides
lateral stability.

D
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The design load (dead load and snow) is 5 kN/m measured horizontally
and the beam is in a service Class 2 (i.e. outdoor protected) condition.

Show that the beam has sufficient strength.
Reactions and internal forces:
Rag=—5-12-(2/4) = —30kN (uplift)
Rpg=5-12-(6/4) = 90kN
Mg =5-(8%/2) = 160kNm
Vi = {5-82401(1\1
40 — 90 = —50kN
Since r/t = 17000/33.3 = 510.5 > 240, the strength is not reduced

due to the curvature, see Expression (6.3).
The design strengths are found using k,,,; = 0.9 (for snow) and
w = 1.25 (for glulam):

fma = 0.9-32/1.25 = 23.04N/mm*
foa =0.9-3.8/1.25 = 2.74N/mm’
foo0d = 0.9-3.3/1.25 = 2.38N/mm’
foo0d = 0.9-0.36/1.25 = 0.26 N /mm*

Bending calculations are relevant in B. The angle of taper is calcu-
lated from:

tan o = (633 — 300),/4000 = 0.083(ax = 4.76°)
At the top where the cut fibres are loaded in tension:

6-160-10°

nd = Teo 33T = 14.97 N /mm’
ki = f 1 2 f 2
\/1 4 (O.;;;,v’d tan a) 4 <f:9lj,d tan’ a)
3 1
W (5216 + (2476
0.75 - 2.74 0.26
= 0.667
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Um,d . 1497
Kmafma 0695 - 23.04

=094 <1

The maximum stresses perpendicular to the grain in the curved
part are:
M, 160 - 10°

- - 2

Ut,90,d = 15

The stressed volume (corresponding to B—C) is approximately:

V =0.160-3.0-0.633 = 0.30m’

vref 0.2 0.01 0.2
i <7> - 14(@) =0.71

1
G0d __ _OBT__o74<i
v

02 0.26-0.71
fr90 dkais <7>

The shear strength is adequate since:

7 1550000
foa  160-633-2.74

=0.27

6.2  Pitched cambered beam

The pitched beam shown in Fig. 6.4 consists of two single tapered beams
A-B and D-E joined by a ‘triangle’ with curved underside with radius r.
The fibres are cut on the top side of the beam.

The stresses in the triangle correspond in principle to those in a
curved beam — the axial stresses do not vary linearly and the moment
also induces stresses perpendicular to grain — but these effects are
much more pronounced, especially near the apex where the normal
stresses are zero because of the apex point. It is, therefore, not
unusual to replace the construction by a curved beam with a separate
‘triangle’.

The maximum normal stress is found in the bottom side of the apex
section and should be calculated as:

6M,,
bhZ,

(6.6)

Om,i = kO
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Fig. 6.4 Pitched beam with curved underside. B and D are tangent points

The maximum tensile stress perpendicular to the grain direction is
found just under centreline in the apex section and should be calculated
as:

6M,
0,90,max = koo sz (6.7)
ap

where M, is the moment in the apex section where the beam depth is
hy- The factors ko and kog are:

h, ha \ hyp \’
ook (i) o) e G) o0

h ha \
koo = ks + kg (ﬁ) +k7( ”") (6.9)

mid Tmid

where:

ki =1+ 14tana+54tan’

k, =0.35 — 8tan«

ky = 0.6 +83tana — 7.8 tan’ «

ky = 6 tan’ o (6.10)
ks = 0.2 tan &

ke = 0.25 — 1.5tan o + 2.6 tan” o

k; = 2.1tan o — 4 tan® o
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—— (4
,//ﬂ ho

hap

Fig. 6.5 Double tapered beam with straight underside

For a curved beam with a = 0: ks = 0, kg = 0.25 and k; = 0 and, in
accordance with Expression (6.4), the transversal stress becomes:

G090 = 0.25 - 6M/(1,gbh)

For a double tapered beam with straight underside (see Fig. 6.5),
r = and the normal stresses in the apex section are, since « is
small, given by:

6M,,
= 6.11
and
6M,
090 = 0.2cx bhz" (6.12)
ap

The bending stress in Expression (6.6) shall fulfil the following
requirement:

Om,max,d k

f > Reyrve
m,d

where k. is found from Expression (6.3) with the curvature of the
innermost lamination.
For the tensile stress perpendicular to grain it shall be verified

(6.13)

that:

0:,90,d vref>o.2

L9004 g <— 6.14
food ~ '\ V (6.14)

where V is the volume corresponding to the shaded areas in Figs 6.4 and

6.5, and

kg, = 1.4 for curved beams and for a tapered beam with straight
underside (see Fig. 6.5)

kg = 1.7 for pitch cambered beams (see Fig. 6.7).
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Example 6.2

A /=10m

A pitched cambered glulam beam of class GL28h is laterally braced.
It is in a service Class 1 condition. The lamellas are cut at the top
side. The beam thickness is 115 mm. The design load from dead
load and snow is a short-term load ¢ = 10 kN/m measured on the
horizontal.

Show that the strength is sufficient.

The dimensions h,;, =400mm and h, = 667 mm are estimated.
With the tangent points placed approximately 1m from the
middle, the angle of taper is found from:

tan o = (667 — 400) /4000 = 0.0668

oa=38°

oy =10 —a=6.2°

V4 = (0.5 = hyyin)qcos e = (10/2 — 0.4) cos 3.8° = 46 kN
foa =0.9-3.2/1.25 = 2.30N/mm*

7 15-Vy  15-46000  1.49

Jﬂ - bhminfu,d N 115-400-2.30 - 230 = 0.65

It is necessary to take into account the influence of the taper: For
the zone between A and B with compressive stresses parallel to the
tapered side. Therefore, over the length A-B, it should be verified
that:

Ind _qax(l=%)
fm,d me,dkm,a -

where:

fmda = 0.9 -(28/1.25) = 20.16 N/mm*
and from Expression (4.38)

k.o = 0.932
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The calculations are given in the following table.

xmm hmm M:kNm W:10°mm’ 0,4 N/mm’ Omd/ (ko find)

0 400 0 3067 0.00 0.000
1000 467 45 4180 10.78 0.574
2000 534 80 5445 14.66 0.780
2500 567 94 6162 15.22 0.810
3000 600 105 6900 15.20 0.809
3500 634 114 7680 14.78 0.787
4000 667 120 8530 14.07 0.749
5000 843 125 13622 9.18 0.488

With a camber of the curved side of about 50 mm:
hyy ~ 400 + 5000 tan 10° — 4000 tan 6.2° — 50 = 797 mm
Tmid = Tin + 0.5hyy, = 11000 + 0.5 - 797 = 11390 mm
hap/Tmia = 0.07
ki =1+ 1.4tan 10° + 5.4 tan® 10° = 1.415
k, = 0.35 — 8 tan 10° = —1.061
ky = 0.6 4 8.3 tan 10° — 7.8 tan” 10° = 1.821
ks = 6 tan® 10° = 0.187
ks = 0.2 tan 10° = 0.035
ke = 0.25 — 1.5 tan 10° + 2.6 tan” 10° = 0.065
k; = 2.1 tan 10° — 4 tan® 10° = 0.246

h, hy \- hy \*
l(o :kl +k2<‘r Z) +k3<r Z) +k4(‘r l;) = 1346

hy hy 2
kgo = l(5 + k6 + l(7 = 00414

Tmid Tmid
Om max,d 6Map 6-125- 106
—= =k = 1.346
fmd ®bhd, fna K 115 -797% - 19.38

=072<1
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6M, 6-125-10°
090max = koo 5+ = 0.0414

— —0.420N/mm’
bhZ, 1157972 — 0-420N/mm

foo0d4 = 0.9 -0.45/1.25 = 0.32N/mm*
The volume loaded in tension perpendicular to the grain is:
V =0.115- (0.797 + 0.667) - 1 = 0.17m’
With V,,; = 0.01 m’:
i — (g—(@“ — 0.57
kys = 1.7

owoa 0420
ft,90,dkvolkdis - 0.32-057-1.7 -

Therefore the strength is inadequate because the ratio is >1.0.

If the top triangle is made separately and fastened with nails or
screws, the stresses in the curved beam with depth 667 mm and
mean radius 11.33 m are reduced to:

_ 125-10°
115-667 - 11333

0904 = 1.5 = 0.14N/mm*

and the stressed volume is reduced to:

V ~0.115-0.667 -2 = 0.15m’

that is:
0.01\*
= (20) o
kdis =14
Gt,90,d . 014

= 0.54

fio0dkuotkais  0.32-0.58 - 1.4

Therefore, the strength for the changed structure is sufficient.
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6.3  Arches and frames
6.3.1 General

It is relatively simple to produce curved glulam structures and thereby
arches and frames. In some cases these structures may, however, pose
instability problems out of the plane (lateral instability) and in the
plane (buckling). The in-plane instability problems increase when the
component centreline is close to the line of thrust.

In most cases the design requires effective frame computer programs.
An exception is the popular three-hinge arch with curved corners, as
shown in Fig. 6.6. Three-hinged arches are very stable in their own
plane and a simple but sufficiently precise design method is described
below, provided lateral instability is prevented by holding the compres-
sion side by a bracing.

6.3.2 Three-hinged arch with curved corners

The determining load combination for the corner is normally dead load
and symmetrical snow. The cross-section D with maximum moment
may be found by trial and error. At the curved corners, it is usual to
ignore the vertical loads as they are taken by the rafters and columns.
In this case, the moment may be determined from the maximum
distance e from the resultant reaction line of thrust to the centreline:

M = eR = ey/R%, + Ry, (6.15)

The frame corner is designed as a laterally loaded column with the axial
force N = —R and with the distance [5g from point A to point E (where
M = 0). For out-of plane deflection the column length corresponds to

Ron ¢ p,
‘ 7 ;\\\
Reaction line Roy xm2
of thrust S TSt
I \
CG a \\\
Xg h[op N h
Xa r
Imid ay
N B_1Rgy
Ry / Rsy

Fig. 6.6 Three-hinged (A, B and C) symmetrical arch with curved corners
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the distance between the bracing points. It shall be verified that

Ocd Om.d

kc fC,O,d * fm,d S kbcnd (616)
provided lateral instability is prevented.

The straight parts, for which the decisive load combination normally
is unsymmetrical snow, are designed as tapered beam columns with an
in-plane column length equal to the distance |G from point C to point
G (where M = 0). The column depth is taken as the mean depth on the
distance C—G. For out-of-plane deflection the column length corre-
sponds to the distance between the bracing points. If the fibres are
cut, the strength reduction should be taken into account (factor ki, ,,
Expressions (4.37) and (4.38)).

The support cross-section should be designed for shear. At point A
the design shear stress is given by:

Rap g cos o — Ray g sin oy
bhy

where ay is the angle between the grain direction and the vertical axis.
At the top hinge the shear stress is:

=15 (6.17)

Rey gcosa — Ry gsina
bhy

where « is the angle between the grain direction and the horizontal.

=15 (6.18)

6.3.3 Three-hinged arch with sharp corners (triangulated corers)
By finger-jointing glulam beams it is possible to make three-hinged
arches with triangulated corners (see Fig. 6.7). The timber volume is

Finger joint

h, top

hsr’de

Fig. 6.7 Three-hinged symmetrical frame with triangulated corners formed by
finger-jointing
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larger than for curved corners because the moments become larger
and because the finger joints have relatively low load-carrying
capacity.

Finger-jointed arches are normally designed by the producer of the
glulam.

Example 6.3

The glulam arch shown in Fig. 6.7 is made of glulam class GL24h in
service Class 1 condition and has the following dimensions: | = 25 m,
hgje =4m, hy, =7.2m, r=3.0m, o, = 15" and lamination
thickness of t = 22 mm. Dead load is g = 2.5 kN/m and snow load
is either s; = 4 kN/m uniformly distributed over the whole roof or
s, = 2 kN/m uniformly distributed over one side of the roof.

Find: adequate dimensions of the structure.

The following dimensions are estimated: corner depth h ~
0.03l ~ 0.748m corresponding to 34 laminations of thickness
22mm, hyy, ~ 0.5h ~ 300mm, beam width b ~ 0.18h ~ 140 mm.
In practice there may also be loads from cranes etc. These loads
may normally not be decisive for the frame but may be important
for steel parts used for anchorage and fittings. In rare cases wind
may result in an opening moment and related tension stresses
perpendicular to the fibres.

Since the span is moderate, the frame is placed directly on the
foundation and supported laterally by a concreted-in steel U-beam.
The span will be reduced slightly because the vertical reaction is
placed a little inwards from the edges of the frame. This is disregarded
because of the opposite effect of the horizontal reaction acting at a

small distance from the top surface of the foundation.
Dead load:

Rava = Rayg = gl/2 = 31.25kN
Ramad = Rpra = g’ /(8hyp) = 27.1kN
St 16

Rava = Rpyq =s1l/2 = 50kN

Rang = Rpua = sil?/ (8hyp) = 43.4kN
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Snow s, on the right-hand side:

Ravg = s1/8 = 6.3kN

Rpy 4 = 3s,/1 = 18.8kN

Rata = Rav.al/2/hyy = 10.9kN

Rpra = Rang

The maximum forces at the corners are found for g + s;:
Ravg =313+ 50.0 =81.3kN

Rapg = 27.1+43.4 = 70.5kN

Rag = /Rhy 4+ Rippy = 107.6kN

Based on the frame drawing and the action line for the reaction,
the maximum eccentricity is measured to be approximately
e~ 14m,ie.:

M, ~ 107.6 - 1.4 = 151 kNm

6-151-10° )
=———— =115N
Omed =140 7487 fmm
N = —107kN
0c04 = 107000/(140 - 748) = 1.03N/mm*

V=0

The deformations will increase the moments calculated for the
initial geometry. This is taken into account by treating the corner
as a column with length [, where E is the point between C-A
with zero moment (see Fig. 6.6). The taper means that the angle
between the system line and horizontal is a little larger than the
slope of the roof. The angle of the system line is estimated to be

16°.
M = Roppxg tan o — (g 4 s1)xk/2 = 92.2xg tan 16°
— (2.5 +6)xg/2
since Rcy = Ray

xg corresponds to M = 0; xgp = 6.22m

lAE = 83 m
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For glulam of class GL24h:

8300v/12 24
A, = —0.618
relz 748 72 - 9400

It is assumed that deflection of the frame out of plane is prevented by
the facade at about 0.5 m over the support and about 2.5 m from the
vertical line of stanchions, i.e. the column length for deflection
perpendicular to the plane of the frame is approximately 5.0 m.

B 5000v/12 24

=140 V729400
k., =0.982 and k., = 0.241
r/t =3000/22 = 136
kcurve =0.90
For glulam GL24h and short-term load the design strengths are:
food =0.9-24/1.25 = 17.28N/mm’
fna =0.9-24/1.25 = 17.28 N/mm”

For deflection about the strong axis it shall be verified that:

=199

0c0d Omy
e
kc,z fc,O,dkcmve fm,dkcmve
1.03 11.54

=0.07+0.74=081 <1

0.982-17.28 -0.90 i 17.28 - 0.90
Deflection about the weak axis:

0c04d N KO 2 B 1.03 H 0.7-11.54

koo oo dkome  Todkome  0.241-17.28-0.90 ' 17.28-0.90

=0.284+0.52=080<1

The shear force at point A with depth 500 mm and oy = 147 is:
Vi = Rapgcos 14° — Rpy 4sin 14° = 70.5 cos 14° — 81.3 sin 14°
= 48.8kN
With f,4 = 0.9 -2.7/1.25 = 1.94N/mm*:

T, 15-48800  1.046

f 140-500-194 194 ~ ot<!
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The axial force Ry 4 = 107kN and the moment M = 107 - 0.5/2 =
27 kNm can easily be carried.

The straight beam parts correspond to tapered columns with
column length [-g equal to the distance from the top hinge (C) to
the point with zero moment (G). For dead load and one-sided
snow load:

RCV,d - 63 kNaRCH,d = 271 —|— 108 - 379 kN
Mg =0 forxg = 7.62m

In point G the cross-section depth is calculated or measured to be
620 mm.

The cross-section with maximum bending stress is, according to
Expression (4.39), found at a distance x from the symmetry line

through C:

— 300

where the bending stress (see Expression 4.40) is:

_0.75(g+s)F  0.75-4.5- 76207
Omd = T b 140-300- 620

Ny = —Rcpgc0s 16° + [Rey g — (g 4 52)x] sin 16°
= —38.0cos 16° + (6.3 —4.5-2.59)sin 16° = —36.5 — 1.5
= —38kN

=

= 7.52N/mm*

The slenderness ratio is determined for the minimum depth on the
middle one-third, i.e. with d = 406 mm:

rel — 7620\/ﬁ Gl =1.092
cos 16 - 406 V 72 - 9400
k. =0.715
With the taper angle o = 2.3° at the tension side:
Tcd n Omd 38000
kekmofed  kmafma  0.715-0.91 - 140 -403 - 17.28
i 7.52
0.91-17.28

=0.06+0.48 =054 < 1
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The distance between the points of bracing shall be chosen to be less
than:

7.62-140/406 = 2.64m

The compression strength and the strength of the top cross-section is
ample since

Tod 1.5 (Reygcos 16° + Repgsin 167) — 0.58
fod bhf, 4 - 1.94

=030<1
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7

Trusses and bracings

7.1  Introduction

For lightweight structures with moderate spans it is common to use
trusses made of timber members using punched metal plates as gussets
(see Fig. 7.1).

Almost all punched metal plate truss rafters are fabricated in factories
and the fabricators are usually responsible for the design of the trusses
using a particular system owner’s design software. System owners are
usually organisations that fabricate punched metal plate connectors in
addition to producing sophisticated design software that is licensed to
the truss fabricators in return for using the punched plate connectors
of the system owner. However, it is in principle possible for others to
design them using Eurocode 5.

Trusses may also be produced traditionally from structural timber,
glulam and LVL with gusset plates of wood-based panel products such
as plywood or steel. These gusset plates are usually nailed, screwed or
bolted to timber members at nodal points.

For many trusses it is necessary to prevent out-of-plane buckling
of the top chords (rafters) and often also the compression web
members.

Fig. 7.1 Punched metal plate voof truss
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7.2 Structural design of trusses
7.2.1 General

Trusses are normally statically indeterminate, even when the reac-
tions are statically determinate. Eurocode 5 requires in principle that
trusses are designed as frame structures taking into account the effect
of deformations, slip in joints and eccentricities, e.g. at supports and
nodal points. A full calculation may be very complicated and often a
simple linear first-order calculation is used and the non-linear beha-
viour is taken into account by the design of the individual members
(column effect). A simplified design method is described in the
following.

7.2.2 Simplified design

The method is based on the following assumptions:

e part of the support length is placed vertically under the end node
e the height of the truss is greater than 0.15 times the span and

greater than 10 times the chord depth, i.e. the truss is relatively
stiff.

The structure is modelled as beam elements placed at the system lines of
the truss members. Apart from the top and bottom chords where the
centre/system lines shall coincide, it is only required that the system
lines fall within the cross-section, but any eccentricities shall be taken
into account in the design of individual members.

The axial member forces are found by the normal equilibrium condi-
tions (e.g. framework analysis) assuming that the members are joined by
frictionless hinges. All the loads are transformed into point loads at the

Top chord, usually
compression chord

Centreline

% Bottom chord, usually in tension

Fig. 7.2 Notation for trusses. Nodes are connected by system lines that only for
the bottom and top chord have to coincide with member centrelines
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Fig. 7.3 Reduction of bending moments at nodes for continuous members

nodes. Experience has shown that this method results in very precise
estimates of the axial forces.

Eurocode 5, however, requires that for strength verification of
members in compression and connections, the calculated axial forces
should be increased by 10%.

The bending moments in members spanning one bay should be deter-
mined assuming frictionless hinges at the nodes.

For continuous elements, the effect of deformations should be taken
into account by a 10% reduction of the bending moments over the
supports. These reduced moments should also be used in calculation
of the bay moments. An example is shown in Fig. 7.3.

Often the load from the roof is transferred through tiles or roofing
onto battens which have equal centres hence creating equally distanced
point loads on rafters. If the batten spacing is less than 0.4 times the bay
length, the row of point loads may be assumed to act as a uniformly
distributed load.

For trusses that are loaded predominantly at the nodes the sum of the
combined bending and axial compressive stress areas should be limited
to 0.9.

For compression members, the free column length is generally taken
as the distance between adjacent points of contraflexure. For fully trian-
gulated trusses, the effective column length for members in compression
should be taken as the bay length, if:

e members are only one bay long, without rigid end connections
e members are continuous over two or more bays and are not loaded
laterally.

When a simplified analysis of a fully triangulated truss with punched
metal plate fasteners is used, the following effective column lengths, as
shown in Fig. 7.4, may be assumed:

1. For continuous members without significant end moments and
where the bending stresses of the lateral load are at least 40% of
the compressive stresses:
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0.6 0.6 0.6
AN AN
A Ay
0.8 0.8 0.8 0.6 0.8
0 0.6 0 0.6 0.6
1 1.0 1 1.0
0.6 0.6 0.8

Fig. 7.4 Column length reduction factors

e in an outer bay: 0.8 times the bay length

e in an inner bay: 0.6 times the bay length

e at an internal node: 0.6 times the largest adjacent bay
length.

2. For continuous members with significant end moments where the
bending stresses of the lateral load are at least 40% of the compres-
sive stresses:

e at the beam end with moment: O (i.e. no column effect)
e in the penultimate bay: 1.0 times the bay length

e remaining bays and nodes: as described above in (1)

e all other cases 1.0 times the bay length.

It is best practice to place gusseted joints in the top and bottom
chords where the moments are zero and further to ensure that the
component does not become unstable if all joints act as hinges. It is
assumed that the top chord (rafters) is held against lateral deflection
by bracing and battens, i.e. the column length corresponds to the
batten spacing. Laterally deflection of web members should also be
prevented by the end nodes and additional bracing.

The strength variation of trusses is reduced because of the load
sharing of members for which the strength may be increased by a
load-sharing factor (system factor) ki, = 1.1 provided the trusses are
laterally connected by a continuous load distribution system capable
of transferring the loads (assumed to be short-term) from one
member to the neighbouring members. It should be ensured that the
load distribution members are continuous over at least two trusses
and the joints are staggered.
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Example 7.1

47 x120
C18 50x100

2.25 ) 225
9.0

A W-truss in service Class 1 with geometry and member dimensions,
as shown in the figure is used at centres ¢ = 600 mm.

Verify that the truss using C16 has sufficient load-carrying capacity
for the following assumed design loads:

e dead load on the top chord measured along its length:
&op = 0.5 kN/m? (including the self-weight)

e dead load on the bottom tie (bottom chord):
Gt = 0.4kN/m? (including the self-weight)

e roof snow load, measured horizontally):
s = 0.405 kN/m? (characteristic snow load on ground
so = 0.45 KN/m? and form factor 0.9).

Note: The assumed load in the example is very much simplified
because the purpose is to demonstrate the design principles of trusses.

The determining load case is dead load + snow.
Zopd = 1.35-0.5 = 0.675 kN/m”
8hord = 1.35 - 0.4 = 0.54 kN/m’
sq = 1.5-0.405 = 0.608 kN/m*

.
;
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All calculations of forces and moments are for design loads. The
uniformly distributed loads are replaced by point load at the nodes:

Fy = 0.5¢[l;_; cos 20°(g,pp/c0s 20° +5) + 1;_78pe] = 1.38 kN
F7 =c[0.5(li_7 + ls_7)gpor] = 0.97kN
F2 = F3 =C- 05 : (11,2 aF l273)(gtop -+ § Cos 200) = 179 kN

The axial forces are determined by equilibrium conditions (framework
analysis or virtual work analysis). They are listed in the table below.
Initially the moments are found in the undeformed state and the
node moments are then reduced by 10% (factor 0.9).
Top chord:

M; = —0.9¢(gyp/ cos 20° + ) (l;_7 cos 20°)%/8
=—-0.9-0.503 = —0.453 kNm
M; ; =0.503 —0.453/2 = 0.277kNm

The bottom chord is treated as a continuous beam over three spans
(moment factor 0.1). Any joints are placed near the points with zero
moments:

M; = —0.9¢ - 0.10g, /2 ; = —0.9-0.6 - 0.10 - 0.54 - 32

— —0.262kNm
M;_7 =c0.125 - gyl _7 — 0.262/2 = 0.365 — 0.131 = 0.262 kNm
Msg_; = 0.365 — 0.262 = 0.103 kNm

The axial forces and moments are summarised in the following

table.
Member N: kN M: kNm
(+ve tension, —ve compression)

Middle Node
1-2 —10.69 0.28 —0.45
2-3 -9.38 0.28 —0.45
1-7 10.05 0.26 —0.26
6-7 6.69 0.10 —0.26
2-7 —1.82
3—17 3.13

166

Copyright © ICE Publishing, al rights reserved.




Trusses and bracings

For the main members the load combinations with snow are
critical. For some of the secondary members the dead load alone
may be dominating, but this is not investigated since the stress
index is small. The required increase of the forces and moments by
10% and the system factor ky,; = 1.1 compensate each other.

Web member diagonal 3—7
Tension member C16 with f,04 = 0.9 - 10/1.3 = 6.92 N/mm*:

o 3130 0.89

= 9 o13<1
foa #T13.691 692 0P

Diagonal 2—7
Centrally loaded column with [ = 1.10m:

fi0q=09-17/1.3 = 11.77N/mm*

1100 -v12 [ 17
Ay = yom ok 1.45; k. = 0.403
Oe0d 1820 _052_ 4

kefod 47-75-0403-11.77 4.74

Top flange 1-2

The top flange is a laterally loaded column. For deflection in the
plane of the truss the column length is equal to the node distance.
Perpendicular to the plane, the flange is held by the battens. Their
distance is determined so that deflection in this direction is not
critical.

fioa=09-17/1.3 = 11.77N/mm’

fmda =0.9-16/1.3 = 11.08 N /mm*
Middle: I, = 0.8 - 2.25/ cos 20° = 1.92m

W =47-120°/6 = 112.8 - 10’ mm’

192012 [ 17

Ml = —T70x 5400

=0.988; k.=0.699
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Ocd  Omd 10690 0.45 - 10°

s

kfoa  Jma 0699 47-120- 1177 ' 112.8-10°-11.08

=0.2340.36 = 0.59

Node: I, = 0.6 - 2.25/ cos 20° = 1.44m

1440- V12 [ 17
Mt =50 \/5200 = 0742 ke =0.857
Ocd  Omd 10690 0.45-10°

kfooa  fma 0857 47-12011.77 ' 112.8-10°- 11.08

=0.1940.36 =0.55

To avoid deflection perpendicular to the truss plane becoming
decisive it is required that:

Ocd kmamyd 1.90
: 2o = 0.7-036 <1
kcfc,O,d fm kc 1177 0 a

k. > 0.21, ie. Ay < 2.15

5400
A< 2.157 ‘1}—7 = 120; lyyen < 120 - 13.5 = 1620mm

Bottom chord, node 7

Oud | Omd _ 6690 0.26 - 10°
fiod  fma 4700-6.92 ' 75.0-10°- 11.08

=0.2140.31=0.52

Therefore, the truss is adequate for the loading and conditions
given.
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7.3  Bracings

7.3.1 Single column
The free length of a single column with length 2a shall be reduced to a
by a support in the middle. A requirement for this is that the support has
sufficient strength and stiffness. The requirements are as shown in
Fig. 7.5 found by investigating a column that in the middle has the
maximum permissible deflection e,,. The force F that the lateral support
shall be able to exert depends among other properties of its (spring)-
stiffness C.

The axial force N results in a mid-point moment of N(e;, 4+ u) where
u is the elastic deflection. This moment is counteracted by a force 2aF /4
from the support. Since u = F/C,N(e;, + F/C) = Fa/2 or:

o €24
F= PR (7.1)
IN C
Theoretically, the minimum stiffness of the bracing member should be:
N, N
C:ks—d:Z<1+cosz>—d (7.2)
a m/) a

where m is the number of spans. For two spans it is thus required that
k, = 2 and for several spans k; = 4. In the UK k, = 4 is required for
all spans.

For k, = 4 and for e,,/2a = 1/300 which is the maximum permitted
deviation from straightness for structural timber and e,,/2a = 1/500
which is the maximum permitted deviation from straightness for
glulam, the required strength is given in Table 7.1. Based on experience
from existing structures, the values in Table 7.1 taken from the UK
National Annex to Eurocode 5 may be used in practice.

N ,‘\/ a ,‘\/ eza a ,‘b N
o
j -~ !
VoF j”u VoF
F=(e,+UuC

Fig. 7.5 Compression loaded column over two spans with initial mid-height
deflection ey, laterally supported at mid-height by a spring with stiffness C, where
u is the resulting deflection and F the reaction force perpendicular to the column
in the elastic support
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Table 7.1 Theoretical requirements to the strength F expressed as F/N for k, = 4

eZQ/Za F/N

Theoretically UK National Annex to Eurocode 5

Structural timber  [/300 1/31.5 1/60
Glulam 1/500  1/63 1/100

Example 7.2
\

C16 45° 38 x 75

100 x 100 +

L
W
3

A 6m long column of C16 timber in service Class 2 condition with
cross-section 100 x 100 mm is braced at mid-height by two timber
C16 members 38 x 75 nailed to either face of the column with n
nails of diameter 3.35mm and length of 75 mm, that are in turn
nailed to a stiff top beam.

Find the required number of nails when the load on the column
corresponds to its design load.

Note: It is assumed that the two bracing members are only for
preventing the column from buckling and they should not be consid-
ered as a part of the main structure.

The slenderness ratio of the column is:

3000-v/12 [ 17
1007 5400

fiod =0.9-17/1.3 = 11.77 N/mm*
Ny =0.259-11.77 - 100* - 107> = 30.5kN

)‘rel -

= 1.86; k, = 0.258
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The strength and stiffness of the bracing should as a minimum be:
R; = 30.5/60 = 0.51 kN
C = 4N, /a = 4 - 30400,/3000 = 40.6 N/mm

Only one of the bracings is assumed to be active when the column
starts to buckle (the one with tension).

For 3.35 mm diameter round nails the design load-carrying capa-
city with k., = 0.9, v = 1.3 is (see Chapter 9) about 600 N.
Therefore, at least one nail is required.

3The stiffness for a nail is found from Table 1.7. For p,, = 370 kg/
m’:

gKm_z P2 P o5 _ 2 37019
3 3730 330

The stiffness of the bracing is Cy; = Fy/u; where u; is the lateral
deflection of the column at mid-height (bracing positions) for a
force F; acting at the same point.

The force in the active bracing member is v/2F;. Since the elonga-
tion is small compared to the slip in the two joints (one in each end):

FV2 2
V2 nK, _Fanu

u

C =nK,/2 = C =nK,/2 = 208 N/mm

K, = ——3.35% = 416 N/mm

up =

Therefore, the stiffness is also sufficient. In practice the minimum
number of nails to be used is two, even if one nail is sufficient.

7.3.2 Bracing of a structural system
A system of n identical parallel columns shall be braced by a structure
that may be loaded by an external load g (see Fig. 7.6). An example
is where the rafters (top compression chords) of a trussed rafter roof
are braced by a beam at the gables. In Fig. 7.6 the bracing beam is
shown as a separate truss, but the columns may act as flanges in the
bracing truss.

[t is required that the bracing shall be able to take a uniformly distrib-
uted load (additional to any external load) of:

kiNg
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n
N N N N q

I!
T 1 I . -

my L ]

l M
\

| | | | | [
T 1 T 1 T Ml

1 \ 1 \ 1

Fig. 7.6 System of n columns supported by a common bracing truss

where:

N, is the mean (taken over the length) design compression force in
the column;

k= min{ ) 15/l (7.4)

l is the length of the columns.

In the UK National Annex to Eurocode 5 the following value is
given:

50 for members spaced at 600 mm or less
f3 = (7.5)

40 for members spaced at more than 600 mm

The factor k; allegedly takes into account that for large structures you
may expect a more careful erection. On the contrary, stricter require-
ments should apply, because secondary strength increasing effects will
be relatively less important.

It is also required that the lateral deflection for any external load
should be less than [/500, a requirement that will only in exceptional
cases be decisive.

[t is best practice that the force on the bracing, Fy, from each column
should be necessary to hold the column in place as given by Expression
(7.1). These forces are added over the length but since not all will get
the maximum force the required support load may be estimated to be
not more than:

N

Faccumulated = Fd min{ 3 (76)
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Further, it should be possible to use the bending stiffness and strength
of the columns to take and distribute part of the line load, e.g. half of
them with 8 or more columns and n?/16 for half of them for less than
8 columns.

Trusses should be checked for straightness and vertical alignment
before fixing to the permanent bracing.

When trusses are fabricated, the members should be free from dis-
tortion within the limits given in EN 14250. However, if members
which have distorted during the period between fabrication and
erection can be straightened without damage to the timber or the
joints and maintained straight, the truss may be considered satisfactory
for use.

The maximum bow day,,, in any truss member after erection should,
according to the UK National Annex to Eurocode 5, be limited to
10 mm provided that it is adequately secured in the completed roof to
prevent the bow from increasing.

The maximum deviation ay,, of a truss from true vertical alignment
after erection should, according to the UK National Annex to Eurocode
5, be limited to:

10+ 5(H — 1) mm

25 mm

Adev permitted — min{ (7 v )

where H is the height of the truss in metres.

7.3.3 Bracing of the compression side of a beam

The compression zone in a beam with moment M and depth h may be
regarded as a column with a compression force 1.5M/h. This is,
however, very much conservative because first, a bracing placed at
the top of the beam is more effective than the bracing placed at mid-
depth of the beam; second, this means that the lateral and torsion stiff-
ness is disregarded. It is, therefore, sufficient to design the column for:

Ny = (1—ky) 54 (7.8)
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8
I, T and box-beams

8.1 Introduction and background theories

This chapter covers glued beams symmetrical about their z-axis with
thin webs and or flanges loaded by an axial force N, a bending
moment M = M, and a shear force V =V, (see Fig. 8.1).

R
v N
y V] 1
z ! },7
o

Fig. 8.1 Cross-section of ‘I', ‘T" and box-beams. The plate-like structures to the
right are often called stressed skin elements

Normally two or more material types with different stiffness proper-
ties are used in these structural members, e.g. solid timber and wood-
based panels. The distribution of the bending stress is highly dependent
on the elastic modulus in the beam direction. The stress distribution is
calculated by using the theory for ‘transformed’ cross-sections.

8.2  Transformed (composite) cross-sections

A cross-section composed of n layers (see Fig. 8.2) is regarded. The
modulus of elasticity of layer i is denoted E; and the modulus of elasticity
of one of the layers is taken as reference modulus E..;. Two coordinate
systems are used: y;—z; and y—z through O; and O respectively. The
relationship between the z-coordinates is given by:

z:zl—e (8]‘)
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1 O, Ie
z, 24

Fig. 8.2 Cross-section composed of layers with different E-values

The transformed area is defined by the integral:

A[:J Ei ia (8.2)
A Loef

where the index t denotes transformed cross-section. The transformed
first moment of area about the y;-axis is defined by:

E.
St :J —21,dA (8.3)
A E'ref
The transformed first moment of area about the y-axis is defined by:
E.
5, = J i dA (8.4)
A E'ref

[t is assumed that the y—z coordinate system is located in the centre of
gravity, O, for the transformed cross-section defined by the first moment
of area being 0O:

E.
S=0= [ (- 9dA =S, - e
A Eref 7
and the distance between the coordinate systems becomes:
_ Slt

The transformed moment of inertia (second-order moment of area)
about the y;-axis is defined by:

E.
Ihzj £ aidA (8.6)
A Eyef
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The transformed second moment of inertia about the y-axis is defined

by:
Ei 2 Ei 2
I = ZdA = | Stz —e)?dA
t JA Eref e d JA Eref (zl,z 6) d
= J Ez%idA—i—eZJ EdA - ZeJ EzlidA
A E'ref ' A Eref A Ercf 7
=1, —Ae’ (8.7)

where S, = 0 has been used.

The axial stress from a normal force N acting at O is:
_EN

Eref At

The stress distribution is a stepwise constant for each material layer
and the stresses are larger for the stiffer layers.
The stresses from a moment M are calculated as:

o(z) (8.8)

E; M,
U(Z) - E’ref I_[Z (89)
and the related curvature is:
M,
K= EL (8.10)

The distribution of the stresses does not depend on the absolute E-
values, but only on their relative values and it is therefore important
that the ratios are as correct as possible. If a too low value is used in a
layer, the stresses in this layer will be underestimated which may lead
to premature failure. Therefore, the mean values are always used for
all materials such as timber and wood-based panels.

If the materials have different creep properties the stress distribution
will change with time. In the materials with large creep rate, the stresses
will be relieved, whereas they will increase in the other parts. For very
important structures it may be necessary to determine the stress
distribution with both the initial (short-term) values and the values
corresponding final values Ep, after creep. In analogy with deformation
calculations Eg;, may be estimated to:

E

By = ——
f 1+kdef

(8.11)
According to Eurocode 5 it is only required to calculate with Eg.
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8.3  Beams with thin webs
8.3.1 General

This section covers beams with cross-sections as shown in Fig. 8.3. The
flanges may be solid timber or laminated veneer lumber (LVL). It is
assumed that the cross-section is symmetrical about a vertical plane
and that the load acts in this plane. If this is not the case it is necessary
to take the resulting torsion into account.

In the following it is assumed that the cross-sections are double-
symmetrical and use the same materials for top and bottom flanges. It
may in some cases be convenient to use different material for the
tension and compression flanges but this requires very careful installa-
tion in construction practice so that they are not utilised inappropri-
ately, which could result in failures.

Cross-section constants
The modulus of elasticity of the flanges is E and the modulus of elasticity
of the webs is called E,,.

The transformed cross-section constants are:

A = 2bh+%wa (8.12)
_ bh 2 2 Ewbw 3
I‘_K[h +3H-h) |+ 12EH (8.13)
b, =t b, =2t ALV
0.5b t0.5b t bt %o
H—H oy
Th 3 T T o.5h
AL =
/
/

>
<
<
N
N
X
§
X
&/

Fig. 8.3 Cross-section notations for double-symmetrical beams and typical bend-
ing stress distribution
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8.3.2 Axial stresses

The stresses in the flanges from an axial force N and a bending moment

My:Mare:

N M

N S i 1
oy A[—FI[Z (8 4)

and for the web:

az%(%—i—%z) (8.15)

The stresses in the top and bottom of the flanges are determined
as:

N oM 619
and they shall fulfil the following condition:

o/ < 1 (8.17)
The stresses in the centre of the flanges are:

of0 = % iIM[ (HT_h> (8.18)
and they shall fulfil the following conditions:

o50/f; <1 (in the tension side) (8.19a)

lofol/kefe <1 (in the compression side) (8.19b)

where k. is the column factor corresponding to the following geo-
metrical slenderness ratio:

(8.20)

where . is the distance between the cross-section where the flanges are

held against lateral deflection, i.e. the compression flange is treated as a

column, that can deflect laterally. For box beams in particular, this is a

very crude simplification and it is normally possible to find a higher load-

carrying capacity by making a proper lateral instability calculation.
The stresses in the top and bottom of the webs are:

E, (N MH
—w (D 21
v~ <At I, z) (8:21)
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and they shall fulfil the following condition:
0wl /fum <1 (8.22)

where f,,,, is the bending strength of the web material for in-plane
bending. If this strength property is not available the value may be esti-
mated as the smaller value of 1.25f,, . and 1.25f,,, where f,, . and f,, , are
the tension and compression strengths of the web material.

8.3.3 Panel shear stresses

[-sections

The shear stresses are also calculated by using transformed cross-section
properties. For cross-section 1—1 in the I cross-sections in Fig. 8.3, the
shear force is given by:

Sl—l,t
I,

H1,1 - V (823)
where S;_;, is the transformed first moment of area about the axis
through the centre of gravity of the flange area outside the cross section

1-1:
E @H—h

S]*l,t :Hef 2 2 (824)

If h < 4, the shear force H;_; may be assumed to be uniformly distri-
buted over the thickness of the flange and the panel shear stress is
given by:

T =t (8.25)

If h > 4t, the shear stress will vary over the thickness and the maximum
panel shear stress should be calculated as:

0.8
Tonax = H,ll’l <E> (8.26)

4t

For the I cross-sections, the maximum panel shear force occurs in cross-
section 2—2 and is found as:

S,
HZ—Z -V 2—2t
I
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7######%7‘/1

Fig. 8.4 Web buckling due to shear stresses

where S, ,, is the transformed first moment of area about the axis
through the centre of gravity of the cross-section above the cross-
section 2—2:

E tHH
S22 =284, + E. 24 (8.27)
If the shear force H;_, is assumed to be uniformly distributed, the panel

shear stress becomes:

H272

: (8.28)

Ty—2 =

Box cross-sections
By making the cut as shown in Fig. 8.3 through the symmetry axis where
the shear stresses are zero, the beam can be treated as two I-beams.

Web buckling
Beams with high thin webs can fail in lateral (shear) buckling as shown
in Fig. 8.4.

Buckling may be disregarded if h,, < 70t, provided it is verified that:

T)_24d h hy
4 < = Twoo ,
< <1 +hw> for £ < 35 (8.29)

24 350 (1 +hﬁ> for 35 < hTW <170 (8.30)

fq},d o hw
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Example 8.1

t t
- M
roT by =28 mm
I_ J Ah b, =70 mm
| I b =2b; + b, =126 mm
h =95 mm
H =800 mm

t =15mm
B =2b; + by + 2t=156 mm

Ft—tt
by b, by

>

A double symmetrical box beam is in service Class 2 condition. Its
compression flange is laterally restrained by the roof diaphragm at
every 2.25m along the span. The flanges are C24 timber and the
webs are made of 15mm thick Swedish spruce plywood with the
following characteristic values:

fok = fik = fox = 20N/mm’
for = 2.0N/mm*

forolx = 0.5 N/mm2

E = 6000 N/mm*

The beam is simply supported with a span of 9.0m and the load is
uniformly distributed line loads:

Dead load: g = 1.5kN/m
Snow: s = 3.0kN/m

Verify the strength and stiffness of the beam.

Solution
The design load is:

41 =76 =7Q =135-15+15-3=6.53kN/m
M, = 0.124 - 6.53 - 9* = 65.6kNm
V,y=05-653-9 =29.4kN
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The design strength values of the webs with v = 1.2 and
kmod =0.9:

fud = fed = foa = 0.9-20/1.2 = 15.0N/mm*
f,a =0.9-2.0/1.2 = 1.50N/mm*
fosol = 0.9-0.5/1.2 = 0.38N/mm*

The design strength values of the flanges with v = 1.3 and
kmod =0.9:

fnd=09-24/1.3 = 16.62N/mm’
fod =0.9-14/1.3 = 9.69N/mm*
fma=09-2.5/1.3 = 1.73N/mm’

Bending
From Expression (8.13) with E = 11000 N/mm’ and E,, = 6000 N/
mm?:
_126-95 , 5, 6000-2-16_ 3
I, = 3 [95° + 3(800 — 95)7] +m800
= (2.99 4 0.75) - 10°
=3.74 10’ mm*

The flange (see Expressions (6.14)—(6.18)):
Ofma _ 65.6-10° 400
fma  3.74-10°-16.62

Uf,O,d - 674 ' 705
foa  800-9.69

=042<1

=0.61<1

Instability of the compressed flange is controlled by treating it as an
axially loaded column with free length [. = 2.25m and width
B = 158 mm.

From Expression (5.3):

2250 20
7 156//12 V 74007

= 0.827
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From Expression (5.9):
k. = 0.849

Ojod 594
kaC,O,d " 0.849.1454 048 <1

The web (see Expression (8.15)):

E, 6000 B 2
Uf,d = fo-ﬂd,ﬂange = m 0 674 = 3.68 N/mm
Of.d 3.68
E=——"=(.2 1
foa 1500 0P <
Rolling shear

It is relevant to consider the cross-sections 1—1, 2—2 and 3—3 shown
in the following figure.

0.5H

3 3 ~
T)_y > 71— because b, = 70mm > 2b; = 56 mm

ASZ:bzth_h:%?O-%-M:1.2-106mm3

AS; = bhHT_h+Ii”“ztE H

E“24

800 — 95 8000 8007
—126-95 . ) +MOOO-2-15-T
=5.96-10° mm’

The width of cross-section 2—2 is b, = 95 mm > 4t = 60 mm, i.e. it
is necessary to take into account that the stresses are not uniformly
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distributed:
CASV RN 1.2:10°-29.36-10° /95 \*
2= \%) T T 392.109-2-95 \4-15
= 0.007 N/mm*
T)-24d 0.007
2old X 01
fora 038 — 154

7334 AS3V 5.53.10°.29.36-10°  1.488
foa  I2fy 392-10°-2-15-1.50 150

Since h,, = 610mm < 70t = 1120 mm, the risk of buckling may be
disregarded.

=092<1

Deflection
The deflection in the middle of the span is:

L B S O
W m T T 304 EL T8 GA,

where G = 500 N/mm’ is the shear modulus of the webs.
A, =2H-h)=2-15-705 = 21.15 - 10’ mm’
For snow load:

5 3.9000* . 1 3. 9000?
Uinst.s = 5o ° Q-
msts 7384 11000-3.92-10° 8 500-21.15-10°

=59+29=88mm

that is, the shear contribution is not marginal for beams with thin

flanges.
Since 1, = 0 for snow, g, ; = Uiy s
g 1.5
Uinst,g = guimt,s - 788 =4.4mm

1, = 1 for permanent action

ki = 0.6 for C24 and k4 = 0.8 for plywood; on average
kgef = 0.7

Uping = Uinseg (L + okger) = 4.4(1 +1-0.7) = 7.5mm
In total: 16 mm ~ [/560.
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8.4  Beams with thin flanges (stress skin panels)
8.4.1 General

This section covers beams (wood-based panel elements) with cross-
section as shown in Fig. 8.5. They are often called stressed skin
components. The properties of the compression flange (modulus of
elasticity E.) may differ from those of the tension flange (modulus
of elasticity E,). The webs may be of solid timber or panel products or
LVL or glulam.

The panels (skins) span from web to web and are acting together with
the webs as a part of the structure that carries the loads in the beam
direction (along the span). The skins may also be part of the bracing
system. The thickness of the panels is normally taken on the basis of
experience since it is difficult to calculate them for the point loads
(e.g. from persons walking on the roof ) that will normally be decisive.
There are, however, methods of testing and calculation given for
concentrated loads on wood-based panels used for flooring and roofing
in a CEN standard [EN 1195], and [EN 12872] gives guidance for
particle boards.

For plywood and particle boards the following thicknesses may as a
general rule be used (but users are recommended to seek more guidance
from panel manufacturers for detailed specifications and design

guidance):
L bc,eff bc.eff
1 7 1 7 o
0.5b, 0.5b, vaw
E. 4 — H—
1’7 T T ’7 T T tc ® M
i 1 2 2 b 1050 e N
|E 3 N3 * lo.sh, @ v
i 1T IT tr
L E, 0.5b, 0.5b, Ot
bt,eff
 EEE—
‘ 4\/ bi *bw/‘\/ bt *bw,‘\/
T - 1
L 1] L] ||
A
by et

Fig. 8.5 Cross-section of beam with thin panel flanges (stress skin panel). Any
axial force is assumed to act in the centre of gravity that is placed in the height e

above the middle of the web
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1. For domestic flat roofs without any access with spans 600 mm:
e plywood: 15-16 mm thick
e particle boards types P5 or P7: 18 mm thick.
2. For domestic floors with spans 600 mm:
e plywood: generally 18 mm thick; however, for Canadian Douglas
fir and Swedish and Finnish spruce plywood 15.5—16 mm
e particle boards types P5 and P7: 22 mm thick.

The elements are calculated as a number of I-beams that each takes the
load directly on the web and on half the web distance to each side.

Cross-section constants
The modulus of elasticity E of the webs is taken as reference modulus of
elasticity.

The calculations are made for an effective cross-section as shown in
Fig. 8.5. The reason why the full plate width is not used is that the
normal stresses vary due to the low shear stiffness of the panel material.
The stresses are maximum at the web junctions and minimum in the
mid-span of the panel. This is taken into consideration by using an effec-
tive width beff,t‘

In the compression side the effective width becomes:

beeff = by + b, (exterior web: bi, + 0.5b,) (8.31)
and for the tension side:
bieff = by, + b, (exterior web: by, + 0.5b,) (8.32)

The effective web width depends on, for example, the ratio E/G
between the axial modulus of elasticity and the panel shear modulus
and on the span. Small variations in the effective width have no great
influence and normally very simplified rules are used. According to
Eurocode 5, the values given in Table 8.1 should be used.

The maximum limit shall ensure that the failure will not be due to
buckling and it therefore only applies for the compression side where
the free distance between the webs is also limited to 2b. ;.. The trans-
formed cross-section constants with the modulus of elasticity of the web
material as reference are given below.

Double symmetrical cross-section:

beff = bt,eff = bc,eff
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Table 8.1 Effective flange width for beams with thin flanges where 1 is the plate
span

Panel material b. and b, be max

Plywood with the fibres in the outer veneers oriented:

in the web direction 0.11 201,
perpendicular to the web direction 0.11 25t.
OSB 0.151 201,
Particleboards and fibreboards and MDF 0.21 30t,
E=E, =E,
e=0
E
Ac=huby + 2 byt (8.33)
— 1 3 Ef 2
L = ol + Lbgelhy +1 (8.34)
Single symmetrical cross section:
E.t.b. .+ + E,tb,,
A, = hyb,, + ’ fE el (8.35)
Ectcbc,eﬁ(hw + tc) - Etttbt7eff(hw + tt)
e= 2EA, (8.36)
1 E.t, Et
It = ﬁbwhi + Ebc,eﬁ(hw + tc)z + ﬁbt,eff(hw + tt)z - Atez (837)

8.4.2 Axial stresses
For moments alone it shall be verified that the stresses in the web fulfil
the following condition:

o M -
T =77 3>
fm Lifm

In the flanges the stress variation over the thickness is disregarded and it

shall be verified that the tension stress oy, in the middle of the plate
fulfills the following condition:

o, E M
—— =——(0. . < .
i ET (0.5h, +0.5t, +¢) < 1 (8.39)

where f, is the tension strength of the flange panel.

1 (8.38)
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In the compression side it shall be verified that the stress oy in the
middle of the panel fulfils the following condition:
a fc . EC M

T = E f_I (OShw + O.Stc — e) <1 (840)
c clt

where f, is the compression strength of the flange material.

8.4.3 Shear stresses

The shear stresses may be assumed uniformly distributed over the cross-
sections 1—1, 2—-2 and 3-3 shown in Fig. 8.5. The conditions that shall
be fulfilled for the compression side are given below. For the tension side
similar conditions apply. The design shear strength for webs of wood is
fu.a and for flange panels f, 1 4 for panel shear and f, ,,1 4 for plate shear
(rolling shear).

For cross-section 1—1, panel shear stress in the flange:

E@t (tc+hw_e>
7'1,17d_vE26 2 <1

— 8.41
fv,d d Ittc fv,d ( )
For cross-section 2—2, rolling shear at the joint between panels and
web:
E. b <tc + hy )
T Yceff —¢€
Doy E 2 <1 (8.42)

—= =V <
fv,rol,d Itbw fv,ml,d

If b,, > 8t, b, shall be replaced by:

b, (5-5)0'8 (8.43)

For cross-section 3—3, the shear stress in the web:
(hy, — 2¢)*

_ Vi —.

T)—24 + V4 8L

T3-34d
<= <1 8.44
fv,d fv,d B ( )

8.4.4 Deflections

The deflections are calculated with the bending stiffness EI,. Normally
any contribution from shear stresses is disregarded. Often the deflec-
tions due to moisture differences between bottom and top panels
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(skins) are more significant. If the moisture content in the bottom is
reduced by Au the curvature becomes x = e;Au/h, where h is the
distance between the panels and a simply supported element with
length [ will get an upward deflection of u = xI*8.

Example 8.2

N N [145
bk Ll L) 12
17 LK 17
45 533 45 533 45
¥ 1
1200
175175
N N
= 1
¥ +
0.5/ = 2600

The stressed-skin element shown in the figure above is simply
supported with a span of 5.2 m. Both flanges are 12 mm thick Cana-
dian spruce plywood glued to webs of timber C16. The grain direction
of the outer ply is parallel to the web direction. Due to the limited
panel length the webs are spliced by a single gusset plate placed on
the inner side. The top plate roofing felt is placed directly on the
panel and consequently this panel shall be assumed to be placed in
service Class 3. For the other parts of the element service Class 1
applies.

The design load from dead load and snow is 2.0 kN/m? (short-term
load).

Verify the strength and stiffness of the component.
For plywood, the following characteristic values are assumed:
foox = 20N/mm’
frox = 15N/mm’
fopanetie = 3-0N/mm?
foroig = 1LON/mm’
E pean = 7000N /mm’
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For the compression flange with v = 1.2 and k,,,; = 0.7:
fioq =0.7-20/1.2 = 11.67N/mm’

fopanetd = 0.7 -3.0/1.2 = 1.75N/mm’

fosolk = 0.7-1.0/1.2 = 0.58 N /mm’

The stiffness should be reduced by a factor:

1+kdef,2_1+0'8_09
Ltkg, 141

E = 0.9 - 7000 = 6300N/mm*

For the tension flange with k4 = 0.9:
foa=09-15/1.2 = 11.25N/mm’

fod = fioa =0.9-15/1.2 = 11.25N/mm’
fopandld = 0.9 -3.0/1.2 = 2.25N/mm’
fosolk = 0.9+ 1.0/1.2 = 0.75N/mm’

Epean = 7000 N /mm*

Webs:

fud =0.9-16/1.3 = 11.08 N /mm*

foa =0.9-3.2/1.3 = 2.22N/mm*

E = 8000N/mm*

The design moment and shear force for an interior [-beam are,
respectively:

M, = (0.533 +0.045) - 2.0 - 5.22 /8 = 3.91 kNm
V; = (0.533 + 0.045) - 2.0 - 5.2/2 = 3.01 kN
Effective flange widths:

bepla, = 530 a8 = 578
beeff = ming 0.114-b, = 0.1-5200445= 565
20t. +b,= 20-12+45= 285

= 285 mm
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bf+b,= 533+45= 578
bteff = min
’ 0.1l4b, = 0.1-5200+45= 565
= 565 mm

From Expression (8.35):

(6300 - 285 + 7000 - 565) - 12

A, = 14545+ o

= 15.15 - 10’ mm?

From Expression (8.36):

(6300 - 285 — 7000 - 565) - 12 - (145 + 12)
28000 - 15.15 - 10°

= —16.8mm

From Expression (8.37):

6300

2
75000 28512+ (145 + 1)

1 3
L= 45145 +

7000
4 - 8000

—15.15-10% - 16.8°
= (11.43 4 16.60 + 36.56 — 4.27) - 10°
=60.32 - 10° mm*

- -565-12 - (145 + 12)*

The maximum (numerical) stress in the web (see Expression (8.38)):

Oma My 391-10°-(145/2 + 16.8)
fud  Lfwa" 603100 11.08

=0523 <1

Axial stress in the tension flange (see Expression (8.39)):

Ofd  Emen Mg 7000 3.91-10°-(145/2 + 12 — 16.8)
foa E I[fLO’dZ 8000 60.3-10°-11.25

=0.34

191

Copyright © ICE Publishing, al rights reserved.



Practical design of timber structures to Eurocode 5

Axial stress in the compression flange (see Expression (8.40)):

Ofed _ Emean Mg 6300 3.91-10°-(145/2 412 +15.8)
food E Lfoq 8000 603 - 10°-10.77

=048

Flange splice

The moment at the splice in the quarter points is reduced by a factor
of 0.75. Since the utilisation factor of the tension web is 0.26, the
required strength of the splice is 0.75-26 = 20% of the tensile
strength. Experience has shown that the strength is adequate.

Shear stresses

285 mm

A
A

2,17 N2
3

GHEN 4
[ ]
5
565 mm

K y
1 Al

Cross-section 1—1, panel shear stress in the panel (see Expression

(8.41)):
6300 o (124145 (~168)
Ti-ld _ 3004 8000 2
Fopandd 60.3-10°-12-1.75
=021 <1

Cross-section 2—2, rolling shear at the joint between the flange
and the web (see Expression (8.42)):
With b, = 45 mm < 8t = 96 mm:

285 12

224 =TI-1d 735" 35 = 0.284N/mm’
T 24 0.284

f—=—_——=049<1
fv,ml 0.58 W=
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The calculation is a little on the safe side since the maximum

rolling shear stress takes place in the second veneer glue line (i.e.
one veneer from the panel face).

Cross-section 3—3, shear stress in the web (see Expression (8.44)):

45.[145 - 2 - (—16.8)]*
8.45.60.3-10° ~ 0.28+0.20
fod 2.25 YL

0.48
=395 = 021 <1

Cross-section 5—5, panel shear stress in the tension flange (see

Expression (8.41)):

0.284 + 3006
T33d

T5-54d

7000 12 + 145
_3006.—8000-260-12- <—2 —16.8> o0
fopanctd 60.3-10°-12-2.25 T 225

=0<1

Cross-section 4-4, rolling shear at the joint between the web and
compression flange (see Expression (8.42)):

565 12
To4d = T554 260 45 =041 N/mm2
T4aq 0.41
~=——=055<1
fv,rul 0.75
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Connections and fasteners

9.1 Design of multi-fastener joints

Normally several fasteners such as nails, screws and bolts are used in
typical timber connections. Initially the distribution of the internal
forces between the individual fasteners is determined.

9.1.1 Concentrically loaded connection

If the external load is acting in the geometrical centre of gravity of the
timber connection, the forces acting on the individual fastener are equal
and parallel to the external load. An example is shown in Fig. 9.1.

9.1.2 Eccentrically loaded joint

Known line of action

The external force R acting on the structure shown in Fig. 9.2 is trans-
ferred by n identical fasteners with coordinates (x;,7;). The coordinate
system used is chosen in such a way that the origin is located in the
geometrical centre of gravity, defined by:

Zn:xi:O zn:yi:O (9.1
i=1 i=1

The external force R = (R,, R;) acts at a distance r from the origin. It is
assumed that the deformation in the joint corresponds to a translation
(ug,vg) of the origin and a rotation . The translation of fastener i is
denoted (u;,v;) and calculated as:

w, =uy— 0Oy, v; =+ Ox (9.2)

Assuming that the force acting on a fastener is proportional to its total
translation (linear elastic behaviour), the force components become:

Fix =K(ug — 0y;) Fiy =K(vy + 6x;) (9.3)
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AN
y
/s
/
/
"o / o 7
,/ ° // ° ,/
’/ .o //o .’/ -
,/o /// ° ,/
Fig. 9.1 Example of a centrally loaded connection
Static equilibrium requires that:
n
Ro=> Fi, =Ky (9.4)

i=1

r=10a

% R
Y

3a

Ay

(0.0)

(b)

Fig. 9.2 Plane connection with known line of action: (a) example of joint;
(b) model of a joint with notations
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R, =Y Fi, = Kny (9.5)

i=1

n

Rr= Z (Fiyxi — Fixy;) = KQZ (xlz + }’zz) (9.6)

i=1 i=1

where Expression (9.1) has been used.
By determining ug, vy and 6 by these equations and using Expression
(9.3), the forces on the fasteners are found as:

R, Rr Ry Rr
Fi. —;_Eyi Fi, —:4'199 9.7)

Fi= JFL+F 9.8)

where I, is the fastener group’s polar moment of inertia defined by:

n

= +5) 9.9)

i=1

The force acting on fastener i may also be expressed as a force F,;
parallel to the external force R

Fr; =R/n (9.10)
and a force from the moment acting perpendicular to the radius vector
T

R
F =" (9.11)
5 Ip

Unknown line of force

An example with two groups of fasteners is shown in Fig. 9.3. A
rigorous analysis of the load on the individual fasteners may be
difficult, and it is often simpler to estimate the line of action and take
the load-carrying capacity as the smaller of the values calculated for
the two groups. If the values were very different, the calculations
should be repeated with a new estimate of the line of action. For the
structure shown in Fig. 9.3, where the external load, R, is assumed to
be parallel to the top chord, it is, however, possible to give a precise
solution. The final force expressions will be given below without
detailed calculations.
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R per gusset

|
|
\
|

T @ Centre of gravity

Fig. 9.3 Truss connection between the top and the bottom chord with two groups
of fasteners, one in the top chord, the other in the bottom chord

The distance between the centres of gravity of the fastener groups is
(e, ep). The load on each fastener is a force Fy acting in the direction of
R and a force F,, perpendicular to the line from the individual fastener
to the centre of the fastener group. For group 1 with n; fasteners and a
polar moment of inertia I,

R R
p R g _Rlata) 9.12)
’ 1'11 ’ Ip71 + Ip/z

For group 2 with n, fasteners and a polar moment of inertia I, ,:

R R
- g _Rlate) (9.13)
’ np ’ Ip71 + Ip.Z

9.1.3 Plastic load-carrying capacity of timber connection

By a linear elastic calculation, the load-carrying capacity is determined
by the most heavily loaded fastener. As shown below, fasteners typically
display pronounced plastic behaviour and it is normally possible to
increase the load beyond the elastic limit. It may be difficult to find
the exact plastic load-carrying capacity but it is relatively easy to deter-
mine a value on the safe side by estimating a load distribution fulfilling
the equilibrium conditions (i.e. a statically permissible load distribution)
with the forces on all fasteners less than the yield load-carrying capacity
(i.e. a safe load distribution).
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Example 9.1

e=10a

}

A cantilever beam carries a load R acting at distance ¢ = 10a from
the centre of gravity of the connections. The cantilever is, as
shown in the above figure, fastened to the column with 16 fasteners.
The fasteners are assumed to have an elastic-plastic behaviour with
the yield capacity R,.

3a

Find the elastic load-carrying capacity and the yield capacity of the
joint.

Elastic calculation

=4 (15" +15%) +8- (1.5 +0.5%) +4- (0.5 +0.5%)]a’

= 404*
F, =R/16
10aR
Fr =002 1.5av2 = 0.53R

The maximum force on a fastener is found for the fastener in the
upper right or lower right corners, where vector addition (not
shown) gives F,,, = 0.58R = R;. The elastic load-carrying capacity
is:

R,

058—172R

Relast =

Plastic calculation
It is assumed that the vertical load is carried by the four central
fasteners and that the other fasteners take the moment. The plastic

198

Copyright © ICE Publishing, al rights reserved.




Connections and fasteners

I

3a

load-carrying capacity is limited by:
Rplast = 4Ry

and

(8-1.5a+4- 1.5aﬂR

Ry = = ja=2.05R,

The load-carrying capacity is thus increased by at least 17% by taking
the plastic behaviour into account. A marginally higher value may be
found by also using the central fasteners to take part of the moment.

9.2  Load-carrying capacity of dowel-type fasteners

9.2.1 General theory
This chapter describes the theoretical basis for the Eurocode 5 expres-
sions for the load-carrying capacity of dowel-type fasteners (i.e. nails,
bolts, dowels and screws) loaded perpendicular to their axis (laterally
loaded).

The principal behaviour is illustrated in Fig. 9.4 for a so-called double
shear connection (two side members and one middle member). The
main part of the load is transferred by contact pressure between the

Y &Y, \
e Ll
] N N

Fig. 9.4 Double shear dowel connections. Thick dowels remain straight and the
load is transferred almost solely by shear in the dowel. Slender dowels bend and
part of the load may be taken by tension in the inclined dowel parts and by friction
between the timber parts that are pressed together by the tension forces
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Load per unit length

2tq Vat
‘ I R e
Idealised

—d

Real

et Bearing deformation, u

Fig. 9.5 Dowel pressed into a timber member, and the real and ideal-plastic
load—deformation curve

timber members and the dowel that is exposed to shear and bending. A
part of the load may be taken by direct tension in the inclined dowels
and by friction between the timber members.

A simple theory for calculation of the plastic load-carrying capacity
without the effect of tension force in the dowel (and thereby also
friction) was proposed by K. W. Johansen. It was published in Danish
in 1941 and in English in 1949 (Johansen, 1949). The theory is often
called the European Yield Model (EYM). It is only valid if the failure
is ductile and not brittle (e.g. caused by splitting). This is normally
ensured by the structural detailing rules and minimum requirements
to member thicknesses.

It is assumed that the dowel acts as a beam laterally loaded by a
constant contact pressure ¢ per unit length. The relation between the
contact pressure and the deformation may be found by the test set-up
sketched in Fig. 9.5 where a stiff steel cylinder in a hole in a timber
member is loaded by a force F. The figure shows a typical load-
deformation curve. At the beginning there is a linear relationship
that is followed by a curved part after which the load falls slightly by
increased deformation. In practice a fully plastic behaviour with yield
value Fy may be assumed.

The so-called embedding is defined by:

_%

where g, is the external load (N/m) acting on the dowel when the wood
material starts to yield (permanent deformation because of some type of
fibre damage) and d is the dowel diameter. The embedding strength
depends first and foremost on the compression strength (and thereby
on the density p of the wood) and on the angle o between the load

(9.14)
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1a) F 1b 2a)
1a)‘/zF BF 2) 3) 1LF %F

Iy

Fig. 9.6 Failure modes for single (upper row) and double (lower row) shear
joints

and the fibre direction. Also the dowel form and diameter play a signif-
icant role.

The load-carrying capacity also depends on the yield moment M, of
the dowel. Assuming ideal-plastic behaviour of both wood and dowel,
the dowel behaves either as a stiff unit without bending deformation
or as stiff dowel parts that are joined by yield hinges. The possible failure
modes for single and double shear joints are shown in Fig. 9.6.

In the single shear joint, the dowel will either remain straight (failure
mode 1) or bend in one or two yield hinges (failure modes 2 or 3 respec-
tively). For the double shear joint failure, mode 1 corresponds to a
movement of the dowel either in the side members or the middle
member. In failure mode 2, two yield hinges occur in the middle
member while the dowel remains straight in the side members. In failure
mode 3, four yield hinges are formed within the dowel: two in the
middle member and one in each outer part.

It is relatively simple to derive expressions for the load-carrying
capacities for the described failure modes using only the equilibrium
conditions. As an example, the load-carrying capacity of a dowel canti-
levered from a timber member loaded by a force R acting at a distance e
from the surface is used. With e = O this situation is the same as failure
mode 3 for a single shear joint because of symmetry.
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Yg/_J I

e z

e —

—
Ft'y .
df,,I HIHLN

Fig. 9.7 Geometry and the contact load distribution between wood and dowel for
a dowel loaded by a force R, acting at a distance e from the surface of a timber
member

With the ideal assumptions the dowel will remain straight until a
yield hinge is formed at a distance z from the surface. Since the
moment M, is a maximum moment, the shear force is equal to 0 in
that point. Vertical equilibrium and moment equilibrium about the
yield hinge would give:

Ry =zfud (9.15)
Ry(z+e) —zdfy/2 =M, (9.16)

R, = [\/(t—l—Ze)z—f—tz—(t—}-Ze)]dfh (9.17)

If the force R, acts at the surface of the member (e = 0), the load-
carrying capacity of the dowel becomes:

R, = \/2M, fyd (9.18)

For the failure modes a, b, g and h, the load can be increased after
yielding. The reason is that because of the large deformations there
will be tension in the dowel that will act as a rope and part of the
load can be taken directly by the tension component parallel to the
load. Further load can be transferred by friction. The friction contribu-
tion is proportional to the tension force and the sum of the two contri-
butions is, for short, called the rope contribution. The biggest
contribution is of course obtained for dowels with head and nut and
for screws, but it can also be substantial even for smooth nails and
dowels.
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9.2.2 Wood-to-wood or wood-based panel-to-wood

connections
Single shear joints:
R, = min
frxatid
fh,z,kfzd

frixtid t 5\ g
T Wﬁ“ﬁz[”ﬁ ()]~ (2

-

+T
friktd 46(2 + B)My
1.05 U2 [25(1 4 g) 4 Lok
2+ 4 l\/ PO+ = i
frixtad 48(1 + 28)My
1.05 =/~ 26%(1 _
1+23 l\/ Fl+o+ fu1 1t}
[ 268
115 m ZMy,kfh,l,kd + T
Double shear joints:
fh,k,md
O-5thz,kfzd
fhitid { 43(2 + B)M,
_ ) 1.05—=—""—120(1 _
R%k - 2 + ﬁ 6( + 6) + ch"kdt%
8
115 m ZMy,kfh,I,kd + T

with:
_ fhk
Frik
T = Rax,k
4
where:

+T

Bl +T

—Bl+T

Connections and fasteners

(9.19d)

(9.19¢)

(9.19f )

(9.20a)
(9.20b)

(9.20¢c)

(9.20d)

(9.21)

9.22)

R, is the characteristic load-carrying capacity per shear plane per

fastener;
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t; is the timber or wood-based panel thickness or penetration
depth, with i either 1 or 2;

ok is the characteristic embedding strength in timber member i;

d is the fastener diameter;

My is the characteristic fastener yield moment;

B is the ratio between the embedding strength of the members;

T  is the contribution from the rope effect;

Ry is the characteristic axial withdrawal capacity of the fastener.

Correction factors

In Expressions (9.19) and (9.20), the first terms on the right-hand side
without the factors 1.05 and 1.15 are the load-carrying capacities
according to the Johansen vyield theory, while the second term
T = F, /4 is the contribution from the rope effect.

The factors are correction factors to compensate for the very simple
way the design values are derived from the characteristic value, viz.
Ry = knoaRyk/7m (see Section 9.2.8), whether the load-carrying
capacity depends solely on timber properties or partly also on the steel
properties. In the latter case It would be more correct to introduce
k,.,4 and the partial safety factors directly on the material parameters:

My Kinod.wood frk Ry
Ry =~ My fh = = K
MMisteel  YM,wood \/P)/M,steel’YM,wood/ mod ,wood

Typically Y wood/ YM.steel is about 1.2 and k.4 about 0.9, i.e.:

k R
Ryd ~1.15 mod wood '\ k
' M wood
For the other failure modes with bending in the dowel, the effect is
smaller and a factor of 1.05 has been chosen.

Limitation of rope effect

The contribution to the load-carrying capacity due to the rope effect
should be limited to the following percentages of the Johansen part of
the load-carrying capacity:

e round smooth nails 15%
e square smooth nails 25%
e other nails 50%
® screws 100%
e bolts 25%
e dowels 0%.
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If Ry is not known, then the contribution from the rope effect
should be taken as zero.

For single shear fasteners the characteristic withdrawal capacity,
Ryx > is taken as the lower of the capacities in the two members.

For the withdrawal capacity, Rk, of bolts, the resistance provided by
the washers may be taken into account.

9.2.3 Steel-to-wood connections

General

The characteristic load-carrying capacity of a steel-to-timber connec-
tion depends on the thickness of the steel plates. Steel plates of
thickness less than or equal to 0.5d are classified as thin plates and
steel plates of thickness greater than or equal to d with the tolerance
on hole diameters being less than 0.1d are classified as thick plates.
The characteristic load-carrying capacity of connections with steel
plate thickness between a thin and a thick plate should be calculated
by linear interpolation between the limiting thin and thick plate
values. The strength of the steel plate shall always be verified.

Thin steel plate in single shear:

min{ 0.4 fut:d (9.23a)
yk =

1.15,/ ZM%]{ fh,kd +T (9.23b)

Thick steel plate in single shear:

fritid (9.24a)
4M,

_J futd| 2+ 251 +T 9.24b
Ry hktl el ( )
2-3< My g fpd + 1) +T (9.24¢)
Steel plate of any thickness as middle member in a double shear

connection:
frixtid (9.25a)

4M
Ry = mind frund| ([2+—2-—1])+T (9.25b)
’ ' fratid

23\/Myifpipd +T (9.25¢)
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Thin steel plates as the outer members in a double shear connection:
O5fh thzd (9263)
R,; = min ’

1.15/2M 1 fozrd + T (9.26h)

Thick steel plates as outer members of a double shear connection:

O.5fh‘2‘kt2d (9273)
R, = min -
23 /My s fraxd +T (9.27Db)
Raxk
T=—= 9.28
; (9.29)
where:

Ry) is the characteristic load-carrying capacity per shear plane per

fastener;

fuk  is the characteristic embedding strength in the timber member;

t is the smaller of the thickness of the timber side member or the
penetration depth;

ty is the thickness of the timber middle member;

d is the fastener diameter;

M, is the characteristic fastener yield moment;

T is the rope effect contribution;

Ry is the characteristic withdrawal capacity of the fastener.

Failure modes

The failure modes for steel to timber joints are illustrated in Fig. 9.8.
The contribution from the rope effect is limited to that for wood-to-

wood joints.

1ok
gegge s
&8 & H

040 (k) (m)

Fig. 9.8 Failure modes for steel to timber joints
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Fig. 9.9 Notations for spacing between fasteners and distances from fasteners to
end and edges of the timber member. « is the angle between the force direction for
the fastener and the wood grain direction

[t shall be taken into consideration that for joints close to an end, the
load-carrying capacity may be reduced because of failure along the
perimeter of the group of fasteners.

9.2.4 Minimum spacing and distances

The expressions given above presume that failure is ductile, which can
be ensured by sufficient timber dimensions, spacings, and distances to
end and edges of timber members. The detailed requirements are
given in the specific chapters with basis in Fig. 9.9.

9.2.5 Splitting
When wood is loaded with a tension component perpendicular to the
grain through bolts or nails, in order to prevent splitting failure, it

shall be verified that:
Vi < Roou (9:29)

where:

Rooq = 14b (9.30)

V; is the maximum design shear force caused by the fasteners (V;
or V3);

207

Copyright © ICE Publishing, al rights reserved.



Practical design of timber structures to Eurocode 5

F
a
O heff
Vi Va
el ] ] i
b b2 b2 b

Fig. 9.10 Joints with a load component perpendicular to grain

b is the thickness of the timber member loaded perpendicular to
the grain, in mm;

hei is the effective depth, taken as the distance perpendicular to the
grain from the loaded edge to the centre of the furthest fastener
inmm, as shown in Fig. 9.10. Note that the shear force V
depends on the load configuration; see as an example Fig. 9.11.

For a load outside the supports, V = F. For a load in the mid-span
between supports, V = 0.5F, i.e. the splitting load-carrying capacity is
doubled.

Crack

Fig. 9.11 Loads acting on fasteners at an overhang/cantilever (top) and at a
position within the supports (bottom)
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9.2.6 Multiple shear plane connections

In multiple shear plane connections the resistance of each shear
plane should be determined by assuming that each shear plane is part
of a series of three-member connections. To be able to combine the
resistance from individual shear planes in a multiple shear plane
connection, the governing failure mode of the fasteners in the respec-
tive shear planes should be compatible with each other and should
not consist of a combination of failure modes 1 with the other failure
modes.

9.2.7 Multiple fastener joints

The arrangement, sizes of the fasteners and the fasteners’ spacings,
edge and end distances shall be chosen so that the expected strength
and stiffness can be obtained in a joint. It shall be taken into account
that the load-carrying capacity of a multiple fastener joint, consisting
of fasteners of the same type and dimension, may be lower than the
summation of the individual load-carrying capacities for each
fastener.

When a connection comprises different types of fasteners, or when
the stiffness of the connections in respective shear planes of a multiple
shear plane connection is different, their performance as a group of
fasteners should be verified.

For one row of fasteners parallel to the grain direction, the charac-
teristic load-carrying capacity parallel to the row, Ry, should be
taken as:

Ry eff k = negrRy i (9.31)
where:

ngg s the effective number of fasteners in a line parallel to the grain
direction;

Ry is the characteristic load-carrying capacity of each fastener
parallel to the grain direction.

For a force acting at an angle to the direction of the row, it should be
verified that the force component parallel to the row is less than or equal
to the load-carrying capacity calculated according to Expression (9.31).
It should also be verified that the force perpendicular to grain is less than
or equal to the perpendicular load-carrying capacity calculated
according to Expression (9.29).
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9.2.8 Design values
The design load-carrying capacities should be found from the character-
istic values as:

Ry = knoaRi/1m (9.32)

9.3  Nailed connections
9.3.1 Laterdlly loaded wood-to-wood

Load-carrying capacity
The symbols for the thicknesses in single and double shear connections
(Fig. 9.12) are defined as t; which is:

e for a single shear connection: the head side timber thickness
e for a double shear connection: the head side timber thickness or the
point side penetration whichever is smaller

and t, which is:

e for a single shear connection: the point side penetration
e for a double shear connection: the central member thickness.

Yield moment

For square and grooved nails, the nail diameter d should be taken as the
side dimension. For smooth nails produced from wire with a minimum
tensile strength of 600 N/mm?, the following characteristic values for

m L

t b t t

(a) (b)
Fig. 9.12 Defitions of t; and t, for: (a) a single shear joint; and (b) a double
shear joint
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the yield moment should be used:

% uvkd2'6 for round nails
My = (9.33)
. 270
600 fu,kd2'6 for square nails

where:

M, is the characteristic value for the yield moment, in Nmm;
d is the nail diameter, in mm;
fuk is the characteristic tensile strength of the wire, in N/mm?.

Embedding strength
For nails with diameters up to 8 mm, the following characteristic embed-
ding strengths in timber and LVL apply:

e without predrilled holes:

fur = 0.082p,d"%’ N/mm* (9.34)
e with predrilled holes:

fox = 0.082(1 — 0.01d) p N /mm* (9.35)
where:

p. is the characteristic timber density, in kg/m’;
d  is the nail diameter, in mm.

Effective number of nails

For one row of n nails parallel to the fibre direction the load-carrying
capacity parallel to the fibre direction should be calculated using the
effective number of fasteners n;.

If the nails of the row are staggered perpendicular to grain by at least d
(see Fig. 9.13):

otherwise:
Ny = n'f (9.37)
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d
Grain direction
F_.

Fig. 9.13 Nails in a row parallel to grain staggered perpendicular to grain direction
by d (1 = nail, 2 = grain direction)

where:

nes is the effective number of nails in the row;
n  is the number of nails in the row;
ke is given in Table 9.1.

Nails in end grain

Smooth nails may be used in secondary structures as, for example, in
fascia board nailed to rafters. The design values of the load-carrying
capacity should then be taken as 1/3 of the values for nails installed
at right-angles to the grain.

Nails other than smooth nails may be used in structures other than
secondary structures. The design values of the load-carrying capacity
should be taken as 1/3 of the values for smooth nails of equivalent
diameter installed at right-angles to the grain, provided that:

e the nails are only laterally loaded
e there are at least three nails per connection
e the pointside penetration is at least 10d
e the connection is not exposed to service Class 3 conditions
e the prescribed spacings and edge distances given in Table 9.2 are
satisfied.
Table 9.1 Values of kg
Spacing” kst
Not pre-drilled Pre-drilled

a; > 14d 1.0 1.0

a; = 10d 0.85 0.85

4 =1d 0.7 0.7

a, = 4d — 0.5

* For intermediate spacing, linear interpolation of kg is permitted.
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<=

b

Fig. 9.14 Owerlapping nails

Detailing rules
Timber should be pre-drilled with holes not exceeding 0.8d where d is
the nail diameter, when:

e the characteristic density of the timber is greater than 500 kg/m’
e the diameter d of the nail exceeds 8 mm.

In a three-member connection, nails may overlap in the central member
provided (¢t — t,) is greater than 4d (see Fig. 9.14).

There should be at least two nails in a connection.

For smooth nails the point side penetration length should be at
least 8d. For other nails, the point side penetration length should be
at least 6d. Unless otherwise specified, nails should be driven in at
right-angles to the grain and to such depth that the surfaces of the
nail heads are flush with the timber surface.

Rules for the minimum spacing and minimum distances shown in
Fig. 9.9 are given in Table 9.2.

Timber should be pre-drilled when the thickness of any timber
members is smaller than:

7d
t = max 2y Pe (9.38)
{ (13d — 30) 200
where:
¢ is the minimum thickness of timber member to avoid pre-

drilling, in mm;
p. is the characteristic timber density in kg/m’;
d is the nail diameter, in mm.
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Table 9.2 Minimum distances for nails where the notation is defined in Fig. 9.9

Distance Angle, o° Minimum spacing or end/edge distance
(Fig. 9.9)
Without predrilling With
predrilling
pe < 420kg/m® 420 < p; < 500kg/m’
Spacing, a; 0<a<360 d < 5mm: (7 + 8| cos ar|)d (44 | cosal)d
(parallel) (54 5|cosal)d
d > 5mm:
(5 + 7| cosal)d
Spacing, a, 0<a<360 5d 7d (3 + |sinal)d
(perpendicular)
s, -90<a<9 (10+cosa)d  (15+5cosa)d (7T+5cosa)d
loaded end
a5, 90<a<270 10d 15d 7d
unloaded end
gy, 0°<a<180”  d<5mm: d < 5mm: d < 5mm:
loaded edge (54 2sina)d (74 2sina)d (34 2sina)d
d>5mm: d>5mm: d>5mm:
(5+2sina)d (74 5sina)d (3 +4sina)d
g 180° < e < 360° 5d 7d 3d

unloaded edge

Skip

The instantaneous slip should be determined as:

Ky, = d**p;; /30 (N/mm)

where:

d  is the nail diameter (in mm);

p, is the characteristic wood density (in kg/m?).

(9.39)

With typical values inserted, a slip value of about 0.1d is found at the

serviceability limit.

9.3.2 Laterally loaded, wood-based panels-to-wood

Embedding strength

For nails with a head size of at least 2d, the characteristic embedding

strengths are:
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For plywood:
fux = 0.11p,d ™M (9.40)
where:

fok is the characteristic embedding strength, in N/mm?;
p. is the characteristic plywood density, in kg/m’;
d is the nail diameter, in mm.

For hardboard in accordance with EN 622-2:
fox = 30d707¢%C (9.41)
where:

fok s the characteristic embedding strength, in N/mm?;
p. is the characteristic hardboard density, in kg/m’;

d is the nail diameter, in mm;

t is the wood-based panel thickness in mm.

For particle board and OSB:
fog = 65470701 (9.42)
where:

frx s the characteristic embedding strength, in N/mm?;
d  is the nail diameter, in mm;
t is panel thickness, in mm.

Detailing rules

Minimum nail spacings for all nailed wood-based panel-to-timber
connections are those given in Table 9.2 multiplied by a factor of
0.85. The end/edge distances for nails remain unchanged unless other-
wise stated below.

Minimum edge and end distances in plywood members should be
taken as 3d for an unloaded edge (or end) and (3 + 4sina)d for a
loaded edge (or end), where « is the angle between the direction of
the load and the loaded edge (or end).

Hardboards should be predrilled to avoid damage on the underside
caused by the piercing of the nail point which may reduce the load-
carrying capacity by 20-25%.
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9.3.3 Nailed steel-to-timber connections

Detailing rules
The minimum edge and end distances for nails given in Table 9.2 apply.
Minimum nail spacings are those given in Table 9.2 multiplied by a
factor of 0.7.

Slip
The slip for joints with thin steel plates should be taken the same as for
wood. For thick steel plates the slips are reduced by a factor of 0.7.

9.3.4 Axially loaded nails (withdrawal)

Withdrawal load-carrying capacity
The withdrawal capacity for smooth nails is mainly caused by friction
forces between the nail and the wood. For annular ring shank nails
there is also a mechanical effect.

Smooth nails shall not be used to resist permanent or long-term with-
drawal loads. For threaded nails, only the threaded part should be
considered capable of resisting withdrawal load. Nails in end grain
should not be considered capable of resisting withdrawal loads.

The characteristic withdrawal capacity of nails, R, for nailing
perpendicular to the grain (Fig. 9.15a) and for slant (skew) nailing
(Fig. 9.15b), should be taken as the smaller of the values found from

the following expressions.

For smooth nails:

. fax,kdtpen (943 3)
TN fadt + Freatsed? (9.43b)

i i

d
I fpen A R I min 10d
<~ I t S A\/ﬁ <

+ e
(a) (b)

Fig. 9.15 (a) Nailing perpendicular to the fibre direction and (b) slant (skew)

nailing
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For other nails:

R, — { Faekdtpen (9.44a)
- Fread d (9.44b)
where:
faxk is the characteristic point side withdrawal strength;

freadk  1s the characteristic head side pull-through strength;
is the nail diameter;

tpen is the point side penetration length or the length of the
threaded part in the point side member;
t is the thickness of the head side member;

dpeag s the nail head diameter.

The characteristic values of the parameters f, ) and fu,.qx should be
determined by tests according to [EN1382], [EN1383] and
[EN 14358], unless otherwise specified in the following.

For smooth nails with a point side penetration of at least 12d the
characteristic values of the withdrawal and pull-through strengths
should be found from the following expressions:

fuk = 201079} (9.45a)
freate = 70 107°pf (9.45b)
where:

p. is the characteristic density in kg/m’.

For smooth nails with a point side penetration t,, smaller than 12d
the withdrawal capacity should be multiplied by:

tpen
(O.ZS 5 >

For threaded nails with a point side penetration t,,, smaller than 84,
the withdrawal capacity should be multiplied by:

tpen
(ost2-3)

The friction decreases with time and with moisture content changes,
especially for smooth nails. However, hot-dip zinc coating increases the
withdrawal resistance of smooth nails. For annular ring shank nails
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hot-dip coating may result in a reduction in the load-carrying capacity
because the gap between the rings is filled with zinc material. Therefore,
electro zinc coating should be used.

Slant (skew) nailing (see Fig. 9.15) may be used to take small
anchorage loads. By slant nailing, the force acts at an angle to the
nail axis and the nails are loaded in both tension and bending.

Detailing rules

The spacing and end and edge distances for laterally loaded nails apply.
For slant (skew) nailing there should be at least two nails in a connec-
tion and the distance to the loaded edge (see Fig. 9.15) should be at
least 10d.

Moisture movements

By repeated wetting and drying, the nails will move out, resulting in
protruding nail heads (sometimes called popping up of nails). The
effect is most pronounced for long nails. After the first moisture cycle
there is no difference between smooth nails and other nails, but after
several cycles the effect is most pronounced for smooth nails. Annular
ring shank nails and screw nails are, therefore, preferable not forgetting
that shorter nails can be used.

9.3.5 Combined laterally and axially loaded nails

For connections loaded with a combination of axial load (F, 4) and

lateral load (F, 4) it should be verified that:
For smooth nails:

Faxd Fv d
— ~ <1 .
Rax,d - Rv,d o (9 46)

For other than smooth nails:

Fax d : Fv d :
: . <1 .
<Rax,d> - (Rv,d> N (9 47)

where:

R4 and R, 4 are the design load-carrying capacities for axial load and
latereal loads respectively.
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Example 9.2

N
|: d
Co4 ci6
o2 \\\\

b b |
| | |

Two timber members C24 and C16 with thicknesses t; and t; are
joined with an ordinary smooth nail with diameter d = 4.2 mm and
f, = 600N/mm?. The nail length is | = t; + ¢, = 90 mm.

Calculate the load-carrying capacity for t; between 4d = 16.8 mm
and [ — 84 =90 — 33.6 = 56.4 mm.

M, = 0.3£,d*® =0.3-600 - 4.2*° = 7510N/mm*
Member 1:

o = 350kg/m’,

fay = 0.082p,d™*? = 0.082 - 350 - 4.27% = 18.7 N/mm’

faeik = 20-107%pf =20-107° - 350 = 2.45N/mm*

freads = 70-107pf = 70-107° - 350* = 8.58 N /mm
Member 2:

o = 310kg/m’,

fo1 = 0.082p,d"%° = 0.082-310- 4.27%° = 16.5 N/mm”

fu1k = 20-107%pF =20-107° - 310* = 1.92 N/mm’

The results of the calculations are shown in the following table.

N Formula Thickness t;, mm and (¢, /d)

16.8 (4) 25.2 (6) 33.6 (8) 42 (10) 50.4 (12) 56.4 (13.4)

Rvk ’
without
rope effect

1317 1975 2633 3292 3950 4420
5081 4498 3915 3332 2749 2332
1735 1539 1416 1372 1410 1487
826 952 1117 1303 1501 1648
1703 1531 1362 1198 1042 938
1209 1209 1209 1209 1209 1209

0 o0 T
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N Formula Thickness t;, mm and (t;/d)

16.8 (4) 25.2 (6) 33.6 (8) 42 (10) 50.4 (12) 56.4 (13.4)

min 826 952 1117 1209 1042 938
Rk 1 1120 1204 1290 1370 1460 1525
2 590 523 455 332 114 0
Rope effect, 147 130 113 83 29 0
T= Rax‘k/4
R,k 973 1082 1230 1282 1071 938

Example 9.3

The joint between a purlin and a beam both of C24 is made with a
2mm thick Simpson Strong-Tie universal bracket as shown in the
figure. The fasteners used are annular ring shank nails 4.0 x 40 mm.

Determine the design load-carrying capacity for a short-term load
in the direction of the purlin in Service class 1.

Elastic solution

The centre of gravity of the nail group is placed 29/3 = 9.7 mm from

the left line of nails, and 30 + 10/3 = 33 mm over the lowermost

nail. The polar moment of inertia is calculated to I, = 3455 mm?.
The load-carrying capacity is found from Expression (9.22).

Normally Expression (9.23) for thin plates should be used but tests
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have shown that these nails will be held rigidly by the plate and that
Expression (9.24) may be used.

M, = 0.3£,d*® = 0.3 - 600 - 4*¢ = 6620 N/mm’
f, = 0.082p,d™%° = 0.082 - 350 - 47°° = 18.9 N/mm?

Without rope effect:
2565 (9.19a)
R, = ming 1628 » = 1394N (9.19b)
1394 (9.19¢)

The withdrawal parameter is (determined by tests): f,, = 10.0N/
mm?. The effective penetration depth is with a point length of
1.5d = 6 mm

lyen =30 — 6 = 24 mm
Rax,k = fax,klpend = IO . 24 : 4’ = 96ON
, { 1.5-1394 = 2090 N
R, = min
’ 1394 +960/4 = 1634 N
Rya = kmoaRi/m = 0.9 - 1634/1.3 = 1130N
It is estimated that the load is transferred by direct compression in

a height of e = 5 mm over the beam, i.e. 93 mm over the lowermost
nail. The load on the connection becomes:

R, =R R,=0 M = —R(93 — 33) = —60R
The top nail is decisive. From Expressions (9.7) and (9.8):
F, = —60R - (—=9.7)/3455 = 0.17R

y
F, =R/6 — (—60R - 27/3455) = 0.64R
F = R\0.64> +0.172 = 0.66R
The design load-carrying capacity is found for F = R, 4 from:
R; = 1130/0.66 = 1710N

The compression perpendicular to grain becomes with a bracket
width of 50mm and a compression zone depth of 2e = 10 mm:
1710/(50 - 10) = 3.4 that can easily be taken.
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Plastic solution

Ry
BT |
\ \
| |
P |
o | | P
‘ Rv,d ‘
40 r_ i Hv,d
30 Ry i r—
20 —7 ‘
fe

An estimated value on the safe side may be found by the plastic force
system shown.

Lateral equilibrium:
Ry > 2R,

Moment about the lowermost point:
Ry > R, x(60 450 40 + 30— 20)/93 = 1.72R,, = 2840N
R;=0.9-2840/1.3 = 1966 N

By a rigorous plastic analysis a load-carrying capacity of about 2200 N
may be calculated.

Example 9.4
Design the joint between top and bottom flange in the truss from
Example 7.1.

Proposal
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It is assumed that the support reaction is transferred directly to the
top flange, i.e. the joint shall transfer the tension force in the
bottom flange:

F;=F;_74 = 10.05kN (short-term load)

The gusset plates are 9 mm Finnish combi plywood with a character-
istic density of 560kg/m’. Ring shank nails 3.1 x 40 mm are used.

The nail strength is f, = 600 N/mm?’. The withdrawal strength is,
accc;rding to a European Technical Approval (ETA), f, = 10N/
mm-.

M, = 0.3f,d*® =0.3-600 - 3.1*° = 3410N/mm
fox = 0.11pd %% = 0.11-560 - 3.17% = 43.9 N/mm*
fazi = 0.082pd %% = 0.082 - 310p; - 3.17% = 18.1 N/mm’

The lateral load-carrying capacity without rope effect determined
by Expression (9.19): R, = 328 kN.

The penetration depth: ¢, =40 -9 —1.5-3.1 = 26.4mm =
8.5d > 8d.

The withdrawal capacity of the point side is Ry = fuxpdtpen =
10-3.1-26.4 = 818kN. The rope contribution is R, /4 = 205,
however not more than 0.5R,; = 164kN, i.e. R, = 328 N.

The design load-carrying capacity is:

Ry 4 = knoaRyx /7 = 0.9 -328/1.3 = 227N

The minimum number of nails required is 10.05/0.341 = 30. It is
assumed that the nails are staggered so that ns = n.

The nails may be placed as shown in the figure. The distances are
determined by the bottom flange; the theoretical distances in the top
flange are slightly smaller because of the inclined grains. The
minimum edge distance is 5d = 16 mm; the minimum end distance
is 15d = 57 mm; the minimum spacing in the grain distance is 8d
(0.8 - 10d); and the minimum distance to the plywood end is 4d.

9.4  Connections with staples
9.4.1 General

For round or nearly round or rectangular staples with bevelled or
symmetrical pointed legs the rules for nails apply with the following
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T,

b

-

Fig. 9.16 Staple dimensions

exceptions:

e pre-drilling is not required

e the characteristic yield moment My ;. for staples with dlameter d made
from wire with a characteristic tensile strength of 800 N/mm? should
be taken as:

M, = 240d*° (9.48)

For staples with rectangular cross-section, d should be taken equal to
the square root of the product of the two dimensions, i.e. d = Vab
where a and b are the sides of the rectangle.

The lateral design load-carrying capacity per staple per shear plane
should be considered as equivalent to that of two nails with the staple
diameter, provided that the angle between the crown and the direction
of the grain of the timber under the crown is greater than 30°, see
Fig. 9.16. If the angle between the crown and the direction of the
grain under the crown is equal to or less than 30° then the lateral
design load-carrying capacity should be multiplied by a factor of 0.7.

9.4.2 Effective number of staples
For n staples in a row parallel to the grain, the effective number n4
should be calculated as for nails.

9.4.3 Detailing rules

The width b of the staple crown should at least be 6d, and the point side
penetration length ¢, should be at least 14d, see Fig. 9.16. There should
be at least two staples in a connection. Minimum staple spacings, edge
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Table 9.3 Minimum spacings and end and edge distances for staples (see Fig. 9.17)

Angle, o° Minimum spacings
and distances

a; parallel to the fibre direction 0<a<360
For 6 > 30° (104 5] cosa|)d
For 6 < 30° (15 + 5| cosar|)d
a, perpendicular to the fibre direction 0<a<360 15d
das,, loaded end -90<a<9 (15 + 5| cos a|)d
a3, unloaded end 90 < a <270 15d
a4, loaded edge 0<a<180 (154 5]sinc|)d
a4, unloaded edge 180 < a < 360 10d
Staple centre | __:gr
! \?//) /{0 !
| | |®
i 00 00 L
| BE

as a

Fig. 9.17 Definition of distances between staples

and end distances are given in Table 9.3, and illustrated in Fig. 9.17
where @ is the angle between the staple crown and the grain direction.

9.5 Bolted connections
9.5.1 Laterally loaded bolts in wood-to-wood joints

Yield moment
The yield moment My, should be calculated as:

M, = 0.3f,,d*° (9.49)
where:

fu is the characteristic tensile strength in N/mm?;
d  is the diameter in mm.
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Embedding strength
The embedding strength, for d < 30 mm, should be calculated using:
1
=k = 9.50
fh,a,k @ fh,O,k k90 sinz a+ COSZ o fh,O,k ( )
where:
frox = 0.082(1 — 0.01d) py, (9.51)

1.35 4+ 0.015d for softwood
koo = { 1.30+0.015d for LVL (9.52)
0.90 + 0.015d for hardwood

frox is the characteristic strength parallel to the grain direction in

N/mmz;
p. is the characteristic wood density in kg/m’;
« is the angle between the load and grain direction;
d is the bolt diameter in mm; and

k. and fj ok as a function of a and d in mm are shown in Fig. 9.18.

Effective number of bolts
For n bolts in a row parallel to the grain direction the effective bolt
number should be taken as n,g:

n
Nef = min 09 4/a_1d (9.53)
13
where:

a, is the spacing between the bolts in the grain diection in mm;
d is the bolt diameter in mm.

Some examples of the factor n,q are given in Table 9.4.
For load perpendicular to the grain direction, the effective number is:

MNeff =N (954)

For angles o between the load and grain direction of between 0° and
90°, n.y may be determined by linear interpolation using Expressions

(9.53 and (9.54).
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Fig. 9.18 The

factor k, (a) and the embeddings strength f; . (b) as a function of

the diameter d and the angle o between the force direction and the grain direction

Table 9.4 The factor ng depending on the number
of bolts n after each other and their spacing a;

n a
7d 10d 13d
2 1.60 1.75 1.87
3 2.30 2.52 2.69
5 3.65 3.99 4.26
8 5.57 6.09 6.50
10 6.80 7.44 7.94
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Fig. 9.19 Multi-shear joints

Mudltiple shear joints
The load-carrying capacity of multiple shear joints can often be deter-
mined by treating the joint as several double shear joints.

As an approximation, the joint in Fig. 9.19 may be treated as two
double shear joints. The middle members with thickness t3 limits the
load-carrying capacity to:

ZFy,k = t3dfh,07k (955)
where:

Fy) is the characteristic load transferred per shear in the bolts.

Structural detailing

Minimum spacing and end and edge distances as defined in Fig. 9.9 are
given in Table 9.5. Bolt holes in timber should have a diameter of not
more than 1 mm larger than the bolt diameter. Bolt holes in steel
plates should not exceed the bolt diameter d by more than 2 mm or
0.1d (whichever is greater). This is for ease of fitting.

Washers with a side length or a diameter of at least 3d and a thickness of
at least 0.3d should be used under the bolt heads and nuts. Washers
should bear fully on timber. Bolts should be tightened so that the members
fit closely, and they should be retightened if necessary when the timber
has reached equilibrium moisture content to ensure that the load-
carrying capacity and stiffness of the structure are maintained.

9.5.2 Laterally loaded bolted joints, wood-based panels-to-wood

Plywood
The following embedding strength, in N/mm?, should be used for all
angles to the grain of the face veneer:

fh,O,k = 011(1 - OOld)pk (956)
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Table 9.5 Minimum spacing and end and edge distances for bolts

a; parallel to the grain direction 0<a<360 (44 |cosaf)d
a, perpendicular to the grain direction 0 < o < 360 4d
7d
a3, loaded end —-90<a<90 max {
’ 80 mm
6
a3 . unloaded end 90 < a <150 { +6sina)d
150 < a <210
1+6
210 < a <270 {( +6sina)d
4d
242
a4, loaded edge 0<a<180 {§d+ sin.)d
a4 unloaded edge 180 < o < 360°
where:

p. s the characteristic density of the plywood in kg/m’;
d s the bolt diameter in mm.

Particle boards and OSB
The following embedding strength, in N/mm?, should be used:

frog = 50d000 (9.57)
where:

d is the bolt diameter in mm;
t is the wood-based panel thickness in mm.

9.5.3 Laterally loaded bolted joints, steel-to-wood
Joints as shown in Fig. 9.19 are commonly used in wind bracings for
glulam structures.

9.5.4 Axially loaded bolts

Bolt strength

Bolts must have sufficient strength according to Eurocode 3 for steel
structures (EN 1993), i.e.:

Ny
As fu,dc

<1 (9.58)
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Fig. 9.20 Non-symmetric double-shear joint

where:

N s the concentric tensile force;
A, is the cross-section area of the bolt;
fua s the design tensile strength of the bolt material;

B 0.90 for rolled thread
©= 0.85 for cut thread

Washers
Adequacy of the bending strength of washers must be checked and the
bearing stress under the washer should fulfil the following condition:

Uc,d/fc,90,d < 3 (959)

The bearing load-carrying capacity of bolts under a steel plate should
not exceed that of a circular washer with the diameter of:

e 12t, where t is the plate thickness
e® 4d, where d is the bolt diameter.

9.6 Connections with dowels
9.6.1 General

The dowel diameter should be greater than 6 mm and less than 30 mm.

9.6.2 Detailing rules
The rules for bolts apply, except that Table 9.5 should be replaced by
Table 9.6.
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Table 9.6 Minimum spacing and end and edge distances for dowels (see Fig. 9.9)

a; parallel to the grain direction 0 <a <360 (3 + 2| cosal)d

a, perpendicular to the grain direction 0 < o < 360

a3, loaded end 90 < a <90 {
; 80 mm
d
a3 unloaded end 90 < a0 < 150 {ah‘ sinaf
150 < a <210
a3 ¢|sinald
210 < a <270
242
a4, loaded edge 0<a<180 { +2sina)d
a4 unloaded edge 180 < o < 360

9.7 Connections with screws
9.7.1 Laterdlly loaded screws

Load-carrying capacity
The effect of the threaded part of the screw shall be taken into account
in determining the load-carrying capacity, by using an effective diameter
d,f. For smooth shank screws, where the outer thread diameter is equal
to the shank diameter d, the effective diameter d 4 should be taken as
the smooth shank diameter provided that the smooth shank penetrates
into the member containing the point of the screw by not less than 4d,
otherwise d,; should be taken equal to 1.1 times the thread root
diameter.

For smooth shank screws with a diameter d > 6 mm, the rules for
bolts apply.

For smooth shank screws with a diameter d < 6, the rules for nails
apply.

Detailing rules
For all screws in hardwoods and for screws in softwoods with a diameter
d > 6 mm, pre-drilling is required, with the following requirements:

e The lead hole for the shank should have the same diameter as the
shank and the same depth as the length of the shank.
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e The lead hole for the threaded portion should have a diameter of
approximately 70% of the shank diameter.

For timber densities greater than 500 kg/m’, the pre-drilling diameter
should be determined by tests.

9.7.2 Axially loaded screws

Load-carrying capacity
The following failure modes shall be taken into account:

e withdrawal failure of the threaded part of the screw

e tear-off failure of the screw head when screws are used in combina-
tion with steel plates; the tear-off resistance of the screw head
should be greater than the tensile strength of the screw
pull-through failure of the screw head

tensile failure of the screw

buckling failure of the screw when loaded in compression

failure along the circumference of a group of screws used in con-
junction with steel plates (block shear or plug shear). It should be
noted that block shear or plug shear cannot be verified for nails
and screws using Annex A of Eurocode 5.

For screws according to EN 14592 with 6 mm < d < 12 mm and
0.6 <d;/d <0.75, the characteristic axial load-carrying capacity
R 0.4 should, provided o > 307, be taken as:

Neoff Fax klllegrk
Fuj = 9.60
“ 1.2 cos? o + sin? «v ( )
with:
fuxk = 0.52d 1> o (9.61)
d
ky = ming 8 (9.62)
1
where:

d is the outer thread diameter;

d; is the inner thread diameter;

fuck is the characteristic withdrawal strength perpendicular to the
grain direction, in N/mm?;
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n  is the active number of screws acting together;
ngg is the effective number of screws;
is the penetration length of the threaded part, in mm;
p, s the characteristic density, in kg/m3;
o is the angle between the screw axis and the grain direction.

For other screws, the characteristic axial load-carrying capacity
should be taken as:

-l 08
Fpeap, = — il <@) (9.63)

1.2 cos’ a + sin a \ p,

where:

fuxk is the characteristic withdrawal strength perpendicular to the
~ grain direction determined in accordance with EN 14592 for
the associated density of p,, in N/mm?;
p. s the associated density (i.e. the density used in testing) in kg/

m’.

The characteristic pull-through resistance Ry, of @ connection
with axially loaded screws should be taken as:

0.8
Rhead,a,k = Neff fhead,a,kdi (%) (964)

a

where:

Rieud o is the characteristic head pull-through capacity of the
~ connection at an angle & that should not be less than 30°, to
the grain direction, in N;
fhead.o k18 the characteristic head pull-through parameter
determined in accordance with EN 14592 for the associated
density p, in N/mm?;
dy, is the diameter of the screw head, in mm.

The characteristic tensile resistance of the connection (head tear-off
or tensile capacity of shank) should be taken as:

Ri i = negRy (9.65)
where:

R,k is the characteristic tensile capacity of the screw determined in
accordance with EN 14592;

ngg s the effective number of screws determined according to
Expression (9.63) n4 = n®?
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Fig. 9.21 Spacings and distances to end and edge

Detailing rules

e The angle o between the screw axis and the grain direction should
not be less than 30°.

e The timber thickness should not be less than 12d.

e The point side penetration should not be less than 6d.

The minimum spacings and end and edge distances as shown in
Fig. 9.21 are given in Table 9.7.

Table 9.7 Minimum spacing and distances to end and edge

Minimum spacing Minimum spacing Minimum end Minimum edge

in a plane parallel to  perpendicular to a distance of the distance of the

the grain direction ~ plane parallel to the centre of the centre of the

grain direction threaded part of the  threaded part of

screw in the the screw in the
member member

ap a a1 .cG a cG

7d 5d 10d 4d
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Example 9.5

80 3x35=105 80

S S N

St

A joint in a tension member 75 x 120mm of C24 with density
p. = 350kg/m’ is made as shown with gussets 47 X 120mm and
12 screws 8 x 160mm with an inner thread diameter of 6 mm
made of steel 4.6 service Class 1.

Calculate the load-carrying capacity for a short-term load.

The lateral load-carrying capacity is determined as the capacity of
two double shear joints, one with t; = 47 mm and t, = 75 and one
with t; = 160 — 47 — 75 = 38 mm and t;, = 75 mm.

The calculations are made with an effective diameter
deyy = 1.1 -6 = 6.6 mm.

The yield moment with f, = 400 N/mm? is

M, = 0.3f,d%’ = 0.3 -400 - 6.6*° = 16 200 Nmm

The embedding strength for load parallel to grain is:

fax = 0.082(1 — 0.01d,4)py, = 0.082(1 — 0.01 - 6.6) - 350
= 26.8N/mm’

The load-carrying capacities in kN according to Expression (9.20)
are shown in the table below. f,, 4 = 12.7 N/mm?, see Example 9.6,
and the axial load-carrying capacity: F, ) = 12.7-8-47 - 107 =
4.78kN. The rope contribution is 4.78/4 = 1.20kN. The point
side penetration length is 38 mm < 6d, i.e. the axial strength shall
be taken as O.
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Expression Head side Point side
Ry (9.20a) 8.32 6.72
(9.20b) 6.63 6.63
(9.20¢) 10.18 8.23
(9.20d) 2.75 2.75
min 2.75 2.75
T 1.20 0
Ry per shear 4.20 2.75
6.70
Ry 3-2.74-6.70 = 55.1kN
Ry 0.9-55.1/1.3 = 38.1kN

With four screws spaced at 5d the effective number of screws per row

is:
094/ a1 0‘94/5 _
Meff =N —13d—4 —13—274

With three rows, the characteristic load-carrying capacity becomes:

3-2.74-8.25 =67.8kN

Example 9.6

47

4

47

95 4x70

A joint corresponding to the one dealt with in Example 9.5 is made
with 12 inclined tension screws in two lines (due to edge distance
requirements).

Calculate the load-carrying capacity.
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The full length of the screw is threaded. The anchorage depth is
[ =160 —47v2 = 93.

faxie = 0-52d_0'51e_)f,9'1p2'8 —052.895.93701 35008
= 12.67N/mm’

ky=1

N = 3% = 2.69

R, _ g fuckdlegrka ~ 2.69-12.67-8-93 - 1
axk = 1.2cos’ a+sinfar 1.2-0.5+0.5

By projection on the member:

R, —4-22.9-\/72—64.8kN

=22.9kN

and

R;=0.9-60.7/1.3 = 64.9kN

9.8 Joints with connectors
9.8.1 Grooved-in connectors (ring or shear plates connectors)

Load-carrying capacity

For connections made with ring or shear plate connectors and with a
diameter not larger than 200 mm, the characteristic load-carrying capa-
city parallel to the grain, R, o per connector and per shear plane should

be taken as:
15 9.66
R, o) = min 35kikakskyd, ( a)
T 31.5k ksh.d. (9.66b)
where:

R, ok is the characteristic load-carrying capacity parallel to the grain,

in N;
d. is the connector diameter, in mm;
h,  is the embedding depth, in mm;
k; is the modification factor, with i = 1 to 4, defined below.

The minimum thickness of the outer timber members should be
2.25h, and minimum thickness of the inner timber member should be

3.75h, where h, is the groove depth (see Fig. 9.22).
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| |
| |
| |
i i
|
| |
| |
| |
| |

Fig. 9.22 Joints with grooved-in connectors

The factor k; is:
1
b
k; = min{ 3h, (9.67)
|2}
5h,

where:

t;  is the thickness of the outer members;
t,  is the thickness of the middle member;
h, is the embedding depth, in mm.

The factor k, applies to a loaded end (—30° < o < 30°) and should be

taken as:
kq
ky = min¢ 3. (9.68)
2d,
where:

{ 1.25 for connections with one connector per shear plane
=

1.0 for connections with two connectors per shear plane

as, is given in Table 9.8.
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For other values of a: k, = 1.

The factor ks should be taken as:

1.75
ky = min{ P (9.69)
350

where:

p. is the characteristic density, in kg/m’.
The factor ky should be taken as:

_[10 for timber-to-timber connections (9.70)
"7 1 1.1 for steel-to-timber connections '
For joints with one connector per shear plane loaded in an unloaded end
situation (150° < av < 210°), the condition in Expression (9.65a)
should be disregarded.
For a force at an angle « to the grain direction, the characteristic
load-carrying capacity, R, , 1, per connector per shear plane should be
calculated as:

R
Ruok = koo sin® ;’O_t cos’ o ®-11)
with:
kgg = 1.3 + 0.001d, (9.72)
where:

R, ok is the characteristic load-carrying capacity of the connector for
a force parallel to the grain direction according to Expression

(9.65),

d.  is the connector diameter, in mm.

Detailing rules
Minimum spacing and edge and end distances are given in Table 9.8,
with the symbols illustrated in Fig. 9.9.

When the connectors are staggered (see Fig. 9.23), the minimum
spacings parallel and perpendicular to the grain should comply with
the following expression:

0<k, <1
)+ G 2 1wy { ==

9.73
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Table 9.8 Minimum spacing and end and edge distances

Angle a° to the Minimum spacing
grain direction and distances
a; parallel to the grain direction 0 < a <360 (1.2 + 0.8] cos a|)d,.
a; perpendicular to the grain direction 0<a<360 1.2d.
as, loaded end 90 <a<90 1.5d,.
a3, unloaded end 90 < a <150 (0.4 + 1.6[sin a|)d,

150 < a < 210 1.2d.
210 < <270 (0.4 + 1.6[sin ar])d.

ay, loaded edge 0<a<180 (0.6 4 0.2|sin | )d,.
day. unloaded edge 180 < ar < 360 0.6d.
where:

k, is areduction factor for the minimum distance a; parallel to the
grain direction;

k., is areduction factor for the minimum distance a, perpendicular
to the grain direction.

The spacing parallel to grain, k,;a; may be reduced further by multi-
plication by k; .4 with 0.5 <k .4 < 1 provided that the load-carrying
capacity is multiplied by:

kR,red =02+ O'8ks,red (9.74)

For a row of n connectors parallel to the grain, the load-carrying capa-
city parallel to the grain should be calculated using the effective number
of connectors n,4 where:

ngs =2+ (1 —0.05)(n — 2) (9.75)

Connectors should be considered parallel to the grain if k;a; < 0.5k,;a;.

| |
f 1
' '
| - |
| 3 |
&
‘ - ‘
| < |
' '
| |
| |
[ I

ap? ay
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9.8.2 Pressed-in connectors (tooth-plate connectors)

Load-carrying capacity
The characteristic load-carrying capacity per shear, Ry, for a connection
consisting of one plate and one bolt should be taken as:

R, =R, +Rnx (9.76)
where:

Ry is the load-carrying capacity of the bolt;
R, is the load-carrying capacity contribution from the tooth-plate.

The characteristic load-carrying capacity of each tooth plate should be
taken as:

18k kyksd!®  for single-sided t
= 1K2K3 or single-siae ypes (977)
25k koksd!  for double-sided types
where:
k; are modification factors, with i = 1 to 3, defined below

d. is:

e the tooth-plate connector diameter for circular types, in mm;

the tooth-plate connector side length for square types, in mm;

e the square root of the product of both lengths for rectangular and
oval types, in mm.

The minimum thickness of the outer timber members should be 2.25h,,
and minimum thickness of the inner timber member should be 3.75h,,
where h, is the tooth penetration depth (see Fig. 9.24).

The factor k; is:

1
51

k; = min{ 3h, (9.78)
(%)
5h,

where:

t;  is the side member thickness, in mm;
t,  is the middle member thickness, in mm;
h, is the tooth penetration depth, in mm.
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Ik
i

L
[

LL'_I.I

Fig. 9.24 Joints with pressed-in tooth-plate connectors

The factor k; should be taken as:

1
k, = min{ a3, (9.79)
1.5d,
with:
1.1d.
as, = ming 7d (9.80)
80 mm
where:

d is the bolt diameter in mm.

The factor ks should be taken as:

1.5
ky = min{ P (9.81)
350

where:

p. s the characteristic density in kg/m’.

Structural detailing

For bolts used with tooth-plate connectors, the rules for bolts apply
but the minimum spacings and minimum end and edge distances
should be those given in Table 9.9 with the symbols illustrated in
Fig. 9.9.
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Table 9.9 Minimum spacing and end and edge distances for tooth-plate

connectors
Angle a° to the Minimum spacings
fibre direction and distances
a; parallel to the grain 0 < a <360 (1.2 4+ 0.3] cos | )d,.
a, perpendicular to the grain 0<a<360 1.2d,
a3, loaded end -90<a<90 2.0d.
a3 unloaded end 90 < o < 150 (0.9 + 0.6]sin ] )d,.
150 < a <210 1.2d.
210 < a <270 (0.9 + 0.6sin c])d..
ay, loaded edge 0<a<180 (0.6 + 0.2|sin c])d.
dye unloaded edge 180 < ar < 360 0.6d,

When circular tooth-plate connectors are staggered Expression
(9.73) applies.

Toothed connectors shall be pressed into the wood without cutting
except that it is permitted to mill for the plate with a depth slightly
smaller than the plate thickness. The mill is performed to avoid a gap
in the joint.

Because the force needed to press the connector in is rather high,
bolts with diameter of 16 mm or less must not be used for pressing in
the connectors. For smaller diameters special bolts should be used for
pressing in the connectors first and then replaced by the specified
bolts. Washer with the same size as the connector (d.) and thickness
of not less than 0.1d, shall be used. If needed, tooth-plate connectors
can be pressed in by hammering using a stiff steel plate provided that
care is taken not to damage the tooth-plate.

Deformations

For double-sided and single-sided tooth-plates the initial slip is
about Imm and (1 + 0.005d) respectively, where d is the bolt
diameter.
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Example 9.7

Design the joint between top and bottom flange in the truss designed
in Example 7.1 with 16 mm spruce plywood gusset plates and bolts
and pressed-in connectors (Bulldog), when the reaction is acting
on the bottom flange as shown in the figure below.

The joint shall transfer the tension force in the bottom flange:
F_74=10.05kN, the compression force F;_,; = 19.69kN and
the reaction R = 3.66 kN (short-term loads).

Since the joint has a pronounced plastic behaviour there is great
freedom to choose how the forces in the joint are distributed. As
one extreme it may, as shown to the left in the figure below, be
assumed that the force in the top flange is transferred to the gusset
plates acting as cantilevers fastened to the bottom flange. Another
extreme is shown to the right in the figure; here it is assumed that
the reaction and the force in the bottom flange are transferred to
the gusset plates acting as cantilevers fastened to the top flange.

== | == 1

i I i I

In the following figure it is assumed that the forces are transferred
in the joint line.

Force transfer

10.67 kN
47 x 125 P
—
—
—
—
—
—
—
- 47 x 100
N 10.05 kN
S —
\/2

62 mm round Bulldog connectors with 12 mm bolts 4.6 are chosen.
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1
t 16
—— ()71

ki =min{ 3h. 3-7.5 =0.71
47 47

a3’[ > ISdC

and
kz = 1
{ 1.5 }

ks = ming p, 310 =0.89

350~ 350 0.89

Foi = 25kikskyd2® = 25-0.71-1-0.89 - 62'° /1000 = 7.72 kN
For the bolts with f, = 400 N/mm?:

M, = 0.3f,d*® = 0.3-400 - 12*® = 76 750 Nmm

A density of 400 kg/m’ is assumed for spruce plywood:

fax = 0.11pd %% = 0.11-400 - 127 = 20.9 N/mm*

The angle between the force and grain direction in the bottom
flange member is estimated to be 65°:

koo = 1.35 +0.15d = 1.35 + 0.015 - 12 = 1.53
frox = 0.082(1 — 0.01d)p, = 0.082(1 — 0.01 - 12) - 310

= 22.4N/mm’

P fron _ 224

honk koo sin® o 4 cos’ «  1.53 sin? 65° + cos” 65°
= 15.58 N/mm*

From Expression (9.20a):
Rb,k - 401 kN

Per shear: Ry = R, + Ry = 7.72 4+ 4.01 = 11.7kN
Rd = kmode/'YM =0.9. 117/13 = 8.10kN
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The load components on bolt 1 in the grain direction (x) and
perpendicular to this direction (y) are:

Foq = 10.05/2 = 5.03kN
Fyq = 3.66-510/120 = 13.3kN

Fy=/F;+F,=142kKN <R;=2-8.1=16.2kN

The angle between force and grain direction is found from
tana = 13.3/5.03 = 2.64

a = 69° i.e. close to the estimated value.
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10
Diaphragms

10.1 Introduction

Diaphragms are often part of timber structures where one of their roles is
to resist lateral forces such as wind. Diaphragms are normally parts of
the structure with wood-based panels or gypsum plasterboards fixed
to a timber framing on one or both sides. In most cases the panels are
fastened by mechanical fasteners, but gluing may also be used which
can enhance the stiffness of the structures. Structural gluing should
only be done under factory-controlled conditions. Site gluing for
structural purposes is not recommended.

Figure 10.1 shows a simple building where the lateral loads from wind
or earthquakes are transferred to the supports by help of both horizontal
and vertical diaphragms. The loads on the fagades are transferred by the
wall structure to the roof diaphragm and from that to the gable
diaphragms and down to the ground. The roof diaphragms may be flat
or pitched.

Fig. 10.1 Diaphragms in a simple building
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10.2  Roof diaphragm (simply supported diaphragm)
For [ between 2b and 6b (Fig. 10.2), it may assumed that the moment is
resisted as tension/compression by the edge beams:

ol
Fedgebeam = % (101)

where v is the uniformly distributed (wind) load on the edge beam.
Provided the strength is determined by the fasteners and not the
panels, the shear forces may be assumed to be evenly distributed over
the width b, i.e. the load per nail becomes:

F:aT:a% (10.2)

where a is the nail spacing, 7 is the shear stress and Q is the shear force.
The nail load-carrying capacity may be taken 20% larger than the values
calculated according to section 9.3, because the large number of nails
reduces the variation. All nails shall be the same type at equal spacings
of not more than 150mm along the perimeter of the boards and
300 mm within the boards. All square-edges of panels must be supported
and nailed to the supports (i.e. joists, beams or noggings) as shown in

Fig. 10.3.

3

L L
4 A

Fig. 10.2 Simply supported roof diaphragm: (1) edge beam; (2) staggered panel
edge; (3) examples of panel lay-ups; (4) edge beam

Fig. 10.3 Fixing of panels to supports: (1) skew nailing of noggings; (2) nogging
skew nailed to beam; (3) panel nailed to edge batten

248

Copyright © ICE Publishing, al rights reserved.



Diaphragms

10.3 Wall diaphragm (cantilever diaphragm)

There are two design methods given Eurocode 5 for wall diaphragms,
namely Method A and Method B. Both methods are described in this
chapter where Method B is recommended to be used by the UK
National Annex.

10.3.1 Method A
A requirement for using this method is that the end studs are connected
directly to the ground or the construction below. It is assumed that (see

Fig. 10.4):

e the end stud is anchored directly to the support structure

e the wall consists of wood-based panels fastened to one or both sides
of the timber framing

e the spacing of fasteners along the perimeter of the wood-based
panels is constant at not more than 150mm for nails and
200 mm for screws

e the spacing of fasteners within the perimeter of sheathings should
not be more than twice the perimeter spacings, i.e. less than
300 mm

e the width of a wood-based panel is not less than h/4, where h is the
wall height

e the failure is caused by failure in the fasteners and not in the timber
or in the sheathing.

The load-carrying capacity of a wall made of n wall panels (see Fig. 10.5)
should be calculated as:

Rua=> Roai (10.3)

Fita

Fi, v,d

Fita Fita
(a) (b) (c)

Fig. 10.4 A typical wall panel: (a) external loads; (b) timber framing; (c) shear
stress on sheathing
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A

—— T -

L L L L L L L

7 7 7 7 71 7
M M @ M M ®) M

Fig. 10.5 Wall consisting of several wall panels of which panel (2) has openings
and panel (3) has a smaller width than the others

=

The load-carrying capacity of the panel i with wood-based panel on one
side should be calculated as:

. I.ZR}[,dbiCi

vdi —

(10.4)

a

where:

Ry, is the design lateral load-carrying capacity of one nail calculated
as in Chapter 9;

B {1 for b, > 0.5h
"7 1 2b/h forb; < 0.5h

a  is the fastener spacing.

(10.5)

The contribution from panel elements with openings should be dis-
regarded.

For wall panels with wood-based sheathing on both sides the
following rules apply:

e Ifthe sheathing and fasteners are of the same type and dimension, then
the total load-carrying capacity of the wall should be taken as the sum
of the load-carrying capacity of the individual sheathing on both sides.

e Ifdifferent types of sheathing are used, 75% of the load-carrying capa-
city of the weaker side may be taken into consideration if fasteners
with similar slip moduli are used. In other cases not more than 50%
of the load-carrying capacity of the weaker side should be used.

The external forces
Fi7c,d = Fi,ud = Fz;udh/b (10-6)

can either be transmitted to the sheathing in the adjacent wall panel or
transmitted to the structure situated above or below. When tensile
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forces are transmitted to the structure situated below, the panel should
be anchored by stiff fasteners.

Buckling of wall studs should be checked. Where the ends of studs
bear on horizontal framing members (i.e. bottom rail), the compression
perpendicular to the grain stresses in the bottom rail should be assessed.

The external forces that arise in wall panels containing door or
window openings and in wall panels of smaller width (see Fig. 10.6)
can similarly be transmitted to the structures situated above or below.

The buckling stability of the sheathing shall be verified. However, a
buckling investigation may be omitted for the wood-based panels if the
ratio of the clear stud distance b,,, and the sheathing thickness ¢ fulfil
the condition:

b/t < 100 (10.7)

10.3.2 Method B

Introduction
The UK National Annex recommends the use of Method B, instead of
Method A, in the UK.

Figure 10.6 shows a wall assembly consisting of walls (6, 7 and 8) each
made of wall panels (1, 2, 3, 4 and 5). Some of the panels (3 and 4) have
openings for windows (12) and doors (13) respectively. The wall panels are
made of timber frames covered by sheathing of wood-based panel products.
The wall panels are linked by a head binder across the wall panel joints.

For a wall panel to contribute to the in-plane (racking) strength of a
wall, the width of the wall panel should be at least the panel height

[ 1] g
@ ®

1]

Fig. 10.6 Wall assembly
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divided by 4. The fasteners of the sheathings to the timber frame should
be by either nails or screws, equally spaced around the perimeter of the
sheathings (wood-based panels) at not more than 150 mm centres for
nails and 200 mm for screws. The spacing of fasteners within the peri-
meter of sheathings should not be more than twice the perimeter spacing.

Where an opening is formed in a wall panel, the lengths of the wall
panel on each side of the opening should be treated as separate wall
panels.

The required connection strength between the vertical joints of
adjacent wall panels should be evaluated but should have a design
strength of at least 2.5 kN/m. The wall panels when joined together
to form a wall should be able to resist overturning and sliding forces
by either anchorage to the supporting structure or the permanent
actions applied to the wall or a combination of both effects. The wall
is loaded at the top by a horizontal racking force F, 4.

Load-carrying capacity
The racking strength R, 4 should be calculated as:

Rya=XRiu4 (10.8)
The contribution from wall i is:
Rv astener bi
Ripg = — 22k, kok, (10.9)
: %
where:

R, fustenera 1s the lateral design load-carrying capacity of an individual

fastener;

b; is the wall length, in m;

S0 is the basic fastener spacing, Expression (10.10) in mm;

kq is the dimension factor for the panel, see Expression
(10.11);

ki g is the uniformly distributed load factor for wall i, see
Expression (10.12);

ke is the fastener spacing factor, see Expression (10.13);

k., is the sheathing material factor, see Expression (10.14);

so = 9700d (10.10)

Pk
d is the fastener diameter, in mm;
Pk is the characteristic density of the timber frame, in kg/m’;
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% for %S 1 (10.11a)
b. 0.4 b

kg = (ﬁ) for # > land b; <4.8m (10.11b)
04 .

(%) for % > land b, > 4.8m (10.11¢)

where:
h is the height of the wall, in m;

kiy = 1+ (0.083¢; — 0.00847) (T) (10.12)
where ¢; is the equivalent uniformly distributed vertical load acting on

the wall, in kN/m, see (10.14a) and (10.14b).

ky = ! s +0.57 (10.13)
0.86—
S0
1 for sheathing on one side (10.14a)
ky =< Riydmax +0-5R;y gmin  for sheathing

Ri,v,d,max on both sides (10 14b>

where:

Riydme  1is the design racking strength of the stronger sheathing;
Riydmn 1is the design racking strength of the weaker sheathing;
Riydme  1is the design racking strength of the stronger sheathing.

The equivalent vertical load, g;, used to calculate k;, should be deter-
mined using only permanent actions and any net effects of wind together
with the equivalent actions arising from concentrated forces, including
anchorage forces, acting on the panel. For the purposes of calculating
k;, concentrated vertical forces should be converted into an equivalent
uniformly distributed load on the assumption that the wall is a rigid
body, e.g. for the load F; ., 4 acting on the wall as shown in Fig. 10.7:

zaFi vert,d
Qivert,d = b,z - (1015)

where:

a is the horizontal distance from the force F to the leeward corner
of the wall;
b is the length of the wall.
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Fi, vert,d * F, v,d
a L
A
d Fica ¥ Fita
f Fi,q,d ? Fi,q,d
N
b

Fig. 10.7 Determination of equivalent vertical load, g;, and reaction forces from
vertical and horizontal loads

The reactions should be calculated as:

Fica=Fia= Fiugh (10.16)
5y )by bi
where h is the height of the wall.

The external forces can be transmitted to the adjacent wall panel
either via the vertical panel-to-panel connections or via the structure
above or below the wall. When tensile forces are transmitted to the
structure below, the wall panel should be anchored with stiff
fasteners.

Compression forces in the studs should be checked for buckling.
Where the ends of vertical members bear on horizontal framing
members (i.e. bottom rails), the compression perpendicular to the
grain stresses in the horizontal members should be assessed.

The buckling of the sheathings under the action of shear force F, 4
may be disregarded provided:

b’t‘“ < 100 (10.17)

where:

b, is the clear distance between studs;
t is thickness of the sheathing.

The UK National Annex allows Annexes A, B and C of Eurocode 5 to
be used if required.
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accidental actions, 17-19
actions
eccentrically loaded joints, 194-196
partial factor methods, 17-20
serviceability limit states, 24-25
see also loads
A-frame trusses, 100
Annexes, 11-14
beam defection, 28
flooring, 30
wall diaphragms, 251, 255
annual rings, 32-33, 36
see also shanks
arches, 96, 98, 103—-104, 105, 154-156
axial-loading
bending, 112-115, 118, 121-122
bolts, 229-230
columns, 134-138, 140-141, 143
I-, T-, box-beams, 191-192
nails, 216-218
screws, 232-234
stresses, 112—-115, 118, 121-122,
178-179, 187-188

bark, 32
battens, 96, 97, 163164, 167
beams, 106—133
bracings/compression, 116, 173
curvatures, 144—153
defection, 28, 29
dowels, 200
end notches, 129-132
flanges, 185-193
glulam, 61-62
main/secondary members, 96, 97, 98,
99-101, 104
thin webs, 177-184
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bending
axial stresses, 112—-115, 118,
121-122, 178-179
bracings, 173
columns, 135-136, 138—140, 143
compression/tension, 113-121,
125-126
correction factors, 204
curved beams/frames, 144—-145, 159
deflection, 188
dowels, 199-200, 201
glulam, 64, 65-66
I-, T-, box-beams, 182-183
shear stresses, 127-129
single tapered beams, 122-124
strength classes, 55-56, 58
thin webs, 177
three-hinge arches, 154-155
trusses, 163-164
see also deflection
block compression, 109
blue stain fungi, 42
boarding, 54-55, 71-76, 185-186, 215,
229, 247-248
see also oriented strand boards
bolts, 83-85, 225-230, 227, 244-246
laterally loaded screws, 231
main/secondary members, 101
pressed-in connectors, 242-243
see also connectors; fasteners; joints;
nails; screws
boomerang beams, 100
borers, 4243
box-beams, 119, 174-193
bracings, 161, 164, 169-173, 185, 229
British Standards Institution (BSI), 8, 14
brown rot, 42
buckling
arches/frames, 154
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buckling (continued )
bracings, 171
columns, 134, 143
compression/tension, 116, 117,
125-126
panel shear stresses, 180
rolling shear, 184
stress skin panels, 186
trusses, 161
wall diaphragms, 251, 254-255
Bulldog connectors, 94-95, 244245

camber, 63, 148—-150
cantilevers, 198, 201, 244, 249-255
carriage bolts, 84
carrying capacities
axial stresses, 178
axial/lateral loading, 217-218
axially loaded screws, 232-233
axially-loaded nails, 216-218
bending, 116, 125-126
bracings, 171
columns, 136, 138, 140-143
connectors/fasteners, 198—-199, 219,
220-221, 223, 235-240
correction factors, 204
curved beams/frames, 144
design values, 210
double shear joints, 203
dowels, 199-210
eccentrically loaded joints, 196
effective nail number, 211
end grain/nails, 212
failure modes, 206—-207
grooved-in connectors, 237-240
joints/fasteners, 79-83, 85-87,
89-91, 89, 94
lateral wood-to-wood connections,
210
lateral-loading, 215, 230-231
multiple fastener joints, 209
multiple shear joints, 228
plasticity, 197
pressed-in connectors, 241-242
shear stresses, 129
splitting, 207-208
staples, 224
steel-to-wood connections, 205—-206
structural detailing, 228
trusses, 165
wall diaphragms, 249-250, 252-255
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casein glues, 67
CEN see European Standards
Organisation
centrally-loaded connections, 194
centres of gravity, 197, 198, 220
characteristic actions
creep, 26
partial factor methods, 16-17
serviceability limit states, 24-25
see also loads
chemical wood protection, 48
clamping pressures, 59-60
CNC see computer numerically
controlled wood machines
coach bolts/screws, 84, 87
collar trusses, 100
coloutless polyurethane glues, 61
columns, 96, 97, 134-143, 178
combination values, 17-18
composite cross sections, 174—176
composite glulam, 65-66
compression, 106—121
axial loading/stresses, 121, 178-179,
188
bracings, 172, 173
connectors/fasteners, 221, 244
curved beams/frames, 160
end notches, 129, 130
grain/load, 112-113
I-, T-, box-beams, 182-183, 190, 192
roof diaphragms, 248
shear stresses, 193
single column bracings, 169
single tapered beams, 123
strength classes, 58
stress skin panels, 185, 186
thin webs, 177
trusses, 161, 163—-164
wall diaphragms, 251, 254
see also columns
computer numerically controlled (CNC)
wood machines, 80, 86
Conformité Européen (CE) marks,
10-11
connectors, 87, 89, 93-95, 93,
194-246
bolts, 225-230
design values, 210
dowels, 230-231
joints, 237-246
nails, 210-223



plasticity, 197

punched metal plates, 91-92, 96, 97,
101, 161, 163-164

screws, 231-234

staples, 223-225

timber-to-timber, 85, 94, 203-205,

225-228, 239
see also bolts; fasteners; joints; nails;
screws

construction products, 32-95
density, 40-41
durability, 41-50
fasteners/joints, 79-95
fire, 50-52
glulam, 59-66
laminated veneer lumber, 76-77
marketing/sawing, 52-55
moisture content, 36—40
particleboards, 71-73
plywood, 67-71
strength classification, 55-59
structural timber, 52—59
tree structure, 32-52
wood-based panel products, 67-79
wood-fibre boards, 73-76
continuous beams, 99
corrosion
bolts/dowels, 86
nails/screws, 83, 84, 86, 87
punched metal plate fasteners, 92
cracks, 36, 40, 64-65, 128-129
creep, 25-26, 144, 176
creosote, 48
cross-section constants, 177, 186—-187
cupolas, 104
curing, 60, 71, 74, 76, 718
curved beams, 144—153

dead knots, 34-35

dead loads
compression/tension, 107-108, 111,
115-116
curved beams/frames, 147, 151, 156,
159

design actions, 18
I-, T-, box-beams, 189-190
three-hinge arches, 154
trusses, 165-167
decomposition, 74
deflection, 28, 29, 184, 188—-189

axial stresses, 178
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bending, 116-117, 126
bracings, 171, 172
camber, 63
columns, 134-136
compression/tension, 124
curved beams/frames, 158
end notches, 132
flooring, 30
laterally loaded columns, 138-140,
142, 143
single column bracings, 169
strength classes, 55-56
tapered beams, 124, 125
three-hinge arches, 155
trusses, 167-168
see also bending
deformations
compression/tension, 109, 124
creep, 25-26, 28
curved beams/frames, 144—145, 157
double tapered beams, 124
dowel load-carrying capacity, 200
dowels, 201-202
I-, T-, box-beams, 176
joints, 27
moisture content, 38—40, 75
plywood, 68, 72
pressed-in connectors, 243
shear, 26
trusses, 163
‘defribrator’ methods, 74
delamination, 64
density, 40-41, 65
particleboards, 73, 76
tree structure, 36
wood-fibre boards, 74-75, 76
design, 14-15, 18
connectors/fasteners, 210
durability, 44—47
software, 161
design loads, 131-132, 170, 221, 223,
224
see also dead loads; snow loads
detailing rules
axially-loaded nails/screws, 234
dowels, 230
grooved-in connectors, 239-240
lateral-loading, 215, 231-232
nails, 213-214, 216
pressed-in connectors, 242-243
staples, 224-225
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diaphragms, 247-255
directions of wood, 36, 39-40
discolouring fungi, 42
distances
bolts, 229
connectors/fasteners, 207, 223
dowels, 231
edges/ends, 234
grooved-in connectors, 239-240
main/secondary members, 96-98, 99
multiple fastener joints, 209
nails, 212, 214, 216
pressed-in connectors, 243
staples, 225
wall diaphragms, 249, 252-253
distortions, 39-40, 173
double shear connections, 199-201,
203-206, 210, 228, 230
double tapered beams, 122, 124, 125, 150
dowels, 85-86, 101, 107, 199-210,
230-231
dry density, 40
dry rot, 42
dry wood-fibre board production, 73-74
drying, 40
durability, 41-50, 58

earthquake loads, 247
eccentrically loaded joints, 194—197
edge knots, 35
elasticity, 58, 116-117, 119, 169
connectors/fasteners, 197, 198, 220
I-, T-, box-beams, 174
stress skin panels, 185, 186
thin webs, 177
electric moisture meters, 37
electro-zinc coating, 92, 218
embedded knots, 34
embedding strength
bolted connections, 226
connectors/fasteners, 211, 214-215,
229, 235
double shear connections, 205-206
dowels, 200-201
plywood, 228-229
EMC see equilibrium moisture content
end notches, 92, 129-132, 249
epoxy glues, 89
equilibria, 21-22, 197
connectors/fasteners, 222
curved beams/frames, 145
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dowels, 201-202
eccentrically loaded joints, 195
structural detailing, 228
equilibrium moisture content (EMC),
37-38
Euler stresses, 134—135
Eurocodes, 8—-16
National Annexes, 11-12, 13
National Regulations, 9-10
Nationally Determined Parameters,
12-13
Public Authority Requirements, 9-10
European design principles, 8-31
European Standards Organisation
(CEN), §, 11-12, 50
European Yield Model (EYM), 200, 204
Europly plywood, 69-70
EYM see The European Yield Model

face knots, 35
failure modes, 206-207, 209, 232
fasteners, 79-95, 194-246
columns, 137
compression/tension, 106
design values, 210
dowels, 199-210
main/secondary members, 101, 104
nailed connections, 210-223
wall diaphragms, 249-253, 254
see also bolts; connectors; joints; nails;
screws
fibre saturation points, 37-39
fibreboards, 74-75
finger-joints, 104, 155-156
fire, 19, 50-52
flanges
axial stresses, 178, 188
beams, 185-193
bracings, 171
connectors/fasteners, 222-223,
244-245
deflection, 184
I-, T-, box-beams, 177-179, 181-184,
189, 191
shear stresses, 179, 193
splicing, 192
thin webs, 177
trusses, 167
flooring, 29-31, 185-186
frames, 103—104, 105, 154-160,
251-252



frequent actions, 24-25

friction, 162-163, 202, 216-218
fundamental design actions, 18—19
fungi, 41-42

glued laminated timber see glulam
glues, 67-68, 71, 74-79, 89-90, 193,
247
glulam, 59-66
arches/frames, 154
bolts, 89, 229
columns, 136, 137, 169-170
compression/tension, 120, 123,
125-126
curved beams/frames, 146, 147, 151,
158
delivery, 59-64
end notches, 130
main/secondary members, 96, 97, 98,
99-101
stress skin panels, 185
three-hinged arches, 155-156
trusses, 161
grading, 55-56, 58, 136
grains, 111-113
bolt connections, 226, 227
compression, 108, 109-111, 221
connectors/fasteners, 223, 235,
245-246
curved beams/frames, 144145, 146,
148, 153
detailing rules, 213
grooved-in connectors, 237, 239-240
I-, T-, box-beams, 189
multiple fastener joints, 209
nails, 211, 212, 216
pitched cambered beams, 148-150
splitting, 207-208
tension, 106—-109, 124
wall diaphragms, 251, 254
gravity, 197, 198, 220
grooved-in connectors, 237-240
gussets, 93, 101, 104
connectors/fasteners, 223, 235
I-, T-, box-beams, 189
trusses, 161, 164
gypsum, 247

hard oil tempered boards, 74
hard-density fibreboards (HDF), 74-75
hardboards, 215
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hardwoods, 56, 58, 231-232
Harmonised standards (hENs), 11
hazard classes, 44, 49

HDF see hard-density fibreboards (HDF)
head tear-off capacity, 233

heartwood, 36

heat treatment, 50

hENS see Harmonised standards
homogenous glulam, 65-66

hot-dip zinc coating, 217-218

I-beams, 77, 78, 174-193

imposed loads, 107-108, 111

inertia, 175-176, 196, 197, 220

informative Annexes, 14

inlaid connectors, 93

insects, 42—43

instability, 116—119, 143, 154155, 178,
182-183

joiner’s glues, 67
joints, 79-95
columns, 137
connectors, 237-246
deformations, 27
fire, 51
main/secondary members, 96, 97, 104
shear stresses, 188
trusses, 164
see also bolts; connectors; fasteners;
nails; screws

Kerto veneer lumber, 76-77
knots, 34-35, 134-135

lag screws, 87
lamellas see glulam; laminations
laminated strand lumber (LSL), 78, 79
laminated veneer lumber (LVL), 7678,
79, 101, 161, 177, 185
laminations, 59, 144, 150, 151, 154-156
see also glulam
large trusses, 101-102
lateral instability, 116119, 143,
154-155, 178
lateral-loading, 210-215
bolts, 225-229
columns, 138-143
nails, 218
screws, 231-232
torsional buckling, 143
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leading actions, 19-20
limit states, 14-16, 21, 22-25, 28, 29,
186
live knots, 34-35
live loads, 19-20
loads
bracings, 169-170, 171-172
central connections, 194
columns, 134-138, 169
compression/tension, 107—108,
109-113, 115-118, 120,
121-122
connectors/fasteners, 245-246
creep, 25-26, 28
curved beams/frames, 147-148,
151-153, 156-157, 158
eccentric joints, 194-197
end notches, 129, 131-132
flooring, 30
I-, T-, box-beams, 181, 189-190
lateral connections, 225-229
laterally loaded columns, 138-143
partial factor methods, 16-20,
21-22
shear stresses, 128
stress skin panels, 185
three-hinge arches, 154-155
trusses, 162-164, 165-168
see also carrying capacities
longitudinal directions see directions of
wood
LSL see laminated strand lumber
LVL see laminated veneer lumber

M10-M24 bolts, 83-84
machine bolts, 85
machined grading, 55-56
machined wood production, 53, 79
main members, 96—-105
marine borers, 42—43
marketing, 52-55
marking, 56, 58-59
‘masonite’ methods, 74
material parameters, 16—17

see also mechanical properties
MDF see medium-density fibreboards
mechanical fasteners, 104, 137
mechanical grading, 55-56
mechanical properties, 16—17, 20
medium-density fibreboards (MDF),

14-15
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melamine formaldehyde, 71

melamine-urea glues, 61

metal plate connectors/fasteners, 91-92,

96, 97, 101

mills, 243

modal damping ratios, 29

moisture content, 36—40
axially-loaded nails, 218
deflection, 188—-189
fungi, 41-42
glulam, 61-62, 64-65
heat treatment, 50
particleboards, 72
plywood, 68
service classes, 20-21
structural detailing, 228
vacuum impregnation, 48
wood-fibre boards, 74, 75

mould, 42

multiple connections
fastener joints, 194-199, 209
shear, 209, 228

N-trusses, 101
nail/nailing plates, 92, 93
see also punched metal plate
connectors/fasteners
nails, 81-83, 211-212
axial-loading, 216-218
bracings, 170-171
connections, 210-223
curved beams/frames, 153
end grain, 212
laterally loaded screws, 231
main/secondary members, 99
roof diaphragms, 248
steel-to-timber connections, 216
wall diaphragms, 249-252
see also connectors; fasteners; joints
National Annexes, 13, 14
beam defection, 28
Eurocodes, 11-12
flooring, 30
wall diaphragms, 251, 255
National Regulations, Eurocodes, 9-10
National standards bodies, 11-12, 13
Nationally Determined Parameters
(NDPs), 12-13
natural durability, 43—-44
NCCI see non-contradictory
complementary information



NDPs see Nationally Determined
Parameters

nearly round staples, 223-224

nodes, 162-163, 166—168

non-compulsory requirements, 14

non-contradictory complementary
information (NCCI), 13

normative Annexes, 14

on site glulam handling, 64

optimum distances see distances

oriented strand boards (OSBs), 71-72,
73-74, 215, 229

overlapping nails, 213

panel products, 67-79
panel shear stresses, 179-180
parallel N/V-trusses, 101
parallel strand lumber (PSL), 78, 79
partial coefficient/factor methods,
14-15, 16-24
particleboards, 71-73, 185-186, 215,
229
peeled plywood, 69
permanent actions, 17-18, 19-20,
140-141, 253
persistent fundamental design actions,
19
phenol glue, 71
pitched beams, 100, 148-150
piths, 32
planed timber, 53
plasterboards, 247
plasticity, 197, 198—199, 200-201, 222,
244
plywood, 67-71
connectors/fasteners, 223
embedding strength, 215
I-, T-, box-beams, 181, 189-190
laterally loaded bolted joints, 228-229
stress skin panels, 185-186
point loads, 30, 162-163, 185
polar moments of inertia, 196, 197, 220
polyurethane glues, 61, 89
porous fibreboards, 74
preservatives, 48, 50
pressed-in connectors, 93-94, 241-243,
244-1245
pressure, 48—49, 51-52, 59-61, 91-92,
199-200

see also compression
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processed wood production, 53—54, 79

protection, 48-50

PSL see parallel strand lumber

Public Authority Requirements, 9-10

pull-through resistance, 233

punched metal plate connectors/
fasteners, 91-92, 96, 97, 101, 161,
163-164

pure bending/torsion, 116, 117, 132-133

purlins, 114-116, 220

quasi-permanent actions, 24-25, 28

racking, 252-253
radial directions see directions of wood
rafters, 164, 171
rail compression, 109
raised tie trusses, 100
rectangular beams/columns, 130, 140
rectangular staples, 223-224
relative humidity (RH), 37-38, 72-73
‘residual standards’, 13
resistance, 22-24, 50-52, 233, 247
see also diaphragms
resorcinol glues, 61
retardants, 51-52
RH see relative humidity
ring connectors, 81-83, 93, 216,
217-220, 223, 237-240
robustness, 31
rolling shear, 183-184, 188, 193
roofing
curved beams/frames, 146
diaphragms, 247-248
I-, T-, box-beams, 181, 189
stress skin panels, 185-186
trusses, 161, 163
rope effect, 204-206, 221, 223
rot, 42
round nails/staples, 82, 223-224
‘rump standards’, 13

safety, 1415, 31

sanding, 68

sapwood, 36

sawing, 52-55

scaffolding, 54-55

scissor trusses, 101, 103

screws, 82-83, 86-87, 88, 89

connectors/fasteners, 231-234,

236-237
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screws (continued )
curved beams/frames, 153
main/secondary members, 99
wall diaphragms, 252
see also bolts; connectors; fasteners;
joints; nails
secondary members, 96—105
section moduli, 113, 131
seismic actions, 17-18
self-drilling/tightening screws, 87, 88
service classes, 20—22
serviceability, 15-16, 18, 24-31, 82,
214
SES screws, 88
shakes, tree structure, 36
shanks, 81-83, 216-218, 220, 223, 231,
233
shear, 203-204, 209, 228, 237-240
compression/tension, 127-133
connectors/fasteners, 93, 235, 245
curved beams/frames, 148, 158
deformations, 26
dowels, 199-201
lateral wood-to-wood connections,
210
plywood, 69, 71
punched metal plate fasteners, 91
rolling shear, 183-184
roof diaphragms, 248
rope effect, 205
steel-to-wood connections, 205-206
strength, 58
stress skin panels, 186
stresses, 179-180, 188, 192-193, 249
three-hinge arches, 155
torsion, 132-133
wall diaphragms, 255
sheathing, 249, 250-253, 255
sheet piling, 55
short beams, 108
shrinkage, 39, 48, 68
side knots, 35
sieving, 71
simplified truss design, 162-164
Simpson Strong Ties, 220
single column bracings, 169-171
single shear connections, 201, 203, 205,
210
single tapered beams, 122-124, 148
single-sided tooth-plate connectors, 94
single-span beams, 99
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skew nailing see slant nailing
skins, 185-193
slant nailing, 216, 218
slip
joint deformations, 27, 29
nails, 214, 216
pressed-in connectors, 243
slotted screws, 87
smooth nails, 81, 82-83
axial/lateral loading, 216-217, 218
connectors/fasteners, 219
detailing rules, 213
end grain, 212
smooth rods, 89
smooth screws, 231
snow loads
compression/tension, 115-116
curved beams/frames, 147, 151,
156-157, 159
I-, T-, box-beams, 189-190
three-hinge arches, 154-155
trusses, 165-167
software, 161
softwoods, 56-57, 110, 231-232
solid beams, 99-100
spacing see distances
spans, 185-187
splicing, 192
split-ring connectors, 93
splitting, 192, 207-208
square twisted nails, 81-82
staples, 223-225
statical systems, 21, 22, 31, 127, 162,
195
steel, 51, 87, 92, 94
wiring, 81
wood connections, 205-207, 216,
229, 239
stiffness
bending, 119
bracings, 171, 173
compression, 173
deflection, 188
diaphragms, 247
end notches, 131-132
glulam, 65-66
hardwood, 56
heat treatment, 50
I-, T-, box-beams, 181-182, 189-190
laminated veneer lumber, 77
multiple fastener joints, 209



particleboards, 73-74, 76
plywood, 69-70
serviceability limit states, 24
single column bracings, 169
stress skin panels, 186
wood-fibre boards, 75-76
see also strength
straight beams, 104, 116-117
straight members, 106—133
strand boards, 71-72, 73-74
see also oriented strand boards
strength
axially-loaded nails, 217
bending, 119
bolts, 226, 229-230
bracings, 171, 172, 173
classification, 55-59, 65—-66
connectors/fasteners, 223, 235
curved beams/frames, 144145, 146,
147, 148, 151-153, 160
dowels, 200-201
end notches, 131-132
flange splicing, 192
glulam, 65-66
hardwood, 56, 58
heat treatment, 50
I-, T-, box-beams, 181-182, 189-190
laminated veneer lumber, 77
lateral wood-to-wood connections,
211
lateral-loading, 214-215, 229
main/secondary members, 104
multiple fastener joints, 209
partial factor methods, 22-23
particleboards, 73, 76
plywood, 69-70, 228-229
roof diaphragms, 248
shear stresses, 129
single column bracings, 169
softwood, 56, 57
steel-to-wood connections, 205-206
three-hinge arches with curved
corners, 154-155
trusses, 164
wall diaphragms, 252-253
wood-fibre boards, 75-76
stress skin panels, 185-193
stresses, 178—179
I-, T-, box-beams, 176
shear, 127-129, 179-180, 183-184,
188, 192-193
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thin webs, 177
see also bending; compression; tension
structural timber, 52-59, 96-105
columns, 136, 137
end notches, 130
single column bracings, 169-170
trusses, 161
surface fissures, 69
surface treatment, 49, 51-52
Swedlam veneer lumber, 76-77
swelling, 39, 48, 68

T-beams, 174-193
tangential directions see directions of
wood
tapered beams, 100, 101, 122-126, 148,
151, 157
tapered columns, 159
temperature, 37-38, 41
tension, 106—121
axial-loading, 121, 179, 187, 233
connectors/fasteners, 235, 236, 244
curved beams/frames, 145-146,
147-148, 153
double tapered beams, 124
dowels, 199
end notches, 129, 130
flange splicing, 192
grain/load, 111, 112, 124
I-, T-, box-beams, 190-191
main/secondary members, 100
pitched cambered beams, 149-150
roof diaphragms, 248
shear stresses, 193
single tapered beams, 123
splicing, 192
splitting, 192, 207-208
strength classes, 58
stress skin panels, 185, 186
thin webs, 177
wall diaphragms, 251, 254
see also bending
tension ties, 100
The European Yield Model (EYM), 200,
204
thickness
axial stresses, 187
connectors/fasteners, 219
curved beams/frames, 144—-145, 156
detailing rules, 213
grooved-in connectors, 237-238

267



Practical design of timber structures to Eurocode 5

thickness (continued )
lateral wood-to-wood connections,
210
particleboards, 72-73
pressed-in connectors, 241, 243
shear stresses, 127
splitting, 207-208
steel-to-wood connections, 205-206
stress skin panels, 185
thin webs, 177-180
threaded nails, 216, 217
threaded rods, 89
‘three dimensional connectors’, 87
three-hinge arches, 154-156
three-member connections, 154—156,
209, 213
tie trusses, 100
timber-to-timber connections see
connectors
tolerances
glulam, 63
sawing/marketing, 53-54
tongue-and-groove edges, 55, 69
tooth-plate connectors, 241-243
torsion, 116-118, 120, 132-133, 143,
177
transformed cross sections, 174—176
transient fundamental design actions,
19
trees, 32-52
density, 40-41
durability, 41-50
fire, 50-52
growth, 33-34
moisture content, 36—40
structure, 32-36
‘triangles’, pitched cambered beams, 148,
153
triangulated corners, three-hinged
arches, 155-156
triangulated trusses, 163—164
trusses, 101, 161-168
bracings, 171, 172, 173
connectors/fasteners, 222-223, 244
main/secondary members, 96, 97,
99-103
rafters, 91
structural design, 162-168
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two-sided tooth-plate connectors, 94

U-beams, 156

UK design principles, 8—31
ultimate limit states, 15-16, 21
unity, 110

urea glue, 71

V-trusses, 101
vacuum impregnation, 48—49
variable actions, 17-18, 19-20
veneers, 7678, 79, 101
shear stresses, 193
stress skin panels, 185
thin webs, 177
trusses, 161
verification, 22-23, 24
vibrations, 2830
visual grading, 55-56

wall diaphragms, 249-255

warping constants, 117

washers, 84, 85, 228, 230, 243

water see moisture content

webs, 177-180

wet density, 40

wet rot, 42

wet wood-fibre board production,
3-74, 75

wind loads, 115-116, 140-141, 229,
247-248, 253

withdrawal capacities, 205, 216-218,
223

wood cells, 33

wood-based panel products, 161, 247,
251-252

wood-based panel-to-wood connections,
203-205, 228-229

wood-fibre boards, 73-76

wood-to-wood connections see
connectors

W-trusses, 165

yield capacities, 197, 198-202,
210-211, 225, 235

zinc coating, 217-218
zipper failure, 90



