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ABSTRACT

The municipality of Mariestad is planning to buildl multiple kingpost truss
pedestrian bridge over the river Tidan in year 20dith the mission name tHgridge
over Tidan The bridge is designed with three spans of 22ersetach and the
loadbearing truss system is 3 meter high. The trsidecated on each side of the
bridge deck. The joints are designed according t@aditional carpentry method, so
called timber framing, with very few steel partsconnections. A timber framed joint
is a timber-to-timber joint which is manufactureg tutting the wood pieces to a
locking configuration. Anders Frgstrup, at Timbe$,Ahas conducted a preliminary
design of the bridge and the timber framed joiftke details of the joints are
presented in a 3D-computer-model. There are imporequirements for structural
design when timber framing are used in larger siines. The designs of the few
structures with timber framing that exist today afeen based on earlier design or
design rules from older references. This can beedtby the absence of a section
related to timber framed joints in the current Eagan design code, Eurocode 5. The
principle objective of this Master's Thesis was design the most critical timber
framed joint in theBridge over Tidaraccording to existing design rules. It was also
important to achieve a greater understanding ofrieehanical behaviour of a timber
framed joint, as well as to investigate the apjliiy of the design rules in Eurocode
5. A literature study was conducted to understdrad mhechanical behaviour of the
multiple kingpost truss bridge and the design tfrder framed joint. Furthermore, a
global analysis was conducted to obtain the ddsiga of the most critical joint. The
analysis included three specific load cases wheghiasented some of the worst load
situations. The analysis was carried out with théef element software Abaqus with
the application Brigade/Plus. The literature stwdgether with the global analysis
showed that the cogging joint was the most critjoait in the timber truss since it
had no redundancy. Failure of the cogging joint lgihd to a mechanism resulting in
a total collapse of the bridge. Three conventiaeasigns of cogging joints have been
found, one of which Anders Frgstrup has suggestedfidge over Tidan These
designs resulted in different strength of the joiflhe three key parameters which
determine the maximum strength of a cogging joietevfound to be compression
perpendicular to grain, distribution of stressesl amumber of supporting contact
surfaces. The sketched cogging joint in the gl@xicomputer-model received from
Anders Frgstrup has shown sufficient strength toycthhe normal force by contact
only when strength class D50 is used.

Key words: multiple kingpost, timber truss bridgeyber framed joint,
cogging joint.
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SAMMANFATTNING

Mariestads kommun planerar att bygga en trafaclebedkover floden Tidan ar 2014,
med uppdragsnamBron Over TidanBron, som &r en gang- och cykelbro bestar av
tre 22 meters sektioner med en hojd av 3 metefdmi@adningarna i fackverket ar
konstruerade enligt traditionell hantverksmetodkalfad stolpverkskonstruktion, med
mycket fa staldelar i anslutningarna. En traforbind tillverkas genom att passa in
trabalkar/pelare i en sammanfogad lasning. AndemstFup vid Timber AS, har
genomfort en preliminar utformning av bron och dréindningarna. Detaljerna i
traforbindningarna presenterades i en 3D-dator-thoddtformningen av de
stolpverkskonstrukioner som finns idag &r ofta bade pa tidigare konstruktioner
eller konstruktionsregler fran aldre referensertt®enarks genom franvaron av ett
avsnitt som ror traférbindningar sasom stolpverksitaiktion i nuvarande europeiska
konstruktionsregler, Eurokod 5. Huvudsyftet med taleexamensarbete var att
dimensionera den mest kritiska traférbindningeldron over Tidanenligt gallande
konstruktionsregler. Det var ocksa viktigt att fasdrre forstaelse for det mekaniska
beteendet hos traférbindningar i allménhet, sarmtuatlerséka tillampligheten av
konstruktionsregler i Eurokod 5. En litteraturseidjenomfordes for att forsta det
mekaniska beteendet hos en fackverksbro och tiaftinimgar i allmanhet. Vidare har
en global analys av trafackverksbron utforts fdaremhalla dimensionerande last av
den mest kritiska traférbindningen. | analysen dhgire specifika lastfall som
representerar nagra av de varsta lastsituationar kam uppsta pa bron. Analysen
genomfordes med finita element programmet Abaqusd megpplikationen
Brigade/Plus. Litteraturstudien tillsammans med dkbala analysen visade att den
mest kritiska traférbindningen kunde lokaliseras dien yttersta stét och ansats
traforbindningen eftersom den inte har nagon redoadEtt brott i den yttersta stot
och ansats traférbindningen kommer att leda tilireskanism som resulterar i en total
kollaps av bron. Tre konventionella dimensionermgtder anpassade for stét och
ansats traforbindning hittades. Anders Frgstrupimindra design av stét och ansats
traforbindningen forBron Over Tidankan harledas till en av dessa metoder.
Dimensioneringsmetoderna resulterade i olika utfong. De tre nyckelparametrar
som paverkar barformaga i en stdt och ansats hiafiming befanns vara tryck
vinkelratt fibrerna, spanningsdistribution over igghingsytor och antal stédjande
anliggningsytor. Stét och ansats traforbindningelen globala 3D-dator-modell som
erhallits fran Anders Frastrup har visat tillragkbarformaga for hallfasthetsklass
D50 och kan darmed bara normalkraften genom arnhggn

Nyckelord: Fackverksbro av tra, aldre traférbindpirstét-och-ansats, FE-analys,
mekaniskt verkningssatt, barformaga, stolpverkskahkton
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Preface

In this study, a design of a timber framed jointl @adesign evaluation of the multiple
kingpost truss bridg®&ridge over Tidarwas conducted. The study was carried out
from June 2012 to March 2013. The work was a ph# oonstruction project of a
bridge in Mariestad where the client is the muratty of Mariestad. The project was
carried out at the Department of Structural Engingge Steel and Timber Structures,
Chalmers University of Technology, Sweden. The gubjwas supervised by the
company COWI. Professor Robert Kliger was the exator of this Thesis.

This Master's Thesis was carried out by Anna Tetad supervisors were;
Magnus Backstrom, Tomas Svensson and Robert Kligeey are together with
Nils-Eric Anderson highly appreciated for their pias and guidance. | would also
like to thank Anders Frgstrup at Timber Frame AS Fis co-operation and
involvement.

Goteborg March 2013
Anna Teike
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Notations

Roman upper case letters

EL, Bending stiffness in the x-direction

El, Bending stiffness in the y-direction

E, Modified E-modulus in the x-direction for the canted bridge deck
E, Modified E-modulus in the y-direction for the camnted bridge deck
E1l Elastic modulus in the local x-direction for thenmerical model

E2 Elastic modulus in the local y-direction for thenmerical model

E3 Elastic modulus in the local z-direction for thenmerical model
NU12 Poisson’s ration in the local xy-plane for the rauital model

NU13 Poisson’s ration in the local xz-plane for the euical model

NU23 Poisson’s ration in the local yz-plane for the euical model

G12 Shear modulus in the local xy-plane for the nuoannodel

G13 Shear modulus in the local xz-plane for the nuoatimodel

G23 Shear modulus in the local yz-plane for the nuoatimodel

D40 Strength class for hardwood species accordindN@E8

D30 Strength class for softwood species accordingN@ES

Qserva Distributed “concentrated” force for a front wheélthe service vehicle
Qserva Distributed “concentrated” force for a rear whegthe service vehicle
AF Cogging joint design by Anders Frostrup

Cogging joint design according to design method 2
C Cogging joint design according to design method 2

Cogging joint design according to design method 1

Roman lower case letters

grl Load group 1 according to EN 1991-2:2003 5.5 tdb 5
gr2 Load group 2 according to EN 1991-2:2003 5.5 tdb 5
a Frontal contact surface of a cogging joint

b Rear contact surface of a cogging joint

Frontal flatter contact surface of a cogging joint

d Rear flatter contact surface of a cogging joint
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Front notch of a cogging joint
Rear notch of a cogging joint

Front shear plane of a cogging joint

S Q@ N ®

Rear shear plane of a cogging joint

~.

End distance of a cogging joint

Greek letters

Yo Partial factor for ULS according to SS-EN 1990 Peh?2

vr;  Partial factor for variable load according to SIS-E990 6.3.2 (6.2b)

Yri  Action partial factor according to according to-E8 1990 6.3.2 (6.2b)

¥sa  Model partial factor according to SS-EN 1990 6(8.2b)

Yg Action patrtial factor according to SS-EN 1990 B.@.2b)

Y,  Partial factor for permanent load in ULS accordm@S-EN 1990 6.3.2 (6.2b)
Yo  Partial factor for variable load in ULS accordiogSS-EN 1990 6.3.2 (6.2b)
1) Angle between the force and the grain at the fpamt in the a cogging joint
B Angle between the force and the grain at thepadrin the a cogging joint
¢ Angle between the force and the grain at thepadrin the a cogging joint
o:.0a The load effect parallel to the grain

0:20q4 The load effect in form of normal compression @i 20 the grain

O.40q4 The load effect in form of normal compression @i 40 the grain

o.70q The load effect in form of normal compression @i 7o the grain

T The load effect in form of shear parallel to thaig
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1 Introduction

The municipality of Mariestad is planning to buddpedestrian timber truss bridge
over the river Tidan in year 2014, with the missimameBridge over Tidan The
bridge is of type; multiple kingpost bridgehich is described in more detail in
Chapter 3. It is designed with three inclined spah22 meter and the loadbearing
truss system is 3 meter high and is located abduwdéiidge deck, see front page. The
joints are constructed by a traditional carpentmgthnd, timber framing, with very
few steel parts in the joint. A timber framed joista timber-to-timber connection
which is manufactured by cutting the wood piecesattocking configuration; see
more about timber framed joints in Chapter 4.

The timber truss bridge has been designed by Andeastrup, at Timber AS. The
author has received a 3D-computer-model of the @mibuss bridge by Anders
Frastrup, see front page. The details of the cdromecare to some extent shown in
the 3D model but no results from a stress analysre received.

There are no easily accessible design rules fdretinframe joints. The reason could
be explained by the lack of experience in old timbechniques such as timber
framing and few or no technical rules for timbemfring in modern design rules, such
as Eurocode.

There is a certain demand of structural design kedge when timber framing are
used in larger structures. The design of the fembdéir frame structures that are
constructed in modern times are often based oree#irhber frame constructions or
design rules from older references. This can beedtby the absence of a section
concerning timber frame joints in recently reputdid Eurocode 5.

The evolution of timber structures today is mogtdgused on new timber products
such as Engineered Wood Products (EWP). Littlecorasearch is conducted in the
area of civil engineering concerning timber framehiniques.

Bridges with influences of old carpentry techniqua® often carrying a large
architectural. A greater knowledge of the accessi¢sign rules and mechanical
behaviour of timber frame joints will facilitate ancreasing number of constructed
timber frame structures as well as slender and mifi@ent dimensions.

1.1 Objectives and limitations

The principle objective of this Master's Thesis wasdesign one critical timber
framed joint inBridge over Tidaraccording to existing design methods. It was &dso
evaluate the corresponding preliminary designedeaimframed joint proposed by
Anders Frgstrup with respect to load-bearing capa€&iurthermore, it was also to
compare these design methods and highlight streargttweaknesses in each method.
A sub objective was to achieve a greater understgrmaf the mechanical behaviour
of timber framed joints as well as to investigdtte applicability of the design rules in
Eurocode 5.

One global bridge section with a span of 22 metas studied. The finite element
analysis (FEA) was based on a 3D-model with sevsiraplifications of the real
structure, see Chapter 5. Influences of climateditmms and dynamic response were
not considered.
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1.2 Method

A literature study was conducted to improve theansthnding of the mechanical
behaviour of the multiple kingpost truss bridge d@imtber framed joints in general.
Anders Frgstrups preliminary design of the timlvanfed joints were studied and put
into a perspective to other timber framed jointsthwthe literature study as a
background. The joints in th&ridge over Tidanwas studied and some design
recommendations are presented.

The most critical timber framed joint in thBridge over Tidanwas designed

according to existing design rules. The design lad calculated by a finite element
analysis (FEA) of one timber truss section, based reference loads from

Eurocode 0, 1 and 2 and Swedish national codes.ambbysis was carried out with
the finite element software Abaqus with the appiccaBrigade/Plus.

1.3 Outline

The content of this Master's Thesis is structuredoading to a basic to detail
approach. Three major parts can be distinguishedgereeral informative part, a
detailed design part and a concluding part.

The general informative part consists of Chaptér. ZHe first introduction of the
study object, th®ridge over Tidanwill be given in Chapter 2. Thereafter in Chapter
3 the reader will be introduced to the historicatelopment of structural systems in
timber truss bridges with a focus on the type; mpldtkingpost. Furthermore, the
mechanical behaviour of the different truss systentescribed in Chapter 4. Chapter
5 will provide the reader with a basic knowledgediferent timber framed joint
configurations and functionality in terms of histal design recommendations.

The detailed design part consists of Chapters 67aodether with Appendices E and
F. In Chapter 6 the timber framed joints are vieweoin a current research
perspective and several design recommendation basedumerical analysis are
presented. In addition, two unconventional desigthmds for the most critical timber
framed joint are presented, which was used in dlcalldesign. Chapter 7 describes
the numerical model and the simplifications madertable an efficient computational
process. Moreover, the loads are also presentechwill give the design load of
which the critical timber framed joint was desigrfed The explicit calculations and
implementation values of the input load and thepoutload effect in form of
characteristic stress and design stress can beediénv Appendix E. The detailed
design of the timber framed joint, according to ameentional design methods
presented in Chapter 6 and the design strengtidlms&urocode 5, are presented in
Appendix F.

The concluding part consist of the final Chapter$08which will summarize and
discuss the results of the design process andyfipegsent important conclusions of
this Master’s Thesis project. Suggestions of furtiesearch are also stated in the last
Chapter 10.
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2 Bridge over Tidan

The aim with this Chapter is to introduce the reaibethe Bridge over Tidan A
thorough description will be presented in termstlué structural system and the
material choice. A detailed description is chosefatilitate the understanding of the
mechanical behaviour as well as the simplificatioregle in the numerical model. The
purpose of this Chapter is also to introduce tbarigcal terms of trusses.

2.1 Terminology of trusses

The terminology is presented by an illustratiorfaailitate the understanding of this
Master’s Thesis report, see Figure 2.1.

TOP LATERAL BRACIHNG

PORTAL BRICING —— ‘

Ay

WEB CONSISTS OF
ENTIRE AREA BETWEEN
TP AND BOTTOM OHORDS

INCLINED END FPOST

i
vErTcAL ]

FTRINGERS —~_ - 7

END FLODR BEAM FLOOR BEAM

Figure 2.1  The terminology of trusses given inilarstration. (History American
Engineering Record, 1976)

2.2 Location

The bridge will pass over the river Tidan, with Ebde SE650960-138526, which is
an inflow to the largest lake in Sweden, Varnene bhidge is planned to be located
between Marieholmsbron and Gardesbron in the cefttbe town Mariestad, see
Figure 2.2.

B L. o

1 = Do,
ahy J b LA T v

A photograph taken from Gérdesbron ia threction of the planned
Bridge over Tidan (Google, 2009).

= e

Figure 2.2
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2.3 Construction process

The bridge will be constructed in two steps by thifferent carpentry teams. The first
step is the construction of one bridge span whidhb& performed by the company
Timber AS located in Tgnsberg, Norway. The secoiagh,sthe two latter bridge
sections, will be constructed by two carpenterstiglatHallgren and Mats Anderses,
which are former students at the University of Dap& All sections will be

manufactured in Timber AS workshop located in Tengb Norway. The bridge

section will then be transported to Mariestad whirevill be assembled. The
assembling process will be conducted by a groupaspenters with skills and
knowledge about timber framing, the compositiortre group is until this day yet
unknown.

2.4 Description of the structural system

A multiple kingpost truss system is chosen forBnelge over TidanThe mechanical
behaviour of the structural members is controllgdhe truss type, see Figure 2.3.

\’ = \‘ — tension

NS

— 4— compression

Figure 2.3 A multiple kingpost truss and the meataneffect on each structural
member (Frgstrup, 2012).

The structural system is basically two tall trussasying a bridge deck at the lower

chord. The framework is illustrated in Figure 2T4e truss consists of a compressed
upper chord, a web and a tensioned lower chord.chbeds are connected with struts
in the top and floor beams in the bottom. The wefststs of compressed diagonals
and tensioned vertical posts.

]

3066mm

3000mm

Figure 2.4  The 3D-model received from Anders Figsin the beginning of the
project (Fragstrup, 2012).

The bridge deck has a width of 3100 mm, length b®@0 mm and a thickness of
250 mm. It is composed of floor beams and deckwayds see Figure 2.5 and Figure
2.6. There are no stringers in the deck only clogelsitioned floor beams with a
dimension of 100 mm x 200 mm which rest upon theelochord. The floor beams
support a decking of boards with a dimension of @ x 50 mm. A total of 23
decking boards are placed along the width of tieiglerdeck, see Figure 2.5.
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23 decking boards
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Figure 2.5 The decking of the bridge which togetéh the girders compose the
bridge deck (Karlsson, 2012).

In Figure 2.4 only 12 floor beams are visible, batording to the tender documents,
composed by Evy Karlsson at Martin & Co (2012), fteor beams should be
positioned every 150 mm in the longitudinal direntisee Figure 2.6.

= 17

1
| gy ok g i | %) AT
totat e, AR R

150
Figure 2.6  The floor beams are positioned eve§ i#n (Teike, 2012).

The lateral stabilization is ensured by lateralcbrgs on the top and bottom of the
bridge, see Figure 2.7. The end sections havetemléracing in the top, but could
easily be added as a portal bracing to ensuretéiiidlisy of the end sections. In this
Master's Thesis it was assumed to be bracings dalmeires with an area of
201 x 16° m?. Hence, only tensile forces can be resisted bytheings. Two vertical
posts, one strut and one floor beam compose a tifmdome which can function as a
sway bracing provided that the timber framed joitdsinecting these part are firm.
The large height of the truss facilitates an additof sway bracings if certain
strengthening is required.
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Bracings in the top of the bridge

Figure 2.7  The bridge is stabilized by lateral bregs and frame action. In the
top: lateral bracings in the bottom positioned untiee bridge deck. In
the bottom: Lateral bracings in the top are posigd in the four middle
bridge sections (Karlsson, 2012).

There are six different configurations of timbearfred joints inBridge over Tidan
The primary load-bearing function of the joints described in terms of T for tension
and C for compression, to facilitate the understamof the mechanical behaviour in
each joint. The notations, T and C, are defineddoordance to loads applied in the
primarily vertical direction such as the self-weighihich generate a certain load
effect in the joint.

Figure 2.8 A timber framed joint loaded in tensidAT-T-T. Tensile stresses are
induced both from the lower chord, the vertical tpasd the floor
beams, when loaded in the vertical direction (Fr@st 2012).
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Figure 2.9 A timber framed joint loaded in commies and some tension,
CCCCC-T. Tensile stresses are induced from theicaérpost and
compressive stresses are induced from the stratdidigonals and the
upper chord, when loaded in the vertical direct{&ngstrup, 2012).

Figure 2.10 A timber framed joint loaded in tems&End some compression, TTT-C.
Tensile stresses are induced both from the lowerd;tihe vertical post
and the floor beams, compressive stresses are @dddoom the
diagonal, when loaded in the vertical direction @gstrup, 2012).
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Figure 2.11 A timber framed joint loaded in temsiand some compression, TT-C.
Tensile stresses are induced both from the lowerccland the floor
beams, compressive stresses are induced from tgorthl, when
loaded in the vertical direction, (Frastrup, 2012).

Figure 2.12 A timber framed joint loaded in cong®ien and some tension, CCCC-
T. Tensile stresses are induced from the verticat pnd compressive
stresses are induced from the strut, the diagomnal the upper chord,
when loaded in the vertical direction, (Frgstruf12).

CHALMERS Civil and Environmental Engineerinylaster’'s Thesis 2013:20



Figure 2.13 A timber framed joint loaded in congsien and some tension, CCC-T.
Tensile stresses are induced from the vertical po&t compressive
stresses are induced from the strut, the diagomal the upper chord,
when loaded in the vertical direction, (Frgstru012).

Small wedges are located at the top of the first seond vertical tie. This can be
described as an elongation of the diagonal to fieatise compressive stress.

Two types of wood species are used in the bridges and oak. Oak is in general
stronger than pine and has particularly a highemgressive strength perpendicular to
the grain. The vertical posts and part of the |lat@d beam are made of oak and the
remaining parts consist of pine. The most outereugart of the laminated beam is
made of oak due to large compressive force fromirthkned end post, see Figure
2.14. The multi-directed compression stress inapeof the vertical post makes oak a
very good choice of material.

Oalk Pine

Figure 2.14 There are two different materials, @aid pine, in the bridge located in
some part of the lower chord and in the verticastgqKarlsson, 2012),
(Revised: Teike, 2013).
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3 Historical review of the timber truss bridge

This Chapter present timber truss bridges with ifipgouch-downs in time and place
to emphasize historical contributions of a newdrtygpe. The scope of the historical
review is limited to cover the US and the Europ&arber bridges, however it also
include some examples of arch bridges from Chirree [Bading countries in timber
truss bridge construction and design throughoubtysare Switzerland, Germany and
the United States of America (USA) (Yeomans, 19¢rance and United Kingdom
(UK) have to a large extent neglected timber agrwctiral material in bridges in a
historical perspective and instead primarily usesgomry and iron.

The historical review is divided into three parteustured both geographically and
chronologically; Part 1: The beginning and the ris®art 2: The declinationand
Part 3: The revival The first part describes the earliest documeniedber truss
bridges until the peak during the ™ @entury, which resulted in various types of
structural truss systems. Appendix A is recommenttede used actively while
reading part 1 to support the understanding of deeelopment of the structural
system in each touch-down in history. Appendix Awk a compilation of illustrated
timber truss bridges in the time rangéh]rﬁid-lgh century geographically limited to
Europe and the US. The appendix originates fronptperThe evolution of wooden
bridge trusses to 185@ritten by James (1982) which was limited to Amanicand
European timber truss bridges. The second partridbescthe declining number of
built truss bridges during the late™6entury and reasons of the declination. The last
part describes the comeback of the timber truskgbrin modern time.

3.1 Part 1: The beginning and rise

In the early years of mankind timber and vines wikeeobvious choice of material to
build bridges. The materials were easy to handiejaimts were conducted by use of
various kinds of tools and handcraft. The strudtayatem of a bridge was naturally
explored by a pragmatic approach. The load-beastngcture was most certainly a
large timber log from an adjacent tree acting asnaple beam or a woven string
structure relying on string forces. However, as kiraoh slowly developed and

gathered in small towns, a need of an infrastrecincreased. Temporary dwellings
were exchanged to permanent buildings with increasiolumes which in turn

increased the use of roads and bridges to the @mgecgies. This evolution required

a more complex structural system due to increasedand loads.

In Roman times, 753 BC until 476 AD, the Roman Bmps well as adjacent
kingdoms with great power built several bridgesuam Europe and in the Middle
East (Ritter, 1990). Not only Romans but also Resiand other great rulers wanted
to develop the infrastructure to facilitate the mhahtion of their armies and to forge
the people and land together as one unified empmé&rtunately the documentation
of timber bridges is very limited from this periddowever during the f6century the
Venetian architect Palladio (1518-1580) documestaceral ancient bridges from the
Roman time and also drew some bridges of his oma @ilitary Roman bridge was
described as fast assembled and constructed ofsbaadhinclined struts, see Figure
3.1. Another Roman bridge described by Palladio thascircular timber arch bridge
with a span of 50 meters, which is shown in Figdi
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Figure 3.1 A military Roman bridge which was diésed as fast assembled and
constructed of beams and inclined struts (Ritt68Q).

Figure 3.2 The Roman bridge, Trajan Bridge. To theft: a sketched
reconstruction of the Trajan bridge in 1907 by teagineer E.
Duperrex (Serban, 2009). To the right: A 3D-modé€lthe Trajan
bridge in a small scale (Freedman et al, 2002).

Palladio also designed and constructed his owneirblidges, for instance a multiple
kingpost truss bridge which connected the citieenTand Bassano with a span about
30 meters and an additional design of a multipleggost truss, see Figure 3.3
(Timoshenko, 1953). In the T7century two other Italian architects, Scamozzi and
Verantius, contributed with additional four briddesigns; an arch truss bridge, an
arch bridge, a simple kingpost bridge and a letdarcoridge, see 1-4 and 42 in
Appendix A.

Figure 3.3  Multiple kingpost bridges. The upperdge was constructed between
Trent and Bassano and the lower bridge is one dfaB@’s own
designs but were never built. (Timoshenko, 1953)

3.1.1 China

It was not only the Europeans that possessed it fek timber bridge construction.
During the 12th century in China there were marghdridges built called “rainbow
bridges” (Yang, Chen and Gao, 2007). A rainbow dpits a covered arch bridge that

CHALMERS Civil and Environmental Engineerinylaster’'s Thesis 2013:20 11



has a structural system built up by two longitutle@h systems and one transverse
system made by horizontal members that carriebtidge deck. The system is very

efficient since the three load-bearing systems leakh system into place by their

location in a truss-like manner, see Figure 3.4.

Figure 3.4 A Chinese rainbow bridge (Yang, Chen @ad, 2007).

The Chinese artist Zhang Zeduan captured an an@ertiow bridge in one of his
paintings made around year 1120 (Yang, Chen and Z&4Y). During this period in

China many of these rainbow bridges were built adothe nation with a span of up
to 40 meters. Another type of arch bridge calledtdit Fuijan-Zhejiang timber arch
bridge” has also been found in China. The risehefrainbow bridges is unknown but
these different types started to be built at teestime. The youngest “Extant Fuijan-
Zhejiang timber arch bridge” was originally buift 1674 and one can still find old
“bridge men” that knows the technique. Yang, Ched &ao have continued to
research Chinese arch bridge. In 2009 they predemether report which contained
several pictures of the timber connections fromemtarch bridges, see Figure 3.5.

Figure 3.5 The timber frame joints of a Chinesmlbaw bridge (Yang, Chen and
Gao, 2009).

3.1.2 Europe

During the 18 and 17 century a few number of covered timber truss tEidghere
built in Switzerland, see 5-8 in Appendix A and g 3.6. It is argued whether or not
the roof cover was an aesthetic choice or a coascahoice to protect the timber
material from deterioration (Yeomans, 1997). Swaisd German carpenters continued
to build and develop the covered bridges duringli8gh century. The former simple
kingpost and queen post was extended with struderuthe lower chord to achieve
longer spans and was later replaced by embedded between the upper and lower
chord, see 9-16 in Appendix A. Finally the typicaWiss bridge emerged as a
combination of an arch and a truss bridge, seer&igur and 17-28 in Appendix A.

12 CHALMERS Civil and Environmental Engineerinylaster’'s Thesis 2013:20



=S

Figure 3.6 A covered timber truss bridge from tha" Xentury in Switzerland
(Yeomans, 1999)

The Swiss family Grubenmann were very successfulbuniding truss bridges
strengthened with arch systems, see Figure 3.71@fB in Appendix A. After the
breakthrough of Grubenmann several Swiss and Gemmem truss bridges where
built in the 18" century see 29-35 in Appendix A. France and thewsi¢re to a large
extent neglecting timber as a structural matemabiidges instead primarily used
masonry and iron, however they contributed witlkewa fimber truss bridges see 36-40
in Appendix A (Yeomans, 1999).

?.O 3'('.' 4:0 5lOMe'Ier3
Figure 3.7 The two spans of the bridge over than®lat Schaffhausen built in

1757 by Grubenmann. The span lengths were 58 anthé&2r and
could carry 25 ton with some safety marginal (Tiheso, 1953).

er
3

In addition, during the 7 and 18&' century arch bridges without the parallel-chord
truss were built in Europe, see 41 and 43-48 inefyolx A. The arch itself was then

constructed by a curved truss system or bow-shapadhs. Two additional timber

truss bridges from Eastern Europe were built dutimg same time, see 49-50 in
Appendix A.

3.1.3 USA

The emigration from Europe to USA gave rise to amensification of the

development of structural systems in timber trusdges. The new land with large
natural resources, the lack of infrastructure dleginning of the industrialization
were all contributing factors. The influential afeinous American Timothy Palmer
(1751-1821) built the first covered timber trussdge in the USA, which is

characteristic for bridges from the USA, see 5lrbBppendix A.

Bridge builders in the USA dominated the bridgelding during the 19 century, see
53-86 in Appendix A. About 10 000 bridges wereltou the USA with spans up to
100 meters (Ritter, 1990). Several bridge typesravteiilt and patented but most of
them where variations of truss bridges or a contlmnaof an arch and a truss bridge.
However, there were also innovative new structsygdtems such as the lattice
bridges, several examples are shown in Appendied\fer example 68, 76 and 79.
Some of the bridges failed before or after a speriod of service which could be
explained by the absence of structural analysis atrdss control. The first
mathematical calculations of a stress controlhm USA, where documented in the
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mid-19th century. The design was often based omlyempirical studies of other
already existing bridges.

The American timber truss development that once wiisenced by the European
timber bridge construction was in the mid‘blgsentury influencing European
engineers and bridge builders. Several Europeahbetintruss bridges with obvious
influences from the USA were built in the mid"l%entury, see 88-101 in
Appendix A.

3.1.4 Sweden

In Sweden, there are several old timber bridgdisistoperation. Lejonstromsbron is
one of the oldest, see Figure 3.8. It is locate8kallefted and was built in year 1737
but was almost entirely rebuilt in the early™@entury due to a total destruction by
the Swedish army to prevent the Russian troopsass pver the Skellefted River
(Lanssyrelsen, 1994). It has a free width of 5 msetnd a total length of 207.5
meters. An iron rod transfers the load from theldpei deck up to the inclined struts,
see Figure 3.9. The kingpost is here made as anra@. The high position of the
bridge deck and uplifted by inclined struts withppart under the bridge deck is
typical characteristics of a strut frame. Therefohe Lejonstromsbron can be seen as
a combined kingpost-strut frame, because both mgstean be seen in the bridge. A
straining beam can be seen at both the intermediate¢ frames and the outer
kingpost-strut frames. It is an additional beamated under the main beams of the
bridge deck in the free span which result in angftieening of the main beams to
decrease the risk of buckling.

Figure 3.8  The Lejonstromsbron (Destination Skisdée 2012).
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Figure 3.9  The framework of Lejonstromsbron (Sted] 2010).

Another Swedish timber framed truss bridge with iobs similarities with the
Bridge over Tidans Vikbron, see Figure 3.10 and Figure 3.12. Isvoailt in year
1888 with a length of 133 meter and a maximum sgfa®3 meters (Lansstyrelsen,
2005). The main span of the bridge consists ofisstsystem as can be seen in Figure
3.10. The truss part is divided in 4 sections wMiitee vertical tension members. The
chord is supported by a corbel to spread out thetian force, see Figure 3.12.

Vikbron is of great interest since the bridge gartthe main span has a length of 23
meters which is very similar t8ridge over Tidan which has six vertical tension
members and approximately the same span lengthetawit is difficult to learn
from the bridge, due to lack of information abcu structural details of the bridge.

] A
Figure 3.10 Vikbron is one of the longest timbeddpes in Sweden (Milling, n.d.).
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Figure 3.12 The lower chord and the main beams @enected with a timber
framed joint called scarf joint (Kraftsamling Fréas 2013).

3.1.5 Summary

Part 1 is closely related to Appendix A which igedily taken from the paper
generated by James J.G (1982). Hence, it seensnadds to show a diagram based
on the work done by James (1982) compiled by Jasg Eernandez Cabo (2010).
The peak of timber truss bridges is clearly illagd in the diagram iRigure 3.13.
According to Fernandez, a dramatically increasaushber of built bridges could be
seen in the period 1800-1850. In addition, in arepy Kleppe and Aasheim (1996)
it is claimed that the same rapid development wib&r bridges could be seen in
Norway in the latter part of the 19th century. Hoee a declination of built timber
bridges can clearly be seen after 1850.
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Figure 3.13 A diagram showing the peak of timbassrbridges based on the work
done by James (1982) compiled by José Luis Ferza@dbo. The
vertical axis shows the number of built bridges #&mel horizontal axis
the period of time for construction, (Fernandez-Gak010).

3.2 Part 2: The declination

Timber trusses have almost constantly over timen lmgplemented with different
iron products in form of nails, bolts and straps &/rought iron, cast iron and steel
are different materials but are produced from e raw material, the iron ore. All
types have been used to manufacture iron produmtstimber structures. The
differences between these end-products had a mmajpact on the historical
development of timber as a structural material,clvhin turn effected the development
of the timber truss bridge.

The knowledge about wrought iron has been knowBurope since the Roman times
and in China even longer. Wrought iron has a lovb@a content and is therefore
very ductile which is preferable for structural alkt loaded in tension. The raw
material is hammered to form the end-product whsckiery time-consuming and it
easily corrodes. As a building material in struetuit was carefully managed because
of the major economic impact, since it requiredtaof work. This is an explanation
to the obvious choice of timber as a building mateirherefore the main part of the
constructed bridges was designed more or lessiotimber.

During the medieval times cast iron made its fnstry in Europe, but had long been
used in China. Cast iron has a high carbon corgedtis therefore very strong but
brittle when loaded in compression. The raw maltesianoulded to from the end-
product which is a time-effective manufacturing gass. It is also more resistant to
corrosion than wrought iron. At the peak of timimidge construction in Europe
during the 1% century, illustrated inFigure 3.13 several of the bridges had
components or full-sized members in cast iron oitetension. An example is the tie
rods, a load-bearing component in the truss fonaintroduced in the USA in the
mid-19" century. In the late fDcentury an increase of composite timber bridges
could be seen such as a combination of structueshipers made of cast iron and
timber (Ritter, 1990). In 1859, Howard Carroll wie first in the USA to build a
railway bridge made only of iron.

After some years cast iron was replaced with stdeth has lower carbon content
than cast iron and therefore not as brittle bug alst as ductile as wrought iron which
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is suitable for structural components subjectelidih tension and compression. It is
easy and cheap to manufacture in relation to wrbirgh and cast iron and it has a
decreased ability to corrode. The introductiontekkresulted in a decreased interest
of timber as a structural material. By the endhef tentury steel bridges became more
economical to build than timber bridges. The samdide of timber bridges occurred
in Norway in transition from the o the 28 century (Kleppe and Aasheim, 1996).
The abrupt end is explained by the reduction ofnttamufacturing and product costs
of iron products.

3.3 Part 3: The revival

In Scandinavia, the construction of large timbeudures started again during the
1960s but in a renewed shape (Kleppe and Aash&f86)1 There are several new
engineered-wood products which entered the timheustry market during the 20
century, such as glued laminated timber (Glulamwnihated veneer lumber (LVL),
parallel strand lumber (Parallam), cross laminaiedber (CLT), stressed-skin panels
(SSP) and so on (Timberwork, 2000). The enginewreald products enabled larger
dimensions, higher strength and less variabilittarms of strength and stiffness.
Glulam, CLT and LVL are used as structural membarsform of larger beams,
columns and boards, while Parallam is often usedtiads and beams and SSP is a
composite material often used in floor structures.

Several different types of timber bridges have bleeitt in the recent years but not
near the number of steel or concrete bridges. Siricmembers of glulam, with the
possibility of larger dimensions and more reliablaterial properties than structural
timber in combination with steel connections, reeerthe timber truss bridge into the
modern time of the 2Dcentury. Several timber bridges with glued lanedabeams
as primary load-carrying members were built in kite-20" century in Scandinavia
(Kleppe and Aasheim, 1996).

In Sweden, several common timber bridge structhessappeared during the laté"20
and in the beginning of the 2icentury such as girder bridges, stress laminated
bridges, composite bridges and kingpost truss badgKliger, 2008). The literature
study of this Thesis has a focus on timber trugdgbs, therefore the kingpost truss
will only be described. However, literature abolé tgeneral modern timber bridge
structures can easily be found in current research.

One example of a modern timber truss bridge isvilh@ntasalmi Bridge in Finland,
built in 1999, see Figure 3.14. It is a kingposis§ bridge with a span of 43 meters
and the structural members is made of both glulathsdeel. The vertical posts are
designed as tie rods.
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Figure 3.14 The modern kingpost bridge, Vihantasabridge, built 1999 in
Finland (Kliger, 2002).
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4 The mechanical behaviour of timber truss
bridges

The structural system of a timber truss bridge lsave several designs, which will
effect the mechanical behaviour. There is no cotweal classification of different

systems of timber truss bridges. The classificatitound in reference literature of
timber trusses have often a subjective or detailddiivision which is inappropriate in
this Master’'s Thesis since a general descriptiveraach is chosen. The literature
study has revealed that the structural system#ndder truss bridges are to a large
extent influenced by the strut frame system, thelfg-chord truss system and the
arch truss system. A timber truss bridge can Haented of just one, two or all three
types; several examples are illustrated in AppemlixTherefore the mechanical
behaviour of these three different structural systavill be described in more detail.

4.1 Strut frames

The simplest strut frame bridge is well suiteddorall bridge spans, around 5 meters
(von Rothstein, 1890). The structural design adfrat $rame truss is shown as number
279 in Figure 4.1. The load path can be traced dovensingle point at the end of the

struts often meeting a masonry foundation, seer&igi2. This often results in large

wide masonry foundations as can be seen at thegefomsbron in Figure 3.8.

Figure 4.1  a) show strut frame (spa&nnverk [swé))and c) show the strut frame
with longer spans (von Rothstein, 1890).
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Figure 4.2 The simplest strut frame bridge as aothgcal model loaded with a
concentrated unit load in the middle, generatedh®/simple software
program PointSketch2D. The reaction forces in tlkigsstem are
concentrated at the end of the struts.
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Longer bridge span require increased length of eaamber, which can lead to lateral
buckling of the compression member. Secondary bezansbe added to brace the
struts and also a straining beam can be added deate the slenderness of the
horizontal beam, see number 280 and 281 in FigdreMrule of thumb, according to

von Rothstein, is that the length of each membeulshnot exceed 4-5 meters to
avoid lateral buckling and a straining beam shdwédadded for spans over 9-10
meters.

The straining beam should be attached timber joamid iron bolts to the primary

beam, to be able to act as a unified beam. The@meean be noted in the theoretical
model in Figure 4.3. The edges of the horizontalnbeare loaded in tension while the
middle part is loaded in compression. The purpdghenstraining beam is to transfer
the compressive force between interior ends of dttats and act together as a
compressed arch. The compressive stresses inrtheirsy beam shall be transferred
to the primary beam which will absorb the compmssas internal stresses in the
grains. The reaction forces at the corners of thené seen in Figure 4.3 as tensile
forces, almost disappear when a large beam is ateuilby a truss formation in

Figure 4.4.

Figure 4.3 A strut frame example with a longer spaaded with two unit loads,
generated by the simple software program Point&R&c
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Figure 4.4 A strut frame bridge model with a longgran loaded with two unit
loads, generated by the simple software progranmtSéietch2D.

4.2 Parallel-chord truss

A parallel-chord truss can be designed in accomlaoncseveral different types of
configuration, see Figure 4.5. The mechanical belhavdiffers between various
configurations which influences the material choa®d design. The upper chord
transfer compression to the support and the lovierd transfer tension to the
support, which is common for all parallel-chordsgas. It can be argued that both
chords transfer bending stresses because it istbaadhieve a pure hinge when the
chords are continuous. The differences in the m@chbbehaviour are limited to the
web of the truss. The type of stress (compressiotension) transferred in the
structural members in the web is decided by thégdesf the structural system. The
different configurations of parallel-chord trussemn be traced back to four simple
types; Howe, Long, Pratt and the Multiple kingpaste Figure 4.5.

a) b) c) d)

Howe Long Pratt Multiple kingpost

Figure 4.5  Four different types of parallel-chodisses. a), b) and c) are named
after the American bridge builders, who patenteel design in the 10
century. The multiple kingpost bridge shown insdam old design first
documented by the Venetian architect Palladio €Ritt990).

4.2.1 Long truss

The Long truss consists only of timber memberstéRitL1990). The timber framing
technique is used together with wooden pegs anglsiiron products to connect the
members. It was patented by Stephen H. Long in B8@0has a documented span of
45 meters. The vertical posts can transfer boteidenand compression, thereby the
mechanical behaviour will change according to atrlead positions, compare Figure
4.6 and Figure 4.7. The diagonals, with an inclorats the inclined end posts, will
always transfer the compressive forces and thduakdiagonals will carry the tensile
forces.
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Figure 4.6 A theoretical model showing the mechanehaviour of a Long truss
applied with a concentrated unit force at the maddbst, generated by

the simple software program PointSketch2D.
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Figure 4.7 A theoretical model showing the mechaniehaviour of a Long truss
applied with a concentrated unit force at the secpost, generated by
the simple software program PointSketch2D.

4.2.2 Howe truss

The Howe truss, which became very popular in the déntury, was patented in the

US by William Howe in 1840 (Ritter, 1990). It iscamposite truss structured with

both timber and iron members. The truss is stratijudesigned such that the vertical
members are in tension as an iron rod and the dagare in compression and made
of timber. Howe was the first to introduce ironaageneral structural member in truss
bridges. The Howe truss is often used in desigstexd| bridges. The theoretical model
shown for the Long truss illustrates the naturahawsour when all members are

capable of carrying compression. Howe manipulateel mechanical system by

removing the compressive load-bearing capacity hef vertical members, by the

choice of slender iron rods.

4.2.3 Pratt truss

The Pratt truss is a composite truss with bothl stee timber members. The design
was patented in US by Thomas W. Pratt in 1844 €Rift990). On the contrary to the
Howe truss, it is characterized by having the eattmembers in compression made
of wood and the diagonals in tension made of iamsr The compressive force in the
upper chord is higher than the tensile force inltiveer chord. The Pratt design was
not used for timber truss bridges as much as tmedia Howe design, but was often
used in steel bridges.
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Figure 4.8 A theoretical model showing the mechaniehaviour of a Pratt truss
applied with a concentrated unit force at the maddbst, generated by
the simple software program PointSketch2D.
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4.2.4 Multiple kingpost truss

The kingpost and queen post are one of the oldess systems often used in roof
structures, with an approximately maximal span ®fnieter (Yeomans, 1999). The
Swedish architect Edvard von Rothstein (1890) giaetechnical description and
illustration of a king and queen post, see a) gnid Bigure 4.9. The kingpost truss is
suggested by von Rothstein to be constructed wipaa length not larger than 9-10
meters. Longer spans require two vertical post#ttap the force, hence the queen
post truss is suggested, a span about 13-15 nuerghen be obtained. He further
claims that an increased span of 20 meters carbtaned by the kingpost bridge
types c) and d) and 30 meters by type e) in Figu®e The combination of a queen
post and a strut frame can have a span of appreelyn2?2 meters, see f) in Figure
4.9. The longer spanned trusses were suggestedrbyRothstein to have a more
triangular shape than suggested by the Americaorgyl Howe and Pratt or the Swiss
family Grubenmann. It could be argued that von Biiim where mostly focused on
buildings in various kinds.

=. n - &

Figure 4.9 a) shows a kingpost truss and b) shovggie@en post truss (hangverk
[swe]). ¢), d) and e) show further suggestiongrfreon Rothstein to
increase the span length. f) shows a combinatfaaueen post and a
strut frame. A queen post truss is a further dgualent of the kingpost
truss (von Rothstein, 1890).
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A kingpost can be extended to a multiple kingpdsiciv is the inverted counterpart of
a Pratt truss, with respect to the diagonals. Teehanical behaviour is illustrated in
Figure 4.10, with diagonals in compression and iec@rtposts in tension. The
concentrated force is transferred by a verticaifupl the posts and a horizontal
movement towards the support in the inclined stitdike the Pratt truss, the tensile
force in the lower chord is higher than the comgiresforce in the upper chord. The
infinitely low reaction force in the middle postasirs that the critical tension joint is
situated in the most outer vertical posts. It caralgued that the most critical joint in
the total truss is the joint were the end diagomadést the lower chord. If this joint
fails, a mechanism will develop, which will resirita total collapse of the bridge.

|

¥

{ |—_"J.429 |C>- —0.357’--0- _

7 |__“_H

0.
|
.GSQI_I’J.SI’JI’J —D.GSQI_G.I’JI’JU —l’J.GSQI_I’J.SﬂI’J —ﬂ.ESQI_I’J.SI’JI’J —0.659|
T T T

W o]
i

Figure 4.10 A theoretical model showing the mectanbehaviour of a multiple
kingpost applied with a concentrated unit forcetia¢ middle post,
generated by the simple software program Point®2&c

4.3 Arch truss

The arch appears in different forms in the struadtgystem of the truss. The upper
chord can have the shape of an arch or be pataltae lower chord, see Figure 4.11.
The arch action is the same for both types; thé @ccompressed when loaded.
Hence, it is sufficient to describe the mechanietiaviour of the parallel-chord truss
with an embedded arch often referred to as the Brah, see Figure 4.11. Theodore
Burr patented the design in 1817 (US). The desigm loe described as an arch
combined with a truss anchored below the loweralhothe foundation of the bridge.

This type is frequently occurring in the historytohber truss bridges and was first
used by the famous Swiss carpenters Grubenmanin3®; see Appendix A number

17.

a) h)
AN A0

Burr Arch Bowstring

Figure 4.11 Two different truss system with an aackion, a) shows a Burr arch
and b) shows a Bowstring (Ritter, 1990).

The arch action can be viewed in the theoreticallet®in Figure 4.12. The arch was
often stretched down to the foundation under thveetochord, to obtain sufficient
strength in the joint which connect the arch to kweer chord. Large horizontal
reaction forces are induced both from the upperctlamd the embedded arch. The
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Burr Arch generated a smaller horizontal reactiorcé since the arch and the upper
chord ended in two separate positions; resultingpproximately half the horizontal
load in each joint, compare both models in FigurE24 The parallel chord truss,
which embeds the arch, has the design of a multiglegpost truss. An
implementation of an arch in a multiple kingposiss bridge will lower the forces in
each member which will reduce the stresses in ¢aich and reduce the risk of
buckling, compare Figure 4.10 and Figure 4.12.

Figure 4.12 Two theoretical model of a parallel-athdruss combined with an arch
loaded with one unit load. The lower truss is arBairch, generated by
the simple software program PointSketch2D.
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5 Timber framed joints in history

The multiple kingpost bridge has been describedras of the oldest timber truss
bridges, proven by the early design suggestiontéywenetian architect Palladio in
the 16" century, see Chapter 2. Appendix A show a largabrer of timber truss
bridges which have obvious influences from the pldt kingpost truss system.
Furthermore, an introduction of the mechanical bgha of the specific structural
system was given in Chapter 3, and the functioreaxth structural member with
respect to tension and compression.

Anders Frgstrup has performed a general prelimidasygn of the multiple kingpost
truss bridgeBridge over Tidanand thereby also sketched the timber framed joints
lllustrations of the joints together with the lacat in the bridge can be seen in Figure
5.1. Three different types of joints can be distisged; the cogging joint see a), b), ¢)
and d) in Figure 5.1, the tension joint see e) 8nd Figure 5.1 and the shear key
connection of the laminated beam see e) and gjguré& 5.1. These three types will
be described in the following pages.
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Figure 5.1  The seven joints from the Bridge ouvdai show three different types
of joints; a cogging joint see a), b), ¢) and @nsion joint see e) and f)
and finally the shear key connection of the lamedabeam which can
be seen e) and g) (Frastrup, 2012).

5.1 Earlier suggestions of timber framed joints

An early design of timber framed joints particWanlsed in multiple kingpost trusses
were found in Thomas TredgoldElementary principles of carpentr{d871), see

Figure 5.2. He presented two different types ofit®isolutions; a framed joint and a
notched-bolted joint. In the example with framenhjohe recommended a larger head
of the vertical post to enable a more efficientgiog joint, see a) and c) in Figure
5.2. On the contrary, he claimed that the head ldhioel as small as possible to not
generate problems due to shrinkage cracks. Theghmstld be made of hardwood,
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which reduces the risk of failure due to compresgierpendicular to grain, which is
exactly the same recommendation as Anders Frgstap suggested in the
preliminary design ofBridge over Tidan However, Tredgold presented a second
solution which he meant was better, were the frgnsnexcluded, instead a notched
and bolted joint is recommended, see b) and d)iguré 5.2. The joint is bolted
together and two notches on each side are addedgthwhich the bolt is pierced.

Tredgold underpinned the time-spanning use of tbihed and bolted joint in

bridges and thereby emphasized that the solutiostriated in ¢) and d) is more
suitable for bridges. He meant that an edge-to-eunggact between the diagonals
together with supporting notches generated a sérojogt.

- b) i

Notch

Figure 5.2  a) A timber framed joint solution foretimost outer post in a multiple
kingpost. b) A notched and bolted joint solutiontfie most outer post
in a multiple kingpost. c) A kingpost with timbearhed joints. d) A
kingpost with which a notched and bolted joint @igeld, 1871).

His favouring of notched and bolted joints couldoabe motivated by a dreadful
disaster in the late ¥&century athe Bridge of Neuillydue to shear failure parallel to
the grain, which he described in his woBeven timber members connected by timber
framed joints split from end-to-end, which resuliada total collapse of the bridge.
He meant that the squared-edged timber framedsjoiduced concentrated stresses at
the sharp corners of the joints due to uneven predsetween the contact surfaces in
the connected members. In the light of the shaaréaof the Bridge of Neuilly he
proposed an additional joint type for bridges, nignee rounded framed joint. He
meant that the rounded end allow a sliding of thetjwhich in turn will adapt to the
new load direction due to movements in the bridge. further informed that the
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movements were induced by shrinkage or settlemktiteo structure. The rounded
contact surfaces will spread the load uniformlytrs®risk of concentrated pressure is
seriously reduced. He also highlighted the decredsenduced moments due to
induced restraints. These rounded framed jointewsed athe Bridge of Sainte
Maxenceandthe Bridge de la Concorde (Parishle did not comment the effect on
the mechanical behaviour due to rounded framedgomthese bridges. It could be
argued that large deflections occurred due todlgeljoint slip in each joint.

N -
N

-

Figure 5.3 A rounded framed joint (Tredgold, 1871).

In contrary to Tredgold’s recommendation of notched bolted joints, von Rothstein
(1890) suggested that the chords should not beqaédby bolts, but rather strapped.
Notches are excluded in von Rothstein’s design estigns of timber truss joints. No
further explanation is given from von Rothstein ibaould be motivated by occurring
failures near bolts in notched and bolted joinég Bigure 5.4, Figure 5.5 and Figure

Figure 5.4  a) A bending failure in a lower chorda warehouse truss due to bolt
(Hall, 2009). b) A tension failure in a lower chodiie to a bolt in a
covered bridge (Hall, 2009).
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Figure 5.5 A shear failure parallel to the grain & vertical post in a covered
bridge due to a bolt (Hall, 2009)

Figure 5.6  Different cogging joint failure. Theints illustrate; a) bending failure,
b) shear failure and c) a weak iron shoe (Jacol®09).

5.2 Cogging joints

There are several cogging joints in Bedge over TidanEach diagonal ends with a
cogging joint to the chord or a vertical post. Thare several details in this type of
joint and the technical terms are presented inr€i§u7 together with an illustration.

a. frontal surface

b. rear surface

c. frontal flatter surface

d. rear flatter surface

e. front notch

f. rear notch

g. inclined end post (strut)

h. laminated beam (lower chord)
i. front notch depth

j. rear notch depth

Figure 5.7  Terminology of a cogging joint.
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Several design examples of cogging joints and desigommendations are presented
in early engineering handbooks for instance by Rothstein (1890), see Figure 5.8.

He suggested that the compression should be appéieallel to the grain as far as

possible; hence a joist hanger attached to thedchgrnut and bolt was suggested
which is illustrated in Figure 5.8 d). Cogging jmwith iron supplements are always
suggested in large spanned truss by von Rothstein.

:
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Figure 5.8  Cogging joints with iron supplementsAastrapped cogging joint. b) A
bolted cogging joint. c) A cogging joint with irdittings. d) A cogging
joint with a joist hanger made of iron to ensurergdel compression
for the strut (von Rothstein, 1890).

A similar recommendation concerning the contactas@s of the cogging joint were
suggested by Tredgold. He meant that the frontdhse should be perpendicular to
the flatter surface. He claimed that the compon&ota the force then are efficiently
applied at the contact surfaces. Furthermore, ggesied that an increase of the joint
stability could be achieved by a mortise and temdrch is described later in the
report, see Figure 5.11. However, he also highdighthe risk of a decreased load-
bearing contact surface due to the risk of notyfldaded tenon caused by shrinkage
and/or limitations in craftsmanship. In general Ildgscouraged a complex
configuration such as double notched joints andgimg joints with mortise and
tenon, since high demand of workmanship.

The importance of considering end grain penetraiiorthe end of two timber
members is emphasised by von Rothstein (1890)] Blates should be mounted at
the interface between two horizontally connectednivers. He meant that the grains
from one member penetrated the other one to somentexvhen loaded in
compression. The deformation of a bolted timbemféd joint can cause an increased
shear stress in the bolts, which can lead to dladare of the bolt or exceeding of the
embedding strength in the timber members. It caldd be argued that the members
will decrease in length which in turn can produaklifonal stresses in form of
restraints in the global structure. The suggestieel gplate between the contact
surfaces by von Rothstein was probably an infludrm® the Germans according to
Tredgold (1871). Tredgold further contradicted \Raothstein by explaining that the
purpose of steel plates was to generate a more spread of the load from member
to member. Furthermore, Tredgold meant that thisiisecessary for timber members
and only justified for masonry, since the effectusing steel plates are none or very
small, when it comes to wood.
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In a German engineering handbook from 1940 the rtapoe of shear strength is
highlighted. The cogging joint has to be designedhst the shear plane is sufficient
otherwise there is a risk of shear failure pardtbethe grain (Hoffman, 1940). Two
design steps are highlighted to magnify the area.

* The beam end has to be located far enough frormdieh, to avoid shear
failure parallel to the grain see a) and b) in Fegb.9.

* The notches in a doubled notch cogging joint sheuld at different depths in
the timber beam which result in two shear planes;@ and d) in Figure 5.9.
This design will increase the shear strength.

a) b)

W

RICHTIG

d)

FALSCH RICHTIG

Figure 5.9  According to a German engineering haabfrom 1940 joint b) and
d) show the correct design of a cogging joint whaijeand c) show the
incorrect design which can lead to shear failuregglel to the grain
(Hoffman, 1940).

Two coinciding cogging joints in a vertical post shibehave limited notched depths
to ensure sufficient tensile strength in the pAstording to the German engineering
handbook the cross-section of the post is too vifeakly one third remains see a) in
Figure 5.10. The correct design should be encoedtbry a limited notch depth,

which is illustrated by b) in Figure 5.10.
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Figure 5.10 a) shows an incorrect design of twmciling cogging joints while b)
shows the correct design (Hoffman, 1940).

The use of timber framed joints is often seen atiflness challenge such as timber
structures in general. Large deflections can beged by joint slip. This aspect was
addressed already by Tredgold in the lat8 déntury. He emphasized that the initial
deflection could create a partially loaded contartace in a cogging joint. Therefore
the carpenters were urged to consider the initiefledtion already in the
manufacturing process. The deflection was prevebyeah intentionally unbalance in
the joint. The unbalance can be explained by adeduarger pressure on the frontal
surface than on the flatter surface, which oveetimill be balanced by the expected
initial deflection which generate a higher pressumghe flatter surface.

5.3 Tension joint

The design of tension joints in timber framed sttes depend on the magnitude of
the load. Heavy loaded tension joints are typicdigigned with some kind of steel
such as straps, while the lightly loaded can begdess a pegged mortise and tenon
joint.

A typical pegged mortise and tenon joint is showrrigure 5.11. Tension is resisted
by locking the tenon in the mortise by adding pégee joint is suitable when small
tension stresses can be expected. Even thoughotirgection is not subjected to
tension in the service state, it may be subjectedeinsion during the assembling
process. A further stabilisation of a mortise aadonh joint can be generated by an
addition of a housing, which is a notched hole thdt support the connecting
member, see Figure 5.12.

Figure 5.11 A mortise and tenon joint is referredas a tying joint by Jack A.
Sobon in Timber framing fundamentals (Sobon, 2011).
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Housing

Figure 5.12 A housing of a mortise and tenon j@@udbon, 2011).

The main purpose of the peg is to draw the corgadiaces tight together and to
stabilize the joint (Ross, Mettem and Holloway, 2D0rhe required shear resistance
to withstand tensile stresses in the joint is aosdary property. According to an

interview with Associate Professor and carpentds-Nric Anderson (2012), pegs are
often made of oak and dried to a moisture conteoutn12%. The purpose of the

strictly chosen moisture content is that the pegukh be dryer than the timber

members, so is swell when assembled, which reswalttightening of the connection.

Pegs of pine and spruce is also possible to uséo lmmprove the mechanical bond an
octagon-shape is used (Murphy, 2011). A peg ofwaietk an octagon-shape cannot be
used since it will only destroy the hole, i.e. tak is too hard.

The pegged timber members should be air-dried, wmeans in equilibrium with the
environment. Air-dried timber has a moisture conhtém the range 15%-23%
according to the Swedish industry association Skadgstrierna (2004). According to
the Swedish standard, SS 23 27 40, the highestumnmislass deliverable to end user
for direct mounting is 18, which correspond to mwmis content in the range 14-22%
for a timber thickness greater than 25mm (AMA, 201Bhe specified moisture
content (12%) in the peg is thereby lower thanpbgged timber, which is required.

In contrary to Ross, Mettem and Holloway (2007)edgold (1871) claimed that
hardwood pegs had a considerable shear resistdeceeferred to ship building, or
more precise referred to a certain Mr Parson wipeemented with wooden pegs in
the service of Her Majesty’s dockyard around thit =if the 18" to 19" century.
According to these experiments a peg of English luadk a shear capacity of 27.57
MPa perpendicular to the grain (the number recatedl from older units to modern
units).

Furthermore, according to Tredgold the double tesbaould be avoided, since in
general, there is more load on one of them. He sdenprefer bolt and nut joints
rather than timber framed joints, which he emplasmantinuously in th&lementary
principles of carpentry.The British engineers and carpenters where not as
experienced as the Swiss and Germans on largertsiroetures, which could be one
of the reasons for preferring alternatives to tinfo@med joints.

A heavy loaded tension joint made only by timbersweat found in the literature
study. There are two heavy loaded tension jointth wimilar configuration in the
Bridge over TidanThe differences are highlighted in the followisections. Already
in the late 18 century Tredgold (1871) recommended that certain complements
should be added for joints loaded in tension. Sdvarapped tension joints of this
type are found in von Rothsteiddlmanna byggnadslararsee Figure 5.13. These
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types of tension joints often referred to as kirgjgoints are described in more detail
by Ross, Mettem and Holloway (2007) which alsosiitate the steel wedges for
tightening of the tensile joint during service life counteract the global deflection
due to shrinkage, see Figure 5.14.

A48T

iy
l ;
L e

Figure 5.13 Heavily loaded tension joints suggedig von Rothstein (1890). a) An
iron plates combined with bolts and nuts (von Reihs 1890). b) An
iron strap (von Rothstein, 1890).

a) M b)

Figure 5.14 a) and b) show two different tensiant® c) show a detail of the steel
strap revealing the possibility to tighten the tengoint during service
life to counteract the global deflection due toiskage (Ross, Mettem
and Holloway, 2007).

5.4 Laminated beam

Several references have been found concerning etirbeams. As early as thé"15
century, references concerning laminated beamsfoarmed, see the illustration by
Leonardo da Vinci in Figure 5.15.
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Figure 5.15 An illustration of a laminated beamnddby the famous architect and
artist Leonardo da Vinci (Ceraldi and Ermolli, 2003

The laminated beam can be constructed in severdigowations. Von Rothstein
(1890) describes shortly the practice of the lateiddeam. He argues that while the
keys are inclined the wedging results in a typgrestressing which generate a ridge
of the beam, see a) left-side and c) both sidésgare 5.16. The ridge can be useful
to reduce the deflection of the overall structdreedgold show similar beams in his
work and underline the importance of having thelkdsaa the direction of the load.
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Figure 5.16 Six different types of laminated beaithsstrated both on the left and
right side of a)-c) (von Rothstein, 1890).

Two examples of bridges in service with laminatedrns are given by Brungraber
(2009); a small bridge in Austria with a laminategm as lower chord, see Figure
5.17 and a railway bridge with a girder made bgraihated beam with cast iron shear
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keys, see Figure 5.18. Concrete and steel domirtae@d" century which rapidly
ended the thriving development and utilizationhe laminated beam.

Figure 5.18 A girder in a railway bridge. The gadconsists of a laminated beam
using cast iron keys (Brungraber and Miller, 2009)
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6 Current design methods and research

Current research of timber framed joints is vergitéd. However, a few recently
published technical reports were found concernimggag joints, mortise and tenon
joint (tension joint) and laminated beams usingashkeys. This Chapter will describe
current design recommendations for the mentionathdr frame joints with a focus
on the most critical joint iBridge over Tidanthe cogging joint.

6.1 Cogging joints

The cogging joint at the end of the lower chord i@snd to be the most critical
timber framed joint in Brigde-over-Tidan, sincenéds no redundancy. A failure of the
cogging joint at the end of the lower chord wiladeto a mechanism resulting in a
total collapse of the bridge. No design method dogging joints was found in
Eurocode 5, but two conventional simplified desapproaches claimed to be based
on old praxis were found, here called design methaad 2. An additional technical
report concerning the reliability of current sinfigd design methods are presented in
the end of this section.

6.1.1 Design method 1

In the glulam handboolk,imtra handbokpne type of design approach for a cogging
joint based on old joint praxis was found, in thigesis it is calledDesign method 1
(Carling, 2001). The compression force is dividei icomponents acting uniform
and perpendicular on each contact surface, seeeHtgl. The surfaces AB and BC
are perpendicular to each other and governed lhyHebhcute angle between the
inclined end post and the laminated beam. Thesereggents result in that surface
BC have exactly half the obtuse angle betweenttihe and the beam.

Figure 6.1  An illustration of design type 1 (Cadir2001).

Ny =N = cos(g)
(6.1)
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N, =N * sin(g)
(6.2)

The frontal force component (Nis then uniformly distributed on the frontal sagé,
which has an area df + — .

COos—
2

N,
*a

B
Ocal = b COS(E) < fc,a,l

(6.3)
wherea = g and for an orthogonal surfaaeh/2

Further description of an orthogonal surface isfaond in the handbook and here it
is considered to be configured according to Figuge

Figure 6.2  An orthogonal contact surface interpteta of design method 1 by the
author.

The rear force component {Nis uniformly distributed over a weighted areatloé
flatter surface, which is decided by the strendtthe material.

Gc,a,z - bx*d - fc,a,z

(6.4)
wherea = 90° — g andd is decided by the expression.

According to this handbook, a secondary force compbqvlcos(g)) from the

frontal force component @)lis equal to the shear force component actingllpata
the grain. It is uniformly distributed of the tottiear plané * s.

Nlcos(g)
TS s P
(6.5)
where min s=200mm and max= 8 x a
The width of the inclined end post shall fulfilllimving condition;
h = (a *tan(é) +d * cos(é)) * sin 8
(6.6)
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One additional control need to be checkedfangles over 60 between the inclined
end post and the laminated beam, then the dis&arE#6.

6.1.2 Design method 2

A second design approach was found@imber Engineering STEP &,literature used
in a PhD course in Timber engineering, in this Thésis calledDesign method 2
(Ehlbeck and Kromer, 1995). According to this dasaply the frontal area of the
contact surfaces in the joint can be accountedd$dhe load carrying contact surfaces,
when the inclined end post and the laminated beasnahp angle between 30and
60°. The angle of the frontal area is recommendedatbthe obtuse angle between
the inclined end post and the laminated beam.
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Figure 6.3  An illustration of design method 2. aksiagle cogging joint with a
frontal contact area. b) a single cogging joint kvéi rear contact area.
c) a double cogging joint with a frontal and a rearea (Ehlbeck and
Kromer, 1995).

The stress at an angle to the grain in_the fraarsd of a single cogging joint is
calculated according to Eq. (6.7). This is exattily same expression as in design
method 1 Eq. (6.3).

_ 2 B
o, = cos“ (o) <
ca,l bef *t, (2) fc,a,l

(6.7)

For a single cogging joint with a rear area the praBssive stress is expressed

according to Eq. (6.8). The total force)Fs then uniformly distributed on the rear

t

contact surface, which has an areagf« v
cosf3

cos(f) < fep.a

Fq
bef * Ly

Ocaz2 =

(6.8)
where6=

The average shear stress in the laminated beamsiogle cogging joint is calculated
according to Eq. (6.9). A force componefjcos(B), from the total force component
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(Fg) is equal to the shear force acting parallel eoghain. It is uniformly distributed
of the total shear plante; * [, .

. Fycos(f)
d bef * lv — U,d

(6.9)
wherel, is the horisontal shear plane length from the eddgke beam to the notch.

Furthermore, it is explained that in a double caggpint, the horizontal component
of the total compression force, should determireelémgth of the shear plane to the
rear notch. The following expression should be used

_ Fycos(B)
fa= bef * lv,Z v

(6.10)

A condition, concerning the double shear planestrbe fulfilled for a double
cogging joint. The purpose of the condition is $swe that the two shear planes do
not coincide.

- {t,,,z - 10mm}
v 0.8+% ty,,
(6.11)

The control of the tensile stress in the reduceds:section of the laminated beam
and bending stresses caused by eccentricitieg imthined end post are highlighted
in the design recommendations according to desigihoal 2.

6.1.3 Numerical analysis of a cogging joints

The assumptions in current simplified design apghmea of cogging joints today are
discussed in the recently published technical pdperVillar et al. (2006). A
numerical analysis was conducted on a cogging jdegigned according to the
Spanish Technical Building code (CTE-SE-M (2006¢e Figure 6.4.
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Figure 6.4 A cogging joint illustration from the &psh Technical Building code,
CTE-SE-M (2006), (Villar et al., 2006).

The stress distribution, the distribution of theplegd normal force in the strut onto
different contact surfaces and the neglect of ffexefrom friction was highlighted as
unrealistic assumptions in current simplified coggioint designs. It is concluded
that a more realistic design of a cogging joint banachieved by using a reduction
factor developed from a numerical analysis of agaug joint. The developed factor
reduces the currently required notch depth and the required length of shear
plane &), which result in a proportional increase of tmedicted strength of the joint.
Five different angles between the strut and thedcheere studied; 25 30°, 35,
40° and 48 . Several important conclusions were stated such as

» Cogging joints with large anglep<faround 458) between strut and chord have
a larger distribution of the force onto the flattgea of the cogging joint than
smaller angles (around 2§ which on the contrary carries most of the agplie
load at the frontal area, see Figure 6.5.

e« The predicted shear plane length and notch depth aggproximately be
reduced by 15% for small angles and 30% for langgles. The following
equation can be used to calculate the reductidorfgc

y = 1.02458 — 14.363
(10.12)

where g in [°] is the angle between the strut and the chord yamsl the
reduction factor in [%]. For exampps=40° result in a reduction of 26.6%.

» Strength class of wood was found to have no eféecthe reduction of the
required notch depth and the required length o&ispine.

« The shear stress distribution was investigated ibigr\ét al., which concluded
that the predicted shear stress was much higherttieamodeled shear stress,
sees Figure 6.6.

e The friction force was found to be totally negletcten current simplified
design methods. It was concluded by the numerigalyais that the friction
force gave a large contribution to the load-beadagacity of a cogging joint.
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Figure 6.5 A numerical local analysis of a coggijomt with two different angles
between the strut and the chord. a) shows a coggingwith an angle
of 25 and d) shows a cogging joint with an angle of 45 and e)
show the spread of the force component acting enfritmtal contact
surface while c¢) and f) show the spread of thegdaromponent at the
flatter contact surface. The flatter contact sudacontributes in a
higher degree to the load-bearing capacity of aging joint when the
angle between the strut and the chord is largeg ttufriction (Villar et
al, 2006).

Stress, N/mm?
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SRR 7__:7_-. LG 57:1-
Shear stress T —

. Sheql ﬁrre§ . | - :l_%
L |:|_T
CTe oo |:|O

Figure 6.6 The shear stress distribution in a coggijoint according to a
numerical analysis was lower than the predictedasistress based on
simplified design methods (Villar et al, 2006).

6.2 Tension joint

In the late 90s several research projects wereumted on mortise and tenon joints
by both the Michigan Technological University ar tUniversity of Wyoming. A
successive Master's Thesis project on the sameeaubjas conducted in 2004 by
Joseph Miller together with the supervisor ProtHrd J. Schmidt (2004), a leading
Civil engineer in the subject of timber framing lhah testing and finite-element-
modelling.
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They proposed an empirical design equation, Eq3{6for pegged mortise and tenon
joints loaded in tension with the limitation of gegith diameter of 25.4mm (1 inch)
(Miller and Schmidt, 2004). Eq. (6.13) shows thipwahble shear stress in the unit
[psi] (multiply by 0.006894757 to obtain [MPa]) ergsed in the specific gravity of
the peg and base material. The limitations of EJ1l3) are 0.8Gpec<0.8 and
0.35Ggrase<0.75.

F, = 1365638568758 [psi]
(6.13)

The capacity of pegged mortise and tenon jointewerestigated through several test
in tension and shear and compared to results framlinear FE-modelling based on
input data from the National Design Specificatimr fvood construction (NDS),
which is an American design code for timber streedu18 tests were performed for a
pegged mortise and tenon joint loaded in tensiore failure modes were found, such
as:

* Mortise splitting caused by insufficient edge dist@ due to exceeding the
tensile strength perpendicular to grain.

* Bending failure of the peg due to low embeddingrggth of base material,
which was overrepresented in the test.

* Tenon splitting caused by insufficient end distamitee to exceeding the
tensile strength perpendicular to grain.

« Tenon row shear (block rupture) caused by inswfficiend distance due to
exceeding the shear strength parallel to grain.

» Shear failure of the peg due to high embeddinghgtreof base material.

2 b) 1,

Mortised Member =
Cross Section

c) d)

-
l\

Figure 6.7 a) Mortise splitting failure. b) Bendinfpilure of peg. c¢) Tenon
splitting. d) Block rupture in tenon. (Miller anati8midt, 2004)

The average yield stress of the joint was identifees 11.9 MPa with a standard
deviation of 2.3 MPa, based on less than 18 taste sepaired and cyclically loaded
specimen were excluded in the statistic calculation
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12 tests were performed for a pegged mortise amontgoint loaded in shear. The
joint had no housing and varying end-distance, atigiance and spacing of the pegs.
Three failure modes were found, such as:

* Tenon rolling shear which was described as a éfislure.

* Tenon splitting below the lower peg hole, which veagrrepresented in the
tests.

* Bending failure of peg.

a) __,.---'_'____:,.-- b} C)

Figure 6.8 a) A tenon subjected to rolling shear.Tenon splitting below lower
peg hole. c) A bending failure of peg (Miller anch8idt, 2004).

The average yield stress was identified as 10 MBa avstandard deviation of 2.9

MPa, based on less than 12 tests since repairedstaetl dowel specimen were

excluded in the statistical calculations. AccordilmgMiller a pegged mortise and

tenon joint is not a sufficient configuration ojoant loaded in shear, the housing must
be added.

6.3 Laminated beam

Joseph Miller designed and analyzed the laminaeinbusing shear keys in his
recently dissertated PhD (Miller, 2009). This comif® beam is not as strong as the
solid beam or the glulam beam but it has a higlthaés value, see Figure 6.9 and
Figure 6.10.

—_— e .
o - o ) —
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Figure 6.9 A modern laminated beam (Brungraber Bhiter, 2009).
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Figure 6.10 The framework of large building consted by Hunter Timber Frame

Structures. The roof structure is supported byraiteated beam, which
clearly show that a structure of this size is pblgsito construct using
laminated beams (Brungraber and Miller, 2009).

The design and analysis of mechanically-laminaeghbusing shear keys conducted
by Joseph Miller (2009), can be summarized in sdesgn steps which can be used
in theBridge over Tidan
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The higher the stiffness of the shear key, thedrighe stiffness of the beam.
On the contrary, if the ratio between the stiffnesisies is too large the overall
stiffness of the beam will decrease. This can odcaast iron keys are used
(Miller, 2009).

Straps or bolts should be used to clamp the beahpivent it to separate due
to rotating keys. The amount of clamping componewits not increase the
capacity beyond the fact that the key is compress&tdad of rotated(Miller,
2009).

Inclined shear keys are preferred instead of squkeys. The inclined key
will only be subjected to compression and requess Idimension for the same
result, while the squared key is subjected to lmotmpression and shear and
require more space. A positive aspect of the squieey is that the mechanical
behaviour is not altered, if the load direction rye@s, which is the case for
inclined shear keys (Miller, 2009).

The height of the laminated beam should be limited maximum three layers
(Miller, 2009).

The keys should be kiln-dried and also the timieeli if possible, to avoid
shrinkage of the keys. The performed study showedlear result of
decreasing load-carrying capacity of the beam whenstiffness of the keys
decreased (Miller, 2009).

The spacing of the keys has a certain minimum nicgtawhich has to be
fulfilled otherwise there is risk of shear failure the intermediate part
between the shear keys (Miller, 2009).
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The keys should be placed where the shear fortieeidargest i.e. near the
supports. However, Miller suggests an even distionuof the key if the beam
Is subjected to concentrated loads (Miller, 2009).

A cambered beam will minimize the deflections, whitan be obtained by
laminated beam using shear keys. The keys candestéd in a prestressed
beam to create a ridge. Hard driven key wedgesinretressed beam will
also create a ridge of the beam (Brungraber antkiv2009).

A spring under the bolt that clamps the beam tagetian be inserted which
will absorb the deflection due to shrinkage (Brwaimgar and Miller, 2009).

A squared shear key can fail due to compressiopepelicular to the grain or
due to rolling shear (shear perpendicular to tlaéngrwhile the inclined shear
key risk failure due to compression (Miller, 20098ccording to current
practice, hardwood keys are often used in softwmeams and iron-cast keys
are used for hardwood beams. The proper functiorthef keys during
construction are ensured by deliberately manufagua gap on the non-
bearing surface, see Figure 6.11.

b) c)

RN

L = 1 s < k=

Figure 6.11 The proper function of the keys durganstruction are ensured by

deliberately manufacturing a gap on the non-bearswgface. a) is
incorrect. b) and c) are correct if the gap is méauiured on the non-
bearing surface (Brungraber and Miller, 2009).

Miller declares that the design and manufacturihgadaminated beam still is a
complex process because it is based on analytigdies of the beam. Only a very
small part of the total design has been simpliied applied in Eurocode 5, which is
not sufficient for a completely designed beam, ideehanically jointed beams EN
1995-1-1:2004.1.3Annex B.
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7 Description of the global numerical model

In this Chapter the global numerical model of thmelde will be presented, starting
with a description of the structural model and simaplifications made. Additionally
the Chapter continues with a description of theuindata in form of material
properties and loads.

7.1 Simplifications of the structural system

Several simplifications had to be introduced to di#e to obtain a reasonable
numerical model in both magnitude of the computeaticeffort and the mechanical
behaviour. All diagonals iBridge over Tidarhad an angle of 40°. The inclination
was kept since the grain direction is of importamdeen studying an anisotropic
material such as wood. The span of 21.9 m wasdasarmined to be important and
was implemented in the numerical model, see Figure

21.9

3.06
40°

3.65

Figure 7.1  The dimensions of one truss which weredelled in Abaqus
Brigade/Plus.

Every structural element was modelled with onerggetion point to obtain a pure
load path. The new intersection generates a lovegghh of the truss since the
unchanged inclination of the strut requires a @mngy of the vertical tie, see Figure
7.2. The tender document showed a straight uppaiddin the truss, but the model
received from Anders Frgstrup had a slight cureg Bigure 7.3. The bridge was
modelled with a straight upper chord as Figureshdws.
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3266

-

FE-model

Figure 7.2  The new intersection points [mm]. a)whdhe intersection points from
the drawing in the tender documents, while b) shibvssimplifications
made in the FE-software (Karlsson, 2012) (ModitigdT eike 2013).

a} 1 N
P
4 P RN N
: /_- fl,ff" 3 i _:\- ", - \
A f
Tender document
b)
;:‘-\"_.
B g
3 — 1
Anders Frostrup

Figure 7.3  a) The upper chord of the truss areleetgd in the tender document
(Karlsson, 2012).b) The model received from Andewstrup had a
slight curve of the upper chord (Frgstrup, 201 Nlo(lified by Teike
2013)

The wedges in joint 3 iBridge over Tidanseen in Figure 5.1, are ignored in the
global numerical model. Instead the beam elemeptfomed exactly in the centreline
intersection of each beam, since there will béelitr no second order effects on the
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global behaviour. The protruding top of the tie a0 ignored in the global analysis
since it will not effect the distribution of forcabrough the global system. On the
contrary, if the local system of a single connattias analysed, it would have had an
impact on the total capacity of the upper connectiod then it should be considered,
but this was not the case in this Master’s Thesis.

The laminated beam was modelled as a solid beammidst outer floor beams were
positioned where the last strut meet the bridgd destead of being placed in the end
of the dowelled-beam, see Figure 7.4. This singatfon generated a clearly -defined
load path.

a)

o > RS . e Tk S T

d S

FE-model

b)

Figure 7.4  The most outer floor beam, seen innas moved to the intersection
point of the strut and the dowelled-beam, seen)j{fyastrup, 2012).
(Modified by Teike 2013)

The bridge deck was converted to a massive timlage pising the same density but
modified bending stiffness values for each direttidAccording to the tender
documents the floor beams and the decking wereeglacdifferent directions, which
lead to the assumption of neglecting the bendiiffness in the weak direction for
each type of member, Figure 7.5 and Figure 7.6I¢Kan, 2012). The calculation of
the bending stiffness in both x- and y-direction t& seen in appendix B. The result
Is shown in Table 7.1.
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Figure 7.5 A section of the bridge showing thessrsection of the decking boards
which determined the bending stiffness in the gafion (Karlsson,

2012).
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Figure 7.6 A section of the bridge showing thessrsection of the floor beams
which determined the bending stiffness in the gatiion (Teike, 2012).

Table 7.1 The calculated bending stiffness ofstidl element. The shell element
is composed of decking boards and some of thergirde

Direction Bending stiffness  Notation Reference
X 0.345 MN/nf? Ely Appendix B
Y 17.601 MN/nf El, Appendix B

Thickness of the orthotropic plate was calculate@.1.93 m by evenly distributed the
mass obtained from one square meter of the briédgk.dhe calculation is shown in
Appendix B. An elastic modulus for each directioasnderived from the calculated
bending stiffness in each direction by adapting rleev modified thickness which

resulted in a modified second moment of inertiae $ame density and the modified
second moment of inertia resulted in a convertexbtiel modulus linked to the

orthotropic plate, see Table 7.2.
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Table 7.2 The modified E-modulus of the bridge delich were used as input
data in Brigade/Plus.

Direction Elastic modulus Notation Reference
X 0.197 GPa Ex Appendix B
Y 8.878 GPa = Appendix B

7.2 Material properties

Material properties were determined from SS-EN 381 the Forest Products
Laboratory (US). Timber is an anisotropic matehat engineers often simplify the
material to a transversely-isotropic material, iahtan be seen in SS-EN 338. Hence,
a transversely-isotropic orientated coordinateesystvas chosen for the material, see
Figure 7.7. The elastic modulus perpendicular aar@lfel to the grain and the shear
modulus were determined according to SS-EN 338. shiear modulus in the weak
direction (G23), where determined to 0.1% of theashmodulus given in SS-EN 338.

The transversely-isotropic orientated coordinatgtesy chosen in the finite-element-
software required equivalent Poisson’s ratios. Atate modification was done to
convert the Poisson’s ratios to fit the transverssbtropic orientated coordinate
system, since the tabulated values in the reporthbyForest Products Laboratory
where stated in principle axes of wood, see Appedifor calculation and Figure
7.8. The Poisson’s ratio was chosen to zero fortttgotropic plate which is on the
safe side according to European design rules, S3998-2:2004 5.1.1 NOTE.

Isotropic
G=E /[2(1+v))
K=2Gv/(1-2v)+G
Hence:E, ,E; =E,

WMA& fve  G,=Gyg E,E

independent Vag= Vg, V. log

Figure 7.7 A transversely-orthotropic material (Kr 1997). (Modified by Teike
2013)
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Figure 7.8  The principle coordinate system of ®mbThe principle axes are
related to the grain direction and growth rings é2j Nieto and
Rabanal, 2008).

The implemented material properties are collectedrable 7.3.The values of the
Poisson’s ratio are called Nul2, Nul3 and Nu23nigd&le/Plus. The shear modulus
for the modified orthotropic plate was set to tlane value as for Pine D30. The
properties shown in Table 7.3 were implemented dohemember in their local

coordinate system.

Table 7.3 The material properties implemented nmgd&le/Plus. Superscripted
numbers are indices which show the reference ofdhges; 1: EN338,
2: Appendix B, 3: Forest laboratory and Appendix4dCAssumed value
and 5: EN 1995-2 5.1.1 NOTE.

Oak D40 Pine D30 Modified

Plate

E1l [GPa] 13 12 10.0Z

E2 [GPa] 0.86' 0.4 0.2

E3 [GPa] 0.86' 0.4" 0.27

Nul2 [-] 0.448 0.344 o°

Nul3[-] 0.455 0.369 0°

Nu23 [-] 0.455 0.369 o°

G12 [GPa] 0.81" 0.75 0.75

G13 [GPa] 0.81 0.75 0.75

G23 [GPa] 0.0008f  0.00075 0.00075

Density [kg/m?] 660" 460" 460"
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7.3 Element type, boundary conditions and mesh

Three different element types were used in the magalanodel; beam elements, truss
elements and shell elements. The floor beams tigpost the bridge deck was
modelled in two different aspects. Floor beams gdagn each side of a vertical post
and additionally one in the beginning and the ehthe deck are modelled by beam
elements. The residual girders together with thekidg boards were modelled as a
modified orthotropic plate using shell elementseiBfore all floor beams were not
visible in the model, since the most part of theeravhidden in the properties of the
orthotropic plate i.e. transformed into an increllsending stiffness.

12 girders were modelled as beam elements the aamant that can be seen in the
figure shown on the cover page, but only 7 beamseaseen in the numerical model,
see Figure 7.9. The five beams in the middle ctewbisf two girders modelled as one
but with larger dimensions. This does not effeetrdsults of the global analysis since
it was the forces transferred to the connectiohwle of interest.

The bracings were modelled by truss elements. Taargs had a diameter of 16 mm
and were restrained to only have a load-bearingagpin tension to simulate wires.
The framework of the bridge was modelled with fixeshnections with a simply

supported bridge deck. The bridge deck were madielgarately and only used for
analysing the load dividing lines of the bridge.eThoundary conditions were set
according to Figure 7.10. Three different typedeérings were used; fixed bearing,
sliding bearing and sliding guided bearing.

Figure 7.9 A numerical model of the Bridge ovetan.
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Fixed Bearing Sliding Guided Bearing

Figure 7.10 The boundary conditions of the nunancodel, seen from above.

The mesh of the framework was composed by threesiional linear 2-noded beam
elements and linear 2-noded truss elements, windebtidge deck was composed by
quadrilateral 4-noded stress/displacement shethahés with reduced integration, see
Figure 7.11. An algorithm that minimizes the mesimsgition was used. The element
size was chosen to 10cm, since a smaller elemeatstiowed approximately the
same results but the computational time was maykedreased. The model consists
of 2007 elements and 5931 nodes.

% » &P

Beam Truss Shell
elements elements elements

Figure 7.11 The mesh of the framework was compbgédtiree-dimensional linear
2-node beam elements and linear 2-node truss elksmerhile the
bridge deck was composed by quadrilateral 4-nodesstdisplacement
shell element with reduced integration (Abaqus,301
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7.4 Loads

The loads on the numerical model are presentedleT7.4.
Table 7.4 The applied loads.

Load Magnitude Applied Comments Reference
type direction
Self- 660kg/n?  Vertical Self-weight ~ was EN 338
weight  (oak) calculated from the
. implemented
?p?i(r)\g/m density by the
finite-element
9.81m/$ software
Traffic 5kN/m? Vertical Surface load.EN 1991-2:2003
load Representing 5.3.2.1 (2) NOTE.
people walking on
the bridge
Wind 1.8kN/m?  Transverse An  approximate The national bridge
load value code of SwederBro
2004
Snow 0 Vertical The snow load wasEN 1990 A2.2.3 (3)
load neglected
Vehicle 8.23kN/ Vertical Project specific EN 1991-2:2003
load 8 75kN service vehicle 5.3.2.3NOTE 1

Braking 4.938kN/ Longitudinal  60% of the vehicleEN 1991-2:2003 5.4
load 5 25kN loads 1) & (2)

The self-weight was calculated from the implementeghn densities of the timber
and steel together with the volume and the graeitaif 9.81 m/éby the FE-software
Brigade/Plus. The self-weight of the bridge declksvimplemented as a permanent
load on the bridge framework.

A simplified wind load equal to 1.8kN/nwas chosen with reference to an older
version of the national bridge code of Swedko 2004 (Vagverket, 2004). It was
then an approved value to be used for bridges aittreight up to 10 meters and a
location not higher than 45 meters above surrognemvironment. The wind load
was applied uniformly on the projection plan XZtlé bridge at an angle of 90°. The
residual part of the XZ-projected bridge surface #me area of the service vehicle
were neglected.

There are three different widths on the tributaseaof the wind load; 0.2m, 0.3m and
0.4m, see Figure 7.12. The projected XZ-surfadh@inclined end posts had a width
of 0.2m which resulted in a 360 N/m wind line loddhe inclined end posts and the
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central vertical post had a width of 0.3m whichuteed in a 520 N/m wind line load.
The laminated beam had a width of 0.4m which resluit a 720 N/m wind line load.

(=]

Figure 7.12 The tributary area of the wind loadru8tural elements numbered 1
had a width of 0.2m. Structural elements numberdh@ a width of
0.3m. Structural element numbered 3 had a widt®.4m (Frastrup,
2012, Revised by Teike).

The designer was allowed to neglect the snow loathé load combination when
combined with traffic load for footbridges accorglito SS-EN 1990 A2.2.3 (3).

Two traffic loads were considered f@ridge over Tidan a pedestrian load and a
service vehicle load. A concentrated traffic loamesl not need to be considered if a
service vehicle load is applied, according to EN91:2:2003 5.3.2.2 (3). The
pedestrian load is stated as load grgupand the service vehicle as load graup
according to EN 1991-2:2003 5.5 tab 5.1. These t@¢inos were used to find the
related partial coefficient for each load in thadocombination for the ultimate limit
state.

A specific service vehicle is allowed accordinggN 1991-2:2003 5.3.2.3 NOTE 1,
see Figure 7.13. According to the previous refeM&ITE 1 a dynamic contribution
specified in the project could be used. The terEmument forBridge over Tidan
specified a dynamical load factor equal to 1.4 [&&n, 2012). The service vehicle
belonged to gr2 according to Eurocode 1, whichltegun Yo=Y;=0, see SS-EN 1990
Tab A2.2. The concentrated force for each wheel Fsgure 7.13, was recalculated to
a “concentrated” distributed load acting on an anéd.04 m2 which resulted in
Qserv. 218 kN/m? and Q=205 kN/m?2, see Appendix D.

g 23 kN g 75 kN

8,23 kN 8,75 kN

Figure 7.13 A schematic sketch of the servicecleHor which the bridge was
design for. The vehicle was of the type, Wille 4868 the loads were
multiplied with a dynamical factor 1.4 according tine tender
documents (Karlsson, 2012).
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The second traffic load simulated a crowd standingthe bridge, here called the
pedestrian load. It was chosen as a uniform loa8l kil/m? according to EN 1991-
2:2003 5.3.2.1 (2) NOTE. The patrtial safety factimnsgrl are equal t&(=0.4 and
Y1=0.4 according to SS-EN 1990 Tab A2.2.

A horizontal load was chosen from the maximal vali€0% of the service vehicle
load and 10% of the pedestrian load, see EN 198003:5.4 (2). The load was then
redirected to act horizontally in the bridge longinhal axis in the plane of the bridge
deck, see EN 1991-2:2003 5.4 (1). The horizontatl lvas decided to 60% of the
service vehicle load. It was only active simultamsg with the service vehicle load in
the load combinations. The horizontal load belotmshe service vehicle which
results in partial coefficients equal Yg=Y1=0.

Three different load cases were analysed see Figlie The variable load from the
snow removing vehicle were simulated with four camtcated forces, which were
repositioned manually in Brigade/Plus i.e a livadaanalysis was not executed. The
load from the traffic loads were applied on thenfeavork which is illustrated in
Figure 7.14.
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=
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Figure 7.14 The three different traffic load casshich generate the maximum
design loads. a) Load case 1 illustrates the servighicle at the end of
the bridge. b) Load case 2 illustrates the serwviekicle in the middle of
the bridge. c) Load case 3 illustrates the uniféoad called pedestrian
load, simulating a crowd standing on the bridge dgirup, 2012,
Revised by Teike).

The distribution of each load from the bridge dewmkto the framework was
determined by a separate analysis of the bridge&k.d€&be distribution on the
framework depends on the assumed connection betteetridge deck and the
framework. The bridge deck was here assumed tonty@yssupported and will then
have a related distribution to each side of themé&aork according to Figure 7.15.
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Figure 7.15 A simply supported beam loaded wittoacentrated force, simulating
the wheel pressure of the service vehicle in thasverse-direction of
the bridge deck.

According to the separate analysis of the bridgk diee concentrated force from the
service vehicle was transferred to the laminategimsein a stringent manner, see
Figure 7.16, resulting in concentrated force onléminated beams. The calculation
of the resulting force on the laminated beams @awnidwed in Appendix D.

The load dividing lines to distribute the self-wieigof the bridge deck onto the
framework were decided by studying the contoursptifita loaded bridge section, see
Figure 7.17. A clear indication of the y-directias the strong direction could be seen,
which was consistent with given characteristicstltd orthotropic plate. A more
accurate load divider can be obtained by an “emefloconfiguration, but the
approximation with straight load divider lines wasmpensated by increasing the
tributary area in the y-direction, see graph inuiFég7.18.
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Figure 7.16 A contour plot of the bridge deck mtatehs an orthotropic plate. The
plot shows the stress distribution from a conceetiaforce caused by
the pressure of a wheel from the service vehic3{8\).

Figure 7.17 A contour plot of the moment aroundstkexis on a uniformly loaded
orthotropic plate (1kN/A). The x-direction is aligned with the
longitudinal direction of the bridge deck. The édtlines show the load
dividers of how the load distributes to the flo@ams at the right end
left side of the figure and the laminated beanmh@top and the bottom
of the figure.
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Figure 7.18 A graph of the variation of the momanbund the x-axis in the x-
direction in the middle of the section. A clearrgmse of the moment
can be seen 50 cm from the edges, which indicatesdadivider.

The ultimate limit state was considered accordmgN 1990, see Equation (7.1).
ULS: STR

2i21Y6,jGkj + VpP +v01Qk1 t+ 2i>170,i ¥0,iQk,i (7.1)
according to SS-EN1990 6.4.3.2 (6.10)

The partial factors could be divided into differguatrts, to encounter the uncertainties
in the numerical load model, see Equation (7.2)e Tihst part,y;;, accounts for
deviations in_actions. The second pa#s accounts for uncertainties in the action
model/ action effect model. A maximum valueyg§=1.15 could be chosen according
to SS-EN1990 6.4.3.2 (6.10), which should be agdpledter the stresses are
encountered from the FE-software, see Table 7.thimMaster’'s Thesis the partial
factors were applied after the results from thebglanalysis were obtained i.e. not
divided in two separated parts.

Yri = Yri X Vsa (7.2)

according to SS-EN 1990 6.3.2 (6.d))
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Table 7.5 The patrtial factors could be applied lbefand after stress analysis in
Brigade/Plus, but in thisMaster's Thesisthe partial factors were
applied after the results from the global analysisre obtained i.e. not
divided in two separate parts.

Load type Action factor Model factor Merged factor

Permanent Yy = 1174 Ysq = 1.15 Ye,j = 1.35
Variable load, ULS Yq = 1.304 Ysa = 1.15 Yo1 =15
Variable load, SLS Yq1 = 0.87 ¥Ysqa = 1.15 Y11 =10
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8 Results
8.1 Global analysis

The resulting output values, sectional forces, mumand transverse shear forces,
from the global analysis are collected near thegoagjoint in the inclined strut and
the laminated beam. Results from the node thatexinine beams in the numerical
model have been avoided. Instead, all nodes intdted length of the structural
member are studied to avoid singularities and nigaledeviations in the results.
Investigated nodes can be seen in figure belowa#ls p and 2. The selection of a
realistic value has been based on 54 nodes indtheJpand 43 nodes in path 2. Six
output values has been obtain from each node awldase, which were extracted by
a python script.

i z

e
2 X

¥

Figure 8.1  Results from inclined end post are aledi from path 1. Results from
the laminated beam are obtained from path 2.

The obtained sectional forces, moments and trassva&tear forces from the global
analysis are defined in Table 8.1 and presenteddoh type of load in Table 8.2. The
critical load combinations for each type of strass highlighted as grey boxes. The
cogging joints were designed for the normal stregss a simplification.

The sectional forces, moments and transverse $bemgs are expressed in stresses
according to the equations in Table 8.3 and theltieg design stress values are

calculated in Appendix D. The local directions iba&us are redefined into x-, y- and

z-coordinates same as in EC 1995-1-1, see Fig@eTBe geometric constants are

presented in Table 8.4 and are used in each eqaatefined in Table 8.3
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Figure 8.2  Local axis definition for beam-type etns (Abaqus, 2013).

Table 8.1 Definitions of sectional forces, momemts transvers shear forces
(Abaqus, 2013)

Sectional forces, moments and Definition
transverse shear forces

SF1 Axial force

SF2 Transverse shear force in the local
2-direction

SF3 Transverse shear force in the local
1-direction

SM1 Bending moment about the local 1-axis

SM2 Bending moment about the local 2-axis

SM3 Twisting moment about the beam axis

(tangent-axis)
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Table 8.2

The obtained sectional forces, momentsti@msverse shear forces from the global analyBie light grey cells in each column

represent the most critical load combination, while dark grey cells represent neglected loadfiéndritical load combinations.
The reason to this was that the wind load was someefavourable and thereby set to zero and thela®n and retardation
load are only active when LC1 belong to the masicat load combination otherwise it was set toaer

Inclined end post

Self-weight

Wind-load

LC1 Service vehicle Q
LC2 Service vehicle M
LC3 Pedestrians

LC1 Acceleration load Q
LC 1 Break load Q

Laminated beam

Self-weight

Wind-load

LC1 Service vehicle Q
LC2 Service vehicle M
LC3 Pedestrians

LC1 Acceleration load Q
LC 1Break load Q

66

SF1[N] oy [Pa]
-35054|  -584233
-10837__-180617
-32775  -546250
-22059_-367650

-111915 -1865250]
173 -2883

SF1[N] o« [Pal
26165| 327063
-8731
24416 305200
10081 126013
84505| 1056313
12934

-14447  -180588

SF2[N] 1, [Pa] SF3[N] Tt ,«[Pa] SMI1[Nm] om,[Pa] SM2 [Nm] o, .« [Pa] SM3 [NmM] Tiork [Pa]
-322]  -8050 79[ -1975] 327 -109000]  -283 -141500 23] 8207
5| -125]  -2025]  -50625 -62 -20667|  -1918 -959000 120 43290
87| __-2175 21 -5 81 27000 -177 -88500 38 12266
55 1375 116 2900  -19%6 -65333 249 124500 16 5772
544 13600 -350|  -8750|  -2254 -751333|  -1375 -687500 130] 46898
3 -75 24 600 1 -59 8
7 175 s 5 1667 61 30500 -8 -2886
SF2[N] 1, [Pa] SF3[N] t,«[Pa] SM1[Nm] on,[Pal SM2 [Nm] o, .« [Pa] SM3 [Nm] Ty, i [Pa]
-1833[  -34369 ga| 1575  -124 -23250 189 70875 16| 4065
80 | 183 | 58 10875| 1129 423375 54| 13720
468 -8775 90 1688 4 750 -103 -38625 125 31758
235 -4406 38 713 162 30375 -148 -55500 20 -5081
-8359] 156731 a2 7s38]  e17[  115688] g6 324750) 75| 19055
-23 | 205 33m4 0 0 25 9375 16
25 469 2 ] i3 30 | -6 -4065
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Table 8.3 The obtained sectional forces, moments teensverse shear forces
from the global analysis are expressed in stresgesrding to basic
mechanical equations.

Sectional forces, moments and transverse shear fas Equation to obtain load effect

SF2 _ SF2

SM1 SM1
Omyk = I X Zmax
x

SM3 SM3

T tor,max,k
! ’ WtOT

Table 8.4 Geometric constants.

Geometry Parameter/Equation Inclined end post Lamimated beam

Width w 200 mm 200 mm

Second moment of w X h3 450x10°m* 1067x10° m*
inertia around L=—
x-direction

Distance to most _h 150 mm 200 mm
outer fibre in Zmax = 5
z-direction

Torsional resistance Wipr = cXw? X h 2772 x 10 m® 3936 x 1 m®
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8.2 Design methods

In this section a comparison between design meithadd 2 are presented together
with an additional assumption which was requiregpedorm the design according to
method 2.

8.2.1 Comparison

A comparison of design methods 1 and 2 in Chaptea$conducted to highlight
similarities and differences.

Similarities between the design methods;

* The compressive stresses at the frontal area bmdaied by the same
equation; see Egs. (6.1), (6.3) and (6.7).

* The angle of the frontal surface in design methedh& found to be the same
as the recommended angle in design method 2.

» The force component acting on the frontal or reafase which also
determines the final shear stress had the samaidimen both design
methods; it was aligned with the chord.

Differences between the design methods;
* Double notched cogging joint

o Only a single notched cogging joint was presemedkisign method 1.

o Both single and double notched cogging joints vpargsible to design
according to design method 2.

* Shear plane length

o Only a certain interval of the shear plane lengés allowed in design
method 1, a maximum and minimum value was givdagn(6.5).

o Design method 2 has no limiting value of the sipdane length i.e. an
unlimited length can be accounted for to fulfiletBhear strength
condition.

* Notch depth

0 In design method 1 a certain notch depth was recamded for
orthogonal contact surfaces, see Figure 6.2. litiaddwhen an angle
of 60° between the strut and the chord was excetndedotch depth
was limited to a certain value.

o In design method 2 notch depths of a double cogging had to fulfill
a certain condition to ensure full utilization aftb shear planes, see
Eq. (6.11).

» Utilization of the flatter contact surfaces

o In design method 1, the flatter surface was cheatk avstress control,
see Eq. (6.4).

o In design method 2, the force component that ddtsedlatter surface
was not check with a stress control when the simdtthe chord had an
angle between 30° and 60°. No further instructiwage given for
remaining angles.

* Width of strut

o The width of the strut had to fulfill a certain abtion in design
method 1.

o There are no design rules for the width of thetstralesign method 2.

e Tensile and bending stresses
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o A control of the tensile and bending stresses vigidighted in design
method 2 and not in design method 1.

8.2.2 Assumptions

Additional assumptions necessary to permit a desfgm cogging joint according to
design method 2 was required. Equation (6.8) waismasd to account for the strength
in the laminated beam while the strength of thdéined end post shall be determined

by fc,O,d-

It was explained in the design recommendations tih@tsum of the two stresses
obtained for a single notched cogging joint witlir@ntal or a rear contact surface
were allowed to be used for a double notched capggimt. There were no further
details stated on how the force should be divideiveen these double notches and
contact surfaces. Thereby, the following weightedmiulas were assumed in this
study:

S — Gc,a,l
dist Oca1t Ocaz2
(8.1)
Fg*saise  , B
=—cos“(m) <
Oca1 bef “t, (2) fc,a,l
(8.2)
where index 1= frontal surface
Fg * (1 — Sqist)
Oca2 = b P t = COS(,B) < fc,B,d
e v
(8.3)

where index 2 = rear surface

8.3 Local joint design

Four cogging joints were studied of which one wasda on design method 1 and
three were based on design method 2; joint AFntjBi, joint C and joint D, see

Figure 8.3, Figure 8.4, Figure 8.5 and Figure 8dint AF is shown in figure below

and is the originally sketched joint by Anders Fngg. Joint B and C were designed
according to design method 2 and finally, joint Bsadesigned according to design
method 1. The calculated design normal stress,from the global analysis was used
as input data in the local design for all studiexits. The calculations for each joint
can be viewed in Appendix E. Two different apprascivere used when analysing
the joints. Joint AF was evaluated, while joint 8, and D were designed with

sufficient strength with respect to the design loatained in the global analysis and
the material strength C24.
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Figure 8.3  Joint AF designed according to desigrihoé 2 and obtained from the
3D-computer-model from Anders Frostrup. It was fbuto have
insufficient strength for a material strength equ@lC24, but sufficient
strength for a material strength equal to D50.

—

Figure 8.4  Joint B design with sufficient strengttcording to design method 2
and material strength C24.
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Figure 8.5 Joint C designed with sufficient strédngtcording to design method 2
and material strength C24.
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Figure 8.6  Joint D designed with sufficient strangtcording to design method 1
and material strength C24.

Joint B was designed with sufficient shear strengitin a utilization rate of 100%,
which resulted in a translation of 43 mm from tlige of the chord to ensure the
shear strength. The design stress was obtaindtkimtlined end strut at the frontal
surface and was designed with a utilization rat@88b.
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Joint C was designed with sufficient shear strerngth a utilization rate of 100%,
which resulted in a translation of 182 mm from #udge of the chord to ensure the
shear strength. The design stress was obtainetieifaminated beam at the rear
surface with a utilization rate of 100%.

Joint D was designed with sufficient shear strengitin a utilization rate of 100%
which resulted in a significant translation of 3®m from the edge of the chord to
ensure the shear strength. A certain configuratiad to be accepted due to the 90°
angle between the frontal and flatter contact sedaand the given inclination 20° for
the frontal contact surface, which resulted in iization rate of 88% at the frontal
contact surface and 100% of the flatter contactaser The maximal width of the
strut was exceeded according to the design recoutatien in design method 1. No
explanation of why this condition had to be fu#dl was found.

The investigated joints had a thickness of 200 rmhe 2D-geometry of joint B, C
and D are presented in Table 8.5 together withllastriation in Figure 8.7, more
detailed information of all joints can be seen pp&ndix E.

h

Figure 8.7 A principle sketch of a cogging joint thustrate the different
parameters of the 2D-geometry and also the angiedsn the force at
the contact surface and the grain in each member.
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Table 8.5 2D-geometry of the cogging joint. Theapaeters are illustrated in

Figure 8.7.

JOINTB JOINTC JOINTD
a 86 - 160
b 110 283 -
c 251 0 439
d 159 338 -
e 81 - 150
f 102 217 -
g 434 - 452
h 750 392 -
i 404 182 397
® 20 - 20
B 0 0 70
o 40 40 -

The resulting load effects on each joint are showhable 8.6 and the utilization rates

for the material strengths C24 and D50 for eachtjare shown in Table 8.7 and

Table 8.8. The presented load effects depend oartgke between the load and grain
at the contact surfaces in each joint, the calmratf each load effect can be viewed
in Appendix E. Design method 1 give compressivesstes at 20° and 70° angle to the
grain, while design method 2 give compressive segat 20° and 40° angle to the
grain and parallel to the grain.

The design strength of the strongest wood speni&Ni 338:2009 are presented for
each type of stress, D40-D70, together with twongda of a medium strong pine

C24 and C30. A comparison between the design l&adtebtained from each joint

and the design strength can easily be made in Bable

Joint AF had insufficient strength with respecataormal force equal to 220kN and a
material strength equal to C24, due to high congivesstresses induced 20° to the
grain at the frontal contact surface. On the coptria was found to have sufficient
strength if a material strength equal to D50 wasdusvith a utilization rate of 91%.
The utilization rate of the shear strength was ébtmbe 57%.

Only three of four surfaces contributed to the badring capacity in joint B and two
of three in joint C, due to the straight surfacelet rear flatter surface. A smaller
decrease of the total cross-section of the lamihbéam was achieved in joint B.
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Table 8.6 The resulting load effects at the contaafaces for each joint are
presented together with design strength for sevetedngth classes
according to EN338.

AF B C D C24 C30 D40 D50 D60 D70
6coa 4.7 3.0 3.9 --- 113 123 140 156 17.2 183
6c20d 12.6 7.2 - 6.5 7.4 8.0 124 139 154 17.0
Gca0d 4.7 3.0 3.9 -- 39 42 97 108 121 143
6c70d Tt Tttt mees 0.9 24 71 80 9.0 114
T 1.2 2.2 2.2 22 22 22 22 22 23 27
f 64 102 217 150 ---- -—-- -—-- -—-- -—-- -—--

i 300 43 182 397 - e e e e e

Table 8.7 The utilization rate for a material stgth equal to C24.

AF B C D
Gc.od 42 27 34 —
Gc20d 171 98 - 88
6ca0d 120 78 100 -
Gc.70d " -—- - 38
T 57 100 100 100

Table 8.8 The utilization rate for a material stgth equal to D50.

AF B C D
Gc.0.d 30 19 25 ===
Gc.20d 91 52 --= 47

Gc.40.d 44 28 36 ===
G¢.70.d T T T 12

T 57 100 100 100
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9 Discussion

In this Chapter the results from both the global #me local analysis are discussed.
Interesting results from the literature study caono®y timber framed joints in general
are also discussed. Second order effects weretndied in this Master's Thesis
project but some remarks will be done in relatiofiailure mechanisms.

9.1 Advantages and disadvantages of B, C and D joint
design

Advantages and disadvantages for joint B, C ande2viound. B, C and D represent

the three different joint designs found in this kéa's Thesis. Joint B only required a

small end distance and the possibility of two sh#ans increased the shear capacity.
On the contrary, the shear stress at the frontalach surface was never controlled,

instead the shear stress capacity was checkedribyivg that the total shear load can

be carried by the rear contact surface.

Joint C allowed the cogging joint a closer posittorthe end of the laminated beam
such as in joint B. However, the configuration vi@snd to have a large risk. A crack
can easily be initiated which could lead to a splif of the strut, see Figure 9.1. The
joint required a large notch depth, which cut tlgloahe upper part of the laminated
beam. The mechanical connections that hold thenlat®d beam together at the end
are thereby not functional. Hence, this joint carm®used with these dimensions and
loads ofBridge over TidanEven if the load was reduced, the notch is d&éper than
the other joint designs, which could induce a sloear tensile failure of the upper part
of the laminated beam, see Figure 9.1. Furthernfaotion forces can never
contribute to the load-bearing capacity at the seaface, since the surface is parallel
to the load path.

Splitting of the strut

Failure in the
laminated beam

NS

Figure 9.1  Failure in the laminated beam due toaher tension parallel to the
grain and splitting of the strut due to easily iaiton of a crack at the
top of the rear contact surface and a deep not&k@g2013).

In contrary to previous joint designs, a stresstrwbrwas performed of the flatter
contact surface in joint D. On the contrary, th@giag joint required a large end
distance due to the single frontal contact surthe¢ generated large shear stresses
because of the shortening of the shear plane |lefkgttthermore, a deep notch in the
beam was required.
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9.2 Shear failure and compressive failure

A shear failure in a cogging joint is a rapid faduand lead to a total collapse of the
bridge immediately, while a compression failureatangle to the grain could be seen
as less prone to contribute to a total collapsthefcogging joint, see Figure 9.2. On
the contrary, the compression failure could leadato unbalance in the contact
pressure and thereby induce a second order mometheiinclined end post, see
Figure 9.3. A reasonable conclusion was that thmlamces lead to increased stresses
at specific locations in the joint, and therebk rexceeding the design strength in the
structural members, such as the shear strength.

a) Vs b) « c)

P ’ - -
o e e - o~

. — - l.:

Figure 9.2  a)-c) illustrate the rapid shear failuog a cogging joint which result in
a failure mechanism. The thicker line representg tboncrete
foundation and the gap between the foundation drvel kiridge is
exaggerated (Teike, 2013).

a) b) c)

J— [ h . | .....

Figure 9.3  a)-c) illustrates theompression failure could lead to an unbalance in
the contact pressure and thereby induce a secoddranoment in the
inclined end post. The thicker line represents ¢becrete foundation
and the gap between the foundation and the bridgexaggerated
(Teike 2013).

9.3 Distribution of force

The distribution of the normal force at a doubléched cogging joint was assumed in
this Master’s Thesis, which effects the design Itdsu joint B and the evaluation of
joint AF. The distribution of the force for all jui types can be questioned since both
design method 1 and 2 are simplified design methdde numerical analysis
conducted by Villar et al. (2004) showed that faotat larger angles between the
strut and the chord generated a significant comiioh to the load-bearing capacity of
the cogging joint, which is disregarded in currsimplified methods in this Master’s
Thesis.

9.4 Shear strength

The shear stress is induced parallel to the graimeé laminated beam for a cogging
joint. The different shear stress criteria presgntedesign method 1 and 2 are not
verified in Eurocode 5, and was thereby an unaemarameter. In this Thesis, the
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shear stress has been calculated according tortxésgor each design and then
compared to the design strength value for sheasstifq in EC 5, see a) in Figure
9.4. The same strength value is used for sheassisanduced by transversally loaded
beams. This can strongly be questioned. It couldatgried that a different shear
strength should be used.

For example, the rolling shear is more suitablaige since it has a similar brittle

failure, but this shear stress is perpendiculah&ograins, which was not the case for
the cogging joint, see b) in Figure 9.4. The shati@ss induced by a cogging joint in

the end of the beam can be illustrated as a Idtettewhere parallel shear occur

locally between two grain layers in a limited pafrthe material, see Figure 9.5.

(a) (b)
Figure 9.4 a) Shear strength parallel to the grarmg. used for the shear stress
generated from transversally loaded beam (EC5)Rb)ling shear,

which is defined as the double tensile strengthp@edicular to the
grain (SS-EN 1995-1-1:2004 6.1.7) (EC5).

Shear plane Z

Figure 9.5 Shear stress parallel to grain when ioglh on local limited area (Teike
2013).

It could be argued that the shear stresses medtionEuropean design rules are of
different type than the shear induced in the coggoint. For example, the shear
stress induced from a transversally-loaded beamdisced over several shear planes.
On the contrary, the shear stress induced at th&hraf a cogging joint will only
spread over a few shear planes with a high risénty using one shear plane since
there is a risk of concentrated stresses. The simgiar approach found in EC 5 was
that of block shear failure and plug shear failof@ multiple steel dowel connection,
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see Figure 9.6 and Figure 9.7. This approach deitlts shear stresses parallel to
grain near edges of structural members, but is @alid for multiple steel dowel
connections.

fm v2 f\' 3 fua 1

- - -

et e & ol
™,

. . .
fs | %ve |fr | e

- - -

Figure 9.6 A multiple steel dowel connection (EC5).

Figure 9.7 A block shear failure of a multiple $tdewel connection at the top and
a plug shear failure at the bottom (EC5).

The literature study revealed that this has beeissure for a long time. The ancient
designers even tried timber framed joints with weoh edges to avoid stress
concentrations. This method reduced the risk ofignty large stresses at a limited
surface, but increased the joint slip and therditgytotal deflection of the structure,
which was another important aspect of timber frajoeds.

The sub objective of this Master’'s Thesis projeaswo find a tension joint designed
only in timber adopted for heavy loaded structudgter a thorough investigation of
both old and new literature and research, no soaft was found. It could be
explained by insufficient shear strength parathehte grain described as block rupture
and insufficient tensile strength perpendiculagtain when pegs are used.

9.5 Joint slip

The use of timber framed joints is often seen atiflness challenge such as timber
structures in general. Large deflections can besigged by joint slip and due to

creep. The stiffness issue should be addressetleirdésign in all timber framed

joints. Shrinkage and creep will relax timber fralmeints which from the beginning

have perfect contact.

Framing timber is a very heavy practice for thepeater, which can effect the
number of times a joint is tested for perfect #fdre a satisfied result is achieve. In
addition, timber is an anisotropic material bothretcro and micro level with knots
randomly located. Therefore, some imperfections tmhe accepted. These
imperfections cause movements in the bridge strectwhen all members are
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mounted and fully loaded due to joint slip, whichtiirn can generate a movement in
the joint.

The literature study has shown that the deflectian be counteracted by preparing
for future post tensioning of the bridge. This d@nachieved by using longer shear
keys in the laminated beam, which can be drivem tiné key holes and counteract the
deflection. Strapped tension joints can be tighdewéh steel wedges to counteract
the shrinkage. The stiffness issue of a coggingt jsi not related to the shrinkage or
creep deformations. It is rather related to secodér effect and craftsmanship which
was out of the scope of this Master’s Thesis ptojec
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10 Conclusions

The literature study together with the global asslyshowed that the cogging joint
was the most critical joint in the timber trusscant had no redundancy. Failure of
the cogging joint located at the end of the lowkord will lead to a mechanism

resulting in a total collapse of the bridge. Thebgll numerical analysis of the bridge
generated a design load of 220kN in ULS in theimed end strut, which all joints

were designed after. The numerical analysis wastddnto only concern three

different traffic load cases.

Two conventional design methods of cogging joinesrevfound, in this Master's
Thesis, called design method 1 and 2. Anders Fgsiuggested a cogging joint
according to design method 2 fBridge over Tidan The sketched cogging joint in
the global 3D-computer-model received from Andergskup showed insufficient
strength to carry the normal force, calculatedBadge over Tidanby contact only,
if a material strength equal to C24 was used, bhdtgufficient strength for a material
strength equal to D50.

All joint designs showed both advantages and d@maihges. Advantages can be
summarized as:

» Small end distances were allowed for both joinnd &

* Increased shear capacity was generated in joinud@td the spread of the
shear stress over two shear planes.

* Joint D could have had a much higher load-bearagacity if the friction at
the large flatter surface was accounted for.

Disadvantages can be summarized as:

* No shear strength verification at the frontal cohtsurface in joint B was
conducted.

e Joint C and D had deep notches, which risk a stadlare or a tension failure
in the laminated beam.

* The load-bearing contribution of friction was negjésl in all joint designs.

The shear strength suggested in design method 12amdre based on the shear
strength f.4 in Eurocode 5, which is strongly questioned irs thlaster’s Thesis. It
could be argued that a different shear strengthldhmze used, since the shear stresses
induced in a cogging joint are more similar to Blahear failure and plug shear
failure of a multiple steel dowel connection ddsed in Annex A in Eurocode 5.

10.1 Further research

The shear failure is a brittle failure and very glexous in a cogging joint at the edge
of a truss and should be investigated further. myuthis Master's Thesis project,

Nils-Eric Anderson constructed two fully-scaled gow joints, see Figure 10.1,

which in the future should be tested at Chalmers/éisity of Technology for shear

failure at the end of the beam to learn more almmgiging joints. The effect of

shrinkage cracks near the shear plane should also/bstigated, see Figure 10.2.
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Figure 10.1 Fully-scaled cogging joint constructbg Nils-Eric Anderson at Da
Capo University in Mariestad. Standing next to ¢tlogging joint, Anna
Teike (Teike, 2013).
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Figure 10.2 A shrinkage crack is visible in the eppart of the laminated beam
(Teike, 2013).

It would have been interesting to conduct labosatesting and numerical analysis of
design method 1 and 2 to investigate the shearvimivain a cogging joint. Cracks
due to shrinkage in the cogging joint with no redmcy are a huge risk and should
thereby be investigated. Furthermore, a proposal @fgging joint design applicable
in Eurocode 5 should be prepared. A further knoggedf the joint slip in timber
frame joints in general would be beneficial for trse of timber framed joints.
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APPENDIX A — Bridges

4. c1615 Design sketches (VERANTIUS)

=T

5. 1535 Neubrilcke, Bem 6. 1559 Spreuerbriicke, Luzem [UNKNOWN)

9. 1785 Emmanhaum (UKKNOWN)

10. 1650 Baden (UNKNOWN) 11. c1650 Design (WILHELM) 12. c16E0 Dasign (WILHELM)

50 feet
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Z2. 1755 Unused Schaffhaussn design (H. L, GRUBENMANN)

3 1 ~ h..“‘ "I_ =
e 27, 1756/58 Schatthausen (H. U. GRUBENMANN) "
{secondary trussing omitted for clanty)
|
| “
(8) Shanshan 1770 {b) Kraiht 1805

24, 1784/66 Wettingen (J, snd M, L, GRUBENMANNY)

27. 1780 Rachentobel (H, U. GRUBENMANN) 28. 1780 Kubei, near St Gall (H. U. GRUBENMANN)
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62 1812 % Economy" design (WERNWAG)
L —
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AARAL : —
83, 1812/13"Colosaus’, Phitadaiphi (WEFNWAG)

64. 1813714 New Hopa (WERANWAG)
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75. 1838/39 Alberton (LATROBE)
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77. 1818 and 1835 designs (NICHOLSON) 78. ;ﬁm&c trussing (SEGUIN)
HOWE/WHISTLER)
I = 12.‘1 m&'ﬂoum
50 faal
=N . :

B, 15848/49 Rockville (STONE = HOWE)

24 [EOOX

B4. 1844 Patent designs. (PRATT)

85. 1546 Patent design (HASSARD)
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B8, 1836/42 Bronnitaa (ARICHEL)

89. 1845 vangarod (PANZER)
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100. 1847 Downham (VALENTINE) 101. 1848 Bardnay (W, CUBITTY
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APPENDIX B — Orthotropic plate
=

To facilitate the FE-analysis the brndge deck needs to be converted into a uniform plate with
comresponding bending stiffness in each direction.

Figure A1

Y

The principle axis of the bridge deck can be viewed in Figure A1.

=

1.1 Bridge deck in x-direction

=

The joists are neglected in the y-direction, sitheebending stiffness perpendicular to
the grains is low.

= =|
LA S
=l =
Neglected 23 Decking board 50 x 120 i
area [
b GC A
3 AT
) Neclected area 53 ?
——| |
I a
I B
L Jos 2910 os| " |
3100
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kN kN
Eomean = 12— Pine C 30 SS-EN338 g ek
mm i
by = 0.12m
hy == 0.05m
[
1.1.1 Second moment of inertia for rectangular cross-sections
=
B b-h3r

I:

12
Assume gravity center in the middle.

3
byhy i —6 4
= =12 m
IX T 1.25x 10

Loty = Lon, =2875x 107~ m?

3
or alternatively: ] nebyhy
Lotxalt = 12

Lh
e

=2875%x 10 "m

1.1.2 Bending stiffness in x-direction
5 2
EL = Bg mean ot x = 342 % 10 -N-m

ol

1.2 Bridge deck in y-direction
=

The decking board are neglected in y-direction since the the bending stiffness perpendicular to the
grains are low. The most outer joist are also neglected because they support the vertical posts and
stabilaze the connection, hence they will be accounted for as beams and a part of the fframework.
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11}. = 22
b}. = 0.1m
11}. = 02m
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nl

1.2.1 Second moment of inertia for rectangular cross-sections

=

Assume gravity center in the middle.

3
bh -
L= -‘lq- = 6667x 10 "m'

3
n.-bohy _3 4
oty = T =1467x 10 "m

1.2.2 Bending stiffness in x-direction

7 2
EL_‘_ = Eﬂ_nlem'lmr_y: 1.76 ¥ 10 -N-m

1.3 Modified thickness

=
The mass density [kg/m®3] for Pine C30 according to S5-EN 338 is chosen for the bridge deck.
PC3p = 400 = (Compare to Oak D40 660kg/m”3
m3 pare to Oa a/m™3)

Calculation is based on one square meter.

[
1.3.1 Decking boards per square meter
=
bbria:lge = 2.91m
llx 1
DB = — =7904—
=" peraneter

P bbriclge m

-

-3
AD_B = bx-hxzﬁx 10 “m
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1.3.2 Joists per square meter

[=]
Bartion = 3-288m
ny+2 1
Toist = — =7.299—
er.meter
P beection m
yo 2
Afoist = b}__-h}_ =002m
[
1.3.3 Volume per square meter
&
. o _ - _ 3
A square = ‘J*D_B'D—Bper_meter' lm-1m + AJoi-,-r'Jm'“per_meter'lm' Im =0.193m
=
1.3.4 Mass per square meter
=
Meqnare = Vaquare PC30 = 88.968 kg
[]
1.3.5 Corresponding thickness
&
m,
rpl;lte = S o L 0.193m
[

1.4 Modified E-modulus

El!'he madified thickness generate a new second moment of inertia in each direction. The bending
stiffness that was calculated in section 1.1 and 1.2 is preserved and a comesponding E-madulus are
calculated in each direction, which can be implemented in the FE-software.

1000

Compact bridss dack t plate

[
1.4.1 Second moment of inertia x-direction
=
Phridee Tpl :
L mod = - glewp_me =1754% 103-10_ lﬁ‘1]_14
compare to "real” bending stiffness: Lot =2875x 10 51114
=
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1.4.2 Second moment of inertia x-direction

=
b RO ¥ 13 3
. section plate -3 4
]}'.mod‘_ —12 =1982x10 "m
compare to "real” bending stiffness: Loty =1467% 10 31.1.14
=
1.4.3 Modified E-modulus in x-direction
&
Lotx .
Ey = Ej mean’ =(0.197-GPa
L mod
=
1.4.4 Modified E-modulus in y-direction
=
IIDI_\-'
E,_V = Ej ppean ——— = 5.878-GPa
v.mod
[l
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APPENDIX C — Poisson’s ratio

Poissons ratio for Red Oak is used in the principle direction of wood
according to the Forest Laboratory (USA).

Index explanation:

L = Longitudinal direction of log
R = Radial direction of a log
T = Tangential direction of a annular ring of the log

Red Oak is used for D40:

pgg LR = 0-350

D40 LT = 0448

oy pT = 0360

‘D0 TR = 0292 Neglected since these ar only the inverted value of V.RT
V4o RL = 0.064 Meglected since these ar only the inverted value of VLR
V4o 7T = 0.033 Neglected since these ar only the inverted value of V.LT
Pine Westem white is used for C30:

VeI0LR S 0.329

Ve30LT = 0.344

VeyorT = 0410

Yeag TR = 0334 Neglected since these ar only the inverted value of V.RT

No value given for the inverted value of V. LR

MNo value given for the inverted value of V.LT
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The principle directions need to be converted to a matenal with transversely-orthotropic properties.

Figure shows a material with transversely-orthotropic properties, which is used in ABAQUS.

An a assumption according to the figure below is applied into ABAQUS for each wood species.
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Implemented in Abaqus Brigade Pluss for D40:

’ _ 'D40LR T D40.RT -
Nupag 23 = > S

& A mean value is calculated for the
non-longitudinal direction.

Nupyp 12 = Vpyo LT = 0-H8

Implemented in Abaqus Brigade Pluss for C30:

) Ve3oLR T VC30RT
}illc3033 = = 9_359

-

A mean value is calculated for the
non-longitudinal direction.

Nll{:-30_13 = };11{:-3“23 =(.369

Nuezg g2 = Vezprr =034
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APPENDIX D — Design load

GEOMETRY

=

]'bridge =219m

“_bridge = 3.1lm

1 = 3.65m

section
hiyridee = 3.06m
ldiao_ = 4.76m

ebridge = 40deg

Laminated beam

hLI‘-I = 400mm

S e 200
W 1 200mm

Inclined end post

L.

— 3
sryp = F00mm

Length of bridge span

Width of bridge

Length of section

Height of bridge
Length of diagonal

Angle of the diagonal

Height

Width

Height
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Wyt = 200mm Width

Density
Mean density is chosen. SS-EN 1995-2:2004 7.1 (1)
Pp4p = 660 ke Density of hardwood strength class D40
Il'l3
pCag = 460 ke Density of softwood strength class C30
Il'l3
[
LOADS

Self-weight

=l
The self-weight of the bridge deck is applied as line-loads on the framework.

Geometry of the members in the bridge deck

Floor beam:

lgy=31m Length

hy, = 02m Height

Wi, = 0.1m Width

g, = 0.15m Spacing

ng, = lm 6.667 Number of floor beam per meter
*fb
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Decking board:

hgp = 0.05m Height

Wy, = 0.12m Width

_ lm 2433 Number of decking boards per meter
db - W :

Total volume/m®2:

. N . 3 3
! BD = {hfb-“ﬂ]-nfb-lm} + {hdb'“db'ndb'lm} =0.183-m

Total mass load/m®2:

VBDPC302 N
——— =087

111 m

ﬂ]BD =

Total load from bridge deck:

GBp = nlBD'lbriclge"‘"briclge =56.147kN
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Tnbutary area to the framework

Load dividers in each bndge deck section:

Length of tnbutary area which transfer load to the floor beam:

lx = 0.5m

Length of tnbutary area which transfer load to the lower chord {laminated beam):
L= 2.65m
Tributary areas for each frame member:

~

Ay 1= LeWhidee = 155 m Floor beam positioned at the end of bridge
al
Ay = 2w e =3 1m" Floor beam
Wi 5
A3 = Ifﬂ-ﬁ =24.645m Laminated beam
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Permanent lineloads:

=0414—

=0931-—

Ay 1'MBD
Bd.17= T
b

Ay r'Mpp
pd 2= |
it

Ay 37MBD
fbd 3= T

bridge

Input Brigade/Plus

Parameter:

kg
Pp4g = 060 —
m

kg
Pc3p =400
m

Bpg 1 = 0414

gbd_: =0.827-

m

kN

m

m

=0.827—

Floor beam positioned at the end of bridge

Floor beam

Laminated beam

Location:

vertical posts

residual framewark

end floor beam

middle floor beam

laminated beam
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Wind load

=
Simplified wind load with reference to a older version of the national bridge code of Sweden.
Load
KN .
U wind = 18— Bro 2004 21.272 Publ 2004:56
- il

m

The wind is applied as a line load in Abaqus. The wind load is then converted for each
member with different dimensions. The framework has three different widths in ZX-plane;

Width of members marked 1 in figure below.

wy = 0.2m
wn = 0.3m Width of members marked 2 in figure below.
w3 = 0.4m Width of members marked 3 in figure below.

kN
e wind. 1= Uewind ™1 = D"J’G'; Line load on members marked 1 in figure below.

kN
it Line load on members marked 2 in figure below.

U wind 2 = U wind W2 = 054

U wind 3= Qe wind W3 =0.72: Line load on members marked 3 in figure below.

m
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Implemented in Bngade/Flus

kN

U wind 1= 0-35';

kN

U wind 2 = 0--"4';

kN

U wind.3 = 072~

Applied on the surfaces shown in figure above.

[
Snowload
=
The designer is allowed to neglect the snow
load in the load combination when combined SS-EN 1990 A2.2.3 (3)
with traffic load for footbridges.
]
Traffic loads
Pedestrian load
=]
Load
g KN EN 1991-2:2003 5.3.2.1 (2) NOTE
A = 3 - 3.2.1(2)
-
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The pedestrian load is distributed on the framework in the same way as the self-weight of the

bridge deck.
A 196k oy
= ; g edge floor beam
AUl 1 A
AL S
g 2= e 2%k e 5_E middle floor beam
= 1ﬂ: m

Ap3fle kN
=5627

lb.ridge ot

af 3= laminated beam

Implemented in Brigade/Plus

T kN edge floor beam
Afk1 == =
. kN middle floor beam
L e
m
af 3= 3.627 laminated beam

&

Service vehicle load

=
A specific service vehicle is chosen. EN 1991-2:2003 5.3.2.3 NOTE 1

A concentrated traffic load dees not need to be
considered if a service vehicle load is applied. EN 1991-2:2003 5.3.2.2 (3).

¥
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Specific service vehicle according to the
tender document, (Karsson, 2012).

Load
?sm_.l = 8 75N Concentrated force from vehicle wheel in the front.
Porvn= 23kN Concentrated force from vehicle wheel in the rear.
3
Ay =0202m" Distribution of the concentrated forces on an area.
serv.1 kN S~ )
Qerv 1 =218.75: Distributed wheel force in the front.
Asen' ml
P -3 N
Q = 2 _ 20575 : Distributed wheel force in the rear.
serv.2 A =
Acarv 2

Three of the wheels are positioned night above the framework, while one of the wheels ar
positioned in the middle of one bridge section. This force needs to be distnbuted onto the
framework. It is assumed (based on contour plot FEA) that this load will only spread in the
transverse direction to the lower chords on each side of the force.

This wheel load needs to distributed
/ to the framework.

=
m O

The bridge deck is assumed to be simply supported on the framework. Hence; the elementary
load case below can be used to obtain the force acting on the framework.

) BIIEN b €

& o | i | o
M,y Py l l P, . i = e I
194m T T T'E\J\_jl M %
' f . R
165w ) : s " + " ‘ £
L. m wn :]

a) A point force i1s applied on the bridge deck. The boundary condition represent the laminated
beam. Hence show a spread in the transverse direction of the bridge deck.

b) The elemantary load case of a simply supported beam loaded with different loads.

c) Equations to calculate the resulting reaction force on the framewark.
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1 = 1.94m Distance from applied wheel load to the framewark.

axelx-
Lection =3.65m  Length of bridge section
wy g = 0.2m Width of laminated beam

Whridee = 3-1Mm Width of bridge

laxel x e oo KN
Gserv.2.1 Qsen-_z'“_—_"‘"LB T Distributed force acting on one of the
bridge lower chords as line load.
tiseclion . Iaxef_x) cn kN Distnbuted force acting on the
Yeerv22 = Qer.y Whridee VLB T __,sgg.E opposite lower chord as line load.

Four distributed froces of a length equal to 200mm is implemented in
Brigade, see positions in figure below:

Framework

- [ *‘/ -
(1.94, 3.1)

B o3

B} | i

(0.0) (1.94.0)

10 CHALMERS Civil and Environmental Engineerinylaster’'s Thesis 2013:20



Distributed force onto framewaork:
__ kN
917 Qe V=4 ﬁ;

Distributed force onto framework:

kN

U52 = Query 1 W g =75 e

Distributed force onto framework:

kN

Qe 3 = Qear-2 1 = 25.752-
5.3 serv.2.1 &

Distributed force onto framework:
kN
Q54 = Ygery 22 = :j'ﬁgg'z

Implemented in Brigade/FPlus

Coordinate 1 in the secticn: (0,0)

1N

m

qg 1 =43.75

Coordinate 2 in the section: (0,1.3)

N

m

g 7 = 4375

(0.0}

(0,1.3)

(1.94,0)

(1.94,3.1)

Coordinate 3 in the section: (1.94,0)

Coordinate 4 in the section: (1.94 3.1)

kN
q 4 = 22699 —
: m

CHALMERS Civil and Environmental Engineerinylaster’'s Thesis 2013:20
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Horizontal load

&

12

Load
The honzontal load simulates a breaking and acceleration load.

The maximal load of the traffic loads are chosen according to Eurocode 1.

Q1= max{O.ﬁ-Qseﬂ._l,D.l-qfk]
EN 1991-2:2003 5.4 (2)
Qﬂ_k__j = nlax{O.ﬁ-Qsen__j,O.l-qﬂ{]

The hanzontal load is equal to 60% of the vertical load of the Service vehicle:

Coordinate 1 in the section: (0,0)

— 06=26 ,51\'—‘_
Ah1 = Qs 1V O=202 o

Coordinate 2 in the section: (0,1.3)

kN
Q7= Q. 0.6 =2625—
b 2 s.2 e

Coordinate 3 in the section: (1.94,0)

e KN
Q3= 49.,3'06=15 431-;

Coordinate 4 in the section: (1.94,3.1)

I~
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Implemented in Brigade/FPlus

Coordinate 1 in the section: (0,0)

kN
Gy 1=2625—
m

Coordinate 2 in the section. (0,1.3)

kN

Qg FE TG
h2? e

Coordinate 3 in the section: (1.94,0)

KN

I 3= 15451 —

Coordinate 4 in the section: (1.94,3.1)

N kN
Apq= 1_,.619-;

Design load and load combination

Partial factors

SELF-WEIGHT
The permanent load is unfavourable, therefore SS-EN1990412(2)P

the safety factor that ensembles the upper

characteristic value is chosen. SS-EN 1990 tab. A2.4 (B)

G.sup = 1.35

CHALMERS Civil and Environmental Engineerinylaster’'s Thesis 2013:20
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WIND
‘le'“l' = LS
1w = 10

Yo w =03

Wy = 02

PEDESTRIAN LOAD
Tap= W

Service vehicle load is load group gr2.

Yo =0

Yy p=04
SERVICE VEHICLE
gi1s=12

Mp1g=10

Service vehicle load is load group gril.

The partial safety factor @ are zero
both for ULS and SLS.

CHALMERS Civil and Environmental Engineerinylaster's Thesis 2013:20
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Dynamical factor

Specific dynamic addition for specific project.

Qgyn = 14 EN 1991-2:2003 5.3.2.3 NOTE 1

HORIZONTAL LOADS

The horizontal load belongs to the service

vehicle load in load group gri. EN 1991-2:2003 8.5 tab 5.1

The partial safety factor p are zero
both for ULS and SLS.
SS-EN 1990 Tab A2.2

Inclined end strut

Stresses obtain from the global analysis  are collected and a design load
combination is obtained.

Characteristic normal stress

Critical load case: Self-Weight, Wind, L3 - Pedestrian
T g = —0.584MPa

Oy |ow = —0.1800Pa
G’X.k_]'_c_:’ = —1.865MPa
Design normal stress:

Te0.d™ VGsup Txke T IQIPTxkLC3 T 1Q1 W0 W Tx kw=—3-667-MPa

CHALMERS Civil and Environmental Engineerindylaster’'s Thesis 2013:20
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Characteristic bending stress in the strong direction (around y-axis

Crtical load case: Self-Weight, Wind, L3 - Pedestnian
Tmvks = —0.109MPa

o, = —0.021MPa

mykw
Gm.}'.k.LC'B = —0.751MPa

Design bending stress around y-axis:

Tmyd™ YGsup Tmyke ™ Q1P mykLc3t ’TQ.1.1’»"¢G.1V'gm.)-'.k.w: —1.283-MPa

Characteristic bending stress in the weak direction (around z-axis}

Critical load case: Self-Weight, Wind, L3 - Pedestrian

Tmz ko= —0.142MPa
Tz oy = —0.959MPa

Tz k1.3 = —0.688MPa

Design bending stress around z-axis:

Tonzd= TG Tmzke T Q1P Tmzkics T VQ 1 W W0 W omzkw = —1-62>MPa

Charactensfic shear siress

Critical load case: Self-Weight, Wind, L1 - service vehicle near the support,
Horizontal load
T ka= —0.008MPa

Tokw = —0.0001 NP3

Horizontal load is active but very small so it is neglected.
Design shear stress in z-dir:

T2d= TGsup Tzke T 1Q1.5%yn TzkLC1 T YQ 1 wWow Tz kw = —0-015-MPa
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Critical load case: Self-Weight, Wind, L3 - Pedestnan
Ty ko o= —0.002MPa
Tykw'= —0.051MPa

T'\-' kLC3 = —0.0088MPa

Design shear stress in y-dir:

Tyd™= Yo Tyket Q1P TykLe3 T IQ 1 Ww¥o W Ty kw = —0-039-MPa

Charactenstic torsion stress

Critical load case: Self-Weight, Wind, L3 - Pedestran
Ttor ko == 0.008MPa
Tior low = 0.043MPa

Tior kLC3 = 0.047MPa

Design torsional stress:

Tior.d = VG.sup Trorkg T VQ.1P TrorkLC3 T Y0 LW V0. W Tror kow = 0-101-MPa

Laminated beam

Stresses obtain from the global analysis

Charactenistic normal stress

Crtical load case: Self-Weight, Wind, L3 - Pedestnan, Horizontal load

Taxke™ 0.327MPa
Ty o = —0-1090MPa Eavoitie
Oyy kL3 = 1.056MPa

. P :
Ty g = 0.162MPa Not active

Design normal stress:

T0.d = Veap T2xke T 1Q 1P %2xkrc3 T 0 Wow Tox kg = 2:023-MPa
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Charactenstic bending stress in the strong direction (around y-axis)

Cntical load case: Self-Weight, Wind, L3 - Pedestrnan, Horizontal load

TomykeT —0.023MPa Favorable
Tmykw = 0.011MPa

Ty k1C3= 0.116MPa

Oy kH= 0.003MPa Not active
Design bending stress around y-axis:

Tmyd™ MGsuyp Tmyket Q1P TmykLC3 t 1Q I W VoW Tomy kw= 0-179-MPa

Charactenstic bending stress in the weak direction (around z-axis)

Cntical load case: Self-Weight, Wind, L3 - Pedestnan, Harizontal load

[

Tmzke= 0.071MPa

Tmzkw ™

0.4230Pa
Tz ko3 = 0.324MPa

Tomz k= 0.011MPa Mot active

Design bending stress around z-axis:
Tmzd ™ VGsup T2mzke T Q1P T2mzkic3 ™t TQ.].R\-"’IDCI.‘»\-" Tomzkw = 0/ 72MPa

Charactenistic shear stress

Cntical load case: Self-Weight, Wind, L3 - Pedestaan, Horizontal load

T__—;Z_klg = —0.0340MPa
To, kw = 0.002MPa Favorable

Ty kLC3 = —0.157MPa

Ty, k| = —0.00008MPa Not active

Design shear stress in z-dir:

T22d"= YGsup T2zkeg T VQ1 P T22k L3 T 9MQ 1 W¥0o W T2z kw = —0-281-MPa
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Critical load case: Self-Weight, Wind, L3 - Pedestnan, Honzontal load
Toykg™= 0.0016MPa

Toy ke = —0.003MPa Favorable

TE*_r.k.LCB = 0.008MPa

TowkH= 0.00448MPa Not active

Design shear stress in y-dir:

Ty d= VGsup Tovke T 1Q 1P Tovkrcst 0VQ 1 wo wToy kw = 0.014-MPa

Characteristic torsion stress

Critical load case: Self-Weight, Wind, L3 - Pedestnan, Honzontal load

TEtor_k.g = 0.00410MPa
Totor kw = 0.013MPa
T?IOI.I-:.LC'S = 0.019MPa

Trtor k1 = 0-0041MPa Not active

Design torsional stress:

Totor.d = VGsup T2torkeg T YQ.1P T2tork LC3 T 1Q.1. W W0 W T2tor kw = 0-04-MPa
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APPENDIX E — Joint designs

0
Design load

|
Byt = 300mm

. =
Wiyt = 200mm

by 3,1 = 400mm

w g = 200mm
Hrides = Hideg

NEd = ¢ 0. Pstrut Wetrt = ~220.014- kN
=]

Resistance

id |

Characteristic strength

=13 Solid timber
' SS - EN 1995-1-1:2004 Tab 2.3
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tmud =17 Load-class = short-term for traffic load, medium-temn for loads during
construction and permanent for dead-weight, see report. Climate-class 2 if
TRVR (F12) and TRV K are fulfilled otherwise climate-class 3.
Chosen: Shor-term and class 3 (worst case).
55 -EN 1595-1-1:2004 Tab 31

k.h is not possible to use as an increasing factor since itonly applies to
bending and tension. S5 - EM 1995-1-1:2004 3.2 (3)

k=07 S5 -EN 1995-1-1:2004 6.1.6 (2)

by Wem

" #

20| =1.000

ks.hape = mmlfl + 015
\ 1

Ly 5w
. M N7, Ml .. |
tfshap-e = m.u{1+0.13-—2._1.0}| = 1012
m

k. gp =130 Solid timber on discrete support which result in an increasing factor of
- the strength. 55 -EN 1995-1-12004 6.1.5(2)
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Strength - Pine C24

fd, = 24MPa
m:= 141~£P‘a
Lok, = 21MPa
Lesok.= 23MPa
Lo = $MPa
=]
Design strength
id |
-k
Tension parallel to grain: figd= M = 7.5338-MPa
o ™
Compression parallel to the grain fc.D.k'kmod
fgag=————=11308MPa
M
i i i f 00k Emod
Compression perpendicular to the grain £ gt mod _ 1 346.-MPa
R i
. s
Bending strength fm_d': fm.L mod — 12.073MPa
M
Shear strength "
Lk *mod
£ 4= —— = 2154 MPa
)% |
Torsinal strength
ford = kshape'iv.d = 21730k
=]
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JOINT AF

Geometry
=l
Drawing of Joint AF:
A
/-I/ \\\#
/// \\'\
4 m
,-'/ W
& b
e -1 -~
__,/ ﬂ//
rd i “
i -
F g o LW i l"".1:L
.l'{ .-' vt /_/"’ [}
| h ; |
O S
IL - £
b
[ = 1
L i
5
Principle sketch showing notations:
1{'_‘
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Lengths of loaded surfaces:

I g = 5 0mam According to Timber engineenng STEP 1:
- Only the the frontal area shall he taken into account. Here frontal
area is interpreted as hoth surface a and b,

L4 i 32 3mm The lcad-bearing capcity of surface ¢ is neglected according to
- STEP1.
l]_ i= 10{mm Surface d has no lead-bearing capacity wri the design load.

It
Il

g 31TTmm

b = 31Tmm+ 373mm = §20-mm

b ; = 300mm Distance from edge to frontal

- surface:

h.< m.m{h ¢ — 10mm, 0.8:1 f] =1 The design criteria from STEP 1is

o - B fulfilied, the shear planes do not
coincide.

Anagle between the stress and the grains in the inclined end post and
the laminated beam at surface a;

Py = 20deg

Angle between the stress and the grains in the inclined end post and
the laminated beam at surface b

By = Odeg inclined end post

by = 40deg laminated beam

Anagles for surface ¢ are neglected due to that the bearing-capacity of this surface is neglected.

Load effect

Load:

NE::I = _320.014%N Design load for the strut
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OHpd= 2025 % 1-:15 Fa Design stress for the laminated beam

Only the front areas of the cogging joint needs to be taken into account.
bef = W= 02m

Stresses for a single cogging joint with a frontal area:

-

[ bridge |
NEgcos| = y ot
o A 2 0663 LIP Uniform distribution of the stresses at
MDacods ™ by = TR AR surface a if one frontal surface is used.
(= e

Stresses for a single cogging joint with & rear notched area:

Neq-cosl Uniform distribution of the stresses at
w =—13.167-0Pa surface b if one rear surface is used.

T beods ™
begh g

VWeighted expression to calculate the stresses for a double cogging joint

Olacad
R st = 0.611

TracoadstT T heods

Stresses on the frontal area in the double cogging joint;

4

bridee ]_

Ngg: Szdﬁt'm[ =

% o

bef . 11 ®

=-12.625-MPa

Traced™

Stresses on the rear area in the double cogging joint:

Neg (1~ s2dist){ Obridge)
befrlaf

=—4.67-MPa

D bead™

The required end distance to assure
enaugh shear strength.
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NE | c03{ Boridee)
bes fi-g

1y e = ~ 391.255-mm

The required end distance generate a insufficient shear strength:

bpersbyp=!

o R
HEg" b by

= 1.221-MPa

The t2nsile stresses in the laminated beam due to reduce cross-section:

iy - Y '].'I.L}'
T = Zothet THTLY = 2 411-MPa where: o = 2.025-MPa
2204 [ 1 }“ 2t0d
by yv=hg)vim S e
Win = 02m
bypg=04m

Compare to unreduced cross-section

T34 = 2023-0Pa

Design strength depending on the joint design

Compression in an angle to the grain (20 deg) for both the laminated beam and the inclined
end post:

fend
Dhedd™ =

Ll coond 2
EesuTong UL e2)) +(eox(42)

303-MPa

ad
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-

8 2
g bridze
[Meq "‘-‘ldjsr":m[ =
b oreq = - = 0081m
B bef'rl.a.f.u,n.d
Calculate the required notch depth:
14 A - mj.u[le — 10mm, 0814 f] =0 The design criteria from STEP 1 is
eI - - fulfilled, the shear planes do not
coincide.

I mas| 1 + 10mm 13""1*“3.]' 0.101m
T F = T aT 5 =
2freq 1ereq o )
bereq s D:I.'i.'ﬂ.[.].lf_l-eq— 1w, 0.8 ]E.f.req.] =1 Ok sufficient notch depth,

Inclined end

post

Compression in an angle (@¢.2=20deq) to the grain:

Surface a:

T3 5 cmd = —12.625-MPa

£ acipd=7332MPa |°'2_n.c.1::.d| =hacpd=0

|':r].a.|:.u.d| 1717
Ufilization rate: £ S
2a.cipd

Compression paralell to the grain :

Surface b:

CHALMERS Civil and Environmental Engineerindylaster’'s Thesis 2013:20



o — —4.67 MPs -
absed |72 bcad <foa=!

f.pq=1130820Pa

Utilization rate: o4
Laminated beam

Compression in an angle (p.2=20deg) to the grain:

Surface a:
O3 g ced = L2625 MPa

|Gl.a.c.a.dl 5 flﬂ...:_.,F_d= ]
f:.ﬂ.f..;;._.j_: 7332-MPa

Clacod
‘Lﬂ o
Utilization rate: Dacypd
Compression in an angle ($.2=40deg) to the grain:
Surface b:
O1pcad=—+67MPa lorbcad SBbeoa=?
£

bedd™ 3.898-0Pa

Ulb.:.l::.cd g

Utilization rate: Bhedd

Shear parallel to the grain in one shear plane (the rear).

TYE3 = 1.2 -MPa
T2Ed <fa=!

£.4=2154MPa

= = {367
o : L'd
Ufilization rate: "
Tension paralell to the grain:
G_Jlt[.‘d =2411-MPa
fgq= 7338 lo22e0a| < foa=1
Ufilizafion rate: Ty 04 03
%04
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JOINT B

Geometry

]

Drawing of Joint B:

3z é\. g
Principle sketch showing notations:
s
TYPE2 l/
("]
¥
¢

10

Lengths of loaded surfaces:

1_1_3 = 86mm
l_j-b = 110mm
I .= 251mm

h 4 = 159mm

The load-bearing capcity of surface ¢ is neglected according to
STEF 1.

Surface d has no load-beanng capacity w.rt design load.
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13_.3 = 80mm

1:,_f = 102mm

lf.g = 75mm

1:_11 = 397mm

fooiaig Distance from edge to frontal
gy et surface:

l, < mm(ig_f— lOmm_G_S-llf} =1 The design crteria from STEF 11s

=€ fulfilled, the shear planes do not
coincide.

Angle between the stress and the grains in the inclined end post and
the laminated beam at surface a:

1py = 20deg

Angle between the stress and the grains in the inclined end post and
the laminated beam at surface b:

By = Odeg inclined end post

¢y = 40deg laminated beam

Angles for surface ¢ are neglected due to that the bearing-capacity of this surface is neglecte

ol

Load effect

id

Load:

Npg = ~220014-kN Design load for the strut

Ty g = 2-025% loﬁPa Design stress for the laminated beam

Only the front surfaces of the cogging joint needs to be taken into account.
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bef = Wy = 0-2m

Stresses for a single cogging joint with a frontal area:

B'bfidge '|_
2 ) Uniform distnbution of the stresses at

boed =-12142MPa g face a if one abutment surface is
ef2e used.

Z\'Ed-coa[

Cracads™

Stresses for a single cogging joint with a rear notched area:

};_Elj.cog( Hb d } Uniform distibution of the stresses at
=€\ POOBY g a0 MP4 surface b if one contact surface is

[ % =
2bhcods besb £ used.

Weighted expression to calculate the stresses for a double notched cogging joint.

- T2 acouds i
:zdm“ = = 0.595

T acodsT 2boods

Stresses on the frontal area in the double notched cogging joint:

4

¥

Bbndee ‘

NEgsodist €08

=—7.226-MPa

Tracod™

begb o

Stresses on the rear area in the double notched cogging joint:

NEg-(1 - 524ist)(Bbridee)
Trhcod™ beelig = —3.049-MPa
[ = 7%
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The required end distance to assure
enough shear strength.

e sl B -
b heff = | Ed| 503{ bndge] = 391.255-mm
Gt b £,
ef v.d

Negeos| Oy
PN b L Ooridee) _ 15 e
2 bl
ef"2h

The tensile stresses in the laminated beam due to reduce cross-section:

Tt 9. d VI B

T 26045 = 2.719-MPa where:

e Ty 0.4 = 2025 MPa
(brag =L g) ™

W = 02m
hLlI = 04m

Compare to unreduced cross-section

Ty dq = 2-025-MMPa

Design strength depending on the joint design

Compression in an angle to the grain (20 deqg) for both the laminated beam and the inclined
end post:

f0d

c.0.d . v2 2
S0 (o) + s
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Compression in an angle to the grain (40 deg) for both the laminated beam and the inclined
end post:

fc.O.d

(sin(45))” + (co(3))°

= 3.898-MPa

Boepd="7
£ L. od

k. oo fe00d

i
V=

ebridge |

[Ned-s2disrcos| :
1, = - = {(079m
lere
i bef'fi.a.c.:p.d

Calculate the required notch depth from
required:

L

b e req < 1111'11{_1_1__f— 10nm1,0.3-13_f) =] The design criteria from STEP 1 is

fulfilled, the shear planes do not
coincide.

RESULTS

i

Inclined end post

Compression in an angle (@.2=20deg) to the grain:

Surface a:

T3 acod = —7-226-MPa

f5

2acpd™ <h

7.352.MPa 2acpd=1

) .:{.c.o:..d‘
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Utilization rate:

Compression paralell to the grain :

Surface b:
T3 ead = —3-049-MPa

f. 0.4 = 11.308 MPa

Utilization rate:

Laminated beam

Compression in an angle (@.2=20deg) to the grain:

Surface a:
- _777A/.
02 acod= —7-226-MPa

Utilization rate:

Compression in an angle ($.2=40deg) to the grain:

Surface b:

02 bead= —3-049-MPa

‘Ul.a.c.&.d| _ 0983

Hac pd

lo2bcad foa=1

Tibcod 027

04

‘J_‘-.a.c.&.d‘ = f_“-.:t.c.@.d= 1
‘UE.a.c_a.d| _ 0,983
fl.:i.c.';,a.d

‘G—E_b_c.a.d‘ & f_‘-_b_c.d:._d =1
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f:bchd = 3.898-MPa

T beca d‘ —
Utilization rate: Hhebd
Shear parallel to the grain in one shear plane (the rear):
‘TlEd‘ Shg=1
f.q=2.154MPa
T2 Ed
- ‘ = 0.998
Utilization rate: frd
Tension paralell to the grain:
Ty 0d= 2.719-MPa
frpq=73380MPa |lo22c0.d < foa=1
ilizati 5 Ta2t.0d
Lhilization rate _ 0361
fod

16
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JOINT C

Geometry

L

Drawing of Joint C:

mr
Fl

Principle sketch showing notations:

Lengths of loaded surfaces:

5y = 283mm

i:_f = 217mm
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12_11 = 392mm

L, ;= 182mm Distance from edge to abutment:

Angle between the stress and the grains in the inclined end post and
the laminated beam at surface b:

By := Odeg inclined end post

¢y = 40deg laminated beam

Angles for surface c are neglected due to that the bearing-capacity of this surface is neglected

=
Load effect
=
Load:
Ngg = —220.014-kN Design load for the strut

- 6
= 707
@204 = 2025210 Fa Design stress for the laminated beam

Only the front areas of the cogging joint needs to be taken info account.

baf = Wy = 0.2m

Stresses for a single notched cogging joint with a rear notched

area:
NEg-cos( Bpridge)
D bhead™ Tf‘ = —3.883-MPa
ef 2
f
Hbepd= Foa £od - = 3898 MPa

m-{m{q::)}‘ +(cos{ )"

18 CHALMERS Civil and Environmental Engineerindylaster’'s Thesis 2013:20



B e [¥Ed] o5 Boridge)
3freq = begbrbhednd

= 216.167-mm

The required end distance to assure
enough shear strength.

N B .
i Ecl| Cos{ebndge) s

begfi g

LN

-

NEg-c05(Bpidge)
bef G 1_‘- h

TIEd = =-2.15MPa

The tensile stresses in the laminated beam due to reduce cross-section:

T30 d VLM bim

Crnod=T————— = 4427-MPa . e
(e - Lf) Wi where: Tyt 0d = 2-025-MPa
Wi = 02m
hLI\i =04m

Compare to unreduced cross-section

ot 0.4 = 2-025-MPa

Design strength depending on the joint design

Compression in an angle to the grain (40 deg) for both the laminated beam and the inclined
end post:
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f0d

Bbeodnd= VR — = 38980
m-[sm(o_w_n +(cos{¢:]J
&
RESULTS
=

Inclined end
post

Compression paralell to the grain :

Surface b:
T bead= —3.883-MPa

Ul.b.c.&.d| Stod=1

f. g = 11.308-MPa

‘Gl.b.c.cx.d‘ _ 0343

Utilization rate: food

Laminated beam

Compression in an angle (¢.2=40deg) to the grain:

Surface b:
O3t eod = —3-883-MMPa

Dbcod Ehbesd=!

B bcdd= 3898 MPa

‘Ul.b.c.a_d‘ _ 0.996

Utilization rate: fl.b.c.o.cl

Shear parallel to the grain in one shear plane (the rear):
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T:Ed =-2.15MPa

f.q4=2.154MPa

Utilization rate:

Tension paralell to the grain:

3904 = 4427-MPa

ft.D_d = 7.538-MPa

Utilization rate:

93210d| < foa=1

922t0d

fiod

= 0.587
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JOINT D

Geometry

=
Drawing of Joint D:

Frinciple sketch showing notations:

O idge < 00deg =1 According to Limtrahanboken there is no need for limitation in the
= depth of the strut.
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Lengths of loaded surfaces:

Iy 5 = 160mm

ll.c = 43%mm

Iy § = 150mm

I{ = 452mm

1y ;= 39Tmm Distance from edge to frontal
’ surface:

Controll of maximum utilization length of the shear plane:

3
5= 81 p=12%10"-mm

ipssy=1 The length of the shear plane is lower than the maximum utilization length
’ when caluclating the shear stress. OK.

Controll of the width of the strut

-

Boridge | "

. & J

B {hf-mn (11_‘:]}@[ ebﬁdge} =0

o oo\
[ll_t"taﬂ[ bridge |+[ll_c]}5m(abridge} = 217.277-mm

bsmrr = 300 -mm

Comment : OK since very near the limit.

Angle between the stress and the grains in the inclined end post and
the laminated beam:

1pq = 20deg
By = 70deg
[
Load effect
=
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Load:

Ngq = —220.014-kN Design load for the strut

(]
" = 70725 7 2
o 03 el B Design stress for the laminated beam

f emd N
Ny , i= cos| ——— [Ng4 = —206.746.kN
Nyoo= 5i11‘ bxidge |-NEd = —75.249.kN
= | Bb:idge |
Hy pves) g -
_ v 2 6.476.MP: Unifarm distribution of the stresses at
Ui.z.c.n.d-—m‘_ AHhara surface a.

The stresses at surface ¢ are caluclated in the section Design strength depending on the joint
design.

Only N1.a will give rise to shear stress parallel to the grain in the end of the laminated beam. It will a
at the tip of the notch.

| ®bridge |
Nl.a{o“’!l f ‘
TIEd = - - = —2.149-I[Pa
Wbt ll h
T W e
260.d "ILM LM
UI_JT.O.d = W = 3241.MPa
M~ )WL where: Os; 0 4= 2-025-MPa
wipg=02m
hppg=04m
Compare to unreduced cross-section i 0.4 = 2-025-MPa

24

Design strength depending on the joint design
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Compression in an angle to the grain (20 deg) for both the laminated beam and the inclined end

post
fruepd™2 feod = 7.352.MPa
S+ Lod . 2 2
Tt (sa(1)) +(cos(ey))
¢ 90 c90.d
Bees )
Ny jcos bridge |
I P e - : = —6476-MPa
o Weprue 1 £
| Bbridge |
‘N1_3| -COSI, 5 =
l_f_req = = 132m

Watrur £ acepd

Compression in an angle to the grain (70 deg) for both the laminated beam and the inclined

end post
i B
fl.c_c_ﬁ.d = £ o = 2.234-MPa
c.0.d . ) 3
— (sn [31 T+ |cos Bi 2
gt sl )™+ (cos(84))
‘Nl.c‘
L ceff = r; = 168.427-mm
Wetrut M .ccB.d
Ny
Tl ccod™= - —0.857-MPa Uniform distribution of the stresses at
SR e (ly o) surface c with an effective length.

I <L =1 Ok according to the design method. The
leeff ="1c™ strut has sufficient amount of area at the
flatter surface to spread the load.
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‘Nl.a‘ -cos[

11.11.1'eq = S = 045Im

Bbridge ‘
i

Lz 1l.h.req =1

Required shear plane length!

RESULTS

Inclined end

ost
ompression in an angle {¢.1=20deg) to the grain:

Surface a and b:

1 acod= —0476-MPa

fi acpd=7352MPa

Utilization rate:

Compression in an angle (B.1=70deg) to the grain:

Surface cand d:

O1ccoad=—0857MPa

fl.c.c.ﬂ_d = 2.234-MPa

Utilization rate:

26

|Ul.:a.c.cc.d‘ = fl.a.c.tp.d =1

‘Gl_a_c.&_d‘ —

f acgd
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Laminated beam

Compression in an angle {(¢.1=20deg) to the grain:

Surface a and b:
|Ul.a.c.oc.dl = fl.a.c.tp.d =1

Oy acod= —6.476-IMPa
fl.a.c.-‘.p_d = 7.352.MPa
Tlacod
M = 0881
IUtilization rate: fl.a.c.-‘p.d
Compression in an angle (B.1=70deg) to the grain:
Surface cand d:
< f aa=1
1 c.cod= —0857-MPa |P1ecod <frcepa
fl.c.c.|3.d = 2.234.MPa
a
‘ l.c.c.cx.d‘ — 0384
Utilization rate: fl.c.c_|3.c|
Shear parallel to the grain in one shear plane:
Ty g4 = —2.149-MPa
f\'_d =2 154-MPa
|r12d| sfea=1
-
e _ oo
Utilization rate: &
Tension paralell to the grain:
T 2%0d= 3.241.MPa
foa=73380MPs 12004 S foa=1
IUtilization rate: 01 21.0d
e R
Lod
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APPENDIX F — Global analysis

Obtained results from Brigade+:

Self-weight

-4.596e+
-5.738e+03
-6.879e+03

CHALMERS Civil and Environmental Engineerinylaster’'s Thesis 2013:20



SF, SF3

(Avg: 75%)
+7.736e+02
+6.257e+02
+4.779e+02
+3.300e+02

SM, SM1

(Avg: 75%)
+2.781e+03
+1.898e+03

Z6.9356403
-7.818e+03
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+1.355e+03
+9.895e+02
+6.242e+02
+2.589e+02
-1.065e+02

-4.718e+02
-8.371e+02

SM, SM2 z
(Avg: 75%)

+2.085e+03 .
i ¥1.72064+03

.202e-
-1.568e+03
-1.933e+03

SM, SM3

=
(Avg: 75%)
+1.201e+02 %
+1.003e+02
+8.064e+01

+6.092e+01
+4.121e+01
-2.150e+01
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SF, SF3 z
AL

(Avg: 75%)

+1.917e+03
+1.581e+03
+1.245e+03
+9.084e+02
D 2
+2.3! 2
-1.00¢ 2
-4.368e+02
-7.731e+02
-1.109e+03
-1. +03

-
-1.782e+03
-2.118e+03

-2.041e+03
-2.602e+03
-3.163e+03

+3.570e+03
+3.009e+03
+2.448e+03
+1.887e+03
+1.326e+03
+7.648e+02
+2.037e+02
-3.574e+02
-9.185e+02
-1.480e+03
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SM, SM2
(Avg: 75%)

z
+2.592e+03 e _‘—.
3 e
. e
\742e
.447e+02 0

SM, SM3 2
(Avg: 75%)
+1.203e+02 p
+1.018e+02
+8.329e+01
+6.477e+01
+4.625e+01 A
+2.774e+01
+9.221e+00

-9.296e+00
-2.781e+01
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Pedestrian

SF, SF1
(Avg: 75%)
+1.502+05

+3.102e+04
+7.189e+03
-1.664e+04

-4.047e+04

-6.430e+04
-8.813e+04
-1.120e+05S
-1.358e+05

'." 4 Step: Pedestrians
Increment 1: Step Time = 1.000

Primary Var: SF, SF1
Deformed Var: U Deformation Scale Factor: +1.828e+02

SF, SF2

(Avg: 75%)
+1.096e+04
+9.134e+03
+7.307e+03
+5.479¢+03
+3.6526+03
+1.825¢+03
-1.986e+00
-1.829¢+03
-3.656¢+03
-5.483e+03
-7.311e+03
-9.138e+03
-1.096e+04

".‘I 4 Step: Pedestrians
Increment 1: Step Time = 1.000

Primary \ar: SF, SF2
Deformed Var: U Deformation Scale Factor: +1.828e+02
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+1.059e+
+8.826e+02
+7.060e+02
+5.295e+02
+3.530e+02
+1.765e+02
-9.460e-04
-1.765e+02
-3.530e+02
-5.295e+02
-7.060e+02
-8.826e+02
-1.059e+03
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SM, SM2
(Avg: 75%)

i @
+2.850e+03
+2.375e+03
+9.500e-+i
+4.750e+02
-1.465e(
-4.750e+02
-9.500e+i
-1. e+
~1.900e-+i
A+

. p Time = 1.000
Deformed Var Deformation Scale Fa 828e+02
SM, SM3 1

(Avg: 75%)

+1.306e+02
+1.088e+02
+8.707e+01
+6.531e+01
+4.354e+01
+2.177e+01
-1.526e-0S

-2.177e+01
-4.354e+01
-6.531e+01
-8.707e+01

1.088e+0:
-1.306e+02
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Service Vehicle near the support

SF, SF1
(Avg: 75%)
+2.536e+04
e+04

2.5
+2.051;

-5.746e:
-6.887e+03
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SF, SF3

z
(Avg: 75%)

+7.019e+02

+5.900e+02

-5.292e+02
-6.411e+02

-6.951e+03
-7.835e+03
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SM, sSM2 z
(Avg: 75%)
+1.751e+03 .
+1.476e+03
+1.202e+03
+9.274e+02
+6.528e+02
+3.783e+02
.037e-
-1.708e+02

71139402
9.945e+02

21.269403
-1.544e+03

SM, SM3 z
(Avg: 75%)
+1.457e+
02
02
01
01
01
-6.797e+01
-8.933e+01 /
-1.107e+02
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Service Vehicle in the middle of the bridge

SF, SF1 i
(Avg: 75%) .‘-v

3250 04
2049 04
1443 04
2322 03
-3.733e+03
-9.789e+i

-1.! &+

-2.190e+04
-2.795e+04
=3. e+

4595 03
555555555
-6.879¢+03
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SF, SF3

z
(Avg: 75%)
+7.736e+02 ’
+6.257e+02

+4.779e+02
+3.300e+02

SM, SM1

:
(Avg: 75%)
+2.781e+03 :
+1.898e+03

-6.051e+03
-6.935e+03
-7.818e+03
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SM, SM2 z
6>

(Avg: 75%)

+2.085e+03
+1.720e+03
+1.355e+03
+9.895e+02
+6.242e+02
+2.589e+02

-1.065e+02
-4.718e+02
-8.371e+02
-1.202e+03
-1.568e+03
-1.933e+03
-2.298e+03

SM, SM3 -
6>

(Avg: 75%)
+1.201e+02
+1.003e+02
+8.064e+01
+6.092e+01
+4.121e+01
+2.150e+01
+1.784e+00
-1.793e+01
-3.764e+01
-5.736e+01
-7.707e+01
-9.678e+01
-1.165e+02
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Horizontal load — acceleration

SF, SF1

(Avg: 75%)
+1.497e+04
+1.365e+04
+1.234e+04
+1.102e+04
+9.706e+03
+8.392e+03
+7.077e+03
+5.763e+03
+4.448e+03
+3.133e+03
+1.819e+03
+5.039e+02
-8.107e+02

Els

Step: Horizontal_Q_acc

Increment 1: Step Time = 1.000

Primary Var: SF, SF1

Deformed Var: U Deformation Scale Factor: +2.126e+03

SF, SF2

(Avg: 75%)
+5.831e+01
+4.804e+01
+3.776e+01
+2.749¢e+01
+1.721e+01
+6.939e+00
-3.336e+00
-1.361e+01
-2.389e+01
-3.416e+01
-4.444e+01
-5.471e+01
-6.499e+01

16

Step: Horizontal_Q_acc

Increment  1: Step Time =  1.000

Primary Var: SF, SF2

Deformed Var: U Deformation Scale Factor: +2.126e+03
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SF, SF3
(Avg: 75%)
+3.132e+03

+6.925e+01
-3.682e+02
-B8.057e+02
-1.243e+03
-1.681e+03
-2.118e+03

SM, SM1
(Avg: 75%)
+2.319e+02

-1.914e+02
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18

SM, SM2

(Avg: 75%)
+2.041e+03
+1.731e+03

-1.058e+03
-1.367e+03
-1.677e+03

SM, SM3
(Avg: 75%)
+1.673e+01

+2.637e+00
-1.816e-01
-3.000e+00
-5.819e+00
-8.638e+00
-1.146e+01
-1.428e+01
-1.709e+01

CHALMERS Civil and Environmental Engineerinylaster’'s Thesis 2013:20



Horizontal load — retardation

SF, SF1

(Avg: 75%)
+2.374e+02
-1.086e+03
-2.409e+03
-3.732e+03

-5.055e+03

-7.702e+03
-9.025e+03
-1.035e+04
-1.167e+04
-1.299e+04
-1.432e+04
-1.564e+04

Step: Horizontal_Q_ret
Increment 1: Step Time = 1.000
x Primary Var: SF, SF1

v Deformed Var: U Deformation Scale Factor: +2.109e+03

SF, SF2

(Avg: 75%)
+6.210e+01
+5.137e+01
+4.063e+01
+2.990e+01
+1.916e+01
+8.425e+00
-2.311e+00
-1.305e+01
-2.378e+01
-3.452e+01
-4.525e+01
-5.599¢e+01
-6.673e+01

Step: Horizontal_Q_ret
Increment  1: Step Time =  1.000
x Primary \ar: SF, SF2

v Deformed Var: U Deformation Scale Factor: +2.109e+03
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Avg: 7
+2.115e-+
+1.678e+
+1.240e+03
+8.027e+02
+ e+
- -+
- +02
- +02
- +i
- -+
-2.697e+03
-3.135¢+03

SM, SM1

(Avg: 75%)
+1.989e+02
+1.636e+02
+1.284e+02
+9.311e+01
+5.785e+01
+2.259e+01
-1.267e+01
-4.793e+01
-8.319e+01
-1.184e+02
-1.537e+02
-1.890e+02
-2.242e+02
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-1.652e+01
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