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Abst r act

Thedemand f or ti nber structureshassignificantlyincreasedover thel ast decadesduetothismaterial’s
potential toreducetheenvironmental footprint of astructure. Intinber structures, aw dely used str uc
tural systemisaframestructure. I ngeneral, franmestructures consi st of col umms, beans, andstability
nenber s, such as braci ng or shear wal I's, pl acedonaregul ar gridtoformal oad beari ngstructure. To
conpl eteastructural system joints are necessarytoconnect thedifferent types of menbers.

The inportance of jointsintinber structures is strongly enphasizedinthe existingliterature (Bl af
& Sandhaas, 2017; McLai n,1998). Inthe current buil di ng designindustry, the designof joints nostly
takes placeinarelativelylate phase of theproject. Inthis phase, the general gl obal desi gn deci si ons
have al r eady been made, and t he costs of changes are hi gh. Consi deri ng t he desi gn consequences

of ajoint inanearly phase of the design process nay prevent significant changes inalater design
phase, thereby decreasing the risk of cost underesti nati on and devi ati ons fromthe ori gi nal desi gn.
The ai mof this project i stoprovideinsight intowhether the cross-sectional sizes of the menber are
di ctated by t he di mensi onal sizes of the laterally | oaded dowel -type connection or the strength and
stiffness requirenents of the nenber itself. Theresults of this study nmay hel pstructural engi neersto
nmake wel | - ar gued deci si ons i n det erm ni ng t he cross-section of tinber nenbersinafranestructure

that takeintoaccount theeffect of jointsintheearly designphase. Mreover, theinsight gainedinthi
st udy adds knowl edgetotheexistingliteratureontinber structures, offeringanewperspectiveonthe

i mportance of jointsintinber structures. The fol | owi ng resear ch questi on gui des t hi s st udy:

"What i s the di mensional interactionbetween|aterally |oaded dowel -type connections and struct ural
nmenbers intinber franestructures?”

Inorder toanswer this question, aparanetric study is perfornmed. The paranetersinthis study rep-
resent the global frame structure and the | ateral |y | oaded dowel -type connections. Toget her, these
paraneters forma parametri c nodel that |ays the foundation for thetool that is constructedinthis
study. Thistool isbuilt inorder to generate anunber of uni que configurations that fulfill the desic
verification provi ded by t he Eurocode for the sel ected j oi nt and menber i nthe frame structure. Using
thetool, two anal yses are performed. Inanalysis 1, theeffect of different di stances betweenthe sec-
ondary beans i s exanmined. Inanalysis 2, theeffect of different grid sizes of thecolumintheframe
structureisstudi ed. | nbothanal yses, two nmenber sizesarefirst sel ectedbasedonthecriteria’l owest
cross-sectional area’ (LCA) and’ | owest hei ght beam (LHB). Thesetwo nenber si zesformthestarting

poi nt for generatingdifferent configurations of |aterally | oaded dowel -type connections. |n both anal
ses, theconnectionisseparatedintotwo steel parts, parts Aand B. Moreover, twoj oi nts are anal ysed

- thejoint betweenaprinmary beamand a col um (j oi nt 1) andthej oi nt bet ween t wo secondary beans

and a pri nmary beam(j oi nt 2).

Inthis research project, threefactors are found to contribute tothelargest reductioninthe nunber
of uni que configurations for all constructed cases exaninedinanalysis 1and?2. Thesethreefactors
are snal | col um wi dt hs conbi ned wi t h hi gh shear forces, the effect of a’conpact’ nenber, and t he
effect of "brittle’ failure nechani sns onthe LCA-nmenbers, whi ch was sel ect ed as a desi gn const rai nt
inthis study. These factors nay be rel evant for engi neers to take i nto account when desi gni ng t he
structural nenbers.

However, inthis study, no constructed case is found in which the menber needs to be redesi gned
inorder tofit the connection. Wthregardtothis study’ s nai nresearch question, this meansthat one
canconcl udet hat t he di nensi onal si zeof thestructural nmenber i sdictatedbythestrengthandstiffness
requi rement s of the menber itsel f. Beforethestart of thisstudy, oneof theimagi nedout cones wast he
identificationof certainturningpoints betweenthe cross-sectional size beingdictated by the menber
or bei ng di ctat ed by t he connecti on, forcingthe engineer toredesi gnthe menber. The fact that t hese
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turni ng poi nts do not appear inthe data adds a newperspectivetothe existingliteratureontin
structures regardingtheinportance of jointsinthesestructures. Inportant tonoteisthat, altl
| ar ge nunber of parameters was i ncorporatedintothis study, not all potentially rel evant parane
wer e takeninto account. Wienincorporatingfactors such as the horizontal forcesinthe connecti
the ef f ect of shrinkage andswelling, thelevel of difficultlyintermns of assenblingthejointson:
adj ustnents toguarantee acertainlevel of fireresistance, certainturningpointsinthedimensi
teraction betweenj oi nts and menbers nay be found. Utinmately, thefindingsof thisstudy are speci
totinber frame structuresthat onlytransfer vertical | oads andtothe sel ect ed paranet ers.

Final Iy, beyond al | owi ng for the di mensi onal interaction between joints and nmenbers to be studi e
the tool constructedinthis studyis alsovaluabletopractical engi neering. The |l arge anmount of
that i s generated by thetool allows the engi neer to expl orethedifferent possibleconfigurations
process of designingjoints. By connectingthe output of thetool tothe DesignExplorer interface
engi neer has t he opportunitytosearchthroughall theindividual characteristicsor aspecificran
exanm ne di fferent possi bl e connections inan efficient nanner. One of the nain contributions of
researchproject, therefore, liesinthetool itself.
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| nt r oducti on

1. 1.Resear ch Cont ext

Ti nber as Construction Materi al

The | nt ergover nnent al Panel on d i nat e Change (1 PCC) publ i shedthesixthclimtereport i nthe sum

ner of 2021. Inthis report, the panel advi sed to reduce greenhouse gas em ssi on rapidly in order

to prevent asealevel riseof 44to0 76 centineters by 2100 ( Masson- Del not2@2&) .alCar bon

di oxi de (Og) i s one of t he greenhouse gases that drive climate change. The buil di ngindustry has a
signi ficant contribution of 38%of the tamls€ldn (United Nations Envi ronment Programme &

Constructi o2020). The material s used as structural material i nthe buildingindustry, such as steel,
rei nf orced concret e, and wood, showsi gni fi cant di fferencesinthe aguurdt afs@@l eased dur -

i ng product i hin Soft wood f r omsust ai nabl e sour ces produces approxi mately 5 ti mes,| &30

m3 conpar ed t o rei nf or ced concr et e and appr oxi nat el y 138t i nes I2,e§f.pél)rr? t han steel (van

der Lugt, P2020). Inthese conparisons, the effect of | ocking thapdDarily intothe tinber

products during their useful livesis not considered. Consideringthese observations, usingtinber as
structural naterial inthebuil dingindustryholdsthepotential toreduce greenhouse gas enissioninthe
future. Hereinliesthemai nreasonwhythisresearchproject focusesontinber structuresfor buildings.

Ti nber Frane Structure

Aframe structureis aw del y used structural systemintinber constructions. This systemis character-

i zed by ext ensi ve desi gnfreedomi ntheinteri or andt he facade, sincetheencl osi ngwal | sand st ructural
frame ar e i ndependent of each ot her (K&DB3). Frame structures consi st of col ums, beans, and
stabilityel enents, suchas braci ngor shear wal | s, pl acedonaregul ar gridtoformal oad beari ngstruc-
ture. Thisso-calledprinarystructuresupportsthefloors, whichformthesecondarystructure. Differen
types of fl oors are suitable, suchasindividual joists, prefabricated el ements, or solid panels. Figu
1. lillustratesatypical tinber franestructure.

Ingeneral, afranestructureisacollectionof different structural menbers, as di scussed above. In
terns of loadtransfers, aframestructureneedstotransfer vertical |oads (e.g. self weight, pernanent
| oad, andi nposed | oad) and hori zont al |1 oads (e. g. wi nd | oad and eart hquake | oad). The vertical | oads
aretransferredfromthefl oor el enents, beans, and col umsintothefoundation. Thehorizontal forces
aremainly transferred fromthe fl oor el ements, whi chincl ude di aphragmacti on or hori zontal bracing,
intothevertical stabilityelenents, suchas braci ngand shear wal | s. Tonarrowdowntheresearch, this
project will focusthevertical | oadtransfer of afrane system The exam ned frane structure consi sts
of pri mary beans, secondary beans, and col ums that are | oaded sol el y withvertical | oads.

1& een House Gas (@GHG eni ssion of aproduct during manufacturing (’ cradl etogate)’

1



2 1. I ntroduction

Figurel.1: Tinber franestructure

Ti nber Joi nts

To conpl ete astructural system joints are necessarytoconnect thedifferent types of nenbers. Ti
jointstransfer theinner forces caused by ext ernal acti onfromone nenber t o anot her ( Thel ander ssc
&Larsen,2003). Intinber structures, themainjoints arecategorizedincarpentryjoints, glued|j
and joi ntsthat i nclude di fferent netal fasteners (Bl a &Babdhaas,

Carpentry j oi nts have beenusedsi ncethestart of traditional joi nery and have been devel oped ov
the centuries. Thereis alarge nunber of historical tinber buil dingsthat consists of these tyf
joints. Theforcesinthejointsarenainlytransmtted by contact which creates internal conpres
and shear surface forces (Bl a3 &Sandhaagl7) .

Quedjointsarenot oftenappliedintinber structures. The gl uedjoi nt that i s used nore freque
infranesisthelargefinger joint (Bl ag938bal . This joint requires acontrolledenvironment in
producti on, si ncemany gl ues ar e af f ect ed by moi st ure content andt enperat uredi fferences (Borgstro
2016).

Based on the type of force transm ssion between t he nenbers of a structure, the traditional neta
fasteners can be divided intotwo main groups. The first group is formed by dowel -type fast ener:
whichincludenails, bolts, screws, and dowel s. I ndowel -type fasteners, bendingandtensilestre
occur i nthe fasteners and enbedrment and shear stresses occur i nthetinber al ongthe shank. The
second groupi ncl udes ‘ surface-type’ fasteners, inwhichtheforceistransmttedonthesurfacear
t he menber. Fasteners suchas split rings, toothed-plates connectors, and punched et al pl ates ar
exanpl es of surface-type fasteners (Bl al & SandRaag) .

Thejointsthat i ncludedifferent netal fastenersarethenost conmonly appliedjointintinber s
tures (Borgstré2916). Incontrast totheother joint types, nmetal fasteners, suchas bolts and dowel
i nprove t he di sassenbly characteristics of building structures. Moreover, applying netal faste
i ncreases the ductil e behavi our of thejoints, whichenlargesthe safety of thestructurein casec
ure (Borgstrom016). Additionally, withpre-drilledholesinthetinber nenbers and netal fastene
such as bol t s and dowel s, the conpl exity and t he ti ne needed t o assenbl e t he menber s decr eases.
Final ly, the current European bui | di ng standard code for tinber structures, Eurocode 5, i s nainl)
cused on netal fasteners (NEN-EN- 1995-12004). Wt hi nthe category of netal fasteners, screws,
dowel s, and bolts are t he nost commonl y used f ast ener types, accordingtoaquestionnairefilledo
by 412 r espondent s f r om28 Eur opean countri es and f i ve non- Eur opean countri es. Thenajority of the
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respondent s wer e structural engi neers working at an engi neeringfirm foll owed by engi neers wor ki ng

i nacadem aandthe constructionindustry. (Stepi n20E8)al Consi deri ngt hese findi ngs andt he
l'imtedscope of thisresearchproject, thesetypes of nmechani cal dowel -type fasteners will be focused
on. Still, various configurations of this connectiontype can be constructed, such as t he shape of t he
steel -to-tinber connection, the type of fastener, the steel quality of the fastener type, the size of t
fasteners, andthe nunber of fasteners.

1. 2.Probl emDefinition

The inmportance of jointsintinber structuresis strongly enphasizedintheexistingliterature (Bl afl &
Sandhaas, 2017; Jockwer et al2021). McLai n¥998) denonstratedt hei nportance of joi ntsbystating

that "astructureis aconstructedassenbly of joints separatedby menbers”. Jointsarecritical factors
intinber structures, sincethey determ netheoverall strengthandstiffness of theglobal structure (GO
t enhaus et al2021) . The di mensi onal si zes of thei ntegratedconnectioninajoint may evendet erm ne

t he cross-secti ondi nmensi ons of t he nenbersrat her thanthestrengthandstiffnessrequirenentsof the
menber itsel f (A ai sse &Davi998; GeCys & Dani nas,2017) .

The fol | owi ng characteristics of tinber support the i deathat havi ng an adequat e secti on si ze for
jointsintinber structureisinportant. First, tinber is an anisotropic material. This means that t!
characteristics of eachfiber direction, such as strength, shrinkage, and swel ling, aredifferent. The
differencesleadtorel ativelylowtensileand conpressive strength perpendi cular tothegraindirectio
of the el ement. Second, | arge spaci ng bet ween t he f ast eners t hensel ves and t he di st ance bet ween
t he fasteners and t he edge and end of t he beamare requiredto avoidsplitting of the nenber (The-
| ander sson & LarserR003). Third, the effect of swel ling and shri nkage caused by varyi ng noi st ure
| evel s may | ead t o crack f or mi ng bet ween t he menber and t he connecti on conponent s. These cr acks
may | ead to strength and stiffness reducti on of the nenber andt he j oi nt (§ 6di n &J@biansson,

Mor eover, theinportanceof jointsintinber structures has beenreflectedinaanal ysisof structural
failuresintinber structures exam ned by Fr ihwal d H&2®9dn (Thi s resear ch shows that joi nts
wer e i nvol ved i n 23 percent of cases of failureinastudy of 127 failuresintinber structures. Qut of
t hesej oi nt fai lyr&8per cent wer e dowel -t ype connect i ons. However, as dowel -t ype connecti ons are
frequent |y used, thisnunber may be bi ased. Still, thishighlightstheinportanceof carefullyconsiderin
t he connections withintinber structures.

Al of theseaspectsillustratethat jointsarecritical inthedesignof tinber structures. Inthe cur
bui | di ng desi gnindustry, thedesignof jointsnostlytakesplaceinarelativelylatephase of theprojec
I nthis phase, the general gl obal design deci si ons have al r eady been nade and t he cost s of changes
ar e hi gh. Consi deri ngt he desi gn consequences of aj oi nt i nanearly phase of t he desi gn process rmay
prevent si gni fi cant changesinal ater desi gnphase, t her eby decreasi ngtheri sk of cost underesti mation
and devi ati ons fromt he ori gi nal desi gn.

1.3.(hj ecti ve

Thi s research proj ect focuses onthe di nensi onal interactionbetweenthejoints andthe nenbersin

di fferent frane structures. The mai n obj ective of thisresearchproject istodeterninetheinfluences of
| ateral | y | oaded dowel -t ype connecti ons ont he cross-section of the nenbersindifferent frame struc-
tures. Inorder toreachthisgoal, aparanmetricstudyisperforned. Theresultsof thisstudycanprovide
addi ti onal know edgetotheexistingliteraturethat enphasizestheinportanceof jointsintinber struc
tures. Inparticul ar, thisstudycanprovideinsight i ntowhether thecross-sectional sizes of themenber:
are di ctat ed by t he di mensi onal sizeof thelaterally | oaded dowel -type connecti on or the strength and
stiffness requirenments of the nenber itself. Additionally, theresults can hel pstructural engi neers t
nmake wel | - ar gued deci si ons i n det erm ni ng t he cross-section of tinber nenbersinafranestructure
that takeintoaccount the effect of jointsintheearly design phase.

2No di stinctionis made between strengthor stiffnessfailures



4 1. Introduction

Sub- (oj ecti ves
I norder toachi eve t he mai n obj ective of thisresearch project, thefoll owi ng sub-objectivesares

« Gai ni ng a deeper under st andi ng of the theoretical fundanental s of nechani cal connections ir
tinber structures.

» Devel opi ng a parametric nodel of atinber frane structure that provides input for atool th
hel ps t o anal yse t he di nensi onal interaction between the joints and the menbers in differer
frame structures.

e Constructingatool that designs, verifies, andvi sualizesdifferent configurationsof |ateral
dowel -t ype connecti ons based on different frame structures. This tool allows oneto studyt
i nfluences of |aterally | oaded dowel -type connections on the cross-section of the nenbers |
different frame structuresinaparanetric nanner.

1. 4.Resear ch Questions and Qut |l i ne

Inorder toreachthe goal sthat have been set out i nthe previous chapter, aset of sub-research que
tionsisfornul ated. Eachchapter or set of chapt ers provi desananswer toi ndi vi dual researchquesti
whi chwi I'l providesufficientinsight toanswer thefoll ow ng mainresearch questi on.

"What i sthedi nensional i nteracti onbetweenl aterallyl oadeddowel -type connecti ons and st ruct
nenbers intinber frane structures?”

Part | - Literature Review

Thi s part consi st of aliterature study on engi neer ed wood pr oduct s and nechani cal connecti ons. Th
mai n goal of this part istocollect sufficient informationto determne the nost suitabl e neche
connect i on and engi neer ed wood product to apply i nthe parametri c st udy.

"What i st he nost sui t abl e nechani cal connecti ontype and engi neer ed wood pr oduct t o appl y on
frame structures?”

— Chapter 2: Literature Review

Part Il - Parametric Study
Thi s part focus onthe devel opnent of the paranetric nodel for the frame structure and the tool th
desi gned and verifieddifferent configurations of t he connecti on.

"Whi ch parameters and constraints will definethe paranetric nodel of the frane structure an
thejoints?”

— Chapter 3: Parametri c Mbdel and Const ruct ed Cases

"Howcant he cal cul ati onof thestructural nmenbers and connecti ons be devel oped andi nt egr at ed
intothetool ?”

— Chapt er 4: Devel opnent Tool

Part 111 - Research Qut cone
Thi s part summari zes t he fi ndi ngs of t he resear ch proj ect and di scuss rel evant observati ons fromt
col | ect ed dat a.

"Howdo t he di f f erent geonetri cal designs of atinber frame structureinfluencetheconfigurat
of alateral |yl oaded dowel -t ype connect i on?”

— Chapter 5;: Resul ts and D scussi on
— Chapt er 6: Concl usi ons and Reconmendat i ons
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1. 5.Met hodol ogy

For each part a et hodol ogy has been defi nedt hat ai ns t o provi de t he answer t ot he sub-questi ons.

Li t erat ure Revi ew

Intheliteraturereview engi neeredwood products are exam ned t o provi de suffi ci ent i nsight to sel ect
t he product for the structural menbersinthe frame structure. Mreover, mechani cal connections are
studi ed to provi de an indication of the availability in mechanical connections for different joints.
additiontothat thecharacteristicsrel atedtol oadi ngcapacity areanal yzedfor thedifferent connecti c
types. For the sel ected connecti ontype the rel at ed conponents that deterninethe |l oadi ng capacity

are exam ned. These conponents are potenti al paraneters that defines the parametric nmodel of the

i nvesti gat ed connecti on.

Devel opnent Tool

Cnhes all therelevant informationiscollectedfromtheliteraturerevi ews, theset-upof thetool is deteé
mned. Thetool isdividedintotwo parts, whichistheanal ysisof theframestructureandtheanal ysis
of thejoints. Inthischapter theinteractionandtheworkflowof thedifferent parts are deternined anc
sof tware t hat suits the workfl oware sel ected. Moreover, the key conponents that areintegratedinto
thetool areoutlined.

Par aret ri ¢ Model

The devel oprent of the tool and the set-up of the parametric nodel are running parallel, sincethe
paranetric nodel of the frane structure and the connectionis part of thetool. Inthis chapter, the
parameters definedintheliteraturerevi ewarereducedto decreasethe conpl exity of the nodel. The

out put of the paranetric nmodel are different configurations of the connection that includes the type
of fastener, the fastener quality, the diameter of the fastener, the position of the steel plate(s) al
t he t hi ckness of the steel plate(s). For the purposes of thisinvestigation, the designconstraints ar
t he nenber resi stanceinterns of strength and defl ecti on and t he connection resi stanceinterns of
strengt h.

Const ruct ed Cases

Inorder tocoll ect sufficient datatoanal ysethedi mensi onal i nteractionbetweenl aterally !l oaded dowel
type connecti ons and structural nenbers, different constructed cases for the frame structure are de-
term ned. These constructed cases consi st of frame structuresthat i ncl udes di fferent col umgri ds and
di ff erent di st ances bet ween t he secondary beans.

1. 6.Scope

Scope limtations will hel pto narrowdown the research focus of this nmaster’s thesis. The follow ng
limtations areset totheresearch scope.

Fi re Resi st ance
Examiningthefirelimt statei s beyondthe scope of thisresearchproject duetotinmelinmts. Integratin
fireresistanceintothetool may be aval uabl e directi onfor futureresearch.

Fl oor Panel s

The fl oor panel s are set to O oss Lam nat e Ti nber (CLT) panel sinthisresearchproject. The di men-

si onal size(height) of thefl oor panel sis determ nedaccordingtothemaxi numspan of t he constructed
cases. Thi s approachis anot thenost efficient way of desi gningthefl oor el enents, however t he core

of thisresearchproject istoanal ysethe effect of differencesinthe geonetry of the frame structure
rat her thantheinfl uences of different | oads caused by di ff erent panel sizes.

Lat er al - Tor si onal Buckl i ng
Sl ender bendi ng beans t hat are mai nl y subj ected t o bendi ng and have al arge hei ght-widthratioare
ingeneral sensitivetolateral-torsional buckling. Inthis researchproject it is assumedthat the G
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fl oor panel s provi de | at eral support tothe secondary beans and t he secondary beans provi de |l atera
support tothe prinary beans.

Fl oor M bration

Besi des t hat fl oor panel stransfer the external | oadingtotheremainingstructural nenbers, thef
aresubjectedtouser activities. Theseactivitiescancausevibrations, whichcanleadtounconfor
experience for theusers. CLT panel s areingeneral nore sensitivetohunmaninduced vibrations due
toitslowdensity and stiffness. The magnitude of vibrations are primarily determ ned by t he na
span, andw dt h of thefloor panel. Inorder tosinplifythescopeof thisinvestigation, thedesign
fl oor panel is basedonthe sinplifiedanalytical method describedinthe”M bration Design of Fl
gui del i newrittenby H VG8S (Hunman | nduced M brati ons of Steel Structures).



Li t er at ur e Revi ew

Thi s chapt er consi sts of aliterature study on engi neered wood product s and nechani cal connecti ons.
Inthischapter, thefocusliesonreview ngtheexistingliterature on mechanical connections and en-
gi neer ed wood products appliedinpractice. Inthisliteraturereview the characteristicsinterns c
strength and stiffness of the different engi neered wood product s and nechani cal connecti ons are ex-

am ned. Themai ngoal of thischapteristocollect sufficientinformationtodeterninethenost suitable
nechani cal connecti on and engi neer ed wood product to apply inthe paranetric study. OQverall, this
chapt er f ocuses on answeri ngthe fol | owi ngresearch questi on:

"What i st he nost suit abl e nechani cal connecti ontype and engi neer ed wood pr oduct t o appl y on
frame structures?”

2. 1.Wod and Ti nber

Wodisanatural material andacollectivetermfor al arge nunber of speci es worl dw de. | ngeneral,
wood can be di vi ded i nt o t wo gr oups, sof t wood and har dwood. The di vi si on bet ween t hese t wo gr oups
isprimarily nmade based on their physical structures. This research project does not zoomin onthe
expl anat i on of wood at a ni croscopiclevel, asthisisnot requiredfor astructural design.

Wod i s ani stropic, whichnmeansthat it has different propertiesindifferent directions. Thelongitt
dinal, radial, andtangential directionsarethethreemaindirections, asxHovibuert bitche e
different propertiesindifferent directions, it isessential tokeeptrackof thel oadi ngdirection. The
ertiesinradial andtangential directions are often assuned equal | y and ar e defi ned as per pendi cul ar -
to-graindgor ). Theaxial directionisdefinedas parall el gtar-gjaandi s t he stronger axi s
interns of strengthandstiffness duetothetube structure of wood (Bat@jst r om

L longitudinally
T tangentially
R radially

&— Longitudinal —>

(

Figure2.1: Definitionof normal- ( ) andshear- () stressesindifferent directionsin2ob@)(Borgstrom
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VWod i s hygroscopi ¢, whi ch means t hat t he noi sture content inthe material constantly changes witt
therelative humdity of the surroundi ng envi ronnent. Mi sture content (M) is one of the mainco
tributingfactorsthat changethe mechani cal properties of wood. AnincreaseinMCgeneral ly | eads
adecreaseinstrengthandstiffness andanincreaseincreepdefornationandriskof fungal infect
(Bl aR & Sandhaas,2017). Moreover, changes i n MCcause shri nkage and swel | i ng, whi ch i nfl uence

t he si ze of wood. The noi st ure coefficient i nexpansi onandcontractionisdifferent for each dir e
The | ongi t udi nal shrinkage and swellingissignificantly small conparedtothetangential and radi
rection. Theshrinkageintangential directionisapproxinatelytwotimnmeshigher thantheradial di!
(Borgstron016). Figur@ lillustratesthe shrinkage and swel lingin percentages for thetangentiz
and radi al directionas aresult of the noisture content differences between wi nter and sunmmer i
doors. The figure di spl ays a movenent of approxi mately 1. 6%i ntangential direction, assumngth
t he moi st ure cont ent i nwood changes by ar ound 6%f r omsumrer to wi nter.

Fi gure 2. 2: The wood’ s novenent i ndoor s over t he year, fromsunmer tow nter (Swnedi sh- @od,

Ti nber i swoodthat i s manuf acturedtobe usedinstructural applications. Ti nber has been appl i ed f
centuriesasabuildingmaterial inthe constructionindustry. The natural characteristics of wooc
as knot s, have anegati ve i nfl uence ont he nmechani cal properties of tinber. Vi sual or nachi ne gradi
processes determ net he strengt hcl ass of sawnti nber basedonthe si ze, nunber, shape, and| ocati on
of the knots. Moreover, other inperfections, suchas spiral grainandcracks, aregradingcriteri
arerel evant i ndeterm ningthestrengthclass (B a3 & S&@ilHas,

Anot her aspect that plays aninportant roleintinber isanincrease of defl ection dueto sustai
| oadi ng over time. The tendency of a material to def ormunder sustai ned | oadingis calledcreep.
structures, the permanent | oad onthe structureis nost oftenthe sustai ned| oadi ng under whichcre
wi |l occur. External factors, such as tenperature and noi sture content, influence the nmagnitude
creep. These factors are covered byt he use of the creep coeffi citdmat ( s includedi n NEN- EN
1995-1-12004). The creep coefficient needs to be considered wi thinthe verificationof deflectic
theservicelint sate (SLS).
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2. 2.Engi neer ed Wod Pr oduct s

The si zes of sawntinber arelimtedduetothesizeof treesandtheindustrial processes. For i nstance,
i n Sweden, the maxi numdept h and | engt h of sawn ti nber i s 245 mmand 5. 50 m( Bor gst RO&P) .
Inthelast century, aw devariety of engi neeredwood product s (EWPs) have beeni nvent edt o achi eve
shapes and si zes t hat cannot be achi eved with sawn tinber. I ngeneral, EWPs are a conposi ti on of
sawn ti nmber pi ecesthat aregluedtogether andareorientedinonedirectionor indifferent directionsin
di fferent | ayers. Constructi ngnewconpositionsallows onetorenove def ects andcreate el enentsthat
ar e nor e honogeneous and r each hi gher nechani cal propertiesinonespecificdirectionor increase
t he mechani cal propertiesinweakdirections by applying specific processes.

Inthis research project, the frame structure consists of prinary beans, secondary beans, and
col umms, as di scussedinsectloh @ ued Lam ni at ed Ti nber, commonl y known as AT or @ ul am
and Lam ni at ed Veneer Lunber, al so known as LVL, arethe nost cormonl y used EWPs t o appl y on
frame structures. Another type of EWPis |-beans, al so known as |-joists, whichare buildupwth
fl anges of sawnti nber or LVL and webs of board material, such as pl ywood or Ori ent ed St rand Boar d
(CsB). These light-frame el ements are commonl y used as secondary beans with a center to center
di st ance of 300- 600 mmi n conbi nati onwi t h pl ywood or CSBpanel s. H.@irlé ust rat es t he conpo-
sitionof thethreedifferent EWPs.

Glued-Laminated Timber (GLT) Laminated Veneer Lumber (LVL) I-Joist

Fi gure 2. 3: Ti nber Engi neered Product s

2. 2.1d ued Lam nat ed Ti nber
A ued Lam nat ed Ti nber (@.T) consi sts of ti nber boards, al so known as | anel | aes, withathi ckness of
approxi mately 40-50 mm I norder toextendthelengthof thelarell aes, the boards arefinger-jointed
t oget her ( Thel ander sson & Lars2@03). Al theindividual |amellaesw ththegraininlongitudinal di-
rectionaregl uedtoget her over theentirecontact surfacew thadhesives. The adhesi ves har den under
acertainpressure andinaspecifiedtenperature.2FHideamenstrates the entire manufacturing
process of A.T. Thewi dth of regular gluedlamnatedtinber islinitedbythewdthof sawntinber. In
order toextendthe standard wi dth, thetinber pi eces aregluedinhorizontal direction, whichiscalled
bl ock- gl ued gl ul am The appl i cation and ti nber speci es used for bl ock- gl ued gl ul amare equal tothe
producti on of regul ar gl ul am( Bl a3 & SandiZ4s,) .

The conposi ti on of t he bears can be hormogeneous (h) or conbined (c¢). Al thelanelleasinthe
honogeneous conposi ti ons contai n the sane strength quality, whereas t he conbi ned conposition
nmat ches wi t h t he desi gn stress | evel sinthe beamwi th higher strengthqualityintheouter | anell aes
(Borgstron2016). Weak spots, such as knots, have | ess effect onthe strength and stiffness of AT
Thi s can be expl ai nedinterns of the snearing-out-effect. Sincethesawntinber iscut intosnaller
pi eces, thel ow strengt hdefects arenoreuni formy distributedover theentirebeam(Thel ander sson &
Lar sen,2003). Moreover, each defect islessinportant, sincethelanel | aes above and bel owconsi st
of cl ear wood (wi t hout defects) (Bl al & SandB@4g). Thi s process of constructing beans limts
thevariabilityinstrength, whichresultsinhigher nmechanical properties of the G.Ts conparedtosawn
tinber.
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Fi gure 2. 4: Manuf acturing process for gl ued | am nat ed beans ( Borasit&)om

2. 2. 2Lam nat ed Veneer Lunber

Besi des | am nat i ng boar ds, veneeringi s anot her effi ci ent manner f or processi ngl ogstobeusedasi n
for tinber products. Veneers arethinlayers of wood, approxi mately 2-4 nm The | ogs ar e debar ked
and st earmed i n hot wat er bef ore bei ngrotary peel ed. After peeling, theveneersaredriedtothetar
noi st ur e cont ent and of t en st rengt h gr aded bef or e bei ng used as EWP ( Bor @ét16ym Lam nat ed

Veneer Lunber (LVL) consists of multipl e veneer sheets gl ued toget her to formthick panels. Fi gur
2.5illustrates theentire nmanufacturi ng process of LVL products by Met s& wood.

The di rection of the grai ns depends ontheintended use of the el enent. Ingeneral, thegrainsf
beamel errent s are pl acedi nl ongi tudi nal directi onandfor panel sthel ayers arepl acedcrossw se. S
ilar totheproductionof AT, thisprocess produces el ementswi thhigher reliabilityandlower vari
through el i mnation and di stribution of defects. Mreover, the standardw dth of elementsislim
90 mm al t hough nul ti pl e el ement s can be gl ued t oget her up t 0 400 nm( Bor g0 &in

Ablangen Schale Schneiden Trocknen Verkleben Aufschichten HeiRpressen Schneiden Spalten Lagern
Cross-cuting s (Rip-sawing Packing)

Lenght-cutting) Peeling) Drying) (Gluing) Lay up) (Hot press) (Cross-cutting)

Fi gure 2. 5: Manuf act uri ng process for Lani nat ed Veneer Lunber ( Met s&20&6)l,
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2.2. 3EWP Sel ection

| -joist denonstratestobeasuitabl ealternativefor sawntinber i nternsof savingmaterial. This product
i scommonl y used f or secondary beansandislimtedfor | arger structures, asdi scussed. Mreover, the
speci ficconpositionof thisproduct limtsthepossibilitytoapplyall typesof connections. For instar
applyingaslotted-insteel plateconnectiontothisproduct is unfeasible.

QAT and LVL bot h have hi gher nechani cal properties than sawntinber duetothe elimnation of
defects. Moreover, the manuf acturing process all ows one t o produce cross-sectional sizes that are
significantly larger than those for sawn ti mber. Wen considering the wi dth of the nenbers, AT
produces | arger standard wi dt hs conpared to LVL. I n order to produce a nenber wi th equal widths,

LVL needs addi ti onal processes (e.g. gluing nultiplelanellaes) toconstruct the menber. Mreover,
G Tisalreadyoftenusedinframestructures, suchas Pal azzoMeridia, Treet, andQd rcl Pavilionof ABN
AMRQ Based ont hese observations, inthisresearchproject, duedLan nated Ti nber i s sel ected as
BEWPfor all structural menbers of the frame structure. Tabl astrat es t he nechani cal properties

f or sone conmonl y used honogeneous AT cl asses accor di ng t o NEN- EN- 14082013) .

Property Synbol @.24h @A.28h @A.30h
Bendi ng strengt h L 24 28 30
Tensil estrength 0., 19.2 22.3 24
.90, . 0.5 0.5 0.5
Conpressionstrength o | 24 28 30
.90, 2.5 2.5 2.5
Shear strength O 3.5 3.5 3.5
Rol i ng shear strength 1.2 1.2 1.2
Mbdul us of el asticity o | 11500 12600 13600
0. .05 9600 10500 11300
9, . 300 300 300
90, .05 250 250 250
Shear modul us , 650 650 650
, 05 540 540 540
Rol I'i ng shear nmodulus | 65 65 65
.05 54 54 54
Density , 385 425 430

420 460 480

Tabl e 2. 1: d ued Lam nat ed Ti nber nechani cal properties ( NEN- EN ROER),

2. 2.4 oss Lam nat ed Ti nber

O oss Lam nated Ti mber (QLT) i sconstructedinasinilar way as AT, althoughthelanellaesineach

| ayer are pl aced per pendi cul ar to the | ayer above and bel ow as il | ustraRefl i Tini isguag of
stackingprovides norestrengthandstiffnessinbothplatedirections. Ingeneral, CLT panel s areoften
used as | oad- bearing vertical walls and as horizontal floor di aphragns. As di scusskdi n section

the fl oor panel s areset toCLT-panel sinthisresearchproject. The cal cul ati on of the appl i ed CT- panel
i nthisresearch project can be foundin Apgendi x

Fi gure 2. 6: Conposi tion O oss Lani nat ed Ti nber
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2. 3.Joi nt s and Connecti ons

The definitions of joints and connections usedinthecontext of thisthesisareillBsTratedinfic
Thejoint definestherelationbetweenthedifferent structural el enents, andthe connecti on defi ne
conponent s, such as fasteners, steel brackets, andslotted steel plates, that arerequiredtocon
thedifferent structural el ements. Inthisresearchproject the focus!lies onthe mechanical dowel
connectionas di scussedinsectlidnStill, various of different type of connecti ons and f ast eners ar
avai | abl e t o exam ne.

Steel bracket

Joint

Beam (element)

Fastener

Column (element)

Connection

Figure2.7: Thedefinitionof joint and connection

2. 3. 1Appl i ed ConnectionsinPractice

The connectionsthat aresuitablefor jointsinframestructureswll beexamnedinthis section.

frame structures include different types of el ements, such as secondary beans, prinary beans and
columns, thejointsw || becategorizedinbeamto beamjoi nts and beamt o col unmj oi nts. Thi s cat ege
rizationisillustrat@dlimthi s paragraphthestandardconnectionsof gl ul amti nber applierssuchas

Heko Spant en and De@ oot W oonshoop ar e exam ned (DeQ@ oot - W oonshoom. d; Heko- spant en,

n.d).

A

column - beam joint 1 column - beam joint 2

="
17)
’._._._:_._._._._._._/. .—.—.\ ______________ . \\\column-beamjointB
“‘\ primary beam - secondary “‘\ primary beam - secondary
\ beam joint 1 \_beam joint 2
L 7

Figure2.8: Jointsintheglobal tinber structures
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Beamt o beamj oi nt - j oi nt bet ween a secondary and pri nary beam

Ti mber suppl i ers of f ers st andar d connecti ons f or j oi nt s bet ween secondary beans and pri nary bears.
Fi gure2. 9i | | ustrat es sone exanpl es of standard details of DeG oot W oonshoop.

Figure2.9: Standarddetails of ajoint between col utm and beamr et ri eved fr om( DeG oot - Vinoayshoop,

Inorder toanal ysethe standard detail s properly, thejoint isseparatedintotwoconnectionparts. The
first connection part is the connection onthe secondary beam The second connection part is the
connectionontheprimary beam The connection onthe secondary beamcan be cat egori zedintotwo
groups based ontheir | oad transfer.

The first group, whichconsiststhedetails 0301 and0303transferstheir forces byl ateral | oadi ng of
t he mechani cal fasteners nounted at the beam Inthese detailsthefastener type are bolts, however
dowel s can be a appl i ed as wel | (Bl ass etl@®5h). The conbi nati on of the fasteners andtheinte-
gratedslotted-insteel plateor theouter steel platesall owsthetransfer of theforcesfromthesecondar
beamt ot he pri mary beam

The second group, whi ch consi sts of the remai ni ng standard detail s transfer the forces by direct
cont act bet weent he secondary beamandt he beari ngsteel plate. Additional lytothebearingsteel plate
thedetailsstill haveaslotted-insteel plate(detail 0302 and 0304) or out er steel pl ates (detail 0305 a
0306) to prevent the secondary beamto slipping off the bearing plate. The two type of connection
di scussed above, requires different approaches interns of design verificati @.3.Phheection
di fference paranet ersthat i nvol ves t he desi gnveri ficationare di scussed and whi ch connectiontypeis
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used for further anal ysisw thinthisresearchproject.

The connecti ons part onthe pri nary beamshows t he di fferent fastenersthat areappliedtotransf
the forces fromthe slotted-insteel plate or bearing platetothe primary beam Indetails 0301,
and 0303 nai | s and screws ar e appl i ed, whi chpenetratethepri mary beamwithacertai nlength. Detail
0304, 0305 and 0306 ar e executed i nbol ts, whichpenetratesthe full prinmary beamandis conpl et ed
wi t hawasher andnut. Moreover, t hepositionandthenunber of col ums of thefastenersintheprinary
beamdi ffersinthestandarddetails. Innost detailsthefastenersareplacedw thinthethickness
secondary beam except fromdetail 0305, i nwhichthe steel plate onthe prinary beami s w der t han
t he t hi ckness of t he secondary beamandthe bolts are placedw th al ager center tocenter di stance.

Innore detail figdré&Oshows t he possi bl e steel conmponents, such as a steel bracket or joi st
hanger t o connect a secondary- and pri mary beam The configurations 1b, 1c, and 1d are part of the
group connectionthat transfer theforces by direct contact. Joi st hanger 1dis devel oped i n case
secondary beamcr oss t he cont i nuous pri mary beami nt he sane | i ne. Thetransfer of theforcestakes
pl ace by conpr essi on per pendi cul ar tot he grai nfor t he secondary beamas wel | as t he pri mary beam

< —< >
A N
. ¢
&
$¢ & > >

Figure 2.10: Configurationsteel brackets/joist hanger

The fasteners that connect t he steel conponent at the secondary beamto t he pri mary beamcan be
executedas nails, screwsor boltsasillustratedinthe standard details of DeG oot Wwoonshoop. T
mai ndi ff erence bet weent hesefastenersisthat boltspenetratethefull beamconparedtothenail sa
screws, whi chhavecertai npenetrati onl engt has shown it ddreover, t hefast ener t ypes have
different characteristicsinterns of axial resi stance and bendi ng nonent capacRt . 2 hesecti on
fastenerstypeswll bediscussedinnoredetail.

Al connection types shown in figudgenerates a additi onal nmonment due to the eccentricity
betweenthe two el ements. The eccentricity of | oad beari ng connections are definedasthedifferen
betweenthecenter i neof theprimary beamandthelineof | oadi ngof thebearingplate(left), assh
infigu2e1l For theconnectionsthat transfer theforcesbyl ateral | oadi ngof t henechani cal faster
theeccentricityisdefinedasthedifferencebetweenthecenter |ineof theprinarybeamandt hecent |
of the fasteners group (right) as shown i n2f ilgur e

Fi gure 2. 11: Determi ni ng eccentri city nonent
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The addi ti onal norment occursinjoints between secondary beans and pri mary beans aswel |l injoints
bet ween pri mary beans and col ums. Inthe follow ng paragraph the exanpl e of ajoints between a
secondary beamand pri nmary beami s denonst r at ed.

There are two ways t 0 sol ve t he addi ti onal nonent caused by t he eccentricity. The first approach
istotransfer the additional nonment tothe primary beam which generates atensileforce at thetop
f ast ener and conpressi onforceat thebottomfastener (I eft), as sho@niz NENIEN 1995- 1-
1: concept A0XX) denonst r at es anet hodol ogy t o cal cul at et heresi st ance of aj oi st hanger t hat i s based
onthi s approach. Inthisapproachtheprimarybeami s subjectedtotorsionincludingthecorrespondi ng
j oints.

The second approachistotake uptheeccentricity moment i nthefastener group of the secondary
beamitsel f (right) as showninf2.difeWth this approach, the primary beamis not | oaded with
torsion. Inthisresearchproject, thelatter approachischosentorelievetheprinarybeamfromtorsional
nonent. Mbreover, if the primary beamdoes not contai ns a torsional nonent, the connection of
the j oi nt between t he primary beamand t he col um does not have to desi gn for torsi onal nonent.
Final ly, appl yingthefirst approachtojoints between col ums and hi gh | oaded pri nary beans causes
highlocal |y conpressiveandtensilestressesinthecolumat joint | evel. Frompractical engi neering
the eccentricity betweenthetwo nmenbersis determ ned by t he di st ance betweenthe centroid of the
fastener groupor thelineof | oadi ngfor bearingplatesuntil theedgeof thejoi nt menber. Thi s approach
i sdi scussedinsect40B. 2nnoredetail. Theadditional noment causedbytherenai ni ngeccentricity
(e.g. the hal f of the nenber size) iscarriedbythe nenber itself.

From practical engineering
From practical engineerin

Figure2.12: Twooptionstoresist theeccentricity nonent

Beamt o col umm j oi nt - j oi nt bet ween col umm and beam

Anot her joint that i spart of theframestructureisthejoi nt bet weenabeamand col um. Ti nber suppl i er
De Goot Wwoonshopp offers the fol |l owi ng standard connecti ons bet ween a beamand col um, as

shown infigura 13 These connectionare prinarily applicablefor specific frame structures such as

a roof systemwherei nthe col um does not continues. Mreover, these connections are suitable for

end beans, as shownin figurz 13 and beans that continues. Indetail 0401 and 0402 t he beam

i s positioned ontop of the colum, whichindicates that the forces are transferred by direct contact
bet ween t he two el ements. Two prevent t he beamto slipping off andin sone casestoliftingupthe

col umm detai |l 0401 has an slotted-in steel plate nounted at both el enents and detail 0402 has an
doubl e ext ernal steel plate. By appl yingthistype of connection, noeccentricity nonent betweenthe
col umm and beamwi | | occur, sincethecenter |ines of each el ement are pl acedinthesareline.



16 2. Literature Revi ew

Fi gure 2.13: Standarddetail s of ajoi nt between pri mary beamand col uim f romDeG oot W oonshoop

The detail s shown i n fi g@r&3are cormonly not suitable for intermedi ate floors, wherein anot her
col um wi th hi gh normal forces is placed ontop opthe beam GCenerally the nainissuein having
a syst emwherei n the col um i s positioned ontop of the beamis that the beami s | oaded wi t h hi gh
normal forces fromthe col um perpendi cul ar tothe grain. As di scussed n&datbhemhas a

| ow conpresssi ve strength capacity perpendi cular tothe grain. Additional steel conponents can |
appliedinthese connectionstoavoidthat the normal forces fromthe columwi |l transfer through
beamas showninfigur@. 14
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Fi gure 2.14: Additional steel conponents appliedtotransfer thenormal forcesfromonecolumtotheother
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Anot her optionto avoid forces that runs through t he beamperpendicular tothe grain, isto have a
conti nues col utmwi th anattached beam Thisdetail hassimlaritiestothedetailsof thejoints between
the primary beamand t he secondary beam di scussed i n se@.i®n Fi gur . 15shows di ff erent

connect i on confi gurations of thejoi nt bet ween a conti nues col um and a beam

Fi gure 2. 15: Exanpl e of a connecti ons between cont i nuous col urm and beam

Connectiontype 2ais simlar todetails 0302 and 0304, as shown it §i gheeei n t he forces
aretransferredby aconbi nati onof direct contact bet weenthe beamandthe bearingplateandl ateral
| oadi ng of t he bol ts nount ed at t he col um.

Connecti on type 2b shows an al ternati veto connectiontype 2a, whereinthe steel bearingplateis
replaced by aslotted-insteel plate. This connectiontypereferstodetails 0301 and 0303, as shown
infiguz9 inwhichtheforcesaretransferredby | ateral | oadi ng of t he mechani cal fastener nmount ed
at t he col um and beam The grainorientation of the col um and beamare nost often different (90
degrees), conparedtothe grainorientationinthe connection betweenthe primary beamsecondary
beam(0 degrees). The ef f ect onthe enbedrent strength of the nenber caused by the di fferent grain
directionsw || bediscussedinnoredepthin2eét8on

Connectiontype 2c is sinilar to connectiontype 2b, al though the fastener typeinthe columis
repl aced by | ag screws, whichreferstodetail 0301, 0302 and 0303 as shown 2n i gure

Al connectiontypes showninfiui® are subj ectedtoaneccentricitynonment, sincethecenter
l'i ne of the colum andthe beamarenot inthesameline. S mlar totheconnectiontypesillustratedin
figur@. 9t he norment i s det erm ned by t he di st ance betweenthe center |ines of theel ements andthe
shear forceinthejoint. Inasystemof secondary and pri mary beans, the prinary beans conmonl y
transfer hi gher shear forces. The hi gher shear forces conbi ned with the eccentricity causes hi gher
eccentricitymoments. Theseeccentricitynonents aretakenbythefastener group of the beam whi ch
isasimlar approach as thejoints betweenthe prinary- and secondary beam
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The exami ni ng of j oi nt s bet ween a col umm and beami | | ustrat esthat different connecti ontypes are po
sibletoapplytothejoints. The configurationof havingacontinuous col umm or two di srupted col u
has a si gni fi cant i npact onthe configurati onof the connection. Incase of disrupted col um and hi
nor mal forces, additional steel conponentsneedtobeincorporatedtoprevent that theforceswll ti
fer through t he beam Thi s connecti on adds nore conpl exity tothejoint conparedwi thacontinuous
col um. Since the continuous col um has no unlimted | ength aconnection as shown 2nl6i gure

can be appl i ed bet weentwo col ums. Inthisthesisthejoint configurationof acontinuous col unm wi
attached bean(s) w || be focused on.

Fi gure 2. 16: Connectionfor joi nt between two col ums

Beamt o col um j oi nt - j oi nt bet ween col um and rul ti pl e beans

The i nvesti gat ed frane struct ure di scussed i n 8e8t lawnsi sts of joi nts that connects a col um
withrmultiplebeans, as showninfiguBeFor thesejoints asel ectionof the connectiontypesdis-
cussed i n t he previ ous paragraph can be appl i ed. R.dgifghows t wo exanpl es of connecti ons

bet ween a cont i nuous col umm and t wo secondary beans. (ption 3ashows aslotted-insteel platein
conbi nations with full penetrated bolts. tion 3b consi st of L-shaped steel bracket i n conbi nat
withscrews. Incasethecolumisattachedw thmltiplebeanmsintwodirection, thepossibility
the fasteners canintersect wtheach ot her needt o be consi deredduringthedesignof thejoint.

l l
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Fi gure 2. 17: Exanpl e of connecti ons bet ween col umm and mul ti pl e beans



2. 3.Joi nt s and Connecti ons 19

The fol | owi ng proj ect Aski mTorgbuildinGtenborgillustrates a(braced) frame structurew thcontin-
uous col ums attached wi th mul ti pl e beans.

Fi gure 2. 18: Aski ns Torg at Gdt enbor g €56r en Hakanl i nd ( Swedi sh- \Wat),
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2. 3. 2Load Transf er Connecti ons

There are two di fferent types of connections whenit conestothetransfer of forces as di scussed
sectioR.3.1 Thefirst connectiontypetransfersitsforces by direct bearingcontact (type1l), su
j oi st hangers and st eel brackets. The second connectiontypetransfersitsforces byl ateral | oadi
thefasteners (type2). Oheor noreslotted-insteel plate(s) or one or nore steel plate(s) onthec
si de of the beami n conbi nati on with fasteners are exanpl es of this type of connecti on. These twc
connectiontypes have di ff erent desi gn paranet ers regardi ngthe designverification.

The configuration of connectiontype 1 (direct bearing contact) is mainly determ ned by the co
pressive stress at the contact area of thetinber el ement. The angl e betweenthe grainorientati on
the el ement and the di rection of the |l oad strongly det erm nes the conpressive strengthof thetint
el enents. Tabl2. 2illustrates the difference between the conpressive strength perpendicular tottl
grainandparal l el tothegrainof glued!|am natedtinber withastrengthclass G.28h.

Strengthclass o [/ 21 a0 [/ 7]
@.28h 28 2.5

Tabl e 2. 2: Conpressionstrengthparallel tothegrainvs perpendicular tothegrain

The wood grai nin glued | am nat ed beans general Iy runs inone direction, parallel tothelongaxis

t he beam(Ong, 2015). This way, the | oad acts perpendi cul ar to the grai n of the secondary beam

The conpressi ve strength perpendi cular tothe grainis governing for the cal cul ati on of the bear

resi stance. The two paraneters that deterninethe contact area are thethickness of the secondar

beamandt he contact I engthonthesteel plate. Wththe exf.eddieonerificati onof conpression

per pendi cul ar to the grain of the tinber el ement can be conput ed ( NEN- EN- 198804)-.1, The

di scussed connection types rest at the end of the beans onthe bearing pl ate, whi ch neans that t he
o0 i stakenas 1.

,90, S, 90,90, (2.1)
Wer e:
90, conpressive stressinthecontact areaperp. tograir® Nmm
90, desi gn conpressivestrengthperp. tograin N mm?
90 f act d'r

Connectiontype2(lateral | oadi ngof fasteners) consi stsof different conponentsthat determn net he
figuration. These conponents are separatedintotwo groups. & oup one consi sts of t he conponent s
that determ ne the carryi ng capacity of afastener per shear pl ane, such as the | oad carryi ng cape
ity of the fasteners, the enbednent strength of thetinber el ement, and the configuration of the st
plate(s). Gouptworepresentsthe(design) conponents, suchasthenunber of fasteners (inrows and
col ums) andt he nunber of steel plates. Wthi nthese conponents, al arge nunber of sub-paraneters

i nfl uences t he event ual capacity of the connectiontype. For i nstance, t he enbednment strength of t
ti nber el ement depends ont he densi ty of thewood, t he di anet er of t hefast ener andt he angl e bet ween
thel oad and t he grai n. I n sec2i4nt he conponents are exanm ned i n more detail. The nunber of

par anet ers t hat are i nvol ved when det erm ni ng t he capacity of connectiontype 2is hi gher conpar ec
t o connectiontype 1.

Anot her aspect that i s anal yzed when conpari ng the two connection types i s the conpressive
strength(relatedtothedirect bearingcontact) andthe enbedment strength(relatedtothel ateral
i ngof thefasteners). Inbothcases, thestrengthparallel andperpendi cul ar tothegrainaredeterr
as shownintabl 2 3 basedontheexanpl eof gl uedl am natedti nber withatinber strengthof G28h.
The enbednent strengthis cal cul ated accordi ngtothe equatéamnd 2. 7 Mreover, afastener
wi thadianeter of 12 mmi s assuned. Tak?.e3shows t hat per pendi cul ar tothe grai nt he conpressive
strengthissignificantlylower thanthe enbednent strength.

The differenceinstrengthis the effect of menbrane actionthat occurs by | oadi ng r ound dowel ¢
The stress di stribution of enbednent stress i s aconbi nati on of conpressive stress parall el and pe
pendi cul ar tothegrain, andsnall tensil estresses at the bottomof the dowel, as sBodAinfigure

lfactor taki ngintoaccount thel oad configurations possibility of splittinganddegree of conpressive deformation
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[ /% oL/ 21 ell 7 L] [
Conpressivestrength 425 28,0 2,5 91
Enbedrent strength 425 30,7 20,0 12 35

Tabl e 2. 3: Conpr essi on strengt h vs enbedrent strength - paral | el and perpendi cul ar tothe grain

Mor e i nf or mat i on about t he enbedment strengt h can be f ound i n s@cti 8nThe conpari son t hat

i s made bet ween t he conpr essi ve strength and t he enbednent strength perpendi cul ar tothe grain
does not i npl y t hat connecti ontype 2 general | y has a hi gher resi stance capacity t han connecti ontype
1. Still, other conponents of connectiontype 2, which are di scussed above, i nfl uencethe connection
capaci ty.

Fi gure 2. 19: Enbedrent stress distribution

Connection type 2, which transfers the forces by | ateral |oadi ng of the fasteners, will be exam ned
further inthis researchproject. This choi ce was made because t he hi gh nunber of paraneters that

det ermi net he capaci ty of connecti ontype 2 matchedw ththe paranetri c and conput ati onal appr oach

of thisresearch project. Mreover, the highvariety of parameters of connectiontype 2 offers aw de
range of possi bl e configurationsthat resist theforcesinthejoint.

2. 3. 3Fast ener Types
Inthe section ' Applied connectionin pracditelifferent types of fasteners are appliedin the
standarddetails, suchasnails, screws, andbolts. Afastener typethat i s not addressedinthis section
are dowel s, whi ch are snmoot h cyl i nders wi thout a head. Sincethistype of fastener does not have a
head, it cannot hol d the joint together (Bl a3 & Sardflidgs, That i s why dowel s are commonl y
used f or mechani cal connections that include slotted-in steel plate(s). The fasteners appliedinthe
connectionsthat are examinedinthisresearchproject areprinmarily|oadedon shear. Fastener types
withlarger dianetersarenoreefficient internsof thenunber of fastenersthat areneededtoful fill the
shear capacity conparedto fasteners with asnaller diameter. Inthisresearch project, the fastener
types with a mninmal diameter of 8 nmare chosen. The fastener types bolts and dowel s neet this
requi rement. For screws, only | ag screws have al arger di aneter of 8 nm Moreover, all nail types
have a smal | er di ameter than 8 nm Therefore, they will be neglectedinthisresearch project. The
di scussed fastener types require pre-drillingincase of nounting. Lag screws inparticul ar need pre-
drillingtoprevent splittingof thetinber nenber.

Toavoidasplittingfailureof theprinarybeam thetensil estresses perpendi cul ar tothegrai ncaused
by t he shear f orces of t he secondary beamshoul dbelinited. Tolimt these stresses, the connector of
t he secondar y beamshoul d be pl aced as hi gh as possi bl e. Moreover, frompracti ce based know edge,
i f the connector covers the prinary beamfrom70%t o 80% thetensile stresses perpendicul ar tothe
grai n are not governinginthe design (Bl ass1&9%b). However, by i ncreasi ngthe hei ght of the
connect or, the probability of causing cracks duetoshrinkagew || enl arge.
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2. 4.The Conponent s of Mechani cal Connecti ons

Al theconponentsthat arerelatedtol ateral |yl oaded dowel -t ype nechani cal connecti ons, suchas
| oad carryi ng capaci ty of the fasteners, theropeeffect, enbednent strength, fail ure nechani sns,
ducti | e behavi or are exanminedinthis chapter to understandthe principl es of the mechani cal conne
tions. Theseprincipleswll laythefoundationfor thetool that is devel4pedin chapter

2. 4. 1Load Carryi ng Capaci ty of t he Fast eners

As showninfigure. 7 fasteners are part of a connection. Inaconnection, fasteners contributet
the transfer of forces fromone el enent to another. Inthe case of shear forces, theforces aretre
ferredthrough | ateral | oadi ng of the nechani cal fasteners. Inthis paragraph, the shear capacit
the yi el d noment of the fastener types steel dowel s and bol ts are exam ned. These f ast ener types
ar e al so known as dowel -type connectorsintheliterature, sincethefasteners havesimlar charac
i stics (Borgstrafi6). Incasethefastener is perpendicul arly | oaded, a pressure | oad agai nst t h
surroundi ngti nber menber occur. Asaresult, thetinber menber will create an enbednent pressure
agai nst t he fast ener. The enbednent pressurewi || functionasadistributedl oadonthefastener, wh
act asabeam Incasethefastener isthick, it will not bend. However, if thefastener i s noreslenc
wi | | def or mby bendi ng, as showni nfiQg@C Eventual |y, thefastener will createoneor nmoreplastic
hi nges and at certai n positional ongthe dowel thetinber iscrushed. Oncethe fastener is deforne
atensileactioninthe fastener can occur as aresult of the shear action. Thetensile action ca
i ncreased by usi ng bol ts wi t h a head and nut i ncl udi ng washer s t o achi eve anchorage. S nce dowel s
ar e snoot h and do not have a head and nut, thetensil e acti onof dowel sis zero (Ba0ds)r ém

Thick dowel Slender dowel

Fi gure 2.20: Lateral | oadingof athickdowel conparedtoaslender dowel

The sl enderness andthe ul ti mat e st eel strength of thefastener determ nethe nunber of plastic hing
that coul d occur inthe fastener. The yield nonent that is requiredto produce the plastic hinge
inthe fasteners is determned usingatest for different types of fasteners accordingto SS-EN /
The characteristic val ue of the yiel dnmonentof fasteners depends on the di anmeter (d) i n mm

of the fastener andthe steel strenghiNV m? of the fastener. The fol | owi ng enpirical expression
accordi ngto NEN EN- 1995- 1- 2q04) shows t he yi el d monent for al | fasteners wig§ hm

=0,3 26° (2.2)
Wher e:
characteristicvalueof theyieldnonent Nm
ul timtesteel strength N mm?2
di anet er fast ener mm

2. 4. 2Rope Ef f ect

Ones the fasteners is deforned a tensile action inthe fastener can occur as di scussed i n secti
2.4.1 Fastener type such as bolts and screws has the abilitytorestrainthesetensile forces, wh
gi ves t hese fast ener an addi ti onal shear capacity. For bolts, the withdrawal capacity depends on
anchor age capaci ty of the washer and nuts andthe tensil e capacity of thebolt itsel f. For screws,
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wi t hdrawal capacity depends onthe threadi ng and t he penetrationlengthof thisthreadedpart inthe
ti nmber (Borgstr6a016).

The anchor age capaci ty of t he washer can be det er m ned by usi ng t he eq@aBi ancordingto
(NEN- EN- 1995- 1- 1,2004) .

=3 9o, (2.3)
Wher e:
, characteristicval ueof wthdrawal capacitywasher N
90, charac. conpressivestrengthperp. tothegrain 2 Nnmm

ar ea washer mm 2

The wi thdrawal capacity of | ag screws can be deterni ned by usi ng t he egu4t iascordi ng to
(NEN- EN- 1995- 1- 1,2004)

1,2 2+ 2 (2.4)
=0, 52 0570108
Wher e:
char. withdrawal capacity of theconnectionat anangle tothegrain N
char. withdrawal strenght perp. tothegrain N mm 2
ef f ecti ve nunber of screws -
out er di amet er neasured ont hethreaded part mm
penetrationl ength of thethreaded part mm
characteri stic density wood kg/ ni
t he angl e bet ween screwshaft andthe grain rad or

The rope effect i s takenintoaccount by addi ng 25%o0f t he wi t hdrawal capacity tothe shear capacity
of of asingledowel. Thecontributionfromtheropeeffect islimtedtogiven percentage of the shear
capacity (tallEetE 6) asillustratedinfall eccordi ngto (NEN EN- 1995-12004) .

Fast ener type Percentage|[%

Bolts 25
Screws 100
Dowel s 0

Tabl e 2. 4: Maxi numcontributionfromropeeffect inrelationtotheshear capacity of afastener type

2. 4. 3Enbednent Strength

The maxi mumal | owabl e pressure of the tinber around the fastener is defined as t he enbedrent
strength . This strengthis determ ned throughtests, wherein athick dowel is pressed perpendi c-
ular tothegrainof thetinber el ement, accordi ngto NEN-ZEDOBB3 (

The enbedrrent strengthof tinber isrelatedtothefollow ng paraneters accor di2z@8p.Bl ald (

First, i ncasethefastener di aneher eases, t he enbednent strengthdecreases. Second, ahi gher

density resul tsinahigher enbednent strength. Third, theeffect of bdievaagltde grai n and

| oad di recti on shows t hat t he hi ghest enbednent strengthis achi evedin conpressionparallel tothe
grai nand t he | owest perpendicul ar tothe grain. Fourth, the noi sture content i nwood has a negative
effect onthe enbednent strengthif it ishighandapositively effect onthe enbedrment strengthif the
noi sture content islow Fifth, incaseholesarepre-drilled, thenajority of theloadw |l becarried
conpression parallel tothe grain, whereas holesthat arenot pre-drilledwill result inaloadsituati
i n whi ch t he enbedrent strength i s a conbi nati on of conpression parallel and perpendi cul ar to the
grain.

Accor di ngto NEN- EN- 1995- 1- 2Q04), t he enpi ri cal expressi ons for t he det erm nati on of t he char -
acteristicenbednment strengthunder | oadingparallel tothegrainfor softwoodisillustratedintheequa
tior2. 5for fasteners without pre-drild 8myn) and the equati orR. 6withpre-drillingfor all di am
eters.
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o =0,082 93 (2.5)
0, =0,082(1-0, 01 ) (2.6)
Wer e:
0 enbednent strengthparallel tothegrain AN mm
characteristic density wood kg/ nt
di anet er fast ener mm

As rent i oned above, the angl e betweenthe grai nand | oad di recti on has an ef f ect ont he enbednent
strength. The reductionthat needs t o be consi dered can be det er m ned by usi ng Hanki non’ s f or mul a
if loadingtakes placeat anangletothegrain. Theformul ais definedinZ2he eduati gni s

rel at edt o sof t wood ( NEN- EN- 1995- 22004) .

.0,

0 2 *+ 2 (2.7)
90 =1, 35+0, 015
Wier e:
o enbednent strengthunder | oaddirectioninanangletothegrairf Nnmm
20 sof t wood correction factor -

angleof theloadtothegrain rad or

2. 4. 4Fai | ur e Mechani sns

I n case a dowel -type fastener is |oaded in shear, it can fail in a nunber of failure nmodes. The
fail ure nechani sns are based on t he European Yi el d Model (EYM proposed by Johad®d9)(.

Thi s nodel illustrates that thel oad-bearing behavi our of the dowel -type fastener nai nly depends
t he enbednent properti esof tinber, theyi el dnorent of t he dowel -t ype fast ener, andt het hi ckness an
configurations of thetinber nenbers. Mreover, t he EYMforns t he basi s of t he desi gn of dowel -t ype
connecti ons cont ai ned i nt he NEN- EN- 1995- 2004) . The dowel -t ype connecti ons ar e cat egori zed
intotinber-to-tinber, panel -to-tinber and steel -to-tinber connecti ons ( NEN2EM)L9THel - 1,

dowel -t ype connecti ons exam ned i n secRi 8nlconsi st of steel plate(s) and tinber, whi ch means
that the fail ure mechani sns of steel-to-tinber connectionsistherelevant category to explorei
t hesi s. The consequence of appl yi ng a st eel pl at e as one of t he nenbers i nadowel -type connecti on
isthat theoreticallytheplastichingeoccursat theinterfacebetweenthesteel andtinber nenber.
i ncreases t he capacity of t he connectionconparedtotinber-to-tinber connecti on20B6) gst r 6m

Mor eover, thet hi ckness of t hesteel pl at e det erm nesthewayi nwhi chthepl astichingeisgenerat
I n case the thickness of the steel plateis|arger or equal to the di aneter of the dowel -type fast
thesteel plateisrigidenoughtoforceaplastichingeinthedowel. |ncasethethickness of the
plateissmaller or equal tohal f of thedianeter of thedowel, thesteel platecanbedefinedasapir
support, i nwhi chthedowel will solelyrotatew thout generatingapl astic hi rifE6Bor gstrom

Dovel -typejointswithslotted-i nsteel pl ates arederivedinthesame nanner as descri bedfor st
to-ti nber connections. The pl asti ¢ hi nges occur at theinterfacebetweenthesteel andti nber menbe
Additional |y, the thickness of the (slotted) steel plate nust bethick enoughtoprevent failurer
ni sns such as sheari ng out of the steel platepart and hol e oval i sati on of the steel pl ate.

NEN- EN- 1995- 1- 1 2004) out | i nes a nunber of fail ure nechani sns for steel -to-tinber joints. Thes
fail ure nechani sns ar e supported by expressions that illustratetheresistance per fastener per st
pl ane, as showninfig®.&€l |Incasetheconnection consists of two shear pl anes, the val ue of t he
expressionnust bemultipliedby 2. Thesteel-to-tinber joints are categorizedinto singleshear ¢
to-tinber jointswithsteel plates (tabl E 1), singleshear steel -to-tinber jointswltb
(tabl E 2, slotted-insteel plates(Babldeubl e shear steel -to-tinber jointsw thsteel plates
> (tabl & 5, and doubl e shear steel -to-tinber joi ntswkbh5 (tabl & 4.
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Figure 2.21: Failure nechani sns for steel -to-tinber connecti ons

MiltipleSlotted-inSteel Plates

I ngeneral, theload-carrying capacity of aconnectionincreases wth the extension of the nunber of
slotted-insteel plates. By havingnoreslotted-insteel platesinatinber el ement, the dowel - spans are
shorter conparedto asimlar connectionw thal ower nunber of slotted-insteel plates. The shorter
spans | ead t 0 a decrease i nt he bendi ng monment for a gi ven ext ernal | oad (Rosz)16) .al .,
The failure mechani sns of slotted-in steel plates with nore than one pl ate (nore than 2 shear
pl anes) arenot explicitlygivenintheEurocode5 (NEN EN- 12084)- lowever, t hel oad- beari ng
capaci ty of amul ti-shear connecti on can be det erm ned as a conbi nati on of di fferent shear pl ane con-
figurations. Incaseof twoslotted-insteel plates, whichis afour shear connection, theload-bearin
capaci ty canbe cal cul at ed as t he sumof asi ngl e- shear connecti onand atwo- shear connecti on ( Phong,
2020) . Moreover, different nodel sthat exam nethefail uremechani sns of nul ti -shear connecti ons can
befoundintheliterature. For i nstance, PeiXean(d Sawat a et al 2q06) devel oped a net hod
based on t he EYM whi ch proposed equat i ons t o det erm ne t he | oad capaci ty of aconnectionthat con-
sists of four and si x shear pl anes (doubl e slotted-in steel plate and three slotted-in steel plate) an
consi deredaducti |l e behavi or for al | mechani sns. Mor eover 202@ngxXam ned t he most opt i nal
posi tionof adoubleslotted-insteel plateintermnsof bearingcapacity by conparingthecal cul ati onnod-
el s of Pederser2002) and Sawat a et al 2q06) wi t h t he Eur ocode 5 st andar ds ( NEN- ENF 1995- 1- 1,
2004). Inthis study, each cal cul ati on met hod shows di fferent pl astic fail ure nechani sns and beari ng
capaci ties. Moreover, inthisstudy, thepositionsof theslotted-insteel platesarg/representedina
rati o, inwhichthellustratesthetinber thickness fromthe edgeof thetinber menber totheslotted-
insteel plate andi s the di stance between the two slotted-in steel plates. Regarding the position
of theslotted-insteel plates, the NEN EN 198804) Ifdel shows a ,/ ; rati o of 0.89, Peder-
sen (2002) nodel illustrates aratioof 6.67 and Sawat 2@06xlshpws a rati o of 1. 67. Moreover,
Phong (2020) stated that the resul ted fail ure mechani sns of NEN- EN- 192804) Dt ai ned t he
nost proper Stress - Defornation state conparedto the cal cul ati on nodel s of PO@R) samd(
Sawat a et al .2006). Fromt hi s st udy can be concl uded thand , are approxi mat el y equal to get
t he hi ghest beari ng capaci ty of the connecti on.
Phong (2020) verified the accuracy of the methods devel oped by Ped@082) @nd Sawat a
et al .2006) for a doubl e slotted-in steel plate wththe experinental test performed by Rossi et al.
(2016) . Bot h net hods showexcel | ent correspondence with the test results, although the nethod of
Peder sen 2002) shows slightly nore accuracy. Based ont hese observati ons, t he nmet hod devel oped
by Peder sen Q002) i s used for the doubl eslotted-insteel platecal culationinthisresearchproject.
Mor eover, Phong 2020) exam ned t he beari ng capacity of 1slotted-insteel plateuntil 10 sl otted-
i n steel plates by appl yi ng t he di scussed cal cul ati on model s. Thi s anal ysi s shows t hat t he net hods
di scussed above becone | ess accur at e as t he nunber of steel -pl ates i ncreases, sincethedifferences
bet ween t he | oadi ng capacity that is cal cul ated by the three nodel s growwi t h t he nunber of steel
pl ates. Based onthis observation, the nunber of slotted-insteel platesislimtedtoanaxi numof 2
steel pl ates.
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Conpar i ng Fai | ur e Mechani sns

Thej oi ntstypes di scussedi nse@t Bokconsi st of di fferent type of fail urenechani sns. For i nstance
the joints between a primary and secondary beamas illustrated in detail 033 @n Al dure
secondary beamsi de of thejoint asteel plateisintegratedinthebeam Incasethisissingleslott
steel plate, failuremechanisns E F and Gil | ustrat e@.i2lfr gurlee nechani sns toverify. An
alternative connection for the slotted-in steel plateis a doubl e steel plate placed outsidethe
elenent. Inthis casethe failure mechani smdepends on the thi ckness of the steel plate. For ath
st eel pl at et he mechani sns Jand Karet he correspondi ngfail urenechani snms andincaseat hi ck st eel
plateis applied, the nechani smL and Maretheonestoverify.

At theprimarysideof thejoint all detailsillustrat@dane¢gunect edwi t hasingl eshear
steel plate. Depending onthe thickness of the steel plate, nechanisns aandb (thin) or c,d, and
(thi ck) arethe mechani snstoverify.

As di scussed i n t he previ ous paragraph, the connection inthe secondary beamcan be applied
withaslotted-insteel plate or asteel plate positionedat the outer sideof thetinber el ement.
par agrapht hel oad bearing capacity of thesetwoconfigurationisanal yzed, inwhichtheslotted-in
plateislimtedtotwoplates. Theshear resi stancei s deterni nedaccordingtotheformlasfoundii
tabl ek 3 E 5E 4 andE 6 Thetinber t hi ckness of the el enent i sthevari abl e paramnet er wi tharange
bet ween 60 and 240 nmi n st eps of 20 nm The m ni mumti nber t hi ckness of the doubl e sl otted-in
steel plateis 140 mm to guarant ee a m ni numt hi ckness of 40 mmf drhe f ol | owi ng par aneters
are set for the exanpl e:

* Fast ener di aneter:=8nmm
e A28htinber: =410kg/nt
e Steel 8.8 =800 N nm?

e Sotted-insteel plat&mm

Mor eover, the enbednent strength is cal cul at ed under a | oad directi ppeofp&tdi cul ar to t he

grain) andtheropeeffect for boltsislimtedto25%of the Johanson part, accordi ngto NEN- EN- 199
1-1Q004). Thisexanpleisappliedtoall failure mechani sns of the doubl e shear steel -to-tinber jo
with > , as shownin grapl2. 223 the doubl e shear steel -to-tinber jointswth, 5,

as shown i n graph2. 22h the singl e slotted-in steel plate, as shown2.r28gaphd t he doubl e
slotted-insteel plates, as shown i r2ge8ph

(a) Doubl e shear steel -to-tinber thick steel (b) Doubl e shear steel -to-tinber thinsteel

Fi gure 2. 22: Resi stance and f ai | ure mechani smf or a doubl e shear steel -to-tinber connectionwiththinandsticksteel plate
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(a) Singleslotted-insteel plate (b) Doubl e slotted-insteel plate

Fi gure 2. 23: Resi stance and f ai | ure nechani smf or a si ngl e and doubl e sl otted-i n steel pl ate connecti on

Inthefol | owi ng gr2pR4 the governi ng fail mechani smfor each connecti ontypeis shown.

Fi gure 2. 24: The gover ni ng fai | mechani smand cor r espondi ng shear resi st ance f or each connecti ontype

The f ol | owi ng obser vat i ons can be nade:

« Wthatinber t hi ckness bet ween 60 nmand 100 nm a doubl e shear st eel -to-ti nber connecti ons

(STT) that containathick or athinplate are the nost effective connections interns of shear
resi stance per dowel .

« Wthatinber thickness between 100 nmand appr oxi mat el y 190 nm t he doubl e shear st eel -t o-

timber connection (STT) withathicksteel plateandthesingleslotted-insteel plate(SI'S) arethe
nost ef fecti ve connecti ons.

e Incasethetinber thicknessislarger thanapproximtely 190 mm thedoubl eslotted-insteel plate
(SIS D isthenost effective connection.

« Wth atinber thickness |arger than approxi nately 160 mma single slotted-in steel plate (SIS
has a equal shear resi stance per dowel withthe doubl e shear steel -to-tinber thicksteel plate.

Consi dering t hese observati ons, the sel ection of the nmost effective connecti on depends onthe t hi ck-
ness of theti nber menber. Yet, thenost effectiveconnectioncouldresultinabrittlefail urenechani sm
whi | st i n sone cases ductil e behaviour i s desired. Thedifferenceinductileandbrittlefailure nmecha-
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ni sns for connections w |l be di scussed i n nore dept hi nkektts on

2. 4.5Duct i | e Behavi or

Inorder toreducethecollapsingriskof aglobal structure as aconsequence of failurein(a) stru
el enent (s), astructural engi neer nmay desi gn acol | apse-resi stance structurethat i ncorporates ch
teristics such as redundancy, robustness, or ductilityinthestructural design (RDtkegaardet al .

Inthis paragraph, ductilityinthestructural designwill befocusedon. Insteel structures, t
ber s ar e commonl y desi gnedt oyi el d bef or et he connecti ons. The menber s general | y provi de suffici en
structural ductilityw thout generating a nechani smof col | apse ( Thel ander s2003&) Laflken,
failure of wood nenbers intinber structuresislinted, since shear, tension, and bendi ng for |¢
grade tinber have brittlefailurecharacteristics (Kirke@da)d o avoj d possiblebrittlefail-
ures of the menbers, thejoint can be desi gned as aductil e connectionthat fails beforethe nenber:
do, toensureductilefailuremechani snsinthe gl obal system(Thel ander ssor2@03jr.sen,

Inorder todesignaconnectionthat has ductil echaracteristics, the Eurocode5i ntroduced m ni
end and edge di st ances betweent he fasteners and t he ti nber el enent and m ni nal spaci ng bet ween
t he f ast ener s t hensel ves per pendi cul ar andparal | el tothegraindirecti onof thetinber el enent. (
EN 1995- 1- 12004) . Moreover, Jockwer et @02() exam nedt he par anet ersthat i nfl uencet hel oad-
def or mat i on behavi or of connectionswithlaterallyl oadeddowel -typefasteners. Internsof ductili
t est showedt hat t he spaci ng of t he f ast eners has apositiveinpact onthelevel of ductility. Additi
the test showed that the ductility decreases w th anincreasi ng nunber of fastenersinarow Thisc
inlinewththereduction factonat the Eurocode 5i ntroduced for fasteners parallel tothegrain
di recti on (NEN- EN- 1995- 12004) .

The ni ni nal distances areillustratedi@f2%5ameéhave been gi veninorder toensureductile
behavi our andavoidbrittlefailureduetoprematuresplittingl@B5ays efthaldi,st ances depend
onthefastener type, theangl e betweenthel oadandthegrai nof thetinber el enent, andthe di anet e
of the fastener (NEN- EN- 1995- 12004) . The mi ni nal di st ances of bol ts and | ag screws, and dowel s
areillustratedinfDgraed figurB. 3, whi ch can be found i n AppendbDx

loaded end unloaded end loadededge unload edge
-90° < + <90° 90° < £ < 270° 0° < +<180° 180° < + < 360°

Figure 2.25: Mnimal spaci ng, end and edge di st ance f ast ener s
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2. 5.Concl usi ons

Engi neer ed VWod Pr oduct

The shapes and si zes of tinber el enents that can be achievedwith sawntinber arelimted, asthis
chapter has highlighted. In order to achi eve nore shapes and si zes, a w de range of engi neered

wood product s (EWPs) has beeni nvented. Not only do EWPs al | owf or nor e shapes and si zes t o be

achi eved, EWPs al so have hi gher mechani cal properties than sawntinber duetothe elininations of
defects. Inthischapter, theexistingliteratureontheengi neeredwood productsgluedl ani natedti nber,
| anm nat ed veneer | unber, and| -j oi st wer e exam nedfor thenenbersinthetinber frane. Basedont he
existingliterature, |-joist provestobeasuitablealternativefor sawntinber interns of savi ng mat er!
However, the use of this product islimtedfor structures withlarge spans. As this research project
i nvol ves structureswi thlargespans, |-joi st was not sel ect ed ast he product used for t he menbers. The

ti nber engi neered products gl ued | ani nat ed ti nber and | ani nat ed veneer | unber are producedin a

di fferent way, as di scussedinthischapter. Still, the mechanical properties of both EWPs are general |y
simlar incasetheveneers are placedinlongitudinal direction. Utinately, glued|an natedtinber i
selectedinthis research project toapply tothe nenbers. The sel ection of glued | am nated ti nber
isprimarily basedonthe higher avail ability of wi der standard w dt hs and t he many proj ects t hat have
beenbuilt withthis product inthe past.

Mechani cal Connecti ons

Inthis chapter, the mechani cal connectionis separatedintotwo types basedontheir forcetransfer.
Thefirst connectiontypetransfersits forces by direct bearingcontact, such as the supported pl at e of
j oi st hanger s and st eel brackets. The second connectiontypetransfersitsforcebylateral | oadi ngof the
fasteners. (A) slotted-insteel plate(s) or (a) steel plate(s) onthe outer sideof thebeaminconbinati c
with fasteners are an exanpl e of this type of connecti on. Wen cal cul ating the | oadi ng capacity of

a connection, one generally | ooks at the conpressive strength of tinber for connectiontype 1. For
connection type 2, one general ly | ooks at the enbednent strength of tinber. Inthis chapter, both
strengt hs ar e conpar ed f or | oadi ng paral | el and perpendi cul ar tothe grain. Thi % slogsri son

t hat t he enbednent strengthis approxi nat el y 10 %hi gher t han t he conpressi ve strength paral l el to

the grai n. Perpendicul ar tothegrain, the conpressive strengthreduces w th91%and t he enbednent
strengt hwi th35%conparedtothestrengthparallel tothegrain. Thedifferenceinstrengthistheeffect
of menbrane acti onthat occurs by | oadi ng round dowel s.

Connecti ontype 2 shows great potential i ngeneratinghighloadcapacityfor jointsthat arel oaded
specifically perpendi cular tothe grain, whichis the case for joints between primary and secondary
beans. Moreover, the nunber of paranetersthat i sinvolvedinconputingthecapacity of connecti on
type2issignificantly higher thanthe nunber of parametersthat detern nesthe capacity of connection
type 1. Therefore, connection type 2 matches with the paranetric and conput ati onal approach of
thi s research proj ect, inwhich aw de range of possibl e configurations can be anal yzed. Accordi ng
tothese observations, thelaterally | oaded dowel -type connectionis sel ected as t he connecti ontype
to examned further inthis research project. By applyinglaterally | oaded dowel -type connections to
menber s, an addi ti onal monent occurs duetothe eccentricity betweenthe nenbers. Inthischapter
two desi gn approaches were di scussed in order toresists the eccentricity nonent. Utimately, the
appr oach wher eby t he f ast ener group of theslotted-insteel platetakeuptheeccentricity nmonment was
selectedtoapply onfurther calculationsinthisresearchproject. Therel at ed conponents of |ateral |
| oaded dowel -t ype connections are anal ysed further inthi s chapter andfornsthebasis of thetool that
wi || be devel oped further inthisresearch project.

2Thi s conpari soni s based on an exanpl e of gl ued | am nated ti nber withthe strengthof G.28hand adowel di aneter of 12 mm






Par anet ri ¢ Model

I norder to performa study wherei na hi gh nunber of paraneters areinvol ved, astudythat i ncl udes a
parametri c nodel i s anefficient methodol ogy for collectingdata. Inthisresearchproject, aparanetric
nodel i sconstructedthat i ncl udesrel evant paranmetersfor theframestructure (gl obal | evel) and param
etersthat construct thedifferent configurationsof thelaterallyl oadeddowel -typeconnection(jointle
The coherence betweenthesetwo |l evel si s essential toperformanefficient anal ysis. The out put of the
systemi s gener at ed by t he i npl erment at i ons of desi gn constrai ntsthat guaranteethedesi gnregul ation
inUtimateLimt State (ULS) and ServiceLimt State (SLS) for bothlevels. Wth the ai mof anal ysi ng

t he di mensi onal interacti on betweenthe jointsandthe menbersindifferent frane structures, anum

ber of constructed cases aredefinedinthischapter. Inorder toreducethe conputational conplexity
and cost s of t he study, vari ous desi gn assunpti ons are nade, andt he nunber of sub- par anet ers t hat
construct the connection are reduced based on their influences on the | oadi ng capacity. The main

goal of thischapter istoexplainthedesignparameters, constraints, and| oads whi ch arei npl enent ed
intotheparanetricnodel tocollect therequireddatafor the parametric study. Mreover, the sel ected
sub- paranet ers, additional desi gnassunptions, and constructed cases are outlined. This chapter will
focus onansweringthefol |l ow ngresearch questi on:

"Whi ch parameters and constraints will definethe paranetric nodel of the frane structure and
thejoints”

3. 1.Desi gn Par anet er s

3.1. 1Frane structure
Intinber structures, acomonly used frane structure consi sts of slabs, secondary beans, prinary
beans, and col ums. | ngeneral, the secondary beami s directly connectedtothe primary beamand
transfersthel oad fromthe sl ab. The pri nary beami s conmonl y connected directlytothe col um and
shapes a col unm- beamj oi nt. Secondary beans are general | y usedtoreducethedefl ectionof prinary
beans and sl abs by decr easi ng t he span of t he sl abs. The desi gn paraneters of the frane structure
usedinthisresearchproject are shownin3ifuibe first parameter intheframe structureisthe
di st ance bet ween t he col unms (gridsizes) intwodirections.

Al prinmary beans connect one col umm to anot her, as di scussed i n e& ilorin t hi s desi gn
approach, the I ength of the prinmary beans and secondary beans determ nes the grid si zes of the
col ums. The naxi numl engt hof theti nber el ementsi singeneral determ nedbythefoll ow ngaspects.
First thelengthis determ nedby the nmaxi mumavai | abl e | engt h of f ered by t he gl ul amti nber suppl i ers.
Suppl i ers|ikeWthagenand Nor dl ammanaged t o pr oduce naxi muml engt hs of appr oxi matel y 18-24m
wi ththeir standard procedure. Second, interns of transport, the maxi numel ement si ze'f or standard
transport is13.6 m(“Vettelijke Af meti ngen Cnt hefrf.id)getihi rd, t he maxi numhei ght of t het ot al
floor construcfiamre limted to absol ute hei ghts to satisfy the required mnimal free heights of the
i ndoor space. Especiallyinbuildingswithmultiplefloors, themaxi mumrequiredheight of thetotal fl oo

ITransport that does not need | i cences and assi st ance duri ng t ransport
2primarilyincl udes suspended cei | i ngs, beans, sl abs and, fi ni shinglayers

31
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construction plays aninportant roletolimt thetotal hei ght of the building. The naxi mrumt ot al
construction hei ght have i nfl uences on t he maxi numal | owabl e hei ght of the beans, whichlinit th
maxi numspan of t he beans. Anot her paraneter that isincludedinthefranestructureisthe spacing
bet ween t he secondary beans (SB), asillustratedi Bfilgure

Gridspan x-direction

I secondary beam (SB) I Frimary beam (PB) I column (©)

Figure3.1: dobal framestructure

Ingeneral, abuildingconsists of multiplegridcells withequal or non equal sizes. Inthisre
project, thegridcell isextendedintwodirectionsw ththesanedinensions, asill@t2ratedinfig
I n comrercial constructionandresidential construction, standard gri d sizes are general | y adj ust
the standard i nterior finishing systens such as ceilings and wal | sys2@0d8) ( Kblnbgener al ,

this standard nodulesizeisamltipleof 0.625m Inthisresearchproject, the constructed case:
di scussedinchapt@rdare basedonthis standardgridsi ze.

Extend x-direction

Figure3.2: Extensiongridcells
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3.1.2Joints

I n chapt eR. 3' Mechani cal Joints’, different connectionsthat areusedinpractice are exam ned. From
thisstudy, thejoint typesthat transfer their forces byl ateral |oadi ngof thefastener are sel ectedas
nmechani cal joint typeto anal yse further inthisresearch project. Thisjoint type has alarge nunber
of parameters that areinvol vedin deterniningtheloading capacity, such as fastener type, fastener
quality, diameter of the fastener, fastener | ayout, position of the steel plate(s), and thi ckness of t
steel plate(s). Inthis paragraph, the sub-paraneters usedinthisstudy are di scussed. The nunber of
sub- par anet er swas reducedi norder t oreducet he conpl exi ty of thenodel . The sub- par anet er s wer e

sel ect ed based on whet her t hey have a si gni fi cant i nfl uence onthe | oadi ng capaci ty of the connecti on.
Thejoint isseparatedintotwo partstohave aclear overvi ewof the paramneters and sub- paraneters
asillustratedin fi3g@reAs the figure shows, the connection that included steel part Aand Bis

appl i cabl e for joi nts bet ween secondary beans and pri mary beans and bet ween pri nary beans and

col umms. Inthis paragraph, steel part Ais al soknown as asingl e or doubl e steel -to-ti nber connecti on
(dependi ngonthe configurationof thejoint) andsteel part Bas sl otted-insteel plate(s) connection.

Steel part B

i Primary/Secondary

Primary beam

Column

Figure3.3: Steel elenentsinthejoint

Fast ener Type

Inthisresearchproject, thefastener typesbolts, dowel s, andl ag screws (al so known as hexagon head
wood screws) ar e exam ned, as di scussedi nsecRi 8n3 The sel ect ed f ast ener type depends ont he

the steel part andthejoint configuration. Inthisresearch project, steel part Bconsist of dowel s an
bol t s and st eel part Aconsi st of | ag screws and bol ts.

Fast ener Quality

Inthe constructionindustry, coomonly used steel qualities for fasteners are 4.6, 6.8, 8.8, and 10. 9.
These steel qualities areexam nedinthis studg. Tabl estratesthe correspondi ng ultimate steel
strengthfor eachsteel quality. Moreover, generally, thesteel qualityof lagscrewsislimtedto4.6. Tl
study t heref ore uses asteel quality of 4.6.
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Steel qualify [N m¥]
4.6 400

6.8 600

8.8 800

10.9 1000

Table 3.1: Utinatesteel strengthof different steel qualities

D anet er Fast ener

Awi derange of di ametersischosentoexam netheinfl uenceof thediameter onthel oadi hgcapacity o
t he connectionproperly. Thedi ameters 8, 12, 16, 20, and 24 mmar et he sel ect ed si zes f or t he f ast ene
types bol t s and dowel s. I nconpari sontoboltsanddowel s, theoptionsinterns of thediameter of |
screwsarelimted. Thediametersthat aregenerally offeredfor | agscrews are 8, 12, and 16 nm

Layout Fastener G oup

The | ayout of the fastener groupillustrates the nunber of fasteners positioned vertically (rows
hori zontal 'y (col ums). The nunber of rows in a fastener group prinmarily depends on the m ni nal
di st ance di scussed i n sect2.gh 5and t he hei ght of the nenber. The nunber of colums inthe
fastener group i npacts the eccentricity nmoment caused by eccentricity between the center |ines
two different menbers. SectPoB. 1|l ustrates the eccentricity that occurs between the centroid of
t he fast ener groupinthe secondary beamandthe centrelineof the prinary beam By increasingthe
nunber of col umfasteners, thecentroi dof thefastener groupshiftsfurther anay fromthecentrelit
t he pri nmary beani col um. Theincreaseineccentricity generates ahigher eccentricity nmonent, whi
resul tsin higher force conponents duetothe eccentricity noment intheindividual fasteners. Tol
t he nonent caused by eccentricity, the nunber of col ums i s set toanmaxi mumof 2 col umms.

Position Steel Plate(s)

Di fferent possi bl e posi tions of steel plate(s) andtheir correspondi ngfail ure nmechani sns aredi sc
insectich 4.4 Thepositionof thesteel plateis al ready deterninedfor asingleshear steel-to-ti!
connection, asillustratedinXi3guHewever, for the connection part B, the position of the steel

pl at es can be out side the menber or integrated (slotted-in) inthe nenber. Connections withthi
steel plates onthe outer sideof thenenber areprimarilyefficient interns of shear capacity for
t hi cknesses bet ween 60 and 100 mm as observed i n gr &4 Mreover, for beans t hat are w der

than 100 mm singl e sl otted-insteel plates becone nore efficient interns of steel quantity, sinct
shear capacityof thesingleslotted-insteel plateisequal totheconnectionwithsteel platesat t|
side of the nenber. This study therefore uses slotted-in steel plate(s) for the connection type
terns of t he nunber of slotted-insteel platesthemnmaxi numsteel platesislimtedto?2plates, discu
insectich4. 4

Thi ckness St eel Pl ate(s)

The sel ecting of steel plate thicknessesis different for steel part Aand Bby reason of the diff
fail ure nechani sns that areinvol ved. The type of fail ure mechani sns for steel part Adepends onth
t hi ckness of the steel plate as di scussed i n8eétdofhi s study t heref ore uses a w de range of
steel plate thicknesses to examine the effect of thick steel plates andthin steel plates onthe
capaci ty. The sel ectedthi cknesses are 8, 12, 16, and 20 nm

For steel part B(e.g. singleor double slotted-in steel plate(s)), the thickness of the st e
has/ have no di rect i nfl uence onthe fail ure mechani snms. The fail ure mechani sns rel atedto steel pe
B, arenot categorizedinto’thin and’thick’ steel plate(s) conparedtosteel part A Al thoughth
pl at e(s) t hi ckness(es) has/ have i nfl uence antlher , of the ti nber nenber. These paraneters
det ermi ne t he shear capacity of therel ated fail ure nechani sns, whi ch means that t he steel pl ate(
t hi ckness(es) has i ndirect i nfl uence onthe governingfail uremechani sm This study thereforeuses
st eel thi cknesses 6, 8,10, and 12 mm
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3. 1. 3Reduct i on Par aneters

I n order to decrease the amount of iterations of the anal ysis, the nunber of (sub)-paraneters are
reduced for steel part Aand B. The reducti on of paranmetersis based onthe contributionof the (sub)-
paraneterstothetotal | oad capacity of the steel part.

Steel part Bconsist of all parameters di scussed above. Inorder to find the effect of the sub-
par amet ers onthe | oadi ng capacity of steel part B.ddappl ays t he |l oad capacity of thedifferent
(sub)-paraneters, while’locking the other paraneters. At the bottomof the graphthe basis | ocked
values areillustrates. The nunber of fastenersintherowwerelinmtedto5, sincethe height of the
nenber was 400 nmand t he f ast ener di aneter | ockedto12mm Thegraphillustratesthat thediffer-
ences i ndi anet er of thefasteners, the nunber of fastener rows (vertically), andthe nunber of fastener
col umms (hori zontal | y) have highinfluenceonthetotal | oad capacity of steel part B. Mreover, thedif-
ferences i nfastener type and nunber of slotted-in steel plates have medi umeffect onthetotal |oad
capacity of steel part B. Finally, thedifferencesinsteel qualityof thefastenersandthethickness of t
steel plates have |l owi nfl uence onthe | oadi ng capacity of steel part B. Based on t hese observati ons
thefastener qualityisreducedtosolely 8. 8andthesteel platethicknesstosolely12nmm

N ™ < o — N -~ ©

Dowel

Bolt
8

12
16
20
24
6.8
8.8

10.9
12
16
20

Basic 'locked' values:
Fastener type: Bolt ; Diameter fastener: 12 ; Fastener quality: 8.8 ; Number of rows: 2 ; Number of columns: 1 ; Number of slotted-in steel plates: 1 ; Thickness steel plate: 12

Fi gure 3. 4: Load capacity different (sub)-paraneters

The observati ons found fromt he anal ysi s i n | oadi ng capacity of steel part Bis appliedonthe (sub)-
par anet er s of steel part A That neans that the fastener quality of bolts arereducedtosolely8.8and
the t hi ckness of the steel platetosol ely 12 nm

The fail ure mechani sns rel atedto steel part Ais separatedinto mechanisns for "thin and’thick’
steel plates as di scussed in se@ dod The i nfluences of different steel platethicknesses onthe
| oadi ng capaci ty of steel part Awoul d be expect ed hi gher t hanst eel part B. Especi al | yt he conbi nat i on of
alargefastener di aneter and athick steel pl ate generates ahigher | oadi ng capacity. Al arge di anet er
causes a high yield nonent inthe fastener, as illustrated i Reguatnaeneral that neans
that the failure mechani sns, as fornul at ed i n edu&begones t he gover ni ng nechani sm(e. g.
t he fail ure mechani sns wherei n t he enbednent strength of the tinber i s reached). Commonly this
mechani smhas a brittlefailure characteristic. Inthis researchproject brittle failure nmechanisns al
excl uded f romt he anal ysi s’ s out put as di scussed i nZectBased ont hat t hi s research project do
not consi der di fferent steel platethi cknessesfor steel part Ai ncase of singl eanddoubl esteel -to-tinbe
confi gurati ons.
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Fi nal (Sub) - Pararet ers

Fi gur 8. 5shows t he fi nal parametersthat are anal ysedfurther i nthisresearch project.

Steel part A Steel part B
Typeoffastener ] = oot L —
[ Lag screws ks
Fastenerqually | —= | [ B —
= |
| Diameter fastener | —»| [ .
[12 .
[16 .
[20 | O
[22 .
| Position steel plate(s) | = | [Single steel plate steel-to-timber | [STiGEESOICENSECRECINN
[ Double steel plate steel-to-timber] [ Double slotted-in steel plate |
| Thickness steel plate(s) —» ‘ (12 -.
Layout fasteners
[Numberofrows | —= | [h-(at+ac)/a  h@eragia |
|Number of columns | = | [2 l ]
[4 .

Figure 3.5: Final (sub)-parameters

3. 1. 4Menber s

I nsecti ¢h 2di ff erent t ypes of engi neer ed wood pr oduct ar e exam ned. | nthisanal ysi s gl uedl am nat e
tinber i s sel ectedasthewoodproduct toapplyonall menbersintheparanetric nodel. Asdi scussed
different strengthclass areavailableinglued!lannatedtinber. Althoughthestrengthclassisd
as a paraneter intothetool, for the further anal ysis one strength class is selected to apply
const ruct ed cases.

The cr oss-secti onal sizes of thenenbersareparanetersintheparanetricstudy. Thisstudythere
foreuses standardsizesofferedbyti nber suppliers. Asdi scussedi Aglastd bam nat edti nber
isconstruedof mul tiplelarellas. The standard hei ght of aindivi dual | anel | aandt he nunber of appl
lanel | as determ ned t he total height of the menber. Inthis study adistinctionis made between t
cross-sectional sizes of t he beans and col utms. Accordingtothesizes of thebeans, inthisstudytl
| anel |l awith a hei ght of 40 nmand a m ni mumtotal hei ght of 120 nmi s determned, asillustratedin
figurd. 6 Dependingonthesel ectedwi dthof thenenber, thetool determ nes acorrespondi ng hei ght
that fulfills the shear, conpression, and bendi ng requi renents i n ULS and def | ecti on requi r enent ¢
SLS. The wi dt h of t he beans has a r ange bet ween t he 140 mmand 240 nmi n st eps of 20 nm The
cross-sectional sizesof thecolumhasinitiallythesanew dthasthesel ectedprinmary beamwith
| argest widthto guaranteethat the connectionfits at the columm. In case these cross-sections d
not satisfytheverification, | arger di nensionswill| beapplied.
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|

40 mm # <~ :

120 mm + steps
of 40 mm

140 - 240 mm steps of 20 mm

Fi gure 3. 6: Sizerequirenents nenbers

3. 2.Syst emLoads

Interns of | oads, this study focused solely onthe vertical | oads appliedonthe structural frane, as
di scussed i n chapt & The vertical |oads are expl ained in this section and det erni ned under the
assunptionthat thestructurew |l beutilizedasaofficebuilding.

3. 2. 1\Vertical Loads

The vertical |oad of the structure is separated into perrmanent and i nposed | oads. The per manent

| oad consi st of sel f-wei ght of thestructure, whichisvariabl eanddepends ont he geonetry of theframe
structure. The CLTfl oor panel sarelimtedtoonedi nensi onal size (height) asdi scudsé&dinsection
Theverificationof thepanel i sconputedin3e8tidvoreover, additional | oadsthat represent the
finishingof floorsandinstallations, suchaselectricityandventilationthat i s commonly integrated i
suspended cei l i ng are part of t he pernmanent | oad.

Aframe structureis characterized by their extensive designfreedomintheinterior, as di scussed
insectidnl Thisfreedomininterior, canleadtochangesinthelayout of thenon-structural interior
wal | s over time. Consideringthe possibility of changingthelayout of the non-structural interior wall
thesel f-weight of interior wallsiscategorizedasinposedl|oad. Mreover, accordi ngto NEN EN- 1991-
1-1 Q004), the standard i nposed | oad for office buildingis applied. Aconplete overviewoff all the
loads areillustratedin3.abl e

Load t ype Load pr essur e [ KN#h
Per manent | oads
CLT5S 140 DL mm 0. 80
Screed fl oor 60 mm 1. 20
Install ati on +cei|l Dng0
Fi ni shing fl oor 0.10
Tot al 2.50
| nposed | oads
Category B- of fi ce. 50
Interior walls 1.00
Tot al 3.50

Tabl e 3. 2: Overvi ewappl i ed | oads
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3. 2. 2Load Conbi nat i on

NEN- EN- 1990 ( 2004) provi des | oad conbi nati ons provi des | oad conbi nati ons based on t he conse-
guence cl ass (OC) of the structure. The consequence class is introducedtotoensurethelevel c
qualityrequiredfor astructure. I nthisresearch project the consequence cl ass i s det erm ned as ¢
whi chleadstothefol | owi ngl oad conbi nati ons for the LS as shown i n 8quahdéh 2

1.35 " +"¥1.54, (3.1)
>1

1.2 "+1.5 { +"3 1.5¢9 4 (3.2)
>1

I ncase of SLS-|oad conbi nation, safety factors are equal to 1. 0. Accordi ngt o NEROBX) 1990 (
t he for nul a as shown i n equat i3rBneed t o be appl i ed.

"t I+ Y o1, (3.3)
>1

3. 2. 3Addi ti onal Load Col ums

Theinvestigatedfranestructureinthi sresearchproject represent apart of thetotal franestructt
of fi cebuil di ng. The columsinthe paranetric nodel are desi gnedwi thadditional | oadsthat repre:s
t he mass of t heupper fl oor | evel sof thebuilding. Inthisstudyabuildingof 4fl oor | evel sisassume
addi ti onal | oad appliedonthecolumsisamltiplicationof thenornal forceduetomass of onefl
Inthiscalculation, ainposed | oad of ZikdNagsuned, whi ch represent s mai nt enance acti vi ti es on
theroof. Morreover, thefactor for conbi nati on val ue of avari ab))eiasctioosi(dered for 2 of t he

4fl oors.

3. 3.Design Constrai nts

The design verificationof all nenbers is perforned by appl yi ng t he Eur ocode 5 and NEN- EN 14080
(NEN- EN- 14080, 2013; NEN-EN-1995-1-12004). The structural strength of the gluedlamnatedti m
ber depends onthe structural cl ass as di scussed i n 8e2t iMEN- EN- 14080 (2013) provi des t he
characteristics strenghof glued |l amnatedtinber. Inorder toobtaintheir design strength (
equat i or8. 4nust be appl i ed, whi ch consi dered t he | oad-durati on, service cl ass and desi gn fact or.

= — (3.4)

Thesafetyfactor § for gluedl anminatedtinber i sdetermnedas 1. 25andt he sel ecti onof the rmodi fi -
cationnunber () isdetermnedbyusingtabhl3dhistableisintegratedintothetool, asdi scussed
innmoredetail insectd.dn

Serviceclass Permanent Longterm Mediumterm Short term | nstantaneous
1 0.60 0.70 0.80 0.90 1.10
2 0. 60 0.70 0.80 0.90 1.10
3 0.50 0.55 0.65 0.70 0.90

Tabl e 3. 3: Modi ficationfactor) based on service cl ass, | oad-durationaccordi ngto EC5 and NEN- EN 14080

Inthisresearchproject thetheserviceclassisdeterninedas 1, sincethestructural frameis ass!

to be i nside of the building envelop. Serviceclass 1is characterised by a noi sture constant in

mat eri al s correspondi ngto atenperat ure@ar#dt herel ati ve hunani ty of the surroundi ngair only

exceedi ng 65%f or a f ewweeks per year (NEN-EN- 1995-12D04). Moreover, thel oad-durationis

di ctat ed by t he predom nated i nposed | oad. Inthisstudytheinposedloadisrelatedtotheuser-Ic

inoffices. Accordingtotable 2. 2illustratedin NEN EN200@}); 1+-Hi § | oad corresponds to a

| oad-durati on of medi umterm Based onthe sel ection of the serviceclass andtheload-durationt
factor i s deterni nedas 0. 80.
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3.3.1\erification Menbers
Beans and Col umms

The desi gn stresses on t he menbers caused by the different |1 oad cases in LS nust verifiedw th

t he resi stance capacity of the nmenbers. The resi stance capacity i s determ ned by t he nechani cal
properties of the glued | am nated ti nber and t he cross-secti onal di nensi ons of the nenbers. The
shear and bendi ng, and axi al stresses nust beverifiedindividually, aswell conbi ned. The cal cul ati ons
devel opedintothetool fol | owsthevalidationnethodol ogy proposed by NEN- EN-2@®5-.1-Thi(s

nmet hodol ogy can be f ound i n AppendiAx

The gl obal deflectionverificationof theframestructureneedtoverifiedinthe SLSandthe resis-
tance of the menbers is determ ned by the stiffness capacity of the glued | am natedtinber and the
cross-sectional di mensi ons of t he nenbers. Moreover, the effect of creepas di scussétl iLn secti on
need t o be consi dered. The cal cul ati ons devel oped intothe tool follows the validation nethodol ogy
pr oposed by NEN- EN- 1995- 1- 12004) . Thi s met hodol ogy can be f ound i n Apperdli Xhe criteriare-
| at edt ot he maxi numdef | ecti onof t he menber s ar e pr oposed by t he Dut ch Nat i onal Annex f or NEN- EN
1990+A1+A1/ 2 ( NEN- EN- 1990, 2004) . The nmaxi nrumdef | ecti on depends ont he functi on of t he fl oor
structure (e.g. intermedi ate fl oor or roof) andt he appearance of the structure. Thelatter requirement
isrelatedwiththecrack sensitivity of thewallsrestingonthe floor structure. The deflectioncriter
separatedintotwo categories. Thefirst categoryisthedeflectioncausedbythelong-termpart of the
def | ecti onunder permanent | oads i ncl udi ng quasi - per manent ,l) galdss(t he i nst ant aneous def | ec-
tionduetothevariabl eactions excl udi ngt he quasi - per manenj) | cidsgecond cat egory veri fi ed
thetotal deflectionwhichisthe sunmatipofiafitial part of the defl ecti on under permanent | oads
andvariabl el oad),, and 3. All therequirenentsrelatedtothedeformationinSLSareillustratedin
tabl 8.4

2t 3 1t 2t 3
Fl oor s <0.003L <0.004L
Fl oorswithcrack sensitive wat0.9002 L <0.004 L
Roof <0.004 L <0.004L

L =effective span of t he menber

Tabl e 3. 4: Deflectioncriteriafor beans and sl abs accordi ngtothe NEN- EN- 1990

CLT Fl oor Panel s

The cal cul ation of the CLT-panel isillustratedin@pdérdcal cul ati on contai ns the verification
of bendi ng, shear, bearing pressure, defl ection, and vi brati on.

3. 3. 2\erification Connecti ons

The desi gn verification of all connectionsis performedsimlar tothe verification of the menbers by
appl yi ngt he Eur ocode 5 and NEN- EN14080 ( NEN- EN- 140802013; NEN- EN- 1995- 1-12004) . Al l the

rel evance f ormul as t hat det erm net hel oad beari ng capaci ty of t he connecti onaredi scussedinsection
2.4 Moreover, thecal cul ati on devel opedintothetool followsthevalidationmethodol ogy proposed by

t he NENF EN- 1995- 1- 12004) . Thi s met hodol ogy can be found i n Apperi8li Xn contrast tothe safety

factor of menbers, the safety factdrf br connections i s det erni ned as 1. 30.

3. 4.Const r uct ed Cases

Inthissectiondifferent cases are constructed, whichrepresent thedifferent geonetrical configurati or
of thetinber frame structure and defi nes a nunber of paraneters that are definedfor all constructed
cases. These cases ar e anal ysed by usi ngt he sel f-devel opedtool, whichisexplainedinnoredetail in
chapterd. The datathat i s generated fromthetool supportsthe anal ysi sinexani ningtheinfluences
onthe configurationof alaterally | oaded dowel -type connection by di fferent geonmetrical designs of a
tinber frame structure.
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3.4. 11 d D nensi ons Col ums

Based on t he desi gn appr oach of thejoints nadeinse8tlohthe primary beans and secondary

beans are att achedtot he conti nuous col ums. Wththis approachthetwobeans determnesthegrid
sizesof thecolumsintwodirections, asillustrate&dinThguesi nruml engt h of t he bears
areingeneral determ ned by t he maxi mumproductionl ength, transport | ength or maxi nrumal | owabl e
hei ght of the beamin order to fulfill the maxi mumrequired total hei ght of the floor constructi
di scussedinsecti®nl. 1 Moreover, gridsizes are general ly adj usted to the standard nodul e si ze,
whichisamltipleof 0. 625m Basedontheseobservationsthefollow nggridsizerangeisdetermn
asillustratedinfBgidre

Grid sizes based on standard module 0.625 m

e £ € € € € € € £ € € € € € £ E E E & E E E
Yo} o n o wn o n o wn o n o wn o wn (=] N n ~ o N mn
N wn ~ o N n ~ o N n ~ o N n ~ o © N © wn — ~
©o N oo} n - ~ (3} (=] © N [oe] n - ~ (3} o o - — o ™ o
o — - N o™ o < Te} wn © © ~ 0 =] o — al — — -~ - —
Maximum length to produce 18 - 24 m —

Maximum length to transport 13.6 m

Maximum height beam + 1000 mm *

| | |
Investigated grid sizes

|

3.750 m
5.000m —
6.250 m
7.500m —
8.750 m

* Based CC2; G, = 2.5 KN/? ; Q, = 3.5 kN/m?

Figure3.7: Investigatedgriddimensi ons

The gr aph denonst r at es t hat t he maxi numhei ght of t he beamhas t he nmost i nfl uence ont he maxi num
gri d di mensi on. Mreover, KAGDB) states that provengriddi mensionintinber framestructureare
2.50, 5.00, 6.25, and7.50 m Accordingtotheseobservationsinthisresearchproject thefollow ng
di mensi ons of the col ums are set-upfor theframestructure.

¢« 3.75m

«5.00m

*6.25m

e 7.50m

*+8.75m

Desi gn Constraints for all Cases

I norder to anal yse sol el y the geonetrical effect of the frane structure, the fol | owi ng par aret e
di scussed are defined for al | cases. These paraneters are di scussed i n nore det ai B.i nchapt er
| nput Loads

 Permanent | oad: 2.5 kN°m
* I nposed | oad: 3.5 kN’m
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User Rel at ed
« Type of fl oor system (internediate) fl oor
« Appear ance non-| oadi ng bearinginterior wall system | nportant
e Load cat egory: Mediumterm

e Servicecl ass: |

Cross-sectionRel ated
e Tinber type: Q ued| ani natedtinber
e Strength cl ass: Beans = @.28h and col unms = @.24h

3.4.2Anal ysi s 1: Vari abl e D st ance Bet ween Secondar y Beans
I nanal ysis 1 the di stances between t he secondary beans vary i n sizes 1.25, 2.50, and 3. 75 mas
illustratedinfBg8r&heqgridsizesof thecolumsareequal to7.5mfor all three cases.

7500 . 7500 | 7500 |

s | | |00 | | :1
1 1 i 1 1 1 1| 3750

7501 750

7500

Figure 3.8: Different di stances secondary beans

3.4.3Analysis 2: Dfferent @idSi zes Col ums
I nanal ysi s 2 the di stances between t he secondary beans are al|l set to 1. 25 mand t he col um gri d
sizesvaryinsizes, 3.75, 5.00, 6.25, 7.50, and 8. 75 m

3750 5000 6250 7500 8750
1 ] 1250 | 1250 1250 } 1250 } 1250
Iy 375 1 1

! 625 Iy 750 875

Figure3.9: Different colunmgridsizes
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3. 5.Desi gn Assunpt i ons
Inorder todevel opanefficient paranetric nmodel desi gnassunptions needtobe made. The fol | ow ng
assunpt i ons ar e nade whi ch have an effect ontheresults.

Brittle Fail ure Mechani sns

As mentionedinsecti@nd.5structural engi neers prefer ductil efail urenechani snsover brittlefail
mechani snms i n connecti ons t o guar ant ee a ducti | e behavi our of the gl obal system The fail ure mecha-
ni snms di scussed i n sectiod. L£onsi st of thebrittlefail ure mechani snsthat are showdis figure
The out put of the conputational study includes the rel ated nechani sns of each configuration. Thi
allows onetoextract thebrittlefailure mechani sns fromt he dat a.

Steel -to-ti nber connecti onsMechani sm | Equati on
Singl eshear with <0,5d | C E 3
Doubl e shear wi th <0,5d| J E 9

Doubl e shear wi th >d L E 11
Slotted-insteel plate F E 6
Doubl e sl otted-i nsteel platle E 13

Table 3.5: Brittlefailuremechani sns of different steel-to-tinber connections

OiteriaOoss-sectional Size Menbers

Inthisresearchproj ect thecross-sectional sizeof themenbersareparanmetersintheparanetricstl
The nmenber wi dt hs has an r ange bet ween 140 mmand 240 mmi n st eps of 20 nm whi ch r epr esent

t he standard wi dt hs of fered by ti nber suppliers. For each constructed case the tool cal cul ates a
of cross-sectional sizesfor each menber that satisfytherequirenments, as di scussedi section
For each menber two cross-secti onal sizes are sel ected basedonthefollowingcriteria.

1. Lowest cross-sectional area (LCA)
2. Lowest hei ght beam( LHB)

Thefirst criteriaisrel evant for proj ectswhereinthetotal anmount of nateri al ani nportant aspect i
thedesign. Thesecondcriteriaisinportant for projectswhereinthetotal hei ght of thefl oor const
Sislimtedas di scussedin se8tiloh | n general the nenber sel ect ed based ont he | owest cross-
sectional areaisrelativelylargeinheight and srmall inw dthandthe menber sel ect ed based ont
| owest height isrelativelyw deinw dthandsmall inheight. Theintroductionof thesecriteriage
i n general thetwo extremes of t he desi gn spectrum whi ch enl arge t he resear ch scope f or t he desi gn
of t he connecti on.

Therati o bet ween hei ght andwi dt hof t he sel ect ed menber s basedont het hel owest cross-secti onal
areacriteriaw |l beconerelativelyhighfor thelarger constructed cases suchas 7.50 and 8. 75 m
order to avoid large h/wratio, the foll owi ng naxi numhei ghts are determ ned for each construct e
case.

Qi dsizes colum| Maxi numhei ght [ mmj
3.75x3.75-1. 25 400

5. 00x5. 00- 1. 25 600

6. 25x6. 25- 1. 25 800

7.50x7.50-1. 25 1000

8. 75x8. 75- 1. 25 1200

Tabl e 3. 6: Maxi numhei ght nenbers f or each const ruct ed case

Sprimarilyincludes suspended cei | i ngs, beans, sl abs and, fi ni shing!layers
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Sel ect ed Joi nt s and Menber i nthe Frame Struct ure

Specificjointsandmenbersareselectedintothetool, tolimt thecal culationtimeof desi gni ngand ver -
i fyingthedifferent configurationsof theconnections. Inbothanal ysesthetwojointsand correspondi ng
menber s ar e anal ysed as showninfiguBelQ Joint 1represent ajoi nt betweenapri mary beam two

secondary beans and a col um. Inorder tosinplifytheanal ysisthe connection betweenthe col um

and t he pri mary beami s sol el y exam ned. Joi nt 2represent ajoi nt bet weentwo secondary beans and

a prinmary beam The di mensi onal si ze of the col um i s determ ned by col utm 1, whichis the col um

that carriesthehighest loadinthisframestructure.

Joint 1
4@ Joint 2
Or,, —
Btipyy :fpo”d/ -
beg, I
=
(]
)
S O
eg\@:\;oe@
o o®
5@

Figure3.10: Theinvestigatedjointsinthefranestructure

3. 6.Concl usi ons

When performng aparanetric study, acommonfirst stepistoconstruct aparametric nodel. Apara-
netri c nodel includes rel evant paramet ers whose nmagni t ude can be easi |y changed. Wen such
changes are nade, the nodel automatically adjusts itself. Inthis research project, the paranetric
nodel consists of two parts, whichrepresent theframestructureandthelocal joints. Thesetwo parts
have t hei r own par aneters. The paranetersthat areinvol vedfor thefranestructurearethegrid-sizes
of the col unms i n two directions and t he di st ance between t he secondary beans. At joint | evel, the
paramet ersthat areinvol ved construct the configurationof thelaterally | oaded dowel -type connecti on.
Thi s connectionis separatedintosteel part Aand steel part B, sincethese steel parts have different
par anmet er s and f ai | ure nechani sns, whicharerelatedtothel oad capacity of theconnection. For both
steel parts, theanount of (sub-)parametersislinitedinorder toreducetheconputational conpl exity of
t hemodel . Thesel ectionof the(sub-)parametersisbasedonthecontributionof the(sub-)paranetersto
thetotal | oadcapacity of the steel part. Thi s study shows t hat t he par anet er s di anet er of t he f ast ener,
fast ener type, nunber of slotted-insteel plate(s), thelayout of the fadshenarsggoupi cant
effect onthetotal | oad capacity of steel part B. Therefore, t hese paranet ers wer e sel ect ed.

For steel part B, theinfluence of different steel platethicknesses ontheloadcapacitywas|inited.
Based ontherel ated fail ure mechani sm theinfluence of different steel pl atethicknesses ontheload
capacityislarger for steel part Athanfor steel part B. Especial |y t he conbi nati on of al arge f ast enel

4Consi st s of t he nunber of fastenersinrows) and col urm(s)
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di arret er and at hi ck steel pl at e gener at es a hi gher | oadi ng capaci ty. The correspondi ng fai | ure mec
ani smshows characteristicsof brittlefailurebehaviour, | eadingtothe parameter thicknessof th
pl at et o be excl uded f romt hi s research proj ect for steel part A Thefinal (sub-)paranetersfor stee
Aand Bcanbe foundinfiguBeb

As expl ai nedinsect i3} thevalidationof eachdesi gnvari abl e was done by i npl enent i ng desi gn
constraints rel ated to the menbers and t he connections inthe frame structure. Moreover, differ
construct ed cases wer e det ermi ned, which represent the different geonetrical configurations of
tinber structure. Two categorieswereintroducedthat containconstructedcases and provi dethei n
for the paranetric study. Thefirst category consists of thefrane structurew ththevariabl e di s
of 1.25, 2.50, and 3. 75 mbet ween t he secondary beans and a fi xed col um gri d of 7.50x7.50 m The
second cat egory consi sts of constructed cases that contai ncol um gridsizes of 3.75, 5.00, 6. 25, ¢
8.75m

I norder to devel op arepresentative and efficient paranetric nodel, several design assunptio
were made, asillustratedinse@tiborFinally, fi@uréshows an overvi ewof all the paraneters
and constraints that wereincorporatedinthe paranetric nodel .

*

Position steel plate(s) _ _
B - Glulam beam check
% Steel part A GL28h
1 Number of columns
. Glulam column chec
n lul, I heck
| GL24h
SILCICIIETS h-@t+ac)/a Deflection check
<0.004L
B4
Load category
Fastener type Medium-term
5 . _
A e
|
L ]
Fastener quality -
g Permanent load
2.5 KN/m?
—’ Diameter fastener Imposed load
3.5 kN/m?

Fi gure 3.11: Paranetri c nodel overvi ew



Devel opnent Tool

Inthis research project, atool is devel oped that supports the paranetric anal ysis i n examning the

i nfluences of |aterally | oaded dowel -type connecti ons on t he cross-secti on of the nenbers intinber
framestructures. Thetool provi desanoutput i nterns of cross-sectional sizes of thedifferent nenbers
intheframe structure and di fferent configurations of the appliedconnection, includingthetotal nass
Consi deringt he ai mof thisresearchproject, thetool consistsof twoparts. Thefirst isthedesignpart
whi ch consi st s of aparametric nmodel of thefrane structure andaparanetric nodel of the connection
withinthejoint. The second part isthe calculationpart of thetool. This part cal cul ates and veri fi
di fferent cross-sectionsthat canbeappliedtothenmenbersintheframestructure. Mreover, basedon

t he sel ect ed menber’ s cross-section, thispart cal cul atesandverifiesdifferent configurationsaccordi!
tothe rel evant paraneters found in chdptét| of the verificationsthat are perfornmedinthis tool

are based on the ULS and SLSregul ati ons. The nain chal |l enge within the tool was to create one
environment for the anal ysis of thefrane structureandthelocal joints. The nai ngoal s of this chapter
aretoexpl ai nhowt he t ool was construct ed and provi de i nsi ght i nt ot he workfl owbet ween t he di ff erent
parts descri bed above. Moreover, this chapter outlinesthedefinitionof afewkey conponents within
thetool. This chapter focuses onansweringthefoll ow ngresearch questi on:

"Howcan t he cal cul ati on of structural nenbers and connecti ons be devel oped and i nt egr at ed
intothetool ?”

4. 1.Set - up Tool

As briefly di scussed, thetool consist of fundanental el ements, such as the paranetric nodel , cal cul a-
tionpart, andvi sual i sati onpart that needtobeintegratedintoatool. For eachel erent vari ous sof t war e
packages have been anal ysedt o creat e a successful workflow For thisresearchproject thefollow ng
software prograns are appl i edtotheindividual el ements.

Q asshopper

Grasshopper is a visual programming | anguage that is suitable as a plug-in for Rhinoceros. The
pr ogr am Rhi noceros i s a 3D conput er ai ded desi gn application software that in conbinationwth
QG asshopper parametric geonetry cancreate. Inthis project, the G asshopper environnent serves
as thecentral 'boardrooni of thetool. Inthis environment thefollow ngprocesses are gener at ed.

e CGeneratingthe georretry of thefranmestructure.

e Cal cul ating, verifying, and assi gni ng cross-sectionstothe menbers.

e Generatingthe georretry of the connection.

e Cal cul ating, verifying, and assi gni ng di fferent configurati ons of the connecti on.

e Deterniningthetotal mass of each confi gurati on.

45
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Many processes are generat ed i nthe G asshopper envi ronnent, however t he t wo sof t war e progr ans
finiteel ement software D ubal RFEMand Excel appliedinthetool runs outsidethe G asshopper envi
ronment . For t hesetwo programns pl ug-i nsareappliedtogeneratesasuccessfullydynam cal i nteracti
bet ween G asshopper and t he pr ogr arrs.

RFEM

After the geonetry of the frane structure is generated by G asshopper and t he corrected | oads and
supports are defined, the forcesinthe structureis anal ysed by applyingthe finite el enent soft
RFEM As di scussed, this programis not conpatibl e directly withthe grasshopper envi ronment. The
pl ug-i nparanetri c FEMt ool box al | ows ani nt er oper abi | i t y bet ween t he RFEMand G- asshopper t hr ough

i npl enenti ng an Application Progranmng I nterface (APl) (A®9229ni ZThis plug-in all ows the

tool toanal ysethe forces of the frame structure by applyingacertifiedF niteH enent Anal ysi s (
pr ogr am

Excel

The conponent s that are programmed i n grasshopper to cal cul ate and verify cross-sectional resis
t ance of the nenbers andt he | oad beari ng capacity of the connectionsarepartlysupportedbywitte
formul as i n Excel . The i ntroduction of the pl ug-in Spreaxn( 8pradxows a dynam c i nteracti on

bet ween G asshopper and Excel . Thi s interaction can be seen as an cal cul ator (inthis case Excel)
that i s wor ki ng on t he background of t he G asshopper environment to cal cul ate t he out put based on
the gi veninput andthe predefinedformul asinExcel. The advant age of appl yi ng t hi s approach, istl
the overviewof theformulasisclearer andit i s noreeasier toverifythe formul as by anot her per:
Mor eover, an Excel databasei s constructedinwhichthefollow nginfornationisstored. The conpl e
dat abase i s shown i n appendix

e Mechani cal properties of the different gl ued | ani natedtinber classes, such as tension par al
tothegrain (o), conpression perpendicul ar tothe grajn)( mean nodul us of el asticity
paral l el (o ), and 5 per cent densi ty)(

ek val ues

« k values

« Load cat egory

* Load-durati on cl asses

e Perm ssi bl e addi ti onal and final deformationrequirenents

Wth theinput val ues | oad cat egory, service cl ass, appearance of the structure, and configurati
the fl oor or roof, the correspondi ng val ues fromt he dat abase i s autonati cal | y sel ect ed and appl i e
t he cal cul ati on conmponent s.

4. 2. \or kf | ow

The wor kf | owof thet ool , as shownasafl owchart i df Lgdeeonstratestheinteracti onbetweent he

i ndi vi dual conponents constructedintothetool. Mreover, itillustratestheprocess (e.g. thest¢
are nade) fromtheinput paraneters until the generatedoutput. The fl owchart consi st of thefoll ov
segnent s.

First, the constructed cases (green), whi ch defines theinput of each constructed case. The co
struct ed case consi st of geonetri cal parameters, which are case dependi ng and paraneters t hat are
defined for all cases, such as | oads, | oad category, service cl ass, strength cl ass, and cross- sect
si zes of t he nenbers

Second, t hegl obal structure(orange), whi chconsi stsof theanal ysi sandverificationof thement
intheglobal structure. After the gl obal geonetry of the structureis defined, thestructureis a
by RFEMand t he i nt er nal forces i nthe nmenbers and nodes arereturnedtograsshopper envi ronnent.
Conponent | appliesall theforcestotheprinarybeans, secondary, beans, col ums, and nodes of t he
grasshopper gl obal georretry. Thefol |l owingstepisselectinganenber intheframestructureinwhic
the t ool assigned a cross-sectiontothat specific nenber. After the nenber is sel ected, conmponen
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generates different cross-sectionthat satisfy the shear, conpression, and bendi ng requirements in

ULS and defl ection requirenents in SLS. Dependi ng on the sel ected criteria, whichis the smallest
cross-sectional areaor snal | est hei ght menber, a cross-sectional sizeis assignedtothe menber.

Third, the joint (blue), which consist of the devel opi ng of different configurations of thelatera
| oaded dowel ed t ype connecti on. As di scussed i n s&tl.@hhe connecti on consi sts of steel parts
Aand B. Each steel part hasits own workfl ow sincethe parameters andtheresultant forces onthe
fasteners are different. Conponent |11 generates the desi gn space of the group fasteners, whichis
explainedinnoredetail insedti3ol Depending ontheforcesinthejoint andthelayout of the
fast ener group, conponent | Vand conponent Vcal cul atetheresul tant forces for eachindivi dual fas-
tener. InsectidB. 2hedistributionof theforces ontheindividual fasteners are explainedinnore
detail. Parallel tothecal culationof theresultant forces of eachindivi dual fastener, thel oad capac
of each i ndi vi dual fastener i s conputed by conponent VI for steel part Aand conponent VI| for steel
part B. The | oad capacity depends on t he configuration of the steel parts whichis generated by the
predefi ned paraneters (purple). Each configurationof steel part Aand Bis verifiedby cal culatingthe
uni ty check between t he appl i ed forces onthe fasteners andtheir resistance. Besidethe unity check,
thetotal massandtheD of eachconfigurationisconputed. TheDOsintroducedtoensurethe
m ni mumr equi r ed di st ances bet weent he f ast ener s per pendi cul ar tothegrainandparall el tothegrain.
Fi nal |y, asel ecti onhas beennadefor theconfigurationsthat has all the same paraneters, except from
t he nunber of fastenersintherow For these configurationstheconfigurationw ththelowest nunber
or fastenerinrowsisselected. For theconfigurationsthat fulfillsall thedi scussedrequirenentsthetc
nass of each configurationispart of theoutput of thetool. Incasethereis noavail abl e configuration,
the t ool resizedthe nenber andtheiterationprocess starts again.

Constructed cases Global structure level
Parameters case depending Parameters that are defined for all constructed cases
Input geometry global structure {input ioads | {User related Cross-section related
* Column grid x-direction 1" Permanent load | Rouforﬂcur system * Timber type
* Column grid y-direction 1" Imposed load ! structure * Strength class Component Il
' Distance between secondary beams| * Load category * Width 140 - 240 mm in steps of 40 mm * Verification member in ULS and SLS!
' Service class ' Height 140 - variable mm in steps of 40 mm * Calculation cross-sectional area

Selected critera member size
1. Smallest cross-sectional area

2. Smallest height member

Calculate forces in members Component | 1
------------- and nodes ARSI
i Develop global | __ — Order forces (MV) toall | ___, | Selectmemberinglobal }| {Assign cross-sectional size | i~ No availabie configuration|
I geometry_ primary beams, secondary | | SR (110 {1 B i | i resize member |
RFEMS +  FEMtoolboy beams, columns and nodes | |

Component IV
————— IoerUeN] P Selection
L Steelpart A} —— 1" Compute shear force per
(R ey Select the configuration that fulfills the
__________________ following requirements: T
. L_Compute unity check [ AU C"d 0.95 —| Outputj
[ Component V| O <10 mperotamenarsmarow. IR
intlaval = | Lo [SeeloartbBl e lowest number of fasteners in a row
Joint level {Siealpais] | compte et o | 1 1 e e
per individual fastener __ 9%That contains all failure mechanisms expec
J— Component VI 3 Component Vil the brittle ones**
ie c
T £ Compute load capacity off & | Compute load capacity o
anindividual fastener | 2 an individual fastener
teel tA teel tB
Input parameters connection SCRlGER & Sl
* Type of fastener
* Fastener quality | | | T T
* Diameter fastener [t Steelpart A e R S
* Position steelplates) | | | pemmmeooy Design space of the | | Generate potential | —————————————* ' Comi
* Thickness steel plate(s) ——* | SteelpartB}| —i group fasteners __ ! L___configurations T
* Layout fastener group s
-Number of rows * between the minimal req| tance: a; (depending on the joint) and
-Number of columns eI SR D P B ST group
** Brittle mechanisms are: C-J - L - F - |

Figure4.1: General workfl owt ool
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4. 3.Devel opnent Conponent s

Di fferent conmponents are constructed within the tool to performprocesses such as calculatingt
nenber si zes and t he configurations of the connections, generating desi gn spaces for the fastene
group, conputingtheforcesontheindividual fastenersandvisualizingtheconnections. Inthis se

sone conponents of thetool areoutlinedindetail internsof definitionandhowtheyset-upwithin
t ool .

4. 3. 1Conponent |11 - Layout Fast ener G oup
The desi gn space of t he f ast ener group, shownin f4.gurie creat ed by appl yi ng t he m ni nal edge-
and end di st ance accordi ng t o NEN- EN- 1995- 12004) . The angl e bet ween t he force and t he grai n,
the di ameter and the type of fastener determ ne the mnimal di stance between the fastener group
and t he edge and end of the menber. |n case of the m ni numdi st ance between the fastenersitself
paral l el tothegrain, thesamevariabl es areinvol ved. The m ni nal spaci ngbetweenthefastenersit
perpendi cul ar tothegrainis determ ned sol el y by t he di aneter andt he t ype of fastener. The di sta
betweenthe fastenersitself parallel tothegrainisthe These di stances are aut omati cal | y gener at
t hi s conponent of thetool. The boundary of the created desi gn spaceisthestartingpoint of thef
row last row andthefirst column of thefastener group, showA.ih figure

Subsequent |y, the fasteners placed inthe rows are increased until the ni ni rumspaci ng of the
rows perpendicul ar to the graph (s reached for the fastener with the small est di ameter. Taking
t hi s approach, the spaci ng between t he fasteners perpendi cular tothegrainw thlarger di aneter:
smal | er thant he required n ni mal spasi nghorder toavoidthis, theconponent verifiesthespacing
betweenthe fastenersintherows for each di aneter and renoves t he confi gurati ons that do not ful f
the , spaci ng requi rement. Moreover, the di stance between the colums is relatedtothe nininal
spacingparallel tothegrg@ n{The positionof thefastenersintherowsisdefinedinsuchawaythat
t he spaci ng of eachrowi s al ways t he same, by i ncreasi ngthe nunber of fasteners.
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Fi gure 4. 2: Design space of the group fast eners
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The size of the slotted-in steel plate(s) is deternined by the outer fasteners and has a of fset of two
times the di aneter, as showninfiguBeMreover, the position(s) of theslotted-insteel plate(s) in

t he nenber i s/are equal |y dividedasillustrated4.r8f Mueever, the di st ance bet ween t he t wo

nenber s (Xg) nust besmal | toreducethel ever armof theeccentricity nonent. However, t he si zes of

t ool s such as wrench or spanner areinportant toconsider interns of denountabilty. Inthisresearch
proj ect adi stance of 40 nmi s assuned.

Double slotted-in plate

NN .
- 14
\ Single slotted-in plate
V/
NN |

Figure4.3: Sizeslotted-insteel plate

4. 3. 2Conponent V- Forces Fast eners

Steel part Bthat contains slotted-in steel plates have an additi onal nonent due to the eccentricity
bet ween t he centroi d of each nenber, as showninfigutelnthisthesis, theapproachdiscussedin

secti o@. 3. has beenchoseni norder todeterm nethenonent duetotheeccentricity. The positi on of
thetotal shear forcefromthe nenber t hat containstheslotted-insteel plateisdetermnedat theverti cal
axi s of the centroid of the fastener group.4Higurestrates the centroidof thefastener groupfor

a doubl e col um f ast ener and a si ngl e col um fast ener. The hori zontal di stance betweenthe verti cal

axi s of the centroi dandthe edge of the ot her nenber causes the eccentricity (e), shawdinfigure

The eccentricitytimesthetotal shear forcefromthe menber withtheslotted-insteel platecreatesthe
eccentricity nmonent. Thi s norent i staken by the fastener group. Dependi ng onthe confi gurati on of

t he f ast ener group, eachi ndi vi dual fastener i s| oaded by f or ce conponent s f romt he shear f or ce and/ or
the eccentricity nonent. Thetotal shear forceis assumedto be equal |y distributedacross thetotal
nunber of fasteners. Moreover, theforce conponent of the eccentricity nmoment depends onthe |l ever

arm( ) betweenthecentroidof thefastener groupand each i ndivi dual fastener, shewainfigure
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Force component
due to shear force

Force component
due to shear force

Force component due to

E Force component due to
moment eccentricity ‘

moment eccentricity

‘ Resultant force I

Resultant force
component I

component

-

) |

T

Centroid of

. Centroid of
fastener group I

fastener group I

Fi gure 4. 4: Force conponent s f ast eners

By appl yi ng t he equat i4nl, the force conponent duetoeccentricityfor eachindividual fastener can
be conput ed.

. 5 2 (4.1)
The eccentricity noment i s assumed as |inearly distributed over the fastener group. The force cor
ponent actingontheindividual fastener is perpendicular tothel ever arm as shodnTimef i gure
conponent cal cul ates for each i ndi vi dual fastener the force conponents due to shear and norent
eccentricity, for all possibleconfigurations. These force conponents are expressed as vectors i |
conponent, whi ch generates the resul tant force conponent of each individual fastener, as showni
figuré. 4 Inaddition, theangl ebetweentheresultant forceof eachfastener andthe grai nof the mer
ber i s conput ed, as showninfiglr® Wththeseangl es, the enbednent strength of eachi ndi vi dual
fast ener can be det erm ned, whichistheinput for conponent VI andVI1. Asimlar approachis take
for determningtheindividual forcesonthefasteners of steel part Ainconponent V. Inthis case
shear forces are acti ngonthe f ast eners.

F
z Resultant force

component

Figure4.5: Angl e betweenresul tant forceandgraindirection
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4. 3. 3Conponent VI - Load Capacity Steel Part A
Asillustratedinfidgdcenponent Vconputestheloadcapacity of theindividual fastenersfor steel
part A Inthis sectiontheworkfl owof conponent Vis denonstrat ed and showi. &fi gure

As di scussed i n secti@n4. 4di fferent fail ure nmechani sns are linked to different configurations
bet ween steel and tinber. In case of steel part A the configurations of single shear steel-to-tinber
and doubl e shear steel -to-tinber are feasi ble. The sel ecti on of these two types depends onthe j oi nt
bet ween t he menbers, as showninfiguke8andthe fastener type. Incasethejoint that is sel ected
inthetool consist of asinglesecondary beamand pri mary beamand i s connectedw th bolts or | ag
screws, steel part Ais deternined as asingl eshear steel-to-tinber connection. |Incasethe sel ected
joint consists of a primary beamwi th two secondary beans, which are inline wth each other the
followingtwosituations are possible. First, if steel part Aconsist of bolts, the steel part i s detern
as a doubl e shear steel -to-tinber connection. Second, if steel part Aconsist of | ag screws, the steel
part i s det erm ned as a si ngl e shear steel -to-tinber connecti ons.

Anot her aspect that plays aroleindetermningthe fail ure mechani smis theidentificationof the
steel plate, as discussedin se2téon The conponent autonatical |y deternine the steel plate
cat egory based ont he st eel pl at et hi ckness and di armet er of t he f ast ener for each confi gurations. After
t he correspondi ng f ai | ure nmechani sns are determ ned, the next stepinthetool isconputingtheload
capaci ty of thecorrespondi ngfail uremechani sm neof theel enentsthat determ nethel oadcapacity
isthe additional rope effect of thefastener. |Incasethe configurationconsists of |agscrews, thetoc
select first thelengths that suits w ththe menber wi dth. Second, for each avail abl e | ength t he axi al
wi t hdrawal capacity of the fastenersis determ ned. Later inthe process, thetool determ nes whet her
thetotal | oadi ngcapacityof theavail abl el agscrewlengthsfulfillstheappliedforcesinthejoint. In
the configurations consists of bolts, full penetrationsisrequiredtogenerate any w thdrawal capacit
of the bolt, whichis conputedbythetool. Inconbinationwththe conputedenbednent strength at
t he angl e and t he yi el d norrent of the fasteners, the |l oad capacity i s determ ned and t he gover ni ng
mechani sns i ncl udi ng t he | oad capacity for each configurationisthe output of conponent V.

Component VI

Identify category joint Enpul Strength clasg

Steel part A

’ Single shear steel-to-timber l

' Double shear steel-to-timber
Compute embedment
| ’T‘ strength at the angle
Identify category thickness

steel plate

Compute load

q i i it d select
Input parameters connection ___, Determinecorresponding _____,  capacity and selec

' Thick steel plate failure mechanisms governing faillure ~——» Output

' Type of fastener ' Thin steel plate mechanism
' Fastener quality ' Interpolation
' Diameter fastener
' Position steel plate(s) Compute yield
' Thickness steel plate(s) moment fastener
' Layout fastener group

-Number of rows

-Number of columns —> Identify fastener type ——> Bolt Compute additional

Lag bolt —» Determine available _, rope effect

length lag bolt

Standard lengths _I
60 - 400 mm depending
on diameter lag bolt

'

Input member width

Fi gure 4. 6: Wrkfl owconmponent VI

4. 3. 4Conponent VIl - Load Capacity Steel Part B

The wor kf | ow of corponent VI, which cal cul ate the | oad capacity of steel part Bis partly simlar to
t he wor kf | owof conponent I as showninfidguiZelnthis casethe singleor doubl e slotted-insteel

pl at e det er ni ne t he correspondi ng fail ure mechani sm Moreover, the additional withdrawal capacity
are generated only by t he bol t s.
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Component VI

Input Strength class

Steel part B l
J_ Compute embedment

strength at the angle

| . Identify position steel plate(s): e Compute load
nput parameters connection __, |, .. » | Determine corresponding > capacity governing
Single slotted-in steel plate | failure mechanisms | faillure mechanism " Output
* Type of fastener ' Double slotted-in steel plate e S S S S S S S eSS Sal
' Fastener quality
* Diameter fastener
' Position steel plate(s) .
' Thickness steel plate(s) Compute yield
' Layout fastener group moment fastener
-Number of rows
-Number of columns —> Identify fastener type — Bolt Compute additional
Dowel —_— No rope effect ~ — rope effect

Fi gure 4. 7: Wrkfl owconponent M |

4. 4.Br ut e For ce Met hod

The ai mof thisresearchproject istocollect dataof different configurationsrather thanfinding
timal’' configuration. Accordingtothisaim thetool is constructedbasedonthebrute-force al g
Thisallowsthetool tocollect thedatafor all possibl e conbinations, withinaconstrai nedsearch
Since t hi s met hod gener at es al | possi bl e conbi nati ons, a nunber of conbi nationswill not satisfyc
tainrequirenents. Inthetool aconponent i s constructedthat excl udethese conbi nati ons basedtt
requi rement s whi ch are di scussed i n seetion

4.5.Qut put Tool

The conpl et e out put of steel part Aand Bare separatel y storedin Excel as showi 8 fTigarr e
out put contai nsalist of uni que configurationsthat satisfythepredescribedrequirenents defined
sel ection conponent asillustratedinifilglhe predescri bed requirenents arethefoll ow ng.

e The |l oad capaci ty unity check (UC) of the configuration <0.95

D <1.00

e Excludethebrittlefailuremechanisns (C J, L, F I)

* The | owest possi bl e nunber of fastener i nacol um of afastener group of each configuration
Each uni que confi gurationincl udes thefoll ow ng dat a.

* Fast ener type

o Di aret er fast ener

e Steel strength fastener

e Thi ckness steel plate

Nunber of fastenersinrow

Nunber of fastenersincol um

U C configuration

Gover ni ng fai | ur e mechani sm

Lengt h of | ag screw(steel part A

Total mass configuration
D
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4. 5.Qut put Tool

Steel part A
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Figure4.8: Dataoutput for steel part Aand B

Besi des the nunerical datathat thethetool generates, it visualizethedifferent configurations as wel |

Fi gur et. 9shows sone conf i gur ati onexanpl es of t he connecti ons appliedtothejoint betweenapri mary

beamand a secondary beamand a j oi nt bet ween a pri mary beamand a col um.

Fi gure 4. 9: Exanpl e of different configurations of thejoint between pri mary beamand secondary beamand a pri nary beamand

col um
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4.6.Designlnplications

Thetool constructedinthisresearchproject was built tostudythedinensional interactionbetwee
eral | y | oaded dowel -t ype connecti ons and structural nenbersindifferent tinber framestructures.

t ool generates di fferent possi bl e configurations of aspecific connection based on a sel ect ed nent
intheframestructure. Theseconfigurationsoffer al arge anount of data, suchasthefastener type,
di anet er of the fastener, the nunber of slotted-insteel plates, andthetotal nmass. Inthis secti«
col I ect ed dat aof anal ysi s 2isvisualizedby Desi gn Expl or er devel oped by CORE st udi o ( CORESt udi 0,

n.d). Thisvisualizationinterfaceallowstheengineertosearchthroughall theindividual charact
or a specificrangetoexam ne different possibleconfigurationsinanefficient manner. Moreover
sectionoutlines different scenariosinorder to denonstrate howthe tool can support the engi nee
sel ectingconfigurations of steel part AandBinjoint 1and?2, basedonthepredefinedcriteria.

4.6.1Vi sual i zati on Qut put Tool

Inorder to display the data fromthe tool in an accessi bl e manner, the output of the tool, whicl
di scussedinsecti4rh is connectedtothe visualizationinterface programbDesi gn Expl orer. Figur
4.10shows the interface of gridsize 6.25x6.25-1.25m By sel ecti ng a specific paraneter or arang
of parametersintheinterface, aset of possibleconfigurations appears.

Figure 4.10: Designexplorer interfacefor gridsize6.25x6.25-1.25 (anal ysis 2)

Al gridsizesstudiedinanalysis?2are visualized by using Desi gn Expl 4rEcoRsigst e of a
Rcode and a hyperlinkthat can be usedtoaccesstheresults of eachindividual gridsize.



4.6.Designlnplications

55

(a) @idsize3.75x3. 75-1. 25 m(anal ysi s 2) (b) Gidsizeb5.00x5.00-1. 25 m(anal ysi s 2)
http://tt-acm github.io/ Desi gnExpl orer/?l D=BL_3WSbvR tt - acm gi t hub. i o/ Desi gnExpl or er/ ?I D=BL_3Fol (Z1

(c) Oidsize6.25x6. 25-1. 25 m(anal ysi s 2) (d) Gidsize7.50x7.50-1. 25 m(anal ysi s 2)
http://tt-acm github.io/ Desi gnExpl orer/?I D=BL_3R®{EVQtt - acm gi t hub. i o/ Desi gnExpl or er/ ?I D=BL_3Y1Kaay

(e) Gidsize8.75x8. 75-1. 25 m(anal ysi s 2)
http://tt-acm github.i o/ Desi gnExpl or er/ ?l D=BL_3hODvgA

Fi gure 4. 11: Rcode and hyperli nk of the out put of anal ysi s 2 presentedin Desi gn Expl orer Interface


http://tt-acm.github.io/DesignExplorer/?ID=BL_3VVSbvR
http://tt-acm.github.io/DesignExplorer/?ID=BL_3FolQZ1
http://tt-acm.github.io/DesignExplorer/?ID=BL_3P0X5VQ
http://tt-acm.github.io/DesignExplorer/?ID=BL_3Y1Kaay
http://tt-acm.github.io/DesignExplorer/?ID=BL_3h0DWqA
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4.6.2D fferent Scenari os inJoi nt Desi gn Phase
I norder todenonstrate howt hetool can support the engi neer i nsel ectingconfigurations of steel
Aand B, a nunber of scenarios are outlined.

Lowest Material Quantity

Reductioninnaterial quantity canbeaninportant criterionduringthedesignphaseinorder tored
the costs and the environnental footprint of the structure. For instance, for a project, the eng
deci des t hat t he anount of ti nber needs to be ni ni mal . The anount of steel injoint 1nmust belimte
to7.5kg, andthe anount of steel injoint 2nust belintedto20kgfor bothsteel parts. Applyingtl
criteriatogridsize®6.25x6.25-1.25resultsinacertainset of possibleconfigurationsfor joint
areillustratedinf4gl®eThe possi bl econfigurationsfor joint 2areillustrat.eBinfigure

Figure4.12: Designexplorer interfacefor gridsize6.25x6.25-1.25- Material quantitycriteriafor joint 1

Figure4.13: Designexplorer interfacefor gridsize6.25x6.25-1.25- Material quantitycriteriafor joint 2
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Pr oduct i on Speed

Anot her aspect that could play aroleinthe building process is the request for fast delivery of the
connections by thesupplierinorder toreducetheconstructiontinme. Inthiscase, a’sinple connection
isassunmedinthejoint designphase. Inthisresearchproject, the’'sinple connectionfor steel part
Bis definedas foll ows. The connecti on consi sts of | essthan 10 fasteners for joint 1 and |l essthan 4
fastenersfor joint 2inorder toreducetheti neneededtodrill holesinthesteel plate. Mreover, for bot
joints, steel part Bconsists of solely 1columinthefastener group and asingleslotted-insteel plat
inorder toreducetheweldingtime. Applyingthesecriteriatogridsize6.25x6.25-1.25resultsinaset
of possibl econfigurationsfor joint 1. TheseareillustrdtédiTnhe gossi bl e configurati ons

forjoint 2areillustratedis flbgure

Figure4.14: Designexplorer interfacefor gridsize6.25x6.25-1.25- Material quantitycriteriaforjoint 1

Figure4.15: Designexplorer interfacefor gridsize6.25x6.25-1.25- Material quantitycriteriafor joint 2
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Over - capaci ty Joi nt

An over-capacityinthejoints canberequiredinorder toallowfor | arger permanent and/ or i npos
loadstobeappliedinthefuture. Intheexanplethat isillustréatHl ithéilputg Check (U. C.)

of thejoint islimtedto0.60, whi ch means t hat appr oxi mat el y 40%of t he | oad capacity of thej oi
not activated. Yet, inthisexanpl etakenfromanal ysis 2, thenmenbers donot i ncl ude an over - capaci t
The U. C requirenent rel atedtothe nmenbers shoul d be changedinthetool.

Figure 4.16: Designexplorer interfacefor gridsize6.25x6.25-1.25- over-capacity 2

C her scenari os

Inthis section, anunber of scenari os was sket chedto denonstratethat thetool can assist the eng
neer i nselectingdifferent configurations of steel part Aand Bbased onthe predefinedcriteria.
scenari os such as t he pref erence of thebui |l di ngcontractor i ncertai nconnecti oncomnponents or asp
cificfastener type or di ameter bei ng out of stock caneasily beincorporatedascriteriaintothe
space.
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4. 7.Concl usi ons

Thi s chapt er has denonst r at ed howt he devel opedt ool i nthisresearchproject i sconstructedandhow

t he wor kf | owbet ween di ff er ent conponentsi s defined. I ngeneral, thetool consistsof twolevels, which
isthe global structurelevel andthejoint | evel. Eachlevel isrepresentedinaparanetric nodel. The
parametric nodel i sdynamcallylinkedtothefinite el ement software RFEMby usi ngt he pl ug-i n FEM

t ool box. Thisallowsthetool tocal cul atetheforcesinthenmenbers and nodes for di fferent geonetri cal
configurations of the global frame structure. Wth the use of sel f-devel oped conponent s const ruct ed

i n G asshopper and dynani cal | y |i nked t o Excel - cal cul ati ons, the cross-sectional sizes of the selected
nmenber i nthe frame structurewas cal cul ated. Basedonthepredefinedcriteria’l owest cross-sectional
area’ and’ | owest hei ght beanmi, thefinal cross-sectional sizesaresel ected. Thesecross-sectional sizes
thennovetothepart of thetool that focusesonthejoint | evel.

Thi s part of the tool generates different configurations for steel part Aand Bbased onthe corre-
spondi ng pararet ers. Di fferent processes, suchas generatingthedesignspacefor t hefastener group,
conputingtheindividual forcesonthefasteners, identifyingthecorrect failure nechani sns, and com
putingthel oadcapacity of eachconfiguration, areconstructedwi thinsel f-devel oped conponents. Ali st
of configurations that consi st of thedifferent parametersis verifiedby the predescribed requirenent:
t hat aredi scussedi nsecti GBnWt hthi s sel ecti on, adataset of uni queconfigurationsisgeneratedfor
t he t wo speci fi ed cross-sections of t he sel ect ed nenber 4. Hifgurowi des a schemat i ¢ overvi ew
of theinput and out put of thetool .

The constructed tool inthis project denonstrates howdifferent components within one environ-
ment and out si de t he envi ronment successfully interact with each other. The inpl enentation of the
brut e force nethod, which studies all possible solutionsina constrained search space, al |l owed for
the following stepinthis research project to be nade, whichis anal ysing theinfluences of different
georretri cal franestructuresonthe configurationsof alaterally | oaded dowel -type connecti on.

Thetool constructedinthisresearchproject was built tostudythedi mensi onal interactionbetween
| ateral |l y | oaded dowel -t ype connections and structural nenbers indifferent tinber frame structures.
However, the different scenarios outlinedinthis chapter have shown that the tool is al so val uabl e
onits own. The large amount of data that is generated by the tool allows the engi neer to expl ore
the di fferent possibl e configurations when desi gning joints. By connecting the output of the tool to
t he Design Expl orer interface, the engi neer has the opportunity to search through all the individual
characteristics or aspecificrange and exam ne di fferent possi bl e connectionsinan efficient manner.
Inportant tonoteisthat thedatavisualizedinDesignExplorerisbasedonthegeonetriesof thetinber
frame structures studiedinanalysis 2. Inpractice, thetool is widely applicableongeonetrieswth
di fferent column gri d si zes and di ff erent di st ances bet ween t he secondary beans.

Steel part Aand B

Output
Output 1- Fastener type
- - - — .
1 3- Steel strength fastener
4-Thickness steel plate
5 - Number of fasteners in row
6 - Number of fasteners in colomn
7 - Number of slotted-in steel plate(s)

8- U.C. configurations
9 - Governing failure mechanism

10 Length of lag screw (steel part A)
11 - Total mass configuration
12 - Do

Members

Output
> ‘Raw’ data

Figure 4.17: Schenati c overvi ewi nput - out put t ool
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Inorder toanal ysetheinfluences of different geonetrical configurations of thetinber structureonth
configurationof | ateral | yl oaded dowel -t ype connecti ons, two anal yses wer e per forned, as di scussedin
sectioB.4 Analysis 1exam nedthedifferent di stances betweenthe secondary beans, and anal ysi s
2studiedthe different grid sizes of the colunms. Both anal yses wer e performed by usi ng t he brut e-
forceal gorithm The out put contai ns t he nunber of uni que confi gurations incl udi ngthe correspondi ng
paranet ers, as di scussed i n sectdi. &n The mai n goal of this chapter i sto sumarize t he findi ngs

col I ected fromt he two anal yses and t o di scuss rel evant observati ons fromthe coll ected data. This
chapt er f ocuses on answeri ngthe fol | owi ngresearch questi on:

"Howdothedifferent geonetrical designs of atinber frane structureinfluencetheconfiguration
of alaterally | oaded dowel -type connecti on?”

5. 1.Resul t s and (bser vat i ons

Thi s section presents the datacol |l ectedinanalysis 1and2. The configurations of steel parts Aand
B were det erm ned by the parameters that are outlinedin ge&i@naphs la present theratio

bet ween t he sub- paraneters of the parameters that arelisted below Theratiois expressed asthe
nunber of uni que configurations for the specifiedsteel part, sel ected nenber, and f rane desi gn.

» Fast ener type

o Di arret er fastener

* Nunber of colums i nfastener group steel part B
* Nunber of col umms i nfastener group steel part A

* Nunber of slotted-insteel platesinsteel part B

Mor eover, graphs 1b present an overvi ewof thetotal nunber of possi bl e configurations for each con-
structed case. Finally, graphs 1cillustratethe steel mass rati o between t he uni que confi gurati ons of
steel part AandB. Althoughthisisnot oneof theainsof thisresearchproject, thedifference between

t he anmount of material usedinthedifferent configurations has aneffect not onlyonthecosts, but al so
ontheenvironnental footprint of thestructure, caused by t he |l ar ge anwahteasedur i ng t he

production of steel (van der LugRP2®),. This makes the steel mass ratioaninterestingfactor to

consi der. Therefore, the steel mass rati o between t he uni que confi gurations of steel part Aand Bis
shown i n graphs 1c.

5.1. 1G aphInterpretati on Correspondi ng Par anet ers

Inorder toall owthereader tointerpret the graphs properly, thelayout of the graphsis expl ai ned. The
hori zontal axisrepresentsthedifferent geonetrical constructedcases fromanal ysis 1and?2. The ver-
tical axisillustrates the joint between the primary beamand secondary beam(j oi nt 2) and t he j oi nt

61
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bet ween t he pri mary beamand col um (j oi nt 1), as di scussedin 8eétilte two j oi nts ar e sepa-
ratedintotwo nenber sizecategories. Thefirst categoryisthe menber sizethat containsthelowe
cross-sectional area (LCA), and t he second cat egory represents the menbers withthel owest hei ght
beam(LHB), as di scussedin secti3o® The correspondi ng cr oss-secti onal size of each nenber is

di splayedinthegraph. Finally, theconnectionwithinthejoint isseparatedintosteel part Aanc
di scussedinsectidnl. 2

5. 2.Anal ysi s 1. Vari abl e D st ances Bet ween Secondary Beans

The observations that are linked to the fol | owi ng graphs represent the outcone of analysis 1. Tt
anal ysi s focuses on the vari abl e di st ances bet ween t he secondary beans with a fi xed col um grid
si ze.

5. 2. 1G aphs la: Correspondi ng Par anet ers
The fol | owi ng graphs represent theratiobetweenthe sub-paranetersthat construct thedifferent |
al |y | oaded dowel -t ype confi gurati ons.

Rati o Fast ener Type - Steel Part B

Steel part B r

i IES

240x840 240x800 240x840

Joint 1

Steel part B

B3=]

180x960 160x960 180x960

Steel part B
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Joint 2

Steel part B
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— |
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|
|
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|
|
|
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|
|

140x480 140x640 140x760

e

Figure5.1: Ratiofastener type- steel part B
The f ol | owi ng obser vat i ons can be made f romt he graph t hat i s shown i B.fli gure

Joint 1

1. The contri buti on of dowel s is hi gher conparedto bolts for both nenber categories andall con-
struct ed cases.
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2. Thereis no significant difference between the contribution of dowel s and bolts for the different
constructed cases. Ingeneral, thedifferenceis approxi mately four for both menber cat egori es.
Joint 2
1. Asimlar patternis observed betweenthe contributionof dowel s andbolts conparedtojoint 1.

2. I ncase of t he LHB- nenber (220x520), the differencesincontribution between dowel s andbolts
istw ceas|argeconparedtotheremaini ng construct ed cases.

Rati o Fast ener Type - Steel Part A
[ Steel part A
.’ r-—-——~>—"—"—"——————— T - - —-—= T - = bl
3: P-LHB- A | | | |
- £l | | | |
= | 240x840 | 240x800 | 240x840 |
= | | | |
S \ | | \
Steel part A | | | |
a—y
Y ! ! \
i \ | | \
— } 180x960 : 160x960 : 180x960 "
| | | |
Steel part A ‘ | | ’
/a S-LHB- A } : : }
s\ ] | | | |
o~ | 240x400 | 220x520 | 240x600 |
[
= | | | |
(@]
- | | | |
Steel part A ‘ | | ‘
Elﬂ SLoA-A | | | |
1 | | | |
L | 140x480 | 140x640 | 140x760 |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
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| | | |
| | | |
| | | |
Lag screw| | | |
Bolt | | | |
| | | |
| | | |
| | | |
| | | |
L 4l 4l _ J

Figureb5.2: Ratiofastener type- steel part A

The f ol | owi ng observati ons can be made fromt he graphthat i s shown i®.f2 gure

Joint 1
1. Bolts strongly dom nat e | ag screws f or bot h nenber cat egori es and al | construct ed cases.
2. The nunber of uni que configurations that consist of | ag screws slightly increases withthe en-
| ar gerrent of t he secondary beamspans.
Joint 2

1. The nunber of configurations that containlagscrewsis significantly higher conparedtojoint 1
f or bot h nenber cat egori es and al | construct ed cases.

2. Theratio between | ag screws and bolts is constantly distributedover all constructed cases for
bot h beans, except for t he LHB- nenber (240x600) .
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Rati o D anet er Fastener - Steel Part B
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Figureb5.3: Ratiodianeter fastener - steel part B

The f ol | owi ng obser vati ons can be made fromt he graphthat i s shown iB.f3 gure

Joint 1

1. Ingeneral, thedianmeters 8, 12, and 16 mmslightly dom nate the | arger dianmeters (20, 24) fo
bot h menber categoriesinall constructedcases.

2. Span 2. 5 mshows a reducti oninthe nunber of uni que configurations that consi st of dianeters
20 and 24 mmf or t he LCA- nenber.
Joint 2

1. Thel ar ger di anet ers 16, 20, 24 nmat t he LHB- nenber s are si gni fi cant |y mor e pr esent conpar ed
tothe LCA-nenbers for al| constructed cases.

2. The fastener dianeters inthe LCA-nenbers are all constantly distributed over all construct
cases.
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Rati o D aneter Fastener - Steel Part A

[ Steel part /
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Figureb5.4: Ratiodianeter fastener - steel part A

The f ol | owi ng obser vati ons can be made fromt he graphthat i s shown iB.f gure

Joint 1

1. I nbot h menber cat egories and al | construct ed cases, the nunber of configurationsthat contain
dianeter 20and24islimtedtoone.

2. Therearenoconfigurationsavail abl et hat cont ai ndi anet er 12 nmf or t he LHB- nenber (240x840) .

Joint 2

1. Theratiobetweenal | exan ned di aneters of all constructedcasesisequallydistributedfor each
nmenber cat egory.

2. The nunber of configurationsthat containdianeter 24is zerofor the LCA- nenbers.
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Rat i o Nunber of Col unms i n Fastener G oup - Steel Part B
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Fi gure5.5: Rationunber of col umsinfastener group- steel part B

The f ol | owi ng obser vati ons can be made fromt he graphthat i s showni®.fa gure

Joint 1

1. The two col ums i nthe fastener group slightly dom nate one col uminthefastener group of all
LHB- nenber s.

2. The nunber of colums inthe fastener groupis approxi mately equal ly distributed for all LC
nmenber s.
Joint 2

1. Thetwo col ums inthe fastener groupslightly doni natetheonecoluminthefastener group of
al | LHB-nenbers.

2. The nunber of colums inthe fastener groupis approximately equally distributed for all LC
nenber s except for nmenber 240x600, whereinthe two col ums inthe fastener group slightly
doni nat e.
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Rat i o Nunber of Col unms i n Fastener G oup - Steel Part A
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Fi gure5.6: Rationunber of col umsinfastener group- steel part A

The f ol | owi ng obser vati ons can be made fromt he graphthat i s shown ib.fad gure

Joint 1

1. Both nenber categoriesinall threeconstructedcasesillustratethat the nunber of uni que con-
figurationsthat contai nfour columsinthefastener groupis constantly equal totwo.

2. The nunber of uni que configurations that contain 2 colums in the fastener group decreases
when t he di st ance bet ween t he secondar y beans decr eases.
Joint 2

1. Therati o betweentwo col ums and four colums inthe fastener groupis equallydistributedfor
t he LCA- menber s except for t he construct ed casew thadi stance bet weent he secondary beans
of 3.75m

2. Theratio between two col ums and four col ums inthe fastener groupisequallydistributedfor
t he menber s sel ected ontheir | owest cross-sectional area.
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Rati o Nunber of Slotted-inSteel Plates - Steel Part B
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Figureb5.7: Rationunber of slotted-insteel plate(s) - steel part B

The f ol | owi ng obser vati ons can be made fromt he graph that i s shown i B.fd gure

Joint 1

1. Thesingleslotted-insteel plateslightly domnates the double slotted-insteel plateinth
menbers for al | construct ed cases.

2. Conparedtothe LHB-nenbers, thesingleslotted-insteel plate strongly dom nates the doubl e
slotted-insteel plateinthe LCA-menbers for all constructed cases.
Joint 2

1. The nunber of slotted-insteel platesisequallydistributedfor all constructed cases of the
nmenber s except for the 1. 25 mdi st ances.

2. Thesingleslotted-insteel plate strongly donm natesthe doubleslotted-insteel plateinthe
menbers for al | construct ed cases.

3. Theslotted-insteel platesareconstantly distributedintheLCA nenber except for the 3. 75 ¢
t ances.
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5. 2. 2Gx aph 1b: Nunber of Uni que Confi gurati ons

@ aph 5. 8provi des an over vi ewof thetotal nunber of uni que confi gurati ons for each construct ed case
i ncl udi ng t he cor r espondi ng menber s.

Maximum investigated configurations steel part B

Maximum investigated con-
figurations steel part A

IR 4 5 8 @ 8 [ )

140x480 240x400 180x960 240x840

140x640 220x520 160x960 240x800

140x760 (6] 240x600 E/de@ (9 180x960 240x840
Joint 2

Fi gure 5. 8: Overvi ewnunber of uni que configurations for each constructed case - anal ysis 1

The f ol | owi ng observati ons can be nade fromt he graphthat i s shown i®.fd gure

1.

The di ff erent di stances bet weent he secondary beans have noi nf | uence ont he nunber of uni que
configurationsfor steel part Afor both menber categoriesinjoint 2.

. The LHB- menber s generat e sl i ghtly rmore uni que configurations for steel part Athanthe LCA-

nenbersinjoint 2.

. The di fferent di stances between t he secondary beans have | ess ef f ect on t he nunber of con-

figurations for steel part Binjoint 2. Asmall dropis visiblefor the LCA-menber at the 3. 75 m
di stance. Moreover, for the LHB-nenber, adropstarts from2. 50 mandi s fol | owed by an equal
nunber of uni que configurations at 3.75m

. The nunber of uni que configurations for steel part Bis significantly higher for the LHB- menber

conparedtothe LCA-menber i njoint 2.

. The nunber of uni que configurationsfor steel part BintheLHB- nenber i njoi nt 2al nost reaches

t he maxi numnunber of i nvesti gat ed confi gurati ons.

The nunber of uni que confi gurations for steel part Afor bot hnenber categoriesinjoint 1slowy
i ncreases wi t ht he expansi on of t he di st ances bet ween t he secondary beans.

. Asignificant drop (A) is visibleinthe nunber of configurations for steel part Ainjoint 1at th

di stance 2. 50 m
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8. The nunber of uni que configurations for steel part Binthe LHB menber i s hi gher conparedto
the LCA-nenber injoint 1.

9. The nunber of configurationsfor steel part Binjoint 1issignificantly higher thanthe nunb
confi gurati ons generat ed by steel part A

5.2. 3G aphs 1c: Steel Mass Rati o Uni que Confi gurati ons

& aphs 5. 9and 5. 10pr ovi de an over vi ewof the steel mass rati o between al |l uni que confi gurati ons of
steel part Aand Bappliedtothetwo menber categories for each constructed case. These graphs
present the steel mass of the | owest and hi ghest configurati ons. Mreover, they showt he aver age
steel mass of all unique configurations. Finally, the graphsillustrate the trend of the averag
mass appliedtotheprinary and secondary beans over al | construct ed cases.

Mass Rati o Steel Part A

-——- Primary beam —-— Secondary beam

7.50x7.50 - 1.25 7.50x7.50 - 2.50 7.50x7.50 - 3.75

7500 7500 7500

J 1250 2500

1 3750
7500 750! 7501

l

Figure5.9: Massratiosteel part Aof each constructed case- anal ysis 1
The f ol | owi ng obser vati ons can be made fromt he graph, that i s shown i5n @i gure

1. In general, the difference between the m ni rumand maxi nrumsteel mass is significant. For
i nstance, for the constructed case withadistance betweenthe secondary beans of 1. 25 m the
di fference bet weenthe confi gurationswiththe highest nass and | owest nass for steel plate Aa
t he pri mary beami s appr oxi nat el y 38 kg.

2. The average st eel nass inthe primary beamreduces |inearly as the di stance between t he sec-
ondary beans i ncr eases.
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3. Interns of average nass inthe prinmary beam the LHB- nenber domi nates inthe constructed
casew thadistanceof 1.25m Thi s doni nance r educes as t he di st ance bet ween t he secondary
beans i ncreases. Atiltingpoint isvisiblefor theconstructedcasew thadistanceof 3.75m

4. The aver age steel nass inthe secondary beami ncreases | i nearly as t he di st ance bet ween t he
secondary beans i ncr eases.

5. The average steel nass i nthe secondary beami s approxi nately equal for both nenber cat -
egories inthe constructed case with a distance of 1.25 m Wen the di stance bet ween t he
secondary beans i ncreases further, the LCA-menber becores dom nant and the differencein
aver age st eel mass between t he two nenbers starts togrow

6. The aver age st eel mass of t he pri mary and secondar y beamst art st o conver ge whent he di st ance
bet ween t he secondar y beans i ncr eases.

As di scussed i n secti®nl the amount of steel appliedinthe connectionhas an effect onthe costs
and envi ronmental footprint of the structure. Inorder to add nore valtedt o alemhiof fers
an overvi ewof the configurationsthat containthel owest steel nass.

Confi gurati gnFast ener type Di ameter | Rows i n FG | Col ums i n FG | Lengt h screw[ mmj
1-A Lag screw 8 6 2 80
2-A Lag screw 8 6 2 100
3-A Lag screw 8 17 4 240
4- A Lag screw 8 19 4 220
5-A Lag screw 8 12 2 70
6-A Lag screw 8 11 2 110
7-A Lag screw 8 12 4 220
8-A Lag screw 8 13 4 240
9-A Lag screw 8 17 2 80
10-A Lag screw 8 16 2 110
11- Lag screw 12 9 2 280
12-A Lag screw 12 9 2 300

Tabl e 5. 1: Overvi ewof the configurations of steel part Awiththel owest steel nmassinkg// FG=fastener group

Tabl €5. lil lustratesthat thel agscrewsinconbi nati onwi ththesnal | er di anet ers 8 and 12 nmgener at e
the | owest configurations of steel part A This appliestobothtothe secondary beamas well as the
pri mary beam
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Mass Rati o Steel Part B

7.50x7.50 - 1.25
7500

} 1250

7.50x7.50 - 2.50
7500

-——=- Primary beam —-— Secondary beam

7.50x7.50 - 3.75
7500

-117 -12'

2500

7501

1

3750

l

Figureb5.10: Massratiosteel part Bof each constructed case - anal ysis 1

The f ol | owi ng obser vat i ons can be nmade fromt he graph t hat i s shown i 5. fliGgur e

1. Smlar tosteel part A thedifference betweenthe nini numand maxi numsteel massis signifi-

cant.

2. The average steel mass inthe prinmary beamreduces | i nearly as t he di stance bet ween t he sec-
ondary beans i ncr eases.

3. Inall constructed cases, the average steel nass of the pri mary beami s approxi nat el y equal fo

steel part Bfor both menber categori es.

4. The aver age steel mass i nthe secondary beami ncreases | i nearly as t he di st ance bet ween t he

secondary beans i ncr eases.

5. The LHB- menber s of t he secondary beamdoni nat et he LCA- nenber si nterns of aver age st eel

nass.

6. The aver age st eel mass of t he pri nmary and secondar y beamst art st o conver ge whent he di st ance

bet ween t he secondar y beans i ncr eases.
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Tabel 5. 2i |  ustrat es an overvi ewof the configurationsthat containthel owest steel nass.

Confi gurati gnFast ener type Diameter | Rows in FG | Colums in FG | Slotted-i nsteel pl ate(s)
1-B Dowvel 8 9 1 1
2-B Dowvel 8 9 1 1
3-B Dowvel 8 30 1 1
4-B Dowvel 8 32 1 1
5-B Dowvel 8 15 1 1
6-B Dowvel 8 15 1 1
7-B Dovel 8 25 1 1
8-B Dowvel 8 25 1 1
9-B Dowvel 8 22 1 1
10-B Dowel 8 21 1 1
11- Dowel 8 18 1 1
12-B Dovel 8 19 1 1

Tabl e 5. 2: Overvi ewof the configurations of steel part Bwiththel owest steel nmassinkg// FG=fastener group

Tabl e5. 2i I ustrates t hat t he dowel wi thadi anet er of 8 mmi nconbi nati onwithasingleslotted-insteel
pl at e generat es t he | owest configurations for steel part B. This appliestothe secondary beamas wel |
as t he pri mary beam
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5.3.Analysis 2: Dfferent GidSi zes Col ums

The observations that are | inkedto the foll ow ng graphs represent the outcone of anal ysis 2. Tr
anal ysi s focuses onthedifferent gridsizes of thecol ums.

5. 3. 1G aphs 2a: Correspondi ng Par anet ers
The f ol | owi ng gr aphs present therati obetweenthe sub-paranetersthat construct thedifferent | ate
| oaded dowel -t ype confi gurati ons.

Rat i o Fast ener Type - Steel Part B

Steel part 8 - - - T - - = T - T = T - T T = T T = -
| 9= | | | | | |
-

}= ! | | | | !
o \ 220x280 [ 240x440 [ 220x640 [ 240x840 [ 240x1040 |
i | | | | | |
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o= | | | | | |
| | | | | |
L | | | | | |
} 140x360 : 140x600 : 140x800 : 180x960 : 180x1200 }
| | | | | |

Steel part B | | | | | |
| BED \ | [ [ [ \
= | | | | | |
o ‘ 220x200 | 200x280 | 180x360 | 240x400 | 220x480 ‘
-

| | | | | |
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B3= \ | [ [ [ \
| ! | | | | !
| | | | | |

\ 140x240 | 140x320 | 140x400 | 140x480 | 140x560 \

| | | | | |

| | | | | |

| | | | | |

| | | | | |

| | | | | |

| | | | | |

| | | | | |

| | | | | |

| | | | | |

Dowel | | | | | |

Lag screw| | | | | |

Bolt [ [ [ [ \

| | | | | |

| | | | | |

| | | | | |

- N N N N —

Figureb5.11: Ratiofastener type- steel part B

The f ol | owi ng obser vati ons can be nade fromt he graph t hat i s shown i B.flilgur e

Joint 1

1. Ingeneral, the dowel s dom natethe bol ts for both nenber categoriesinall constructedcases.

2. Thedifferenceinthedistributionbetweenboltsanddowel sslightlyincreasesforthelLHB menbe
withtheenl argenment of thegridsizes.

3. Aconstant distributionbetweenbolts anddowel sisvisiblefor the LCA-nenbers for construct e
cases 3. 75, 5.00, and 6. 25. For constructedcases 7.50 and 8. 75, the di stri buti on bet ween bol t
and dowel s changes.
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Joint 2
1. The dowel s becone donmi nant i nthe LHB-nenbers after grid3. 75 m

2. The dowel s dom natetheboltsinthe LCA-nenbers for al | construct ed cases.

Rati o Fast ener Type - Steel Part A

o | T - - - = - = T T - = T - T T = -
| | | | | |
| | | | | |

Steel part £
.’ | | | | |
,: P | | | | |
— s [) | | | | |
= \ | | | | I
S \ 220x280 | 240x440 | 220x640 | 240x840 | 240x1040 |
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T ! ! ! ! |
2l \ | | | |
| | [ [ [ | r
* } 140x360 : 140x600 : 140x800 : 180x960 : 180x1200 }
Steel part A \ | | | | ’
7 | | | | |
o i \ | | | | I
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\ | | | | \
| | | | | |
| | | | | |
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\ | | | | \
\ | | | | \
Dowel | | | | | |
Lag screw| | | | | |
Bolt | | | | | I

- N S N N —

Figureb5.12: Ratiofastener type- steel part A

The f ol | owi ng observat i ons can be made fromt he graph t hat i s shown i B.flizgur e

Joint 1

1. The bol ts dom nate t he |l ag screws whenincreasingthe gri dsizes. Especiallyfor the LHB-beam
thelagscrewsarealreadylinitedat thesmaller gridsizes.

2. No configurationthat contains |ag screws is avail abl e in both menber categories for grid size
8.75m
Joint 2

1. Thebolts dom natethel ag screws i n bot h menber categoriesfor all constructed cases.

2. The nunber of configurations that consi st of | ag screws and bolts i s constant for bot h nenber
categoriesfor all gridsizes.
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Rati o D anet er Fastener - Steel Part B

Steel part B - - - - N - T - - - = T - - - =
@]
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Figureb5.13: Rati oD aneter Fastener - Steel part B

The f ol | owi ng obser vat i ons can be made fromt he graph t hat i s shown i B.fli3gur e

Joint 1

1. Thedianeters20and24 nmarelimtedat gridsize 3. 75mconparedtothel arger gridsizesfor
t he LHB- nenber s.

2. The contributions of thedianeters 12, 16, and 20 nmbecone | arger for the grid si zes 7. 50 and
8.75m
Joint 2

1. @idsize3.75millustrates configurationsthat donot i ncludethe di aneter 20 and 24 mmf or t |
LHB- menber (220x200). Moreover, t he LCA- menber does not contai nthe di anet er 24 nm

2. The contri bution of the di ameters 16, 20, and 24 mmi nt he LHB-menbers i s significantly | arger
conpar ed t o t he LCA- menber s.
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Rati o D aneter Fastener - Steel Part A
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Figure5.14: RatioDi aneter Fastener - Steel part A

The f ol | owi ng obser vati ons can be made fromt he graph t hat i s shown i b.flidgur e

Joint 1

1. Thecontributionof 8 Mminthe LHB-menbersistwotimnes|arger thantheremnaini ngdi aneters
for al | constructed cases except for gridsize8.75m

2. The configurations of grid size 7.50 mand 8. 75 mdo not contai n the diameter 12 mmin t he
LHB- nenber s.

3. The dianmeters 24, 20, and 16 slightly reduceinthe LCA-nenbers wi th the enl argenent of the
gridsizes.

4. The configurations of gridsize8.75mdonot containthedi aneter 12 nmi nt he LHB- nenber s.

Joint 2

1. The di aneters are constant |y di stributed for both menber categories for all constructed cases.
No configurationis avail abl ethat contai nsthe di aneter of 24 mmi nt he LCA- menbers.
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Rat i o Nunber of Col unms i n Fastener G oup - Steel Part B
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Fi gure5.15: Rati o Nunber of col umsinfastener group- steel part B

The f ol | owi ng obser vat i ons can be made fromt he graph t hat i s shown i B.flisgur e

Joint 1

1. The two col ums st rongl y dom nat e t he one col umi nt he f ast ener group of t he LHB- menber f or
gridsize3.75m This donm nance reduces wi ththe enl argerent of the grid si zes.

2. Ingeneral, thedistributionbetweenone col umandtwo col umsi s equal i ntheLCA- menber for
al | constructed cases.
Joint 2

1. Ingeneral, theratio between one col umm and two col ums inthe fastener groupis equally dis-
tributedinthe LHB-rmenber for all constructed cases, except for gridsizes 3.75mand5.00m
I nthesetwo cases, thetwo col ums inthefastener groupdictate.

2. The distribution of one col umm and two colums in the fastener group is equal in the LCA
nenbers except for gridsize3.75m Inthisgridsize, thetwo colums doninate.
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Rat i o Nunber of Col unms i n Fastener G oup - Steel Part A
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Fi gure 5.16: Rati o Nunber of col ums infastener group- steel part A

The f ol | owi ng obser vati ons can be made fromt he graph t hat i s shown i B.fliGgur e

Joint 1

1. The two col ums doni nat e t he four col ums i nthe fastener group for the LHB-nmenbers. This
dom nance slightly reduces withtheenlargenent of the gridsizes.

2. The pattern observed for the LCA-nmenbersissimlar tothe LHB-nmenbers, al t hough t he domi -
nance of the four col ums inthefastener groupis higher.

Joint 2

1. Ingeneral, theratio between one col unmm and two col ums inthe fastener groupis equally dis-
tributedinthe LHB-nenber for all constructed cases.

2. Asimlar patternis observedfor the LCA-nmenbersinall constructed cases.
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Rati o Nunber of Slotted-inSteel Plate- Steel Part B

Steel - - = T T T = T - T - = T - T - = T - T - = -

e’ | | | | | |

~| =] | | [ [ [ |
=

= \ | | | | \

o | 220x280 | 240x440 | 220x640 | 240x840 | 240x1040 |

= \ | [ | [ \

Steet part 5 \ | [ [ [ \

A= \ | | | | \

\ | [ | [ \

L \ | [ | [ \

} 140x360 : 140x600 : 140x800 : 180x960 : 180x1200 }

\ | [ | [ \

Steel part B | | | | | |

| BFET \ | | | [ |

= \ | [ | [ \

= \ | [ | [ \

S ‘ 220x200 | 200x280 i 180x360 | 240x400 | 220x480 |

| | | | | |

Steelpart s \ | [ | [ \

BE=T | | | | | |

| | | | | |

- \ | [ | [ \

\ 140x240 | 140x320 [ 140x400 | 140x480 | 140x560 |

| | | | | |

| | | | | |

\ | [ | [ \

\ | [ | [ \

| | | | | b

\ | [ | [ \

\ | [ | [ \

| | | | | |

| | | | | |

1plate | | [ | [ \

2 plates | | | | | |

| | | | | |

\ | [ | [ \

\ | [ | [ \

| | | | | |

- N, L L - - 1

Figureb5.17: Rati o Nunber of slotted-insteel plate(s) - steel part B

The f ol | owi ng observat i ons can be nmade fromt he graph t hat i s sBoWYi n

Joint 1

1. Ingeneral, thesingleslotted-insteel plateslightlydom natesthe doubl e-slotted-in steel
thegridsizes 3. 75 mand 5. 00 m The opposite occurs for thegridsizes6.35muntil 7.50 mfor
t he LHB- nenber s.

2. Thesingleslotted-insteel platestrongly donm natesthe doubleslotted-insteel plateinthe
menber for all construct ed cases.
Joint 2

1. Asinmlar patternasthe patternobservedfor joint 1is seenfor the LHB-nenbers, al thoughth
di stribution betweenthe singl eanddoubleslotted-insteel plateisequal.

2. Asinmlar patternas the pattern observed for joint 1is seeninthe LCA-nenbers, althoughth
dom nanceof thesingleslotted-insteel plateislarger forthegridsizes7.5mand8. 75 mconpar
tojoint 1.
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5. 3. 2Gr aph 2b: Nunber of Uni que Confi gurati ons

QG aph 5. 18i | l ustrat es an overvi ewof the total nunber of uni que configurations for each constructed
case.

Maximum investigated configurations steel part B

Maximum investigated con-
figurations steel part A

Ll2st4rs]  [ar2reltalis]  [eL7relload  [ell7relo)fad  [19(13[13[14[1§  [1d[1d[13[14[1§  [16[17[18[1d[2d  [16[17[1d[19[2q

140x240 220x200 140x360 220x280
140x320 200x280 140x600 240x440
140x400 180x360 140x800 220x640
140x480 [9] 240x400 B 180x960 240x840
140x560 220x480 Jo | nt 2 180x1200 240x1040 Jo | nt1l

Fi gure 5. 18: Overvi ewnunber of uni que confi gurations for each constructed case - anal ysi s 2

The f ol | owi ng obser vati ons can be made fromt he graphthat i s shown ib.8 gure

1.

The different gridsizes havenoi nfl uence onthe nunber of uni que confi gurationsfor steel part A
for bot h nenber categoriesinjoint 2.

. The nunber of uni que configurationsfor steel part Binthe LCA-menber i slower for thegridsize

3. 75 mconparedtotherenai ninggridsizes.

. I'ngeneral, the nunber of unique configurations for steel part Binthe LHB-nenber injoint 2

increases as the gridsizesincrease. This growth shows two bi g steps, indicatedw thBandA
Moreover, asmall dropisvisibleat gridsize8.75m

. The nunber of uni que configurations for steel part Bis significantly higher for the LHB- menber

conparedtothe LCA-nenber i njoint 2.

The nunber of uni que configurations for steel part Binthe LHB-menber injoint 2 at grid size
7. 50 mal nost reaches t he maxi numnunber of i nvesti gat ed confi gurati ons.

The nunber of uni que configurations for steel part Ainthe LCA nmenber decreases linearlyin
joint 1withtheexpansi onof thegridsizes.

. Thefirst threegrid sizes generat e t he sane nunber of uni que configurations for steel part Ain

the LHB-nenber injoint 1. Thereafter, the nunber of uni que confi gurations slightlyreduces.
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8. In general, the nunber of uni que configurations for steel part Binthe LHB-nenber in joint
i ncreases whenthe gridsizesincreases aswell. This grow h shows one bi gstep, indicatedwt
B. Moreover, asnall dropisvisibleat gridsize8.75m

9. The nunber of configurations for steel part Binjoint 1is significantly higher thanthe nunb
confi gurations generat ed by steel part A

5. 3. 3G aphs 2c: Mass Rati o Uni que Confi gurati ons

@ aphs 5. 19and 5. 20pr ovi de an overvi ewof the steel nmass rati o between al |l uni que confi gurati ons
for steel part Aand Bappliedtothetwo menber categories for each construct ed case. These graphs
present thesteel massrati obetweenthel owest and hi ghest confi gurati on. Moreover, they showthett
average steel mass for all uni que configurations. Finally, thegraphsillustratethetrendof thea
steel nass appliedtotheprinmary and secondary beamacr oss al | construct ed cases.

Mass Rati o Steel Part A

-——- Primary beam —-— Secondary beam

3.75x3.75 - 1.25 5.0x5.0 - 1.25 6.25x6.25 - 1.25 7.50x7.50 - 1.25 8.75x8.75 - 1.25

@@@@@

Figureb5.19: Massratiosteel part Aof each constructed case - anal ysi s 2

The f ol | owi hg obser vat i ons can be made f romt he graph t hat i s shown i B.fli9ur e
1. Inthisanalysis, thedifference betweenthe m ni rumand maxi mumst eel nassis significant.

2. The average steel nmass inthe primary beamshows an exponential growth as the grid sizes
i ncr ease.

3. The LHB- nenber s of t he pri mary beamhave a hi gher average steel nmass for gridsizes 3.75m
until 6.25m For therenaininggridsizes, the LCA-nenbers have a hi gher aver age st eel nass.

4. The aver age st eel nassinthe secondary beami ncreases linearly asthegridsizesincrease.

5. Ingeneral, the average st eel mass of bot h menber cat egori es of t he secondary beami s equal .
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As di scussed i n secti®nl the amount of steel appliedinthe connectionhas an effect onthe costs
and envi ronment al footprint of thestructure. I norder to add nore valfuel§otgatdEh 3of f er s
an overvi ewof the configurationsthat containthel owest steel nass.

Confi gurati gnFast ener type Di ameter | Rows i n FG | Col ums i n FG | Lengt h screw[ m]j
1-A Lag screw 8 3 2 60

2-A Lag screw 8 3 2 90

3-A Lag screw 8 7 2 110

4- A Lag screw 8 3 4 110

5-A Lag screw 8 4 2 60

6- A Lag screw 8 4 2 90

7-A Lag screw 8 5 4 140

8-A Lag screw 8 6 4 140

9-A Lag screw 8 6 2 60

10-A Lag screw 8 5 2 90

11-A Lag screw 12 12 2 220

12-A Lag screw 8 11 4 180

13-A Lag screw 8 6 2 80

14- A Lag screw 8 6 2 100

15-A Lag screw 8 17 4 240

16- A Lag screw 8 19 4 220

17-A Lag screw 8 7 2 80

18-A Lag screw 8 7 2 100

19-A Bol t 8 20 4 Ful | penetration
20-A Bol t 8 21 4 Ful | penetration

Tabl e 5. 3: Overvi ewof the configurations of steel part Awiththel owest steel nassinkg// FG=fastener group

Tabl e5. 3illustrates that | ag screws i nconbi nati onwi ththe snal | er di amet ers 8 nmand 12 nmgen-
eratetheconfigurationsw ththel owest steel mass, except for the configurationgeneratedingridsize
8.75m
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Mass Rati o Steel Part B

-——- Primary beam —-— Secondary beam

3.75x3.75 - 1.25 5.0x5.0 - 1.25 6.25x6.25 - 1.25 7.50x7.50 - 1.25 8.75x8.75 - 1.25

0 [

o0 Tise o
L3150, T

; i y e A |~

Figure5.20: Massratiosteel part Bof each constructed case - anal ysi s 2

The fol | owi ng obser vati ons can be nmade fromt he graph t hat i s shown i B.fli%ur e

1. Sinilar tosteel part A thedifference betweenthe m ni mumand maxi numst eel mass i s signifi-
cant.

2. The aver age steel nassinthe prinmary beamshows alight exponential growhasthe gridsizes
i ncr ease.

3. Ingeneral, the LHB- nenber s of t he pri nary beamhave a hi gher average steel massasthegrid
si zesincrease. Thedifferenceinnass gradual | y decreases for thelarger gridsizes.

4. The aver age steel nassinthe secondary beans i ncreases linearlyasthegridsizesincrease.

5. Ingeneral, the LHB- nenber s of t he secondary beamhave al ar ger aver age st eel nassthanthe
LCA- menber s.
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Tabl e5. 4pr ovi des an over vi ewof the confi gurati ons that containthel owest steel mass.

ConfiguratignFastener type Dianeter | RowsinFG | ColumsinFG | S otted-insteel plate(s)
1-B Dowvel 12 5 1 1
2-B Dowel 12 4 1 1
3-B Dowel 8 11 1 1
4-B Dowel 12 6 1 1
5-B Dowel 8 7 1 1
6-B Dowel 12 4 1 1
7-B Dowel 8 16 1 1
8-B Dowel 12 9 1 1
9-B Dowel 8 8 1 1
10-B Dowel 8 8 1 1
11-B Dowvel 8 24 1 1
12-B Dowel 8 23 1 1
13-B Dowel 8 9 1 1
14-B Dowel 8 9 1 1
15-B Dowel 8 30 1 1
16-B Dowel 8 32 1 1
17-B Dowel 8 10 1 1
18-B Dowvel 8 9 1 1
19-B Dowel 8 40 1 1
20- A Dowel 12 21 1 1

Tabl e 5. 4: Overvi ewof the configurations of steel part Bwiththel owest steel nassinkg// FG=fastener group

Tabl e5. 4illustrates that dowel s i n conbi nation w ththe snaller diameters 8 mmand 12 nmand a
singleslotted-insteel plategeneratestheconfigurationsw ththel owest steel mass. Thisappliestoth
secondary beamas wel | as t he pri mary beam

5.4.D scussi on

Inthis section, the results and observations present ed bnZau i5or3ar e di scussed. The

di scussionis constructedas follows. First, the observationsregardingtheinfluenceof different frar
structure designs on steel part Aand Bare di scussed. Second, the observations regardi ngthetotal
nunber of uni que configurationsfor all different frame desi gns are di scussed. Lastly, the observations
regardi ng t he m ni mum maxi num and aver age nass of steel parts Aand Bfor al| construct ed cases

ar e di scussed.

5. 4. 1Cor r espondi ng par amet er s

The paranetersoutlinedinsecBi dandhave det erm nedthe confi gurationsfor steel part Aand B. The

i nfl uences of thedifferent frame desi gns on each paranet er studi edinanal ysis1land?2are di scussed
bel ow

Fast ener type

Anal ysis 1

Thel argest di fferenceintherati obetwendowel sandboltsinsteel part BoccursintheLCA nenbers.
According to the correspondi ng fail ure nechani sns, the larger bolts (16, 20 and 24 nm) fail dueto

fail ure nmechani smFand |, which correspondw ththesingleslotted-insteel plate anddoubl e sl otted-
insteel plate. These two fail ure mechani sns descri be the fail ure node of the enbednent strength

of thetinber nenber. Ingeneral, thistypeof failure canbe seenasabrittlefailure, whichreduces
the ductilecapacity of thejoint. Inthisresearchproject, thebrittlefail ure nechani sns are excl ude
as di scussed insectidirb Accordingtothe equati Bn6and E. 13t he fai | ure nmechani smF and |

ar e det er nmi ned by t he nenber wi dt h and t he di anet er of the fastener. Sincethethe LCA nenbers

has a snal | er wi dt h conparedto the LHB-menbers, the LCA-menber i n conbi nationwiththelarger
dianetersw |l reached faster the’brittle’ nechanism Mreover, duetothe additional rope effect, the
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bol t s can gener at e an addi ti onal capacity conparedtodowel s. Thi sadditional capacityonlycontrib
tothe’ductil e’ fail urenechani sns, theoneswhichfail basedontheyi el di ngof thefasteners, accc
t o (NEN-EN- 1995- 1-12004). Thisneansthat the’ brittle’ fail ure nechani smi s reachedfaster for bol
t han for t he dowel s

Inorder toexplaintheratiobetween|ag screws and boltsinsteel part Afor joint 1and 2, fi
5.2lillustrates theload distributionof thethree constructed cases. Correspondingtothisfigl
nmaxi mumnonent s and shear forces i nthe prinary and secondary beamar e shown i ntabbe
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Figure5.21: Load di stributionsecondary and pri mary beam

Secondary beam Pri mary beam
D st ance bet ween secondary beans [ nj [ KN [KN] [ KN [ KN
1.25 76 41 454 203
2.50 149 79 404 163
3.75 222 119 452 123

Tabl e 5. 5: Maxi numnonent s and shear forcesin prinary and secondary beamanal ysi s 1

Thefigureandtableillustratethat theprimary beamw ththe snal | est di stance betweent he second:e
beans t ransf ers t he hi ghest shear forces, andthe secondary beamwi t hthel argest di stance between
t he secondary beans transfers t he hi ghest shear forces. This observationisreflectedinthe r:
bet ween bol t s and | ag screws, illustratedih @i gure

The fol | owi ng concl usi ons can be nade. First, theratiobetween|agscrews andboltsinsteel pa
A denonstrates a cl ear dom nance of boltsinjoint 1, wherein the hi ghest | oads occur. | nportant
mentionisthat thisresult isslightly biased, sincethedianeter of lagscrewsislinitedto16 m
bol t s contai nthe addi ti onal di ameters of 20 mmand 24 mm Nevert hel ess, the data shows that t he
| oadi ng capacity of boltsishigher conparedtol agscrews. Thenainreasonfor thiscapacitydiffere
i stheadditional capacity duetotheropeeffect, i nwhichthe withdrawal capacity of thelag scre
limtedduetotheavail abl e penetrationl ength of t he correspondi ng nenber.

Second, figur® 2denonstrates that all possi bl e confi gurationsthat containlag screws are avai
abl e for all constructed cases except for the LHB-nenber i nthe construed case withthelargest di-
t ance bet weent he secondary beans (3. 75n). Fromthetabl eandt hefi gure canbe concl udedthat this
secondary beamt r ansf er s t he hi ghest shear force, whichresultsinareductionof onefor the nunbe
of possi bl e configurations (lag screw- MB- 2 colum infastener group). Fimailly,uét gates
that al | possibl e configurationsthat containbolts are avail abl e except for the LCA-menbersinjc
Simlartosteel part B, thelarger diameter (inthiscasethediameter 24nmm) reachedthe’ brittle’
mechani smJ f or t he menbers wi th snal | wi dt hs.

Anal ysi s 2

The pattern observedintherati o between dowel s and bolts in steel part Bin anal ysis 2 can be ex:
pl ai ned by the reasoni ng that is outlined above. Mreover, the enlargenent of the grid sizes of t
colums results inareduction of possibleconfigurationsthat containlagscrews. For grid size
m there are no possi bl e configurati ons contai ningl agscrews. Inthe caseof joint 2, the same patt
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i s observed. Thereductioninterns of the nunber of possi bl e confi gurati ons can be expl ai ned based
onthe’brittle failure nechani smJ bei ng reached, as di scussed before. Mreover, the di stance be-
tweenthe secondary beans i s constantly 1. 25m andthe di fference i n beaml engt h does not result in
areduction of the nunber of possi bl e configurations containinglagscrews.

D anet er f astener

Analysis 1

Thepatternthat occursat steel part Binthe LCA-menbersinjoint 1andj oi nt 2and canbe expl ai ned by
the'brittle’ failurenechani sns canal sobeobservedinthedistributionbetweenthedifferent fastener
di aneters. The dianeters 12, 16, 20, and 24 mmare | ess present inthe configurations of the LCA-
nenbers. Moreover, figubedillustratesthat the di aneter of 8 nmbecones nor e doni nant i n st eel

part Ainjoint 1. This pattern cannot be observedinjoint 2. This can be expl ai ned as fol |l ons. The
columwi dthis generally determ ned by t he pri mary beamwi t h a maxi mumt hi ckness of 240 nm as

di scussedinsectidrl. 4 Asaresult, thecolums prinarily haverectangul ar cross-secti ons, as seen

i nthe standardcross-sectionsofferedbythetinber suppliers. Dependi ngontheconstructedcase, the
dept hof thecol umvaries. Inordertolinit significant col umdepths, thenaxi mumwi dt hof thecol um
was ext ended f or t he const ruct ed cases t hat i ncl ude hi ghforcesinthe col bndi.| Taisite at es t he

cor respondi ng col umm si zes of each construct ed case.

Anal ysi s 1| Anal ysis 2

Const ruct ed case O oss-section col um [ nmj
3.75%x3.75- 1. 25 240x240

5. 00x5. 00 - 1. 25 240x320

6. 25x6. 25 - 1. 25 240x520
7.50x7.50- 1.25 280x640 | 280x640
7.50x7.50- 2.50, 280x640

7.50x7.50- 3.75 280x640

8. 75x8. 75 - 1. 25 320x720

Tabl e 5. 6: Oross-section col unn for each construct ed case

The gener at ed confi gurati ons of steel part Ainjoint 1denonstratethat nodiameter, except for 8 nm
fitsintoafour col umfastener group, duetothewi dthof t hecorrespondi ngcol um. | norder words, the
outer fastenersfall outsideof thecolum, asill ustrd.eli iESpgaral | y afour col um fast ener
groupinconbi nati onwi thadoubleslotted-insteel platecreates aw desteel part A The enl ar genent

of steel part Adoes not haveaninfluenceonjoint 2, sincethesteel part isfreetoexpand, asillustrat ec
infigure 22 Theseresults canbe observedintherati obetweenthedianeters, illustratedin graph

5.4
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Anal ysi s 2

Inanal ysis 2, thepatternthat occursat steel part Binthe LCA-nenbersinjoint 1andjoint 2- which
be explained by the ' brittle failure nechanisns - i s observedinthedistributionbetweenthedif
fastener di ameters. Moreover, fromgs.apBcan be concl udedthat t hel arger di anet ers 20 and 24
mmcannot fit intothe secondary LHB-nenbers at grid size 3. 75 m For the LCA-nenber, solely 24
mmdoes not fit. This can be expl ai ned by t he m ni mal di st ances bet ween t he f ast ener s and bet ween

t hefasteners andt he end of t he menber i nconbi nati onwi ththesmall menber hei ght. Additional ly, fc
t he LHB- menber, t he nunber of possi bl e confi gurations of the remaini ng di anet ers reduces as wel |,
except for dianeter 12 nm

Insteel part A the effect of thelimted colum wi dth has asimlar effect onjoint 1. Duet
| ar ge shear forces of the construct edcases 7. 50 mand 8. 75 m t he possi bl e confi gurati ons of t he LHB
nmenber s do not cont ai ndi anmeter 12 mm The possi bl e confi gurati ons of the remai ning di aneters are
limtedfor both menber categoriesduetothelimtedw dthof thecol um.

Theoptionsthat areillustratedi Bb.f23pernstrat e ways toi ncreaset he nunber of possi bl e
configurationsfor steel part Ainjoint 1. Thefirst optionisincreasingthecolum sw dthtoens
t hefour col unms | ayout of thefastener groupfits. Thesecondoptionistorel easet he hei ght of st eel
A whichisat the noment i mted by the height of the corresponding pri mary beam Wen enl ar gi ng
steel part Aupwards and/ or downwar ds, theintroduction of additional fastenersinthe col ums gro
isfeasible. Thethirdoptionistoslot inthesteel plate(s) inthe col unb.as8sbbos thaph
t he nunber of possi bl e configurationsissignificantly higher for steel part B. The enbednent stre
inthecolumis higher, sincethegraindirectionisparallel tothegrain, as di s@u8s@din secti o
However, the ef fective nunber of fastener)srieeds t o be consi dered for fasteners groups | oaded
parall el tothegrain.
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Fi gure5.23: ptionstoenlargethe nunber of possibl econfigurationsfor steel part A

Nunber of Col ums i n Fast ener G oup - Steel Part B

Anal ysis 1

The di stri buti on bet ween one col utm and two col ums i nt he fastener group i s approxi mately equal |y
distributed for bothjoints, asillustraté&d5nfgraph hi s observati on can be concl uded t hat

the di fferences i n di stance bet ween t he secondary beans has hardl y any i nfl uence on t he nunber of
colums inthe fastener group. Mreover, the sane patternis observedregardingthe’ brittle fai
nechani sns t hat occurs at steel part Binthe LCA-nenbersinjoint 1andjoint 2.
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Anal ysi s 2

The rati o bet ween one col umm and two col ums i nthe fastener group for steel part Binanalysis2is
significantly different conparedto anal ysis 1. Forh@caplbe concl uded that, for the LHB-

nenber, ingridsizes 3.75 mand 5. 00 msigni ficantly nore configurations are generatedthat contain
two col umsinthefastener group. The snal | er hei ght of t he nenber | i mtsthepossibleconfigurations
t hat i ncl ude one col umi nthe fastener group. For theremaininggridsizes, themenber ratiobetween
one col unm and two col utms i nthe fastener groupis equallydistributed, asill ustfatlédin graph

Thi s can be expl ai ned by conpari ng t he naxi mumshear for ces and nmorent forces i nthe beamand

assunmi ng the reacti on forces fromt he secondary beans on the pri nary beamas a di stri buted | oad,

si nce t he di st ance bet ween t he secondary beansis 1.25m Inorder tocal cul at ethe bendi ng norrent

and t he maxi numshear f or ce on a si npl e support ed beamon t wo supports, | oadedw thadistri buted

| oad, the equati®nlcan be appli ed.

NI

(5.1)

ool

Wher e:
shear force kN
bendi ng nonent  kNm
distributedl oad kN 'm
span m

The / ratio between noment and shear forceincreases linearly wththe enl argenment of the grid
si zes. Thi s means t hat t he maxi numnorent i ncr eases f ast er t han t he maxi mumshear f or ces when
enlargingthe gridsizes. Thesmaller gridsizes, suchas 3. 75 mand 5.50 m generaterel atively high
shear forces and a | owbendi ng nonent conpared to the renai ning gridsizes. Wth alowbendi ng
nonent, the hei ght of the desi gned cross-sectionisrelatively small, whereas the shear forceis still
rel ativelyhigh. Inthat case, the hei ght of thenenber i sinsufficient totransfer theshear forceover on
col umm group, and an addi ti onal col uminthefastener groupisrequired. Mreover, thiseffect canbe
observed as wel | betweenthe LHB- and LCA-nenber withinthe 3. 75 mgridsizeitself, asillustrated
i ngraplb. 15

The shear forcesarerelativelylowfor thegridsize3.75mconparedtothelarger gridsizes. Less
conpl ex connecti ons such as j oi st hangers or steel brackets are connections types that are suitabl e
for thisgridsize.

Nunber of Col ums i n Fastener G oup- Steel Part A

Anal ysis 1

Theinfluenceof thelimtedw dthof thecolumsinjoint 1isillusts.d ethi s graph denon-

strates that there are only two uni que confi gurations that contain four col ums inthe fastener group.
Conbi ni ng t hi s graph wi t h gr &2and graph5. 4 one can concl udet hat thel ag screwandbolt with

adi ameter of 8 Mmsat i sfy for all constructedcases. Additionally, thenunber of uni que configurations
of thetwo colums inthefastener groupincreases withtheenlargenent of the distance betweenthe
secondary beans. Thi s can be expl ai ned by the fact that the shear forces decreaseinthe prinary
beamwhen t he di st ance bet ween t he secondary beans i ncreases, as illustrated bnZramh

tabl &.1 Moreover, thew dth of steel part Ainjoint 2isnot Iinited, whichcan be observedin graph
5.6 The maxi mumnunber of configurationsis possible, except for the LHB-nenber injoint 2for the

| ar gest di st ance bet weent he secondary beans. Thi s beamneeds totransfer t he hi ghest shear f orces,
asillustratedintmteFinally, for all constructed cases, the LHB-menber generates for both col -

um cat egori es i nthe f astener group one confi gurati on norethanthe LCA-nenber does. Thi s can be
linkedtothelarger di ameter of 24 nmthat reachedthe ' brittle’ fail ure nechani smJ for the menbers
withsmal |l w dths.
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Anal ysi s 2

The concl usi ons nade r egar di ngt he observati ons for anal ysislapplytoanal ysis2aswell. Additiona
fromgraphb. 6i n conbi nati on wi th grdph2can be concl uded t hat t he onl y possi bl e confi gurati on
that contai ns four colums i nthefasteners group consi sts of bolts withadianeter of 8 nm

Nunber of Slotted-in Steel Pl ates

Anal ysis 1

The patterns found in graph7illustrate the effect of the "brittle’ failure nechanisns inthe L(
nenber s, as previ ousl y di scussed. Conbi ni ng gbaghi t h gr apl. 3and graph5. 1i | | ustrat es t hat

a menber thickness of 140 nmstarts to generate a’brittle’ failure nechani sminthe foll ow ng cor
bi nations. First, bolts w th adianeter of 16 nmand | arger, incl udi ng a doubl e-slotted in steel
Second, dowel swithadianeter of 20 nm i ncl udi ng adoubl eslotted-insteel plate. Third, bolts wi
di aneter of 24 mm includingasingleslotted-insteel plate.

Anal ysi s 2

The samre concl usi on can be made regardingthe " brittle’ fail ure nechani smfor LCA-menbers as t he
onethat i s nadeinanal ysis 1. Mreover, the doubl e slotted-insteel plateinthe LHB menber dom
inatesthesingleslotted-insteel plateinjoint 1at gridsize3.75mand5.00m As nmentionedir
par agr aph about the MVratio, the menbersinthesetwogridsizes haverelatively highshear force
and a | owbendi ng monment conparedtotheremaininggridsizes. Inorder totransfer the shear force,
t he paranet er ' col umsinthefastener group’ showsthat thenajorityof theconfigurationscontains
col ums i nthe fast ener group. Fromgradyi n conbi nati onwi t h gr &M 3can be concl uded t hat

t he remai ni ng configurations that contai none col um inthe fastener group need a doubl e sl ott ed-
steel platetotransfer the shear forces. The bolts and dowel s wi t h a di aneter of 12 mmare onl y abl
toconstruct aconfigurationwi thonecoluminthefastener groupandasingleslotted-insteel pla
gridsize3.75m Inthe caseof gridsize5.00m the 16 nmdi aneter bol ts and dowel s al so al | owf or
t hi s confi gurationtobe made.

5. 4. 2Nunber of Uni que Confi gurations Steel Part Aand B

The nunber of uni que configurations for steel part Aand Bhel ps onet o under st and whet her t he cr oss-
sectional sizes of the menber are dictated by thedimensi onal sizesof thelaterally | oaded dowel -t
connectionor thestrengthandstiffnessrequirements of the nenber itself.

Analysis 1

G aphb. 8l lustratesthenunber of uni que confi gurationsfor eachconstructedcaseof anal ysis1. Fr
t he graph can be concl udedthat t herei s al waysaconfigurati onavail ablethat fitsintothecorrespol
nmenber. However, thereis adifferenceinthe nunber of uni que configurations between the differer
steel partsfor joint 1andjoint 2.

Joint 1

Fromt he resul t s can be concl uded t hat t he nunber of uni que configurations for steel part Ais sign
icantly | ower than those for steel part B. The col umm wi dt h has a huge i npact therein, as di scusse
insectidh 4.1 Mreover, the nunber of uni que configurations increases as the di stance bet ween

t he secondary beans i ncr eases f or bot h nenber cat egori es. Thi s can be expl ai ned by t he | oad t r ans-
fer, whichisillustratedirbglaphinally, thereis adropinthenunber of configurations visible
indicatedwithletter ' A irbg8aphe snal | er wi dt h of thi s nenber resultsinless possibl e configu-
rationsduetothe’brittle’ failurenmechani smthat occursinthis menber, as di scussédli n section

Joint 2

Fromt he gr aph can be concl udedt hat t he di ff erencei ndi st ance bet ween t he secondar y beans has no

ef fect onsteel part Afor both menber categories. Only ageneral reductionis visible, whichiscau
bythe'brittle failuremechani sms. Moreover, thedifferenceindistance betweenthe secondary be:
has | ess of an ef f ect ont he nunber of uni que confi gurati ons of steel part Bf or bot h menber cat egori e
Asmal | reductioncanbeseenfor thehigher | oadednenbers. Finally, theeffect of "brittle failure
ani sns i s strongl y vi si bl e bet ween t he LCA- menber s and t he LHB- nenber s i n t he nunber of uni que
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confi gurations.

Anal ysi s 2

QG aph 5.18i Il ustrates t he nunber of uni que configurations for each constructed case of anal ysis 2.
Fromt hi s graph can be concl uded as wel | that thereis al ways aconfigurationavailablethat fitsintothe
cor respondi ng menber. However, thereisadifferenceinthenunber of uni que confi gurations between
thedifferent steel partsfor joint 1andjoint 2.

Joint 1

Fr omt he gr aph can be concl uded t hat t he nunber of possi bl econfigurationsfor steel part Ainthe LCA-
nenber reduces | inearlyasthegridsizesincrease. The conbi nationof alimtedcolumwi dthandthe

i ncrease of the shear forceinthe steel part | eads to areductionin nunber of uni que configurati ons,
as di scussed i n secti®mM. 1 The nunber of uni que configurations for steel part Ais higher for the
LCA- menber s t han t he LHB- menbers. Thi s can be expl ai ned by t he fact that t he LCA-nenbers are

hi gher, whichall ows onetoapply norefastenersinsteel part A Thedropthat i svisibleinthe nunber
of uni que configurationsfor steel part Binthe LCA-nenber, indicatedwiththeletter ' A, denonstrates
theeffect of the' brittle’ failuremechani sns, as di scuss&d4.rs#et inomber of uni que con-
figurationsfor steel part Binthe LHB- menber shows a drop betweenthe gri dsi ze of 3. 75 mand 5. 00

m indicatedwiththeletter ' B . Thi s canbe expl ai ned by t he ef f ect of aconpact menber i nconbi nati on
witharelatively highshear force, as di scussed ih dedti on

Joint 2

The di fferent grid sizes have no effect on the nunber of possible configurations for steel part Afor
bot h nenber cat egori es. Thi s can be expl ai ned by t he fact that t he di st ance bet ween t he secondary
beans i nt hi s anal ysi swas constantly 1.25m Onlythespandiffered, whichresultedinrel ativelysnall
di ff erences between t he shear forcesinthejoints. The nunber of uni que configurations for steel part
Binthe LCA-nenbers is equal for all constructed cases, except for gridsize 3.75m The effect of

a’' conpact menber’ withrelatively highshear forces canbe foundinthisresult. Thedrops (' A and
"B') that are visibleinthe nunber of configurations for steel part Binthe LHB-nenbers are caused
by t he ' conpact menber’ effect, as di scussedin sécti drand the i nfluence of the’ ' brittle failure
mechani sm

5.4.3Steel Mass Ratio Steel Part Aand B

Insectios 2. 3and 5. 3. 3thesteel massrati oof all uni que configurationsisanal ysedfor steel part A
and steel part Binbothanal ysisland2. Thegraphsillustratethesteel mass of thel owest and hi ghest
configurations. Moreover, t hey showt he aver age st eel mass of al | uni que confi gurati ons.

Fromgraph 5. 9and gr aph5. 10can be concl uded t hat t he aver age steel nmass of steel part Ais
hi gher conpared to steel part Bfor all construed cases, which neans that steel part Aneeds nore
steel inorder totransfer the sane shear forces. Mreover, the average steel mass startsto converge
for both steel parts as the di stance between t he secondary beans i ncreases. Thi s can be expl ai ned
by the | oad di stri bution, as di scussed i nSettl dfr omgr aph5. 19and gr aph5. 20can al so be
concl uded t hat t he average steel nmass of steel part Ais higher than steel part Bfor all constructed
cases, whichnmeans that steel part Bisanmoreefficient steel part interns naterial quantity.

Fr ombot h anal yses can be concl uded t hat t he di f f er ence bet ween t he | owest and hi ghest confi gu-
rationissignificant. That neans that t he sel ect ed confi gurationcanhavealargeinfluenceonthetotal
armount of steel appliedtothetinber structure. I norder toaddnoreval uetb.thegrdphs. 3
thel owest mass configurationsareillustratedinthg 6aBl®s2 5.4 Fronb. 1land 5. 3can be
concl uded that the configurationw th the | owest steel mass for steel part Ainall constructed cases
primarily consistsof | agscrews withadiameter of 8 nm Thi s can be expl ai ned by t he fact that, unlike
bol ts, | ag screws do not haveto penetratetheful |l wi dthof anenber i norder toactivate thefastener,
asillustratedinfPglbeEspeciallyindeepcolums, theuseof bolts|eadstosteel 'waste’, which
isneededinorder toapply the fastener i naproper way. Therefore, thelag screws arethemajority
fastener typeinsteel part Awhen anal ysingthel owest steel nass configurations. Insteel part B, the
nmajority of the fasteners are dowel s with a di ameter of 8 nmin conbinationwithasingleslotted-in
steel plate, asillustratedbnlGdickt abl &. 20 Thi s can be expl ai ned by referringtothenininal
di st ance bet ween t he f ast ener group and t he end of t he menber, as di scussed i n2sdctS Gue
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5. Resul t s and D scussi on

totheeccentricity noment, thefastenersclosetotheendof the menber are specifiedas | oaded end

Accordi ng to t abDe2 as shown i n Appendi XD, the di stance i ncreases with the enl argenent of the

di anet er.
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Figure5.24: Thedifferent end di stances bet weent he fast ener group and t he menber dependi ng on t he di anet er f ast ener

As anillustration, a8 mmdowel needs a m ni mal di stance between the fastener and the end of the
nmenber of 80 mrm Adowel wi t hadi anet er of 24 mmneeds ani ni mal di st ance of 168 mm Thi s means

that the slotted-in steel plate(s) is/areintegrated deeper intothe menber for the |l arger di amet
order tofulfill the mnimal distance, as illustrabeddi nSiingar ehe sl otted-in steel plateis

i ntegratedover thefull hei ght of t he nenber, the extensionof thesteel plate(s) intothe nenber h:
largeeffect onthetotal steel mass of steel part B. Therefore, the dowel swithasmnall diameter are
majority fastener typeinsteel part B, when exam ni ngthel owest steel nass.

Thi s secti on has shownt hat t he fastenersw thasnall er di aneter generatethe configurations wi
the | owest steel mass. nthe other hand, the nunber of fasteners appliedinthese configuratior
issignificantly highconparedtothe configurationsthat consist of |arger dianeters. Based on
per spectives, such as manufacturing and site assenbly, one can questi on whet her a confi gurati or
withalarge nunber of fastenersis efficient interns of producti onand assenbly tine. Mreover, f
conpl exity of the connectioninterns of tol erance between the pre-drilled hol es and t he fasten
duringthe assenbly canbe quitedifficult for connecti ons that consi st of al arge nunber of faster
Fr omt hose per specti ves, the choi cefor aconfigurationthat contains|essfasteners andfasteners
al arger di anet er can be i magi ned. | n ch&ptidrl be di scussed howt he use of the t ool can hel p one
toselect themost *efficient’ configurations basedoncertainpredefinedcriteria.



Concl usi ons and Reconnmendat i1 ons

6. 1.Concl usi ons

Theinportanceof jointsintinber structuresisstronglyenphasizedintheexistingliterature. Yet, pre\
ous researchthat specifically exanm nesthe questionof howinportant jointsintinber structuresreally
areislimted. The ai mof this project was to provide insight i ntowhether the cross-sectional sizes
of t he menber are di ctated by t he di mensi onal sizes of thelaterally | oaded dowel -type connecti on or

the strength and stiffness requi renents of the nenber itself. Theinsight gainedinthis study adds
know edgetothe existingliteraturethat gi ves a newperspective ontheinportance of jointsintinber
structures. Mreover, theresults of this study may hel p structural engi neers to make wel | - ar gued de-
cisionsindetermningthe cross-sectionof tinber menbersinafranestructurethat takeintoaccount
theeffect of jointsintheearlydesi gnphase. Especiallythetool that was constructedfor thisparametri
st udy may be hel pf ul for engi neers. Thefol | owi ngresearchquestionwas fornul atedtoguidethis study:

"Wat i s the di mensional interaction between | aterally | oaded dowel -type connections and structural
nmenbers i ntinber frame structures?”

I norder toanswer thisquestion, theeffect of di fferent di stances betweenthe secondary beans (anal y-
sisl1) andtheeffect of different gridsizesof thecolumintheframestructure (analysis?2) werestudi ed
For each anal ysi s, two nmenber sizes were first sel ected basedonthecriteria’lowest cross-sectional
area’ (LCA) and’| owest hei ght beami (LHB). These two menber sizes formed the starting point for
generatingdifferent configurationsof thelaterallyl oaded dowel -type connecti ons. The connecti onwas
separatedintotwosteel parts, parts AandB, for t he purpose of thisresearchproject. Inall constructed
cases, twoj oi ntswere anal ysed - thej oi nt bet ween apri mary beamand a col um (j oi nt 1) andt he j oi nt

bet ween t wo secondar y beans and a pri mary beam(j oi nt 2). I nt he secti ons bel ow t he mai n out cones

of thi sresearchproject arepresented, focusi ngonthenost significant reductionsinthenunber of pos-
sibleconfigurations. Thisisfollowedby anoverall concl usion.

Col utm W dt h

Bot h anal ysi s 1 and 2 hi ghl i ght ed t hat t he nunber of possi bl e configurations for steel part Ainjoint 1
reduces as the shear forces start toincrease. Inanalysis 1, theincreaseinshear forcesis caused by

t he snal | er spans bet weent he secondary beans. | nanal ysis 2, theanal ysi sinwhichthereductionwas

nost clearlyvisible, theincreaseis causedbythelarger gridsizes. Inthisanalysis, the LHB menber
ingridsize8. 25 mwiththe highest shear force denonstrates that thereareonly 3configurationsthat
fulfill theload capacity. These configurations consist of the di ameters 20 nmand 24 mmi n conbi -
nati on with 2 colums i nthe fastener group. The remnai ni ng configurations need four colums inthe

f ast ener group, whi chdonot fit onthe predesi gned col um, except for theconfigurationsthat i ncl ude a
bolt withadi ameter of 8 Mm Thi s neans t hat t he col urm wi dt h has a si gni fi cant i npact ont he nunber

of possi bl e configurations in conbinationwth highshear forces. Inorder toincrease the nunber of
possi bl e configurationsfor steel part Ainjoint 1, the adjustmentsthat areil bugBmayedinfigure

be consi dered by engi neers. First, enlargingthe columw dth allows thelarger dianeter tofit intoa
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four col um f ast ener group. Second, ext endi ng st eel part Aupwards and/ or downwar ds al | ows one t o
add vertical fastenersinthe fastener group. Thelast presented adj ustment i s repl aci ng st eel p:
withsteel part B, whichneans aslotted-insteel connectioninthecolumaswell. Insum highshe
forcesinconbinationwithasmall col umwi dth, whereinthe majority of the dianeters donot fit v
four colums inthe fastener group, caused a si gnificant reductionin the nunber of possi bl e conf
urations. This findingnayincreasethe engi neer’s awareness regardi ngtherel evance of selectin
columwi thasufficient thicknessfor steel part Ainjoint 1intheprelimnary desi gn phase.

Conpact Menber

Inanal ysi s 2, theeffect of a’ conpact’ nenber was observedf or steel part Bi nthe LHB-nmenber i nj oi n
laswell joint 2for thegridsize3.75m Theeffect of a’ conpact’ nmenber showsitself inareductio
t he nunber of possi bl econfigurationsforthisgridsize. Inthismenber, thenoment-shear (MV) rati
snal | er conparedtothelarger gridsizes, whichincreaseslinearlyasthelengthof thespanincrea
The hei ght of the LHB-menber i ssmall duetotherel ativelyl owbendi ng norent, yet t he shear forces
arerelatively high. Inthat case, the hei ght of the nenber isinsufficient totransfer the shear
over one col umm group. Anadditional columinthefastener groupor adoubl eslotted-insteel plate
requiredfor all exam ned di aneters except for the 12 nmfastener. For thelarger gridsizes, thel
rati oincreases rapi dly, whichmeansthat t he nonent becones nor e dom nant conparedtothe shear
forces. Therefore, the hei ght of beans i s sufficient totransfer the shear forces over one columii|
fastener group. Insum for gridsize3.75m areductioninthe nunber of possi bl e configurations\
foundas aresult of a’ conmpact’ menber. Thi s findi ngshowsthat steel part Binthe LHB- nenber uses
addi ti onal steel - intermns of asecondcol uminthefastener group andadoubl eslotted-insteel pl
inorder tofulfill thel oadcapacity, except for the 12 mmf ast ener. Engi neers who seektoavoidal:
steel nass may want toconsider thisfindingintheir projects.

Brittl e Fail ure Mechani sns

e of t he desi gnassunpti ons nadeinthisresearchproject wastoexcludethe’brittle’ failuremec
ni sns, wherei nthe enbednent strengthof thetinber menber fails. Asaresult, inanalysisland2, th
LCA- menber s gener at e | ess possi bl e confi gurati ons for steel part Bconparedtothe LHB nenbers.
Insteel part B, the foll ow ng conbi nations generate 'brittle’ failure mechani sns for t he LCA ner
withathickness of 140mm First, boltsw thadiameter of 16 mmand | ar ger i ncl udi ng a doubl e-sl ott
i nsteel plate. Second, dowel s withadianeter of 20 mmi ncl udi ngadoubl esl otted-insteel plate. Th
bol t s wi t hadi anet er of 24 nmi ncl udingasingleslotted-insteel plate. Thefact that thebolts gen
the ' brittle failuremechani smearlier iscausedbytheropeeffect that adds additional | oad cape
the bolts. This additional capacity contributestothe’ductile’ failure nechani sns, t he ones whi
based on t he yi el di ng of the fasteners, accordi ngto NEN-EN- 19884)-.1 Thi s nmeans t hat t he
"brittle’ failuremechani smisreachedfaster for boltsthanfor dowel sintheLCA-nenber. | nsum g
thisstudy’ sfindings, inorder toavoid' brittle’ fail ure mechani sims, sel ectingthe LHB-menbers i
of the LCA-menbers for steel part Bcan be advi sed.

Overal | Concl usi on

Inthisresearchproject, thethree aspects di scussed above have caused the | argest reductionint
nunber of uni que configurations for all constructed cases examinedinanalysis1and?2. Thisfin
i ng suggests that the aspects snal | col unn wi dt hs conbi ned wi t h hi gh shear forces, the effect of
' conpact’ menber onthe steel mass for the LHB-nenber ingridsize3.75m and sel ectingthe LHB-
menbers i nstead of the LCA-nmenbers for steel part B rmay be rel evant for engineers to take into
account when desi gni ng the structural nenbers. However, inthis study, there was no constructed
case i n whi ch t he menber needed to be redesignedinorder tofit the connection. |Inother words, ir
terns of thedi mensi onal i nteractionbetweenthel aterally | oaded dowel -type connecti onandthe st
tural nenbers, one can concl ude t hat t he di mensi onal size of thestructural nenber isdictatedbytk
strengthandstiffnessrequirenentsof thenenber itself. Beforethestart of thisstudy, oneof the
i ned out cones was t he observati on of certain turning poi nts between the cross-sectional size bei
di ct at ed by t he menber or di ctated by t he connection, forcingthe engi neer to redesi gnthe nmenber.
The fact that these turning poi nts did not appear i nthe data adds a newperspective tothe existi
literatureregardingtheinportanceof jointsintinber structures.
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Inportant tonoteisthat, al though al arge nunber of parameters was incorporatedintothis study,
not al | potential lyrel evant paranet ersweretakenintoaccount. Wienincorporatingfactorssuchasthe
hori zontal forcesinthe connection, theeffect of shrinkage andswelling, thelevel of difficultlyinte
of assenblingthejointsonsite, andadjustnentstoguaranteeacertainlevel of fireresistance, certai!
turni ng poi nts inthe dinensional interaction between joints and nenbers nay be found. Utimately,
the findings of thisstudy arespecifictotinber framestructuresthat onlytransfer vertical | oads and
t he sel ect ed par anet er s.

Fi nal |y, beyond al | owi ng for t he di nensi onal i nteracti onbetweenjoi nts and nenbersto be studi ed,
the di fferent scenari os outlinedin4egt?mve shown that the tool constructedinthis studyis
al so val uabl eto practical engi neering. Thelarge anount of datathat i s generated by thetool all ows
t he engi neer to explore the different possi bl e configurationsinthe process of designingjoints. By
connecting the output of the tool tothe Design Explorer interface, the engi neer has the opportunity
to searchthrough all theindividual characteristics or aspecificrange and exani ne di fferent possi bl ¢
connectionsinanefficient manner. One of the nai ncontributions of thisresearchproject, therefore,
liesinthetool itself.

6. 2.Recommendat i ons

Thi s section presents a nunber of recomrendati ons for further researchinthefieldof tinber joints
based ont hi s st udy’ s observati ons and concl usi ons.

Shri nkage and Swel | i ng

The effect of swelling and shri nkage caused by varying noi sture | evel s may | ead to crack form ng

bet ween t he nenber and t he connecti on conponents. These cracks nay | ead t o strength reducti on

of the menber and/or thejoint. Thecracksinthejoint coomonlyrunhorizontallyalongthe grains and
start at the outer fastenersinthe fastener group. The grains start to expand, yet are bei ng hel d by
the fasteners. Theinfluence of swelling and shrinkage becones | arger as t he hei ght of t he nenber

i ncreases. Two ways to reduce t he ef fect of shrinkage and swellinginthejoint for steel part Bare
illustratedinfiegdré-irst, providingtheouter fastenersinthefastener groupwithverticallyslotted
hol es. Thi s adj ust ment has a substanti al i npact on t he nunber of possi bl e configurations, sincethe
(outer) fastenerswiththeverticallyslottedhol esnol onger contributetotheshear capacity. Instead, tl
onlyinpact thehorizontal forcecausedbytheeccentricitymoment. Second, linitingthefastener group
toone position, for i nstance, at the bottomof the menber, instead of dividingthe fastener group over
the entire hei ght of the beam By sel ectingthissolution, thenunber of fastenersinthefastener group
isreduced. Infutureresearch, theseadjustments canbeintegratedintothetool that was constructed
for thisstudy, all ow ngfor newanal yses of the nunber of possi bl e confi gurati ons to be achi eved.

Force componentdueto . ___ . ___ . __ . __ . _ Force component due to
shear force shear force

Force component due to Force component due to
moment eccentricity moment eccentricity

Resultant force Resultant force
component component

Vertically
slotted
holes

Vertically
slotted
holes

Column

Option 1 Option 2

Figure6.1: Optionstoreducetheeffect of shrinkage and swelling
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Tool

The tool constructed for thisresearch project generates configurati ons based on a sel ect ed nenbe
inthe frame structure. These configurations offer al arge anount of data, such as t he fastener ty
t he di amet er of the fastener, nunber of slotted-insteel plates, andtotal steel mass. This data ¢
t he engi neer a set of possi bl e configurationsfor aspecificjoint. Thevisualizationinterfaceso
Expl or er devel oped by Core studi o, al | owt he engi neer to search through al | theindividual charact
i sticsor aspecificrangetoexam ne different possibleconfigurationsinaefficient manner. A
thetool is already deened val uabl e f or t he engi neer, futureresearchcoul dfurther devel opthet ool
increaseits valueevennore. Tofurther increasethe val ue of thetool for the engi neer, one possi
directionfor futureresearchwoul dbetolinkcertai nweightingfactorstospecificparametersinc
i ncorporatethesiteassenbly or productioncosts of eachconfigurationintothetool.

St eel nass

Inthisresearch project, aset of first observati ons have been made regardi ngthe steel nassrati
each construct ed case. The ni ni mrum naxi mum and aver age mass of al | uni que configurations for
each constructed casewere determned. Thefirst resultsregardingthe configurationsw ththel o
steel mass denonstrate that the configurati onnainly consists of | agscrews withadianeter of 8 m
for steel part Aand dowel s with a di ameter of 8 nmfor steel part B. The correspondi ng nunber of
fasteners of these configurations is significantly high conparedtothe configurations that con
| arger diameters. Selectingaconfigurationbasedonits|owsteel mass may, therefore, have a neg
tiveinpact onthefeasibilityof mountingthefastener. As al ready menti onedi nt he paragraph above
formul a consi sting of different wei ghtingfactors nmay hel pthe engi neer tofindthe nost ' efficien
figuration based onthe predefined wei ghting factors. |ncorporating steel nass as awei ghtingfa
hel ps t he engi neer to sel ect configurations that have asnall er environnental footprint interns o
gl obal structure.

Miul ti pl e connecti ons

Inordertolimt thescopeof thisresearch, twojointswereselectedinthefranestructure. Thefir
asingleprinmarybeamw thasinglecolum. The secondj oi nt was aj oi nt bet ween apri nary beamand
two secondary beans. | nfutureresearch, anext stepthat canbe madeis constructingajoint with
m ni nal of t hree connecti ons. The chal | engewithaj oi nt t hat has moret hantwo connectionsisthat t
fast ener of each connecti on can be crossed by t he f ast eners of t he ot her connecti ons. Mreover, th
adj ust ment of eachfastener groupcanleadtoareducti oninthe nunber of fasteners, whi chcan have
an ef f ect ont he nunber of possi bl e configurations. Thesefactors arerel evant totakeintoaccount
fut ureresearch focusi ngonnorethantwo connectionsinthejoint.
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Appendi x Veri ficati on Menbers

Verificationbeans and col ums
Inthis appendix thefornmulas areillustratedthat are appliedintothetool inorder toverify the gl ue
| am nat ed nenber s.

Shear Stress
The beans experi ence shear stress and shoul d be val i dat ed by usi ng t he fol | owi ng f or mul a as defi ned
i n NEN- EN-1991- 1- 12004) .

1
N W
|
IN

(A1)

Wher e:
Desi gn shear stress N mn
Desi gnshear force N
cross-sectional area 4m

Bendi ng Stress

The beans experi ence bendi ng stress and shoul d be val i dat ed by using the fol I owi ng fornul as as
definedin NEN-EN1991- 1- 2q04). Inthis case the bendi ng stress occurs only about the principle
y-axi s.

+ —— <1 (A 2)
+ —— <1 (A 3)
Wher e:
Desi gn bendi ng st ress about the principley-axis N mm?2
Desi gn bendi ng st rengt h about t he princi pl ey-axi s N mm?2
Desi gn bendi ng st ress about the principlez-axis N mm?2
Desi gn bendi ng st rengt h about t he princi pl e z-axi s N rm?2

factor condi deringre-distributionof bendi ngstressesinacross-section -
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102 A Appendi x Veri ficati on Menbers

Conbi ned Axi al and Bendi ng Stress

The col umms i nthe frame structure experi ence axi al stress conbi ned with bending. Inthis casetkt
bendi ngi s assuned as t he shear forcetimestheeccentricitybetwenthecenter of thecol ummandthe
edge of the colum. The frame structure consists of different fl oor fields, which determnedthe
and unl oaded si tuations for thei nposed| oads. Thefol | owi ngforml as as defi nedi n NEN- EN- 1991- 1- 1
(2004) need t o be consi der ed.

(—>) + + <1 (A 4)
0,
2
(—>) +——+ —-<1 (A 5)
0, . o
Wer e:
0, Desi gn conpressive stress alongthegrain N mm?
0, Desi gn conpressive strength al ongthegrain N nm?
Desi gn bendi ng st ress about the principley-axis N mm?
Desi gn bendi ng st rengt h about t he princi pl ey-axi s N mm?
Desi gn bendi ng st ress about the principlez-axis N mm?
Desi gn bendi ng st rengt h about t he princi pl e z-axi s N mm 2

factor consideringre-distributionof bendingstressesinacross-section -

Menber Stability

The col ums i nthe frame structure are subj ect ed t o conbi ned conpr essi on and bendi ng. Hereby t he
foll owi ng formul as formul at ed i n NEN- EN- 19912004) (need t 0 be consi der ed.

o+ <1 (A 6)

0, ;o ;o
0 4 — + ——<1 (A7)

0,
1

LT —_— (A 8)

+ v 2 _ 2
. =0.5(1+ ( , .-0.3)+2 ) (A9)
Y LY (A 10)

0.05

== (A 12)
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Wer e:

0, Desi gn conpr essi ve stress al ongthe grain N nm?2

0, Desi gn conpr essi ve strength al ongthe grain N nm?2
Desi gn bendi ng stress about the principley-axis N nm?2
Desi gn bendi ng strengt h about t he princi pl ey-axi s N nm?2
Desi gn bendi ng stress about the principlez-axis N nm?2
Desi gn bendi ng strengt h about the principlez-axis N mm 2
factor consideringre-distributionof bendingstressesinacross-section
Instability factor -
Instabilityfactor -
Rel ati ve sl enderness rati o correspondi ngt o bendi ng about y- and z-axis -

: Sl enderness rati o correspondi ngt o bendi ng about y- and z-axi s -

0, Characteristicconpressivestrengthalongthegrain N mm 2

0.05 Fifth percentileval ue of modul us of el asticity N nm?2
Effectivelength nmm
Second nonent of ar ea about y- and z-axi s mm 4

O oss-sectional area mm 2






Appendi x Veri fi cati on Connecti ons

Inthisappendixthefollowingforrmulasareappliedintothetool inorder toverifythelaterallydowel ty
connections. Thefirst equations describedinthisappendi xareapplicablefor steel part Aas wel | steel
part B. Thereafter, the equationsthat areformul ated are specific for steel part Aand B. Al descri bed
equati ons areaccordi ngtothe Eurocode 5 ( NEN- EN- 19912004) and Eur ocode 3 ( NEN- EN- 1993-

1-1,2006).

Gener al
Enbednent strength parallel tothegrain
0, =0,082 03 (B. 1)
0, =0,082(1-0,01) (B.2)
Wer e:
0 enbednent strengthparallel tothegrain AN mm
characteri stic density wood kg/ ¥
di anet er f ast ener mm

Enbedrrent strengt h under | oad direction

.0,
90 2+ 2 (B.3)
90 = 1, 35+ 0, 015

Wher e:
. enbednent strengthunder loaddirectioninanangletothegraif N nmm
20 sof t wood correction factor -
angleof theloadtothegrain rad or

Yi el d nonent f ast ener

=0,3 26 (B.4)
Wher e:
characteristicvalueof theyieldnonent Nm
ul timtesteel strength N mm?2
di anet er fast ener mm
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106 B. Appendi x Veri fi cati on Connecti ons

Ef f ecti ve nunber of fasteners

For fasteners group | oaded paral |l el tothe grain, the nunber of rows needto be cal cul ated using tl
fol |l owi ng ef fecti ve nunber of fasteners.

= { oo 1 (B.5)

Wer e:
1 spaci ng between fastenersinthegraindirection mm
di arret er f ast ener mm
nunber of boltsintherow -

For fasteners groups | oaded perpendi cul ar tothe grain, the effective nunber of fasteners shoul d
takenas =

Steel part A
Steel part Acanbecl assifiedas asteel-to-tinber connecti onaccordi ngto NEN EROQQ91-1-1,
Fai | ur e mechani sns

e Thinsteel plateinsingleshear: se&thbl e

o Thi ck steel plateinsingleshear: seEtabl e

e Thinsteel plateindoubl eshear: seeE @bl e

e Thi ck steel pl ateindoubl e shear: seed &bl e

Rope ef f ect bol ts - anchor age capaci ty of t he washer

=3 90, (B.6)
Wer e:
, characteristic val ue of withdrawal capacitywasher N
90, charac. conpressivestrengthperp. tothegrain 2 Nnmm

ar ea washer mm 2

Rope ef fect | ag screws - wi t hdrawal capacity

T 1,2 2+ 2 (B.7)
=0 520570108
Wer e:
char. wi thdrawal capacity of the connectionat anangle tothegrain N
char. withdrawal strenght perp. tothegrain N mm 2
ef f ecti ve nunber of screws -
out er di amet er neasured ont het hreaded part mm
penetrationlengthof thethreaded part nmm
characteristic density wood kg/ n¥

t he angl e bet ween screwshaft andthe grai n rad or
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Fast ener capacity - shear resi stance

= — (B. 8)
2
Wher e:
Shear resi st ance N
0.6for class4.6and 8.8 -
tensil estress area mm 2
2 partial safetyfactor -
Fast ener capacity - tensi onresistance
=2 (B.9)
2
Waer e:
Tensi | e resi st ance N
Utimatetensilestrength R/ mm
2 0.9 -
tensil estress area mm 2
2 partial safetyfactor -

Steel part B
Steel part Bcanbecl assifiedas asteel -to-tinber connecti onaccordi ngto NEN EABQQ91-1-1,
Fai | ur e mechani sns

e Singleslotted-insteel plate: sé Babl e

e Doubleslotted-insteel plate: seEt@bl e

Rope ef fect bolts
See steel part A






Appendi x CLT-veri fication

I nthisappendi xthe CLT- panel is cal cul at ed based ont he maxi nrumspan of 3. 75 mst udi edi nanal ysi s

1. Thecalculationisseparatedintotwo parts. Part 1 containsthe bendi ng, shear, bearing pressure,
and defl ection verification by usi ng CLT desi gner devel oped by hol z. bau f or schungs gnbh. Part 2
consi st of avibration cal cul ati onby usingthe sinplifiedanalytical method describedinthe”Vibratic
Desi gn of Fl oors”gui delinewittenby H VGOSS (Human | nduced Vi brati ons of Steel Structures)

C 1l.Part 1: Forces and Defl ecti on

Center of Competence
holz.bau forschungs gmbh
Inffeldgasse 24, A-8010 Graz

support@cltdesigner.at

CLTdesigner

Version 8.3

Summary of results

Project number: 007

Project: Thesis Timber Joints

Structural element: CLT-panel 55-140-DL

Cross section: KLH: 140mm 5s DL

Description: Structural calculation of the CLT floor panel
according to the largest span of 3.75 meter.

Date: Dec 20, 2022

Time: 11:08:13 AM

Author: Bieze
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110 C. Appendi x CLT-verification

Thesis Timber Joints
Summary of results
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C. 1.Part 1: Forces and Defl ection

1 General

Service class 1

2 Structural system

Single span girder

Thesis Timber Joints
Detailed results

(8| B B8]

]« e

] <«

aaq

3.75m

+ I

2.1 Supports

[ X=%
==

Support X Width
A 0.0m 0.06 m
B 3.75m 0.06 m
3 Cross section
CLT-Product of the company KLH: 140mm 5s DL
5 layers (thickness: 140 mm)
£
[ 1,000 mm |
I |
3.1 Layer composition
Layer Thickness Orientation Material
#1 40 mm 0 C24-KLH
#2 20 mm 90 C24-KLH
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C. Appendi x CLT-verification

Thesis Timber Joints

Detailed results

#3 20 mm 0 C24-KLH
#4 20 mm 90 C24-KLH
#5 40 mm 0 C24-KLH
Orientation 0 = top layer longitudinal to span; Orientation 90 = top layer perpendicular to span
3.2 Material parameters
Partial safety factor Iy = 1.25
System factor for CLT kgys = 1.1
Material parameters for C24-KLH
bending strength [N/mm!] ksys 424.0
tensile strength parallel [N/mm!] 16.5
tensile strength perpendicular [N/mm!] 0.12
compressive strength parallel [N/mm!] 24.0
compressive strength perpendicular [N/mm!] 2.7
shear strength [N/mm!] 2.7
rolling shear strength [N/mm!] 1.2
Youngs modulus parallel [N/mm!] 12,000.0
5%-quantile from Youngs modulus parallel [N/mm!] 10,000.0
Youngs modulus perpendicular [N/mm!] 0.0
shear modulus [N/mm!] 690.0
rolling shear modulus [N/mm!] 50.0
density [kg/m"] 350.0
density mean value [kg/m"] 420.0
3.3 Cross-sectional values
|l 500 mm |
f 1
EAef 1.2E9N
Elgs 2.536E12 Namm! EI S
GA¢ 1.273E7N
}A 1,000 mm _1‘
4 Loads
Field 90k 91 k A Category Sk Altitude/Region %
1 0.77 KN/m 1.7 KN/m! 3.5 kN/m! B
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C. 1.Part 1: Forces and Defl ection 113

Thesis Timber Joints
Detailed results

Partial safety factors:
Ig=1.2
lg=15

Load position:

Plate weight: Total
Permanent loads: Total
Imposed loads: Field-by-field
Snow: Field-by-field

Wind: Total

Combinations:
Combination factors: according to EN

Combinations of distributed and concentrated loads:
dy and Qk will be considered as one load group

s and S will be considered as one load group
Wy and Wk will be considered as one load group

5 Specification concerning structural fire design
No specifications are available
6 Information concerning vibrations

No specifications are available

7 Results

Referenced standards: EN 1995-1-1:2009, NEN EN 1995-1-1:2005/NB:2013
Underlying calculation method: Timoshenko

7.1 ULS

7.1.1 Bending

page 5



C. Appendi x CLT-verification

Thesis Timber Joints

Detailed results

h [mm]
Utilisation ratio 28.3%
kmod 0.8
atx 1.875m
Ek 2
60

Fundamental 1.20*gO Kt w
combination 1'20*91:k +

1.50*1.00*q;,

+ T [N/mm!]
-25 0 25

7.1.2 Shear
Utilisation ratio 19.0 %
kmod 0.8
at x 3.75m
Ek 2
Fundamental 1.20*g0 Kt
combination !

1.20’*91’k +

1.50*1.00*q;,

[N/mm!]

7.1.3 Bearing pressure

0.05

Utilisation ratio 111 %
kmod 08
at x 3.75m 3 3 3 h
Ek 2 .
Fundamental 1.20%g, , + o
combination 1-20*91,k +

1.50*1.00*q,
7.2 SLS

7.2.1 Deflection

Limit values according to EN 1995-1-1
Instantaneous deformation wingt t = 0: 1/500 (6.9 mm, 91.8 %)
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Thesis Timber Joints
Detailed results

Final deformation wnet fin t = inf: I/250 (10.1 mm, 67.6 %)
Final deformation wsj,, t = inf: 1/250 (10.1 mm, 67.6 %)

Limit values according to NEN EN 1995-1-1:2005/NB:2013
Instantaneous deformation winst t = 0: 1/300 (6.9 mm, 55.1 %)
Final deformation wnet fin t = inf: I/250 (10.1 mm, 67.6 %)

Final deformation wsj,, t = inf: 1/250 (10.1 mm, 67.6 %)

Final deformation Wnet fin - Winst,G t = inf: /250 (7.3 mm, 48.6 %)

Utilisation ratio 91.8%
Wnax 6.9 mm
kdef 0.8
at x 1.875m -
}_, x
Ek 6
Instantaneous deformation Wit = 0
(1/500)
8 Appendix
8.1 Combinations
Ek kmod / kdef Combination
Fundamental combination
1 0.6 1.20°gq ) +1.20*g; |,
2 0.8 1.20°gy ) + 1.20*g; | + 1.50*1.00%q
3 06 Yokt 91k
4 0.8 9okt 91kt 1.50’*1.00’*qk
Accidental combination
SLS combinations according to EN 1995-1-1
6 0.8 9ok * 91 i + 1.00%q,
7 0.8 gO,k + (gO,k)creep + g1,k + (gl,k)creep + 1.00*qk + (O'so*qk)creep
8 0.8 gO,k + (go,k)creep + g1,k + (gl,k)creep + 1.00*qk + (0'30*qk)creep
SLS combinations according to EN 1995-1-1:NA
10 0.8 okt 91Kt 1.00*qk
1 08 Yo,k * (go,k)creep tOk* (gl,k)creep +1.00%q, + (0'30*qk)creep
12 08 Yo,k * (gO,k)creep FO Kt (gl,k)creep +1.00%q, + (0'30*qk)creep
14 08 (go,k)creep + (gl,k)creep + 1'00*qk + (0‘30*qk)creep

8.2 Internal forces

page 7
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Thesis Timber Joints
Detailed results

Field X My,d Vz,d
[m] [kNam] [kN]
Ek 1: 1'20*90,k + 1.20“911’k
1 0.0 0.0 5.557
1 0.375 1.876 4.446
1 0.75 3.335 3.335
1 1.125 4.377 2.223
1 15 5.002 1.111
1 1.875 5.21 -0.0
1 2.25 5.002 -1.112
1 2.625 4.377 -2.223
1 3.0 3.335 -3.335
1 3.375 1.876 -4.446
1 3.75 0.0 -5.558
Ek 2: 1.20°gy | + 1.20°gy | + 1.50*1.00°q),
1 0.0 -0.0 15.401
1 0.375 5.198 12.321
1 0.75 9.241 9.241
1 1.125 12.128 6.161
1 15 13.861 3.08
1 1.875 14.439 -0.0
1 2.25 13.861 -3.08
1 2.625 12.128 -6.161
1 3.0 9.241 -9.241
1 3.375 5.198 -12.321
1 3.75 0.0 -15.401
Ek 3: Yokt 91k
1 0.0 0.0 4.631
1 0.375 1.563 3.705
1 0.75 2.779 2.779
1 1.125 3.647 1.853
1 15 4.168 0.926
1 1.875 4.342 -0.0
1 2.25 4.168 -0.926
1 2.625 3.647 -1.853
1 3.0 2.779 -2.779
1 3.375 1.563 -3.705
1 3.75 0.0 -4.631
Ek 4: 90 k + 91 k + 1.50’*1.00’*qk
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Thesis Timber Joints

Detailed results

Field X My,d Vz,d
[m] [kNam] [kN]
1 0.0 -0.0 14.475
1 0.375 4.885 11.58
1 0.75 8.685 8.685
1 1.125 11.399 5.79
1 15 13.028 2.895
1 1.875 13.57 -0.0
1 2.25 13.028 -2.895
1 2.625 11.399 -5.79
1 3.0 8.685 -8.685
1 3.375 4.885 -11.58
1 3.75 0.0 -14.475
8.3 Deformations
Field X W, min W, max
[m] [mm] [mm]
Load case group gO’k
1 0.0 0.00 0.00
1 0.375 0.28 0.28
1 0.75 0.53 0.53
1 1.125 0.73 0.73
1 1.5 0.85 0.85
1 1.875 0.89 0.89
1 2.25 0.85 0.85
1 2.625 0.73 0.73
1 3.0 0.53 0.53
1 3.375 0.28 0.28
1 3.75 0.00 0.00
Load case group 91k

1 0.0 0.00 0.00
1 0.375 0.63 0.63
1 0.75 1.18 1.18
1 1.125 1.60 1.60
1 1.5 1.87 1.87
1 1.875 1.96 1.96
1 2.25 1.87 1.87
1 2.625 1.60 1.60
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Thesis Timber Joints

Detailed results

Field X Wz,min Wz,max
[m] [mm] [mm]
1 3.0 1.18 1.18
1 3.375 0.63 0.63
1 3.75 0.00 0.00
Load case group i
1 0.0 0.00 0.00
1 0.375 0.00 1.29
1 0.75 0.00 2.42
1 1.125 0.00 3.30
1 15 0.00 3.85
1 1.875 0.00 4.04
1 2.25 0.00 3.85
1 2.625 0.00 3.30
1 3.0 0.00 2.42
1 3.375 0.00 1.29
1 3.75 0.00 0.00
8.4 Supporting forces
8.4.1 Characteristic supporting forces
Load case group Support X Fz,k,min Fz,k,max
[m] [kN] [kN]
A 0.0 1.444 1.444
Y0,k B 375 1.444 1.444
A 0.0 3.187 3.187
91,k B 375 3.188 3.188
A 0.0 0.0 6.562
K B 375 0.0 6.563
8.4.2 Design supporting forces
Support X F2 d,min Ek Fz.d,max Ek
[m] [kN] [kN]
0.0 4631 3 15.401 2
B 3.75 4631 3 15.401 2
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8.5 Verification

Thesis Timber Joints

Detailed results

8.5.1 Bending
Field X Ek Kmod My g ! max.d fnd "
[m] [ [kNam] [N/mm1] [N/mmi] [96]
1 0.0 4 0.8 -0.00 0.00 16.90 0.0
1 0.375 2 0.8 5.20 1.72 16.90 10.2
1 0.75 2 0.8 9.24 3.06 16.90 18.1
1 1.125 2 0.8 12.13 4.02 16.90 2338
1 1.5 2 0.8 13.86 459 16.90 27.2
1 1.875 2 0.8 14.44 478 16.90 28.3
1 2.25 2 0.8 13.86 459 16.90 27.2
1 2.625 2 0.8 12.13 4.02 16.90 238
1 3.0 2 0.8 9.24 3.06 16.90 18.1
1 3.375 2 0.8 5.20 1.72 16.90 10.2
1 3.75 2 0.8 0.00 0.00 16.90 0.0
8.5.2 Shear
Field X Ek Kmod Va4 #d fud
#.d frd
[m] [ [kN] [IN/mm] [N/mm] [96]
1 0.0 2 0.8 15.40 0.15 1.73 8.6
0.15 0.77 19.0
1 0.375 2 0.8 12.32 0.12 1.73 6.9
0.12 0.77 15.2
1 0.75 2 0.8 9.24 0.09 1.73 5.2
0.09 0.77 11.4
1 1.125 2 0.8 6.16 0.06 1.73 35
0.06 0.77 7.6
1 15 2 0.8 3.08 0.03 1.73 1.7
0.03 0.77 3.8
1 1.875 2 0.8 -0.00 0.00 1.73 0.0
0.00 0.77 0.0
1 2.25 2 0.8 -3.08 0.03 1.73 1.7
0.03 0.77 3.8
1 2.625 2 0.8 -6.16 0.06 1.73 35
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Thesis Timber Joints
Detailed results

Field X Ek Kmod A lvd fud
'rd frd
[m] [l [kN] [N/mm(] [N/mmi] [%]
0.06 0.77 7.6
1 3.0 2 0.8 -9.24 0.09 1.73 5.2
0.09 0.77 11.4
1 3.375 2 0.8 -12.32 0.12 1.73 6.9
0.12 0.77 15.2
1 3.75 2 0.8 -15.40 0.15 1.73 8.6
0.15 0.77 19.0
8.5.3 Bearing pressure
Support X Ek Kmod F4 Asec ke.90 #c,90,d fc.00,d
[m] [ [kN] [mm!] [ [N/mm!] | [N/mmI] [%]
0.0 2 0.8 15.40 60,000 1.34 0.26 232 11.1
3.75 2 0.8 15.40 60,000 1.34 0.26 232 111
8.5.4 Deformations
Field X Ek kdef Whnax Wiimit "

[m] [mm] [mm] (%]

1 0.0 6 0.8 0.00 7.50 0.0

1 0.375 6 0.8 2.20 7.50 29.3

1 0.75 6 0.8 413 7.50 55.0

1 1.125 6 0.8 5.62 7.50 74.9

1 15 6 0.8 6.56 7.50 87.5

1 1.875 6 0.8 6.89 7.50 91.8

1 2.25 6 0.8 6.56 7.50 87.5

1 2.625 6 0.8 5.62 7.50 74.9

1 3.0 6 0.8 413 7.50 55.0

1 3.375 6 0.8 2.20 7.50 29.3

1 3.75 6 0.8 0.00 7.50 0.0
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C 2.Part 2: Mbration
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Appendi x M ni numVal ues of Spaci ng
and Edge and End D st ances

Inthisresearchproject, thefoll ow ng m ni numval ues of spaci ng and edge and end di st ance of bolts,
| ag scr ews and dowel s have been used accor di ng t o NEN- EN- 1991- 12004) .

loaded end unloaded end loadededge unload edge
-90° < + <90° 90° < £ < 270° 0° < +<180° 180° < + < 360°

FigureD. 1: Mninal spaci ng, end and edge di st ance f ast eners

Bol t s and Lag Screws

Figure D 2: Mninal val ues f or spaci ng and edge and end di st ances for bol ts and | ag scr ews
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124 D. Appendi x M ni mnumVal ues of Spaci ng and Edge and End Di st ances

Dowel s

FigureD. 3: Mninal val ues f or spaci ng and edge and end di st ances f or dowel s
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Appendi x Fai | ur e Mechani sns
Steel -to-ti nber Connecti ons

Singl e shear steel -to-tinber jointswith<0, 5

. =0,4 [ IEY

o =1,182 . +—[ [E2)

Tabl e E 1: Fai |l ure mechani sns of singl e shear steel -to-tinber j oi nts®i h
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126 E. Appendi x Fai | ure Mechani sns St eel -t o-ti nber Connecti ons

Si ngl e shear steel -to-tinber jointswth=

= 1,10 1IE3
= 11 (V2r = -1) + ——[ [E4)
=2,37 1 +—IIE}

Tabl e E. 2: Fai | ure mechani sns of singl e shear steel -to-tinber jointswith

Slotted-insteel plates

1,1 [ TE®)

11 (V24 T m1) ¢ ——[ KET)

=2,3" 1 +—1I[ IE®

Tabl e E 3: Fai |l ure nechani sns sl otted-insteel plates
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Doubl e shear steel -to-tinber jointswith <0, 5

:O, 5 2, 2 [ qu)

=1, 15/2 5 +

—[ IE 10)

Tabl e E 4: Fai | ur e nechani sns of doubl e shear steel -to-tinber joi ntswl,th

Doubl e shear steel -to-tinber jointswith =

=0, 5 )2, 2 [ (lEll)

=2,37, 2 +—1[ l(E12)

Tabl e E. 5: Fai | ure mechani sns of doubl e shear steel -to-tinber joi nt&wth

Doubl e sl otted-i nsteel plates

Wher e:
characteristic | oad-carryi ng capacity per shear pl ane per f ast enex
, enbedrent strengthinthetinber menber
1 the smal | er of thethi ckness of thetinber menber or t he penetrationdepth
2 t hi ckness of thetinber m ddl e menber mm
di arret er f ast ener mm
characteristic val ue of theyi el dnonment Nm

characteristicw thdrawal capacity of thefastener N



128 E. Appendi x Fai | ure Mechani sns St eel -t o-ti nber Connecti ons

721+ ) (E13)

%§+ ) (E. 14)

1 2
= - .4+ 2+
N CE PR

=v& __ (E15)

= | (3.+ 3V i+ =) (E16)

= (V—+31(E1)

1

= | (V——+32)(E19

1,

= | (31t V; i+ ——+V——)(E19)

Tabl e E. 6: Fai | ure mechani sns doubl e sl ott ed-i n steel pl ates (Ped2)y sen,



Appendi x Dat abase Tool

The fol I owi ng fi gures present t he dat abase t hat provi des t he t ool fromdat a.

Fi gure F 1: Tabel s NEN- 1990 and 1995

129



130 F. Appendi x Dat abase Tool

Fi gure F 2; Tabel s NEN- 1990 and 1995
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