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Abstrakt

Milch, J. (2016) Mechanicka analyza celodfevénych konstruk¢nich spojti, Disertacni

prace, Mendelova univerzita v Brn¢, 164 s.

Tradi¢ni celodfevéné konstrukéni spoje jsou v soucasnosti hojné vyhledavané pfti
rekonstrukcich historicky cennych objekti. Tyto spoje jsou zpohledu budouciho
zachovani kulturniho dédictvi pro dal$i generace nepostradatelné a nenahraditelné.
Podtrhuji samotny vyznam dievénych konstrukei a staveb, které maji v mnoha
ptipadech nevy¢islitelnou historickou, uméleckou ale i finanéni hodnotu. Nicméné,
tento zvySeny z4jem sebou nese fadu problémul a rizik, které je nutné vhodnym a
vCasnym zpusobem zachytit a eliminovat. Adekvatni nasazeni téchto spojii vyzaduje
vyzkumem podlozené postupy, které umozni vhodnou implementaci do stavajicich
konstrukei pti zachovani jejich spolehlivosti a bezpecnosti.

Hlavnim cilem pfedklddané disertacni prace bylo pfispét k tvorbé adekvétnich
metodik analyzovanim mechanického chovéani celodfevénych konstrukénich spojl
zejména kolikového typu, které se pouZzivaji pii rekonstrukcich poskozenych dievénych
prvki nebo jejich ¢asti. Pro tyto ucely byly pouzity rizné metody (modely), zalozené na
kombinaci teoretickych, experimentéalnich a numerickych ptistupti.

Praci lze rozdélit na a) zdkladni mechanické zkouSky masivniho dieva a b)
kone¢né-prvkové komplexni analyzy celodfevénych spoji a konstrukci. Zakladni
mechanické zkouSky zahrnovaly tahové, tlakové, ohybové a smykové zkouSky na
malych bezvadych téliscich ze dfeva smrku (Picea abies L. Karst.), buku (Fagus
sylvatica L.) a dubu (Quercus robur L.). Tyto druhy jsou pro historické, ale i soucasné
evropské stavby klicové. Odezva télisek na rtizné druhy mechanického zatiZzeni byla
zaznamenavana pomoci kamer ve stereo konfiguraci (trojrozmérné snimani) za ucelem
ziskani plno-polnich dat posunuti a pomérnych deformaci. Tyto vystupy slouzily pro
stanoveni materidlovych charakteristik a jejich verifikaci v ramci sestavenych
materialovych modelii pro kone¢né-prvkové (KP) analyzy. Verifikované elasto-plastické
materidlové modely byly smérodatnymi materialovymi vstupy pro komplexnéjsi KP
analyzy pro hodnoceni mechanické odezvy spojii a konstrukci na zatizeni. Mimoto byly
materidlové charakteristiky vyuzity v ramci teoretickych vypocti mechanickych

vlastnosti kolikovych spoji. Numerické analyzy zalozené na metodé konecnych prvki
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Abstrakt

(MKP) a byly tfeSeny v prostfedi ANSYS s vyuzitim vnitiniho skriptovaciho jazyka
APDL (ANSYS Parametric Design Language) umoziujiciho parametrizaci modeld.
Vystupy z méfeni jednostfiznych kolikovych spoji  potvrdily shodu
s teoretickymi pfistupy zalozenymi na teorii EYM (European Yield Method), podle
kterych se stanovuje mezni inosnost spojil a spojovacich prostiedkll. V ramci KP analyz
bylo prokdzano, Ze sestavené elasto-plastické materidlové modely jsou schopny
predikovat meze pevnosti 1 v komplexnéjSich ulohach, a proto mohou prispét ke

v

spolehlivéj§imu navrhovani dievénych konstrukei a spoji v rtiznych konfiguracich.

Kli¢ova slova: mez imérnosti, mez pevnost, modul pruznosti, metoda kone¢nych prvki
(MKP), digitalni korelace obrazu (DIC), celodievéné spoje, modul prokluzu, kulturni

dédictvi, nelinearni chovani
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Milch, J. (2016) Mechanical analysis of all-wooden construction joints, Ph.D thesis,
Mendel University in Brno, 164 p.

Traditional all wooden construction joints are currently widely used when
historically valuable buildings are being reconstructed. These construction joints are
indispensable and irreplaceable in order to maintain cultural heritage for our future
generations. They underline the importance of the wooden structures and buildings,
which in many cases might have incalculable historical, artistic as well as financial
value. However, increased interest brings many challenges and potential risks that need
to be taken into account and eliminated by appropriate solution(s). Adequate
employment of these wooden joints requires a research-based approaches, which allows
proper implementation within existing constructions while maintaining its reliability
and safety.

Main aim of preset doctoral thesis was to contribute to the development of
suitable methods for analyzing mechanical behavior of all wooden construction joints,
especially dowel joints, which are mainly used for reconstruction of damaged wooden
elements or their parts. For such purposes, various methods (models), based on
combination of theoretical, experimental and numerical approaches, has been used.

This work was divided to a) basic mechanical tests of solid wood and b) complex
finite element analyses of all wooden joints and constructions. Mechanical behavior in
tension, compression, bending and shear was tested on small clear specimens made of
spruce (Picea abies L. Karst.), beech (Fagus sylvatica L.) and oak (Quercus robur L.).
Analyzed species were chosen as a most important historical as well as present
European building materials. Mechanical response was captured using cameras in
stereovision 3D configuration in order to obtain full-field displacement and strain data
sets. Based on obtained data, material characteristics were determined and verified in
frame of assembled material models for finite element analyses (FEA). Verified elasto-
plastic material models were used as main material inputs for complex FEA for
evaluation of mechanical response of joints and constructions subjected to load.
Furthermore, material characteristics were used in calculations of mechanical properties
of dowel joints. Numerical analyses were done using ANSYS software with parametric

design language (APDL).
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Abstract

Experimental results of single-shear dowel joints are in agreement with theoretical
approach according to European Yield Method (EYM) theory, which was used for
determination of joints and fasteners yield strength. FEA proved that assembled elasto-
plastic material models can predict the ultimate strength even in complex tasks, and
therefore, can be used for more reliable designing of wooden constructions and joints in

variety of configurations.

Keywords: proportional limit, strength, elastic modulus, finite element method (FEM),
digital image correlation (DIC), all-wooden joint, yield modulus, cultural heritage, non-

linear behavior
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Uvod

1 UVOD

Vyuziti dieva jako suroviny ve stavebnictvi umoznily pfedevsim nizké potizovaci
naklady, dostupnost, snadnd manipulace se surovinou, vysoké uzitné vlastnosti,
esteticnost a v neposledni fadé také Setrnost dfeva vici zivotnimu prostiedi (Mackerle
2005). Tento trend je v soucasnosti obnovovan a uplatiiovan pii vybéru konstrukéniho
materialu v §irokém spektru jeho pouziti. Casovy vyvoj dievénych konstrukci sméfoval
od neopracovanych tvarit kmenti ke hranénym, od velmi jednoduchych spojii ke znaéné
slozitym, vzdy v zdvislosti na socidlni situaci stavby, mistu a doby jejiho vzniku
(Skabrada 2003). Prvni ,,dfevéné konstrukéni systémy*“ vznikaly v obdobi nékolik tisic
let pred nasim letopoctem. Konstrukce byla velmi prosta, nejcastéji vznikala polozenim
jednotlivych prvkl pies sebe bez zajisténi, pozdéEji se zajiStovala pomoci prouti ¢i lan
z ptirodnich materiali. Rozvoj v oblasti dievénych konstrukci a spojovani dieva plné
souvisel s vyvojem clovéka a jeho schopnostmi a dovednostmi, tj. s postupnym
zdokonalovanim néstroji a technologii. Typ konstrukce a jeji technické provedeni se
vzdy odvijel od mnoha riznorodych faktord. Vyznamnou roli hrdla pfi navrhu feSeni
idedlni pfedstava zcastnénych o vzhledu a uZitné hodnoté stavby, jejich zkuSenosti
(vlastni 1 ,,zdédéné®), fyzicka velikost stavby, pochopitelné jeji tcel a také mistni
mozZnosti, zejména co se tykd dosaZitelnosti materiali (Skabrada 2003). Tradiéni
spojovani v dievénych konstrukcich bylo provadéno pomoci €epu a dlabu, ktery byl
zajiStén drevénym spojovacim prostiedkem — kolikem (Miller 2009).

U drfevénych konstrukci dochdzi pii zatizeni k poruSeni celistvosti a tuhosti
nejcastéji v oblastech konstrukénich spoja, tj. v mistech, kde spoj jako takovy, ptip.
spojovaci prostiedky (koliky, hiebiky, Srouby atd.) oslabuji prifez prvkl (Smith 1944;
Daudeville et al. 1999; Branco et al. 2009). Itany a Faherty (1984) uvadi, ze az 80%
selhani v dfevénych konstrukcich je zpisobeno konstrukénimi spoji. Z toho vyplyva, Ze
konstrukéni spoje jsou cCasto kritickd mista v konstrukcich a byvaji zodpovédné za
snizeni celkové soudrznosti a celistvosti konstrukce (Santos et al. 2009). Proto je
dualezité, aby se u jednotlivych spojeni ptedchazelo moznym vzniklim poskozeni.

Dtevo je rostly material pfirodniho ptvodu s velkym rozptylem jeho vlastnosti
(zejména fyzikalné-mechanickych), ktery obsahuje celou fadu imperfekci a
nehomogenit (Wagenfithr a Scheiber 2007, Lokaj a VavruSova 2007). Fyzikalni ale

zejména mechanické vlastnosti dieva, jako je mez imérnosti a pevnosti, tuhost, zpisoby
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poruseni, atd., jsou proto dualezitym faktorem pro racionalni vyuziti v oblasti
konstrukéniho spojovani dieva do vyssich celkli (Chen et al. 2003; Santos et al. 2009).
je snahou tato namahani ve spojich eliminovat uplné, pfipadné snizit na minimum
(Rammer a McLean 1996).

Bezpecnost a kvalita dfevénych konstrukénich systémi zévisi predevSim na
typech spoji a jejich provedeni — pfesnost opracovani jednotlivych ¢asti, zplsob
zajisténi spoje, vlhkost spojovanych prvki, aj. (Feio et al. 2008). Pti tvorbé dievénych
konstrukci se vyuziva cela fada riznych druhi konstrukénich spoja. Tesatské spoje jsou
obvykle zajistény spojovacimi prostredky, které zajistuji fixni polohu spojovanych
dfevénych prvkll a maji vliv na celkovou tuhost a stabilitu konstrukce. Jedine¢nost
téchto spojii je ddna moZznosti kombinace velmi odliSnych materidli pouzivanych
v praxi — dfevo/ocel/laminaty (Santos et al. 2009). Vzhledem k dostate¢nému
teoretickému a metodickému zazemi je v soucasnosti hojn¢ pouzivana kombinace dfeva
s ocelovymi spojovacimi prostfedky (svorniky, vruty, Srouby, aj.). Nicméné tato
kombinace je problematickd s ohledem na proménlivé klimatické podminky (zmény
vlhkosti a teploty), které zptsobuji kondenzaci vzdusnych par na povrchu ocelovych
prvki s naslednym vznikem koroze. Postupem ¢asu mize dojit k degradaci spojovacich
prosttedkl az do faze, kdy jsou spojovaci prosttedky uvolnény nebo zcela poskozeny a
jiz neplni prvotni funkci. Naopak, tradicni tesaiské spoje jsou celodfevéné, vyuzivajici
dievény spojovaci prvek — kolik/trn/hmozdik. Tyto celodfevéné spoje byly v nedavné
minulosti silné opomijeny, to bylo ddno pfedev§im absenci adekvatni metodiky pii
navrhovani celodievénych konstrukénich spojit). V dnesnich dnech jsou vsak opét v
»hledacku® projektantt pii navrhovani postupt oprav poSkozenych konstrukei nebo pfi
feSeni zcela novych objektl. Poptdvka po celodifevénych spojich vyuzivanych pfi
rekonstrukcich historicky cennych objektt si vyzaduje fadu opatieni, v ramci kterych se
musi prokazat, Ze navrhovany zplsob sanace/rekonstrukce urcité €asti nebo prvku je
vhodny a bezpe¢ny pro dalsi vyuzivani a zachovani objektu. Tento trend se odrazi i v
rostoucim poctu vyzkumnych praci. Pro nasazeni tradi¢nich tesafskych celodfevénych
spoju je proto nutné, aby byl zaveden dosud chybéjici jednotny postup pfi projektovani
konstrukénich spojt. V soucasné dobé se vyvojem téchto postupli zabyva fada instituci,
jejichz snahou je ovéfeni navrhovanych postupli pro pouziti v praxi pomoci

experimentalnich méfeni a numerickych simulaci (napt. studie Ferreira et al. 2013;
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Sousa et al. 2013; Arciszewska-Kedzior et al. 2015; Branco a Descamps 2015; Kunecky
et al. 2015).

Spojovaci prosttedky (ocelové 1 dfevéné) vyzaduji specificky postup pii zhotoveni
konstruk¢niho spoje (Bergman et al. 2010). Podle Wilkinsona a Rowlandsona (1981)
ma spravna poloha spojovacich prostiedki vzhledem k okrajim a celim dfevénych
prvkd nejveétsi vyznam pro zabezpeCeni spolehlivého, pevného a trvalého spojeni
konstrukéniho celku. Kvalita konstruk¢nich spojii je dana piedevsim jejich inosnosti pfi
zatizeni. Vlivem zatizeni spoje dochézi v kontaktnich oblastech spojovaciho prosttedku
a spojovaného materialu k intenzifikaci napéti se vznikem deformace. Piekroc¢i-1i napéti
mez umérnosti spojovaného materidlu nebo spojovaciho prostiedku, dochazi ke
vzniku plastickych deformaci, které mohou zplsobit ztratu stability celé soustavy
(Burnett et al. 2003; Hong a Barrett 2008).

Jeden z prvnich analytickych modelli pro stanoveni pevnosti spoje byl vyvinut
Johansonem vroce 1949, ktery aplikoval teorii elasticity pii spojovani pomoci
ocelového koliku. Larsen (1973) rozsifil teorii Johansona zahrnutim riznych moda
poruseni, které mohou nastat u jednostfiznych a dvojsttfiznych kolikovych spoji uvniti
spoje (Obr. 3.11). Pokud je pouzit velmi tuhy spojovaci prostfedek (naptiklad ocelovy
kolik), dochazi k jeho rotaci a otlaceni okolniho materidlu (dfeva) uvniti spoje. Pokud je
spojovaci prostiedek naopak poddajny (napiiklad dievény kolik) a okolni dfevo ma
vy$$i tuhost a pevnost, dochdzi k plastické deformaci a ohybu spojovaciho koliku
(Miller 2009). Prikopnikem v numerickych simulacich celodfevénych konstrukénich
spoju je prof. Brungraber, jenz uzival metodu konecnych prvki a vytvarel 2D modely
pro konstrukce (Brungraber 1985). Prof. Brungraber také provadél testovani
konstrukénich spojii ve skute¢né velikosti za Ucelem zjisténi skutecnych poruseni a
urceni minimalnich vzdélenosti spojovacich prostfedki od okraji a cel spojovanych
prvka.

V soucasné dobé je technicka literatura pro dievéné konstrukce do znacné miry
omezena a hodnoceni v praxi je zaloZeno pfevazné na interpretaci vyzkumnych praci
z minulosti. Tradi¢ni celodievéné konstrukéni spoje jsou aktualné op€tovné na vzestupu
a jsou nasazovany pii rekonstrukcich historicky vyznamnych objekt (kostelt, zamk,
hradii, mostt, aj.). Nicméné stale nemaji v konstrukéni praxi takové uplatnéni, jenz jim
nalezi a jsou Casto nahrazovéany spoji vyuzivajicimi ocelové piipadné¢ kombinované

spojovaci prostiedky, které neodpovidaji dobé vzniku objektu z pohledu zachovani
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kulurniho dédictvi. Navic ocelové spojovaci prostfedky svymi rozdilnymi vlastnostmi
naruSuji celistvost materialu, zplisobuji otlaceni, dochazi ke kondenzaci a nasledné
degradaci dfeva. Proto je hlavni snahou prace rozsitit aktudlni informace v oblasti
mechaniky celodfevénych konstrukénich spoji z pohledu navrhovéni a posuzovani,
které mohou byt ndpomocny pro opétovné a adekvatni nasazovani téchto spojii v praxi.

Tato disertacni prace shrnuje informace o mechanickém chovani celodfevénych
konstruk¢énich spojii vyuzivajicich dievéné spojovaci koliky. Soucasti disertacni prace
jsou odborné ¢lanky publikované ve védeckych cCasopisech a manuskripty podléhajici
recenznimu fizeni, které byly napsany v letech 2012-2016.

Predkladand prace se zabyva experimentalnim, teoretickym a numerickym
hodnocenim mechanickych vlastnosti spoji s dfevénym spojovacim prosttedkem a
podavéa kompaktni piehled o mechanickém chovani spojovaciho prostfedku v zavislosti
na zméné jeho parametrti (pramér, délka aj.). Uvodni kapitola prace obsahuje obecné&jsi
prehled tématu dievénych konstrukci a spojl, vetné motivace této disertani prace a
formulace jejich cili. Kapitola literarniho ptehledu davd moznost nahlédnout do oblasti
tradiéniho spojovani a vobecné roviné pojedndvda o moznostech hodnoceni
mechanickych vlastnosti konstrukénich systémi. Soucasti této kapitoly je dale zdkladni
prehled publikovanych studii zabyvajicich se hodnocenim dfevénych systému.
Nasledujici ¢ast predklada autorské védecké publikace autora disertacni prace, piipadné
manuskripty vedené v recenznich fizenich. V zavéru prace jsou shrnuty vysledky dil¢ich

studii a navrzeny dal$i kroky vyzkumu.
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2 CILPRACE

Cilem disertacni prace bylo analyzovat mechanické chovani celodievénych

konstrukcnich spojt. K zajisténi mechanické stability téchto spoji byly pouzity koliky,

jako nejcastéji pouzivané dievéné spojovaci prostiedky tradi¢nich tesafskych spoja.

Prostiedkem k naplnéni stanovenych dil¢ich cilii prace byla kombinace experimentu,

teoretickych a numerickych vypocta.

Dil¢i cile disertacni prace:

a)

b)

d)

prvni ¢ast prace byla zaméfena na sestaveni ortotropnich elastickych a elasto-
plastickych materialovych modelt pro KP analyzy, které byly verifikovany na
zaklad¢ dil¢ich experimentt (tlak, tah, ohyb a smyk),

druhd ¢ast prace byla zaméfena na podrobnou analyzu (experimentdlni a
numerickou) mechanického chovani dfevénych spojovacich prostiedki —
drevénych kolikll pouzivanych v konstrukénich spojich,

tieti Cast prace byla zaméfena na odvozeni analytickych feSeni pomoci
postupti uvedenych v normach napt. EN 1995, CSN EN 14592, CSN EN 383,
CSN EN 26981 aj., které byly upraveny dle experimentdl (semiempirické
feSent),

ctvrtd Cast prace byla zaméfena na aplikaci verifikovanych materidlovych
modeld do komplexnéjSich KP modelli konstrukénich spojii a krovovych

soustav.
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3 LITERARNI PREHLED

3.1 Tesarské spoje

Tesai'ské spoje patii k tradiénim zplsobim spojovani dievénych prvka ve vyssi
konstrukéni celky. V ptipad¢ tradi¢nich celodfevénych tesatfskych spojii jsou prvky
spojovany bez pouziti kovovych spojovacich prostiedkl. Tradi¢ni celodievéné tesarské
spoje se pouzivaly uspésné jiz v ddvné minulosti, coz také dokazuji dochované objekty
s nevycislitelnou historickou hodnotou. Jedny z prvnich zminek o téchto tesaiskych
spojich pochazi z obdobi raného stiedovéku. Ve stejném obdobi byly také zaznamenany
prvni pisemnosti o vzniku profese tesafe. V nedavné minulosti byly tradi¢ni postupy
vyroby a oprav rekonstruovanych prvki silné opomijeny z divodu vysokych finan¢nich
nakladl a nedostatecné vypracovanych az chyb¢jicich postupt (Kunecky et al. 2015a a
2015¢). V soucasné dobé¢ jsou tradi¢ni tesaiské spoje opét vyhledavany a nasazovany,
zejména jedna-li se o zachranu ¢i rekonstrukci historickych objektt s diirazem na
dodrZeni ptvodnich zvyklosti a technik pouZivanych v dobé a misté vzniku daného
objektu. Se zvySujicim se zdjmem o tyto druhy spoji rostou také poZadavky ztad
projektantii na ovéfené postupy, jak by takové spoje mély byt navrhovany a provadény.
Tesatské spoje jsou totiz pii piesném a spravném vyhotoveni pevné, odolné a navic i
velmi estetické (Gerner 1992). Jejich hlavni nevyhodou je pracnost a skutecnost, ze
v misté spoje dochdzi k oslabeni prifezu dievéného prvku, ¢imZ se zvysuje riziko
mozZného vzniku docasnych nebo 1 trvalych deformaci. Proto ve srovnani s jinymi
zpusoby spojovani vyzaduji tradicni tesafské spoje masivngj$i konstrukéni prvky
(Sobon a Schroeder 1984, Novosseletz a Sulek 2008).

Réamova spojeni (také hrazdénd konstrukce) byla jednim =z nejstarSich a
nejbéznéjSich zplisobil spojovani dievénych sloupit a nosnikii. Nejpouzivangjsi spoj
v konstrukcich byl Cep a dlab zajistény dievénym kolikem (Benson 1997). Dievény
spojovaci kolik byl vyrabén z tvrdého dieva, nejcastéji ze dieva dubu a buku (Quercus
L. a Fagus L.). Tento typ spoje byl hojné vyuzivan po staleti v mnoha aplikacich od
nabytku az po stavby lodi. Hill a Eckelman (1973) ovéfili tinosnost spoje ¢epu a dlabu
pomoci analytického modelu. Bulleit et al. (1999) provadél vyzkum v oblasti
konstrukénich spojt, kde hlavnim cilem byla identifikace celkového chovani a odezvy
konstrukce ve skute¢ném méfitku. Autofi prokazali, Ze té€sné€ ptiléhajici spoje, u nichz je

minimalni pohyb mezi ¢epem a dlabem, maji vyssi stabilitu a tuhost ve srovnani se spoji
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nepfesnymi. Church (1995) analyzoval vliv orientace dievnich vlaken v pficném sméru
u dievénych koliktl z dubu a douglasky na jejich pevnost pii zatizeni stiihem. Unosnost
drevéného koliku byla bez ohledu na druh dfeva vyssi v radialnim sméru nez ve sméru
tangencialnim. Rozsahlad studie Schmidta a MacKaye (1997) také potvrzuje vyssi
unosnost dievéného koliku naméhaného v radialnim sméru oproti koliku naméhanému

ve sméru tangencialnim.

3.1.1 Poruchy v dievénych konstrukcich

Vseobecné se poruchou konstrukce rozumi ztrata schopnosti plnit zadané
pozadavky, pfedevsim nosnou funkei, v ramci pfedpokladané doby technické zivotnosti
— provozuschopnosti (Materna a Lokaj 2008). Pfi¢iny havarii a poruch dievénych
konstrukci mohou byt rizného charakteru. Mnohdy jsou skryty v konstrukeci uz od
jejiho vzniku a projevi se az po urcité¢ dobé&, aniz by pii bézné kontrole objektii byly
rozpoznany. K pfi¢indm poruseni neodmysliteln¢ patii lidsky faktor projevujici se
chybami v navrzich projekti (nevhodné zvoleny zplsob uspotadani prvkd a spoju,
nevhodna geometrie, dimenze jednotlivych prvki, Stihlostni poméry, ztuzeni prvki
apod.), nedokonalym provedenim praci podle predloZzené dokumentace a nedostate¢nou
udrzbou (Parisi 2000; Schachner et al. 2000; Mike§ 2005). Dalsimi velmi rizikovymi
faktory selhani konstruk¢nich systémi je biologické poSkozeni dieva hmyzem, houbami
a pozarem (Eriksson 1981). PoruSeni konstrukce muze byt také vyvolano
neovlivnitelnymi pti¢inami, jako jsou vyrazné zmény zatizeni konstrukce vlivem zmén
klimatickych podminek, které nebyly v dobé navrhovani uvazovany (VaSek 2005).
Nevhodné zvolen¢ rozméry prvka a pretizeni soustavy jsou nejCastéjsi pficiny pfii
selhani (Parisi 2000). ZjiStovani poruch v praxi ma sva rizika a je nutné v zdsadé
odlisit, zda se jedna o skute¢né selhani mechanické povahy nebo zda pficinou jsou
zmény stavil v disledku vlhkostnich a teplotnich zmén, naptiklad vysu$né trhliny (del
Coz Diaz et al. 2013).

Konstrukéni systémy jsou obecné navrzeny jako kombinace riznych prvkl
vzajemné spojenych. VSechny komponenty jsou usporadany takovym zplsobem, aby
byla konstrukce schopna odolavat vnéj$im ucfinkim kombinovaného statického a
dynamického zatizeni, které muze byt vyvolano celou tfadou podnéti (fyzikalni,
mechanické, chemické, biologické, aj.). Konstrukce reaguje na vnéjsi faktory vnitinim

nap¢tim, které se lisi v jednotlivych prvcich (Tampone et al. 2002). Nevhodnym
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navrhem konstrukénich detailti miize dochéazet ke zvySené koncentraci napéti v urcitych
mistech a poté mize dochazet ke vzniku porusSeni ¢i selhéani (Tampone 1996).

Zakladnimi fyzikalnimi faktory vyvolévajicimi zatizeni konstrukce je kolisani
vlhkosti a teploty okolniho prostiedi vedouci k rozmérovym zménam prvka.
K fyzikdlnim podnétim byvaji Casto fazeny i povétrnostni podminky (vitr, dést’, snih a
kroupy), které v disledku zpisobuji mechanické zatizeni konstrukénich prvki. Mimoto
je mechanické zatizeni zpiisobeno vlastni vahou prvkl, mobilidfem interiéru (statické
zatizeni), ale také napt. pohybem osob po interiéru (dynamické zatizeni).

Mezi nejcastéji vyskytujici se druhy mechanického naméahani na jednotlivych
prvcich v konstrukci mizeme zaradit tlak a ohyb, méné Casto se uplatni prosty tah a
smyk. Tlakové namahéni se vyskytuje pfedevs§im v pilifich, sloupech, ktilech, ale také
napiiklad ve vzpéradch ptihradovych nosnikii. Vlivem tohoto namahdni dochdzi ke
vzniku otlaeni a nasledné trvalé¢ deformaci v kontaktnich oblastech (napi. spojeni
sloupku a pozednice, Obr. 3.1). Stihlé¢ dlouhé prvky naméhané tlakem (vzpérem)
v axidlnim sméru mohou ztratit stabilitu v disledku jejich vyboceni (Giordano 1999).
Vodorovné a Sikmé konstrukéni prvky (vazné a stropni tramy, krokve apod.) jsou
z prevazné vétSiny namahany ohybem. Pfi ohybani konstrukéniho prvku vznikaji
nejprve tlakové deformace v konvexni ¢asti prvku. Prekroci-li zatizeni v konkavni ¢asti
prvku naméhané tahem mez pevnosti, dochézi k iniciaci trhlin, jejichz §ifeni po délce
prvku je podporovdno smykovym napétim, které dosahuje maxima v neutralni ose.
Nasledné¢ prvek ztraci stabilitu a vznikd jeho nevratné poruseni. (Niemz 1993; Yoshihara
a Tsunematsu 2006). Prosty tah se vyskytuje velmi ztfidka, nejCastéji v krovech s

vésadly, které se vyuZzivaji pro preklenuti velkych rozpond.
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(Srorcimento)

(Compressione)
Zusammenpressung

Obr. 3.1 Deformacni G¢inek svislého konstrukéniho prvku (pievzato z Wille 1950).

Pozadavky kladené na dfevéné konstrukce bez ohledu na druh a provedeni lze dle

Mikese (2005) definovat:

- v podporach by méla konstrukce vyvozovat vzdy svislé zatizeni. Vyvozuji-li
nekteré soustavy Sikmé tlaky, je tfeba zachytit vodorovné slozky sil ocelovymi
tahly nebo dievénymi kleStinami,

- dfevéna konstrukce musi byt v podélném i pficném sméru dostatecné tuhd, aby
dobie vzdorovala jednostrannym zatizenim a zejména u¢inktim vétru,

- jednotlivé soucasti kazdé konstrukce musi byt fadné nadimenzovény, aby
nekteré prvky a c¢asti konstrukci nebyly pfemahény a to obzvlasté v mistech

spojtl.
3.2 Zasady navrhovani podle EN 1995

Cilem navrhovéni podle EN 1995 je minimalizovat pravdépodobnost selhani
konstrukce, tj. vyhnout se stavu, kdy zatiZzeni konstrukce bude vétsi nez jeji unosnost. U
vSech rozhodujicich névrhovych situaci se musi prokdzat, Ze mezni stavy nebudou
dosaZeny, tj. zajistit, Ze:

- UCinky zatiZeni nepiekro¢i ndvrhové hodnoty odolnosti konstrukéniho prvku
(pro mezni stavy Unosnosti),
- Ucinky zatizeni nepiekro¢i piislusné navrhové hodnoty (pro mezni stavy

pouzitelnosti).
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V prubéhu navrhovani G€inkil zatizeni je nezbytné nutné:
- urcit vSechna zatizeni ptisobici na konstrukci a jejich kombinace,
- vybrat vhodny vypoctovy model pro uréeni odezvy konstrukce,
- urcit odezvu konstrukce na tc¢inky zatizeni v Case.
V prubéhu vysetfovani odolnosti konstrukce je nezbytné nutné:
- urcit materialové charakteristiky,
- urcit geometrické a prifezové charakteristiky konstrukce,

- urcit referencni hodnoty, ke kterym se bude vztahovat posouzeni spolehlivosti.

3.2.1 Vypoctové modely

Vypoctové modely slouzi kuréeni odezvy konstrukce na zatizeni. Zvolené
modely by mély co nejlépe vystihovat vlastnosti a chovani konstrukce. Pii volbé
modelu je tieba brat vuvahu kromé hlavnich veli¢in, jako jsou geometrické,
materidlové a prufezové charakteristiky, také vyrobni a montdzni imperfekce, vlivy
prostiedi apod. (EN 1995) Je tieba také disledné rozliSovat, zda jsou vypoctové modely
zalozeny na vySetfovani nedeformované konstrukce — podle teorie malych deformaci
(teorie 1. fadu) nebo na vySetfovani konstrukce, u niz jsou zohlednény pocatecni
deformace a podminky rovnovahy jsou sestavovany na deformované konstrukci (teorie
2. tadu).

Vypoctové modely se rozdéluji podle jejich podstaty do dvou zdkladnich (EN
1995) skupin:

a) fyzikalni (skute¢né) modely, jez jsou urCeny pro experimentalni stanovovani
unosnosti, pouzitelnosti, pfipadné zivotnosti konstrukce a spojl. Jejich funkce je také
verifikacni, pro ovéfeni vérohodnosti teoretickych a numerickych modeld, a déle,
mohou nahradit v urcitych pfipadech modely teoretické.

b) teoretické modely, jsou zakladni modely pro navrhovéni konstrukci, které se
déli na analytické a numerické. Analytické modely jsou bé&Zné pouzZivany pii
projektovani v praxi. Numerické modely slouzi zpravidla k popisu vlastnosti
komplexnéjSich konstrukci pfi rizné kombinovanych zatiZzenich a materidlovych

skladbach.

Zakladem analytickych modeli je formulace problému systémem rovnic a jejich

feSeni v uzavieném tvaru. Analytickymi modely lze feSit pomérné Siroky okruh
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problémi — od jednorozmérnych (prutové konstrukce), pies dvojrozmérné (stény,
desky), az po trojrozmérné konstrukéni prvky a detaily. Je vSak nutné zminit, ze
analytické feSeni je pro svoji matematickou exaktnost pomérné naro¢né a je vyhodné
pouze pro jednodussi piipady zatizeni, tvaru a podeptfeni konstrukci. Nalézt presné
analytické feSeni v obecném slozitéjSim piipadé byva velice narocné, nékdy dokonce
nemozné. V téchto piipadech se dostdvaji ke slovu aproximace za vyuziti metod
numerickych, které jsou pritbézné propracovavany a zdokonalovany (Marek et al. 2003;
Materna a Lokaj 2008).

Zakladem numerickych modeli je formulace problému pomoci systému
diferencialnich rovnic, které viak nejsou feSeny v uzavieném tvaru. Reseni je hledano
pomoci riznych numerickych metod (variatni metody, diferencni metody, atp.).
Moderni numerické metody (nejrozsifenéjSim piedstavitelem je metoda konecnych
prvki — MKP neboli FEM - Finite Element Method) jsou pfevazné metodami
»energetickymi® — tzn. metodami zalozenymi na hledani extrému celkové potencialni
energie konstrukce. Tyto metody jsou zaloZeny na idealizaci spojité konstrukce
diskrétnimi prvky s urcitymi geometrickymi a fyzikalnimi vlastnostmi (Kolaf et al.
1997; Marek et al. 2003; Materna a Lokaj 2008). MKP a numerickému modelovani

obecné je vénovana samostatna kapitola 3.8.

3.2.2 Posouzeni spolehlivosti

V procesu pravdépodobnostniho navrhu a posudku spolehlivosti konstrukce je
nutné stanovit referencni urovné, tj. hodnoty napéti, pretvofeni nebo deformaci. Po
piekroceni této referencni Grovné prestane prislusny prvek plnit navrhova kritéria a
konstrukce se stdva nefunkéni nebo dokonce nebezpecnou. Zakladni princip posuzovani
spolehlivosti dievénych konstrukci byl zalozen na deterministickych pfistupech
posuzovani metodou dovolenych namahdni. Nejistoty pfi posuzovani nebyly
vyjadfovany explicitné, ale implicitné v konzervativnich pfedpokladech o rozdéleni
napéti. Tato filozofie pochazi z 19. stoleti, a Ize ji vyjadfit nasledujicimi vztahy (3.1 a
3.2):
<o

O-max,T — “allow (31)

a soucasné

Gt (3.2)

O =
allow
k
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Evropské normy (EN 1995, DIN 1052 aj.) pro navrhovani dfevénych konstrukei
jsou zalozeny na metod¢ dil¢ich soucinitelii. Metoda dil¢ich soucinitelii ma umoznit
dislednéjsi posudek v ptipad¢ aplikace teorie 2. fadu, vyuziti plastickych rezerv a
presnéjsi vyjadieni zatizeni. Nejistoty (rozptyl nahodné proménnych velic¢in ovliviiujici
vysledek) jsou rozdéleny jak na zatizeni, tak i na odolnost konstrukce. Metoda dil¢ich
soucinitelll je zaloZena na filozofii tzv. meznich stavi (pfi jejich prekroceni konstrukce
nevyhovuje navrhovym pozadavkim). V soustavé Eurokodit (napt. EN 1995) jsou

uvazovany pouze dva mezni stavy:

a) mezni stavy unosnosti jsou to takové stavy, které mohou ohrozit bezpe¢nost
osob v souvislosti se zficenim nebo podobnymi poruchami konstrukce. Mezni
stavy Unosnosti zahrnuji: ztratu stability konstrukce nebo jeji ¢asti jako tuhého
télesa; poruchu nadmeérnym pretvorenim; transformaci konstrukce na

mechanismus; poruseni.

Zakladni podminka pro posouzeni spolehlivosti nosného prvku v meznim stavu
unosnosti 1ze v symbolickém tvaru zapsat jako:

S, <R, (3.3)

kde S, ptedstavuje navrhovou hodnotu kombinace zatizeni (vyjadiena vnitinimi
silami, napétim apod.) a R, pfedstavuje navrhovou hodnotu odolnosti konstrukéniho
prvku (u dfevénych konstrukci je tato hodnota vztazena ptevazné k navrhové pevnosti

dieva).

b) mezni stavy pouzitelnosti zahrnuji: deformace a prithyby, které ovliviji
vzhled nebo efektivni vyuziti konstrukce; kmitani, které zptisobuje nepohodli
osob, poskozeni konstrukce nebo nesenych materiali nebo které omezuje
jejich funkéni ucinnost; poskozeni (vietné trhlin), které mohou nepiiznivé
ovlivnit trvanlivost konstrukce.

Zakladni podminku pro posouzeni spolehlivosti nosného prvku v meznim stavu

pouzitelnosti 1ze symbolicky vyjadfit jako:

Sy <C, (3.4)

kde S; ptredstavuje navrhovou hodnotu ucinku zatizeni (vyjadiena deformaci,

zrychlenim apod.) a C; pfedstavuje nomindlni hodnotu odpovidajicich vlastnosti

konstrukece.
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Pro prohlaseni, ze urcity konstrukéni prvek v meznim stavu tnosnosti vyhovuje
z hlediska spolehlivosti pfi namahani (tah, tlak, ohyb, smyk, krut a jejich kombinacim)
podle soucasnych norem, musi tento prvek spliovat zadkladni podminku (3.3).

Navrhovou hodnotu X, vlastnosti materidlu (pii naméhani na ohyb, tah, tlak,
smyk, pro modul pruznosti (E a G), hustotu)® dievéného konstrukéniho prvku a
normdlového napéti oy pro konkrétni typ posuzovaného namahdni lze vyjadfit

symbolickymi vztahy (3.5 a 3.6) ve tvaru:

X, =k X (3.5)
7'm
N
o=y (3.6)

Vypocet navrhové hodnoty vlastnosti materidlu X; se musi vzdy upravit pomoci
dil¢ich koeficientli (Tab. 3.1 a Tab. 3.2). Normalové napéti v priifezu oy se vypocita
podle vztahu (3.6), kde ucinna plocha prifezu 4 vyznamné ovliviiuje vystupni hodnotu

tohoto napéti.

Tab. 3.1 Doporucené dil¢i soucinitele yy pro vlastnosti materialu a tinosnosti (pfevzato z EN 1995).

Zakladni kombinace m
Rostlé dievo 13
Lepené lamelové dievo 1.25
LVL, preklizovana deska, OSB 1.2
Ttiskové desky 1.3
Vléaknité desky, tvrdé 1.3
Vléaknité desky, stfedné tvrdé 1.3
Vléknité desky, MDF 1.3
Vlédknité desky, mekké 1.3
Spoje 1.3
Kovové desky s prolisovanymi trny | 1.25
Mimofadné kombinace 1.0

! kde hodnota X4 je definovéna pomoci Doporuenych hodnot charakteristickych pevnosti, moduli
pruznosti a hustot pro rostlé nebo lepené lamelové dievo podle piislusnych tabulek (napf. v EN 1995 —
A7/3 pro jehli¢naté a listnaté dievo z EN 338 (A8/7 pro lepené lamelové difevo z EN 14080) podle
Systému tfid pevnosti.

Milch, J. 2016 13



Literarni prehled

Tab. 3.2 Hodnoty Kkyoq (pfevzato z EN 1995).

o Ttida trvani zatizeni®

N

o R QO N O

> U =S I =S I < S -

) S8 88 E|eE|L8E

Materil Norma | 512 81281282858

s B |& |2 |3

1 1060|070 0.800.90]1.10
Rostlé dievo | EN 14081-1 | 2 | 0.60 | 0.70 | 0.80 | 0.90 | 1.10

3 [ 050|055|0.65]|0.70 | 0.90

Zakladni podminky pro jednotlivé druhy naméhani nize uvedené, plati pro rovné
rostlé dfevo, lepené lamelové dfevo nebo konstrukéni vyrobky na bazi drfeva
s konstantnim priifezem, jejichz vlakna jsou orientovdna pievazné rovnobézné po délce
prvku. Pifedpokladem je, ze prvek je namahan napétim pouze ve sméru své jedné (x, y

nebo z) hlavni osy (viz Obr. 3.2).

y |
Obr. 3.2 Hlavni geometrické osy prvku. (1) smér dievnich vlaken (pfevzato z Kuklik a Kuklikova 2010).

3.3 Zakladni podminky meznich stavi unosnosti pro jednotlivé druhy
namahani:

Tah rovnobézné s vlakny
Zékladni vztah pro posouzeni pevnosti v tahu rovnobézné s vlakny je:
(3.7)

Oiod = ft,o,d

Ttida 1 — je charakterizovana vlhkosti materidlu odpovidajici teploté 20°C a relativni vlhkosti
okolniho vzduchu piesahujici 65 % pouze po nékolik tydnl v roce. Ve tfidé vlhkosti 1 nepfesahuje

pramérna vlhkost dieva 12 %.
Ttida 2 — je charakterizovana vlhkosti materidlu odpovidajici teploté 20°C a relativni vlhkosti

okolniho vzduchu pfesahujici 85 % pouze po né€kolik tydnl v roce. Ve tfidé vlhkosti 2 nepfesahuje

prumeérna vlhkost dfeva 20 %.
Ttida 3 — je charakterizovana klimatickymi podminkami vedoucimi k vlhkosti vyssi nez ve tridé

vlkosti 2. Pouze vyjimecné by méli byt kryté konstrukce zatazeny do tfidy vlhkosti 3.
® T¥ida trvani zatizeni: stalé (déle nez 10 let); dlouhodobé (6 mésict az 10 let); stiednddobé

(1 tyden az 6 mésici); méné nez 1 tyden; okamzité (-).
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Tah kolmo k vlaknim
Tomuto typu namahani by se mélo u konstrukénich prvkii predchazet nebo alespon jej
kolmo k vlakntim je:

Oio0d = k ft,90,d (3.8)

vol
kde soucinitel k,,; = 1.0 (pro rostlé dievo)
Tlak rovnobézné s vlakny

Zakladni vztah pro posouzeni pevnosti v tlaku rovnobézné s vlakny je:

Teoa < feod (3.9)

Tlak kolmo k vlaknum

Zakladni vztah pro posouzeni pevnosti v tlaku kolmo k vlaknim je:
Teo0a < Koo Feo0d (3.10)*
Ohyb

Nosnik naméhany ohybem musi spliiovat podminky:

(o)
myd | Imad g 3.11)
f " f
m,y,d m,z,d
(o} (o2
K, f”"y*" + f”"“’ <1 (3.12)
m,y,d m,z,d

kde soucinitel K, :

- pro rostlé dievo, lepené lamelové dievo a LVL:
. pro pravouhlé pratrezy — 0.7
. pro ostatni prafrezy — 1.0
- pro ostatni konstrukéni vyrobky na bazi dieva, pro vSechny priifezy — 1.0
Smyk
Zakladni vztah pro posouzeni pevnosti ve smyku je:

7,4 < fig (3.13)

* Hodnota kc'90 se ma uvazovat 1.0, v opacnych pifipadech se postupuje podle Kuklik a Kulikova
(2010), kapitola 6.1.5.
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Krouceni
Zakladni vztah pro posouzeni krouceni je:

Tior < Kehape f

shape "v,d
kde souCinitel:  kggpe = 1.2 pro kruhové prafezy

1+0.15D

shape = min b pro pravothlé prifezy
2.0

k

Maximalni napéti v krouceni tuhych prvki Ize vyjadrit vztahy:

2- MT , oy

Tior = pro kruhovy prifez
wT-r

Tor = ———— pro obdelnikovy priifez
a,-h-b

S

(3.14)

(3.15)

(3.16)

(3.17)

Vzhledem k tomu, Ze se v konstrukénich prveich nevyskytuje pouze jednoosy stav

napjatosti, ale spiSe interakce vySe uvedenych namdhani, které indukuji v télese

dvouosy a viceosy stav napjatosti, budou v dalsi Casti této kapitoly popsany podminky

pro vybrané kombinace namahani.

Napéti v tlaku pod thlem k vldkniim

Tato napjatost se vyskytuje zejména u tesaiskych spojt.

O \

Gy -. :f\ e

Obr. 3.3 Napéti pod thlem k vldknim (pfevzato z EN 1995).

Pro napéti v tlaku pod tthlem a k vlakniim musi byt splnéna nasledujici podminka:

fc,O,d

<
c,ad f
©09__sin? a, +cos® a,

kc,90 fc,90,d

Milch, J. 2016
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Kombinace ohybu a osového tahu

Musi byt splnény nasledujici podminky:

o o o

tod  Omyd Kk, mzd ~q (3.19)
ft,o,d fm,y,d fmyzvd
O, O (o}

£,0d k. m.y.d mzd <4 (3.20)
ft,O,d fm,y,d fmlvd

Kombinace ohybu a osového tlaku

Musi byt splnény nésledujici podminky:

2

o (e O
cod | | ZTmyd k., mzd 4 (3.21)
fc,O,d fm,y,d fm,z,d
2
o o
O-C,O,d + km m,y,d + m,z,d <1 (322)
fc,O,d 1:m,wi fm zd

Vyse popsané podminky pro zékladni a kombinované druhy naméhani meznich
stavil unosnosti musi byt splnény. Konstrukce, kterd je prohlaSena za bezpecnou a

vhodnou k uzivani, musi dale spliovat pozadavky podle meznich stavii pouzitelnosti.

3.4 Zakladni podminky meznich stavii pouzitelnosti pro jednotlivé druhy
namahani:

V dalsi ¢asti této podkapitoly budou popsany podminky, které musi dievéna
konstrukce spliovat podle meznich stavii pouzitelnosti. Podle EN 1995 jsou uvedeny tii
limitni poZadavky, které nesmi byt piekroceny, a to:

a) prokluz spoje (n¢kdy také oznaCovan terminem posunuti spoje) definovan

modulem prokluzu (oznacovan také terminem modul posunuti);

b) maximalni prihyb jednotlivych prvkd, ktery musi byt mensi, nez jsou

ptedepsané hodnoty;

c) maximalni kmitani ¢asti konstrukce, které musi byt v akceptovatelném

rozsahu.
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3.4.1 Prokluz spoje

Spoje provedené pomoci spojovacich prostfedki kolikového typu se musi urcit
modul prokluzu K., jednoho stfihu jednoho spojovaciho prosttedku pii provoznim

zatizeni podle Tab. 3.3. V EN 26891 se misto K., pouziva znacka k.

Tab. 3.3 Hodnoty K, pro spojovaci prostiedky a hmozdiky v N-mm™ ve spojich dfevo-dievo a deska na
bazi dievo-dievo.

Typ spojovaciho prostfedku Keer
Koliky

Svorniky s nebo bez vile? 15
Vruty y pn2d/23
Hiebiky (s predvrtanim)

Hiebiky (bez piedvrtani) pu>d 28730
Sponky pu>d 28780

Prstencovy hmozdik typu A podle EN 912
Talitovy hmozdik typu B podle EN 912
Zazubené hmozdiky:

- Hmozdiky typu C1 az C9 podle EN 912 1,50y d /4
- Hmozdiky typu C10 az C11 podle EN 912 Pmde/2
®Viile se ma pridavet k pietvoreni oddélend

pmdc/2

Jsou-li primémé hustoty p,,1 a pm2 dvou spojovanych prvkll na bazi dreva

rozdilné, potom se p,, stanovi pomoci vztahu (3.23):

P =1/Pm1" Pm2 (3.23)

3.4.2 Maximalni prihyb

Mezni stavy pouZzitelnosti vyZaduji, aby deformace (prihyby) prvki konstrukce
na zaatku zatizeni (vcase T=0) a na konci zatizeni (v case T =finish) byly
v pfedepsanych intervalech podle Tab. 3.4.

Tab. 3.4 Mezni hodnoty prihybu nosniku (pfevzato z EN 1995).

Winst Whet fin Wrin
Prosty nosnik | L/300 do L/500 | L/250 do L/350 | L/150 do L/300
Konzola L/150 do L/250 | L/125 do L/175 | L/75 do L/150

Pokud je konstrukce sloZena z prvki, dilct a spojli se stejnym dotvarovani a za
predpokladu linearni zavislosti mezi zatizenim a odpovidajici deformaci (elastickéd ¢ast
pracovniho diagramu), se miZe konecnd deformace ug, uvazovat nasledovné podle

rovnice (3.24) a ptisluSnych hodnot z Tab. 3.5 a Tab. 3.6:
Ufin = Using T Using +Zufin,Qi (3.24)

kde U, g = Upg g (L+ Kqe ) PTO Stalé zatizeni, G (3.25)
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Ufino1 = Uinston (1+ W1 K ) pro hlavni proménné zatiZeni, Q; (3.26)

Utnoi = Uinsto, ((//O'i + 1/, i Kyer ) pro ostatni proménna zatizeni, Q; (i> 1) (3.27)

Tab. 3.5 Hodnoty kg pro rostlé dievo (pievzato z EN 1995).

Ttida provozu
1 2 3
Rostlé dievo | EN 14081-1 | 0.6 | 0.8 | 2.0

Materal Norma

Tab. 3.6 Hodnoty souéiniteltl yyj; w1 w2 proménnych zatizeni (ptevzato z EN 1995).

Yo | Y1 | Y2
1. Uzitkové zatizeni v budovach
Kategorie A: Bytové domy 0.7105)03
Kategorie B: Administrativa 0.7105]0.3
Kategorie C: Shromazd’ovaci prostory 0.710.7]0.6
Kategorie D: Obchody 0.710.7 |06
Kategorie E: Sklady 100908
2. Zatizeni dopravou
Kategorie F: Vozidla do 30 kN 0.710.7/06
Kategorie G: Vozidla mezi 30 KN a 160 kN 0.7105]0.3
Kategorie H: Stfechy 0 0 0
3. Zatizeni povétrnosti
Zatizeni snéhem (Finsko, Island, Norsko, Svédsko) 0705102
Zatizeni snéhem (¢lenské staty CEN, H> 1000 mn.m.) | 0.7 | 0.5 | 0.2
ZatiZzeni snéhem (Clenské staty CEN, H<1000mn.m.) | 05| 0.2 | 0
Zatizeni vétrem 06(02] 0
Zatizeni zménou teploty 06 05| 0

Slozky prihybu, které jsou vysledkem kombinace zatizeni (podle rovnice

3.24), jsou znazornény na Obr. 3.4.

&\ //’A |
AR . -
N - Winst PR Wﬁn

.. - - A
-, -— - - Whet fin

Obr. 3.4 Slozky pruhybu (ptevzato z EN 1995).

Cisty prithyb pod piimkou mezi podpérami w., sin S€ stanovi podle rovnice (3.28):

W (3.28)

net, fin inst creep

=W, + Wy, — W, =W, —W,

c
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Pro mezni stavy pouzitelnosti pak musi platit nasledujici podminky pro prihyb:

1' Winst < Vvins’[,lim (329)
2' Vvfin < Vvfin,lim (330)
3' Wnet,fin = Wnet, fin,lim (331)

3.4.3 Maximalni kmitani

Tietim limitnim pozadavkem, ktery nesmi byt prekro¢en podle meznich stavi
pouzitelnosti, je kmitani konstrukce. Kmitani v konstrukcich miize byt vyvolano
instalovanymi stroji (rotacni stroje) nebo lidskou aktivitou (chizi). V néasledujicim textu
budou popsany zdkladni podminky, které musi byt splnény podle meznich stavii
pouzitelnosti pro kmitani. Uplny popis postupu pro stanoveni kmitani a zékladnich
frekvenci je mozné nalézt v Kuklik a Kuklikova (2010) v kapitole 7.3 nebo v EN 1995.

U stropti obytnych budov se zakladni frekvenci vétsi nez 8 Hz (f; > 8 Hz) ma byt

splnéna podminka:

w

<3 3.32
= (3.32)
v<bhED (3.33)

3.5 Druhy zatiZeni podle pFislusnych norem

Celkové pretvoteni se u dievénych konstrukei skladd ze dvou slozek, a to stalé a
proménlivé. Vysledkem tedy je promeénliva velikost celkového pretvofeni drevéné
konstrukce béhem jeji zivotnosti. Stalé pretvoreni vznika ihned po zatiZzeni konstrukce
dlouhodobym neménicim se zatizenim (napt. vlastni hmotnosti konstrukce, hmotnosti
mobilidfe). Podstatné vétsi cast z celkového ptetvoreni konstrukce je promeénliva.
Proménlivé pietvoreni je zpisobeno jednak dlouhodobym zatiZenim (nartst plastickych
deformaci) a jednak ¢asové proménnym zatizenim jako je snih, vitr, pohyb osob a véci
apod. (nartst ¢i pokles elastickych deformaci a narist plastickych deformaci).

V névaznosti na tuto skutecnost, 1ze jednotlivé druhy zatiZzeni rozdélit 1) podle

doby trvani a 2) podle druhu zatéze:
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- 1) stala zatizeni — skladaji se z vlastni tihy konstruk¢énich prvki a tihy vsech
komponentti, které¢ jsou konstrukénimi prvky trvale neseny, tj. napiiklad
pevnych piicek, izolaci, obkladl a omitek,

- 2) prechodna zatiZeni — takova, ktera jsou proménliva v Case:

a) uzitna zatizeni — odpovidaji zatizenim, kterd se sama pohybuji (naptiklad
osoby, vozidla), a pfenosnym zatizenim (napiiklad nabytek, lehké pfticky,
uskladnéné materialy),

b) zatiZzeni snéhem — jsou zaloZena na métfeni vySky snéhu a na mérné
hmotnosti sn¢hu. Pomérna hustota se méni v zévislosti na prostiedi a na lokalni
povétrnosti,

¢) zatiZeni vétrem — jsou proménna v Case a jsou zatfidéna v kratkodobé tiidé
trvani zatiZeni,

d) kombinace zatiZeni — vyzaduji analyzu u¢inkl zatiZzeni. Tato zahrnuje volbu
usporadani zatizeni odpovidajici skute¢né situaci, pro kterou je nutno konstrukci

nebo ¢ast konstrukce posoudit.

Uvedené typy zatizeni musi byt respektovany pii navrhovani celkového zatiZeni
konstrukce (obecné okrajovych podminek). Na zaklad¢é znalosti téchto okrajovych
podminek je moZno sledovat rozklad celkového zatizeni do jednotlivych konstrukénich
prvkl a spojl, véetné stanoveni normalovych, posouvajicich a momentovych sil, které
jsou od celkového zatiZzeni realn€ prenaSeny do konstrukce. Tyto sily jsou nasledné
brany do tivahy v ptipadech individudlniho hodnoceni kazdého spoje v konstrukci.

Stanoveni velikosti riznych druhli zatiZzeni je oSetieno EN 1995 a doplnéno
harmonizovanou normou EN 1991-1, ktera je délena podle charakteru zatiZzeni do
nasledujicich casti:

EN 1991-1-1 Objemov¢é tihy, vlastni tiha a uzitna zatizeni pozemnich staveb
EN 1991-1-2 Zatizeni konstrukci vystavenych uc¢inkiim pozaru

EN 1991-1-3 Zatizeni snéhem

EN 1991-1-4 Zatizeni vétrem

EN 1991-1-5 Zatizeni teplotou

EN 1991-1-6 Zatizeni béhem provadéni

EN 1991-1-7 Mimoftadna zatizeni
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3.5.1 EN 1991-1-1 Objemové tihy, vlastni tiha a uZitna zatiZeni pozemnich staveb

Zatizeni konstrukce je zalozeno na definici tithy nosnych i nenosnych prvki
v urcité kombinaci, véetné skladovanych materialti a zatizeni. Norma uvadi tii zékladni
zdroje zatizeni: a) objemovou tihu stavebnich a skladovych materidlii; b) vlastni tihu
stavebnich prvkll stanovenou na zékladé¢ nomindlnich rozmérit a charakteristickych
hodnot objemovych tih, zde se fadi naptiklad nosné a nenosné prvky (stfesni krytina,
povrchové upravy, pricky, kabelové rozvody apod.); c) uzitné zatizeni pozemnich
staveb, mezi které mizeme =zafadit osoby, zafizovaci predméty, vozidla apod.
Odpovidajici velikost zatizeni konstrukce se stanovi na zdkladé tabulkové
charakteristické hodnoty uzitného zatizeni podle prislusnych kategorii podle Tab. 3.7,

dale pak napft. podle Tab. 3.13.
Tab. 3.7 Uzitné kategorie (pfevzato z EN 1991-1-1).

Kategorie | Stanovené pouZiti Piiklad
A obytné plochy a plochy pro | mistnosti obytnych budov a domu; lizkové pokoje a
domaci ¢innosti ¢ekarny v nemocnicich; loznice hoteld a ubytoven,
kuchyné a toalety
B kancelai'ské plochy
C plochy, kde mutze dochazet ke | Cl: plochy se stoly atd., napf. plochy ve Skolach,

shromazdovani  lidi  (kromé | kavarnach, restauracich, jidelnach, ¢itarnach, recepcich.
plochy uvedenych v kategoriich | C2: plochy se zabudovanymi sedadly, napf. plochy
A, BaDY) v kostelech, divadlech nebo Kkinech, v konferenénich
salech, prednaskovych nebo zasedacich mistnostech,
nadrazich a jinych ¢ekarnach.

C3: plochy bez prekazek pro pohyb osob, napf. plochy
Vv muzeich, ve vystavnich sinich a ptistupové plochy ve
vefejnych a administrativnich budovach, hotelich,
nemocnicich, Zelezni¢nich nadraznich halach.

C4: plochy uréené k pohybovym aktivitdm, napf.
tanecni saly, télocvicny, jevisteé, atd.

C5: plochy, kde muze dojit k vysoké koncentraci lidi,
napf. budovy pro vefejné akce jako koncertni sing,
sportovni haly, v€etné tribun, terasy a piistupové plochy,
zelezniCni néstupiste.

D obchodni plochy D1: plochy v malych obchodech
D2: plochy v obchodnich domech

1) Pozor na odstavec 6.3.1.1(2)P, zejména pro C4 a C5. Pokud je nutno uvazovat dynamické
ucinky, viz EN 1990. Kategorie E je v tabulce 6.3.

Poznamka 1 V zavislosti na piedpokladaném ucelu pouzivani mohou byt plochy zafazeny do kategorie
C5 misto do kategorii C2, C3 a C4, a to na zaklad¢ rozhodnuti klienta a/nebo podle narodni pfilohy.
Poznamka 2 V narodni pfiloze mohou byt uvedeny podkategorie ke kategoriim A, B, C1 az C5, D1 a D2.
Pozndmka 3 Plochy pro skladovéni a primyslovou ¢innost, viz 6.3.2.

3.5.2 EN 1991-1-3 ZatiZzeni snéhem

Stanoveni charakteristické hodnoty zatiZzeni sn€éhem na stfeSe s pro navrhovani

konstrukei se vyuziva pro objekty, které jsou v maximalni nadmoiské vysce 1500 m,
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pokud neni stanoveno jinak. Velikost hodnoty zatizeni urcuji dva hlavni faktory, které

jsou normou popsany v prilohach A a B:

a) priloha A: Navrhova situace a uspoiadani zatiZzeni pro razné lokality

Tato pfiloha je v podobé¢ tabulky (Tab. 3.8) udavajici mozné ptipady, které

mohou nastat v dané lokalit¢ objektu. Rozhodujicimi parametry pro zafazeni

objektu do prislusného ptipadu je mnozstvi spadu a navati sné¢hu. Rozlisuji se

moznosti, zda dochézi ¢i nedochazi k vyjime¢nému stavu a na zaklad¢ toho se

urci zékladni vztah pro vypocet s.

Tab. 3.8 Navrhové situace a uspotadani zatizeni pro rizné lokality (pfevzato z EN 1991-1-3).

nenavaty snih
4i Ce Cy 8¢
navaty snih
4i Ce Cy Sk

nenavaty snih
4i Ce Cy 8¢
navaty snih
4 Ce Cy Sk

mimoradnad NS (pokud
je snih mimorddnym
zatizenim)

nenavaty snih

1 Ce Cy Ceg S¢

navaty snih

i Ce Cy Ceg Sk

Normalni podminky Vyjimeéné podminky
ptipad A ptipad B1 ptipad B2 ptipad B3
nedochazi k VSS” dochazi k VSS nedochazi k VSS dochazi k VSS
nedochazi k VNS™ nedochazi k VNS dochazi k VNS dochazi k VNS
trvalé/docasné NS trvalé/docasné NS trvalé/docasné NS trvalé/docasné NS

nenavaty snih

1; Ce Cy s

navaty snih

i Ce Cy 8¢

(krom¢ tvard stiech
uvedenych v piiloze B)

mimorddna NS (pokud
je snih mimordadnym
zatizenim)

navaty snih

Hi Sk

(pro tvary stfech uvedené
v ptiloze B)

nenavaty snih

i Ce Cy s¢

navaty snih

i Ce Cys¢

(kromé¢ tvara stiech
uvedenych v ptiloze B)

mimorddna NS (pokud

je snih mimorddnym
zatizenim)

nenavaty snih

Ui Ce Ct Ceg Sk

navaty snih

Hi Sk

(pro tvary stfech uvedené
Vv ptiloze B)

" VSS = vjjimeénému spadu sndhu~ VNS = vyjime&nému navati snéhu; NS = navrhové situace

b) priloha B: Tvarovy soucinitel pro zatiZeni vyjimeénym navatim snéhu
Tato ptiloha popisuje tvarovy soucinitel pro riizné typy konstrukci stiech (napf.
vicelodni budovy, stiechy sousedici a pfiléhajici k vyS§im stavbam, stiechy
s navéjemi u vystupkt, prekazek a atik), kde se mize nerovnomérné rozkladat

zatiZeni, pfipadné se mize kumulovat na jednom misté (atiky, kominy apod.).

Zakladni vztah pro vypocet charakteristické hodnoty s pro normalni podminky
podle Tab. 3.8 se provede podle rovnice (3.33):

s=u,-C,-C, s, (3.33)

Pro vypocet s je nutno pouzit soucinitele pro korekci v zévislosti na tvaru stiechy

(u1) podle Tab. 3.9 a typu krajiny (C,) podle Tab. 3.10. Tvarovy soucinitel sedlové
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stiechy je zavisly na uhlu sklonu stfechy (a). Charakteristickd hodnota zatizeni sné¢hem
na zemi s; je vstupni hodnotou odpovidajici oblastem I-V, podle mapy snéhovych
oblasti pro Ceskou republiku (Obr. 3.5). Tepelny soudinitel C, se pouziva v piipadech,
kdy je mozno vzit v uvahu snizeni zatiZzeni sné¢hem na stieSe, ktera ma vysokou tepelnou
propustnost (> 1 W/m’K), kdy dochazi k odtavani snghu vlivem prostupu tepla,

v ostatnich ptipadech je roven 1.0.

Tab. 3.9 Tvarové soudinitele zatizeni sn€hem (pfevzato z EN 1991-1-3).

uhel sklonu stfechy o | 0°< a <30° 30°<a <60° | a>60°
i 0.8 0.8(60-a)/30 | 0.0
1 0.8 + 0.80/30 1.6 -
Tab. 3.10 Doporuc¢ené hodnoty soucinitele C, pro riizné krajiny (pfevzato z EN 1991-1-3).
Typ krajiny Ce
otevien4® 0.8
normélni® 1.0
chranén4” 12

D otevieny typ krajiny: rovna plocha bez prekazek, oteviena do viech stran, nechran&na nebo jen malo
chranéna terénem, vy$8imi stavbami nebo stromy.

Y normaini typ krajiny: plochy kde nedochézi na stavbéach k vyraznému premisténi snéhu vétrem kvili
okolnimu terénu, jinym stavbam nebo stromim.

9 chranény typ krajiny: plochy, kde je uvaZovana stavba vyrazné niz§i nez je okolni terén nebo je
stavba obklopena vysokymi stromy a/nebo vy$§imi stavbami.

CSN EN 1891-1-3:2005/21:2006
MAPA SNEHOVYCH OBLASTI NA UZEMI CR

Zatizen snéhem na stechdch 8= .C,'G;s,

L Otiast [ ] m vV v Vi
Dot e =
3 4 [07 10 15 20 25 30 40 >0

v . posnts 8 131 e
. o

potot
[l —

AR = Wyoracorsl Gesky rydrometecxologief istav

Obr. 3.5 Mapa snghovych oblasti na uzemi CR (prevzato z EN 1991-1-3).
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3.5.3 EN 1991-1-4 ZatiZeni vétrem

wevr

Stanoveni zatizeni vétrem je z hlediska navrhovani konstrukci nejndrocnéjsi.
Norma obsahuje celou fadu moznych variant, které mohou nastat pii t€incich vétru. Do
vypoctil vstupuje mnoho promeénnych napt. drsnost terénu, dynamicky tlak vétru, tvar
stitechy, vyska posuzovaného objektu, pfislusenstvi na stfechach (vlajky, informacni
tabule apod.), které ovliviiuji vyslednou hodnotu zatizeni vétrem. V disledku téchto
skute€nosti, je dale uveden zakladni postup pro stanoveni zatizeni vétrem pro sedlovou
stfechu jako nejobvyklejsiho typu stfechy v CR.

Pro stanoveni celkové velikosti zatizeni tlakem vétru w, je zakladnim vstupnim
parametrem vychozi zékladni rychlost v&tru® vy, ktera se stanovi podle mapy vétrnych

oblasti (Obr. 3.6).

SN EN 1991-1-4:2007
MAPA VETRNYCH OBLASTI NA UZEMI CR

Obr. 3.6 Mapa vétrnych oblasti CR (pievzato z EN 1991-1-4).

Korekei v, 9 pomoci souciniteld sméru vétru (doporucena hodnota 1.0) a rocniho
obdobi (doporucenéd hodnota 1.0), stanovime zékladni rychlost vétru v, podle rovnice
(3.34):

Vp = Cgir - C Vb,o (3.34)

season -

®Vychozi zakladni rychlost vétru Vi je charakteristickd desetiminutova stiedni rychlost vétru,
nezavisla na sméru vétru a rocnim obdobi, ve vySce 10 m nad zemi v terénu bez piekazek s nizkou
vegetaci jako je trava a izolovanymi prekazkami, vzdalenymi od sebe nejméné 20-ti nasobek vySky
prekazek.
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Zakladni rychlost vétru vy, vstupuje dale do vypoctu pro stanoveni stiedni rychlosti
vétru nad terénem v,(z) v zavislosti na souciniteli drsnosti terénu c,(z) a orografii c,(z) a
stanovi se podle rovnice (3.35):

Vo(2) =, (2)-C,(2) -V, (333)

Soucinitel c¢(z) vyjadfuje zménu stfedni rychlosti vétru v misté konstrukce
zpusobenou: a) vyskou nad urovni terénu; b) drsnosti povrchu terénu na navétrné strané
konstrukce. Pokud je vySka nad zemi z v souladu s podminkou zmin <z <Zzp. c/2),
vypocte se podle rovnice (3.36), pokud je splnéna podminka z <z, je pouZzita rovnice

(3.37). Parametry zj a zyin zavisi na kategorii terénu podle Tab. 3.11 a Obr. 3.7.

c.(2)=k, -In| = (3.36)

ZO
¢, (2) =¢,(Znn) (3.37)
Soucinitel k,, ktery zavisi na uvaZzovaném parametru drsnosti terénu se stanovi

podle rovnice (3.38):

0.07

k =0.19.] 2o (3.38)
ZO,Il

Po dosazeni vSech proménnych, ziskdme v,,(z) v zavislosti na vySce nad terénem

z, drsnosti terénu a orografii.

Tab. 3.11 Kategorie terént a jejich parametry (pfevzato z EN 1991-1-4),

Kategorie terénu Zo (M) Zmin (M)
0 Mofte nebo pobfezni oblasti vystavené otevienému mofi 0.003 1
I Jezera nebo vodorovné oblasti se zanedbatelnou vegetaci a bez prekazek 0.01 1
I Oblasti s nizkou vegetaci jako je trava a s izolovanymi pfekazkami
(stromy, budovy), které jsou od sebe rozmistény ve vzdalenosti nejméné 20- 0.05 2

ti ndsobek vysky prekazek

IIT Oblasti rovnomérné pokryté vegetaci nebo budovami, nebo s izolovanymi
prekazkami, které jsou od sebe rozmistény ve vzdalenosti nejméné 20-ti 0.3 5
nasobek vysky prekazek (vesnice, predmeéstsky terén, souvisly les)

IV Oblasti, ve kterych je nejméne 15 % povrchu pokryto pozemnimi

stavbami, jejichz primérna vyska je vétsi nez 15 m 10 10

Kategorie terénu jsou zobrazeny v na obrazku Obr. 3.7
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Kategorie 0 I II 111 v

Obr. 3.7 Zobrazeni nejvétsi drsnosti pro kazdou kategorii terénu (pfevzato z EN 1991-1-4),

Dalsim dil¢im krokem pro stanoveni celkového zatizeni vétrem we, je provést
vypolty turbulence vétru. Prvnim krokem v této fazi je vypodet intenzity turbulence®

I(z) ve vysce z podle nasledujici rovnice (3.39):

l,(z) = V(’(vz) (3.39)

kde smeérodatnd odchylka turbulence o, je definovana rovnici (3.40), pro

soucCinitel turbulence k; je doporucend hodnota 1.0.
o, =K, -v, -k, (3.40)
S vyuzitim intenzity turbulence /(z) lze déle stanovit maximalni dynamicky tlak
qp(z) ve vysce z, ktery zahrnuje stfedni a kratkodobé fluktuace rychlosti vétru podle

rovnice (3.41).
0, @) =+ 71, @) pa Va2 =0, @) 0, (3.41)
Po Upravé rovnice (3.41) ziskdme soucinitel expozice c.(z) definovany rovnici
(3.42):
q,(2)

c.(z) = 3.42
0, (3.42)

Pro dosazeni do rovnice (3.42) je nutné stanovit maximalni dynamicky tlak vétru

¢ pomoci rovnice (3.43):

1
a :E'pvz 'Vs (343)

Zavérem, vysledné stanoveni tlaku vétru we plsobicim na vnéj§i povrchy

konstrukce se provede pomoci rovnice (3.44):

W, =0, (Z.) Cpe (3.44)

®1(2) je definovana jako podil smérodatné odchylky turbulence a stiedni rychlosti vétru.
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Hodnota soucinitele vnéjsiho tlaku cp. je tabulkovou hodnotou (Tab. 3.12), ktera
reprezentuje jednotlivé oblasti (F, G, H, I a J) povrchu stfeSni konstrukce sedlové
sttechy podle Obr. 3.8 v zavislosti na sklonu stfechy a. Soucinitele vnéjSich tlakt
jednotlivych povrchil stiechy slouzi pro korekci maximalniho dynamického tlaku gp(z.)
v referencni vysSce 4, ktery je vyvijen G€inkem vétru na ndvétrné a zavétrné strané

sedlové konstrukce stfechy se stanovi podle rovnice (3.41).

Tab. 3.12 Hodnoty souciniteli vnéjsiho tlaku Cpe pro sedlové sttechy (ptevzato z EN 1991-1-4).

Uhel sklonu - GOblast ro sn|1jr vétru 0 = OI -
* Cpe,lo | Cpe,l Cpe,lo | Cpe,l Cpe,lo | Cpe,l Cpe,lo l Cpe,l Cpe,lO Cpe,l
-45° -0.6 -0.6 -0.8 -0.7 -1.0 | -15
-30° -1.11-20| -08 | -15 -0.8 -0.6 -08 | -14
-15° -25|-28|-13|-20| -09 | -1.2 -0.5 -0.7 | -1.2
R +0.2 +0.2
-5 23 |-25|-12 |-20| -08 | -1.2 206 0.6
50 -1.7 | -25| -12 | -20| -06 | -1.2 06 +0.2
+0.0 +0.0 +0.0 ' -0.6
150 09 [-20] -08]-15 -0.3 0.4 -1.0 [ -15
+0.2 +0.2 +0.2 +0.0 +0.0 | +0.0
30° 05 [-1.5] -05]-15 -0.2 -0.4 -0.5
+0.7 +0.7 +0.4 +0.0 +0.0
450 +0.0 +0.0 +0.0 -0.2 -0.3
+0.7 +0.7 +0.6 +0.0 +0.0
60° +0.7 +0.7 +0.7 -0.2 -0.3
75° +0.8 +0.8 +0.8 -0.2 -0.3
vitr navetma strana a) Vieobecné
g =0 ZAvetrna strana navétma strana zavétrna strana
o>0° e N
M)E F
h
kladny thel sedlové stiechy vitr \

— 4=0° G H

/

e je mensi z hodnot b nebo 2k
b je rozmér kolmy na smér vétru e/d

hiteben
o
—
o

F
‘ e/10 e/10 ‘

Obr. 3.8 Sedlové stiechy — legenda pro definici oblasti povrchu stfechy (pievzato z EN 1991-1-4).

3.5.4 Kombinovana zatiZeni

Pti ovétovani konstrukce podle riznych meznich stavii mize byt zatizeni piisobici

na konstrukci rizné kombinované. Pro stanoveni celkového plisobiciho zatizeni na
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konstrukci se musi stanovit jednotlivé zatézovaci piipady, tzn. vzajemné slucitelna
usporadani zatizeni, popt. deformaci a imperfekci. Uspotfadani zatizeni popisuje polohu,
velikost a smér zatizeni (EN 1995). Stanoveni celkového zatizeni lze zapsat vztahem
(3.45):

ZyG,j "G Van 'Qk,1"+uz7Q,i Woi Qu.i (3.45)

kde hodnoty y jsou soucinitele pro piislusnd zatizeni, kterymi se uvazuje vliv
nepiiznivych odchylek zatizeni, neptfesnosti modelu zatiZeni, jakoz i nejistot v urceni
ucinkt zatizeni.

Respektuji se tyto kombinace zatiZzeni podle EN 1995 (viz Obr. 3.10):

1) Zatizeni vlastni tihou + snéhem, kratkodobé. Tato kombinace zatiZzeni dava

nejvetsi osovou silu ve sloupech.

2) Zatizeni vlastni tihou + vétrem, kratkodobé. Tato kombinace zatizeni mize byt

rozhodujici pro zajisténi proti sildm na nadzdvizeni.

3) Zatizeni vlastni tihou + snéhem + (vétrem, kombina¢ni hodnota), kratkodobé.

Tato kombinace zatizeni dava nejneptiznivéjsi osovou silu ve sloupech.
4) Zatizeni vlastni tihou + vétrem + (sn€hem, kombina¢ni hodnota), kratkodobé.

Tato kombinace zatiZzeni dava nejvetsi ohybovy moment ve sloupech.

Vzhledem k nizké vlastni tize dfevénych konstrukci byva zatiZzeni vlastni tihou
rozhodujicim zatiZenim jen velmi zfidka. Pro urcité konstrukce mize byt stavebnimi
predpisy stanoveno, Ze nosnad konstrukce musi byt navrzena pro mimoiadné zatiZeni
(napt. vybuch, narazy nebo nasledky lidského selhani). V téchto piipadech se musi

pouzit namisto rovnice (3.45) nasledujici rovnice (3.46):

ZGK,J Ay Qk,lu+nzl//2,i Qui (3.46)

Konstrukci podle Obr. 3.9 je tfeba uvazit vedle zatizeni vlastni tihou (g, G) také
uspotradanim zatizeni:
- s snih, pevné zatizeni s yo = 0.6

- w vitr, pevné zatizeni s y, = 0.6
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Obr. 3.9 Uspotadani zatizeni (ptevzato z EN 1995).
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Obr. 3.10 Kombinace zatizeni odpovidajici uspotadani zatizeni podle Obr. 3.9 (pievzato z EN 1995).

Néavrhové hodnoty zatiZzeni vyplyvaji z uvedenych kombinaci. U mezniho stavu

unosnosti je kombinace pro stalé a docasné situace dédna vztahem:

ZVG,i 'Gk,i +1-5'Qk,1 +Zl-5"//o,i 'Qk,i (3.47)

>1
U mezniho stavu pouzitelnosti zavisi kombinace na ucincich sily, takZe je nutno

uvazit dvé kombinace:

> G+ Qi+ D W Q. charakteristicka kombinace (3.48)
i j>1

ZGH +Z‘//2,j o)y kvazistala kombinace (3.49)
i >1

Soucinitele y pro pozemni stavby podle EN 1991-1 jsou uvedeny v Tab. 3.6 pro
jednotlivé typy uzitnych zatizeni a stfech charakterizovanych podle Tab. 3.13, pfi¢emz

soulinitele v se vztahuji na mimofadné kombinace zatizeni.
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Uzitna zatizeni v budovach zéaviseji na jejich pouzivani. Odpovidaji zatizenim,
ktera se sama pohybuji (napf. osoby a vozidla) a pfenosnym zatizenim (napt. nabytek,
lehké pticky, uskladnény materidl). Zatizené plochy se rozliSuji podle jejich
predpokladaného uzivani. V béznych budovach se uvazuji tfi tiidy: 1. obytné,

kancelaiské a obchodni mistnosti, 2. stiechy a 3. vyrobni prostory (EN 1995).

Tab. 3.13 Uzitna zatizeni stropu a stiech (pfevzato z EN 1991-1).

Kategorie Zpisob pouziti o (kN'm?) | Qi (kN)
Stropy a pfistupné stiechy | A | obecné

schodisté

balkony

B | obecné

schodisté, balkony

C | obecné

plochy se stoly

plochy s pevnymi sedadly
moznost shromazd’ovani
D | obchody

obchodni domy

E | obecné

Nepfistupné stiechy H | sklon: <20°

> 4(0°

P RNNBRNBE AR DMONDNDNDDN

o1 o1

Pti navrhovani dfevénych konstrukci je nutné urcit kritické zatéZzovaci ptipady,
protoze tyto zaviseji na modifikacnim souciniteli trvani zatiZeni a nejsou proto nezavislé
na vlastnostech konstrukéniho materidlu. U mezniho stavu Unosnosti se kombinace
(3.47) vztahuje k pouziti zatizeni Qi ; odpovidajici soucinitel k,,;. U mezniho stavu
pouzitelnosti kombinace (3.48) odpovida vypoctu kratkodobych piisobicich Uc¢inkd.
Kombinace (3.49) krom& toho odpovida vypoctu dlouhodobych ucinkl pii pouziti
souCinitele kyr pro material a tfidu pouziti (Racher a Rouger 1994). Pfi vypoctech podle
EN 1991-1 se musi vzdy pouZivat soucinitel trvani zatizeni k. ve vztahu k tfid€ trvani
zatizeni stalé. Pfi hodnoceni riiznych meznich stavil se stanovi kombinace zatiZeni pro
kazdy kriticky zatéZovaci ptipad s nejnepiiznivéjsim usporddanim zatizeni. Zpravidla to

jsou:

- (vlastni tiha + uzitné zatizeni) pro stropy nebo (vlastni tiha + snih) pro sttechy

- (vlastni ttha + vitr + snih S;/2 nebo S>) pro konstrukci (viz Obr. 3.9).
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Pti navrhovani konstrukénich prvkil jsou zpravidla rozhodujici rovnomérné
rozd€lend zatizeni, zatimco nerovnomérné rozdélena zatizeni maji kritické u€inky spise

pro spoje nebo pro nékteré nosné systémy (EN 1995).

3.6  Mechanické spojovaci prostiedky

Trvanlivost a pouzitelnost dievénych konstrukci zavisi predevsim na navrhu spoja
mezi jednotlivymi konstrukénimi prvky. Volba spojovacich prosttedkii vychazi ze
zatizeni a pozadované Unosnosti. Kromé toho se piihlizi také k efektivit¢ naklada,
procesu vyroby, zpusobu montdze, zdméru projektanta a estetiCnosti. V piipadé
rekonstrukce historickych objektt je snahou zachovat kulturni dédictvi, které s sebou
historické stavby nesou. Proto se pouzité postupy, materidly a prvky s ohledem na
zatizeni konstrukce a pozadovanou unosnost ptizplisobuji dobovym zvyklostem. Z toho
vyplyva, Ze neni snadné stanovit obecné platna pravidla, pomoci nichz by bylo mozné
navrhnout nejpfiznivéj$i typ spojeni a vyrobni postup (Natterer et al. 1991). Hlavni
zasadou pro ziskani dobré konstrukce by mélo byt pouziti jednoduchych spoji a malého
poctu druhti spojovacich prostiedkii (EN 1995).

P#i navrhovani se musi kombinovat celkovy vypocet uUnosnosti dievéné
konstrukce s lokalnimi analyzami spojii. Rozhodujici vyznam mé chovani spojt, které
ovliviuji vnitini silovy tok 1 deformace konstrukce. Mechanické vlastnosti spoji, tudiz i
celé konstrukce, se odvozuji zchovani jednotlivych spojovacich prostfedkt.
Mechanické spojovaci prostitedky vykazuji na rozdil od lepenych spoji velka
pfetvofeni, kterd projektant nosné konstrukce musi uvazit. Celkové nosné chovani je

kromé tuhosti spoji ovlivnéno také jejich pevnostnimi charakteristikami.

3.6.1 Johansenovy mody poruseni

Tradi¢ni mechanické spojovaci prostiedky lze rozdélit podle zplisobu prenosu sil
mezi konstrukénimi prvky do dvou skupin.

Prvni skupinu tvoii spojovaci prosttedky kolikového typu, které pienasi sily
vnitini strukturou spojovanych prvki. Ptfenos sily zjednoho prvku na druhy je
realizovan pres stfithové zatizeni spojovaciho prostfedku, které je s ohledem na
vlastnosti spojovaného dieva transformovano na ohybové zatizeni, tlakové zatizeni

kolmo k vlakntim (otlaceni stén otvoru) a smykové zatizeni spojovaciho prostfedku
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podél diiku. Do této skupiny patii hiebiky, sponky, svorniky, vruty a koliky. Tato
skupina je pro naplnéni cila této prace stézejni.

Druhé skupina zahrnuje ,,povrchové® spojovaci prostiedky, jako jsou vkladané a
zalisované hmozdiky a styCnikové desky s prolisovanymi trny, které piendsi sily
v zasad¢ pres povrchové vrstvy konstrukéniho prvku, jejichz tloustka zavisi predevsim
na hloubce zalisovani spojovaciho prostfedku.

Teorie poddajnosti (Evropsky nosny a pretvarny model — EYM — European Yield
Model) podle Johansena (1949) je zalozena na interakci ohybu spojovaciho prvku s
pfipadnym otlacenim okolniho materidlu kolem spojovaciho prvku vlivem zatizeni
(Smith et al. 1988; Wilkinson 1991). Hodnoceni tnosnosti spoje zalozena na teorii
Johansena (1949) ptredpokladajici idedlni elasto-plastické chovani dieva a tuho-
plastické chovani spojovaciho prostiedku, kterd vychazi z jednotlivych modi poruseni
(Obr. 3.11). Tato teorie byla experimentalné verifikovana Miillerem (1951) na spojich
s jednim kolikem, kde spojovaci prostiedky jsou modelovany jako ,nosnik na
»deformovatelném podlozi“ (teorie Beam on Elastic Foundation — BEF). Omezeni se na
tyto druhy pietvofeni zjednodusuje analyticky vypocet tnosnosti koliku pfi stfthovém
namahani na pfijatelnou Uroven pifi zachovani dostateCné piesnosti vypoctu. Pii
uvazovani raznych kombinaci obou druhti pietvofeni mize poruseni kolikového spoje
nastat v nékolika modech. Pfi vypoctu unosnosti spoje jsou stanoveny hodnoty
charakteristické uUnosnosti (Fyrk) pro vSechny mody poruSeni, pfiCemz vysledna
unosnost spoje odpovida nejnizSi charakteristické Uinosnosti. Poruseni spoje nastane
v mddu, se kterym je nejnizsi charakteristickd unosnost spoje spjata. Charakteristicka
unosnost spoje je pocitana pro jeden stith jednoho spojovaciho prostfedku podle
zakladnich vztaht (3.51 az 3.56) pro jednostfizné a (3.57 az 3.60) pro dvojstfizné
namahané koliky. Mohou nastat dva druhy poruSeni: a) v okoli spojovaciho prostfedku
(. prekrocenim maximalni pfipustné hodnoty otlaceni stény otvoru — vede k vétSimu
pfetvofeni spoje s naslednym uvolnénim spojovaciho koliku; b) vkoliku (4.
ptekroenim ohybové unosnosti koliku — vznikne plasticky kloub, nésledné dojde ke

sttihu nebo usmyknuti).
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Mode I, Mode I Mode Im

| o
= e

Mode II

-

Mode I, Mode Illg

Mode IV

N

Obr. 3.11 Médy poruseni jednostiiznych (vlevo) a dvojsttiznych (vpravo) kolikovych spoji (ptevzato z
Schmidt a MacKay 1997).

Mode IV

Tyto modely byly dale upiestiovany zohlednénim sméru pusobici sily ke sméru
vldken (Smith a Whale 1986). Prokazalo se, Ze smér pisobici sily nemé na Uinosnost

spoje vliv pro spojovaci prostiedky do priméru 8 mm.
3.6.2 Pevnost dieva v otlaceni stény otvoru

Pevnost dfeva v otlaceni stény otvoru se zjistuje podle EN 383 , Drievéné
konstrukce — ZkuSebni metody — stanoveni pevnosti stén otvorli a charakteristik
stlacitelnosti pro kolikové spojovaci prostiedky“. Pevnost v otlaceni stény otvoru je
definovana jako maximalni zatizeni dosaZené pii zkouSce, které je vztazeno k plose
podélného prifezu koliku podle rovnice (3.50), pficemz se predpokladd rovnomérné
rozdéleni zatiZzeni tuhym a pfimym spojovacim prostfedkem. Hodnota pevnosti zavisi
na druhu spojovaciho prostiedku, na zplisobu vyroby spoje a na hustoté¢ dieva. Pevnost
v otlaceni stény otvoru neni Cist¢ materidlova vlastnost ale vlastnost systémova.

F
f, =—= 3.50
kT gt (3.50)

Johansenovy vztahy pro jednostrizné spoje
Zakladni rovnice (3.51 az 3.56) pro mezni Unosnost spojii podle jednotlivych

modi poruseni pro jednosttizné naméhané kolikové spoje dievo-dievo podle EN 1995:
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a) Mechanismus selhani MODE I, a I

Mechanismus selhani pro MODE I, a Iy vychazi zotlaceni stény otvoru
v konstruk¢énim prvku 1 nebo 2 podle Obr. 3.11. Pevnost dieva v otlaceni st€ny otvoru

1ze zapsat vztahem (3.51) pro konstrukéni prvek 1, resp. vztahem (3.52) pro konstrukéni

prvek 2:
Fore = fructid (3.51)
Forc = froxted (3.52)

b) Mechanismus selhani MODE II

Mechanismus selhani MODE II (Obr. 3.11) vychazi zporuseni v obou
konstruk¢énich prvcich vlivem otlaceni stén otvort. Pevnost v otlaceni stén otvort lze

vypocitat podle rovnice (3.53):

f td t, (t,) t,) t, )| F
Fo =20 [g42p2 10 24| 2| |43 2| — g1+ 2 ||+ —2% (353
L /3[ : (t” /sm ﬂ( J e (353)

¢) Mechanismus selhani MODE III,, a III;

Mechanismus selhani podle MODE III,, a IIly nastane pifi kombinovaném
poruseni, tj. otlaeni stén otvorli konstrukénich prvka a ohybovém pietvoreni
spojovaciho prostiedku v jednom konstrukénim prvku podle Obr. 3.11. V tomto ptipadé

1ze pevnost v otlaceni stén otvort stanovit podle rovnic (3.54 a 3.55):

fpctid 4B(2+ M, 5 Fare
. =1 281+ — - —=
o5 N pas P ﬂ]+ : (3.54)
B firikts 4B(1+28)M | g B Fari
Foa =1.05—— 1125 {\/Zﬂ 1+ 8+ e ,B}-F 2 (3.55)

d) Mechanismus selhani MODE IV

Mechanismus selhani MODE IV  podle Obr. 3.11 nastane v piipadé

kombinovaného poruseni, tj. pfi Casteném otlaceni stén otvori konstrukénich prvkl a
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ohybovém ptetvoreni spojovaciho prostiedku v obou konstrukénich prvcich. Pevnost

v otlaceni stén otvori je definovana pomoci rovnice (3.56):

[2 Fa
F o =115 % [2M, g fopd + 4“ (3.56)

Molleriv diagram pro jednostiizné spoje

L

. L.t
Uréi-li se bezrozmémé veli¢iny = a
1 y.d

f,qd

, Ize na zéklad¢ téchto hodnot najit

misto v diagramu (Obr. 3.12), které definuje pfislusny mechanismus selhani a podle
prislusného vztahu pak muze byt vypocteno mezni zatizeni. Pro mechanismus selhani
Iy, I a IV je digram navySen o 10 % Gnosnosti. ¢, definuje vétsi tloustku dieva popt.

hloubku zasahovani koliku a f =1 (EN 1995).

m S
4 |Eq.(351)
Eq. (352) 1
m S
Eq. (3.54/3.55) v

Eq. (3.56)

t

&~ 3.76

M, 4
frad

Obr. 3.12 Upraveny Mollertv diagram pro jednostiizné spoje (5 = 1) (pievzato z EN 1995).

Johansenovy vztahy pro dvoustrizné spoje
Zakladni rovnice (3.57 az 3.60) pro mezni Unosnost spojii podle jednotlivych

modi poruseni pro dvoustfizné namahané kolikové spoje dievo-dievo podle EN 1995:

e) Mechanismus selhani MODE I,

Mechanismus selhani MODE I nastane pii poruseni v otlaceni stén otvori
bocnich konstrukénich prvkii podle Obr. 3.11. Pevnost v otlateni stén otvora je
definovana rovnici (3.57):

F.r =05f ,,t,d (3.57)
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f) Mechanismus selhani MODE I,,

Mechanismus selhani MODE I, nastane pii poruseni v otlaeni stény otvoru
sttedového konstruk¢éniho prvku. Pevnost v otlaeni stény otvoru se stanovi pomoci
rovnice (3.58):

Foa = frntid (3.58)

v,

g) Mechanismus selhani MODE III;

Mechanismus selhani podle MODE IlII; nastane pifi kombinovaném poruseni
v ¢astecném otlaeni stén otvorit boc¢nich konstrukénich prvkid a ohybového
pretvoreni spojovaciho prvku ve stfedovém konstrukénim prvku podle Obr. 3.11.

Pevnost v otlaceni stén otvord se stanovi pomoci rovnice (3.59):

ﬂ(2+ﬂ)My,Rk _8l+ Facre
fo 1 dt? 4

F . =105 fna,td 281+ ﬁ)+4
v,Rk — - 2+,B (359)

h) Mechanismus selhani MODE 1V

Mechanismus selhani MODE IV podle Obr. 3.11 nastane v pfipadé
kombinovaného poruSeni, tj. pfi Castecném otlaceni stén otvorid konstrukénich
prvkli a ohybového pietvoreni spojovaciho prosttedku ve vSech konstrukénich
prvcich. Pevnost v otlaceni stén otvort je pak definovéana rovnici (3.60):

23 Fa
F =115 T g 2M g oy d + 4Rk (3.60)

Molleriv diagram pro dvoustfiizné spoje
Obdobné jako v pfipadé jednostfiznych spoji, lze pomoci Molerova diagramu

(Obr. 3.13) definovat prislusny moéd selhani na zakladé definovani bezrozmérnych

t, . t,

M,q M, '
f,od f,4d

hodnot
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v

Eq. (3.60)

1l
S

Eq. (3.59)

m
! Eqg. (3.58)
] | t

4 5 M,

frad

Obr. 3.13 Upraveny Molleruv diagram pro dvoustiizné spoje (8 = 1) (pfevzato z EN 1995).

Proménna p je definovana jako pomér mezi pevnostmi v otlateni spojovanych

prvki podle rovnice (3.61):

f
p=—% (3.61)

thk

Charakteristicka pevnost v otlaceni stény otvoru f, » pro koliky s toleranci
otvoru — 0/+0.1 mm se stanovi v zavislosti na thlu mezi dfevnimi vlakny a smérem

pusobici sily podle rovnic (3.62 a 3.63):

frox =0.082(1—-0.01d) p, (3.62)
f
Frak = o 3.63
MK Ky, sin? @ + 005’ (369
Koo = 1.35+0.015d pro dievo jehli¢natych dievin
kde Koo = 1.30+0.015d pro LVL (3.64)
Koo = 0.90+0.015d pro dfevo listnatych dievin

3.6.3 Pretvoreni spojovaciho prostiedku

Ohybové pretvoreni
Moment kluzu kolikovych spojovacich prostiedki se vSeobecné urcuje podle
EN 409 ,,Dfevéné konstrukce — Zkusebni metody — Stanoveni momentu na mezi kluzu

spojovacich prostfedki tvaru koliku — Hiebiky. Charakteristickd hodnota plastického
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momentu kluzu vstupuje do vypoctu jednotlivych modi poruseni (viz kapitola 3.6.2) a
je definovana rovnici (3.65):

M, o =0.3f,,d*® (3.65)

Pro vypocet unosnosti spojii se pouzivaji postupy podle EN 1995 zalozené na
Johansenove¢ teorii (Johansen 1949), kdy mez pevnosti spojeni je ovlivnéna plastickym
pietvoienim dieva a ohybovou pevnosti koliku, podle kterych se poté urCuje kapacita
spoje a mdd poruseni podle EYM. Tato myslenka byla poprvé zavedena Johansenem
(1949), ktery dal do vztahu elastickou ohybovou pevnost spojovaciho prvku s pevnosti
spoje. Meyer (1957) pouzil postup pro stanoveni pevnosti spoje na zékladé

plnéplastické ohybové pevnosti spojovaciho prvku, ktery se pouziva dodnes (Obr. 3.14).

Spojovaci prostiedek

namahany ohybem elastic plastic
Gma;; Uma); T }.2
E'em?r = O nax
2
____________________________________ 4
3z

prurez

Obr. 3.14 Tlustrace elastické a plastické ohybové pevnosti spojovaciho prostfedku (ptevzato z Heine

2001).

Elasticky ohybovy moment:

z-d®
M, =c L 3.66

el max elastic 32 ( )

Plasticky ohybovy moment:

2-7-r% 4.1 d?
M pl = O max, plastic * 2 3. = Ormax. ? (3.67)
Ohybova pevnost na mezi kluzu:

6-M

O e =~ e (3.68)
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Koeficient Stihlosti koliki

Moment kluzu spojovacich prostiedk je ovlivnén mimo jiné jejich rozméry.
Kolikové spojovaci prvky maji vétSinou ,,Stihly”“ tvar s vysokym pomérem
délka/primér. Trayer (1932) se zabyval Stihlostnim pomérem spojovacich prvki a
prokazal, ze vice tuhy a mén¢ Stihly spojovaci prvek dosahuje vyssi meze kluzu. Z této
studie vzeslo i doporuceni, ze ndvrhové pracovni napéti by mélo byt v prvni fazi
vypoétu niz§i pro spojovaci prostiedky s vyssim §tihlostnim pomérem. Stihly spojovaci
prvek s niz$i tuhosti tedy snizuje Gnosnost spoje. Selhdni spoje je vtomto piipadé
pred¢asné vyvolano ohybem koliku jesté pred plastickym otla¢enim okolniho dieva. Pro
koliky je 0¢inna $tihlost A.r dlilezitym parametrem popisujici jejich poddajnost. Stihlost

je definovana pomérem tloustky sttedniho prvku a priméru koliku podle rovnice:

Ay =— 3.69
ef d ( )

Stanovenim Stihlosti je mozné zjistit rozhodujici moéd poruseni podle (Obr. 3.15).

MP = mechanismus poruseni

E; SP = spojovaci prosttedky ,/’
g e
S MP 1 1
= ! MP 3
7] , 1
g ’ 1
| T |
=] : MP 2 |

! |

! 1

! 1

: stihlé SP

tuhé SP|

Stihlostni pomér (1)

Obr. 3.15 Médy poruseni v zavislosti na $tihlosti koliku (pfevzato z Hradil 2007).

Spoje s vice spojovacimi prostiedky

Unosnost spoje s n spojovacimi prostfedky je &asto mensi neZ n nasobek
unosnosti spoje s jednim spojovacim prostftedkem. Jsou zde mnohdy rozhodujici
modely poruseni mezi t€émito prostfedky jako napfiiklad kiehky lom, rozstépeni dreva
nebo blokové smykové poruSeni spoje. V takovych piipadech je vzdy unosnost spoje
mensi nez unosnost stanovend z unosnosti jednoho spojovaciho prostiedku. VétSinou se
proto doporucuje pouzit redukéni koeficient vztazeny k poctu spojovacich prostredkii

nebo stanovit jejich efektivni pocet n.s (Hradil 2007).
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Pfi namahani osovou silou dochazi také k nerovnomérnému rozdéleni zatizeni
mezi jednotlivé spojovaci prostiedky, které se castecné vyrovna v rdmci plastickych
deformaci jesté pred poruSenim spoje. Nejvice jsou namahéany spojovaci prostiedky na
okraji spoje. Rozmisténi, vzdalenosti mezi koliky, vzdalenosti k okraji prvku a pocet
spojovacich prostfedkti maji proto na chovani spoje podstatny vliv (Schmidt et al.
2002). Nezanedbatelnou ulohu pfi rozdéleni zatizeni maji i vyrobni tolerance pfi
provadéni spoje a vrtani otvort ve dieveé nebo v ocelovém plechu (Hradil 2007).

Lantos (1969) uvadi, Ze ve spoji namahaném osovou silou s koliky v jedné fadé
dochazi k rozdé€leni vnitinich sil pfiblizné parabolicky, kdy nejvice namahané spojovaci
prostiedky jsou na zacatku a na konci fady. Z toho vyplyva, Ze pii dosazeni unosnosti
stanovené podle EYM v krajnich kolicich bude zatizeni mens$i nez n ndsobek tinosnosti
jednoho spojovaciho prostfedku. U kolikovych spoji se vSak b&ézné stava, ze jeden nebo
vice spojovacich prostiedki dosdhnou své unosnosti jeSté predtim, nez dojde k

vyCerpani tinosnosti celého spoje a zatizeni se prerozdéli (Hradil 2007).
3.6.4 Minimalni roztece a vzdalenosti od okraji a konci

Spoje se spojovacimi prostiedky kolikového typu musi byt navrhovany také
s dodrzenim minimalni rozteCe a vzdalenosti od okraji a koncl spojovanych prvkda.
Minimalni hodnoty pro kolikové spoje jsou definované podle EN 1995 vztahy v Tab.
3.14:

Tab. 3.14 Minimalni roztece a vzdalenosti od okraji a koncii pro koliky (pfevzato z EN 1995).

Roztece a vzdalenosti od Uhel Minimalni roztece nebo
okraji/konci vzdalenosti od okraji/koncii

a; (rovnobézné s vlakny) | 0° <o <360° (3+2|cos «|)d
a, (kolmo na vlakna) 0° <0 <360° 3d
ag; (zatizeny konec) -90° <a <90° max (7d; 80 mm)

90° < < 150° max [(as; [sin a]) d; 3d]
az ¢ (nezatizeny konec) 150°<a<210° 3d

210° <a<270° max [(as; |sin af) d; 3d]
ay, (zatizeny okraj) 0°<0<180° max [(2 + 2 sin ) d; 3d]
ay,c (nezatizeny okraj) 180° < 0 <360° 3d

Minimalni roztece a vzdalenosti od okrajii a konctl jsou zndzoznény na Obr. 3.16:
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LI LI
(a) I e . . I I ® \ __pe e e L J ] ®
P e TARRE 1T
“- L v L
as S a4
(b) | | =
3¢
-90° = a<90° 90° < g = 270° 0°<a=<180° 180° < a < 360°

0 @) @) (4)

Obr. 3.16 Symbolika znaceni pro roztece a vzdalenosti od koncll a okrajii: (a) roztece rovnob&zné
s vlakny v fad¢ a kolmo k vlakniim mezi fadami; (b) vzdalenosti od okraju a konct. (1) zatiZeny konec,
(2) nezatizeny konec, (3) zatizeny okraj, (4) nezatizeny okraj. S - spojovaci prostiedek, V - smér vlaken,
a - thel mezi smérem ditevnich vlaken a zatiZeni (pfevzato z EN 1995).

3.6.5 Modul prokluzu spoje

Modul prokluzu nebo také modul posunuti K., je charakteristickou hodnotou pro
cely spoj a je urCovan na zaklad¢ velikosti okamzitého posunuti spojovaciho prostfedku
u; o 1 mm, které je zptsobeno urcitou velikosti sily F; pisobici v jednom stiihu jednoho

spojovaciho prosttedku podle (3.70):

K, =— (3.70)

u, =—-— (3.71)

Podle EN 1995 muze mit modul prokluzu K., zjednodusSeny zapis podle vztahu
(3.72), ktery byl stanoven na zakladé¢ mnoha zkouSek. Velikost modulu prokluzu je
zavisla na charakteristickych hustotach spojovanych prvki. Pokud jsou hustoty rtizné,
pro stanoveni K., se provede piepocet podle rovnice (3.73), jako odmocnina soucinu

hustot.
K, =p:d/20 (3.72)’

Pm =/ Pmi Pm,2 (3.73)

" pm se dosazuje v kg'm™, d v mm.
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Na zéakladé€ rovnice (3.72) Ize stanovit také konecné posunuti/pietvofeni ug, spoje

se zahrnutim vlivu vlhkosti a doby trvani zatizeni podle nasledujici rovnice (3.74):

Ugn =U; '\/(1+kdef,1)'(1+kdef,z) (3.74)

3.7 Faktory ovliviiujici mechanické chovani a vlastnosti spoju

Suseni nebo zvlhCovani dieva je doprovazeno pohybem vlhkosti, pienosem tepla
a zménami tvaru a rozméra (Carlsson a Esping 1997; Awadalla et al. 2004). Bobtnani a
sesychani vytvari vnitfni napéti, které se projevuje tvarovou deformaci dieva. Chceme-
li zabranit degradaci a naslednému rozpadu dieva, musime dievo udrzovat neustale
v suchu se zajisténym odvétranim (Dahlblom et al. 1996; Kowalski a Musielak 1999).
Plisobenim vlhkosti a teploty se méni mechanické vlastnosti dieva. V praxi dochazi
k soucasnému ptisobeni vlhkosti i teploty, pficemz vysledkem je synergicky (zesileny)
ucinek na dievéné konstrukce. Intenzita synergického efektu se zvySuje s rostoucim
obsahem vody ve dfevé (Sulzberger 1943). Publikovana byla celd tada studii
zabyvajicich se vlivem vlhkosti a teploty na mechanické vlastnosti dieva (napt. Wilson
1932; Drow 1945; Combena 1964; Okuyamta 1974, 1975; Tsuzukki et al. 1976; Partl a
Strassler 1977; Bekhta et al. 2003).

3.7.1 Vlhkost

Dfevo vlivem absorpce ¢i desorpce vlhkosti do meze hygroskopicity
(MH ~ 30 %) méni své rozméry, coz vede ke vzniku deformaci a poskozeni dieva (El
Kouali a Vergnaud 1991). Zkracovani doby vystavby u dfevénych staveb na tikor doby
suSeni ma za nasledek vysychani ,,za provozu®, coz mize zplsobit uvoliiovani spoju a
spojovacich prostiedkt, jak uvadi ve své studii Green a Evans (1989). Aby se ptedeslo
témto problémiim, mélo by se pouZzivat konstrukéni fezivo o takové vlhkosti, ktera bude
odpovidat prosttedi, kde bude toto dievo zabudovéano (Harada et al. 2005).

Bergman et al. (2010) diskutuje vliv vlhkosti na pevnostni charakteristiky dieva.
Obecné je pfijimano, Ze s klesajici vlhkosti rostou pevnostni charakteristiky dieva
v rozsahu vody véazané (napf. pevnost dieva v tlaku Obr. 3.17; Gerhards 1982). Déle,
Green a Kretschmann (1994) ovéfili, Ze pevnost a tuhost dieva jsou ovlivnény zménou
hladiny vlhkosti ve dfevé v riizné mife a uvadi, ze modul pruznosti v ohybu (MOE)
linearné vzriistd pii snizovani vlhkosti od MH az do4 % vlhkosti dfeva, zatimco modul

pruznosti (E) v tlaku ve sméru vlaken vzristd linedrné pfi snizovani vlhkosti od MH do
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6 % vlhkosti dieva, pak se zvétSuje pomaleji nebo ziistava konstantni s dal§im susenim.
U tahu ve sméru vldken nebo i kolmo na vladkna dochazi vlivem tbytku vlhkosti (od
MH do 7-13 % vlhkosti dfeva) k nartistu pevnosti, poté pevnost klesa s dalSim susenim
(Green a Kretschmann 1994).

Existujici studie v oblasti tnosnosti konstrukénich spojii se spojovacimi
prosttedky kolikového typu se ve vétSiné pripada soustfedily na vymezeni vztahii mezi
unosnosti spojovaciho prostfedku, hustotou dieva a charakteristikami spojeni jako je
napt. pramér a délka spojovacich prostfedkti (McLain a Thangjitham 1983; Rammer a
Winistorfer 1999). Akceptaci teorie EYM v definovani pevnosti spojeni, zacaly byt
analyzovany krom¢ hustoty a geometrie spojovacich prostiedkt také dalsi faktory
ovlivitujici tnosnost konstrukénich spoji. Jednim z té€chto faktorti byla vlhkost dfeva
(Rammer a Winistorfer 2001). Winistorfer (1994) prokdzal vyznamny vliv vlhkosti na
unosnost spoje kolikového typu (konkrétné pro hiebik s hladkym diikem o praméru
3,33 mm) pro vybrané druhy jehli¢natych diev. Winistorfer (1994) zjistil, ze inosnost
spojovaciho prostfedku byla vyssi pfi vlhkosti dfeva 6 % nez pii vlhkosti dieva 24 %,

konkrétn€ u borovice jizni o 52 %, pro smrk a jedli byla pevnost vyssi pfiblizné o 72 %.

200 T T T T T

—— SCHNEIDER,
2 2 SPECIES
N\ 5 — MATEJEK,
50 N\, 3 SPECIES

120 —

100

90

1 I I

RELATIVE COMPRESSIVE STRENGTH (%)

so-
70]_ ~ISHIDA |
60 L |
€
~
WILSON,— —3X¢
50 I3 SPECIES -
LEONT'EV, —%
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40 1 1 L I 1% N
o 5 10 15 20 25 30

MOISTURE CONTENT (%)

Obr. 3.17 Vliv vlhkosti na pevnost dieva v tlaku (pfevzato z Gerhards 1982).

Fahlbusch (1949) jako jeden z prvnich autort stanovil vztah (3.75) pro pfepocet
pevnosti v otlaeni stény otvoru v zavislosti na vlhkosti dfeva. Ve své studii pouzil
difevo borovice, lipy a jasanu. Vztah (3.75) pro piepocet pevnosti v otlaeni stény otvoru
1ze pouZit v rozsahu vlhkosti dieva 5-30 %.

~ 26-F,

—M. (3.75)

n
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Kuipers a Vermeyden (1965) sestavili empiricky vzorec (3.76) pro odhad pevnosti
v otlaceni stény otvoru na zaklad¢ pevnosti dieva v tlaku kolmo k vlakntim.

F,=06-F +6 (3.76)

Koponen (1991) rozsifil linedrni model na dvé ¢asti (3.77 a 3.78), které popisuji
vliv vlhkosti dfeva na pevnost v otlaceni stény otvoru:

F, =46.7-135-m kdyz m < 22.5 % (3.77)
F. =165 kdyz m > 22.5 % (3.78)

3.7.2 Teplota

Pro dievo plati, ze se zvySujici se teplotou pfi konstantni vlhkosti klesaji hodnoty
mechanickych vlastnosti (Obr. 3.18). Partl a Strassler (1977) pozorovali v disledku
zvySené teploty dieva 50-80% pokles hodnot mechanickych vlastnosti. Pokud dievo
neobsahuje Zadnou vodu volnou ani védzanou (0% vlhkosti) je UcCinek teploty na
mechanické vlastnosti dieva srovnatelny v celém rozsahu teplot. S rostoucim obsahem
vlhkosti se za¢ina liSit intenzita ucinku teploty nad a pod teplotou 0 °C. Jak je patrné
z Obr. 3.18, pod touto hrani¢ni teplotou je Ucinek teploty vyraznéj$i neZ nad ni
(Gerhards 1982).

Vyraznéjsi ucinek teploty v oblasti nizkych teplot je mozné piipsat podstatnéjSim
zméndm vlastnosti vody pii pfechodu z 0 °C na -50 °C nez je tomu pii ptechodu z 0 °C
na +50 °C (Sano 1961, Sellevold et al. 1975). Je-li difevo o urcité vlhkosti vystaveno
ucinkim teplot pod 0 °C, dochazi v bunéénych sténdch, lumenech a mezibunéénych
prostorach k tuhnuti vody a tvorbé krystald ledu. Zména skupenstvi vody ma za
nasledek zvySeni tuhosti a pevnosti dieva. Je-li difevo o urcité vlhkosti vystaveno
ucinkiim teplot nad 0 °C, ke zméné skupenstvi nedochazi. Nicméné, se molekuly vody
v bunéénych sténach, lumenech a mezibunéénych prostorach ohfivaji a vyrazné
napomahaji v rozvolhovani struktury dfeva prostfednictvim fyzikalnich i chemickych
reakci. Dusledkem téchto zmén se stdva dievo poddajnéjsim a méné pevnym. I pesto je
vliv rozvolnéni struktury na mechanické vlastnosti dfeva slabsi, nez je vliv zmény
skupenstvi vody pfi poklesu teploty pod 0 °C. Vlivem nizkych teplot dochdzi k nartstu
meze pevnosti a modulu pruznosti u vlhkého dieva v tlaku podél vlaken az témét
trojnasobné (Sano 1961; Sellevold et al. 1975; Gerhards 1982 aj.). Ma-li dievo nulovou
vlhkost, u¢inkem nizké teploty je pevnost a tuhost dieva v tlaku podél vlaken ptiblizné

1-1,5krat mensi v porovnani se dievem, které mélo zvysenou vlhkost (Gerhards 1982).
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Obr. 3.18 Vliv teploty na mez pevnosti a modul pruznosti v tlaku ve sméru vlaken pfi riznych
vihkostech. Vlevo: mez pevnosti v tlaku ve sméru vlaken; vpravo: modul pruznosti ve sméru vlaken
(ptevzato z Gerhards 1982).

3.7.3 Anatomicka stavba dieva

Z mnoha experimentalnich studii bylo zji§téno, Ze anatomicka stavba dieva
souvisi pfedev§im se zplisobem poruSeni spoje. Analyzy vlivu anatomické stavby dieva
byly provadény na Grovni mikroskopické i makroskopické. Mikroskopické preparaty
byly vyrabény z jednotlivych konstrukénich prvki po jejich experimentalnim testovani,
pricemz se sledovalo mechanické poskozeni anatomickych elementd (Trayer 1932;
Bodig 1965; Lhuede 1987; C6té a Hanna 1983; Zink-Sharp et al. 1999).

Studie Schachner et al. (2000) ukézala, Ze jehli€nany vykazuji stabilni Sifeni trhlin
na rozdil od dfev listnatych, kde se objevuje Sifeni nestabilni. Cilem studie Zink-Sharp
et al. (1999) bylo prozkoumat vztahy mezi anatomickymi elementy difeva javoru a dubu
a zatiZzenim konstrukéniho spoje kolikového typu. Studie prokazala, ze pevnost a tuhost
konstrukéniho spojeni neni vyznamné ovlivnéna samotnymi anatomickymi elementy
dfeva, nybrz tuhosti dfeva jako celku pii zatiZzeni. Nicméné, vliv anatomické stavby
dieva byl prokazan v souvislosti se zptisobem poruseni prvkt. Hlavnimi druhy poruSeni
dfeva pii tlakovém zatizeni ve sméru vlaken byly selhani ve vzpéru a zborceni
anatomické struktury dreva.

Vyskytuje-li se nepravidelné rozlozeni anatomickych elementii po Sifce letokruhu
(kruhovité porovité dieviny — jarni a letni cévy), dochazi vlivem tlakového zatizeni ve

sméru vlaken ke vzpéru a naslednému vyboceni anatomickych elementi (Bodig a Jayne
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1982, Coté a Hanna 1983, Bariska a Kucera 1985). Kucera a Bariska (1982) zjistili, ze u
dlouhych elementti (naptiklad u dieva dubu) miize dochdzet k jejich teleskopickému
zkraceni a ohybu. S timto faktem pln¢ koresponduje tvrzeni Bodiga (1965), ktery uvadi,
ze sloupce se Stihlostnim pomérem vétSim nez 1, nejsou schopny pirenaSet axidlni
zatiZenti.

Zborceni bylo pozorovano pro rovnomérné rozlozené anatomické elementy dieva
po Sifce letokruhu (roztrousené porovité dieviny). Dfevo roztrouSené poérovitych dievin
ma kratke, silnosténné bunky, které pii osovém zatizeni slouzi jako ,,bo¢ni podpora* pro
slabé, tenkosténné cévy. Dusledkem zatizeni dieva tlakem dochazi ke zborceni
struktury, nikoliv ke vzpéru (Kucera a Bariska 1982).

Pii tlakovém zatizeni axidlni silou dochazi také k tzv. Poissonovu efektu, kdy
zkracovani délky prvku je doprovazeno jeho rozsifenim. Vznikajici napéti v pficném
sméru je pfi¢inou poruseni ve formé¢ axialné se Sificich trhlin v nejslabSich mistech
télesa. Tyto trhliny nejCastéji vznikaji v dienovych paprscich (Panshin a De Zeeuw

1980; Choi et al. 1996).

3.8 Metoda kone¢nych prvki

Metoda kone¢nych prvkl je jednou z mnoha vypocetnich numerickych metod,
ktera je zaloZena na diskretizaci oblasti, tj. rozdéleni oblasti na definované a jednoduché
prvky — kone¢né prvky, resp. elementy (Madenci a Guven 2005; Zienkiewicz et al.
2006). Matematicky je mozné MKP definovat jako ,,zobecnénou Ritz-Galerkinovu
variacni metodu, uzivajici bazovych funkci s malym kompaktnim nosicem, uzce spjatou
se zvolenym rozdélenim Fesené oblasti na konecné prvky“ (Kolat et al. 1997).
Numericka uloha je urcena souborem s koneénym (finitnim) poctem cEiselnych
vstupnich a vystupnich udaji, pfiCemz existuje jednoznacnd zavislost mezi daty
vstupnimi a vystupnimi (Dalik 1997). Rada numerickych metod fesi nejéast&ji zadani a
feSeni numerické analyzy pomoci jedné nebo vice obycejnych ¢i parcialnich
diferencidlnich rovnic. Hledani nezndmych funkci popisujicich hledanou veli¢inu
v urcité ohranicené oblasti je tedy nahrazeno hledanim kone¢ného poctu hodnot téchto

funkci nebo parametrti, z nichz Ize konstruovat pfiblizné feSeni (Kolaf 1997).
3.8.1 Zakladni princip MKP

Diskretizaci oblasti se ziska sit’ skladajici se z konecného poctu prvkl — elementl

(KP sit’), které jsou vzijemné v kontaktech pies spolecné body (uzly). V kazdém
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kone¢ném prvku jsou pak pomoci jednoduchych bazovych funkei (nejcasteji polynomir)
pocitany dané parametry uzlii. Po zadani okrajovych podminek, pfip. jinych parametri,
je ziskano feSeni soustavy rovnic. ReSenim rovnic jsou hodnoty posunuti v jednotlivych
uzlech. Jakmile jsou tato posunuti znama, je mozno z nich spocitat hledané veliCiny
jako jsou napéti, deformace aj. (Sebera 2013).

MKP je univerzalni variaéni metoda pro aproximaci funkci, které minimalizuji
kvadraticky funkcional energie (celkové energie systému). Tato tzv. strukturni analyza
systému vede k rozsahlé soustaveé rovnic, které maji feSeni za jistych predpokladi (napf.
pozitivni definitnost matice soustavy). Jednotlivé funkce (pro dal$i zpracovani co
nejjednodussiho tvaru) jsou voleny tak, aby matice soustavy byla pasova. Variaéni
formulace ulohy pak odpovida pfedpokladu ustaleni systému v poloze, jiz odpovida
minimélni celkova energie (podle rovnice 3.79) tohoto systému podle vztahii (3.80 a
3.81). Pojem ,,varia¢ni formulace™ vyjadiuje vztah k variaénim principim mechaniky,
ve kterych se hleda urcitd energeticka hladina zkoumané oblasti — nejcastéji extrém.
Jednd se o obecné platny, pozorovanim ovéfeny predpoklad, tzv. variaéni princip
minima celkové energie (Dalik 1997; Petruska 2003; Sebera 2013). Zminéna matice
soustavy se v rdamci MKP oznacuje globalni matici tuhosti, vektor pravych stran pak
globalni vektor zatiZzeni soustavy. Tato globdlni matice je postupné zaplnéna
,prispévky* z jednotlivych konecnych prvki, jejichz symbolicky systém rovnic se
nazyva lokalni soustava. Matice této lokélni soustavy je tedy lokalni matici tuhosti a
vektor pravych stran je lokalni vektor zatizeni elementu (Dalik 1997, Kolaf et al. 1997).

Z analyz vyplyva, Ze tuto hodnotu nabyvéa ,systém* pravé tehdy, kdyz je
potencidlni energie minimalni, tedy:

I7T=W —P=min (3.79)

P je vzdy zaporna hodnota. Je to proto, Ze jako nulovou energetickou hladinu
bereme vzdy prvotni, nedeformovany stav oblasti (Kolai 1999).

Vychazime-li ze zakladniho charakteru funkciondlii (skalart), tj. aditivnosti, ktery

tika, Ze celkova energie ja dana souctem energii vSech prvki, pak
W=YW, =2 [o" 00 (3.80)
i 2 Q2
P=3"P =[uT002+ [u por (3.81)
i ¥e) r,

kde u'= [u, v, w] je vektor posuvil,

Milch, J. 2016 48



Literarni prehled

T . . ,

g = [é&x, &, &, Pxp» Vy=s V=] J€ Vektor pomérnych deformaci,

T_ . "

o =lox, 6y, 0z, Ty, Tyz, To] j Vektor napéti,

o’ =[ox, 0y, 0-] je vektor objemového zatiZeni,

' =1[px, Dy, P-] je vektor ploSného zatiZeni.

Je zfejmé, ze celkova energie /1 je odvozena a obecné zéavisld na spojitych

funkcich u, v, w, tedy na nekoneéném poctu hodnot v fesené oblasti. K numerickému
fesSeni je vSak nutné tyto funkce vyjadfit v zavislosti na kone¢ném poctu parametra uzlt.

To se v MKP provede pomoci bazovych funkci (U;, V s w, ), které jsou jiz pfedem

znamy. Ze souctu jejich soucinu s nezndmymi koeficienty a, b a ¢ pak plyne aproximace

puvodnich funkei, matematicky vyjadieno:
| m n
u=>a -0; v=>b-V; w=>c W (3.82)
i=1 i=1 i=1

Dosadime-li tyto aproximacni vztahy do vyrazu pro celkovou potencidlni energii
(3.79), zbavime tak funkciondl /7 zavislosti na danych (nekone¢nych) funkcich u, v, w,
ale pfitom pro néj vytvofime novou zavislost na koneném poctu parametri a;, b;, ¢;. Je
provedena tzv. parametrizace ulohy. Pro prvek obecné vyjadieno jako:

u,=U-a (3.83)

Z podminky funkcionalu (3.79) pak dostdvame nasledujici soustavu rovnic

s mnozinou neznamych, ale kone¢nych parametrt:

or _

oa,

: — ay, ay...,Cp (3.84)
o _

oc,

Jako parametry deformace A v uzlovych bodech volime pravé hodnoty u nebo
jejich derivace. Dosadime-li soufadnice uzlii A = S'a, resp. a=S™'+ A, do rovnice (3.83)
pak dostadvame obecny vztah pro prib¢h u v rdmci jednoho prvku pomoci parametri
deformace:

u,=U-S*.4=v-4 (3.85)

Definujeme-li matici deformac¢nich operatori B (podrobné viz Petruska 2003) a
parametry deformace v uzlovych bodech A:

e=B-u (3.86)

a derivaci z U ziskame tzv. ,,odvozenou‘ matici:
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M=B-U (3.87)
Potom mtzeme napsat vztah pro napéeti

c=C-¢=C-M-S".4=X-4 (3.88)
Dosadime-li vyjadreni (3.86 az 3.88) do rovnic vnitini a vnéjsi energie (3.80 a

3.81) dostaneme celkovou energii kone¢ného prvku 77,

7, =W —P =%I(CMS TA)TMS 002 - [(VA) 002 - [(VA) por  (3.89)
Q Q r
pfi¢emz f, definované jako f, = —IV T000 - IVT pol” (3.90)
0 r

nazyvame vektorem parametrii zatizeni prvku e. Jeho podrobné odvozeni viz
Petruska (2003) a Madenci a Guven (2005). Po transpozicich jednotlivych matic
v rovnici (3.89) mlizeme definovat tzv. matici tuhosti K, pro prvek, ktera je dana
predpisem:

K, =[sTMmTcBs o, (3.91)
0

Jak vyplyvéa z nazvu matice, prvky K, maji 1 fyzikalni vyznam. Celkova energie

elementu e je pak ddna tvarem:
I, =-A f, +%ATKeAe (3.92)

Chceme-li vyjadfit energii celé feSené oblasti, je nutné dil¢i energie kone¢nych
prvkil secist (to umoZiuje jiZ zminéna podminka aditivnosti). Pfed samotnym sectenim
je vSak nutné transformovat slozky vektord posunuti, rotaci, sily a momenti daného
uzlu a v§echny parametry deformace ocislovat (Petruska 2003; Sebera 2013). Splnime-li
tyto podminky, pak muZeme rovnici (3.92) piepsat do tvaru pro celkovou energii
kone¢ného prvku:

I7T=-Af, +%ATK9A (3.93)

Po secteni energii prvka feSené soustavy dostdvame zakladni a kone¢nou rovnici
MKP:

KAa=f (3.94)

Podrobny popis realizaci vypocti a veskeré informace tykajici se MKP jsou
popsany napi. v Zienkiewicz a Taylor (1977), Kolat et al. (1997), Dalik (1997),
Madenci a Guven (2005), Dhatt et al. (2012), Larson a Bengzon (2013) a mnoho

dalsich. Obecné plati, ze MKP je efektivni nastroj pro analyzu mechanického chovani
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nejriznéjsich struktur, a ma také své uplatnéni pii hodnoceni dfevénych konstrukci a
spojti v Sirokém spektru pouzivanych materialt a tvarti ovlivnénych rliznymi parametry

— geometrie, materialové charakteristiky, okrajové podminky apod. (Sebera 2013).
3.8.2 Materialové charakteristiky

Elastické a elasto-plastické chovani

Dievo je anizotropni materidl, ktery pii zatizeni vykazuje elasto-plastické
chovani. Elastické chovéni je pro dfevo typicky linedrni, kdezto plastické chovani je
charakteristické svou nelinearitou. Podil elastického a plastického chovani v prib¢hu
zatizeni je odliSny pro rizné zptisoby namahéni. Pfi zatizeni tahem a smykem je
deformacni chovani elastické téméf v celém pribchu zatizeni, plastické chovani se
vyskytuje ve velmi malém useku, t€sn¢ pred porusenim (Moses a Prion 2002). Vyrazné
vyss§i podil plastického chovani (40 — 50%) vykazuje dfevo pfi zatizeni tlakem a
ohybem, coz je odlivodiovano stlaéenim dievnich bunék a postupnym oddélovanim
vlaken.

Nicméné v numerickych analyzach je dievo obvykle povaZovano za ortotropni
materidl s linearné elastickym chovanim. Linearni elasticky ortotropni model dieva je
dostacujici pro analyzu elastického chovani, avSak pro predikci meze pevnosti se jevi
jako nedostatecny. Pro predikci meze pevnosti dieva je nutné do numerickych modelt
zahrnout plasticitu, kterd umozniuje zpevnéni (hardening) nebo naopak vznik poruseni
(softening) v oblastech s vysokou koncentraci napéti (McLain a Thangjitham 1983;
Chen et al., 2003; Khorsandnia et al., 2013). Typickymi oblastmi, kde se koncentruje
napéti pii zatizeni dfevénych konstrukci, jsou kontaktni plochy mezi spojovacim
prostiedkem a okolnim materidlem. Pro dosazeni pfesnéjSich vysledkti numerickych
simulaci je proto vhodné pouzit elasto-plasticky materialovy model. Nelinearita modelu
se pro zjednoduseni jeho definice v rizném stupni aproximuje. Stupenl aproximace lze
vyjadfit poctem stejné dlouhych linedrnich usekti, na které je pribéh nelinedrniho
chovani dfeva rozdélen (diskretizovan). Kazda linedrni ¢ast je v modelu
charakterizovana odliSnymi materidlovymi charakteristikami.

Pro smysluplné vyuziti nelinearnich elasto-plastickych materialovych modelt je
nutné, aby byly sestaveny na zikladé¢ experimentdlné stanovenych materialovych
charakteristik. Kalibrace materidlovych modeli se provadi iterativné pomoci srovnani

numericky predikovanych a experimentalné stanovenych napétoveé-deformacnich
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vztahi a deformaci pfi zdkladnich zpiisobech zatizeni (tlak, tah, ohyb, smyk, krut
apod.). Takto sestaveny a ovéfeny materidlovy model, ktery reflektuje mechanické
chovani dieva, je poté aplikovan do komplexnéjSich struktur. Ovéieny materidlovy
model se vyuziva pro popis skutecného mechanického chovani s predikci meznich
stavil pro celou fadu aplikaci, jako jsou napf. dfevéné konstrukce a spoje z masivniho
dfeva (Moses a Prion 2002). Nicméné¢, spravnost hodnoceni mechanickych vlastnosti
konstruk¢énich spoju prostiednictvim numerickych pfistup zalozenych na MKP, neni
zavisld pouze na skladb& materidlového modelu. Faktory, které ovliviiuyjici vysledné
vlastnosti spojti jsou napf. i velikost a typ spojovaciho prostiedku, vzdalenosti od okraji
a Cel, smér zatizeni, kvalita provedeni s ohledem na rizné defekty, neptesnosti, mezery
apod., které je mozné zohlednit jiz pii tvorbé KP modelt. Kromé ,,geometrickych*
faktorii nelze opomenout také nastaveni feSie analyz, kvality sitovani a dalsi faktory,
které nepiimo mohou ovlivnit proces a spravnost vypocti KP analyz (Dias et al. 2007).
Rahman et al. (1991) provedl dvourozmérnou analyzu koliku v otvoru ortotropni
desky s nelinedrnim elastickym materidlovym modelem. Nelinearni komprese pfibliZila
numerické predikce mechanického chovani spojovaciho koliku k vysledkiim z
experimentalnich testd. Dvourozmérny model je omezen na studium plosnych ¢lent
s minimalni tloustkou. Tato metoda je vhodna pouze pro jednoduché ptipady. Vzhledem
k tomu, ze predikce selhani je zavisla na presné lokalizaci mist s koncentraci napéti
v celém objemu, jsou dvourozmérné modely nedostacujici (Patton-Mallory et al., 1997).
Patton-Mallory et al. (1997) provedli nelinearni elastickou analyzu trojrozmérného
modelu Sroubového spoje dieva douglasky a smrku. Bylo aplikovano tri-linearni elasto-
plastické deformaéni chovani materidlu s velmi dobrou shodou s experimentalnimi
vysledky. Moses a Prion (2002) ve své studii sestavili trojrozmérny model Sroubového
spoje s anizotropné-plastickymi materidlovymi charakteristikami. Model byl schopen
simulovat stlacovani dfeva v okoli spojovaciho prostifedku a poddajnost Sroubu s
bilinearnim kinematickym zpevnénim. Kharouf et al. (2003) ve své praci uvadeji
nelinearni plasticky materidlovy model zaloZeny na zdkladnim modelu zpevnéni dieva

podle Hillova kritéria pro dvouosé stlaCovani (Hill 1950).
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4 MATERIAL A METODIKA

4.1 Material

Dievo smrku (Picea abies L. Karst.) (v ¢lancich I, II, III, IV a V), buku (Fagus
sylvatica L.) (v ¢lancich I, II a IV) a dubu (Quercus robur L.) (v ¢lancich III a V) bylo
pouzito pro vyrobu malych bezvadych zkuSebnich télisek v ramci zékladnich
mechanickych zkousek (tlak, ohyb, smyk), ale také pro vyrobu celodfevénych spoji. Ve
stavebnictvi, pfi rekonstrukcich historickych dievénych konstrukei i pfi vystavbé
novych objektl se tyto druhy diev vyuzivaji nejcastéji. Divodem je snadna dostupnost,

finan¢ni nendroc¢nost a ptijatelny pomér mechanickych vlastnosti a hmotnosti.

4.2 Experimentalni hodnoceni

Zakladni mechanické zkousky (tlak, ohyb a smyk) byly provedeny za ucelem
ziskani materidlovych charakteristik (Obr. 4.1 az Obr. 4.3). Stanovené materidlové
charakteristiky byly pouZity pro sestaveni materidlovych modeld s elastickym a elasto-
plastickym chovanim dieva pro KP analyzy (vice v ¢lancich I, Il a IV).

Zakladni tlakova zkouska byla provedena podél a napfi¢ dfevnich vlaken
vradidlnim a tangencidlnim sméru (podle ASTM D143, BS 373). Pro ohybovou
zkousku byla vyuzita metoda centralniho jednobodého zatiZeni se dvéma statickymi
podpérami (tfiboda ohybova zkouSka podle BS 373), vice informaci v ¢lanku I.
Smykové charakteristiky v LT a LR roviné byly stanoveny pomoci ,,dog-bone*
zkuSebnich télisek s oboustrannymi zafezy zatizenych jednoosym tahem (vice v ¢lanku
II). Kolikové spoje byly konstruovany pro jednosttizné i dvojstfizné namahani koliku
(napft. Obr. 4.4) s detailnim popisem v ¢lanku III.

Rozméry zkuSebnich téles a okrajové podminky pfi testovani (rychlost a smér
zatézovani, rozte¢ podpor atd.) byly v souladu s pfisluSnymi normami (ASTM D143,
BS 373, EN 383 a EN 26891), poptf. z nich byly tyto parametry odvozeny. VSechna
zkuSebni télesa byla klimatizovana pfi teploté 20 °C a 65% relativni vlhkosti vzduchu
(RVV) az do dosazeni rovnovazné vlhkosti dieva (RVD). Objemova hmotnost a vlhkost
zkuSebnich téles byly pribézné kontrolovany gravimetrickou metodou podle ASTM
D2395. Mechanické zkousky byly provadény na univerzalnim zkuSebnim stroji Zwick
7050 (Zwick Roell AG, Ulm, Germany). Méfeni posunuti a pruhybii bylo zajisténo

pomoci ,,clip-on* extenzometrti a optickym setem pro akvizici obrazovych dat (vice
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informaci o pouziti optického sniméni v ¢lancich L, 11, III a V). Pomérné deformace byly

stanoveny z posunuti na zaklad¢ Lagrangeova tenzoru deformaci.

5

Obr. 4.1 Zkouska v tlaku podél a napii¢ dfevnich vlaken. Kamerovy set pro obrazovy zaznam pietvoieni
zkuSebniho télesa (¢lanek I).

Obr. 4.2 Zkouska v tiibodém ohybu. Kamerovy set pro obrazovy zaznam pietvoieni zkuSebniho télesa
(¢lanek I).

Obr. 4.3 Smykova zkouska tahem v LR a LT smykovych rovinach. Kamerovy set pro obrazovy zdznam
pretvoreni zkusebniho télesa (¢lanek II).

Obr. 4.4 Tahova zkouska Ginosnosti celodievéného kolikového spoje (€lanek I1T).
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4.2.1 Digitalni korelace obrazu (DIC)

Pretvoreni télesa bylo souCasné s konvenénimi mechanickymi metodami
(pti¢nik a extenzometry) snimano pomoci optického setu pro akvizici obrazovych dat
(napft. Obr. 4.2). Snimané ¢asti povrchu zkusebnich téles (z anglického Area of Interest -
AOI) byly opatfeny stochastickym kontrastnim vzorem. Snimani AOI bylo zajiSténo
pomoci dvojice kamer AVT Stingray Copper F-504B osazené snimaci s rozlizenim
2452x2056 px (5 MPx) a velikosti svétlocitlivé bunky 3.45 pum zapojenych ve
stereoskopickém modu sniméni. Kamery byly osazeny objektivy Pentax C2514-M s
ohniskovou vzdalenosti 25 mm. Vhodné svételné podminky expozice byly zajistény
pomoci dvojice vysoce vykonnych svétel s LED-Cipovymi zdroji svétla SobrietyCube
360.

Zpracovani (postprocessing) obrazovych dat (parovani pixeld, vypocet tenzoru
posunuti, rotace a pomérnych deformaci) probéhl v softwaru Vic-3D v. 2012 (Correlated
Solutions). Vypocitané posunuti a pomérné deformace byly pouzity pro stanoveni

materidlovych charakteristik a verifikaci, resp. kalibraci numerickych modela.

4.3 Numerické modelovani

Tvorba numerickych KP modeld, jejich feseni a vyhodnoceni bylo provadéno ve
vypocetnim softwaru ANSYS Mechanical APDL v. 14.5 (¢lanky I, II, IV). Numerické
simulace jednotlivych modell byly tvofeny v jazyce APDL (ANSYS Parametric Design
Language) pomoci parametrickych skriptt, které¢ byly davkovany do fesice vypocetniho
softwaru. Sestaveni elastického a elasto-plastického materidlového modelu pro popis
nelinearniho chovéani dieva pii zatizeni bylo prvnim krokem k naplnéni stanovenych
cilt prace.

Na zakladé experimentalné zjiSténych materidlovych charakteristik byly sestaveny
materialové modely, které reflektuji mechanické vlastnosti a chovéani dieva. Verifikace,
resp. kalibrace téchto numerickych modeli byla provedena na télesech geometricky a
rozméroveé srovnatelnych s redlné¢ pouzitymi zkuSebnimi télesy a pii aplikaci
okrajovych podminek pln€ korespondujicich s okrajovymi podminkami provedenych
experiment. Kalibra¢ni procedura méla iterativni charakter, pfi¢emz srovnavacim
parametrem byly napétové-deformacni vztahy vystizné charakterizujici prabeh zatizeni
a mechanické odezvy dfeva pro pouzité mechanické zkousky. Pfesnost numerické

odezvy byla vyjadiena pomoci relativnich chybovych odchylek mezi numerickou
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predikci a experimentalnimi hodnotami (detailni popis a postup v ¢lanku I a II). Obr. 4.5
zobrazuje jednotlivé kroky pro dosazeni adekvatni odezvy (kalibrace) sestavenych
materidlovych modelt. Zkalibrované materialové modely byly nésledné aplikovany v

komplexnéjSich numerickych modelech.

o mmetr £ By 2000
T Displacementby .
: digital image correlation {DIC) Gandy

| Elasto-plastic model |

Sensitivity analyses
E Gandv yy : Laboratory scale FE models |
Etang AN Oy . Experimental BC

|
| [
| |
| |
| |
| |
! I
|

|
I Adjustment |
i 4 !
| |
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| |
| |
| |
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| |

. Validation
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OPTmzaTion Je-— M- [ agroament Je—— Espanmaniireis
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r— T T T T T T T T T T T T T T T T, v_ ___________________

@t Implementation
Adjust property |< ~--{ Walidation i Experimental results
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» Finish

Obr. 4.5 Vyvojovy diagram krokii pro nalezeni adekvatniho materialového modelu (¢lanek I).

4.3.1 Zobecnény Hilliiv elasto-plasticky materidlovy model

Pro popis nelinearniho chovani dieva v ANSYS byl pouzivan zobecnény Hillav
materidlovy model (Generalized Hill plasticity model, TB,ANISO) charakterizovany
bilinearnim elasto-plastickym chovanim (Obr. 4.6) na zakladé¢ Hillovy podminky
plasticity pro ortotropni materidly (Moses a Prion 2002). Tento materidlovy model
umoziuje zpevnéni ve tfech na sebe vzajemné kolmych smérech a s moznosti
definovani rozdilného chovani v jednotlivych smérech (L, R a T) pii tahovém, tlakovém
a smykovém naméhani.

Dievo v numerickych analyzdch bylo uvaZovdno jako homogenni material
definovany 27 materidlovymi charakteristikami zohlediiujicimi zakladni anatomické

sméry dieva (materidlové charakteristiky jsou uvedeny v ¢lancich I, IT a IV).
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Elastickd oblast napétové-deformacni kiivky je popsana 9 materidlovymi
charakteristikami — 3 normalové moduly pruznosti (£ & 1), 3 smykové moduly pruznosti
(Grrrrrr) a 3 Poissonovy Cisla (vrprrrr) (Tab. 4.1) s platnosti Hookova zakona
prostiednictvim souboru ortotropnich konstitutivnich vztahii, ktery lze definovat
zobecnénym Hookovym zakonem podle vztahu (4.1).

loj=[ske} (4.1)

Inverzi vztahu (4.1) pro ortotropni materidlovy model 1ze Hooklv zakon vyjadiit
v rozepsaném maticovém zapisu (4.2) pomoci slozek vektoru deformace {¢} a vektoru

napéti {o} pfi splnéni podminek symetrie vig/E; = vri/Er, vir/Er = vi/Er a vgi/Er =

VTR/ET.
I i Veo  _Vm 0 0 0 ]
E, Ex E;
Vir 1 Vir
-—— — —-—— 0 0 0
L E, E, E oL
er _VL _Vﬁ i 0 0 0 IR
&t _ E, Eg E; Ot (4.2)
VRT 0 0 0 1 0 0 TRT
Vit Ger 1 TiT
}/LR 0 0 O O G_ O TLR
LT
1
0 0 0 0 0 G_
L LR |

Plastickd oblast napétoveé-deformacni kiivky je definovana 18 parametry
specifikovanych v Tab. 4.1, které jsou rozliSeny pro tahové, tlakové a smykové zatizeni
ve tfech na sebe vzdjemné kolmych smérech (L, R a 7). Tyto parametry jsou vyjadieny
)8 a tangentnimi moduly pruznosti ( E

hodnotami mezi umernosti (o ;. , @ 7, . anik.x

& Gy .« ) definujici zpevnéni v plastické oblasti pro vySe uvedene sméry zatiZeni (Obr.

4.6). Dale, je tento materidlovy model moZzno definovat rozdiln€ pro tahové, tlakové a
smykové namahani. Pii pouziti elasto-plastického materidlového modelu TB,ANISO
musi byt splnéna podminka plastické nestlaCitelnosti (4.3) a podminka (4.4), ktera
zajistuje uzavienou plochu plasticity eliptického tvaru (ANSYS Mechanical APDL).

8 Symbol ,.x“ reprezentuje typ zatizeni: tah (tensile — ten) nebo tlak (compression — comp).
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Oy Lten ~ Oy Lcom Oy Rriten ~ Oy Rcom OyTiten ~OyT com 9
Y.L, Y.L, p+ YR, YR, p+ Y.l y.l, pZO (43)
O-y,L,ten ' O-y,L,comp Gy,R,ten : Gy,R,comp Gy,T ten O-y,T,comp
2 2 2
M1+ Mz + Mg —2(M My, + MM g3+ M M33) <0 (4.4)
kde:
OLenOLcomp -
Mj = Ll o) T (4.5)

O_j,teno-j,comp

Tab. 4.1 Materialové charakteristiky popisujici elasto-plastickou oblast bilinearni napét'ové-deformaéni

kiivky.
Charakteristiky reprezentujici elastickou oblast
ELrT | GirRTLT | DLRRT.LT
Charakteristiky reprezentujici plastickou oblast
tah tlak smyk
Oy,LRT ten O'y,L,R,T comp Ty,LR,RT, LT shear
Etan,L,R,T,ten Etan,L,R,T ,comp Gtan,LR,RT ,LT,shear

ai 8el gpl Tii yel ypl
L
LR, LT
Oviten| — I 0 . | Tension
tan,i,ten H y,ii,shear
------ Densification : Tension : Glan,ii‘len #0
E | R, T G. 1
-Sv,i.comu ; | _yv,ii,shear : RT
| gv.i,ten gi | yv,ii,shear yi
I
. I L
H Etan,i,comp #0 — 5 i=LRT Glan,ii‘como #0 | = LR, LT, RT
H ‘ y.1,comp ) _ -z
N - Compression vilshear
SDI gel
Compression 3 3
yDI yel
Normal loading Shear loading

Obr. 4.6 Bilinearni napétovo-deformaéni kivky pro normalova a smykova zatiZeni.

Bilinearni elasto-plasticky materialovy model (v ¢lanku 1) byl vyuzit pro popis
nelinearni odezvy dieva pfi riiznych zatéZovacich stavech (tlak, tah, ohyb) s cilem
ziskat optimalni feSeni pro tyto zatéZové stavy s nejmensi odchylkou od redlného

chovani dreva.

Symbol ,, ten* reprezentuje hodnotu pro tahové zatizeni, , comp* reprezentuje hodnotu pro tlakové
zatizeni.
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4.3.2 Koneény prvek SOLID95

Pro diskretizaci danych objemt numerickych modeli byl pouzivan kvadraticky
20-ti uzlovy prvek SOLID95 (Obr. 4.7) se tiemi stupni volnosti posunuti pro kazdy uzel
ve smérech X, Y, a Z (L, R a T, resp.). Tento prvek byl vybran z divodu toho, ze
umoznuje simulovat plastické deformace, které jsou definovany pomoci zobecnéného

Hillova elasto-plastického materialového modelu (TB,ANISO).

Obr. 4.7 Geometrie kone¢ného prvku SOLID95 (pievzato z manudlu ANSYS v. 14.5).

4.3.3 Redukéni techniky pouzivané v KP analyzach

Pii tvorbé numerickych modeld v prostfedi ANSYS byly vyuZivany redukéni
techniky, které zefektiviiuji feSeni numerickych vypoctl, a tak zkracuji vypocetni cas,
usnadiiuji modelovani prutovych struktur aj. V této praci byly vyuzity redukéni
techniky: Substructuring; vazebné rovnice — Constrain Equation (CE), symetrické
okrajové podminky a parametrické modelovani (redukcni techniky jsou aplikovany

v jednotlivych ¢lancich I, 11, a IV).
1. Substructuring

Rozséhlé¢ KP analyzy pracuji s vysokym poctem uzlii s mnoha stupni volnosti
(Degress of Freefom — DOF), které jsou popsany rozsahlymi maticemis vysokymi
naroky na vypocet. Substrukturace je ,,zpisob, jak vidét véci v Castech™ za ucelem
zjednoduSeni narocnosti analyz a pfitom se soustfedit na konkrétni komponenty.
Diivody substrukturace jsou: a) snizeni vypocetniho casu; b) snizeni potfebného
vypocetniho vykonu. Metoda substrukturace v ANSYS je popsana jako skupina KP
elementi, ktera je soustfedéna do jednoho prvku, jenz je reprezentovan matici. Tento
jediny prvek matice je nazyvan jako superelement (,,master node*), na ktery je vazéna

redukce vSech stupiii volnosti.
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Princip substrukturace je zalozeny na rozdéleni komplexniho modelu do nékolika
samostatnych ¢asti (substruktur) a kazda je feSena samostatné. Tuto substrukturu je
mozné také dale delit a teSit individualné. Pro nazornou ukézku byl pouzit model
letadla, zobrazen na Obr. 4.8. Analogicky lze tuto metodu pouzit 1 v oblasti dfevénych

konstrukci.

level two substructure (wing section)

level one substructure (wing) %
&
individual S~

element

Obr. 4.8 RozloZeni komplexniho modelu do vice substruktur (pfevzato z Superelements and Global-
Local Analysis).

Redukéni technika substructuring byla vyuzita v €lanku IV pro spojeni 2D
prutové krovové soustavy s detailnim 3D modelem celodievéného konstrukéniho spoje.
Prostfednictvim superelementu bylo zajisténo spojeni mezi 2D a 3D prvky s pfenosem
vSech vnitinich sil a posunuti z globalniho zatizeni komplexniho modelu krovu do

jednotlivych ¢asti.

2. Vazebné rovnice — Constrain Equation (CE)

Vazebné rovnice se vyuzivaji v ptipadech, kdy je potieba prenést ,,volny* pohyb
z jednoho prvku na druhy, aniz by tyto dva prvky byly jakkoliv propojeny. Ptenos
pohybu je zajiStén pomoci linearniho vztahu mezi uzlovymi stupni volnosti posunuti
(DOF). Obecny zapis rovnice je nasledujici:
Constant = " (Coefficien t(i) - u(i)) 4.1)
i=1

kde u jsou stupné volnosti terminu (i) a n je poCet termind v rovnici.
Vazebné rovnice mohou mit libovolny pocet uzll a jakoukoliv kombinaci DOF.

Velikost a smér posunuti (#;) nebo rotace (ROT;) lze pro sledované uzly nastavit

v ur¢itych pomérech, vzhledem k vychozi hodnoté. Princip vazebnych rovnic Ize
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demonstrovat na jednoduchém piikladu podle Obr. 4.9, kde uzel 2 plsobi jako kloub
pokud nejsou pouzity zadné vazebné rovnice. Pro pfenos momentu z nosniku (BEAM3)
na rovinné elementy (PLANE42s) bude pouzita nasledujici rovnice (4.2):

ROTZ, = w 4.2)

y BEAM3
UX, UY, ROTZ
x 1 2 3 T oy,
<— 5> 5 > “UY, l
. — PLANE42s
UX, UY
VA aaaud /777777

Obr. 4.9 Vytvafeni vztahi mezi rotanimi a posuvnymi stupni volnosti (pfevzato z manualu SW ANSY'S

v. 14.5).

Rovnici Ize pfepsat do pozadovaného formatu podle (4.3):

0.0=UY, —UY, —10- (ROTZ,) (4.3)

Redukéni technika popisujici vazebné rovnice (CE) mezi dvéma a vice uzly byla
aplikovéna v ptipadé¢ tvorby prutové soustavy krovu v ¢lanku IV. Pomoci této techniky
byla definovana spojeni mezi jednotlivymi prvky (pozednice, vazné tramy, stojky apod.)
s moznosti nastaveni riznych tuhosti mezi témito prvky. Touto technikou byl vytvoren
kompaktni prutovy 3D model krovu kostela sv. Jakuba v Brné s detailnimi prvky, napft.

Ondrejské kiize, pétiboka a lichobéznikova vaznice apod.

3. Symetrické okrajové podminky

Okrajové podminky symetrie byly vyuzivany v ptipadech, kdy numericky model
mél alespoii jednu osu symetrie. Symetrické okrajové podminky se pouzivaji ke snizeni
rozsahu a naro¢nosti vypocta redukei celkového poctu uzlovych feseni. Miize se jednat
o prosté téleso (viz Obr. 4.10), kter¢é ma nékolik rovin symetrie, pfip. komplexné;si
struktury s opakujicimi se segmety apod. Definovani okrajovych podminek se provadi
nastavenim vSech stupiiti volnosti posunuti (DOF) v uzlech lezicich v rovinach, ve
kterych se nachazeji jednotlivé osy symetrie. Symetricka podminka se definuje ve

sméru kolmém na ptisluSnou rovinu symetrie.
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Symmetry axis

Planes of symmetry

Obr. 4.10 Symetricky 3D model s definovanymi dvémi rovinami symetrie (¢tvrtinovy model).

Tato redukéni technika byla vyuzita v ¢lanku IV pro snizeni ¢asové narocnosti
vypoctu numerického modelu krovu kostela sv. Jakuba v Brné. Krov byl modelovan
jako opakujici se symetricky segment, kde byly na podélné vazné tramy aplikovany
okrajové podminky symetrie reflektujici pfenaSené vnitini sily a posunuti z globalniho

zatizeni krovu.

4.3.4 Parametrické modelovani

Skriptovaci jazyk APDL (ANSYS Parametric Design Language) umoziuje
parametrickou vystavbu numerickych modeld, které je poté moZzno snadno upravovat
podle ménicich se vstupnich podminek. Pii parametrickém modelovani se konkrétni
hodnota (¢islo nebo vlastnost) charakterizujici vstupni podminku (geometrie, okrajové
podminky, materidlové charakteristiky apod.) nahrazuje proménnou (parametrem), ktery
je konkrétné definovan ve vstupnich parametrech zdrojového skriptu APDL. Zménami
hodnot vstupnich parametra lze efektivné modifikovat tvorbu modelu pii poZzadavcich
na zmény simulace.

Technika parametrického modelovani byla pouZivana u vSech KP analyz (¢lanky
I, IT a IV), pomoci niz bylo mozno operativn¢ provadét zmény ve zdrojovém skriptu
numerického modelu.

Priklad davkového souboru v jazyce APDL pro tvorbu zdkladniho 3D télesa
s definici elasto-plastickych materidlovych charakteristik pro dfevo smrku (Picea abies

L. Karst.):

! Vstupni parametry — rozméry télesa
del_ka=0.03 IX=L

sir_ka=0.02 IY=R

tlou_stka=0.02 'Z=T

|

e_size=0.001 Ivelikost KP elementu 1 (m)
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!

ti_me=1

n_subst=100 Ipocet krokU FeSeni
n_subst_max=100

n_subst_min=100

!

posu_nuti=-0.001 Iparametr definujici posunuti (zatizeni) (m)
!

! Tvorba geometrie télesa

Iprep7 lvstup do pre-procesoru — tvorba geometrie

!

blc4,0,0,del_ka,sir_ka,tlou_stka ldefinice objemu ze stfedu globalniho soufadného systému
cm,teli_sko,volu Idefinice objemu komponenty

!

cmsel, teli_sko lvybér komponenty

vatt,1 Idefinovani materialu 1 pro vybranou komponentu
|

! Elasto-plasticky materialovy model
I

iMateriéIové charakteristiky popisujici elastickou oblast deformaci — vstupni parametry
!

'Youngovy moduly pruznosti v jednotlivych anatomickych smérech (Pa)

e_Xx_sm=17850e6 IL

e_y sm=352e6 IR

e _z sm=289e6 IT

ISmykové moduly pruznosti v jednotlivych smykovych rovinach (Pa)
g_Xy_sm=573e6 ILR

g_yz_sm=53e6 IRT

0_Xz_sm=474e6 ILT

IPoissonovy Cisla (-)

pr_xy_sm=0.023 ILR

pr_yz_sm=0.557 IRT

pr_xz_sm=0.014 ILT

!

hus_sm=462 Thustota pro dfevo smrku

!
IMaterialovy model popisujici elastickou oblast deformaci v€etné hustoty
mp,ex,1,e_x_sm

mp,ey,l,e_y _sm

mp,ez,1,e_z_sm

!

mp,gxy,1,g_xy_sm

mp,gyz,1,g_yz_sm

mp,gxz,1,g_xz_sm

|

mp,nuxy,1,pr_xy_sm

mp,nuyz,1,pr_yz_sm

mp,nuxz,1,pr_xz_sm

!

mp,dens,1,hus_sm

!

! Materialové charakteristiky popisujici plastickou oblast deformaci — vstupni parametry
TBDE,ANISO,1

TB,ANISO,1,,,0 lvolba zobecnéného Hillova materialového modelu
IMeze umérnosti v jednotlivych anatomickych smérech pfi tahovém zatizeni (Pa)
C_1=49e6 IL

C_2=6.4e6 IR

C_3=7.1e6 IT

ITangentni moduly pruznosti v tahu pro jednotlivé anatomické sméry (Pa)
C_4=140e6 IL

C_5=1.8e6 IR

C_6=2.3e6 T

|

IMeze umérnosti v jednotlivych anatomickych smérech pfi tlakovém zatizeni (Pa)
C_7=C_1 IL

C_8=C 2 IR
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C_9=C_3 IT

ITangentni moduly pruznosti v tlaku pro jednotlivé anatomické sméry (Pa)
C_10=C_4 IL

C_11=C 5 IR

C_12=C_6 IT

!

IMeze umérnosti v jednotlivych smykovych rovinach pfi smykovém zatiZzeni (Pa)
C_13=6.7e6 ILR

C_14=6.7e6 IRT

C_15=3.1e6 ILT

I Tangentni moduly pruznosti ve smyku pro jednotlivé smykoveé roviny (Pa)
C_16=5.73e6 ILR

C_17=0.53e6 IRT

C_18=4.74e6 ILT

IMaterialovy model popisujici plastickou oblast deformaci

!
TBMODIF,1,1,C_1
TBMODIF,1,2,C_2
TBMODIF,1,3,C_3

!

TBMODIF,2,1,C_4
TBMODIF,2,2,C_5
TBMODIF,2,3,C_6

!

TBMODIF,3,1,C_7
TBMODIF,3,2,C_8
TBMODIF,3,3,C_9

!
TBMODIF,4,1,C_10
TBMODIF,4,2,C_11
TBMODIF,4,3,C_12
!
TBMODIF,5,1,C_13
TBMODIF,5,2,C_14
TBMODIF,5,3,C_15
|
TBMODIF,6,1,C_16
TBMODIF,6,2,C_17
TBMODIF,6,3,C_18
|

et,1,95
keyopt,1,5,1
keyopt,1,6,3
keyopt,1,11,0
type,1

mat,1

esys,0
esize,e_size
cmsel,,teli_sko
mshape,0,3D
vsweep,all

|

/solu
antype,0
nigeom,on

nsubst,n_subst,n_subst_max,n_subst_min

outres,erase
outres,all,all
autots,off
time,ti_me

asel,s,loc,x,0,0
da,all,all,0
|

;isel,s,loc,x,del_ka,del_ka
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Definice okrajovych podminek

Koneéné-prvkova sit’
Inastaveni typu elementu (SOLID95)
ImozZnosti nastaveni elementu

lvybér KP elementu 1

Ipfifazeni KP elementu 1 pro material 1

Inastaveni vychoziho sou¢adného systému pro KP element 1
Idefinice velikosti elementu 1

lvybér komponenty

13D tvar elementu

Itvorba KP site objemu télesa

lvstup do feSice
ldefinice typu analyzy ,Static analysis*

ldefinice rozsahu analyzy

lvybér spodni plochy téliska
lomezeni v§ech stupnu volnosti (all DOF=0) — dokonalé vetknuti

lvybér horni plochy téliska
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da,all,uy,0 lomezeni posunuti horni plochy ve sméru geometrické osy Y
da,all,uz,0 lomezeni posunuti horni plochy ve sméru geometrické osy Z
da,all,ux,posu_nuti ldefinovani posunuti (zatizeni) ve sméru geometrické osy X

!

allsel,all

save

solve Ispusténi feSice

finish
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Determination of the elasto-plastic material characteristics of Norway spruce and
European beech wood by experimental and numerical analyses
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!Department of Wood Science, Faculty of Forestry and Wood Technology, Mendel University in Brno,
Zemé&delska 3, 613 00 Brno, Czech Republic; phone: +420 545 134 545 *corresponding author:
jaromir.milch@mendelu.cz

Abstract

Experimental and numerical analyses are presented concerning of compression
tests parallel and perpendicular to the grain, three-point bending, and double-shear
joints in compliance with the relevant test standards (ASTM D2395, BS 373, EN 383
and EN 26891). Woods of Norway spruce (Picea abies L. Karst.) and European beech
(Fagus sylvatica L.) were tested to describe their non-linear behavior. Elasto-plastic
material models were the basis for the finite-element (FE) analyses with the input of
own experimental data and those of the literature. The elasto-plastic material model
with non-linear isotropic hardening was applied based on the Hill yield criterion in
regions of uniaxial compression. The material characteristics were first optimized and
validated by means of basic 3D FE models under the same conditions as applied for the
experiments. Afterwards, the validated material models were implemented into the
solver with more complex numerical analyses of wooden dowel joints. Concurrently,
the digital image correlation (DIC) served for verification of the numerical wooden joint
models. A good agreement (with a relative error up to 16%) was found between
numerically predicted and experimentally measured data. The differences may be
mainly attributedto some natural characteristics of wood which were not considered in
the proposed material models. The proposed elasto-plastic material models are capable
of predicting the wood's ultimate strength, and therefore could contribute to a more

reliable design of wood structures and their performance.

Keywords: Compression, digital image correlation (DIC), dowel-type joint, elasto-
plastic, elastic orthotropic, finite element method (FEM), hardening, Hill yield criterion,
modulus of elasticity, numerical modelling, orthotropic, three-point static bending,

wood anisotropy.
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Introduction

Much attention is paid currently to the assessment of historical timber
constructions from structural, architectural, and safety perspectives points of view. In
focus are the timber elements concerning their structure and their preservation and,
particularly, the restoration of damaged elements or connections (Abruzzese et al. 2009;
Descamps et al. 2014; Branco and Descamps 2015). Sophisticated methods are needed
to learn more about the universal mechanical behavior of complex connections in the
timber structures. The finite element method (FEM) is one of the several numerical
approaches for the virtual assessment and prediction of possible failure in wood pieces
or in complex timber structures. Historical timber constructions contain traditional
wooden joints with wooden connectors such as pegs and dowels. The dowel
connections are well investigated in terms of their universal mechanical performance
(Kessel and Augustin 1995, 1996; Bulleit et al. 1999; Santos et al. 2009). In the last
decade, wooden joints with dowel connections have been analyzed by FEM and optical
deformation measurement (digital image correlation, DIC) to predict their mechanical
behavior under various loading (Chen et al. 2003; Hong and Barrett 2008; Oudjene and
Khelifa 2009a,b, 2010; Dias et al. 2010; Ukyo et al. 2010; Sebera et al. 2013;
Arciszewska-Kedzior et al. 2015; Kunecky et al. 2015a Kunecky et al. 2015b). FEM
may simplify the optimization of the timber connections based on various parameters in
comparison with the experimental testing. Therefore, numerical modeling is usually
undertaken as an approach to study timber connections or complex timber structures
(Chen et al. 2003; Kunecky et al. 2015a).

The incremental plasticity is a macroscopic constitutive model that accounts for
dissipative (irreversible) effects characterized by permanent strain accumulation
(Kharouf et al. 2003). Hill (1950) was the first to provide a general model of anisotropic
plasticity. Wood is an anisotropic material, but for numerical analyses it is considered an
elastic orthotropic material under a certain set of conditions. However, this model is
insufficient to predict the wood’s ultimate strength (Moses and Prion 2002). Orthotropic
plasticity theory based on Hill’s formulation with isotropic hardening is utilized to
describe the nonlinear behavior up to and beyond the point of wood’s ultimate strength
(Hong et al. 2015). The non-linear constitutive behavior of wood is defined by three
basic constitutive regimes: elastic, elasto-plastic and post-failure brittle or post-failure

ductile (Clouston and Lam 2002). A complex stress state often emerges at the
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connection interfaces owing to the large concentration of stress and strain in contact
zones. For an accurate description of the strain magnitude, it is necessary to include
plasticity into numerical models, which allows adding hardening in these areas (McLain
and Thangjitham 1983; Chen et al. 2003; Hering et al. 2012; Khorsandnia et al. 2013;
Hong et al. 2015). Therefore, numerical simulations based on the elasto-plastic material
model with hardening are more accurate and suitable to predict the non-linear
mechanical behavior of wood or wooden connections, as shown by Sohouli et al. (2011)
or Hong et al. (2015) and by other research groups. The stress-strain behavior of wood
exhibits non-linear ductile behavior in compression owing to the crushing of wood cells
and the separation of the fibers. Conversely, in tension and shear, the stressstrain
behavior is linear until brittle failure occurs (Moses and Prion 2002).

Rahman et al. (1991) performed a 2D analysis of a dowel in the hole with non-
linear material properties. Their results showed that non-linear material behaviour
reduces the contact normal stress by 20% when compared to a linear elastic model.
However, 2D analyses are only suitable for simple cases because they are limited to the
study of bodies with some symmetry. Because the prediction of failures is dependent on
the accurate stress localization throughout the model, 2D analyses are insufficient to this
purpose. Patton-Mallory et al. (1997) conducted a non-linear 3D analysis of bolted
wood connections (with Douglas fir and spruce wood) with tri-linear elastic stressstrain
behavior of the material model and their results showed very good agreement with
experimental results. Moses and Prion (2002) presented a 3D model of bolted joints
with anisotropic plasticity to predict the behaviour of wood and wood composites with
bi-linear kinematic hardening for bolt yielding behavior. Kharouf et al. (2003) described
a non-linear material model based on the orthotropic elasto-plastic theory based on
Hill’s criterion in bi-axial compression. Hong et al. (2015) applied Hill’s anisotropic
plasticity theory based on bi-linear stress-strain material response for Douglas fir wood
in compression. Their results showed a great coincidence between experimental and
numerical solutions.

The connections are commonly critical places in the timber structures, being
responsible for the local decrease in the overall structure continuity. This fact (about
80% of cases) may lead to a reduction in the overall strength and stability of the
structure (Santos et al. 2009). The quality of connections does not only depend on the

material model in the FEA. The other factors are: diameter of dowels/bolts, end
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distances, wood species, loading conditions, etc. (Dias et al. 2007; Mohamadzadeh et al.
2012). However, a suitable material model for the wood would allow “more realistic”
prediction of the behaviour of wooden connections during various structural loading
conditions without the reliance on extensive empirical tests. Such a model would
represent the true stress-strain state in wood and lead to predictions of ultimate strength,
e.g. the behavior of wooden joints in the structure (Moses and Prion 2002; Xu et al.
2009).

The aim of the present study was to determine the elasto-plastic material
characteristics of the most important construction wood used for historic buildings in
Europe that would be applicable in FEA. Norway spruce (Picea abies L. Karst.) and
European beech (Fagus sylvatica L.) were considered as suitable model woods and
subjected to the quasi-static compression and bending loading. The partial steps to
achieve the research goal are: (1) to collect elastoplastic material characteristics for both
wood species by own experiments and collection of literature data, (2) to evaluate the
non-linear behavior of the elasto- plastic material models based on these characteristics,
(3) to optimize and calibrate the models by changing the material characteristics based
on the correlation between experimental and numerical data sets, and (4) to implement
the calibrated material models in detailed 3D solid models of wooden joints used in

historical timber constructions.

Materials and methods

Norway spruce (Picea abies L. Karst.) and European beech (Fagus sylvatica L.)
were tested in compression parallel (1) and perpendicular (L) to the grain in the radial
(R) and tangential (T) directions, by three-point bending, and double-shear joints.
Mechanical tests were performed on small laboratory specimens without defects in
dimensions in compliance with the standards (ASTM D2395, BS 373, EN 383 and EN
26891). Table 1 summarizes the parameters of the experimental specimens and
conditions for each test series. The specimens were conditioned at 20°C and 65%
relative humidity (RH) until the equilibrium moisture content (EMC) was reached.
Moisture content (MC) and density at equilibrium state were then measured
gravimetrically according to ASTM D2395 (American Society for Testing and
Materials 2014).
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The mechanical tests were carried out by means of a universal testing machine
Zwick Z050/TH 3A (Zwick Roell AG, Ulm, Germany) with 50 kN load cell under
crosshead displacement control. The experiment procedures were set and controlled by
TestXpert v.11.02 (Zwick Roell AG, Ulm, Germany). The temperature was kept within
a range of 20-22°C during all the mechanical tests.

Table 1: The experimental parameters and boundary conditions (BC) of tests.

Compression Joints series
I 1 Bending ds-T ds-C Dowel
Data n=10 n=12 n=10 n=10 n=10 n=20
456° 464° 467°
3 (11.5)° (11.9) (11.4) 462 477 670
prza [kgm”] 678" 661" 668" 2.3) 6.8) (6.4)
(3.1) (3.1) (5.1)
R x T [mm] 20%20 20%20 20%20 - - -
L [mm] 30 30 300 - - 38
d [mm] - - - - - 8
Span (ls) [mm] - - 240 - - -
Load direction L Rand T T parallel to grain T
v [mm-min’'] 2 8 10 15 15 -

% p12,4 for Norway spruce, ° p12.4 for European beech, ‘Coeff. of Variation (%) in parenthesis, v loading
rate.

Compression parallel and perpendicular to the grain: Specimens specified in Figure
1 and Table 1 were tested. The compressive strength (o r 1) and normal elastic moduli
(ELrTc) I and L to the grain were derived from BS 373 (British Standard Institution
1957). The longitudinal strain in compression Il to the grain was calculated based on the
relative position of two points located at 1/3 and 2/3 of the total sample length, see
Figure la. These points were tracked bya “clip-on” extensometer (Zwick Roell AG,
Ulm, Germany) clamped on the radial (Rs) and the tangential (Ts) sample surfaces. The
transversal strains in compression L to the grain were calculated based on the relative
position of the compression plates controlled by the crosshead, which was related to the
original sample dimension in the load direction, see Figure 1b. The data for o, g7 and

E.rTc Were calculated by Eqgs. (1) and (2), respectively:

o= oo = o7, = &
where Fpnax is the maximum loading force (N), Fyieiq is the loading force corresponding
to yield strength (N), T is the sample dimension in the tangential direction (mm), R is
the sample dimension in the radial direction (mm) and L is the sample dimension in the

longitudinal direction (mm).
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Fao — Flo)' Iext _ (Fyield,40 - Fyield ,10)' R _ (Fyild,40 - Fyield,lo)'T
ER,c - ET,c - (2)
T '(U40_U10) L-T '(uyied|,4o_uyie|d,1o) L-R-(u40—u10)

Le — R
where Fi and Fg are the forces at the 40 and 10% levels of the Finax (N), Fjierd40 and
Flieiq 10 are the forces at the 40 and 10% levels of the Fjies (N), L 1s the initial sensor
arms distance equal to 1/3 of the L (mm), w49 and u, are the deformations at forces level
of Fy and Fio (mm) and uyeq40 and w10 are the deformations at forces level of

Flielg 40 and Feiq 10 (mm).

a Compression parallel to grain
Clip-on extensometer on the radial surface Clip-on extensometer on the tangential surface

- Compression plates ~

»Clip-on* Extensometers

— Fixed plates —— b

b Compression perpendicular to grain

Radial direction Tangential direction

_~ Compression plates —___

" Fixed plates

Figure 1: Scheme of the compression tests.

Three-point static bending: Specimens specified in Figure 2 and Table 1 were tested
by the three-point static bending test. The deflection in bending was measured by a
standard “clip-on* deflectometer (Zwick Roell AG, Ulm, Germany) clamped to the
bottom surface at the middle point of the transverse dimension located at the midspan.
The experimental test evaluation was derived from the BS 373 (British Standard
Institution 1957) with a modified span-to-depth ratio equal to 12. The bending strength

(op) was calculated from the F),,, as given in the following equation (Eq. 3):
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3-F_, -l
“T2RT ©)

where Is is the span of supports (mm) and T is the sample dimension in the

max

tangential load direction (mm). The modulus of elasticity (Ey) was calculated based on
the forces measured at the 10 and 40% levels of the Fna and the corresponding
deflections (Uger 10 and Uges 40) OF the bended sample. The E, was calculated by Eq. 4:
_ (F4o_|:10)'|s3

4-R-T? '(udef,4o _udef,lo)

where Uger 40 and Uger 10 are the deflections at force levels F4o and Fio (mm). The

(4)

b

normal and bending elastic moduli (E_r1c and Ep) were calculated from the linear-

elastic range from experimental forcedisplacement and force-deflection curves.

R
- F
T MS = Movable support
|
- _H‘#H - . y FS = Fixed support
LG _ Ms
e S . _
— i — >
- 4 ]
* PN
FS »Clip-on* Deflectometer / F8
’S
L

Figure 2: Scheme of the bending test.

Double-shear joints with wooden dowels were tested in tensile (ds-T) and
compression (ds-C) Il to the grain, see Figure 3a and b, respectively. Experimental joint
parameters and conditions are presented in Table 1. The wooden joint was made by
three Norway spruce members connected with a European beech dowel with nominal
diameter d = 8 mm. Dowels inserted into the drilled holes (8 mm) were placed so that
the grain of the cross section was oriented Il to the load direction without clearance.
Figure 3 shows the wooden joint configuration including the specimen dimensions
derived from the nominal dowel diameter and grain orientation (Figure 3c) of the
specimens. The dimensions of joints were in compliance with EN 383 and EN 26891
(CEN 2006-10-25 and CEN 1991-1-17). The force and displacement from the crosshead
was recorded at a data acquisition interval of 0.25 s. The force was continually applied
until the joint failure. The test was automatically stopped when the load decreased by
60% of the Fnax. Preliminary tests resulted in an average maximal load of about 2.7 kN
and 2.5 kN (ds-T and ds-C, respectively).
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Movable jaw F
C
T L (Y axis)
i T (Z axis) R (X axis)
-O Movable plate
3 |ad -
; 1 u . /I
sl 5 |48 &
v/ : /J\ 56 \ - \ '\i:\,.,__} 3d
/‘\a\_/ =
Fixed jaw Fixed plate ’\)5, A.

Figure 3: Scheme of double-shear joints with specimen dimensions. (2) ds-T, (b) ds-C, and (c) grain
orientation.

Digital image correlation: The validation of joint displacement during the test was
measured by the full-field optical technique based on DIC. Two CCD cameras (AVT
Stingray Copper F-504B, Allied Vision Technologies, Osnabruck, Germany, cell size of
3.45 um and resolution of 2452 x 2056 pixels) equipped with lenses (Pentax C2514-M,
Pentax Precision Co., Ltd., Tokyo, Japan, focal length of 25 mm) at the stereo-vision
configuration (3D) were used. The patterned samples’ surface was illuminated by two
light sources SobrietyCube 360 (Sobriety s.r.o., Kufim, Czech Republic) fitted by LED
sensors (Luminus Phlatlight CSM-360, 90 W Luminus Devices Inc., Billerica, MA,
USA). The stereo-vision system was centered to the area of interest (Aol), detail in
Figure 3a and b. The images were captured at the acquisition interval of 0.25 s. The
total average displacement obtained from the DIC was used to create the load-
displacement curves and also was compared with the displacement measured by the
crosshead. Simultaneously, the total average displacement from DIC was used in FEA
to define the boundary condition (BC). The calculation of the displacement from the
images was performed by software Vic-3D v. 2012 (Correlated Solutions Inc.,
Columbia, SC, USA). Numerical analysis: First, the FEA of compression Il and L to the
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grain and static bending based on 3D solid models were performed to optimize and
validate material characteristics of wood in the elastoplastic range. Second, the
validated elasto-plastic material models were implemented into the detailed 3D models
of wooden joints. The 3D FE models of laboratory size clear wood specimens and
detailed 3D FE models of double-shear joints (described below) were virtually assessed
and parametrically built in the ANSYS computing systém programmed in the ANSYS
Parametric Design Language (ANSYS Mechanical APDL). Figure 4 depicts the work
flow. Pre-processing in FEA — mesh and boundary conditions: The 3D numerical
analysis of compression and bending tests precisely reflected boundary conditions (BC)
and parameters (i.e. dimensions, support and loading heads, and applied load) as applied
in the experimental work. The wood was modeled as a 3D orthotropic elasto-plastic
material with non-linear isotropic hardening without distinction between compressive
and tensile characteristics, as described by Uhmeier and Persson (1997); Hong et al.
(2011, 2015) or Santos et al. (2015). The orthotropy was enabled by means of the TB-
ANISO option based on the generalized anisotropic Hill potential model available in
ANSYS (ANSYS Mechanical APDL). The Hill’s criterion is a generalized form of the
von Mises criterion, which accurately describe the anisotropy of materials (Oudjene and
Khelifa 2010). The geometry in all analysis was meshed with 3D hexahedral 20-node
structural solid element (SOLID95) with plasticity capabilities. Element size was set to
1 mm in the compression tests and 2 mm in the three-point bending test. Numerical
models consisted of approximately 12 000 and 15 000 elements for the compression and
the bending tests, respectively. In compression tests, the samples were placed between
two areas (one fixed; the other free in the L, R and T load directions) with rigid target
contact surfaces. In the threepoint bending test, the support and loading heads were
modeled as rigid surfaces with the same settings as for the compression tests. The
friction coefficient (1) was set to 0.33 and the contact algorithm was defined by the

Augmented Lagrange method with normal contact stiffness factor 1.0 for all analyses.
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Figure 4: Flowchart for experimental and numerical work.

Validation of elasto-plastic material model: The validation of the material
characteristics was carried out based on four different mechanical tests in FEA with an
orthotropic elasto-plastic material model. Table 2 presents the proposed characteristics
for FEA. The predicted behavior was compared with the multi-linear stressstrain and
force-displacement curves obtained from experiments. The material characteristics
ELrTici  OLRTyieldten; OLRTyieldcom; ELRTitangten; ELRTitangcom Were —determined
experimentally. To fit the numerical stress-strain and force-displacement curves to the
experimental ones (i.e. to obtain as real behavior as possible), these material
characteristics were subsequently adjusted. The adjusting procedure was stopped when
the minimal differences between experimental and numerical curves were achieved,
simultaneously for all the assessed loading types. Additional material characteristics
(GLRLTRT; VLRLTRT; OLRTyieldshe aNd Ei g T:tangshe) @S inputs in FEA were adopted from
the literature (Kollmann and Coéte 1968; Pozgaj et al. 1997). The normal tangent moduli
(ELRr T:tangten; ELRT:tangcom) Were calculated from the tangent slope between the yield
point (Fyieiq) and the Frnax in plastic ranges of stress-strain curves.
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Table 2: The orthotropic elasto-plastic material characteristics used in FEA.

Data Norway spruce European beech
(462 kg'm™®)* (670 kg m?)?

Elastic L R T L R T
Eic* (MPa) 17850 352 289 13439 1880 1031

LR RT LT LR RT LT
G;” (MPa) 573 53 474 1608 460 1059
vi (9) 0.023 0.557 0.014 0.073 0.360 0.043
Plastic L R T L R T
Giryield.en (MPa) 49.00 6.40 7.10 4750 9.49 8.11
Eitang,ten (MPQ) 140.00 1.80 2.30 10.39 22.36 14.38
Giryield.com (MPa) 49.00 6.40 7.10 4750 9.49 8.11
Eitang.con (MPa) 140.00 1.80 2.30 10.39 22.36 14.38

LR RT LT LR RT LT
Giivieldshe . (MPa) 6.70 6.70 3.10 12.6 14.20 10.10
Eiitangshe  (MPa) 5.73 0.53 4.74 16.08 7.61 10.59

2adopted from Brabec et al. (2015); "adopted from Kollmann and Céte (1968) and Pozgaj (1997); symbols
i and ij characterize the anatomical directions (L, R, or T).

Post-processing in FEA: The longitudinal and transversal strains in the compression
tests were calculated identically to the experiments by defining “virtual” extensometers.
For compression Il to the grain, the longitudinal strain was calculated from the relative
position of two nodes located at 1/3 and 2/3 of the total sample length. In compression
L to the grain, the transversal strain was calculated based on the displacement of
compression plates, which was related to the original sample dimension in the load
direction. Deflection in three-point bending was obtained from a node selected at the
sample bottom surface located at the midspan. Implementation of the material model:
Validated orthotropic elasto-plastic material models were subsequently implemented
into the complex analysis of wooden joints. The numerical models of joints (series ds-T
and ds-C) are defined by the geometric parameters presented in Figure 3. The joint
geometry was meshed by 3D hexahedral 20-node structural solid element (SOLID95) by
means of the sweeping technique to provide a high quality mesh. The numerical models
were locally refined at the joint elements’ contact areas surrounding the dowel. The
models consisted of approx. 24 903 and 22 587 FEs (ds-T and ds-C, respectively). The
element coordinate systém for dowel was rotated by 90° from the universal coordinate
systém around the Z-axis.

The contact definition between the dowel and joint members and between the
central and side members was defined by applying contact elements CONTA174 and
target elements TARGEL70. The contacts were defined as 3D surface-to-surface and
symmetrical (each piece was target as well as contact). The contact surfaces were set as
flexible. The chosen contact algorithm was the Augmented Lagrange formulation where

Milch, J. 2016 77



Clanek L.

the normal stiffness factor was kept at 0.4 for all analyses. These contact pairs were
considered: (1) between the dowel and the hole surfaces of the side members; (2)
between the dowel and the hole surfaces of the center member; and (3) between the
center and the side members. Further, it was assumed that the diameter of the drilled
hole and the dowel are identical, i.e. there is no clearance between the hole and the
dowel surfaces. The friction coefficient (i) was set to 0.33 in all analyses. The wooden
dowel and joint members were modeled as homogeneous materials with non-linear
mechanical behavior based on Hill’s formulation with isotropic hardening without

distinction between tensile and compression characteristics.

Results and discussion

Elasto-plastic material model
The results obtained from the experimental and the numerical analyses are

presented in the form of stressstrain and force-deflection curves as well as by calculated
material characteristics, listed in Table 3. Figures 5-7 present the experimental and
numerical stress-strain and force-deflection curves for the selected wood species in
compression | and L to the grain and of the three-point bending. A good agreement
between the numerically predicted and experimentally measured data was found, while
the differences are within a range of 2%-16%. The lowest average relative errors
(errorrel) occurred in o1 and oy, for spruce, and in E_gr 1¢ and o, for beech wood. On
the other hand, more significant differences were found in E, ¢; Erc; orc and E, (about
11%) for spruce, and in ortc; Ep and o, (about 16%) for beech wood. These
differencesmay be attributed to parameters not yet considered in the proposed models,
e.g. the structure heterogeneity (early- and latewood), internal defects, and stresses in
the wood structure, etc. However, the numerical models are geometrically ideal; the
contact surfaces are idealy planar and homogeneous. Such factors can lead to different
properties in individual types of mechanical tests with different load directions. The
material model was optimized to obtain the minimal relative error with respect tothe

experimental data of all tests done. The errors, were calculated by Eqg. 5:

e —num
error,, = mvaé‘;:p valee 100 (5)
value

where: eXpyane 18 the measured experimental value, numy,,e is the numerical

value. The purpose of the experimental testing of laboratory scale wood specimens was
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to obtain wood material characteristics for orthotropic elasto-plastic material models

with non-linear behavior. Mechanical tests were chosen as the structural wood (e.g.

rafters, purlins and structural joint elements) in timber structures is commonly exposed

to these types of loads. Table 3 presents the results of the normal and bending elastic

moduli and ultimate strengths from the experimental and numerical tests determined

according to the previously specified equations.
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Figure 5: Stress-strain curves of compression parallel to the grain. The blue and red curves represent FE
predictions of elasto-plastic deformation behavior. Symbols Rs and Ts represent the extensometer position
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Table 3: Material properties obtained from the experiments and the numerical analyses: elastic moduli
and ultimate strengths for the studied wood species in compression and bending.

Norway spruce European beech
Data Experiment FEA Q0error g Experiment FEA Q0error g
E. ¢ (MPa) 21585 (7.2)° 19261 10.8 15020 (7.1) 13964 7.0
E.” (MPa) 20347 (10.8) 18763 7.8 14625 (9.4) 13868 5.2
Erc (MPa) 362 (20.2) 393 8.7 1882 (3.7) 2031 7.9
Erc (MPa) 289 (14.7) 321 11.2 1132 (3.7) 1097 3.1
oL (MPa) 50.8 (12.7) 53.3 4.8 54.8 (5.9) 58.3 6.3
orc (MPa) 5.6 (16.6) 6.2 11.3 11.4 (10.2) 9.9 13.6
ot (MPa) 6.9 (15.5) 7.1 2.3 6.4 (3.1) 7.3 14.1
Ep (MPa) 10973 (8.2) 12153 10.8 11223 (0.9) 12968 15.5
o, (MPa) 70.9 (7.2) 66.5 6.3 103.9 (1.6) 87.4 15.9

*Deformations for E, . measured on the radial surfaces (R;); "deformations for E, . measured on the
tangential surfaces (Ts); “coeff. of variation (%) in parenthesis.

The behavior of an universal joint
The displacement that served as applied load in numerical analyses was

experimentally determined by DIC analyzes. The displacement calculated by DIC
provided higher accuracy when compared to the displacement obtained by the crosshead
of the testing machine. The displacementat the maximum force in ds-T and ds-C
measured by the crosshead was 108% and 2% higher, respectively. The higher
differences for joints loaded in tensile can be partly explained by minor slipping of
specimens and metal members in the clamping wedges.

Afterwards, the numerical models of wooden dowel joints with implemented
elasto-plastic material models were verified. Figure 8 shows the experimental and
numerical behavior of joints loaded in compression and tensile. The differences between
experimental and numerical results in the range of elastic deformations can be attributed
to the following factors: (a) the different initial stiffness of dowel connection (initial
clearance, inequalities, and imperfectly drilled dowel hole in the experiment); (b) the
interaction of two different material models (different orientation, different stress
conditions); and (c) the numerical models are geometrically perfect, homogeneous

without any imperfections, contact surfaces are clearly done, etc.
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Figure 8: The comparison of the experimental and numerical joint behavior based on load-displacement
curves; left: ds-T; right ds-C.

In the case of ds-C, the FE model, where the load was induced by displacement,
experienced a higher maximal reaction force (Figure 8, right). The effect is caused by
the fact that a larger displacement leading to a “closing effect” increases the frictional
pressure between the joint members in ds-C. The dowel in ds-C test is loaded in two
shear planes which leads to the abrupt break failure (Figure 9b). On the other hand,
during ds-T test, the joint experiences an “opening effect” due to bending load of the

dowel with a simultaneous decrease in the frictional pressure between joint members

(Figure 9a).
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Figure 9: Experimental and numerical dowel failures. UY shows displacement in the load direction,
EPPLXY is the shear plastic strain in RT plane of dowel, and EPPL1 represents the 1st principal plastic
strain distribution of the dowel.

Figure 9 shows failure of the dowel from the experiment and the numerical
analyses. Numerical plots also illustrate the deformation distribution in the dowel.
Based on the location of the extreme strain values (Figure 9, right), the places where the

dowel fails at the ultimate strength of joint may be predicted. In this case, the dowels
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failed in the shear planes. However, the total dowel fracture occurred approximately two
times later than the first failure, it means far beyond the ultimate strength. Owing to the

combined stresses in the dowel, it arises always in the middle of the dowel length.

Conclusions

This paper aimed at determination of the material characteristics applicable in
FEA for Norway spruce and European beech wood (common in constructions wood in
Europe), where orthotropic elasto-plastic material behavior with isotropic non-linear
hardening was taken into account. The new elasto-plastic material models were
validated based on experimental data obtained in compression Il and L to the grain and
three-point static bending. The obtained numerical results are in a satisfying agreement
with the experimental data. The numerical -elasto-plastic material models in
compression and threepoint static bending allowed for a prediction of the wood ultimate
strength. The elasto-plastic material models were successfully implemented and verified
in solutions of more complex problems: contact analyses of wooden dowel joints, which

proved their potential utilization in the assessment of timber elements and structures.
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Abstract

This paper presents experimental and numerical analyses of uniaxial tensile test
parallel to grain in LR a LT shear of plane meant for verification of elastic material
characteristics applicable in FEA. Wood of Norway spruce (Picea abies L. Karst.) and
European beech (Fagus sylvatica L.) was selected in order to describe its behavior when
loaded in shear mode. The elastic material models used in the finite element analyses
(FEA) were compiled by using in-house experimental characteristics as well as
literature data sets. The calibration and verification of material characteristics were
performed by 3D numerical models under the same parameters as for the experimental
tests. The fully orthotropic elastic material model was applied according to the Hill
yield criterion in elastic regions of uniaxial tensile. The digital image correlation (DIC)
method was used to verify of numerical models with proposed elastic material
characteristics. Great correlation was found between numerically predicted and
experimentally measured data. The minor differences between those two data sets could
be mainly attributed to certain natural wood characteristics which were neglected in
proposed models, i.e., especially variation of early- and latewood density. Proposed
elastic material models offer general data sets for evaluation of mechanical response of

wood in field of timber structure, especially in timber connections.

Keywords: Beech wood; digital image correlation; elastic behavior; finite element

method; material characteristics; orthotropic behavior, shear properties, spruce wood.
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Introduction

The assessing and reconstructing of historical all-wooden structures are
increasingly studied topics due to their significance. The structures are commonly
investigated by the experimental measurements combined with adequate analytical or
numerical solutions (predictions). The numerical analyses have become more
sophisticated and practically more usable in comparison with the analytical solutions
when the complex issues such as joints are of interest. One of the main advantages of
numerical analyses is a parametric modelling, which enables detailed sensitivity
analyses. Most often, the impact of changes of the parameters such as specimen
geometry, material characteristics, boundary conditions (BC's) etc. are analysed.
Therefore, the main authors' effort is devoted to support utilization of the numerical all-
wooden structures analyses in the Europe by means of an assembling and multi-
calibrating the elasto-plastic material model for most widespread wood species such as
Norway spruce (Picea abies, L. Karst) and European beech (Fagus sylvatica, L). The
assembled elasto-plastic material model was already calibrated within the both linear
and non-linear compression and bending behavior (Milch et al. 2016a). The present
paper contributes to claimed effort by the calibration and verification of the assembled
elasto-plastic material model in the field of the linear shear behavior, which stems from
two main reasons. At first, the shear characteristics are one of the fundamental
parameters describing the mechanical behavior of construction materials and, at second,
the shear characteristics are used as an input data beside the normal characteristics and
Poisson's ratios for defining the material behavior within the numerical analyses.

There are many possibilities how to induce the shear stresses and strains in the
sample. However, to obtain pure shear stress-strain state within a major part of sample
volume, only few specific shear tests such as for instance a torsion test may be used.
The pure shear strain field takes place within the span along the twisted bar, which is
fully constrained at both ends, where well-known st. Venant principle is to be
considered (Gupta et al. 2002, Gupta and Siller 2005, Hsieh 2007). Conversely, in most
cases the shear strains are accompanied by the non-shear strains such as for instance
during the standard shear block test. Prabhakaran (1985), Ukyo et al. (2008 and 2010),
Gupta and Sinha (2012) and many others proved overturning moment and a significant
normal strains, which occurred in the shear block sample. McNatt (1969) reported the

non-shear strains also for a one-rail shear test using the un-notched specimen under tilt
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angle of 5°. Nevertheless, Sretenovic et al. (2004) observed the minimal non-shear
strains when performing one-rail shear test under tilt angle of 8°.

It was proved, that the pure shear stresses and strains can be induced at least
locally by the mutually aligned notches made on the opposite sides of the sample such
as in the standard losipescu shear test (Iosipescu 1967), Arcan's shear test (Arcan et al.
1978) or one-rail shear test under tilt angle of 0° (Ikeda et al. 1996). While the eccentric
opposite forces are applied parallel to the notches, the narrow zone between the opposite
notches bottoms containing the almost pure shear stress-strain field was obtained
(Prabhakaran 1985, Dumail et al. 2000, Kubojima et al. 2000, Odegard and Kumosa
2000, Xavier et al. 2003, Melin and Neumeister 2006, Melin et al. 2008, Dahl and Malo
2009a and 2009c and Miiller et al. 2015). However, the width of such zone reduces as
the load increases (Yoshihara et al. 1999). The mentioned pure shear zone is too narrow
to be measured by the traditional strain gauges glued onto sample surface.
Consequently, the shear characteristics obtained from these tests can be distorted. In
order to obtain true shear characteristics by this measurement approach, the correction
factors, which take into account the presence of the non-shear strains within the
measured strain field, were determined by Dahl and Malo (2009a and 2009b) and
Xavier et al. (2009) for the Arcan's shear test as well as by Pierron and Vautrin (1994)
and Xavier et al. (2003 and 2004) for the losipescu shear test. Despite, Melin and
Neumeister (2006), Melin (2008) or Miiller et al. (2015) showed that the zone of the
pure shear strains, regardless on its dimensions, is fully usable for the true shear
characteristics determination within the Arcan's or losipescu shear tests when the full-
field deformation measurement is employed.

The narrow pure shear strain zone between notches may be obtained also when
the notches on opposite sides of the sample are certainly spaced from each other and the
opposite forces are applied perpendicularly to the notches. This phenomenon was used
by Yoshihara and Ohhata (2003) or Yoshihara (2012) in order to support the shear
failure of the beam loaded by an asymmetric four-point bending method. Melin et al.
(2000) used similar principle by making double-notch in the rectangular compression
sample exactly into the half-depth; they obtained the pure shear strain zone between the
notches bottoms. Bonfield and Ansell (1991) as well as Yoshihara and Matsumoto
(2005) notched the rectangular tension samples in the same way and they obtained the

shear characteristics of the solid wood and wood-based panels.
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In order to calibrate the created non-linear elasto-plastic material model (Milch et
al. 2016a) by the simple test without using any special sample fixture or equipment, the
well-known tension test of the dog-bone shaped sample (Hering et al. 2012 or Niemz et
al. 2014) was used. The sample was notched to a depth of half-width onto opposite
sample sides. In this manner, the complex strain field consisting of the shear and non-

shear strains between the notches was captured and compared with the numerical ones.

Material and method
Material

Experimental measurements were carried out on small clear specimens made from
Norway spruce (Picea abies L. Karst.) and European beech (Fagus sylvatica L.). Before
the sampling, boards were conditioned in a climate chamber at 20 °C and 65% relative
humidity (RH) until the equilibrium moisture content (EMC) was reached. The boards
were cut into the well-known dog-bone shaped specimens with the modified dimensions

as displayed in Fig. 1 and listed in Tab. 1.
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Figure 1: Scheme of the tensile shear test specimens. Red areas display AOI on LR and LT plane.
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The testing volume (TV) of specimens was tapered from all four sides to a waist
with a cross-section of radial (R) x tangential (7) =10 x 10 mm”. In order to obtain the
complex strain field including the longitudinal-radial (LR) or longitudinal-tangential
(LT) shear strains, the TV was double-notched by a saw blade to a depth of half-width
onto opposite LR or LT specimen sides (Fig. 1). In order to prevent the specimen against

a crush within the clamping volume (CV), the transverse compression stresses induced
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by self-locking jaws during tensile loading was reduced by using of end-tabs. They were
made from same wood species as the specimens and glued by poly-vinyl-acetate glue
onto the opposite surfaces of the CV. In order to improve the image matching during
DIC computation, a stochastic and high-contrast speckle pattern was created by a basic
matt white paint followed by a finely pigmented black paint. The pattern was sprayed
on appropriate side of TV. The moisture absorbed from the glue lines of the end-tabs
and from the speckle pattern was reduced by re-conditioning at the standard climate
conditions. The final moisture content (MC) and density was measured gravimetrically
in compliance with test standard ASTM D2395 (American Society for Testing and
Materials 2014).

Table 1: The specimen parameters.

Norway spruce European beech

(Picea abies L. Karst.) (Fagus sylvatica L.)
Plane LR LT LR LT
Number of samples 7 7 7 7
pro (kgm™®) 489 (10.86)* 477 (6.47) 708 (1.84) 700 (1.76)
Cross section in CV® (R x T) (mm) 20 (+10) x 20 (+10) 20 (+10) x 20 (+10)
Cross section in TVC (r x t) (mm) 10 x 10 10 x 10
Tabs (L x R x T) (mm) 47 x 20 % 10 47 x 20 x 10
Shear area (L x R or T) (mm) 22 x 10 22 x 10
Area of Interest (AOI) onLT onLR onLT onLR
Total sample length (l;) (mm) 192 192
Load direction L L

*Coefficient of Variation [%] in parenthesis; "Cross section of clamping volume (CV) + end-tabs; °Cross
section of testing volume (TV).

Experimental analysis
The tensile loading was performed using universal testing machine Zwick

Z050/TH 3A (Zwick Roell AG, Germany) with 50 kN load cell at quasi-static loading
rate of 1.8 mm.min™' until the failure. The experiment procedure was set and controlled
by TestXpert v.11.02 (Zwick Roell AG, Germany). The mechanical response of the
specimens during the tensile loading was evaluated based on the total strain in the
longitudinal direction (¢7) and LR, resp. LT shear strains within the TV. The & was
calculated based on the relative position of two isolated points, which were
mechanically tracked on both opposite specimen sides with help of the conventional
»clip on” extensometers (Zwick Roell AG, Germany), see Fig. 2. The points were
spaced 30 mm from each other along the longitudinal direction and positioned in such a

way that both notches were located between them (Fig. 1).
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The complex strain field was captured by the full-field optical technique based on
DIC. Two CCD cameras (AVT Stingray Copper F-504B, Allied Vision Technologies,
Osnabriick, Germany, cell size of 3.45 pum and resolution of 2452x2056 pixels)
equipped with lenses (Pentax C2514-M, Pentax Precision Co., Ltd., Tokyo, Japan, focal
length of 25 mm) at the stereo-vision configuration (3D) were used (Fig. 2). The
patterned specimens surface was illuminated by two light sources SobrietyCube 360
(Sobriety Ltd. Kufim, Czech Republic) fitted by LED sensors (Luminus Phlatlight
CSM-360, 90 W Luminus Devices Inc., Billerica, MA, USA). The stereo-vision system
was centered to the area of interest (AOI), which covered the surface of the straight
section from TV (see details in Fig. 1, 2 and 3). The images together with applied force
were synchronously captured in the acquisition interval of 0.25 s (4 Hz) with help of the
hardware trigger device. The calculation of the shear strain (ezz and e.7) was performed

by software Vic-3D v. 2010 (Correlated Solutions Inc., Columbia, SC, USA).

(‘e

Movable jaw AOI
57x10 mm

Figure 2: Experimental test configurations: stereo-vision optical system (3D) for image acquisition of the
tests, dimensions in mm.

Numerical analysis

The numerical analysis was performed using the FEA in the ANSYS computing
system using the ANSYS Parametric Design Language (ANSYS Mechanical APDL,
v.14.5). The specimen models were parametrically built in true scale (1:1) as a 3D solid

model. The volume geometry of finite-element (FE) models was meshed using 3D
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hexahedral 20-node structural solid element SOLID95. The element size was set to 4, 2
and 1 mm for the CV, tapering and straight section of the TV, respectively, thus the total
number of elements was approx. 10 500 elements. The numerical analyses were
conducted under the BC's that physically reflected experimental testing. Therefore, the
force was applied in the longitudinal direction via nodes located onto opposite sides of
the clamped surfaces, see Fig. 1. The all degrees of freedom were fully constrained (all
DOF's = 0) at one CV; meanwhile the movement along the load direction of the other
one was free.

Fully orthotropic elastic material characteristics for spruce and beech wood were
obtained using data sets from in-house experiments (Brabec et al. 2015), namely normal
moduli (£, Er, and E7). The shear moduli (Gr, Grr, and G r) and Poisson’s ratios (vyg,
ver, and vy7) were taken from Kollmann and Cote (1968) and Pozgaj et al. (1997). Table

2 presents compiled fully orthotropic elastic material models used in FEA.

Table 2: Fully orthotropic elastic material characteristics used in FEA.

ELa ERa ETa GLRb GRTb GLTb VLRb VRTb VLTb
Norway spruce 17850 352 289 573 53 474 0.023 0.557 0.014
European beech 13439 1880 1031 1608 460 1059 0.073 0.360 0.043

*adopted from in-house experiments by Brabec et al. (2015); "adopted from Kollmann and Cote (1968)
and Pozgaj et al, (1997).

Calibration and verification procedure
The calibration procedure was based on the fitting of the numerically predicted

force-displacement curves to the experimental ones obtained using the extensometers
and their virtual analogy. It was an iterative procedure based on the changing of the
input material characteristics used in the numerical models. Within each step, the
difference between the predicted and measured force-displacement curves was
determined, then the input material characteristics were changed to see the response of
that difference. This was repeated until the numerically predicted curve was positioned
between the experimental ones (Fig. 5).

A verification procedure was derived from Sebera et al. (2013) who directly
compared the deflections of the CLT panel obtained from full-field DIC and FEM data
sets. The current numerical model was verified by means of the comparison of the
predicted and measured shear strains (¢,z and &;7) located on the lines at specific

positions within the captured surface of the TV (sectional lines 3, 2, 1, M, -1, -2, -3, and
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H) as depicted on Fig. 3. The comparison was performed at the end of elastic load level
before the proportional limit. The accuracy of the numerical model was determined as
the relative difference between the experimental and numerically predicted shear
strains.

Shear area in LR plane
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Figure 3: Positions and paths along the length of the TV, in which g g and g were analysed; M is the
middle level and H is the horizontal level.

Results and discussion

The full-field strain analysis revealed the narrow close-to-pure shear area between
the notch roots, which is consistent with findings reported by Bonfield and Ansell
(1991), Hassaini (1998), Melin et al. (2000) as well as by Yoshihara and Matsumoto
(2005). Kollmann and Coté (1968) stated that the shear behavior of the wood subjected
to the pure shear strain-strain state is linear to the 90% of F,,. Since the force-
displacement curves were constructed from the displacement between the points on
sample surface located outside the close-to-pure shear area (see location of the
mechanical and virtual extensometers in Fig. 1), it can be expected that the linear shear
behavior described by Kollmann and Co6té (1968) cannot be captured. As is apparent
from the Fig. 4, this assumption was clearly confirmed. From the Fig. 4 it is also evident
that the beech wood exhibits the linearity in the shear behavior up to 80% of Fu.,
whereas the spruce wood to 20% of F),,, only. This difference could be attributed to the
anatomical structure of the both woods. Higher difference between the early- and

latewood of the spruce wood may play the important role in this issue.
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Figure 4: The determination of the proportional limit (green line) from the average bi-linear curves for
both wood species. Norway spruce (left) and European beech (right).

The non-linear behavior of wood could be properly described with using of the
elasto-plastic material model allowing the hardening or softening. The stress-strain
behavior of wood exhibits the non-linear ductile behavior in compression owing to the
crushing of wood cell walls and the separation of the fibres. Conversely, the tension and
shear stress-strain behavior is linear (or bi-linear) until abrupt brittle failure occurs
(Clouston and Lam 2002; Moses and Prion 2002). Owing to the partially plastic shear
behavior proved by the force-displacement curves in Fig. 4, it could be suitable to
calibrate and verify the assembled elasto-plastic material model (Milch et al. 2016a)
within the fully non-linear behavior including the softening which leads to rupture
analysis. However, for the modelling of timber structures it is often sufficient to use
only elastic material model for structural assessment (Milch et al. 2016b). Therefore,
only the elastic part of the elasto-plastic material model without softening was
calibrated. The full calibration of the assembled material model for beech and spruce
wood including the softening with rupture analysis is the next step for the future work.

The calibration procedure was based on the fitting of the numerically predicted
force-displacement curves to the experimental ones obtained by the extensometers and
their virtual analogy. The final step of this iterative procedure is depicted in Fig. 5. As is
apparent, the force-displacement curves obtained from the FEA do not coincide exactly
with the experimental average value of the shear modulus (differences about 12%).
However, this is the best possible result of the multi-calibration procedure, which
includes calibration within other loading types such as compression and bending load

(Milch et al. 2016a).
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Figure 5: The relationship between force-displacement curves of tensile tests in LR and LT shear plane
for Norway spruce and European beech wood. Red curves represent FE prediction of elastic behavior and
blue areas represent range between minimal and maximal experimental curves.

The different shear behavior of the beech and spruce wood is understandable due
to the fact that the maximal elastic load level before the proportional limit, which was
used for verification of the globally calibrated model, was different for both wood
species in respect to respective F,,. Fig. 6 presents the comparison of the strain fields
erg and g7 obtained by DIC and FEA, which are located at specific positions and
mapped onto sectional lines 3, 2, 1, M, -1, -2, -3, and H within the captured surface of
the TV. The experiment and its numerical prediction greatly correlate to each other;
nevertheless, the reasonable low differences are observable. These minor differences
between experimentally measured and numerically predicted distribution curves of &,z
and .7 along the sectional lines could be attributed to anatomical structure of wood, i.e.
especially to early- and latewood density, which were not considered in proposed

numerical models.
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Figure 6: The ¢ and ¢ 1 comparison between DIC and FEA. Norway spruce tested in LT shear plane (a) and LR shear plane (b); European beech tested in LT shear plane (c)
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Conclusions

This paper presents verification of constitutive material characteristics for Norway
spruce and European beech wood species, while fully orthotropic elastic material model
with linear mechanical behavior are taken into account in FEA.

The elastic material models for most commonly used wood species applied in
timber constructions in Central Europe were assembled and verified using experimental
data sets obtained by DIC technique in the tensile test in LR and LT shear plane.

The total longitudinal strain (¢L) and shear strain (¢LR and €LT) indicated great
agreement among the data of the experimental and numerical analyses.

The FEA results are in great correlation with the experiments and show a
satisfactory implementation of the constitutive law into the finite element code.

The verified elastic material characteristics are suitable for the assessment of
mechanical response of more complex problems, i.e. timber structure with respect to

connection of wooden elements using FE method.
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Abstract

This paper presents analytical and experimental assessment of full-scale
traditional dowel-type connections in tension parallel to grain made of Norway spruce
(Picea abies L. Karst.) and English oak (Quercus robur L.). The joint dimensions were
derived from the nominal dowel diameter d = {12, 16, 20 and 24} mm according to the
European standards EN 383 and EN 26891. Determination of the total joints
displacement and surface strain distribution on the dowels was carried out using digital
image correlation (DIC) technique. The analytical and experimental approaches were
focused on the determination of the load-slip joints stiffness (K) and the dowel load-
carrying capacity (P,) for various dowel diameters with the same length/diameter ratio
equal to 3. The analytical solution of the load-slip joints stiffness was carried out
according to the Beam on Elastic Foundation (BEF) theory and the dowel load-carrying
capacity according to Johansen's yield theory based on the European yield model
(EYM). The results showed great correlation between analytical and experimental
approaches. The analytical solution proves to be an exact way for the design of the

wooden dowel-type joints from the safety perspectives.

Keywords: Digital image correlation, dowel-type joint, European yield model, full-

scale joint, load-carrying capacity, single-shear, stiffness.
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Introduction

The traditional all-wooden joints play an important role in the structural behavior
of historical timber structures. Their connections are usually the masterpieces that
testify to the high carpentry skills and knowledges of the overall mechanical behavior of
the timber structure, which are based on experience and long-term experimental testing.
(Descamps et al. 2014, Branco and Descamps 2015). These connections are commonly
referred as the most critical places in structures, being responsible for the reduction of
the overall continuity integrity in 80% of failure cases (Itany and Faherty 1984, Shanks
et al. 2008, Santos et al. 2009).

Within historical timber structures traditional carpentry joints were used while
wooden dowel fixed mutual position of elements. Their mechanical behavior is
important for appropriate structural and geometrical designs (Kunecky et al. 2015a).
The geometrical parameters of the fastener, mainly diameter and slenderness ratio,
influenced the total mechanical joints performance (Kunecky et al. 2015b). In the event
that the fastener-axis remains more or less unbend and the timber load-carrying capacity
is exceeded. The related failure mode in this case is “brittle”. On the other side, the
fastener with a high slenderness ratio is deformed in bending, which reduced a splitting
tendency of the joint components. Thus, the load-carrying capacity of the joint is
determined by the (moment-) resistance of the fastener itself. However, the bending
fastener deformation is limited by the embedment strength of the joint components in
the contact zone between fastener and joint components (Kessel and Augustin 1995,
1996). Therefore, higher load-carrying capacity of the dowel and the appearance of a
higher (desired) ductility of the joint are evident (Fukuyama et al. 2008b, Oudjene and
Khelifa 2010).

In the past, many studies about this issue have been performed (such as Johansen
1949; Bouchair and Vergne 1995; etc.). Johansen (1949) proposed the first mathematical
model (European yield model — EYM) for joints strength performance. He applied the
model for timber-to-timber connection with a steel dowel for ductile failure modes.
Larsen (1973) continued and developed Johansen’s theory further. The validity of this
method was confirmed by experimental investigations by Moéller (1950). Brungraber
(1985) was one of the first who performed the experimental tests on individual joints.
These joints were tested in the full-scale dimensions for the purpose of detecting local

possible failures.
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Recently, a new interest has been paid in all-wooden constructions for the purpose
of authentic repairs of cultural heritage sites. Mechanical behavior of the wooden
dowels is not precisely known and information about stiffness and bearing capacity is
rather scarce (Blass et al. 1999). Unfortunately, this fact is further supported by the
absence of adequate methodology for their design and manufacture.

The purpose of this study was to investigate the mechanical properties of single
shear dowel-type joints with its detailed performance description where various dowel
diameters were used.

The aim of this study was to describe the mechanical performance of full-scale
single shear dowel-type joints used in reconstructions of historical timber structures.
The main objectives were: (1) to determine the joints slip moduli (K. and K,,) and
dowel connection load-carrying capacity with determination of the maximal dowel
loading in bending and shear deformation modes (P, eymcats Pmaxexps Pysca and
Pruiture s,exp) With help of analytical and experimental approaches, (2) to assess the
detailed mechanical dowel behavior through experimental investigation, and (3) to

perform a strain analysis of the dowel using digital image correlation (DIC).

Material and method
Material and experimental analysis

The joints components were cut from Norway spruce (Picea abies L. Karst.),
while its length coincided with the longitudinal direction and a grain angle of 45° on the
cross-section was ensured (see Fig. 1). The specimens of joints were assembled by
components with similar density (specified in Tab. 1). English oak (Quercus robur L.)
was used to make the dowel (average density 718 kg'm™). Selected wood species
represent the most common materials used in reconstructions of historical timber
structures in central Europe. The dowels with four nominal diameters (d = {12, 16, 20,
24} mm) were tested. The same dimensions were used to bore the holes in the joint
components. The dowels were inserted into predrilled holes using a hammer by gentle
tapping to disallow the pre-stressing of the area around the dowel. No clearances were
allowed.

The mechanical investigations of the full-scale joints (Fig. 1) were carried out
according to standards EN 383 and EN 26891. The joints were loaded in tension parallel

to grain in single shear plane. The quasi-static loading rate was 1.5 mm-min™ for all
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tests. First, the specimen was loaded until 40% of the maximum load (Pyaxpre) and the
crosshead position was held for 30 (this approach results from preliminary test for each
series). After this step, each specimen was unloaded to 10% of P, pr and the crosshead
position was held for 30 s again. Finally, specimen was loaded until failure. Fig. 1 and
Tab. 1 present the joints test configurations including the geometric parameters which
were derived from the diameter (d) according to Eurocode 5. The joints were placed
into a climate chamber and conditioned at 20 °C and 65% relative humidity (RH) until
the equilibrium moisture content (EMC) was reached. Moisture content (MC) and
density at equilibrium state was then measured gravimetrically according to ASTM
D2395 (American Society for Testing and Materials 2014).

The mechanical tests were performed using universal testing machine Zwick
Z050/TH 3A (Zwick Roell AG, Germany) with 50 kN load cell under crosshead

displacement control.

Movable >~ b
jaw

CZ - clamping zone
- Movable jaw

- AOI

-/
\

- AOI center

- Wooden dowel

as,

¥ P
- 4,c'1 i, 1

a

L~ |
Fixed | |€CZ] 5
jaw =

Figure 1: Experimental test configurations: joints geometrical parameters (left); stereo-vision optical
system (3D) for image acquisition of the tests (right), dimensions in mm; (1) represents the grain
direction.
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Table 1: The geometrical parameters of the joints derived from dowel diameter (d) and the boundary
condition of the tests.

a

A4c I, I, a’ L Li=L, b n w P12

Series (mm) %) (kem?) Material
s 12 72 36 72 84 36 18 8 13.0 475(4.0)°
s 16 96 48 90 96 112 48 24 19 8 133 487 (24) Norway spruce
s 20 120 60 120 140 60 30 7 129 503(5.3)
s 24 144 72 144 168 72 36 7 124 473 (5.1)

length Lgope (Mm) 36, 48, 60, 72 .

) English

dowel  diameter d (mm) 12, 16, 20, 24 125 718(6.1) o0ak

slenderness ratio (Lgowe/d) 3

Parameters a, . and as; are derived from dowel diameter according to Eurocode 5 (as 3d and 7d,
respectively), "Coefficient of Variation (%) in parenthesis.

Digital image correlation
The total joints' displacement and complex strain field on the dowels foreheads

were examined from captured images during experimental testing using the full-field
optical technique based on digital image correlation (DIC). For this purposes, two CCD
cameras (AVT Stingray Copper F-504B, Allied Vision Technologies, cell size of 3.45
um and resolution of 2452x2056 pixels) equipped with lenses (Pentax C2514-M,
Pentax Precision Co., Ltd., focal length of 25 mm) at the stereo-vision configuration
(3D) used to capture images (see Fig. 1). The patterned specimens surface was
illuminated by two light sources SobrietyCube 360 (Sobriety Ltd.) fitted by LED
sensors (Luminus Phlatlight CSM-360, 90 W Luminus Devices Inc.). The stereo-vision
system was centered to the area of interest (AOI), see details in Fig. 1. The images
together with applied force were synchronously captured in the acquisition interval of
1.0 s (1 Hz) with help of the hardware trigger device. All captured images were in
standard grey scale of 256 levels. In calculation processing of the total joints
displacement by DIC, the rigid motion of joints was observed. This fact can be justified
by slip in the metal clamping wedges as well as the lateral compression deformation in
clamping volume of joints induced by tension load allowing displacement of metal
clamping wedges in jaws. It should be of concern when loading in tensile mode. Due to
this fact, the resulting of total joints displacements obtained from DIC was recomputed
in order to remove rigid motion. The calculation processing of the total displacement
and strain distribution at AOI was performed by software Vic-3D v. 2012 (Correlated

Solutions Inc.).
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Analytical approach — evaluation of dowel-type connection
Slip modulus of the joints
In the following, an analytical approach derived from Fukuyama et al. (2007,

2008a and 2008b) based on the Beam on Elastic Foundation (BEF) theory was applied
to determine the joints stiffness with taking into account the dowel shear deformation.
Material characteristics for Norway spruce and English oak used in the analytical joints
solution are presented in Tab. 2. These material characteristics were obtained on the
basis of load-displacement curves from in-house three-point bending (samples
dimension L, = 300 mm; R, = T = 20 mm) and compression parallel to grain (samples
dimension L, = 30 mm; R. = T, = 20 mm) tests. Some of them were adopted from

Pozgaj et al. (1997) and Fukuyama et al. (2008a), as shown in Tab. 2.

Table 2: The material characteristics used in analytical solution for single shear dowel-type joints.

MOEa Etimbera Fba Gb Fsc Fe,exp chf ¢ kcvf ¢ Ok I(cvf
(N'-mm™)
according
Norway spruce 12240 to Table 4.
English oak 11735 109 1100 243 344 851 136.1

®elastic bending modulus (MOE), normal modulus of compression parallel to grain (Egmper), and bending
strength (F,) obtained from in-house experiments, "adopted from PoZgaj et al. [21], “adopted from
Fukuyama et al. [20].

Firstly, for an analytical determination of the slip modulus (K,,;) the foundation
moduli of the joint components (side members k; and k;) are required. These parameters
are material properties that need characterization owing to their large variability with
the wood species and grain orientation. The components k; and k; were determined
according to the Eq. (1)

ke Qe kcvf

k, =k, (N'mm™) (1)

ke +0[k ° kCVf

where k. is the bearing stiffness in timber, in N-mm“3, oy 1s the embedment
stiffening coefficient (1.6-3.5) ax 1.6 was used in this study, and k., is the embedding
stiffness in dowel, in N-mm™. Then, £, is given by Eq. (2)

E. 3
k — timber Nmm 2
° 31.6+10.9d ( ) @

where Ejper 1S the Young's modulus in compression parallel to grain of the base

material (side members of the joint), in N-mm™, and d is the dowel diameter, in mm.
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The slip modulus K., of single shear dowel-type joints, which takes into account
the shear deformation in the dowel, is then given by as less value according to Eq. (3)
based on two conditions

case 1) 1>0.8u

k-d®> 2 1
2 40 -2.4u
K, = min 1( ~MOE~k3-d7)%- 1 (N'-mm™) 3)
8 1
MOE( k-d ]z
1+
3G \7-MOE

case2) 1<0.8u

_k-d® 2

KcaI 2

(N-mm™) (4)

where 1 is the slenderness ratio between joint component thickness (L; and L;)
and dowel diameter as given by following Eq. (5), u is the friction coefticient (0.4 was
used in this study), &k — (k; = k), in N'mm™, MOE is the elastic bending Young's
modulus of the dowel, in N'mm™, G is the average longitudinal shear elastic modulus of
the dowel, in N'mm™,

L

h=mt () (5)

where Lgower = L; + L, 1s the side members (1 and 2) thickness, in mm.

The dowel load-carrying capacity
The design method for determination of the wooden dowel load-carrying capacity

(Py) derived from Fukuyama et al. (2008a) and was based on Johansen's yield theory,
also known as the European yield model (EYM). This theory predicted the load-
carrying capacity of single shear dowel-type joints, per shear plane, loaded laterally to
its axis. Fig. 2 illustrates the possible failure modes assumed by EYM for single shear
dowel-type joints. The mechanical behavior of these modes arises from the bending
strain deformation (bending capacity — yielding moment) of the dowel and embedment

strength of timber.
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NN Ry |

mode 1 mode 2 mode 3

mode 4 mode 5 mode 6 mode 7
(shear)

Figure 2: European yield modes (EYM) for single shear dowel-type joints.

The load-carrying capacity (Py,eyucq) Of the dowel was determined based on the
Eq. (6) as the minimal value for individual failure mode according to EYM theory.

d-L,-F (model)

ecp

d-L,-F, -a-f (mode2)

ecp

Na? R+ @a’ +20+2) 7 + - B (a+])
o 1+ 8

d-L,-F (mode3)

4-M, 2-(p+) B
_minJd-L, - . -
Py EvM cal = MIN L Fep \/d L2 Feep - (B +2) ’ (B+2)? B+2

] (mode4) (6)

FNd- Ly, (28 +D) (25 +1)? 23 +1

d-L,-F \/ M, +2“2'ﬂ2'(ﬁ+1)—“'ﬂ} (mode5)

4d-F M, -
\/ «w My F (mode6)
1+p

where F,, is the embedment strength and is defined as the lower value from F, .,
or apFey, in N-mm?, Feexp 1s the embedment strength in joint components and is given
by Eq. (7), in N'mm™, o is the amplification coefficient on embedment yield stress (1.9
in this study), F., is the embedment yield stress in dowel, in N-mm'z, o is the ratio
between side members thickness L»/L,, f is the ratio between embedding wood strength
of the joint components 1 and 2, M, is the plastic capacity moment of the dowel, in
N'mm™' and is given by Eq. (8).

P

max,exp

F =
e,exp d. L1

(N-mm?) (7

where Pax exp 15 the experimental maximum force specified in Tab. 4, in N.
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W :(ﬂés J Fo (Nmm) ®)

where F}, is the bending strength of dowel, in N-mm™.
The evaluation of the shear-crack-in-grain capacity (P,sc.) of the dowel was also
taken into account, which is given by equation according to failure mode 7 — shear:

F-A
I:’y,S,caI = Sk—.

(mode 7 — shear) (N) 9)

where F; is the shear strength of the dowel, in N~mm‘2, A is the dowel cross-
sectional area, in mmz, k' is the revision coefficient of the shear stress (4/3 is given for

round cross-section in this study).

Embedment yield deformation
There is an interaction between dowel and joint component surfaces and,

therefore, the analyses of the embedment yield deformations (d;; and J..) were
performed. The d;,, and J.,, in the joint components were obtained: (1) through direct
measurement after each test using caliper for J;,, and (2) using image analysis for d;,
and J.y, as illustrated Fig. 3. The J;,, and J,,, were obtained from image analysis using
ImageJ v.1.50h (National Institute of Health, USA). First, the dimensions of the nominal
dowel diameter were used for the calibration of the source image (Fig. 3). Then, the Fig.
3 was analyzed using the line measurement tool in ImageJ v.1.50h for determination of
the d;,; and 0.y, see Tab. 3. Both measuring techniques were compared and it was found

that they differ in range of = 3—-5%.

DIN 1052 - verification
The verification procedure of the predicted numerical force level at the yield point

state (Py1q) Was derived based on the Eq. (10) according to DIN 1052 (Deutsches
Institut fir Normung e.V. 2004). The experimental force level at the yield point Pies exy
was determined using the load-displacement diagrams for each series of the dowels.
This point is characterized as transition from the elastic to plastic phase of those

diagrams.

P

yield,cal

=95.d° (N)
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Results and discussion

The main aim of this study was to describe the mechanical performance of the
full-scale single shear dowel-type joints using the traditional wooden dowel by both
analytical (based on BEF and EYM theory) and experimental (using the DIC)
approaches.

Detailed analysis of the global joints behavior
The experimental load-slip curves (Fig. 4) show the global joints behavior.

Generally, the dowel-type joints most often indicate an initial consolidation in the first
phase of load-slip curves. It is a typical non-linear beginning response of joints at
loading, but according to illustrated load-slip curves in Fig. 4 were not observed here.
Kunecky et al. (2015b) presented the similar behavior in the first phase of the force-
deflection curves. This fact may be explained by the fact that the dowels were inserted
without clearances into the drilled holes of the joint members with perfect contact
between the dowel and joint components. The global joints behavior with a dowel
diameter of 16, 20 and 24 mm showed three phases of the loading process according to
load-slip curves, presented in Fig. 4. The first one is the elastic (linear) till to slip about
of 0.06—0.084. The second one is characterized with a moderate load increase (non-
linear) till to slip about of 0.5-0.84 (to about of P4y, exy), and last one is characterized by
increasing ductile behavior with abrupt dowels failure till the ultimate dowel tearing at
slip about of 0.6—1.2d. The ultimate dowel tearing failure was observed for dowels with
nominal diameter of 16, 20 and 24 mm. Meanwhile, in the joints series with a dowel
diameter of 12 mm, different global joints behavior and dowel failure were observed.
These load-slip curves showed also three phases with ductile behavior, but the third
phase was characterized by a continuous development of the joints failure without
abrupt dowel tearing. It also confirms Fukuyama et al. (2008b) who found that the
dowels with a small embedment length exhibit a ductile behavior due to the exceeding
of the yield strength in joint components as well as missing dowel tearing. Global joints
failure was formed as the combination of the bending with lateral compression stress in
the dowel when dowel with a nominal diameter of 12 mm was used (as shows Fig. 3 —
left). Therefore, gradual withdrawal of dowel from the joint component holes induced
the “opening effect” of the joint components. Based on this, the global joints stiffness
was affected due to the small contact area and friction between dowel and hole surfaces

of the joint components. It also corresponds to the fact that the angle of dowel rotation
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was largest for the dowel with a nominal diameter of 12 mm, as shows Fig. 3 at ultimate
joints failure and also as presented in Fig. 6 at force level P,y cxy. The last mentioned
facts particularly support that the internal embedment yield deformation (i) in the
joint components was greatest for the dowel with a nominal diameter of 12 mm. The
ratio dgverageini/d Was 0.6d for a dowel with a nominal diameter of 12 mm, in other
cases, these ratios were in range of 0.3-0.4d, as summarized in Tab. 3. In cases of
external embedment yield deformation (J.y), these ratios duyerage,exs /d Were not more
than 0.1d for dowels with nominal diameters of 16, 20 and 24 mm, and are listed in Tab.
3. In case of dowel with a nominal diameter of 12 mm, the J.,, it was not possible to

obtain owing to large rotation and withdrawing of the dowels.

924 mm

O exts 02,0 €xternal embedment yield deformation
ultimate failure

d;;.,0,. internal embedment yield deformation
Lint> Y2,int

0 12 mm O initial position

final position 0 20 mm

ultimate failure . .
ultimate failure
2T oy

9 16 mm
ultimate failure

Figure 3: The dowels deformation description when ultimate joints failure.
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Table 3: An external and internal embedment yield deformation in joint components due to the
interaction between dowel and components hole surfaces at ultimate joints failure.

d=12mm d=16 mm d=20mm d=24mm
O1ext (MM) - 1.10 (12.6) 1.93(8.1) 1.92 (18.9)
O1int (MmM) 7.28 (12.8) 5.32 (10.4) 7.61 (7.4) 7.30 (23.2)
Oz,int (MM) 7.42 (10.4) 5.53 (14.4) 8.12 (11.5) 7.73(19.7)
O2.ext (MM) - 1.07 (11.8) 2.06 (12.3) 2.33 (15.7)
Oaverage,int - d 0.61 0.34 0.39 0.31
Oaverage.ext - d - 0.07 0.10 0.09

*Coefficient of Variation (%) in parenthesis.

The joint slip modulus
The analytical slip modulus (K.,) of the joints agreed well with experimentally

determined slip moduli (K..,), which are presented in the Fig. 4 and Tab. 4. Also, the
K. and K., 1n this study are in agreement with results made by Fukuyama et al. (2008a
and 2008b). Fukuyama et al. (2008a) reported K., 1.98 kN-mm™ and Koy 2.71 £ 0.94
kN-mm™ for dowel with a nominal diameter of 18 mm with slenderness ratio 3 made
from Oak (Quercus) and joint components were made from Japanese cedar
(Cryptomeria japonica L.f.). Further, K.,; 1.7 and 4.0 kN-mm™ and Ky 1.2 and 4.8
kN-mm™ for dowels with a nominal diameter 12 and 24 mm and with slenderness ratio
10, respectively, was reported by Fukuyama et al. (2008b) for joints specimens, which
were made of White oak (dowels) and Japanese cedar (joint components). Although
those joints were made from different wood species while keeping the physical and
mechanical properties, these results are in agreement with the ones presented here. The
analytical approach for determination of the K., according to Fukuyama et al. (2008a
and 2008b) has verified a suitable mathematical model for predicting of the total joint
stiffness.

Load-carrying capacity of the dowel
The first dowel failure occurred when the dowel capacity was exceeded and was

analytically characterized as modes 4 and 5 according to EYM (Fig. 2). These modes
are determined as a minimal value for P, gy given by Eq. (6), according to Fig. 2.
Based on this, the first theoretical failure should occur inside the joints in the contact
zone between the dowel and joint components owing to exceeding the maximal plastic
capacity moment (M,) of the dowel. Nevertheless, in all experiments the failure mode 6

was observed according to EYM (see in Fig. 3). This mode 6 analytically determined
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was also evaluated and compared with experimentally predicted load-carrying capacity
(Ppmax,exp) of the dowel. It was found that the P,y .x, Was higher about of 14%, 13%, 14%
and 4% for the dowel with a nominal diameter of 12, 16, 20 and 24 mm, respectively,
than Py, gya e for mode 6, as shows Fig. 4 and is listed in Tab. 4. It supports the idea that
these differences between analytically determined and experimentally obtained results
of the load-carrying capacity of the dowel are important for design of the joints from
their safety perspectives. These facts indicate that this analytical approach derived from
Fukuyama et al. (2007, 2008a and 2008b) is suitable way for prediction of the load-
carrying capacity of the wooden dowel with respect to the design safety level.
Furthermore, as is apparent from Fig. 5, the experimental force level at the yield
point (Pyieidexp) could be properly predicted based on calculation procedure listed in DIN

1052 (Deutsches Institut fiir Normung e.V. 2004).

] 0 T T T T 1 0 T T T T
Lo D12 range of Prye s oy 16
77777 Kep ran
. g€ Of Py oy
8 F—— Py, £y car (mode 4) 7 8 r - 7
***** P, £yut cal (mode 6)
— P .
max,exp
6 [ P\-,S.z‘zrf (mode 7) 7 6
P, failure,S,exp ‘P viled,exp
4 experiment — -~ - Pictdcal | 4
2 Y] 2
~ 0 ' 0
£ o 5 10 15 20 25
S
]
2 10
o
o
8
6
4
2
0
Slip (mm)

Figure 4: Analytical and experimental results presented by load-slip curves for diameters 12-24mm. The
blue and grey columns represent the range of the Praiiure,s.exp @N0 Prax.exps respectively.
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Figure 5: Numerical prediction of force at the yield point.

Table 4: An overview of analytical and experimental results for single shear dowel-type joints.

Analytical results

units d=12 d=16 d=20 d=24
Keal (kN-mm™) 1.56 2.36 3.22 4.11
P, evm.car (Modes 4 and 5) (kN) 1.75 2.95 4.74 6.20
P, evmcal (Mode 6) (kN) 2.37 4.04 6.45 8.56
Py s.cal (Shear mode 7) (kN) 2.06 3.66 5.73 8.25
Pyicid.cal’ (kN) 1.03 1.82 2.85 4.10

Experimental results
d=12 d=16 d=20 d=24

Kexp (kN'mm™) 172 (85)° 2.24(7.2) 256(7.2)  3.27(5.4)
Pyicld.em (kN) 1.20 (3.4) 2.02(45)  330(6.0)  4.40(2.4)
Prnaxe (kN) 2.74(6.0) 463(7.6) 7.45(7.2)  8.92(8.9)
slip at Praxexp (mm)  9.39(16.5) 12.08(13.2) 15.25(30.7) 13.81(22.4)
Prailure 5.0 (Sher) (kN) - 412(9.8)  6.40(5.1)  8.70(6.7)
% from Ppaxex (%) - 90 (4.4) 90 (6.4) 93 (3.5)
slip at Piaiture sex (mm) - 6.86 (9.53) 8.78(6.80) 9.85 (17.06)
Feoo (N'mm?) 1268 (5.9) 11.63(5.2) 12.16(8.8) 10.32(8.8)

*determined according to DIN 1052, "Coefficient of Variation (%) in parenthesis.
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Dowel shear crack capacity
The DIC method (Fig. 6) was used to determine the force level (Puinse.sexp)

needed to induce the shear crack in the dowel. These cracks propagated longitudinally
in pith rays on the both foreheads of the dowel with a diameter of 16, 20 and 24 mm,
which initiates the failure with a subsequent ultimate tearing of the dowels (see Fig. 3).
It was found that the first shear cracks were formed at state about of 92% of the Puxexy
determined from the load-slip curves for the dowels with diameter 16, 20 and 24 mm, as
listed in Tab. 4. Nevertheless, the global joints failure does not occur at this point. The
load can increase until the state assumed by P ey as confirmed by Fukuyama et al.
(2008Db).

The shear crack capacity (P),sc.) of the dowels was determined analytically by
equation [9] for failure shear mode 7. The P,,5 .. showed lower values of 11%, 11% and
5% (for dowels with a nominal diameter of 16, 20 and 24 mm, respectively) when
compared to Piture,Sexp- The Ppaiture,s.exp corresponds to the force level at the first visible
crack in the dowel for each dowel series obtained from DIC processing, as shows Fig. 6.
These differences between P, sc.; and Ppinreserp also indicates that this analytical
approach derived from Fukuyama et al. (2007, 2008a and 2008b) is convenient way to

obtain the shear dowel capacity for the joints design and their safety perspectives.

Surface strain distribution on the dowel
Fig. 6 shows both normal tensile strain (e7) of the dowels in loading direction and

shear crack areas. These areas were progressively extended from the force level
0.5Ppax.exp t0 Ppaxexp and occupy approximately 3/4 of the dowel forehead surface. In
these areas there was a concentration of the tensile strain with subsequent development
of the cracks in the pith rays. The development of these cracks was observed at about
2.0-2.5% of er for dowels with a nominal diameter of 16, 20 and 24 mm at Ppine.s exp-
The development of shear crack was not observed in the dowel with a diameter of 12

mm owing to withdrawing of the dowels from the joint components.
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Force level 012 mm 016 mm 020 mm

; ;"E‘"“; .

eyy [1] -Lagrange
0.0240

eyy [1] -Lagrange
0.0270

eyy [1] -Lagrange
0.0190

0.1P,

* max,exp

0.0218 0.0228

0.0197 0.0186

0.3P

O max exp 0.0175 0.0144

0.0153 0.0103

0.0131 0.0061

0.5P,

* max ,exp

0.0110 0.0019

-0.0023

0'7Pmax,exp -0.0065

-0.0107

i~ 0.9P,,mx’gxp L_,_ 0.0022

just before the failure

-0.0149

0.0001 -0.0191 -0.0009
-0.0021 -0.0232 ; -0.0027
P Crack not R
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-0.0065 -0.0316 -0.0064
P -0.0086 -0.0358 5 -0.0082
max,exp ~—

-0.0400 -0.0100

Figure 6: The normal strain (&) in the dowel forehead surface at different force level with the crack
development. The force value Prijiures,exp IS listed in Tab. 4.

Conclusions

This study presents the analytical and experimental approaches for determination
of the slip moduli (K..; and K..,) of the joints and load-carrying capacity for bending
and shear deformation (Pyeyascat, Pmaxexps PyScal a0d Priture s.exp) of the wooden dowels
according to design by Fukuyama et al. (2007, 2008a and 2008b) based on the Beam on
Elastic Foundation (BEF) theory with taking account of dowel shear deformation and
Johansen's theory for single shear dowel-type joints performance.

The analytical and experimental approaches were focused on the solution of the
foundation joints properties with detailed description of the mechanical behavior of the
wooden dowels subjected to loads.

The analytical and experimental results show precise agreement. In terms of
solution of the slip moduli of the timber-to-timber joints (K., and K.,) and load-
carrying capacity (Py, ey cats Pmaxexps Py,Scat A0d Priture s,exp) 0f the wooden dowels it has
been proved that the mathematical design introduced by Fukuyama et al. (2007, 2008a
and 2008Db) is a suitable tool for predicting the all-wooden joints properties with respect

to safety level.
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Abstract

This paper focuses on description of the mechanical behavior of the historical
gothic truss of St. James’sChurch in Brno. The numerical approach using finite element
analysis (FEA) provided virtual assessment ofthe truss with a prediction of its behavior
after simulated restoration using joints at locations of possiblefailure. The historical
truss was subsequently analyzed by both beam truss structure and detailed 3Dsolid lap
scarf joint modeled by reduction technique using substructuring. Static analyses were
carriedout using the finite element method (FEM) in order to establish a reliable
numerical model and assess thestatic risks. The finite element models in ANSYS
software assume fully orthotropic material properties ofwood (Norway spruce and
European beech) with elastic behavior. Results portrayed very good design ofthe
assessed truss in the global mechanical behavior despite the rigidity of joints varied in
longitudinaland transverse directions of the frames. Changes in global truss behavior
were observed, but the changesin objective vertical displacement were not high. The
differences based on rigidity level were not morethan 7% of maximum vertical
displacement of beams. The minor differences were recognized in the globaltruss
behavior owing to new positions of implemented joints in the truss. Analyses showed
each memberin the truss contributes to global truss rigidity and stability to different
degree. Further, analyses showedareas in the truss where it was necessary to correct

joints orientation.

Keywords: Elastic behaviour, finite element method, historical truss, substructuring

wooden joints.
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Research aims

The assessment of mechanical behavior of historical timberstructures such as
churches, castle, etc. is currently under scrutiny in the Czech Republic, and across
Europe. The present paper applies a novel methodology for virtual assessment of
mechanical behavior of a historical truss; the gothic truss in St. James’s Church in Brno,
Czech Republic, a valuable site for preservation of original techniques and cultural
value from structural and architectural perspectives. Some members of St. James’s
Church truss were damaged, therefore was decided about their reconstruction with using
of all-wooden joints. The high historical value of the truss structure as well as
complexity of structure repairs mechanics necessitated the modern assessment methods.
The main objectives of this paper are:

- describe mechanical behavior of whole truss structure owing to different joints

rigidity;

- describe the real loading of a joint corresponding to the primary function of the
joint in the truss structure during loading owing to different positions
implemented in the truss;

- use reduction technique of modeling combining beam structure with 3D
detailed solid model.

Numerical approaches based on FEM were used for prediction of the global
mechanical behavior of the truss and joints. The detailed finite element analyses (FEA)
were performed in the full-scale of the truss including both without and with a detailed
3D solid lap scarf joint for which a substructuring method was used. The lap scarf joint

is a traditional joint that is used for replacement of damaged parts in the restoration of

valuable historical structures.

Introduction

In reconstructions of valuable timber structures, there are requirements for very
sensitive approach that respects the cultural value, specific environment conditions and
preservation of original material. The way to fulfill these requirements is to replace
damaged parts of beam members by an insertion of a new wooden element with the use
of traditional all-wooden joints without use of modern iron fittings. The all-wooden
joints are not used to such an extent because engineers are still missing relevant
standards for design and making of wooden truss reconstructions. Development of
standards requires complex mechanical analysis of several types of all-wooden joints.

The mechanical analysis consists of detail decription of material behavior, description
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of interaction between parts of joints including dowel and the description of loading of
joint.

In general, there is a need to evaluate the structural safety of valuable historical
truss monuments, which attest heritage from the past [1]. The Czech Republic located in
Central Europeis rich with historical timber structures that require renovation owing to
biotic and abiotic degradation. The investigated truss structure presented in this paper
belongs to one of the oldest churches with cathedral-like disposition in South Moravia
region — St. James’s church that is located in the center of Brno, Czech Republic (Figs.

1 and 2).

Figure 1: St. James’s Church in Brno, Czech Republic.

The truss structure has two types of frames with four height levels (Fig. 3). The
connection between individual frames provides by longitudinal purlins and so-called St.
Andrew’s crosses (Figs. 2 and 6). St. Andrew’s crosses are actually double crosses that
are diagonally spanned between two full frames and under the truss rafters in the two
common frames, which are providing longitudinal stiffening (Figs. 2 and 6). Most of the
beam connections into structure are made only of wood including wooden dowels. The
St. James’s church was established in 1220 in the Romanesque style, but it was
completely rebuilt into a much bigger church in the late Gothic style. Throughout the
time the church gained a few Renaissance and Baroque elements, but its Gothic
character stayed mostly preserved and even emphasized in late 18th century after it was
neogothicized. The truss structure is neogothic and is dated into 1724 when it was
finished by carpentry master Anton Ebenberger [2].

In general, the renovation of such structures should be supplemented by a

structural assessment based on surveys according to e.g. [3]. For the analysis of
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complicated structures such as baroque or Gothic truss structures, it is advantageous to
use a numerical approach, in particular FEA, instead of analytical calculations. The
advantages of using FEA for such tasks are emphasized even more when connections in
a truss must be included in the analysis. The reason is that FEA enables modeling a
global beam structure (truss) and 3D solid body (joint) including the contact among
connection parts at the same time. Such a task is often accomplished through reduction
techniques, one of those is commonly known as substructuring [4]. Reduction
techniques are often used when reduction of computation time and detailed stress-state
is needed at the same time and can be applied on any material and construction [5-8].
The dowel-like connections in the truss structure of the St. James’s church are
usually simple dowels made of predried oak wood (£4% moisture content). Afterwards,
the equilibrium moisture content of dowels is reached depending on surrounding
conditions. As a result the rigid connection of joined parts is reached during its service.
For their basic analysis with known boundary conditions, the Johansen theory for
single-shear joint can be used, as implemented in Eurocode 5 [9,10]. For more
complicated boundary conditions, numerical modeling must be employed. Review of
numerical analyses of such wooden connections covering period from 1950s up to late
1990s can be found in [11] and thus will be omitted here. More recently, an
experimental analysis of wooden composite beams connected by dowels welded into the
beam layers by rotation welding was performed [12]. It was shown that a higher number
of dowels affected the beam stiffness more than the ultimate load. FEM and the
boundary element method (BEM) are the most popular numerical methods in the
research of wooden joints, they are illustrated in reviews of numerical models of joints
ranging between the years 1990 to 2015 [13—15]. In terms of dowel joints, there are
many FE techniques implemented in software that an analyst can currently use, within
which there are four basic model categories — solid bolt, coupled bolt, spider bolt and
no-bolt [16—18]. Despite the preferences for 3D solid dowels, successful use of beams

simulating nail connection was presented in recent study too [19].
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Figure 2: Truss structure of St. James’s Church; left: details view into structure with St. Andrew’s cross-
like members, right: details of beam connections in the structure.

Materials and methodology

Preliminary visual and measured surveys: Visual survey of the truss structure of St.
James’s church showed large defects including decayed members due to the long-term
leaking of water into structure and, therefore, renovation is needed. The survey also
provided information about the positions of potential replacements using joints that
were considered in FE models. The truss members are damaged by decaying fungi and
insect which were found during the survey. In general, damages are divided as follows:

- damage by rot;

- damage by wood-destroying insect;

- damage of inferior purlins;

- damage affects statics.

Subsequently, it was performed the measured and detailed survey which was
comprised from geometrical, diagnostic and technological aspects for each truss

members. Obtained data (cross-section dimensions with individual members span,

damaged places, etc.) were used to build a numerical truss model.

Finite element analyses: The numerical approaches based on FEM were used for
evaluate of mechanical behavior of the beam truss with a 3D solid joint model. The 3D
solid model of a lap scarf joint with oblique faces and a single dowel was verified on the
basis of experimental tests. Further, the 3D solid model of joint was implemented into
the beam truss structure and evaluated within of the global truss by substructuring

method at the same time. This numerical 3D solid model of lap scarf joint assumed as
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an elastic and fully orthotropic material. More parameters and results from experimental
and numerical assessment of lap scarf timber joint can be found in [15] and thus will be
omitted here.

ANSYS Mechanical APDL finite-element software (ver. 14.5) with its scripting
language (APDL—Ansys Parametric Design Language) was used for model building,
solution and post-processing. Complex 3D solid FEA of whole truss would be
complicated and, therefore, the simplifications were needed. The simplifications were
chosen in a way that preserves realistic behavior of the truss. A symmetry boundary
conditions were used for task reduction; the main part of the truss was defined as a
repetitive symmetric segment, defined by two common truss frames and one full frame
(Fig. 3). The substructuring method based on combination of solid and beam elements

was used for another reduction of physics and total number of nodes. These approaches:

- required detailed description of the joint with 3D fine solid mesh with 2D
surface contact pairs and at the same time;

- realistic loading of 3D solid model of joint reflecting loads of the whole truss
modeled by 3D beams truss with simplified description of beams connections
were used.

RN i
111 1V

Figure 3: Section of truss structure [2]; left: full frame, right: common frame with selected points for
deflections evaluation in X and Y axes. The roman numerals representtruss supports.

I i

The geometry and mesh of the truss: The truss of central nave consists of 52 frames
and there are common frames between full frames. The full frames (Fig. 3A) contain tie
beams and rafters and are always supported by other supporting members (e.g. columns,
kneebrace, St. Andrew’s crosses, collar and collar beams). On the other hand, common
frames are transverse truss profiles, truss parts are rafters, columns, collar and collar
beams (Fig. 3B). The connection between individual frames are provided by
longitudinal purlins and St. Andrew’s crosses. Total length of the nave is approximately

77 m, width span is approximately 23 m; the truss is placed at four supports (the longest
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free span is approximately 9 m); height of truss is approximately 14.8 m with 52 of
slope (Fig. 3). The average longitudinal span between the full and common frames is
approximately 1.13 m.

The numerical model of the truss was created “from the bottom up”. Coordinates
of the keypoints for one full and two common frames were obtained from CAD
drawings that reflected original truss design without deformations; the lines were
consequently defined by keypoints. The finite element model was created by meshing of
lines with the BEAMI189 element (quadratic three-node beam element with 3D
displacements and rotations degrees of freedom, DOF’s). The real cross-sections of
beams are defined by tool “common sections” available in ANSYS software — geometry
characteristics of common rectangular cross-section. For more complicated shapes
(pentahedral and trapezoid purlins), the individual procedure of cross-section
parameters definition was used. The dimensions of real cross-sections of all beams truss

are modeled according to CAD drawing documentation from measured survey [2].

The connection of beams: The connections (joints) between the beams are assumed as
“semi-rigid”. There are short beams used for modeling the transversal (in cross-section
plane) rigidity of real beams, then the joints (connections between nodes) are modeled
with technique called constraint equations (CE). Also, simple connections via shared
nodes or special elements (COMBIN types) were tested in some parts of truss. CE
allows defining simple linear relationships of DOF’s between groups of selected nodes
of both connected beams. The displacements and rotations of the first beam in the place
of joint are scaled by linear factor and then applied to the second beam. Several
alternatives of different rigidity of joints (factor for displacements and rotations) were
computed (1.0—fully-rigid, 0.8,0.5 and 0.2 were used).

The model of full frame consists of 234 lines and 68 joints, while the model of
each common frame consist of 61 lines and 19 joints. The frames are connected by
longitudinal purlins (21 in total connected via 63 joints). The longitudinal stiftness of
whole truss is achieved using longitudinal purlins and St. Andrew’s crosses. The 3D
beams model of truss consisted of approximately 3170 FE’s. The total count of CE’s is
438 (for 3 displacements and 3 rotations). The 3D sub-model of joint implemented at
different positions into truss consists of approximately 59,000 to 75,000 solid FE’s and
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with approximately 5000 contact-target elements. Total count of FE’s corresponds to the

total length of the replaced beam.

The loading and constraining of the truss: The load of the truss was applied
according to standards EN 1991-1-1, EN 1991-1-3, EN 1991-1-4 [20-22]. The load
consists of self-weight, snow, wind actions and load of truss covering. The truss
structure was loaded using a combination of applied loads (Fy and Fy); gravity (self-
weight), snow and wind load by the locations of St. James’s Church in Brno, Czech
Republic according to map of snow (charakteristic value of snow load,
sk =0.75 k'N'm %) in [21] and map of wind (basic load velocity value, v,= 25 m's’) in
[22]. Snow load on the truss (s) according to [21] depends on the characteristic value of
snow load on the ground and angle of truss slope (a). Loading by snow was oriented in
vertical direction as part of resultant force on nodes of all beams in the each frame. The
self-weight was applied following [20] on all members of truss by definition of gravity
acceleration constant, g =9.81 m's .

The wind load according to [22] was applied for gable slope truss type. This type
consists of five differently loaded faces. Peak velocity pressure was based on basic wind
velocity. The wind pressure was applied as nodal forces of all beams in the each frame
in two directions — vertically and horizontally.

Further, the load of the truss by external wind pressure (different windward and
leeward sides) was separated to five differently loaded faces (F, G, H, I and J
concretely) according to the procedure in the reference [22]. The truss cladding is
represented by wooden decking (thickness 25 mm) with cooper plates (thickness 0.8
mm). The load by cladding was oriented in vertical direction and applied as nodal forces
of all beams in the each frame. The load of truss by wood cladding with cooper plates
was derived according to square meters of cladding and thicknesses of roofing elements.
Further, the resultant force on nodes of beams of each frame were recalculated related to
the average wood density of cladding (Norway spruce, 420 kg-m ) and to the average
cooper density (8900 kg'm ). Symmetry conditions were set to all marginal nodes of

longitudinal purlins and St. Andrew’s crosses (Fig. 4).
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Figure 4: The numerical model of 3D beam truss structure with implemented 3D solid joint. Illustration
of constraining and loading by force components (Fx and Fy); red points represent the nodes with defined
symmetry condition.

The substructuring method: The principle of substructuring was used to allow
detailed 3D solid and contact modeling of the wooden joint with corresponding loading
coming from simplified 3D beam structure of whole truss. A part of the historical
structure is analyzed as beam truss, whereas the joint part is solved as 3D solid body. A
detailed 3D solid model of joint was implemented at different positions into the truss.

The code used to identify the joint position is given in Table 1.

Table 1: Identification code for joint position.

F-2-R-F
E 2 R R
Frame Level Side  Orientation
Full 1 (first) Left Flipped
Common 2 (second) Middle Normal
Right

The 3D solid joint was inserted into the truss with use of a contact pair with a
“master node”. Specific contact element types were used (CONTA 175 and
TARGE170). The surface-based constraint type of contact pair was created between end
of the beam (node) and the solid model (area) (Fig. 5).

The 3D solid model of the joint with oblique faces and a dowel uses a regular
sweep mesh with quadratic hexahedral solid elements (SOLID186) in all domains. The
interaction between parts of the joint and dowel were defined by symmetric contact
pairs using contact (CONTA174) and target (TARGE170) elements on the surfaces. The
contact algorithm used in computation was the augmented Lagrange formulation where

the normal stiffness factor was kept for all analyses at 1.0. The 3D finite element mesh
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of joint volume was locally refined at positions with high potential of contact, i.e. in the
surroundings of the dowel and at oblique faces (Fig. 5). To obtain a convergence of the

task, the dowel had to be constrained (glued) to one part of the joint.

Figure 5: The 3D solid joint implemented into truss with use of a contact pair. The yellow point
represents the end node of beam; the purples lines represent the area of 3Dsolid model of the joint.

The wood material model used in FEA: The material model of the 3D beams
structure and detailed 3D solid model of the joint were based on the elastic and fully
orthotropic properties of Norway spruce (Picea abies L. Karst.). The material model of
dowel had rotated coordinate system at 90° to beam longitudinal and was defined as
European beech (Fagus sylvatica L.). The material characteristics used in FE
computations are given in Table 2 for moisture content 12%. Normal elastic moduli
were taken from [23], shear moduli and Poisson’s ratios were taken from [24].
Table 2: Elastic and fully orthotropic material models for Norway spruce (Picea abies L. Karst.) and

European beech (Fagus sylvatica L.) used in FE computations. p: density; E /Er/E1: normal elastic
moduli; G, r/G1/Ggt: shear moduli; v g/V, t/VgT: Poisson’s ratios.

* * * *x *x *% *k *% *k

Species p EL Er Er Gir Grr Ggrr VLR VLT VRT

Norway spruce 462 17850 352 289 573 474 53 0.023 0.014 0.557
European beech 670 13439 1880 1031 1608 1059 460 0.073 0.043 0.360

E., Er, ET and Gir, Gi1, Ggr are in (MPa), VLRsy VLT, VRT @€ in (-), p are in (kgm'3), . adOptEd from [21],
adopted from [20].

Results and discussion

Linear static analysis was used to describe the mechanical behavior of the whole
truss of St. James’s Church in Brno, Czech Republic. Contact analyses were performed
to compute displacements, strains, stresses and reaction forces in sub-structured 3D
solid model of the joint in nonlinear large displacement mode due to high slenderness
ratio of beams. In Fig. 6, a response to defined loads is plotted in terms of the vertical
displacement (UY) of the truss structure where only beam elements are considered. It is

clear that in bottom beam of the truss is the highest vertical displacement (red contour),
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so the potential joint to be inserted during reconstruction would experience highest load
in that position.

The beam model allows plotting of full cross-sections of the beam 3D structure.
The numerical analysis indicates that the windward side of the structure is bent inward
in the truss, the leeward side is bent rather out of the structure (Fig. 6). Besides that, we
see that bottom most horizontal beams are deflected the most. This indicates that these
parts should be especially considered for detailed analyses for instance by using

proposed substructuring technique in case of restoration of the construction.

Figure 6: Nodal solution of vertical displacement (UY) of beam truss; left—global view, right—detail on
St. Andrew’s crosses; (displacement is magnified 200x; 3D visualization of shape of beam elements
based on real parameters of cross-sections).

Fig. 7 shows that the differences of reaction of the truss to loading when the
different rigidities of joints in the whole truss were varied. The definition of beam joints
by CE allowed the proportional changes of rigidities in displacements and rotations
separately.

The change of rigidity of the joints induces the changes in global behavior of the
truss model (moving of maximum and minimum displacements, changes in
displacements in all directions) but the changes in assessed vertical displacements were
not high. The obtained vertical displacement of 1.69 mm in the middle of Tie-beam in
the first level of the truss (Fig. 7A) was about only 2% lower in the case of fully rigid
joints than in the case of semi-rigid joints that were set to 100% rigidity in
displacements and 50% in rotations. For the most compliant case of 80% displacement

rigidity and 20% rotatory rigidity, the difference was lower than 9% (Fig. 7B).
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Figure 7: Nodal solution of vertical displacements (UY; displacements are magnified 200x; visualization
of beams based on real parameters of cross-sections). A. Fully rigid joints — 100% in displacements and
100% in rotations. B. Semi rigid joints — 100% in displacements and 50% in rotations. C. 80% and 50%.

D. 80% and 20%.

Fig. 8 shows deflections of individual truss members. The points (marked in Fig.
3) for deflection evaluation in X and Y axes direction were selected based on members
which show places with the largest observed values of deflections in these locations.
Points 1-6 represent deflections for horizontal members in Y direction (Fig. 8A), and
points 7—12 represent deflections for vertical and oblique members in X direction (Fig.
8B) owing to different displacement and rotatory stiffness of joints connections. In case
of deflections in Y axis (Fig. 8A), changes in objective vertical deflection of horizontal
members are not high. These differences based on different connections stiffness are in
range from 12% (point 1) to 49% (point 2). Lower joints rigidity leads to a low increase
of deflection in Y direction and significant decrease of deflection in X direction in the
evaluated points of members. This fact may be attributed to lower rigidity of the
structure (semi-rigid joints connection) in terms of overall mechanical behavior when
the load is evenly distributed to all members than in fully rigid joints connection.

In general, small changes in the global behavior of the truss with different rigidity
of beam joints indicate a good structural design of the truss. This results from that fact
that truss has appropriate structural function of all wooden members and that cross-
sections of all beams are relatively large. Changes in other directions (horizontal

displacement) were found to be minor in both particular beams or whole truss.
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Figure 8: Comparison of deflections for selected points in different locations in the truss structure.

When reconstruction requires the positioning of the joints into the new positions
then the little different behavior of the truss occurs, but these changes are not
significant.

A B
%
C D
— Ak

\ e

Figure 9: Positioning of implemented joint in the truss. A. F-2-L-F. B. F-1-R-F.
C. F-1-M-F. D. C-1-L-N.
The needs of new joints in trusses arise in the case of partial replacement of wooden

elements, e.g. the replacement of a half of Tie-beam (one new joint has to be designed)

or the replacement of a part in the middle of length of beam (two new joints have to be
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designed). Fig. 9 shows the four positions (according to Table 1), at which joints were
inserted to restore the truss after introducing virtual damages. If a certain location of the
truss resulted in deflection pointing upwards, the 3D solid model of joint inserted into
this location was flipped upside down to prevent its ease opening. This occurred at
positions in the middle of bottom and first level of the truss (Fig. 9A and C).
Implementation of lap scarf joint into the truss structure into different positions
did not have significant effect on the changes in mechanical behavior of truss members.
Maximal changes of deflections are about 3% and are showed in Fig. 10 for all assumed

joint positions and all examined points.
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Figure 10: The relationship between joints position in the truss and deflection in X and Y axes of
selected points. Reference value (REF.) corresponds with deflections in the truss structure (with 80% and
20% of displacement and rotation rigidity factors, respectively) without implemented joints.

Fig. 11 illustrates the differences between the case of correct orientation (the
stresses/strains are distributed through contact areas) and incorrect orientation
(insufficient coupling of contact areas causing opening of the joint in all directions).
Results also indicate that owing to the complicated structure and transfer of moments
and forces, several beams are also loaded in torsion. The beams that would have to be
replaced in case of restoration should then have been adjusted to this loading location.
This means that in the case of a joint, it would be more convenient to use a joint with

more dowels or to develop or use a differentgeometry of the joint.
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Figure 11: Description of vertical displacements (UY) of 3D solid joint; nodal solution of displacement
in vertical direction (Y axis): left — correct orientation in respect to load direction; right — incorrect
orientation to load inducing opening of joint.

Conclusions

The substructuring technique within FEA enabled to obtain the information about
mechanical behavior of the 3D solid joints implemented in the 3D beam models of
historical truss structures. Such information about the mechanical behaviour of the
wooden joints may help in the design of their experimental testing. This is one of the
needed prerequisites for establishing design codes used in reconstructions of historical
timber structures that are important part of culture heritage. Although numerical
approach is fast and efficient in such tasks, the real testing and measurement is still
highly desired and sometimes necessary.

The finite element analysis was used to predict the mechanical behavior of the
whole truss structure and to describe the sensitivity of computed outputs
(displacements) on the parameters of beam sand joints (e.g. rigidity of joints). The truss
structure and joints were modeled using a reduction technique of modeling. Such an
approach can be considered as convenient because is allows both detailed 3D solid and
contact modeling of the wooden joint and general truss modeling that imposed
boundary conditions to the 3D model.

Using symmetry, the whole truss structure could be modeled by two types of
frames:

- one full frame;

- two common frames that exhibited much lower stiffness.

The whole truss model with joints implemented at different positions revealed
local opposite-than-designed displacements, so at these positions in the truss, the 3D
solid FE models of joints had to be flipped upside down to assure joint correct
functioning.

Results revealed the insignificant changes of different joint’s behavior at different
positions in truss (e.g. middle vs. side, different levels). The mechanical behavior

(represented by e.g. total displacements) of such a complicated truss is even more
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complex because the original truss was “designed” in a way that tried to eliminate as
many connections as possible. Nonetheless, any joint artificially inserted into the truss
structure changes its behavior in a non-original and not planned way, for instance, the

incorrect joint orientation attends to increase of deflection.
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Abstract

The goal of the work was to evaluate mechanical performance of full-scale timber
beams containing scarf joint with a dowel. Work focused on standard testing using
modular system to obtain effective stiffness and strength of the beams with and without
the joint. The work further researched a contact zone between two timber parts of the
joint — at the scarf face. This was carried out using non-destructive optical technique —
digital image correlation (DIC) and newly developed algorithm. The joint was made of
Norway spruce, dims. 6x0.2x0.24 m and was loaded by two modes: a) 3-point bending
and b) 4-point bending. During the loading, a sequence of images was acquired for
further investigation of contact zone using the proposed algorithm. The joint with scarf
and dowel provided enough effective stiffness, ie. 73—-93% for 3-point bending test and
71% for 4-point bending with respect to MOE measured on reference solid beams.
Effective strength of the joint was also relatively high and in a range of 55% and 60%
with respect to reference solid beams in both 3-point and 4-point bending tests. Contact
length differed for loading modes. Mean contact length in symmetrical 4-point bending
was about 40%, for asymmetrical 3-point bending test, it was approx. 20% on face

closer to support and 44% on a face closer to loads.

Keywords: Timber joint, contact zone, bending, digital image correlation, non-

destructive testing, dowel
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Introduction

Evaluation of mechanical behavior of timber joints used in historical constructions
is of high interest in the Czech Republic. The reasons are a) a high number of historical
structures in the area of Czech Republic and central Europe and their significance to the
national heritage; b) a lack of information about their behavior when mechanically
loaded, and c) a lack of design codes for the practical structural design of the historical
joints when their reconstruction or replacement is inevitable. For the analyses of such
joints one can use experimental, analytical or numerical approach. The analytical
approach, especially in the context of dowel-like joints, is mostly based on the Johansen
theory (1949) and is incorporated in the standards such as Eurocode 5. Experimental
assessment of timber joints’ behavior is a main source of data collection used in
research and engineering practice. Currently, it is to a convenience to employ
opticalbased techniques such as digital image correlation (DIC) that can provide full-
field displacements and strains. Not only in historic timber joints but also in other
engineering areas DIC has broad range of applications. Historic timber joints is one of
the areas where the strengths of the method can be efficiently used. Timber joints are
prone to brittle cracking which can lead to damage of the testing equipment.

Area of a place at which two bodies interact — contact zone — is an important
geometrical parameter influencing stress/strain transfer and, consequently, behavior of
the whole structure. In structural calculations of joints, the contact zone is often
idealized in terms of its size and, moreover, is assumed as time-independent. It was
reported in many various disciplines such assumptions reduces the physical behavior of
the interaction (Ojolo and Awe 2011; Kar and Mohanty 2008; Ivanov and Augsburg
2008). The same assumptions often underlie analyses of the timber joints used in civil
engineering (Li et al. 2009) where, moreover, metal connectors are often used to
position the wooden parts while providing efficient load transfer (Branco et al. 2011). In
a case metal connectors cannot be used due to inducing brittle-like behavior of joint
(Parisi and Piazza 2000), the contact zone should be of higher interest since parameters
such as wood heterogeneity and geometrical imperfections may substantially contribute
to lower strength and rigidity (Bodig and Jayne 1993; Aman et al. 2008).

Experimental determination of contact zone in wooden joints has not been paid
attention and is mostly missing in literature. There are partial studies reporting influence

of loose joints that are special case of reduced contact length (Likos et al. 2012).
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Principally, the most robust solution for contact zone detection would be to use an X-ray
CT scan to record whole loading process of a joint. Subsequent digital volume
correlation (DVC) analysis would provide strains in 3D and in time and would give an
exact detection of contact zone. Nonetheless, such approach was tested just on
laboratory level for 3-point bending test of micro-sample (Forsberg et al. 2008 and
2010) and it is far to be applied on fullscale joints and more frequent use. More practical
approach instead is to use optical techniques either working in full-field regime
(Muszynski and Launey 2010; Stemolkas et al. 1997) or point-wise as showed in
Schober (2000). The contact zone determination is not the issue in numerical analyses
of wooden joints because they standardly use the contact elements that, though,
geometrically and physically simplify the contact zones, but allow opening, sliding and
closing of contact pair according to the physical situation, so one can learn where parts
of the joints came into a contact (Feio et al. 2013; Mackerle 2003; Jandejsek et al.
2011).

Therefore, to address issues of experimental detection of contact zone in timber
scarf joints, we propose a new algorithm based on DIC principle. The specific goals
were: 1) to test and measure mechanical performance of full-scale timber beams with
joints subjected to bending; 2) to develop an effective and quick procedure to determine

contact zone from optical images.

Materials and methods

For all experimental work real-size wooden beams made of Norway Spruce
(Picea abies L. Karst) were used. Mean relative moisture content was 19%, the mean
density at zero moisture content was 396 kg.m” (standard deviation is 51.8). All
specimens were tested using modular testing equipment that allowed variable
experimental setup. The loads in all bending tests were induced using hydraulic
inducers GTM series K (max. force 50 kN). In the 3-point bending test the load was
located in the beam center, and in the 4-point bending test the loads were in 1/3 and 2/3
of the total beam length (Fig. 1). All bending tests followed CSN EN 408+A1 (2012)
with minor modifications. Deflection at the point of load application and at the beam
center was measured using common deflectometers of resolution 0.01 mm, strains at
contact zones of oblique faces were measured using digital image correlation (DIC)

algorithms, see below for more information. For convenience, all beams were tested
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upside down, and the beams' self-weights were removed from the calculations. For the
3-point bending, the joint was located 1500 mm from the beam center, the geometry is
the same as in Fig. 1. The tested joint was designed to have only two oblique faces and
one single pin going through the both parts of the joint. The beam length was 6 m,
cross-section was 0.24 X 0.2 m (height X width). The joint length was 1.5 m. The angle
of the joint (o) was 63° and the bolt diameter was 40 mm. Altogether 8 beams were
tested in 3-point, 4 beams in 4-point bending test and 4 beams were tested without the
joint as a reference data set. The dowel was made of common structural steel. During
each bending test a sequence of pictures was acquired. For this purpose a Cannon EOS
600D camera of 17 MPix resolution (10 px/mm) was used. Because the loading was
quasi-static (300 s to maximal load) the acquisition rate was set up to 1 image per 5 s
resulting in 60 images per test. The region of interest (ROI) for subsequent analysis with
proposed algorithm was defined at the interface where both parts of the joint come into
a contact - oblique face. The effective modulus in elasticity in 3-point (MOEr) and 4-

point (MOEp) bending test were calculated following formulas:

3 3
F-l £ 23-F-1

MOE; = —— =7
T 4.b-ny F108-b-h-y

(1)

where F' is the measured load (N), / is the total beam length (m), b is the beam width

(m), /4 is the beam height (m) and y is the deflection (m).

Area for DIC
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Figure 1: Geometry of tested beam and joint with scarf in 4-point bending test with joint in the beam
center.

Milch, J. 2016 144



Clanek V.

Description of Contact Determination Algorithm: The algorithm can be divided into
two parts: a) the tracking of the points for which a standard 2D digital image correlation
(DIC) algorithm was used (Jandejsek et al., 2011); b) the processing of coordinates of
tracked points to determine the contact length. The DIC method is commonly used for
investigation of strain distribution over the ROI. However, in the work only five pairs of
virtual extensometers (10 points) located at opposite sides of the joint face were used to
investigate the mutual contact of the joint faces. The principle of the algorithm is
depicted in Fig. 2. The motion of the markers extracted from the image sequence was
processed in the second part of the algorithm. The coordinates of each pair of points
were rotated in every step to get them oriented with respect to the Y-axis perpendicular
to the face. The distance differences in the rotated Y-axis and X-axis directions
represent closing of the contact pair as well as sliding between the two faces
respectively. Therefore, both closing/opening and sliding behavior could be extracted
from the image data. Once the differences were drawn along the length of the face,
interpolation through the given points using a polynomial was carried out to calculate
the zero point position. This position represents the length of the mutual contact
between joing faces. The contact length was calculated within whole tests’ duration, but
it is demonstrated at load level of 10 kN, which is common service load level of such
beams. The algorithm was implemented in the MATLAB environment (v. 2009).

Figure 2: Principle of the proposed algorithm for contact detection in wooden scarf joints.
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Results and discussion

The force-deflection diagrams revealed the global behavior of the joints (Fig. 3).
Fig. 3 indicates that all tested specimens do not exhibit an initial consolidation that is
typical for dowel connections and is often illustrated as a nonlinear response of joint in
the beginning of the loading process. The specimens were tested upside down joint
because of the experimental equipment limitations. Therefore, the very first parts of the
curves that are almost vertical express the self-weight of the tested samples — force
increases without the deflection. The fact that after this initial phase the linear elastic
behavior started immediately is possible to explain by the near-to-perfect contact
between the wooden joint parts and the steel dowel. The linear-elastic phase in both
bending modes exhibits almost identical behavior when the dowel is located in the
middle of the joint height. In this phase, the curves grow gradually although in a zigzag
character. To compute the modulus of elasticity in four-point bending (MOEf) and
threepoint bending (MOE-~) the corresponding parts of the curves were interpolated by

lines and from these the stiffness was calculated and it is shown in Tab. 1.

3-point bending 63 degrees

4-point bending B3 degrees
T T T

Force [kN]
&

——— dowel_top_#1 [|
dowel_top_#2
dowel_bot_#1 | | 5 T
dowel_bot_#2 P
dowel_mid_#1 | dowel_mid_#1

oF dowel_mid_#2 || or dowel_mid_#2

dowel_mid_#3 dowel_mid_#3

dowel_mid_#4 dowel_mid_#4
. . I I

I K I L
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displacement [mm] displacement [mm]

Figure 3: Force-deflection diagrams, left — three-point bending test; right — four-point bending test.

Fig. 3. Force-deflection diagrams, left — threepoint bending test; right — four-point
bending test. At the plastic deformation range, the 3-point and the 4-point bending
modes differ significantly. The 3-point bending exhibits a relatively short period of
plastic response after which the failure of the joint starts to develop. The plastic
deformation of the joint means the local reaching of the wood strength and it usually
occurred around the dowel due to its high stiffness. On the contrary, the 4-point bending

test shows a relatively long plastic deformation range and created so-called yield
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plateau, which was recently also reported by Dorn et al. (2013). A different plastic
responses in both modes of loading may indicate that the combined moment and shear

loading is more likely to cause a rapid and brittle failure in the wood beams with joints.

Table 1: Results from experimental assessment of the wooden joint with oblique faces.
Sample MOE+ [GPa] MOE[GPa] Frnax[KN]

Test mode Dowel position No. [#] (mean) (mean) (mean)
1b 8.04 (8.58) - 31.0 (28.6)
Bottom 2 9.12 - 26.2
3m  10.17 (9.33) - 35.4 (28.15)
. . . 4dm 8.69 - 22.9
3-point bending Middle 5m 9.97 i 210
6m 9.20 - 23.7
o 7t 8.58 (7.36) - 37.6 (27.3)
8t 6.13 - 17.0
9m - 8.95 (8.40) 22.4 (24.9)
. . . 10m - 8.69 25.4
4-point bending Middle 11m i 8.66 278
12m - 7.31 24.0
3-point 13r 8.79 - 19.1 (46.7)
Reference solid beam 1ar 11.23 . 46.7
4-point 15s - 11.31 (11.73) 43.1(45.7)
16s - 12.15 475

Tab. 1 reveals the relationship of stiffness in 3-point bending on a dowel vertical
position. The highest MOEt was achieved for the joint with a dowel located in the
middle (mean value is 9.33 GPa) and the lowest MOEt was recorded for joint with
dowel at the top position (mean value is 7.36 GPa). The middle value of mean MOE+t
was achieved when the dowel was in the bottom position (8.58 GPa). The sample 8t
exhibited an extreme value of MOE+t (6.13 GPa), which can be attributed to high
number of inherent faults in wood such as knots and drying cracks. In the 4-point
bending tests, the mean experimental MOEr was 8.40 GPa, which gives approx. 28%
reduction with respect to mean MOEg of the reference beams. In terms of maximal load
(Fmax) In the 3-point bending test, the influence of the dowel position is less
interpretable because of both a significant variance of maximal force ranging from 17 to
37.6 kN and because the corresponding numerical study that could support the findings
was not conducted. Nonetheless, the results (Tab. 1) indicate that the dowel vertical
position does not have such an influence on Fn.x as on MOE. Rather, the maximal load
Is impacted by geometrical intolerances and wood properties, especially in direction
perpendicular to grain. The reason is that the most of the tested joints failed at the
oblique faces in that direction. In the 4-point bending tests the mean value of maximum

load was 24.9 kN, slightly lower than the mean in the 3-point bending tests which
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resulted in 28.02 kN. This gives the positive message since in real structures the joints
are rarely loaded only in pure bending mode, but more often it is loaded by combined
bending and shear. The correlations between Fn.x and MOE are very low for both
bending modes. For the 3-point bending test the Pearson correlation coefficient is 0.43
and for the 4-point bending it is 0.1. Therefore, the prediction of the strength from the
stiffness is rather low and, again, it reveals how much the wood is heterogeneous and
variable at such large scale of specimens.

The result of the contact length analysis is showed in Tab. Il. It indicates that for
3-point bending test there is different behavior on both faces of the joint (43.8% vs.
19.9%). Despite the fact, there are not many specimens measured due to their sizes, it
indicates that both faces of the joint are loaded by different conditions (asymmetrically).
This is often the case in real constructions. If we also consider the imperfections in joint
geometry that are commonly present in real constructions due to their in situ
manufacture, the load transfers are very various and may lead to deformation on very
local areas (20% of length). The symmetric setup in 4-point bending is not comparable
to the results of 3-point bending and represent more ideal conditions. Even here we see

that mean contact length is about 31%.

Table 2: Mean contact length achieved for the 3-point and 4-point bending tests; in brackets: standard
deviation in [%]

Mean contact length
(std. dev.) at 10 kN in [%]
3-pointbending 1 2 43.8 (14.7)
(asym.) 2 2 19.9 (4.5)

4-point bending 1= 4 30.7 (13.1)
(sym.)

Face No. of samples

Although we do not compare the groups, both results are advantageous and can be
used in structural analytic calculation of trusses. Nevertheless, in the group of 4-point
bending there can be seen also very high standard deviation even though number of
samples is twice higher than for 3-point bending. This behavior is commonly obtained
in measurement of organic and heterogeneous materials as wood. Thus, higher standard
deviation in determination of contact length does not invalidate the results. The result
emphasizes the importance of such algorithm in timber joints’ analyses for more precise
quantification of contact phenomena that can include also sliding. The contact length

varies substantially with the change of load as seen in Fig. 4.
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For the purpose of a structural analysis it is important to set well the acting
force/bending moment level at which the contact length should be read. This task is
crucial and should be made with regard to the loads present in the designed structure.
The algorithm has a few features which should be discussed. First, before the faces
come into contact the results are questionable because the objects are free to move and
the values obtained from the zero finding procedure can be extreme. Second, although
the contact length is known, the stress distribution over the contact area is not known
due to the fact that all DIC measurement is only at the surface and may substantially
vary within the beam thickness. However, for the timber joint research it is not as
important and an assumption of uniform distribution of loads spread over the contact
length can be accepted. Another problem connected to the acquisition of contact length
is the need of synchronization of the camera and the driver which measures the
quantities (forces, displacements). This issue is critical because standard cameras have
minimum delay between the acquisition of pictures about three seconds, which may
invalidate the results. This problem can be solved using small number of cycles with
very small load in the beginning of the measurement which produces enough data for

later synchronization.

Sample of results - contact length vs acting force

80 T T 30
—=&— contact length
—&— force

60

)

40

contact length [% of face length]

' L L . L L . L
0 50 100 150 200 250 300 350 400
time [s]

Figure 4: Contact length at oblique face in a course of time and related to force
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Conclusions

Within the work, the full-size timber joints were measured in terms of their
effective stiffness and strength and further examined using digital image correlation
(DIC) to investigate contact length of the joint on its obliques face. The joint with
oblique faces and dowel provided enough effective stiffness, ie. 73-93% for 3-point
bending test and 71% for 4-point bending with respect to MOE measured on reference
solid beams. Effective strength of the joint was also relatively high in a range of 55%
and 60% with respect to references solid beam for both 3-point and 4-point bending
tests, respectively. Effect of the vertical position of a dowel was also proved for 3-point
bending test, the highest MOE was obtained when dowel was in a neutral axis of beam,
the lowest in a top of beam cross-section. An investigation of contact length that is
important parameter for structural design of beams and joints was carried out using new
algorithm based on digital image correlation. The proposed algorithm is efficient and
provides quick information about the contact length from images. Moreover, the
proposed technique is partially able to take into a consideration also the third dimension
of the contact zone that is not visible for the camera, e.g. although in 2D there is only a
gap between the two interfaces visible, if there is contact present in the non-visible
depth, the surface points do not move either. Thus, the algorithm is able to recognize
this issue without precise quantification in 3D. Mean contact length in symmetrical 4-
point bending was about 31%, for asymmetrical 3-point bending test, it was approx.

20% on face closer to support and 44% on a face closer to loads.
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5 ZAVER

Disertacni prace analyzuje mechanické chovani celodievénych konstrukcnich
spojii se zaméfenim na dievéné spojovaci prostiedky - koliky. Analyza je zalozena na
kombinaci teoretickych (analytickych), experimentalnich a numerickych pfistupt. Prvni
¢ast experimentalniho méfeni zahrnovala stanoveni elasto-plastickych materidlovych
charakteristik dfeva smrku (Picea abies L. Karst.) a buku (Fagus sylvatica L.)
pfi tahovém, tlakovém, ohybovém a smykovém zatizeni. Experimentalni analyza
mechanické odezvy celodifevénych spoji prevazné platového typu s kolikem v nosné
funkci tvofila druhou ¢ast experimentalniho méteni. Predikce mechanického chovani
experimentalné testovanych spojii byla v pfevazné vétSin€ postavena na teoretickém
zakladu souhrnné publikovaném v Eurokodu 5.

Nosnou ¢asti prace jsou numerické analyzy mechanického chovani celodievénych
spojii, které jsou zaloZzeny na metod¢ konecnych prvkl s vyuzitim parametrického
modelovani struktur. V prvni fazi byly sestaveny, kalibrovany a verifikovany elasto-
plastické materidlové modely smrku a buku, pficemZ smérodatnymi vstupy byly
experimentalné stanovené materialové charakteristiky obou diev. Funkéni materialové
modely byly ve druhé fazi vyuZzity pro numerické analyzy celodievénych spoju
testovanych 1 experimentalng, ale pfedevSim pro parametrické modely komplexnich
celodievénych soustav.

Analyzy samostatnych celodievénych spoju kolikového typu prokazaly, Zze primér
koliku je kli¢ovym parametrem, od které¢ho se odviji inosnost a zptisob poruseni spoje.
Obecné lze fici, ze se zvétSujicim se prumérem koliku se zvySuje Unosnost spoje,
pficemz dochdzi ke snizovani poméru hloubky a celkové plochy otlaceni, coz omezuje
moznost vysouvani koliku a vede ke zvySovani stfizného napéti v prifezu koliku.
Praktickym dusledkem pozorované charakteristiky je ménici se zptisob poruSeni spoje
od velkého otlaceni okolniho materidlu s vysunutim koliku po malé otlaceni bez
vysouvani s ustfihnutim koliku. Charakteristickym rysem, ktery se objevuje tésné pred
dosaZenim inosnosti spoje, je iniciace smykové trhliny v podélné ose koliku. Smykova
trhlina je zpravidla kolma na smér osového zatizeni spoje, piicemz pokud dfenoveé
paprsky na prufezu koliku sdili tuto orientaci také, smykova trhlina se objevuje
podstatné diive a mize mit vliv i na vlastni zptisob poruSeni spoje a jeho tinosnost.

Pomoci numerickych analyz komplexnich celodievénych soustav byla

identifikovana vhodna mista pro umisténi celodfevénych spoji kolikového typu v ramci

Milch, J. 2016 153



Zaver

ruznych prvki celodievéné soustavy, kterd zajisti zachovani celkové tuhosti konstrukce.
Z toho vyplyva, ze lze protézovat jakoukoliv Cast historické dievéné konstrukce
s vyuzitim celodfevénych spoji, aniz by doSlo k vyraznému snizeni tuhosti celé
soustavy.

Vysledky této disertaéni prace ukazuji, ze numerické analyzy postavené na
vhodné zvolenych experimentech a obecné platné teorii jsou velmi efektivnim
nastrojem pro predikci mechanického chovani celodifevénych konstrukénich spoji a
komplexnich soustav. Proto se jevi jako pfinosné navdzat na tuto praci vyzkumem,
vramci kterého by meély byt sestaveny materidlové modely dalSich druht diev.
Potencial parametrickychnumerickych modelii 1ze zrocit aplikaci na dalsi bézné

pouzivané typy spojovani, jako jsou napt. ¢epy nebo rybiny.
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6 SUMMARY

Doctoral thesis deals with analyses of mechanical behavior of all-wooden
construction joints focused to wooden fasteners - dowels. Analysis is based on
combination of the theoretical (analytical), experimental and numerical approaches.
First part of the experimental measurement is focused on determination of the elasto-
plastic material characteristics of Norway spruce (Picea abies L. Karst.) and European
beech (Fagus sylvatica L.) from tension, compression, bending and shear tests. The
experimental analysis of mechanical response of the lapped scarf joint with wooden
dowels formed the second part of the experimental measurement. The prediction of the
mechanical behavior of experimentally tested wooden joints was mostly based on the
theoretical knowledge summarized in Eurocode 5.

The crucial part of the present thesis is numerical assessment of the mechanical
behavior of all-wooden joints, which is based on the finite element method with using
parametric modelling of the structures. Within the first phase, elasto-plastic material
models of spruce and beech wood were assembled, calibrated and verified, whereby the
experimentally determined material characteristics of studied wood species were used as
reliable data input. Within the second phase, functional material models were used for
numerical analyses of the experimentally tested all-wooden joints, but were used mainly
for parametric models of complex all-wooden structures.

An analyses of the all-wooden dowel-type joints showed, that the dowel diameter
is a key parameter, which determines the capacity and failure mode of the joint.
Generally, with increasing dowel diameter the load bearing capacity is increased, while
reduction of the ratio between total area and embedment yield deformation occur, which
limits the possibility of ejecting the dowel and leads to an increase shear stress in the
dowel. The practical consequence of the observed characteristic is the changing way of
the connection failure from large deformation in the surrounding material with dowel
ejecting to a small deformation without ejecting with dowel shear off.

A characteristic feature that occurs before the load capacity of connection is the
initiation of shear cracks in the longitudinal axis of the dowel. Shear crack is generally
perpendicular to the direction of axial connection load, and when the pith rays are on the
cross-dowel shares this orientation also, the shear crack occurs much earlier and may

also affect its own way failure of the joint and its capacity.
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With using of numerical analyses of complex wooden structures the suitable
location for placement of the all-wooden dowel-type joints within various elements-
wood structures that ensures the overall stiffness of the structure was identified.
Consequently, any part of the historic wooden structure using all-wooden connection
can be replaced, without significant reduction in rigidity of the entire structure.

The results of present thesis show that the numerical analysis based on an
appropriate experiments and generally accepted theory are a very effective tool to
predict mechanical behavior of all-wooden construction joints and complex wooden
structures. Therefore it seems to be useful to continue with research, and compile
material models of other wood species. The potential of the parametrical numerical
models can be also used for other commonly applied wooden connections, such as

mortise and tenon or dovetail.
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