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Sazetak

Uvod

Aluminijumske konstrukcije sve viSe pronalaze primjenu u savremenom
gradevinarstvu zahvaljuju¢i svojoj maloj tezini, otpornosti na koroziju 1 estetskim
karakteristikama. Medutim, jedno od klju¢nih ogranicenja njihove Sire primjene jeste
nedovoljno poznavanje ponaSanja zavarenih spojeva, naroCito u zoni uticaja toplote
(ZUT), gdje dolazi do znaCajnog smanjenja mehanickih svojstava usled termickog
uticaja zavarivanja.

Cilj istrazivanja

Cilj ovog doktorskog istrazivanja je definisanje jasnih smjernica i preporuka koje
omogucuju pouzdanu, efikasnu 1 racionalnu interpretaciju nosivosti ravanskih veza
elemenata aluminijumske reSetkaste konstrukcije.

Upotpunjavanje svjetske baze podatka rezultatima eksperimentalnog istrazivanja

kao osnov za dalje analize.

Hipoteze:

Nosivost  zavarenth ravanskih  veza u aluminjumskim reSetkastim
konstrukcijama moze se preciznije definisati redefinisanjem izraza za nosivost zavarenih
veza u Celicnim konstrukciyjama (EN 1993 1-8). Navedena hipoteza potvrdena kroz

definisanje analitickog izraza za nosivost X-¢vora aluminijumske resetke.

Metodologija

Istrazivanje je sprovedeno u saradnji sa Gradevinskim fakultetom Univerziteta
Crme Gore 1 Tehnickim univerzitetom u Minhenu. Uklju¢ena su eksperimentalna
1spitivanja zavarenih uzoraka od legure EN AW-6082-T6, mjerenje tvrdoc¢e metodom po
Vickersu, kao 1 digitalna korelacija slike (DIC) za pracenje raspodjele deformacija.
Paralelno su razvijeni numericki modeli pomocu softvera ANSYS koji su validirani

eksperimentalnim podacima.



Eksperimentalna istrazivanja

Eksperimentalni dio istrazivanja realizovan je u dvije faze: prvo u Laboratoriji za
ispitivanje materijala na Gradevinskom fakultetu Univerziteta Crne Gore, a zatim na
Tehnickom univerzitetu u Minhenu. Odradene su dvije grupe ispitivanja, ispitivanja
mehanickih svojstava materijala u osnovnom materijalu 1 ZUT-u 1 ispitivanja zavarenih
veza aluminjumskih reSetkastih nosaca (izolovanih 1 veza kao integralnog dijela nosaca).
Uzoreci su izradeni od legure EN AW-6082-T6, koja je poznata po dobroj zavarljivosti 1
visokim mehanickim osobinama. Prije zavarivanja odradena je priprema povrsina kako
bi se uklonio oksidni sloj, a proces zavarivanja je izveden TIG metodom koris¢enjem
dodatnog materijala ER 5356. Testiranja su ukljucivala mjerenje tvrdoce duz ZUT-a, kao
1 ispitivanja zatezne ¢vrstoc¢e pomocu univerzalne masine za ispitivanje. Poseban fokus
stavljen je na lokalizaciju deformacija 1 mehanizme loma koji se javljaju u zoni oko
zavara.

Za potrebe ispitivanja mehanickih osobina uzoraka, pripremljeni su
standardizovani ispitni uzorci (dog-bone uzorci) u skladu sa EN ISO 6892-1:2019.
Ispitivanja zatezne ¢vrstoce sprovedena su na univerzalnoj masini za ispitivanje ¢vrstoce
(Instron, kapaciteta 100 kN). Primijenjena je opticka metoda digitalne korelacije slike
(DIC) za analizu polja deformacija u realnom vremenu. Na osnovu dobijenih rezultata
zabiljezena je jasno izrazena lokalizacija deformacija u ZUT-u, $to ukazuje na termicku
degradaciju mikrostrukture materjjala. Svi eksperimentalni podaci su statisticki
obradeni. Rezultati mjerenja tvrdoce pokazuju da ZUT obuhvata Sirinu od 20 do 30 mm
u zavisnosti od debljine elementa 1 koris¢ene metode zavarivanja.

Uzorci kori$éeni za eksperimentalna ispitivanja su pripremljeni od Supljih profila
kvadratnog (SHS) 1 kruznog (CHS) poprecnog presjeka. Proces rezanja je izveden na
tracnoj testeri uz hladenje emulzijom kako bi se minimiziralo unosenje toplote i o¢uvala
mikrostruktura legure EN AW-6082 T6. Zavarivanje je sprovedeno TIG postupkom, pri
¢emu su zavarivaci koristili propisane parametre pod nadzorom sertifikovanog inzenjera
zavarivanja. Svi spojevi su pripremljeni sa posebnim osvrtom na pripremu povrsina.

U okviru ovog eksperimentalnog istrazivanja ukupno je ispitano 1 Sest reSetkastih
nosaca izradenih od aluminijumske legure EN AW-6082-T6. Resetkasti nosaci imali su
visinu od 600 mm 1 raspon od 3000 mm. Svi ispitani nosaci posjedovali su identicne

pojaseve izvedene od profila SHS 100x5 (slika 1). Radi sprovodenja parametarske



analize variran je oblik 1 dimenzija dijagonala. Tri nosaca konstruisana su koriS¢enjem
kruznih Supljih profila (CHS) precnika 40, 50 1 60 mm, dok su preostala tri nosaca imala
dijagonale izvedene od SHS profila sirine 40, 50 i 60 mm. Cvorovi su izvedeni centri¢no,
bez ekscentriciteta (e = 0), uz prisustvo zazora €ija je veliina zavisila od dimenzija
dijagonale. Dijagonale su spajane sa pojasevima pod uglom 61 = 45°. U skladu s tim,
koeficijent B se kretao u intervalu od 0,4 (za SHS40 1 CHS40) do 0,6 (za SHS60 1
CHS60), pri cemu B predstavlja odnos Sirine ili precnika dijagonale prema Sirini pojasa.
Svi ¢vorovi ispunjavali su zahtjeve definisane standardom EN 1993-1-8 [3], te su

izvedeni u centri¢noj konfiguraciji sa zazorom.
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Slika 1. Geometrija aluminijumskog resetkastog nosaca.

Resetkasti nosaci oznaceni su u skladu sa poprecnim presjekom dijagonala od

kojih su izradeni. Na taj nacin, uzorci su klasifikovani kao SHS40, SHS50, SHS60, te
CHS40, CHS50 1 CHS60.




Slika 2. Oznacavanje resetkastih nosaca.

Cvorovi su oznaleni na osnovu tipologije spoja, poloZaja unutar resetkastog
nosaca, kao 1 pravca djelovanja aksijalne sile u pojasu. K-cvorovi u zategnutom pojasu
oznaceni su kao KTL (pozicionirani lijevo) 1 KTR (pozicionirani desno), dok su K-
¢vorovi u pritisnutom pojasu oznaceni oznakom KC. PoloZaji oznacenih X-¢vorova i1 K-

¢vorova prikazani su na slici 3.

RESETKASTI NOSAC SHS 40

Slika 3. Oznacavanje ¢vorova unutar resetkastog nosaca.

Resetkasti nosac [51], prikazan na slici 4, zglobno je oslonjen (I, II) u ramu za ispitivanje
(I1I) 1 1zloZen aksijalnog koncentrisanoj sili (IV) nanesenoj u sredini raspona. Pomjeranja
Y-cvorova (I, 1) bila su sprijeCena. U slucaju izvijanja, bocna pomjeranja pritisnutog
pojasa reSetkastog nosaca sprijecena su na svakih SO0 mm pomocu zavrtnjeva povezanih
sa UPE profilima (V). Celija za mjerenje sile (A), montirana na ¢eliénoj plo¢i dimenzija
120x30x100 mm, registrovala je opterecenje koje je dolazilo od hidrauli¢ne prese (IV)
iznad. Ugibomjeri su koriS¢eni za mjerenje lokalnih deformacija na povrSinama
pojaseva. Konkretno, ugibomjeri postavljeni na zategnuti pojas (C, E) mjerili su lokalne
deformacije u KTL- 1 KTR-¢vorovima, dok je ugibomjer postavljen na pritisnuti pojas

(D) mjerio lokalnu deformaciju u KC-¢voru. Ugibomjer postavljen na ram, za ispitivanje



(F, G) sluzili su za mjerenje ukupnog ugiba nosaca. Dodatno, ugibomjer A mjerio je

lokalnu deformaciju X-¢vora.
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Slika 4: Shematski prikaz eksperimentalnog ispitivanja.

U okviru ovog eksperimentalnog istraZivanja ispitano je i dvanaest izolovanih X-
¢vorova (slika 5), izradenih od aluminijumske legure EN AW-6082 T6. DuZina pojasa
iznosila je 600 mm, dok je duzina dijagonale bila 300 mm. Svi ispitani X-¢vorovi imali
su 1denti¢ne pojaseve, izvedene od SHS 100x5 profila. Radi sprovodenja parametarske
analize varirani su oblik i dimenzije dijagonala. Sest &vorova je konstruisano koriséenjem
kruznih Supljih profila (CHS) prec¢nika 40, 50 1 60 mm, pri ¢emu je svaka dimenzija
dijagonale ponovljena dva puta. Preostalih Sest ¢vorova izvedeno je sa dijagonalama iz
SHS profila irine 40, 50 i 60 mm. Cvorovi su bili izvedeni centri¢no, bez ekscentriciteta
(e = 0). Dijagonale su povezane sa pojasevima pod uglom 61 = 90°. Shodno tome,
koeficijent B se kretao od 0,4 (za SHS40 1 CHS40) do 0,6 (za SHS60 1 CHS60), pri cemu
B predstavlja odnos Sirine ili precnika dijagonale prema Sirini pojasa. Svi ¢vorovi su
ispunjavali zahtjeve standarda EN 1993-1-8 [3] i bili su izvedeni u centri¢noj

konfiguraciji.
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Slika 5: Uzorci 1zolovanih X ¢vorova.

SHS 100

300

X-Cvorovi su oznaceni na osnovu poprecnog presjeka dijagonala od kojih su
1zradeni. Prema tome, uzorci su oznaceni kao: X SHS 40-1, X SHS 40-2, X SHS 50-1,
X SHS 50-2, X SHS 60-1, X SHS 60-2, X CHS 40-1, X CHS 40-2, X CHS 50-1, X CHS

50-2, X CHS 60-11 X CHS 60-2, slika 5.
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Slika 6. Oznacavanje uzoraka.

X-¢vor, prikazan na slici 7, bio je instaliran u ispitnom ramu (I) 1 i1zlozen
koncentrisanoj aksijalnoj sili (II), nanesenoj na vrhu tapa ispune. Celija za mjerenje sile
(III), postavljena na vrhu ispune 1 registrovala je opterecenje koje je dolazilo od
hidrauli¢ne prese (I1) iznad. Ugibomjeri su kori§¢eni za mjerenje lokalnih pomjeranja na
povrSinama pojasa (1, 2). Nakon pozicioniranja uzorka u ispitnom ramu, primijenjeno je
pocetno predopterecenje od 0,5 kN, kako bi se omogucilo optimalno naleganje uzorka.
Zatim je optere¢enje povecavano inkrementalno, brzinom od 1 kN/min, pomocu
hidrauli¢ne prese, dok su uredaji za akviziciju podataka kontinuirano biljezili rezultate,
sve do pojave plastifikacije X-Cvora, definisane kao povecanje deformacija ¢vora bez
daljeg rasta opterecenja. Maksimalna deformacija ¢vora registrovana je u zoni kontakta

1zmedu pritisnute ispune 1 pojasa.

I
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Slika 7. Shema eksperimentalnog ispitivanja.




Eksperimentalna ispitivanja kako materijala tako 1 zavarenih ¢vorova su pokazala
da dolazi do znacajnog smanjenja napona na granici teCenja u ZUT-u, pri ¢emu je
zabiljezeno 1do 50% smanjenja u odnosu na osnovni materijal. Tvrdo¢a mjerena Vickers
metodom potvrduje ove nalaze, jer su minimalne vrijednosti tvrdoce locirane upravo u
neposrednoj blizini zavara. Deformacione slike dobijene metodom DIC ukazuju na
izrazenu lokalizaciju deformacija u ZUT-u, §to potvrduje hipotezu da je upravo ta zona

najosjetljivija na plasticne deformacije 1 lom.

Numericka analiza

Numericki modeli [51] su precizno simulirali ponaSanje zavarenith ¢vorova i
razvijeni su u racunarskom paketu ANSYS koris¢enjem metode konacnih elemenata
(MKE). Modeli su obuhvatili trodimenzionalno modelovanje zavarenih spojeva sa
preciznim definisanjem materijalnih osobina, uklju¢ujuci smanjenje ¢vrstoce u ZUT-u.

Zbog simetrije, modelovan je samo jedan kvadrant uzorka. Oslonac na liniji C—
C modelovan je kao oslonac sa sprijeCenim pomjeranjima u Y 1 X pravcu, dok je oslonac
na liniji B-B modelovan kao oslonac sa sprije¢enim pomjeranjem u X pravcu, $to je

prikazano na slici 8.
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Slika 8. Grani¢ni uslovi 1 uslovi simetrije.
U ANSYS modelu [51] posebno su modelovane zone uticaja toplote (ZUT) sa
efektima omeksavanja. Kod pojasa, ZUT 1 je definisana kao oblast preklapanja sa
dijagonalom, koja se prostire 20 mm sa obje strane dijagonale duz konture popre¢nog

presjeka pojasa.
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Kod dijagonale, ZUT 1 je predstavljala zonu duzine 20 mm od mjesta kontakta
sa pojasom. ZUT 2 je definisana kao dodatna zona $irine 10 mm, koja se nadovezuje na
ZUT 11 prostire se u oba elementa — 1 u pojas 1 u dijagonalu. Za opis ponaSanja materijala
u zonama ZUT 1 1 ZUT 2 koris¢eni su multilinearni dijagrami. Polozaji ZUT zona
prikazani su na slic1 9. Za modelovanje interakcija izmedu zavara 1 zona uticaja toplote,

kao 1 izmedu HAZ zona 1 osnovnog materijala, koriS¢eni su bonded kontakti.

TR 2 5000 (]

[ e

Slika 9. Materijalne zone.

U numeri¢koj analizi [51] koriS¢eni su solid konacni elementi tipa HEX20 sa
redukovanom integracijom. Ovi elementi karakteriSu se sa 20 ¢vorova, pri ¢emu svaki
¢vor ima tri stepena slobode, a elementi se mogu orijentisati u bilo kojem pravcu. Za
modelovanje ZUT 1 i SAV zone primijenjena su tri sloja, dok su za ZUT 2 zonu kori§¢ena
dva sloja elemenata. SAV zone su predstavljene pomoéu TET10 elemenata, koji imaju
10 ¢vorova, svaki sa tri stepena slobode, 1 mogu biti orijentisani u bilo kojem pravcu.

Sirina konac¢nih elemenata u ZUT 1 i SAV zonama iznosila je 2 mm, u ZUT 2
zonli 5 mm, u osnovnom materijalu u blizint ZUT zona 10 mm, dok je u ostatku
reSetkastog nosaca Sirina konacnih elemenata bila 20 mm, §to je prikazano na slici 10.
Zazor izmedu dijagonale 1 pojasa modelovan je na nacin da se prenos sile ostvaruje

isklju¢ivo preko zavara.
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Slika 10. Konaé:i eleme:ti SHS K ¢&vora.

Analizom rezultata, identifikovana su kriti¢na podrucja koncentracije napona 1
deformacija. Dobijeni rezultati su uporedeni sa eksperimentalnim mjerenjima radi
validacije modela. Analiza je pokazala visok stepen slaganja, ¢ime su modeli potvrdeni
kao pouzdani za dalje parametarske studije.

Analiticki model

Analiticko istrazivanje u okviru ove disertacije bilo je usmjereno na razvoj
pouzdanih i1zraza za proracun nosivosti zavarenih spojeva u aluminijumskim resetkastim
nosac¢ima. Imajuci u vidu da standard EN 1999-1-1 ne pruza dovoljno jasne smjernice za
projektovanje zavarenih spojeva kod aluminijuma, kori§¢eni su izrazi iz EN 1993-1-8
razvijeni za Celi¢ne konstrukcije, uz njihovu prilagodbu specificnostima aluminijumskih
legura 1 ponaSanju materijala u zoni uticaja toplote (ZUT).

Poseban fokus stavljen je na spojeve sa kvadratnim Supljim profilima (SHS), gdje
je dominantan mehanizam otkazivanja plastifikacija lica pojasa. Za razvoj izraza
koriS¢ena je energetska metoda u kombinaciji sa metodom plasti¢nih linija tecenja (yield
line method), kojom je identifikovano formiranje plasti¢cnih mehanizama unutar spoja.
Na osnovu toga definisana je funkcija unutra$njeg rada 1 eksternog rada, a uslov
ravnoteze kori§éen za izvodenje izraza za nosivost.

Da bi se obuhvatio efekat degradacije materijala u ZUT-u, uvedeni su redukcioni
koeficijenti definisani u EN 1999-1-1 koji koriguju grani¢ne vrijednosti ¢vrstoce u
analitickim izrazima.

Rezultati pokazuju da predlozeni analiticki modeli omogucavaju precizno
predvidanje nosivosti zavarenih ¢vorova, uz odstupanja manjim od £10% u odnosu na

eksperimentalne rezultate. Ovo potvrduje njihovu pouzdanost 1 pogodnost za prakticnu



primjenu, kao 1 za buduce unapredenje Eurokoda 9 u dijelu koji se odnosi na zavarene
¢vorove u aluminijumskim reSetkastim konstrukcijama.

Uporedna analiza prema Eurokod standardima

Standard EN 1999-1-1 trenutno ne nudi potpune metode za proracun zavarenih
¢vorova u aluminijumskim konstrukcijama kada su u pitanju efekti ZUT-a. U praksi se 1
dalje Cesto koristi standard EN 1993-1-8 razvijen za celicne konstrukcije. U ovom
istrazivanju, izvrSena je adaptacija postojecih izraza iz EN 1993-1-8 na osnovu
eksperimentalnih korekcija. Novi izrazi su kalibrisani na osnovu stvarnih podataka 1
preporucuju se kao dopuna postoje¢im normama.

Zakljucak

Istrazivanje je potvrdilo da zavarivanje znacajno uti¢e na smanjenje mehanickih
svojstava aluminijjumskih legura, narocito u ZUT-u. Na osnovu eksperimentalnih
ispitivanja, numericke analize 1 analitickog proracuna, predlozeni su novi analiti¢ki 1zrazi
za proraun zavarenih ¢vorova u skladu sa standardom EN 1999-1-1. Disertacija
doprinosi razvoju naucnih saznanja o ponaSanju zavarenih ¢vorova i ima prakticnu
primjenu u projektovanju laganih aluminijumskih konstrukcija u gradevinarstvu,
energetici, transportu 1 industriji.

Preporuke za buduca istrazivanja

Buduca istrazivanja treba da se fokusiraju na ponasanje spojeva pod zamorom,
kao 1 na primjenu naprednih tehnika zavarivanja poput trenjem-uslovljenog zavarivanja
(FSW) koje pokazuje manji uticaj na degradaciju mehanickih osobina. Takode, potrebno
Jje prosiriti istrazivanja na druge tipove legura 1 varijante geometrije ¢vorova, ukljucujuéi
prostorne ¢vorove 1 ¢vorove sa ekscentricitetom.

Znacaj 1 doprinos disertacije

Ova disertacija daje znaCajan doprinos razumijevanju ponaSanja zavarenih
aluminijumskih ¢vorova kroz razvoj numerickih modela 1 analiti¢kih 1zraza za proracun
nosivosti koji su verifikovani rezultatima eksperimentalnog ispitivanja realnih
konstrukcija. Novi izrazi za prora¢un nosivosti uzimaju u obzir degradaciju materijala u
ZUT-u, ¢ime se postize veca sigurnost 1 tacnost u projektovanju. Rezultati ovog rada
mogu se direktno primijeniti za projektovanje aluminijumskih resetkastih konstrukcija.

Naucna oblast: Gradevinarstvo

Uza naucna oblast: Konstrukcije
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Abstract

The growing demand for lightweight, corrosion-resistant, and sustainable construction
materials has led to the increased use of aluminum alloys in civil engineering. Among
the structural applications, aluminum truss systems offer significant advantages in terms
of reduced self-weight, durability, and simplified installation processes. However, the
adoption of aluminum structures in construction sector remains limited due to a lack of
comprehensive understanding of welded joint behavior—particularly in the heat-affected

zone (HAZ), where significant material degradation occurs as a result of welding.

This doctoral research aims to systematically investigate the mechanical performance of
welded planar joints in aluminum truss structures, with a focus on quantifying the
strength reduction within the HAZ and developing reliable predictive models. The study
integrates experimental, numerical, and analytical approaches to assess the structural
behavior of welded joints composed of square (SHS) and circular (CHS) hollow section
profiles. Particular attention is given to evaluating joint configurations commonly

encountered in lattice girders, such as X and K joints.

The experimental component of this research was conducted in collaboration with the
Faculty of Civil Engineering at the University of Montenegro and the Chair of Metal
Structures at the Technical University of Munich. It involved the fabrication,
instrumentation, and testing of full-scale welded aluminum truss specimens using EN
AW-6082 T6 alloy. Mechanical characterization included tensile testing, Vickers
hardness testing, and Digital Image Correlation (DIC) to capture localized strain
distributions and identify plastification in the HAZ. In parallel, finite element models
were developed using ANSY'S software to simulate joint behavior under realistic loading

conditions. These models were calibrated and validated using the experimental data.

Analytically, the research builds on and extends existing steel-based design provisions
found in EN 1993-1-8, adapting them to the context of aluminum welded joints by
incorporating reduction factors for the HAZ, modified yield-line models, and
deformation-based limit states. The study examines chord face plastification failure
mechanisms, and correlates them with geometric parameters including the brace-to-

chord width ratio (B) and thickness-to-width ratio.
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The results demonstrate that conventional design approaches underestimate the effects
of welding in aluminum structures and may lead to unconservative predictions if HAZ
softening 1s not accounted for. Experimental findings show up to 50% reduction in yield
strength within the HAZ compared to the base material, consistent with previous studies
yet quantitatively refined through extensive testing. Numerical simulations and analytical

models presented herein provide improved predictive accuracy and design reliability.

This research contributes to the body of knowledge by proposing practical design
recommendations and validated analytical expressions tailored to welded aluminum
joints. These findings support the enhancement of Eurocode 9 (EN 1999-1-1) and
promote safer, more efficient utilization of aluminum in structural engineering. The work
1s particularly relevant for applications involving long-span roofs, transport
infrastructure, offshore platforms, and prefabricated systems in corrosive or hard-to-
access environments. Ultimately, the study offers a pathway for integrating aluminum

more confidently into modern load-bearing structural systems.

Scientific area: Civil Engineering

Specific scientific area: Structures
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1 Introduction

1.1 Background and motivation for this research

Aluminum structures [1] are used in modern construction due to their low weight,
corrosion resistance, and aesthetic qualities. They are particularly important in the
construction of lightweight truss structures, where they enable a reduction in the overall
mass of the building and an increase in load-bearing capacity, while simultaneously
offering material savings and reduced maintenance costs. However, one of the major
challenges in designing and constructing aluminum structures is the reliable assessment

of the mechanical behavior of welded joints, especially in the heat-affected zone (HAZ).

Welding is one of the methods commonly used for joining aluminum structural elements,
but it simultaneously causes local changes in microstructure and mechanical properties
due to heat input. These changes can significantly reduce the load-bearing capacity of

the joints and affect the overall stability of the structure.

The objective of this research is to thoroughly investigate the mechanical behavior of
welded planar joints in aluminum truss structures through experimental, numerical, and
analytical methods. The expected results will contribute to a better understanding of the
impact of welding on the load-bearing capacity of joints, which can have direct

implications for improving European standards for the design of aluminum structures.

Furthermore, there is a significant need for the development of reliable calculation
methods that will enable more efficient use of aluminum in construction. The use of
numerical models based on the finite element method provides the opportunity for more
accurate assessment of joint capacity and optimization of their shape and dimensions.
Experimental testing is necessary to verify the numerical models and ensure their

applicability in real-world conditions.

This research will also contribute to the development of a practical guidelines for the
implementation of Eurocode EN 1999-1-1, specifically in the section related to the
design of welded joints in aluminum truss structures. This will enable designers and
engineers to perform more reliable and efficient design of aluminum structures. In this
way, the work will provide a broader scientific and practical contribution, improving the

safety and economic viability of aluminum structures.
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1.2 Significance of the research on welded aluminum joints

Welded joints in aluminum structures are critical elements in the transfer of loads and the
overall stability of the structures. Their mechanical properties directly affect the safety
and reliability of structures used in various engineering fields, including construction,
transportation, energy, and aerospace industries. Research into welded aluminum joints
1s particularly significant due to their sensitivity to thermal changes during welding,

which leads to alterations in the microstructure and mechanical properties of the material.

One of the major challenges in welded aluminum joints is the softening of the material
in the heat-affected zone (HAZ), which can cause a significant reduction in the load-
bearing capacity of the structure. Understanding the behavior of these joints under load
1s crucial for optimizing welded aluminum structures and developing relevant standards

that will make them more competitive in the market.

Further research in this area contributes to the development of more accurate numerical
models based on the finite element method (FEM), which enable the prediction of welded
joint behavior under real conditions. Experimental testing is essential for validating these
models and developing reliable design recommendations. The results of this research
could have applications in improving Eurocodes and national standards for the design of

aluminum structures.

Moreover, the significance of this research extends to the economic aspect. Improved
efficiency of welded joints could lead to reduced material costs, increased durability of
structures, and lower maintenance requirements. This is especially important in areas
where structures are subjected to high loads and extreme conditions, such as bridges,
platforms, long-span structures in inaccessible locations, and constructions exposed to

aggressive environments.

Ultimately, research into welded aluminum joints enables advancements in the safety,
durability, and sustainability of modern structures. The development of new methods to
improve the performance of these joints contributes to the broader acceptance of

aluminum as a construction material in the modern engineering.
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1.3 Objective of the research

The objective of this research is to define clear guidelines and recommendations that
enable a reliable, efficient, and rational interpretation of the load-bearing capacity of

planar joints in aluminum truss structures.

This objective was achieved through a detailed analysis of the mechanical behavior of
welded aluminum joints in truss structures using experimental, numerical, and analytical
methods. The focus of the research is on understanding the impact of welding on the
reduction of load-bearing capacity in the heat-affected zone (HAZ) and the optimization
of design methods for a more reliable application of aluminum as a construction material

in civil engineering.
The main aspects of this research include:

o Experimental testing of welded aluminum joints to determine changes in

mechanical properties, particularly in the HAZ.

e Development of numerical models based on the finite element method (FEM) for

analyzing the stress-strain state of welded joints.

e Validation of numerical models through experimental results and the

development of improved methods for predicting the behavior of welded joints.

e Formulation of design recommendations for welded aluminum planar joints in
accordance with existing codes and standards, with the potential for enhancing

Eurocode 9 (EN 1999).

The results of this research will contribute to a better understanding of the behavior of
aluminum alloys during and after welding, optimizing and increasing the safety and
efficiency of aluminum structures. The ultimate goal is to improve engineering practices
in the design and execution of aluminum truss structures through reliable experimental

and numerical methods.

1.4 Hypothesis

The load-bearing capacity of welded planar joints in aluminum truss structures can be
more precisely defined by redefining the expressions for the load-bearing capacity of

welded joints in steel structures defined in the EN 1993-1-8.
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1.5 Methods and research plan

The research methodology encompassed the application of analytical, numerical, and

experimental methods (Fig. 1), which included:

Collection and systematization of available literature and data on previous

research in this field.

Field research through practical experience at the Institute for Civil Engineering
d.o.o., focusing on the most common aluminum joints in practice and the use of

aluminum structures in Montenegro.

Numerical modeling of joints using the ANSYS software package, applying the

finite element method.

Experimental testing of truss joints of aluminum structures in the laboratory of
the Faculty of Civil Engineering, University of Montenegro, and at Chair of Metal

Structures at the Technical University of Munich.
Statistical data processing.

Analytical modeling of joints according to the Eurocode for joints in steel truss

structures.

Analysis of the results obtained from the experiments, numerical method results,

and the analytical model according to the Eurocode.

Synthesis of the obtained results and conclusions in the form of guidelines for the

design of joints in aluminum truss structures.

GATHERING DATA AND ANALYSIS OF LITERATURE

! ! !

EXPERIMENT — | NUMERICALMODEL |—* | ANALYTICAL MODEL

| | }

1. DESIGN PROCEDURES FOR CALCULATION OF WELDED ALUMINIUM LATTICE GIRDERS;

OUTCOMES:

2. ANALYTICAL EXPRESIONS DERIVED FROM EN 1993 part 1-8 WHICH ARE
APPLICABLE FOR ALUMINIUM WELDED JOINTS

Fig.1: Research plan
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2 General information on aluminum structures

Pure aluminum [2], as a material, does not possess strong mechanical properties;
however, when combined with other metals as alloying elements (Zn, Mg, Si, and Cu),
it can achieve mechanical properties comparable to steel, while being approximately 2.5
times lighter than steel. The volumetric mass of aluminum alloys ranges from 2600 to

2800 kg/m?®.

Aluminum and its alloys, due to their physical and mechanical characteristics, have
significant applications in all areas of industry: food processing, electrical industry for
the production of power cables and overhead lines, automotive and aerospace industries,

and, of course, in construction as a building material.

Aluminum alloys can achieve a tensile strength of up to 500 MPa (7000 series) , making
them comparable to high-quality steel. Additionally, aluminum alloys are known for their
exceptional resistance to corrosion. The recycling of aluminum is a simple and cost-
effective process, which makes it an environmental frendly material in the construction
industry (EN 1999-1-1:2019, Eurocode 9: Design of Aluminum Structures - Part 1-1:

General Rules).

Aluminum and its alloys also demonstrate remarkable resistance to brittle fracture at low
temperatures [3]. The tensile strength of aluminum alloys does not depend on the
duration of exposure to low temperatures, nor is it reduced when the temperature
increases again. The increase in tensile strength of aluminum alloys at low temperatures

1s negligible up to -50°C but rises significantly at temperatures below -100°C [3].

Aluminum structures are 70% lighter compared to a reference steel structure and 90%
lighter than reinforced concrete structures. This weight saving is possible and depends
on the ratio of permanent and variable loads. The greater the ratio of permanent to
variable load, the greater the weight savings [2]. High-span structures with a large
permanent-to-variable-load ratio are the main candidates for the rational (cost-effective)

use of aluminum as a structural material [2].

As a metal, aluminum has good corrosion resistance compared to steel. A prime example
of its corrosion resistance is the roofing of the dome of St. Jacob's Church in Rome,

which represents one of the first uses of aluminum in construction. The thickness of the
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aluminum sheets on the roof is 1.25 mm, and after more than 110 years, the thickness of
the sheet has decreased by only 0.13 mm. The primary reason for aluminum's good
resistance to corrosion is the layer of aluminum oxide that always forms on the surface

of the element exposed to atmospheric conditions [2].

As the first major structural project in civil engineering to utilize aluminum as the
primary construction material, the Arvida Aluminum Bridge, completed in 1950 in
Saguenay, Québec, marked a significant milestone in the field. This groundbreaking
achievement marked a significant departure from traditional steel-based structures,
showcasing aluminum's potential in large-scale infrastructure projects. Spanning 153.6
meters over the Saguenay River, the bridge features a 91.5-meter parabolic arch, which
demonstrated the material's capabilities in long-span applications. The use of aluminum,
specifically the Alcan 26S-T alloy, resulted in a bridge that weighed only 163 t —
approximately half the mass of a comparable steel bridge—thus reducing the overall dead
load and improving seismic performance. This innovative project highlighted the
advantages of aluminum, leading the way for its broader adoption in civil engineering

applications globally [4].

Fig. 2: Arvida Bridge

Due to its softness, complex shapes can be produced in the manufacturing process
without complex technology through casting or extrusion. This allows fast production of
wide range of profiles in various sizes, which is advantageous for designers when

selecting the appropriate profile during the design process [2].

In construction, aluminum alloys are used for [1]:
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e Roof structures for medium and large spans;

e Facade constructions;

e Structures in aggressive environments;

e Structures with moving parts (pontoon bridges, movable bridges);

e Structures for storage and transport of materials that aggressively affect steel

(tanks, pipelines...);

e Structures located in hard-to-reach areas that are difficult to maintain

(lighthouses, overhead power lines...);
e Structures in areas with extremely low temperatures;
o Prefabricated and demountable structures for various purposes;

o Existing structures where an increase in variable load is anticipated.

2.1 Disadvantages of aluminum construction applications

Although construction [5] with aluminum alloys as structural material offers numerous
advantages, its application in engineering practice faces several challenges, particularly
in terms of experience in design and execution. While aluminum alloys can achieve
tensile strengths comparable to steel, their elastic modulus is significantly lower, and this
limitation cannot be corrected. The elastic modulus of aluminum alloys ranges from 69
GPa to 72 GPa, which may affect the design of structures that require high bending and
stress forces. However, through intelligent design, optimizing the material's strength in
tension and compression, and limiting exposure to bending, it is possible to design
structures with structural integrity comparable to those made of steel. The use of hollow
profiles, such as tubular and box profiles, reduces exposure to bending and torsional
deformation, while maintaining the dominant influence of first-order effects from tension

and compression.

Another challenge is the development of weakened zones during welding, particularly in
the heat-affected zones (HAZ) in many aluminum alloys. These zones can reduce the

load-bearing capacity of the structure by up to 50%. However, alloys in the O temper
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(annealed state) and T4 temper (solution-annealed, naturally aged) do not exhibit these

weaknesses, making them more suitable for certain applications [6].

Corrosion of aluminum [2] and its alloys is also possible. Atmospheric corrosion can
occur due to the action of rain or condensation, forming an electrolyte in a very thin layer
on the metal surface, which may lead to the breakdown of the aluminum oxide passive
layer. However, this process is typically short time, as there 1s usually enough oxygen to
reactivate the oxidation process and restore the passive oxide layer. The most common
form of atmospheric corrosion is pitting corrosion, which typically occurs in industrial

and coastal areas.

Galvanic (contact) corrosion [2] occurs when aluminum comes into contact with a metal
that has a different electrochemical potential. In the presence of an electrolyte, a galvanic
current is generated, leading to the degradation of the electrochemically negative
material. This type of corrosion often occurs when aluminum comes into contact with
steel, and such joints must be specially treated. To reduce galvanic corrosion, it is
recommended to carefully select materials whose contact will not lead to corrosion, apply
protective coatings, and use materials such as zinc, cadmium, and magnesium in

aggressive environments.

2.2 Aluminum alloys

Aluminum alloys are classified into two main groups: wrought alloys and cast alloys [7].
Wrought alloys are mechanically processed to achieve the desired shape, while cast
alloys are melted and poured into molds that define their shape. Additionally, alloys can
be further categorized based on their primary alloying element. In construction, the most
commonly used alloys are those containing alloying elements such as copper (Cu),

manganese (Mn), silicon (S1), magnesium (Mg), and zinc (Zn).

Aluminum alloys [7] can also be classified into heat-treatable and non-heat-treatable
categories. Heat-treatable alloys include compositions such as Al-Mg-Si and Al-Zn-Mg,
while non-heat-treatable alloys are typically those containing manganese and magnesium
[7]-

Given the wide variety of aluminum alloys, a standardized nomenclature system is

essential. In the European Union, the EN 573-1 [8] regulation provides this system,
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consisting of four parts. The system uses a four-digit numerical code with the prefix EN

AW (Aluminum Wrought). "EN" refers to the European standard, "A" indicates

aluminum, and "W" stands for wrought. The first digit in the code identifies the dominant

alloying element, while the remaining digits provide further details about the alloy's

properties.

Table 1. presents the cast and wrought alloys based on their alloying elements and their

corresponding designations according to the EN 573-1 standard [8]. Wrought alloys are

shown 1n bold letters, while cast alloys are displayed in italics [8].

Tab.1: Composition of Aluminum Alloys by Alloying Elements [8].

Mn Mg Si Zn Cu
Mn AlMn
3xxx
Mg AlMgMn AlMg AlMgSi
5xxx 5xxx 6XXXX
Si AlSiMg AlSi AlSi/Cu
6xXX 4xxx 4xxx
Zn AlZnMg
AlZnMgCu
XXX
Cu AlCuMg AlCu
2XXX 2XXX

According to EN 573-1 [8], wrought aluminum alloys are grouped into the following

series, designated “EN AW,” where the first digit denotes the principal alloying element:

EN AW 1xxx — Aluminum (Al)

EN AW 2xxx — Copper (Cu)

EN AW 3xxx — Manganese (Mn)

EN AW 4xxx — Silicon (Si)

EN AW 5xxx — Magnesium (Mg)
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o EN AW 6xxx — Magnesium and silicon
e EN AW 7xxx — Zinc (Zn)
e EN AW 8xxx — Other elements

Alloys in the EN AW 6xxx series contain magnesium and silicon in proportions that form
the Mg.Si phase. They combine good corrosion resistance, weldability, and
machinability, although their ultimate strength is lower than that of the 2xxx and 7xxx

series. Consequently, they are widely employed as structural materials in construction [7,

8].

According to EN 1999-1-1 [6], aluminum alloys are further classified into three
durability categories—A, B, and C—based on their expected service life. Assigning the
correct durability category is essential for specifying appropriate protective measures for
the structure. In cases where multiple alloys of differing durability categories are used in
the same structure, the alloy with the lowest durability classification determines the

required protection level.

It is also necessary to distinguish alloy designations by their temper or condition; see

Table 2 for details [6].

Tab.2: Temper (Condition) Designations for Aluminum Alloys [6].

Designation | Meaning

F As-fabricated — No deliberate thermal or mechanical treatment

performed after initial fabrication.

O Annealed — Heat-treated to achieve the lowest strength, maximum

ductility, and optimum dimensional accuracy.

H Strain-hardened (cold-worked) — Strengthened by plastic deformation

at ambient temperature.

T Heat-treated — Subjected to thermal processes (sometimes combined
with cold working) to develop a stable temper through artificial or

natural aging.
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W Solution-heat-treated — Solution annealed and quenched to produce a
supersaturated solid solution, typically followed by natural aging to

reach temper stability.

In the annealed condition (O), three sub-designations—O1, O2, and O3—are defined,
corresponding to increasing degrees of annealing and ductility [10]. Strain-hardened
tempers (H) carry one to three numerical digits after the “H” symbol (e.g., H1, H116),
indicating the extent and sequence of cold working; these designations apply exclusively
to non-heat-treatable alloys [10]. Heat-treated tempers (T) denote alloys that have
undergone solution heat-treatment and quenching, often followed by artificial or natural
aging, and may also include subsequent cold deformation steps to achieve the final
temper [10]. Table 3 summarizes the principal metallurgical temper designations for

aluminum commonly used in structural engineering applications [6].

The metallurgical temper designations used for aluminum in structural applications [6]

are summarized in Table 3 below, along with their meanings:

Tab.3: The metallurgical temper designations used for aluminum in structural applications [6]

Temper | Description

H111 Annealed through appropriate working procedures, with a slight degree of

cold work.

H12 Hard wrought — 1/4 hardened.

H14 Hard wrought — 1/2 hardened.

H18 Hard wrought — 4/4 hardened. (fully hardened)

H22 Strain hardened and partially aged — 1/4 hardened.

H32 Strain hardened and stabilized — 1/4 hardened.

H42 Strain-hardened and painted or lacquered - 1/4 hardened.

T4 Solution-heat-treated and naturally aged.
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T5

Cooled from an elevated temperature shaping process and then artificially

aged.

T6

Solution heat-treated and then artificially aged.

T61

Solution-heat-treated and intentionally under-aged to improve machinability

(not fully artificially aged).

Te6

Solution heat-treated and then artificially aged - mechanical property level
higher than T6 achieved through special control of the process (6000 series
alloys).

T651

Solution heat-treated, stress-relieved by controlled stretching (permanent set
0.5% to 3% for sheet, 1.5% to 3% for plate, 1% to 3% for rolled or cold-
finished rod and bar, 1% to 5% for hand or ring forging and rolled ring) and
then artificially aged. The products receive no further straightening after

stretching.

T7

Solution heat-treated and then artificially overaged.

These temper designations ensure that engineers select the appropriate combination of

strength, ductility, and dimensional stability for aluminum structural components. The

criteria for selecting the appropriate alloy are summarized in Table 4, based on load-

bearing capacity, weldability, corrosion resistance, machinability, and finish quality.

Tab. 4: Selection criteria for aluminum alloys based on mechanical, fabrication, and durability properties

(%]

Criterion Deformation-hardened Age-hardened

Ixxx 3xxx 5xxx 6xxx 2XXX TXXX
UTS (MPa)* 50-150 | 100-260 | 100-340 | 150-310 | 300-450 | 320-600
TIG/MIG Allowed | Allowed | Allowed | Allowed | Not Not
welding allowed | allowed
Anodizing Allowed | Not Allowed | Allowed | Not Not
(surface finish) allowed allowed | allowed
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Corrosion Good Good Very Very Poor Poor
resistance good good
Extrusion Good Good Poor Very Poor Poor
machinability good

* UTS = Ultimate Tensile Strength

The EN AW-6xxx series is by far the most widely used group of aluminum alloys in
structural engineering, owing to its excellent combination of formability, strength, and
corrosion resistance. These alloys respond exceptionally well to thermo-mechanical
processing (rolling, extrusion, and forging) and maintain high resistance to atmospheric
and salt-water corrosion. In addition, they exhibit good weldability under gas-tungsten
arc (TIG) and brazing processes, and they can be cold-formed (for example, bending or
deep-drawing) in both the fully annealed (O) and the solution-annealed, naturally aged
(T4) conditions [2].

Magnesium and silicon are the principal alloying elements of the 6xxx series.
Magnesium lowers the melting point to approximately 541 °C, increases overall strength,
and improves corrosion resistance in marine environments, while silicon further reduces
the melting point and enhances ductility. Together, these elements form magnesium

silicide (Mg:S1), which enables the series’ characteristic age-hardening response [9].

Because 6xxx alloys achieve their best mechanical and physical properties through a
controlled sequence of solution heat-treatment, quenching, and artificial aging, they fall
into the category of thermo-mechanically treatable alloys [10]. Artificial aging 1s
typically conducted at temperatures between 100 °C and 200 °C, with each step of the
process—solution annealing, quenching, and aging—having a direct and predictable

effect on the final strength, toughness, and dimensional stability of the alloy.

2.3 Mechanical properties

The elastic (Young’s) modulus of pure aluminum is 69 GPa, with typical aluminum alloys
ranging from 69 GPa to 72 GPa; hence, a value of 70 GPa is conventionally adopted for
structural calculations. This stiffness is roughly one-third that of conventional structural
steel, which means aluminum-alloy members exhibit significantly greater elastic

deflections and are more prone to both local (e.g., flange or web buckling) and global
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(e.g., overall member or frame instability) failure modes under equivalent loading

conditions [11].

Tab.5: Comparison of Aluminum and Steel Properties [11]

Property Aluminum Steel
Density, p [kg/m?] 2700 7 850
Melting point [°C] 658 1 450-1 530
Coefficient of linear thermal expansion, a [K™] 24 x10°¢ 12 x 1076
Specific heat capacity, ¢ [cal - g! - °C™!] 0.225 0.12
Thermal conductivity, k [cal - cm™ - s7! - °C™!] 0.52 0.062
Electrical resistivity, p. [LQ - cm] 2.84 15.5
Young’s modulus, E [N/mm? (MPa)] 68 500 206 000

Aluminum’s lower density and melting point, combined with its higher thermal
expansion and conductivity, distinguish it sharply from steel. Its significantly lower
Young’s modulus (about one-third compared to the steel) also drives the need for careful

consideration of deflections and stability in aluminum structures.

The true Poisson’s ratio for aluminum is approximately 0.33, higher than the commonly
adopted value of v =0.30, which was first measured in a 1948 Cambridge study [12]. The

shear modulus for aluminum alloys i1s G = 27 GPa[6].

Yield strength varies widely across aluminum alloys, from as low as about 10 MPa for
commercially pure aluminum to nearly 500 MPa for high-strength 7xxx-series alloys.
Because aluminum’s stress—strain response is distinctly nonlinear, a clear yield “knee” is
often absent. For design, therefore the conventional 0.2 % offset yield strength is used,

fo, defined in EN 1999-1 as the stress at which 0.2 % permanent (plastic) strain occurs
[6].

According to EN 1999-1-1 [6], the complete stress—strain curve for aluminum alloys 1s

approximated by the Ramberg—Osgood expression:
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where n is the strain-hardening exponent that governs the curvature of the stress—strain
curve in the post-yield region. The value of n depends on the specific alloy and temper,

and 1s typically tabulated alongside other mechanical properties.

In Fig. 3, experimentally measured c—¢ curves for aluminum alloys 7020 T6 and 6060

T5 are compared with those of steels C0561 and C0361 [13].
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Fig.3: True Stress—Strain Curves of Aluminum Alloys EN AW-7020 T6 and EN AW-6060 TS Compared
to Steels C0561 and C0361 [13]

Fig. 4 illustrates a family of Ramberg—Osgood curves for different values of n. These

comparisons underscore both the lower stiffness and the more gradual yield transition

characteristic of aluminum alloys, forming more accurate deformation and stability

assessments in structural design [6].
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Fig.4: Ramberg-Osgood model of the 6—¢ curve [6]

(1

(2)

Fig. 5 presents the elastic modulus E and corresponding load-bearing parameters for
aluminum alloys EN AW-5083 and EN AW-6082, both within the heat-affected zone
(HAZ) and in the base material outside the HAZ [14]. These data illustrate the reduction

in stiffness and strength induced by welding, quantifying the drop in the Yield and

Ultimate Strength within the HAZ compared to unaffected regions. Such comparisons

are essential for accurately modelling welded connections and ensuring the safety and
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Fig.S: Stress—Strain Curves for EN AW-5083 HI111 and EN AW-6082 T6 [14]

2.4 Hollow-section truss girders

Hollow-section trusses are widely used in both bridge and building construction for

elements such as stiffeners, roof beams, floor girders, crane runways, and bracing

systems. These hollow-section structures (HSS — Hollow Section Structures) employ

circular (CHS), square (SHS), or rectangular (RHS) hollow sections. Compared to

traditional hot-rolled open-section trusses, HSS trusses offer several key advantages [15]:

Enhanced load capacity: Hollow sections have uniform geometric properties about
both principal axes, and they exhibit significantly higher axial compressive

strength than comparable open profiles.

Material efficiency: The uniform mass distribution around the centroid reduces
slenderness for a given span and loading, often yielding up to a 25 % weight
saving. Larger radu of gyration in HSS profiles contribute to lower effective

slenderness and lighter members.

Reduced aerodynamic drag: The streamlined cross-section of hollow profiles

minimizes wind, water, and wave loads compared to open-section members.

Space for infill: Filling the interior of a hollow section with concrete can increase

both fire resistance and load capacity without altering the external dimensions.

Corrosion-protection savings: With up to two-thirds less perimeter than equivalent
open sections, HSS members require up to 40 % less coating area, reducing

maintenance costs.

Faster installation: Lighter, compact sections simplify handling, transport, and on-

site assembly relative to conventional truss elements.

Statically, hollow-section trusses are most often modelled as simply supported or

continuous beams. Their depth depends on span, loading, and allowable deflection; a

span-to-depth ratio of 10-15 is typically recommended.

When designing aluminum HSS trusses, particular attention must be paid to the ultimate

strength of both tension and compression members, stability against local and global
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buckling, the behavior of welded connections, and the effects of welding heat on member

capacity.

2.5 Welded connections

The simplest method for connecting elements in a truss structure made of hollow section
profiles is direct welding of brace members to the chord members. In addition to this,
connections with welded gusset plates attached to the chord allow the use of bolts within

the truss joint as an alternative fastening method [16].

Welded joints in truss structures composed of hollow sections can be categorized as

follows [17], [18]:

e Direct connections — either unreinforced or reinforced — where brace members

are welded directly to the chord.

o Indirect connections, where both chords and brace members are connected via an

intermediate gusset plate, using bolts, rivets, or welds.

Due to the unique material behavior of aluminum alloys—except those in the annealed
(O) or T4 temper conditions, the calculation of welded connections in aluminum is not
specifically covered in EN 1999-1-1 [6]. Instead, designers often rely on the provisions
given in EN 1993-1-8 [19], which is the design standard for welded connections in steel
structures. This standard defines the most common joint types and serves as a reference

for aluminum by analogy.

Compared to indirect welded joints, directly welded connections provide greater
structural integrity and technical safety. The force transfer occurs directly from one
member to another, whereas in indirect welds, the force path is routed through a gusset

plate [21].

Based on the geometry of the connected members, direct welded joints (Fig. 6) are

typically classified into:
e Planarjoints: X, T, Y, N, and K joints;
e Special joints: KT, DK, DY joints;

e Spatial joints: XX, TT, KK joints [21].

39



DK KT DY
il ) i | v
ﬁ X Y W & 2 Nk
> | |
| N | LL
== =5 5
Planar joints Special joints

KK XX TT

= =i ==
Spatial joints

Fig.6: Welded joints geometrical configurations [21]

The configuration of a welded joints, beyond its geometric form, also depends on
parameters such as gap (+g), overlap (A = —g), eccentricity (+e), and the inclination angle
of the brace members (6;), as well as the internal force distribution within the joint (Fig.
8) [21]. This can be illustrated through typical examples of K-, Y-, and X-type joints (Fig.
7).

0.5 N/sin® 0.5 N/sme
\ 100% / \ 100%

N/K m&%

100%
N K
\ = 100%

Fig.7: Welded Joint Configurations [21]
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Fig.8. Geometric Parameters Required for Determining Joint Load Bearing Capacity [21]

The joint eccentricity (+e) arises from the formation of a gap between adjacent brace
members or their overlap, typically introduced to increase the joint’s resistance or to meet

fabrication requirements (such as straight cutting) [21].

Eccentricity is considered positive (+e) when the centerlines of the brace members
intersect below the axis of the chord member. Conversely, it is negative (—e) when the

intersection occurs above the centroidal axis of the chord member [21].
The permissible eccentricity range is defined as:
—0.55dp<e<0.25do
where dy 1s the outer diameter of the hollow section [21].
Failure Modes and Analytical Failure Models for Hollow-Section Joints

The resistance of a joint section can be assessed using several design criteria, the most

commonly applied being:
e (a) Ultimate limit state (ULS)
e (b) Deformation limit state
e (c) Visual identification of cracks

The ultimate limit state is typically well defined for members under compression, where
the stress—strain (o—¢) diagram shows a clear peak followed by a decline in strength with
increasing deformation [20]. However, for some welded connections, the 6-€ response
may not show a distinct peak. Instead, the strength may continue to increase with strain,
leading to a limit state defined by excessive deformation rather than a loss of strength

[21].
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To ensure safety in such cases, particularly for joints with limited ductility, the

compressive ultimate load is adopted as the governing design criterion [21].

To further control joint behavior, a deformation limit state is introduced, defined using
the width (bo) or diameter (do) of the chord member. Based on the work of Lu et al. (1994)

[22], widely adopted in current design standards, the following strain limits apply:
e 3% of bu for square (SHS) and rectangular (RHS) hollow sections
e 3% of'do for circular (CHS) hollow sections

These limits are based on the understanding that serviceability limit states, such as
surface cracking, are not critical in determining connection strength. It i1s assumed that

visible cracking will not occur under typical service conditions [21].

The deformation limit is typically assessed based on localized denting or bulging of the

chord at the intersection with brace members [21].
For serviceability limit, a more conservative strain limit is defined [21]:
e 1% of'bv for SHS and RHS profiles

e 1% of'do for CHS profiles

Pa%bo

P1 %bo

1%b. 9
obo 3%bo Adfimm)

Fig. 9: Adopted values for the serviceability and ultimate limit states [21]

2.6 Primary failure modes in hollow circular section joints

By analyzing how loads are transferred within a joint, it is possible to identify critical
failure locations and corresponding failure modes. These modes are governed by the local
stiftness distribution and material properties, which together determine the joint’s
behavior under load. The lowest load that causes failure at any critical location defines

the ultimate load-bearing capacity of the joint [21].

42



Experimental studies on the behavior of welded joints in truss girders composed of

hollow sections, notably those by Wardenier and Stark (1978) and Kurobane (1980/81),

have shown that the failure mechanism depends on several factors. These include the

type of joint, geometry and dimensions of the chord and brace members, key geometrical

parameters (B, v, T, g, Aov, 0), the type and magnitude of loading in the chord, and the

material quality of the steel used [7].

Depending on these variables, joint failure may occur through one or more of the

following mechanisms [21] (see Fig. 10):

Chord face plastification: Plastic failure of either the outer face of the chord or its

entire cross section due to concentrated loading from the brace;

Punching shear failure: Local shear rupture of the chord wall under the brace,
typically manifesting as a crack that leads to separation of the brace from the

chord;

Brace failure with reduced effective width: Fracture in the brace member itself,
often initiated by weld cracking or rupture due to a reduced effective area for load

transfer;

Chord shear failure: Overall shear failure of the chord cross section, particularly

under high axial or out-of-plane loading;

Local buckling: Instability and local deformation (buckling) of either the brace

or the chord wall in the region of the joint;

Chord sidewall or web failure: Localized yielding, crushing, or instability (e.g.,
denting or buckling) of the side walls or internal webs of the chord beneath
compressive brace loading—especially critical in thin-walled or heavily loaded

members.

These failure modes reflect the complex interaction between member geometry, loading

conditions, and material response, and must be carefully considered in the analytical and

numerical modeling of hollow-section joints.
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Fig. 10: Failure Modes in Truss Joints [21]

By adhering to the design recommendations and limitations outlined in [21], the
occurrence of certain failure modes can be effectively prevented. For instance, selecting
an appropriate weld size reduces the risk of weld cracking, while proper choice of the

diameter-to-thickness (d/t) ratio minimizes the possibility of local buckling.

The most common and cost-effective method for connecting square hollow sections is
through direct connections, without the use of end plates or additional fittings. This
approach also proves to be the most practical in terms of maintenance and corrosion
protection. Connections between box sections are straightforward to fabricate, as the
member ends only require flat cuts. However, despite their fabrication simplicity, the
load transfer within these joints is more complex, particularly when compared to circular

hollow sections, due to non-uniform stiffness distribution within the joint region [7].

Most observed failure modes can be directly associated with analytical models, which
provide a basis for evaluating the influence of various parameters on the joint’s load-
bearing capacity. As a result, a set of design rules has been established, grounded in both

analytical modeling and extensive experimental validation [7].

For rectangular and square hollow sections (RHS/SHS), it is essential to evaluate several

possible failure modes during structural design, as specified in [19]. These include:
o Local failure of the brace due to yielding or local buckling;
« Plastification of the chord face;
o Punching shear failure of the chord wall;

o Failure of the chord side walls;
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e Chord shear failure.

Due to the wide variety of geometric configurations and cross-sectional orientations
possible in RHS connections, multiple failure modes must often be considered. This
results in a more complex verification process. However, in square hollow section (SHS)

joints, it is often sufficient to check only one or two dominant failure mechanisms [19].
Typical failure modes [19] in RHS joints:

e Local brace failure usually occurs in joints with thin-walled braces and is

particularly common in overlapped joints;

e Chord face plastification is the most frequently observed failure mode in T, Y, X,
K, and N joints, especially when the width ratio B (brace width to chord width) is
less than 0.85;

e Punching shear failure of the chord wall can develop in joints with either very
low or very high B values. For this failure to occur, the brace width must exceed

a certain threshold relative to the chord face dimensions;

e Chord side wall failure typically appears in T, Y, and X joints, particularly when
B approaches or equals 1.0, which leads to increased loading on the chord walls

adjacent to the brace;

e Chord shear failure may arise in K-type joints with gaps, especially when f is
large, or in overlapped K joints where the chord has a low height-to-width ratio

(ho / bo).

Analytical models are used for RHS connections to represent the joint’s mechanical
behavior and define the key parameters that govern its capacity. These models are based
on a combination of experimental testing and semi-empirical equations, which have been
developed to accurately predict the load-bearing capacity of hollow-section joints. The

corresponding design parameters and limit values are summarized in Tab. 5 [19].

To determine the load-bearing capacity of rectangular hollow section (RHS) joints,
several analytical failure models are employed, as summarized in Tab. 6 [19]. Each model

corresponds to a specific failure mechanism observed in experimental testing [19]:
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e Yield Line Model: Used to evaluate joint capacity based on the plastification of

the chord face;

e Punching Shear Model: Assesses failure due to shear rupture of the chord wall

beneath the brace;

e Local Brace Failure Model: Captures local yielding or buckling of the brace

member, typically in joints with thin-walled elements;

e Chord Side Wall Bearing or Buckling Model: Evaluates the stability or bearing

capacity of the chord side walls under concentrated loading;

e Chord Shear Model: Accounts for overall shear failure of the chord cross-section

under high in-plane loading.

For square hollow section (SHS) joints—within a defined range of applicability—the
joint resistance can typically be assessed using a single analytical model, as outlined in

Tab. 7. [19].

It this case, yield line model is the primary model for determining the capacity of SHS

Jjoints, based on the formation of yield lines and chord face plastification [19].

These models provide the foundation for rational joint design and are integrated into

current design codes through semi-empirical equations calibrated against experimental

data.
Tab.5: Validity Range for T, Y, X, and K Joints with CHS and RHS Braces [19]
Parameter T, Y, or X Joints K Joints with Overlap
Brace-to- RHS brace: b/bo > 0.1 + 0.0lbo/to or > 0.25

Chord Width | CHS brace:  di/do > 0.1 + 0.01do/to and 0.25 < di/bo < 0.80
Ratio

RHS Chord | Compression: class 1 or 2 and bo/to < 40, hote < 40
Tension: bo/to < 40 and ho/te < 40
RHS Brace Compression: class 1 or 2 and b/tt < 40, h/tt < 40

Tension: bi/t; <40 and hi/t; <40

CHS Brace Compression: class 1 or 2 and d/tt < 50
Tension: d/t; < 50
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Gap N/A

0.5(1 = B)bo — g < 1.5(1 — B)bo
andg>ti+t

Eccentricity | N/A

e < 0.25ho

Height-to- 0.5<h/b;<2.0

f, < 0.8f,, f; <460 N/mm? (use
0.9 reduction factor if 355 <f,
<460 N/mm?)

Width Ratio

Brace Angle | 6,>30°
Yield fi<fo
Strength

Limit

Note: For CHS braces, multiply the above capacities by n/4 (except for the chord shear

criterion), and replace b, and h, with d, (1 =1 or 2).

Tab.6: Load-bearing capacity for K and N Joints [19]

Joint Type Load-bearing capacity (1= 1 or 2)
K and N Joints with Chord Face Plastification:
Gap

_ 8.9 . kn . fy() . toz\/Y (bl + bz + h1 + hz)
i,Rd — Sinej 4 . bO /YMS

Chord Shear:
fyo - Ay
N . T e—
LRAT3 sing, /yms

Nora = [(Ao — Ay) - fy0 + Ay -fy0o

'\/(1 — (fub / fu)»] / Yms

Brace Member Failure:

N,Rd = f},; - (2h, — 4t, + b, + be,r) / M5

Tear-Out Failure (for f < (1 — 1/y)):
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fyo to ( Zhl

\/3 ‘Sinei SinGi + bi + be: P) /YMS

Nirda =

For CHS brace members, multiply the above load-bearing capacities with n/4. Replace

b1 and h: with di, and b2 and h2 with d2, except in the case of chord shear resistance.
Ay = (2ho + a-bo)to

For square or rectangular brace members:

a=1/(1+ (4g?/ 3be?)), where g is the gap

For CHS brace members: a =0

Effective width:

b= (10/bo) - (fo/ f,,)) - b, (limited to b,)
b,, = (10/bo) - (fe/ f,,) - b, (limited to b,)

For coefficient ky:
If n > 0 (compression): ks = min(1.3 — 0.4n /B, 1.0)
If n <0 (tension): k, = 1.0

Tab.7: Design Resistance for T, Y, X, and K/N Joints (Overlap and Gap) [19]

Joint Type Design Resistance (1 = 1 or 2, j = overlapped

brace)

T, Y, and X Joints

Chord Face Failure (B < 0.85) kn - fyo - bo? 2
N.ra = (1 — B) - sin; (sinei AL - B)
/Yms
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K and N Joints with Gap N B 8.9 -y% .k, - fy()‘t()z <b1 + bz)
Rd — :
Chord Face Failure (B < 1.0) A sin®; 2bo
/Yms
K and N Joints with Overlap (j = Brace Failure:
overlapped brace) 25% < hov < 50%

Aov
Nl,Rd = fy,i <t (b ff T be, ov + 2h; 5 — 4ti)

/Yms

Brace Failure:

50% < hov < 80%

N.rd= i © (B.gr + beyov + 2ho — 4t)) / YMs
Brace Failure:
Aov > 80%
N.rd = f1,i°(bi + be,ov + 2hi — 4t) / yms

Parameters:

b= (10/bo) - (fo/ f;,) - b (limited to b;)

be,ov = (10 / bo) - (£, / f,,1) - bj (limited to by)

For coefficient ky:

If n > 0 (compression): k, =min(1.3 — 0.4n /B, 1.0)
If n <0 (tension): k, = 1.0

For CHS brace members, multiply the above resistances by /4, and replace b: and hi

with di, and b2 and h2 with d.

Class 1 cross-sections are those capable of forming a plastic moment resistance with
sufficient rotation capacity required for plastic analysis, without any reduction in load-

bearing capacity [19].
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Class 2 cross-sections are capable of developing the full plastic moment resistance, but

their rotation capacity is limited due to the onset of local buckling [19].

2.7 Welding

Welding is a process of joining two or more similar or dissimilar materials, with or

without the use of filler material, to create a homogeneous welded joint.

There are various welding techniques, including gas welding, laser welding, and friction
welding. However, the most commonly used methods in structural applications are the
arc welding processes known as TIG (Tungsten Inert Gas) and MIG (Metal Inert Gas)
[23].

The MIG welding process involves a consumable wire electrode, typically 1.5 mm in
diameter, which is continuously and automatically fed through a welding gun and melted
by an electric arc [23]. The weld pool is shielded from atmospheric contamination by an
inert gas, usually argon [23]. MIG welding is suitable for materials with a minimum
thickness of approximately 4 to 5 mm. Its advantages include high welding speed,
precision, and the ability to weld in various positions. However, the process requires
expensive equipment and involves the potential hazard of shielding gases. A similar
process, MAG (Metal Active Gas) welding, uses active gases such as CO: instead of inert

gases.

In contrast, TIG welding utilizes a non-consumable tungsten electrode and an inert
shielding gas, typically argon or helium. The process is generally carried out using
alternating current. TIG welding allows for high-quality, aesthetically clean, and precise

welds and is particularly well-suited for thin plates and sheet metal.

2.8 Heat-affected zone (HAZ)

The heat-affected zone (HAZ) refers to the region of the base material surrounding the
weld that undergoes changes in mechanical and microstructural properties due to the
influence of welding heat. This zone typically experiences a reduction in strength and a
loss of properties originally gained through heat treatment or mechanical processing. The
HAZ must always be considered in the design and structural analysis of welded

components.
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In the calculation of welded structures using artificially aged, precipitation-hardened
aluminum alloys, it is essential to account for the reduction in mechanical properties
occurring near the weld seam. An exception to this rule applies to materials in the
annealed condition (O-temper), or when the material is in the as-fabricated condition (F-

temper) and the design strength is based on the properties of the O-temper [6].

The reduction in strength predominantly affects the 0.2% proof stress (conventional yield
strength) rather than the ultimate tensile strength. The extent of the HAZ is localized

around the weld, see Fig. 11[6].

Strenght

Weld axis

75 25 025 75
Distance from weld axis

Fig. 11: Material behavior in the heat-affected zone (HAZ) [1]

According to EN 1999-1-1 [6], it is conservatively assumed that the reduction in strength
1s uniform across the entire HAZ, and this reduction is considered isotropic, extending

equally in all directions from the weld, as illustrated in Fig. 12 [6].

Note: For distances less than 3 -bnaz, it is assumed that the HAZ extends across the entire

width of the outer part of the joint [6].
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Fig. 12: Width of HAZ [6]

The influence of welding has a greater impact on the 0.2% proof stress (fo) than on the

ultimate tensile strength (f.) of aluminum alloys [15].

To accurately determine the load-bearing capacity of welded members, the following

parameters at the weld location must be considered [24]:
o The extent of material softening around the weld;
e The mechanical properties of the material within the heat-aftected zone (HAZ);
o The distribution of residual stresses.

The variation in mechanical properties near the weld is typically represented by the
distribution of the 0.2% proof stress, and three distinct zones can be identified in the

material based on their exposure to thermal effects, Fig.13 [24]:
e Zone A - fully within the heat-affected zone (complete degradation of properties);
e Zone B - partially affected by the HAZ (intermediate reduction in strength);

e Zone C — unaffected by welding heat, retains original material properties.

52



I, __Oo.2
15%0.2,
A2

Fig. 13: Extent of the heat-affected zone (HAZ) [24]

The actual extent of the heat-affected zone (HAZ) is represented by the combined width
of Zones A and B [24]. However, due to the complex nature of heat-induced
microstructural changes, the stress distribution within the HAZ is difficult to model
analytically. To address this, a stepwise transition model has been proposed, which allows
a bit conservative but yet practical estimation of strength by acknowledging the load-

carrying capacity of material regions that are only partially affected by welding.

This transitional region is referred to as the Reduced Strength Zone (RSZ) and 1s defined
as the sum of Zone A and half of Zone B [24].

In 1962, Hill, Clark, and Brugraber [25] [24] proposed the “1-inch rule”, which laid the
foundation for strength assessment in welded aluminum structures. This rule was derived
from hardness testing on various aluminum alloys (3003, 5052, 5154, 5356, and 6061),

with welded joints of differing types and thicknesses (up to a maximum of 2 inches or

50.8 mm).

Subsequent research at the University of Cambridge refined this rule. Wong [26] [24]
studied the effects of welding on 13 specimens of alloy 6082 and 8 specimens of alloy
7019 with butt welds. The tested plate thicknesses were 6.7 mm and 10 mm. Based <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>