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Abstract

Nowadays, modern building codes, such as the Eurocodes, require from the civil engineers to ensure
an appropriate robustness to any structure. In steel and composite structures, this request for
robustness mainly focuses on the joints between the members, which are seen as “weak” elements in
the structure. To meet this request, it is recommended to provide sufficient ductility to the joints that
would allow them to deform significantly without breaking in the case of an unforeseen exceptional
event. However, the analytical method currently available in the part 1-8 of Eurocode 3 (EN 1993-1-
8), i.e. the component method, does not allow to predict the rotation capacity of the joint under large
deformations.

In this context, a large research project was launched at the University of Liege with the aim of
extending the component method towards the large deformation field, and under complex loading
conditions (impact, fire, explosion, earthquake...). The present thesis is the first outcome of this
project and focuses on the behaviour of the panel zone (PZ), which is known to provide a significant
reserve of ductility to the joint, when activated and appropriately designed. The main objective of the
thesis thereby consists in providing a new sophisticated analytical model, which can predict the full
non-linear behaviour of this component up to failure, under monotonic loading conditions.

To achieve this objective, an extensive literature review of existing scientific models was first
conducted and set the theoretical background of the thesis. The performances of these models were
assessed through comparisons with many experimental results carefully selected from the scientific
literature. These comparisons revealed that none of them was able to accurately capture the complete
non-linear behaviour of the PZ up to failure. Even for the prediction of the plastic resistance, all the
investigated models also failed in providing consistent results. These observations validated the need
to develop a more sophisticated constitutive model for the PZ.

The prediction of the plastic shear resistance was considered first, in the context of simple welded
joints. The finite element (FE) approach was used to gain insight into the complex phenomena
governing the PZ behaviour. This approach included the development and validation of a FE model
and the use of this model to perform large parametric studies on various joint configurations. Based on
the careful analysis of the FE results, the key geometric and mechanical parameters governing the
resistance of the PZ could be identified and introduced in a new complex analytical model. After a
validation step, this model proved to work well and to outperform existing analytical models.

Based on the knowledge acquired in the plastic field, the model could be further extended to the large
deformation field. Again, the FE approach was used to identify the key parameters governing the
deformability and the failure of the PZ. The resulting full-range model, encompassing those key
parameters, was extensively validated against numerical and experimental results, where it proved to
predict the PZ ultimate resistance and ultimate deformation capacity with reasonable accuracy.

The case of bolted joints was eventually tackled, considering the prediction of the plastic resistance
first. Some adjustments in the new analytical expression as well as in the assembly procedure of the
component method were suggested and validated through comparisons with experimental results.
Secondly, the prediction of the deformation capacity was addressed, through preliminary comparisons
with experimental results. From these comparisons, some limitations in the approach were highlighted
and perspectives of improvement were discussed.

An additional outcome of the work consists of a set of new simplified design criteria for the prediction
of the PZ initial stiffness, plastic resistance and deformation capacity. The first two expressions
outperform the current EN 1993-1-8 criteria, which proved to be unsafe in many cases, while the third
expression fills a gap in the EN 1993-1-8 norm where no criterion is currently available for the
prediction of the PZ deformation capacity. This new set was proposed for integration in the
forthcoming prEN 1993-1-8 pre-normative document.
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Résumeé

De nos jours, les normes de dimensionnement telles que 1’Eurocode imposent aux ingénieurs de calcul
de conférer une robustesse appropriée a toute structure. En construction métallique et mixte acier-
béton, cette demande de robustesse se concentre principalement au niveau des assemblages entre les
éléments structuraux, qui sont les éléments faibles de la structure. Pour rencontrer cette demande, il
convient de conférer aux assemblages une ductilité suffisante qui leur permettrait de se déformer
significativement sans casser en cas de chargement exceptionnel non-prévu. Cependant, la méthode
disponible actuellement dans la partie 1-8 de I’Eurocode 3 (EN 1993-1-8), a savoir la méthode des
composantes, ne permet pas de prédire la capacité de rotation des assemblages soumis a de grandes
déformations.

Dans ce contexte, un projet de recherche a vu le jour a I’Université de Liege dans le but d’étendre la
méthode des composantes vers le domaine des grandes déformations, sous chargement complexe
(impact, incendie, explosion, séisme...). Cette theése présente les premiers résultats de ce projet relatifs
au comportement de la composante « zone de panneau » (PZ), qui confere en général une importante
réserve de ductilit¢ aux assemblages, lorsqu’elle est activée et congue correctement. L’objectif
principal de cette these vise donc a développer un nouveau modéle analytique sophistiqué, capable de
prédire le comportement non-linéaire complet de cette composante jusqu’a la ruine, sous chargement
statique.

Pour atteindre cet objectif, une revue de littérature des modeles existants a d’abord été menée et
constitue le socle théorique de cette thése. Les performances de ces modéles ont ensuite été évaluées
au travers de comparaisons avec un trés grand nombre de résultats expérimentaux, soigneusement
sélectionnés dans la littérature scientifique. Ces comparaisons ont montré qu’aucun modele n’était
capable de capturer précisément le comportement de la PZ jusqu’a la ruine. Méme pour la prédiction
de la résistance plastique, tous les modeles investigués fournissent des résultats incohérents. Ces
observations ont donc permis de valider le besoin de développer un nouveau modéle constitutif
sophistiqué pour la PZ.

La résistance plastique de la PZ a d'abord été investiguée dans le cadre d’assemblages soudés.
L'approche par éléments finis a été utilisée pour mieux comprendre les phénomeénes complexes qui
régissent le comportement de la PZ : un modele aux éléments finis a été développé et validé, avant
d’étre utilisé pour effectuer un grand nombre d’études paramétriques sur diverses configurations
d’assemblages. L'analyse minutieuse des résultats a permis d'identifier les principaux parameétres
géométriques et mécaniques régissant la résistance de la PZ et de les introduire dans un nouveau
modéle analytique complexe. Aprés une étape de validation, ce modéle s'est avéré efficace et plus
performant que les modeles analytiques existants.

Sur la base de la connaissance acquise dans le domaine plastique, le modéle a pu étre étendu au
domaine des grandes déformations. Une fois encore, I'approche par éléments finis a été utilisée pour
identifier les paramétres clés régissant la déformabilité et la ruine de la PZ. Le modéle constitutif
complet résultant de cette étude a été largement validé sur des résultats numériques et expérimentaux,
ou il s'est avéré prédire correctement la résistance ultime et la capacité de déformation de la PZ.

Enfin, les modéles développés ont finalement été étendus au cas des assemblages boulonnés. Pour la
prédiction de la résistance plastique, certains ajustements de la nouvelle formule analytique ainsi que
de la procédure d'assemblage de la méthode des composants ont été proposeés et validés au travers de
comparaisons avec des résultats expérimentaux. Pour la prédiction de la capacité de déformation, les
résultats préliminaires obtenus ont permis de mettre en évidence certaines limites de I'approche, et de
proposer des pistes d'amélioration.
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Dans le cadre de cette thése, un ensemble de nouveaux critéres de conception faciles a utiliser a
également été proposé, pour la prédiction de la rigidité initiale, de la résistance plastique et de la
capacité¢ de déformation de la PZ. Les deux premiéres formules s’avérent plus performantes que les
criteres actuels de la norme, insécuritaires dans de nombreux cas, tandis que la troisiéme formule
comble une lacune de la norme actuelle ot aucun critere n'est fourni pour prédire de la capacité de
déformation de la PZ. Ce nouvel ensemble a été soumis au comité européen de normalisation pour étre
intégré dans la prochaine version de la norme EN 1993-1-8.
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Abbreviations

AlJ . Architectural Institute of Japan

AISC : American Institute of Steel Construction

BFC : Beam flange and web in compression

BT : Bolts in tension

BWT : Beam web in tension

CFB : Column flange in bending

CWC/CWC* : Column web in compression

CWP : Column web panel

CWS : Column web panel in shear

CWT : Column web in tension

ECCS . European Convention for Constructional Steelwork

EN 1990 . Eurocode 0 - Basis of structural design

EN 1991-1-7 : Eurocode 1 - Actions on structures - Part 1-7: General actions - Accidental actions
EN 1993-1-5 : Eurocode 3: Design of steel structures - Part 1-5: Plated structural elements
EN 1993-1-8 : Eurocode 3: Design of steel structures - Part 1-8: Design of joints

prEN 1993-1-8 :

EN 1993-1-14
EPB

FE

FCF

GB,

HSS

LBgrc
LBewc:

LBpz

MF

PZ
SE
WP

Draft version of Eurocode 3: Design of steel structures - Part 1-8: Design of joints

. Eurocode 3: Design of steel structures — Part 1-14: Design assisted by FE analysis
: End-plate in bending

. Finite element

: Flange contribution factor

: Global buckling of the column

: High strength steel

: Local buckling of the BFC

: Local buckling of the PZ

. Local buckling of the CWC*

. Fracture of the material

prEN 1993-1-8 :

Eurocode 3: Design of steel structures - Part 1-8: Design of joints

: Panel zone
. Surrounding elements

: Work package
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List of symbols

Lowercase Latin letters

aand b

by, (resp. b.)
dy (resp. d.)
dy, (resp. d;)

fy
fy.rp (r€Sp. £y, ¢c)
fywo (T€SD- fywe)
fu
fusp (resp. fu rc)
fuwp (T€SP. fuwc)
hy, (resp. h,)
hic
hy
k€

c

ini

¢ .
ini,r

C T .
kini,eq (resp. kini,eq '

kiTni,eff,r
kpp
ke

k‘r,clamped (I'ESp.

k‘r,pinned)
m, (resp. m.')
n, (resp. n,")

nsp (resp. ngp)

Nsp,r (1€SP. npp )

: Axial stiffness of the

: Initial axial stiffness of the “c

. Strain-hardening (i.e. post-plastic) axial stiffness of the

. Parameters accounting for the type of joint configuration in the derivation of the

B transformation parameter

: Width of the beam (resp. column) profile
. Clear depth of the beam (resp. column) profile

: Equivalent lever arm of the beam (resp. column) profile (= width (resp. depth)

of the PZ)

. Yield strength of the steel material

. Yield strength of the beam (resp. column) flanges

. Yield strength of the beam (resp. column) web

. Ultimate strength of the steel material

. Ultimate strength of the beam (resp. column) flanges
. Ultimate strength of the beam (resp. column) web

. Height of the beam (resp. column) profile

. Height of a built-up section

: Distance between the compression centre and the " bolt-row in tension

“«_n

¢” component

“«_n

component associated to the bolt-row in
compression (¢ = BFC, CWC, CWS, P2)

. Initial axial stiffness of the “c” component associated to the rt" bolt-row in

tension (c = CWT, CFB, EPB, BT, BWT)

Initial axial stiffness associated to the bolt-row in compression (resp. the
equivalent bolt-row in tension)

© Initial axial stiffness associated to the " bolt-row in tension

«_n

¢” component

. Buckling coefficient related to the CWP
: Buckling coefficient related to the CWP, assuming that the CWP is fully

clamped (resp. simply supported)

. Level of bending moment in the column profile at yielding (resp. at ultimate)
. Level of axial load in the column profile at yielding (resp. at ultimate)

. Level of axial load in a rectangular beam flange at yielding, accounting for the

contributions of N and M in the column (resp. accounting for the contribution of
N only)

. Level of axial load in a T-shaped beam flange at yielding, accounting for the

contributions of N and M in the beam (resp. accounting for the contribution of



List of symbols

24

s (resp. ng.)

nfc,T (resp. n}“c,T)

nf c,T

Nt (resp. ng)

r

Ty, (resp. 1)
trp (resp. tec)
tst

twb (resp- twc)

—pl
u?

N only)

: Level of axial load in a rectangular column flange at yielding, accounting for

the contributions of N and M in the column (resp. accounting for the
contribution of N only)

. Level of axial load in a T-shaped column flange at yielding, accounting for the

contributions of N and M in the column (resp. accounting for the contribution of
N only)

: Average level of axial load in the T-shaped column flanges at vyielding,

accounting for the contributions of N and M in the column

: Level of axial load in a rectangular stiffener at yielding, accounting for the

contributions of N and M in the beam (resp. accounting for the contribution of
N only)

: Weighted factor in the derivation of the buckling coefficient k,
. Radius of root fillet of the beam (resp. column) profile

. Thickness of the beam (resp. column) flanges

. Thickness of the stiffener

. Thickness of the beam (resp. column) web

. Equivalent plastic displacement

compl

- Location of the centre of gravity of Ay,

. Equivalent lever arm between the tension and compression centres
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Uppercase Latin letters

Ap (resp. A.)

Afe (resp. AfC_T)
AVC

compl stmpl)

(resp. A

compl simpl
Aycq (resp.Apcy )

compl simpl
Ayco (resp. Apcy )

Ay e (resp. Ayc rer)

C5WP (resp. CEP)
ACSWP

SE
Cy

SE
ACS

Cl

D (or D;)
Der
(AE
(D)Epp

Fpgy, (resp. Fgg)

FC

Fgy ric (resp. Fy gy)
Fy ricr (resp. Fy gy )

c
u,Rk

. Cross-sectional area of the beam (resp. column) profile
. Cross-sectional area of a rectangular (resp. T-shaped) column flange
. Effective shear area of the column profile

. Effective shear area of the column profile in the new complex (resp.

simplified) model

. First part of the effective shear area of the column profile in the new

complex (resp. simplified) model

: Second part of the effective shear area of the column profile in the

new complex (resp. simplified) model

. Effective shear area of a rectangular (resp. T-shaped) column flange

: Reduction coefficient accounting for the non-uniform distribution of

the shear stresses in the CWP at yielding (resp. at ultimate)

. Post-plastic coefficient accounting for the initiation of strain-

hardening in the CWP

: Reduction coefficient accounting for the non-uniform distribution of

the shear stresses in the SE at yielding

: Post-plastic coefficient accounting for the initiation of strain-

hardening in the SE

. Constant accounting for the degree restraint of the equivalent beam

at the centre of the CWP

: Constant to be determined (in the Krawinkler, Engelhardt and

Schneider models)

: Material coefficient in the EN 1993-1-14 material model
: Damage variable

. Critical damage variable

. (Increment of the) Young’s modulus of the steel material

. (Increment of the) strain-hardening (i.e. post-plastic) modulus of the

steel material

: Load-introduction force, coming from the Left Beam (resp. the Right

Beam)

[TP% ]

. Axial force applied to the “c” component

. Elastic (resp. plastic) resistance of the “c” component associated to

the bolt-row in compression (¢ = BFC, CWC, CWS, PZ)

. Elastic (resp. plastic) resistance of the “c” component associated to

the rt" bolt-row in tension (c = CWT, CFB, EPB, BT, BWT)

. Ultimate resistance of the “c” component (c = BFC, CWC, CWS,

Pz, CWT, CFB, EPB, BT, BWT)
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Fy ric,r
E ¥,Rk,C
G

GPP

Ic

Isp (resp. Ifb,T)
Iy (resp. Ige,r)

L5
K¢
K¢

ini

Kpp
KCWP
CWP
(DK,
Kﬁ‘{,"” (resp. K;‘;';f

CWP
AKy,mod

CWP
Ky,

cCwp CWP
Ky,b,z (I'ESp. Ky,sh,z)

C
(D)Kzp'™

KSE
SE
Ky

Kjff, (resp. Kjfgh)

: Axial stiffness of the

. Initial axial stiffness of the

! Elastic shear stiffness of the PZ extracted from the (M’ —y)

. Plastic resistance of the rt" bolt-row in tension
- Plastic resistance of the bolt-row in compression
: Shear modulus of the steel material

. Strain-hardening (i.e. post-plastic) shear modulus of the steel

material

: Second moment of area of the column profile

: Second moment of area of a rectangular (resp. T-shaped) beam

flange

: Second moment of area of a rectangular (resp. T-shaped) column

flange

: Second moment of area of a rectangular stiffener

“«_n

¢” component

“«_n

¢” component

. Strain-hardening (i.e. post-plastic) axial stiffness of the “c”

component

. Shear stiffness of the CWP
. (Increment of the) elastic shear stiffness of the CWP

. Elastic shear stiffness of the CWP associated to the bending (resp.

shear) deformation mode

- Modified increment of the elastic shear stiffness of the CWP
. Post-elastic shear stiffness of the CWP (Engelhardt model)

. Post-elastic shear stiffness of the CWP associated to the bending

(resp. shear) deformation mode (Engelhardt model)

. (Increment of the) strain-hardening (i.e. post-plastic) shear stiffness

of the CWP

. Shear stiffness of the SE

. Elastic shear stiffness of the SE

. Elastic shear stiffness of the SE associated to the bending (resp.

shear) deformation mode

. Strain-hardening (i.e. post-plastic) shear stiffness of the SE
. Shear stiffness of the PZ

: Elastic shear stiffness of the PZ

exp
experimental curve

. Elastic shear stiffness of the PZ computed with the simplified model

. Rotational stiffness of a rotational spring
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Ly (resp. L.)

Lg

Ly ppr (r€SP. Ly fer)
Lh,st

MC

M3 ric
M{gy,) (0r Mp)
Mél,Rk (resp. M;,Rk)

Jj
M5, riexp

J J
My,Rk,compl (resp. My,Rk,simpl)

J J
M;, rie gu (1esP- M, gy yys)

J
Mu,Rk

j j
Mu,Rk,exp (resp. Mu,Rk,num)

PZ
by

Mpg,, (resp. Mgg)
Mg (resp. Mcr)

Mc

Mpl,c,(Rk) (resp. Mu,c,(Rk))

Mpl,ep,(Rk)

Mpl,fc,(Rk) (resp. Mpl,fc,T,(Rk))

Mpl,fc,(Rk) (resp- Mpl,fc,T,(Rk))

: Bending moment applied to the joint, assuming that the “c

. Length of the beam (resp. column)
. Characteristic length of the FE

: Equivalent length of a plastic hinge forming in a T-shaped beam

(resp. column) flange

: Equivalent length of a plastic hinge forming in a rectangular

stiffener

“«_n

component is the governing component

: Plastic bending moment resistance of the joint, assuming that the “c”

component is the governing component

: Bending moment applied to the joint
. Elastic (resp. plastic) bending moment resistance of the joint

. Plastic bending moment resistance of the joint extracted from the

(MJ — @) experimental curve
exp

. Plastic bending moment resistance of the joint computed with the

new complex (resp. simplified) analytical model for the PZ
component

. Plastic bending moment resistance of the joint computed with the

EU (resp. US) model for the PZ component

. Plastic bending moment resistance of the joint computed with the

new proposed EU* model for the PZ component

: Ultimate bending moment resistance of the joint

. Ultimate bending moment resistance of the joint extracted from the

num

j— i j—
(M CD)exp experimental curve (resp. from the (M/ — @)
numerical curve)

. Plastic bending moment resistance of the joint, assuming that the PZ

is the governing component

: Bending moment applied to the left (resp. right) side of the PZ,

coming from the Left Beam (resp. Right Beam)

: Bending moment applied to the bottom (resp. top) side of the PZ,

coming from the Bottom of the Column (Top of the Column)

: Bending moment applied to the top side of the PZ

: Plastic (resp. ultimate) bending moment resistance of the column

Cross-section

. Plastic bending moment resistance of a rectangular endplate

: Plastic bending moment resistance of a rectangular (resp. T-shaped)

column flange, accounting for the M-N interaction

: Characteristic plastic bending moment resistance of a rectangular

(resp. T-shaped) column flange
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My fb,rk) (r€SP. My, b 7,(rK))

Mpl,fb,(Rk) (resp. Mpl,fb,T,(Rk)) :

Np,, (resp. Ngg)

N¢ (or N,)

N¢g (resp. Ner)

(resp. N;c,Ek)

Nfp ek (resp. Nip )

Ng¢ gi (resp. Ng¢ gr)

Npl,c (I’E‘Sp. Nu,c)

Lrc.rk) (€SP Npirer(ri))

Plastic bending moment resistance of a rectangular (resp. T-shaped)
beam flange, accounting for the M-N interaction

Characteristic plastic bending moment resistance of a rectangular
(resp. T-shaped) beam flange

: Plastic bending moment resistance of a rectangular stiffener,
accounting for the M-N interaction

. Characteristic plastic bending moment resistance of a rectangular
stiffener

: Axial force in the beam

. Axial force applied to the left (resp. right) side of the PZ, coming
from the Left Beam (resp. Right Beam)

. Axial force applied to the top side of the PZ

. Axial force applied to the bottom (resp. top) side of the PZ, coming
from the Bottom of the Column (resp. Top of the Column)

. Vertical axial load in a column flange, computed at the it corner of
the PZ, accounting for the contributions of N and M in the column
(resp. accounting for the contribution of N only)

. Average vertical axial load acting in the column flanges (accounting
for the contributions of N and M in the column)

: Horizontal axial load in a beam flange, accounting for the
contributions of N and M in the beam (resp. accounting for the
contribution of N only)

: Horizontal axial load in a stiffener, accounting for the contributions
of N and M in the beam (resp. accounting for the contribution of N

only)
. Plastic (resp. ultimate) resistance of the column cross-section

Plastic resistance of a rectangular (resp. T-shaped) column flange

. Vertical load applied to the beam tip
: Horizontal reaction at the supports of the column

“«_n

. Rotational stiffness of the joint assuming that the “c” component is
the governing component

. Initial rotational stiffness of the joint

> Initial rotational stiffness of the joint extracted from the (M’ —
@) _experimental curve
exp

. Initial rotational stiffness of the joint, computed using the new
complex (resp. simplified) model for the PZ component

: Strain-hardening (i.e. post-plastic) rotational stiffness of the joint

. Strain-hardening (i.e. post-plastic) rotational stiffness of the joint
extracted from the (M7 — ®) _ experimental curve
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Vg, (resp. Vgg)

Vg (resp. Ver)

Ve

cwp
(D)Vy (cwp),rk
CWP
Vy,Rk,num

CWP(V1) CWP(V2)
I/;/,Rk,compl (resp' Vy,Rk,compl)

(7 CWP
y,Rk,compl

CWP i7CWP
Vy,Rk,simpl (resp- Vy,Rk,simpl)

cwp cwp
Vy Rk gu (€sp. Vy gk us)

CWP
Vs Rk EU*

szp,W(gk) (or V)E}VyZ[,)(Rk))

VCWP
pp,Rk,compl

L) VLLC,(M;Z),Rk

CWP
Vu,Rk,compl

VTLC wP

CWP
Vn,Rk,compl

VCWP
f,Rk,compl

AV{,’;;;)
AV, Cwp (i)
AVJ}S:IEPZ),RI(

AVsE

y,Rknum

SE(V1)
AVy,Rk,compl (resp.

SE(V2)
AVy,Rk,compl)

: Shear force applied to the left (resp. right) side of the PZ, coming

from the Left Beam (resp. Right Beam)

: Shear force applied to the bottom (resp. top) side of the PZ, coming

from the Bottom of the Column (resp. Top of the Column)

: Equivalent shear force acting on the CWP
. (Increment of the) plastic shear resistance of the CWP

. Plastic shear resistance of the CWP extracted from the (VWP —

yEWP),..m numerical curve

. Plastic shear resistance of the CWP computed with the 1% (resp. 2"9)

version of the new complex model

. Plastic shear resistance of the CWP computed with the 2™ version of

the new complex model, assuming no stress interaction

: Plastic shear resistance of the CWP computed with the new

simplified model, accounting for the stress interaction (resp.
assuming no stress interaction)

. Plastic shear resistance of the CWP computed with the EU (resp.

US) model

: Plastic shear resistance of the CWP computed with the new

proposed EU* model

: Post-plastic shear resistance of the CWP

. Post-plastic shear resistance of the CWP computed with the new

complex model

. (Increment of the) ultimate shear resistance of the CWP

: Ultimate shear resistance of the CWP computed with the new

complex model

. Shear resistance of the CWP at necking

: Shear resistance of the CWP at necking computed with the new

complex model

. Final shear resistance of the CWP computed with the new complex

model

: Equivalent shear force acting on the SE
. Shear resistance of the SE at yielding of the CWP
- Plastic shear resistance of the SE at yielding of the whole PZ

. Plastic shear resistance of the SE extracted from the (AVSE —

¥SE) pum NUMerical curve

: Plastic shear resistance of the SE computed with the 1% (resp. 2"

version of the new complex model
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SE
AVy,Rk,simpl

SE SE

AV R gy (resp. AV gk us)
SE

AV) gk gu

AV, rio

AVnSE
SE
AVn,Rk,comzal

SE
AVf,Rk,comzal

Vi)

PZ
Vy,CWP,(Rk)
PZ
Vy bz, ri) ©OF V3 &)

PZ PZ
Vy,Rk,exp (I’ESp. Vy,Rk,num)

PZ PZ
Vy,Rk,compl (resp. Vy,Rk.simpl)

PZ PZ
Vs kieu (resp. Vi i us)

Pz
V) Rk,EU

Ve bz.rio) OF Vi %)

PZ
Vf,Rk,compl

w

: Plastic shear resistance of the SE computed with the new simplified

model

: Plastic shear resistance of the SE computed with the EU (resp. US)

model

. Plastic shear resistance of the SE computed with the new proposed

EU* model

: Shear resistance of the SE at the ultimate shear deformation of the

PZ

. Shear resistance of the SE at necking

. Plastic shear resistance of the SE at necking computed with the new

complex model

: Final shear resistance of the SE computed with the new complex

model

: Equivalent shear force acting on the PZ
. Shear resistance of the PZ at yielding of the CWP
. Plastic shear resistance of the PZ

: Plastic shear resistance of the PZ extracted from the (VFZ — %),

experimental curve (resp. the (VP% — yP%),..., numerical curve)

. Plastic shear resistance of the PZ computed with the new complex

(resp. simplified) model

. Plastic shear resistance of the PZ computed with the EU (resp. US)

model

: Plastic shear resistance of the PZ computed with the new proposed

EU* model

: Ultimate shear resistance of the PZ

: Final shear resistance of the PZ computed with the new complex

model

: Weighting factor
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Lowercase Greek letters

a
By
V(PZ)

CWP CWP
Yeip (T€SP. Yersn

CWP
Vel,tot

CWP CWP
Yeib,2 (T€SP. Vel sh 2

cwp
Vel,tot,z

CWPpP
Vy

AYSW (resp. Ay SE,

cwP
Ypp

" (resp. ")

AP (resp. Ay moa) -

CwWPpP CWPpP
Yn (resp. Yn,mod
CWP
¥y

SE SE
Yeip (resp. voi'sn

SE
Vel,tot

SE SE
Yy (resp. Vy,mod

Vil (FeSP. Vi mod
vi©
v
Vir?

PZ
Yu,exp

Pz Pz .
Vf,compl (resp. Vf,simpl) '

PZ
Vf ,exp

: Ultimate shear deformation of the PZ extracted from the (M’ — @)

: Final shear deformation of the PZ extracted from the (VF% —yP%)

. Span-depth ratio of the column flange flexural member
. Transformation parameter of the (right exterior) joint
. Shear deformation of the PZ

. Elastic shear deformation of the CWP associated to the bending (resp. shear)

deformation mode

. Elastic shear deformation of the CWP associated to the bending and shear

deformation modes

: Post-elastic shear deformation of the CWP associated to the bending (resp.

shear) deformation mode (Engelhardt model)

: Post-elastic shear deformation of the CWP associated to the bending and

shear deformation modes (Engelhardt model)

: Yield shear deformation of the CWP

: (resp. Modified) increment of the yield shear deformation of the CWP

. Strain-hardening (i.e. post-plastic) shear deformation of the CWP

. (resp. Modified) ultimate shear deformation of the CWP

- (resp. Modified) increment of the ultimate shear deformation of the CWP
- (resp. Modified) yield shear deformation at necking of the CWP

- Final shear deformation of the CWP

. Elastic shear deformation of the SE associated to the bending (resp. shear)

deformation mode

. Elastic shear deformation of the SE associated to the bending and shear

deformation modes

: (resp. Modified) yield shear deformation of the SE

- (resp. Modified) shear deformation of the SE at necking
- Final shear deformation of the SE

: Yield shear deformation of the PZ

. Ultimate shear deformation of the PZ

exp
experimental curve

Final shear deformation of the PZ computed with the new complex (resp.
simplified) model

. num
numerical curve

- Factor accounting for the effect of steel grade on the risk of shear buckling
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en,
gy (resp. &,"9)

eng
Epp (resp. Epp

&, (resp. e.™)

&, (resp. eg™9)

&, (resp. &7™9)

& (resp. &™)
Ag,, (resp. Agy,)

l
£

_pl
o

n:

NN
<

Py

Ppp

of the PZ

: Yield strain of the steel material coming from the material true (resp.

engineering) stress-strain curve

. Post-plastic strain of the steel material coming from the material true (resp.

engineering) stress-strain curve

: Ultimate strain of the steel material coming from the material true (resp.

engineering) stress-strain curve

. Strain of the steel material at the onset of necking, coming from the material

true (resp. engineering) stress-strain curve

. Strain of the steel material at the onset of rupture, coming from the material

true (resp. engineering) stress-strain curve

. Strain of the steel material at the onset of fracture, coming from the material

true (engineering) stress-strain curve

- Yield (resp. ultimate) strain increment

. Plastic strain of the steel material at the onset of necking, coming from the

material true stress-strain curve

. Equivalent plastic strain at the onset of necking

: - Factor accounting for steel grades higher than S460 in the formula

assessing the risk of shear buckling of the PZ
- Stiffness modification factor in the new complex analytical model for
the PZ

. Slenderness factor of the CWP
. Poisson’s ratio

: Reduction factor accounting for the possible shear buckling in the elastic

range

: Reduction factor accounting for the possible shear buckling in the plastic

range

: Reduction factor accounting for the possible shear buckling in the post-

plastic range

: Reduction factor accounting for the possible shear buckling in the flowed

range

: Euler critical stress of the CWP

: Horizontal normal stresses acting in the PZ, coming from the load-

introduction forces

: Vertical normal stresses acting in the PZ, coming from the axial load in the

column

: Vertical normal stresses acting in the PZ, coming from the bending moment

in the column

: Vertical normal stresses acting in the (i* corner of the) PZ, coming from the

axial load and the bending moment in the column
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On,M-N
Ao, (resp. Agy,)

en
oy (resp. o;,"7)

eng
Opp (TESP. 0y

o, (resp. a."9)

o, (resp. o, %)

Oym

T

Ter

Ty, (resp. t,)

Xi
Xn,n) (T€SP. Xn)

XnM-N

Axn, vy

Axnm-n

: Average vertical normal stresses acting in the column flanges
- Yield (resp. ultimate) strength increment

: Yield strength of the steel material coming from the material true (resp.

engineering) stress-strain curve

: Post-plastic strength of the steel material coming from the material true

(resp. engineering) stress-strain curve

. Ultimate strength of the steel material coming from the material true (resp.

engineering) stress-strain curve

: Strength of the steel material at the onset of necking, coming from the

material true (resp. engineering) stress-strain curve

: von Mises stresses

: Shear stresses acting in the PZ, coming from the equivalent shear force V5Z
. Shear critical strength of the CWP

. Yield (resp. ultimate) shear strength of the steel material

. Yield shear strength of the material, computed at the onset of the root fillets

in the column profile, and accounting for the T — o3, 5, stress interaction

: Yield shear strength of the material, computed at the centre of gravity of

Af,"c’z”l in the column profile, and accounting for the T — oy, _y Stress
interaction

. Rotation of the connection
. Rotation of the “c” component
. Reduction factor accounting for the T — g; stress interaction in the CWP

. Reduction factor accounting for the T — a,, stress interaction in the CWP at

yielding (resp. at ultimate)

- Reduction factor accounting for the T — o, y_y Stress interaction in the

CWP at yielding

. Reduction factor accounting for the t — g, stress interaction in the SE

- Reduction factor accounting for the T — o, »,—y stress interaction in the SE
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Uppercase Greek letters

AC
c
el
cw CWP

Ae (resp Aelsh
CwWP

Ael,tott
CWP cwp
Agip2 (resp. Agi'sh 2
cwp

Ael,tot,z

elb (resp. Ael sh
Ael tot
(resp A%)

O}
Cbel

@, (resp. @)

q)u,exp (resp. q)u,num) :

. Elastic displacement (elongation or shortening) of the

. Plastic (resp. ultimate) displacement (elongation or shortening) of the “c

. Displacement (elongation or shortening) of the “c” component

“«_n

¢” component

: Elastic deformation of the CWP associated to the bending (resp. shear)

deformation mode

: Elastic deformation of the CWP associated to the bending and shear

deformation modes

. Post-elastic deformation of the CWP associated to the bending (resp. shear)

deformation mode (Engelhardt model)

. Post-elastic deformation of the CWP associated to the bending and shear

deformation modes (Engelhardt model)

: Elastic deformation of the SE associated to the bending (resp. shear)

deformation mode

. Elastic deformation of the SE associated to the bending and shear deformation

modes

“«_n

component

. Rotation of the joint
. Elastic rotation of the joint

. Plastic (resp. ultimate) rotation of the joint

Ultimate rotation of the joint extracted from the (M’
— q))
num

- d))exp experimental

curve (resp. from the (Mf numerical curve)

: Flange contribution factor
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1.1 CONTEXT OF THE
RESEARCH

1.1.1 Classical design approach for semi-rigid joints

In steel and steel-concrete composite frame structures, the joints are recognized as key elements which
connect together the structural members (i.e. beams and columns) and transfer the internal forces (i.e.
shear forces V, axial forces N and bending moments M) between them. Traditionally, they were
considered as either fully rigid or pinned elements in the structural analysis; now it is widely accepted
that most structural joints exhibit an actual semi-rigid behaviour. Accounting for this semi-rigidity
implies a more complex structural analysis in which the joint behaviour influences not only the
displacements but also the distribution and magnitude of the internal forces throughout the structure;
the payback being the design of more economical structures.

Given the significant influence of the joints on the overall structural response, the accurate prediction
of their behaviour remains an important task in order to achieve a safe and economic design of the
structure. This behaviour is known to be highly non-linear and can be represented by a (Mf — CD)
moment-rotation curve, where M/ is the applied bending moment and & is the corresponding rotation
between the members. When it comes to the prediction of this (M/ — @) curve, the reference
normative document in Europe (but also in many other countries worldwide) is the Part 1-8 of
Eurocode 3 (i.e. EN 1993-1-8, [1]) which recommends the use of a four-step procedure, namely:

1. The characterization of the main structural properties of the joint, namely the initial stiffness,
the plastic resistance and the rotation capacity;

2. The classification of the joint, based on the so-obtained structural properties;

The modelling of the joint in view of its integration in the structural analysis;

4. The idealization of the joint behaviour, based on the analysis-verification process which has
been selected.

w

This four-step procedure is schematically illustrated in Fig. 1-1 for the particular case of an exterior
bolted joint with an extended end-plate connection. This joint has been extracted from a simple frame
structure subjected to classical vertical and horizontal design loads.

The first step of the procedure consists in the characterization of the joint rotational response. To this
aim, EN 1993-1-8 uses an analytical approach which is based on the component method. This method
considers any joint as a set of individual basic components which have their own mechanical
properties (i.e. stiffness, strength and ductility) either in tension, compression or shear, and which
contribute to the overall resistance and stiffness characteristics of the joint. Practically speaking, the
application of the component method follows a three-step procedure, as depicted in Fig. 1-1, namely:
(i) identification of the active components in the joint being studied, (ii) characterization of each
individual basic component in terms of its stiffness and resistance properties and (iii) assembly of all
the active components through an hybrid analytical-mechanical approach in order to derive the
stiffness and/or resistance characteristics of the whole joint. Currently, EN 1993-1-8 provides a large
database of individual basic components for which analytical expressions are available to estimate the
strength and stiffness under static loading conditions. The combination of these individual basic
components allows covering a wide range of joint typologies.

The second step consists in the joint classification. Three classification criteria can be contemplated
based on the so-obtained mechanical properties of the joint (i.e. rotational stiffness, flexural resistance
and rotation capacity), as reported in Fig. 1-1. Based on the rotational stiffness, the joint can be
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classified as: (i) nominally pinned, (ii) semi-rigid or (iii) fully-rigid. When referring to the strength of
the joint, the latter can be classified as: (i) pinned, (ii) partial-strength or (iii) full-strength. Finally, the
third classification criterion, based on the rotational capacity, also identifies three joint categories,
namely: (i) ductile, (ii) semi-ductile and (iii) brittle. Practically speaking, EN 1993-1-8 defines
stiffness and strength boundaries for the two first criteria, while it prescribes qualitative
recommendations for the third one, which should ensure sufficient ductility to the joint.

Following the classification step, the joint can be modelled in view of its integration within the
structural analysis. EN 1993-1-8 offers three main modelling approaches, namely: (i) the simple
approach covering the case of pinned joints, (ii) the continuous approach covering the case of
rigid/full-strength joints and (iii) the semi-continuous approach covering the intermediate cases, i.e.
the rigid/partial-strength, semi-rigid/full-strength and semi-rigid/partial-strength cases; the most
relevant approach to consider being function of the type of frame analysis performed by the designer,
i.e. elastic, rigid-plastic or elasto-plastic analysis.

Finally, EN 1993-1-8 offers different possibilities for the idealization of the real non-linear (M’ — @)
curve of the joint, namely: (i) the elastic, (ii) rigid-plastic, (iii) bilinear, (iv) trilinear and (v) non-linear
representations. These different levels of idealization can all be used in the frame analysis without
significant loss of accuracy, the most suitable level to consider depending again on the type of
structural analysis performed by the designer.

The structural analysis can eventually be performed, accounting for the so-idealized joint behaviour. It
should be reminded that the procedure described in the present Section 1.1.1 is valid under monotonic
loading conditions only.

1.1.2 Limitation: robustness requirements

When a structure is exposed to an exceptional event, i.e. an event that is not explicitly accounted for in
the design process due to its low probability of occurrence, Eurocode 0 (i.e. EN 1990, [2]) requests
“that the structure is not damaged to an extent disproportionate to the original cause, whether it is an
explosion, an impact, a fire, or the consequences of human errors”. To this aim, the Part 1-7 of
Eurocode 1 (i.e. EN 1991-1-7, [3]) provides some general guidelines and recommendations to achieve
an appropriate structural robustness.

At the level of the joints, the main purpose of these recommendations is to ensure that they exhibit a
sufficient reserve of ductility that would allow them to deform significantly without breaking, in the
case of an unforeseen exceptional event. Indeed, the joints are often seen as “weak” elements in the
structure: any premature failure in a brittle component (bolts, welds) could cause the separation of the
connected members, leading to the risk of local or global progressive collapse of the structure.
Therefore, in order to meet the robustness requirements, it is necessary to master and predict the
complete behaviour of the joints under complex loading conditions, but the current procedure
prescribed in EN 1993-1-8 (see previous Section 1.1.1 and Fig. 1-1) does not allow to do so.

A review of the scientific literature reveals that the capability of the component method to be extended
to more complex loading conditions, either at room temperature [4] or under fire [5], dynamic [6] or
cyclic ([7], [8]) loadings, has already been demonstrated through theoretical, experimental, and
numerical approaches. The results have not been transposed yet within the normative document
though. By contrast, the prediction of the joint ductility has gained interest only recently among the
scientific community ([9]-[20]) and still requires substantial research efforts. This gap in knowledge
stimulated the launching of a comprehensive research program at the University of Liége, which is
briefly presented in the following Section 1.2.
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Fig. 1-1. Schematic representation of the design approach for semi-rigid joints under regular loading conditions.
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1.2 SCOPE AND OBJECTIVES OF
THE RESEARCH

1.2.1 Description of the research project

The objective of the research project carried out at the University of Liége can be summarized as
follows:

Extension of the component method:

e towards the large deformation field;
o under complex loading conditions (impact, fire, explosion, earthquake...).

Given the complexity of the phenomena to be dealt with, the scope of this research project has been
purposely limited to a specific joint typology, namely the bolted joint with an extended end-plate
connection, which is a typology commonly used in the design of steel frame structures. To achieve the
objective stated hereabove, research efforts are required at four different levels in the component
method, namely at the material level, at the component level, at the assembly level and at the level of
the structure. For sake of clarity, the different research works to be performed have been reported in
Fig. 1-2, which is an updated version of Fig. 1-1 and provides a schematic representation of the
component method in the case of an exceptional event causing severe damage to the structure. Based
on Fig. 1-2, one can identify five main work packages (WPs) which are briefly described here below:

e Material level

At the material level, reliable material models are required to predict the material laws of the
individual basic components. This preliminary step is absolutely necessary in order to obtain an
accurate characterization of these components. In the present research project, it is not intended to
develop new material models. Instead, reference will be made to existing ones coming from the
scientific literature. Consequently, this underlying level does not appear explicitly in Fig. 1-2.

e Component level (WP1)

At the component level, it is required to extend the existing models and/or to develop new
sophisticated analytical models in order to predict the full non-linear behaviour of the different
components up to failure, whatever is the applied load, i.e. static, dynamic, impact or fire. This
research work constitutes the first work package of the project, named WP1. In the framework of the
research project, it is not intended to study all the individual basic components available in EN 1993-
1-8, but rather to concentrate on those showing a particular interest in the large deformation field.
With this regard, the following components have been selected:

1. The component in shear, which designates the “column web panel in shear” (i.e. CWS). This
component is known to be highly ductile when it is appropriately designed, which makes it
particularly interesting in the large deformation field. This first part of WP1, named WP1A (see
Fig. 1-2), is the topic of the present doctoral dissertation; its scope is presented in more details in
the following Section 1.2.2, while the main outcome of this thesis is extensively described in the
following Chapters.

2. Among the components in tension, particular attention will be paid to the “end-plate in bending”
(i.e. EPB) and “column flange in bending” (i.e. CFB) which can be studied using the T-stub
approach. Similarly to the CWS, these components are of particular interest since they provide a
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significant reserve of ductility to the joint when they are activated and appropriately designed. A
second PhD thesis has recently been initiated within the CMM research team with the aim of
addressing this research question, and constitutes the second part of WP1, named WP1B (see Fig.
1-2).

3. The components in compression, by contrast with the components in shear and tension, usually
exhibit a limited deformation capacity due to the occurrence of local buckling. Among them, it
was decided to investigate the behaviour of the “Column Web in Compression” (i.e. CWC) since
the failure of the latter is susceptible to limit the deformation capacity of the CWS. This research
work constitutes the third part of WP1, named WP1C. It has been already partially addressed
within the CMM research team. Preliminary results may be found in ([21], [22]).

o Assembly level (WP2)

At the assembly level, a new assembly procedure is required which is able to accommodate the new
sophisticated models of components and to predict the full non-linear behaviour of the joint up to
failure under various types of loading conditions. This research work constitutes the second work
package of the global research project, named WP2 (see Fig. 1-2). It is currently being investigated
within the CMM research team in the framework of a third PhD thesis dedicated to the robustness of
structures. At the time of writing, this step is underway: a new generalised mechanical model has been
developed and validated against analytical and experimental results for the prediction of the joint’s
plastic moment resistance. This innovative model overcomes two shortcomings of the current EN
1993-1-8 procedure, namely the consideration of the group effects on the one hand and of the actual
distribution of the shear force along the height of the column web panel on the other hand. Preliminary
results may be found in ([23], [24]). Future steps include the validation of this innovative joint model
in the large deformation field once the new constitutive relationships at the component level become
available, and its implementation in a finite element (FE) software as a macro-element which could be
used in a frame analysis.

e Structure level (WP3)

The final step consists of a validation step: with the new macro-element developed in the framework
of WP2, it will be possible to perform structural non-linear analysis of steel and steel-concrete
composite structures subjected to an exceptional event, accounting for the complete rotational
response of the joints up to failure. This will allow to study the performance of the joints in robustness
applications and to propose guidelines for the design of safe and robust structures. This research work
constitutes the third and last work package of the research project and is referred to as WP3 (see Fig.
1-2). It is being carried out together with WP2 in the framework of the PhD on structural robustness
currently being held within the CMM research team.

To sum up, a comprehensive research project has been launched at the University of Liége with the
aim of extending the component method towards the large deformation field and under complex
loading conditions. This project is presented in Fig. 1-2 and focusses on a given joint typology,
namely the bolted joint with an extended end-plate connection. Once the way is paved for this
typology, the results can be easily extended to other typologies, relying on the “transposability”
principle of the component method. To achieve this general objective, five main work packages have
been identified, leading to the launching of three PhD theses within the CMM research team. The
present thesis is the result of WP1 and focusses on the characterization of the CWS component. It is
presented in more details in the following Section 1.2.2.
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Fig. 1-2. Schematic representation of the design approach for semi-rigid joints under exceptional loading conditions (updated version of Fig. 1-1).
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1.2.2 Contribution of the present thesis (WP1A)

The main objective of this doctoral thesis (see WP1A in Fig. 1-2) can be summarized as follows:

Characterization of the full non-linear behaviour up to failure of the Column Web panel in Shear
(CWS) under monotonic loading conditions.

The methodology which is employed to achieve this objective is depicted in Fig. 1-3 and combines
experimental, numerical and analytical approaches.

For the experimental part, it is not intended to conduct additional experimental tests since a large
number of well-documented experimental campaigns is already available in the scientific literature,
covering various joint typologies and loading conditions. Instead, the objective of the experimental
part is to carefully study those experimental results to select the most relevant ones for the present
thesis, namely those displaying a significant deformation of the CWS. Based on this literature review,
the selected experimental data can be used to get first insights of the behaviour of the CWS. The
amount of information provided by the experimental results remains limited though, which justifies
the use of the numerical approach. The experimental results are then mostly used for the validation of
the models developed in the subsequent numerical and analytical parts.

The roles of the experimental and numerical parts are complementary in the present thesis: once
validated against the experimental results, the numerical tool can be used as a “virtual laboratory” to
perform extensive parametric studies. These parametric studies consist of sophisticated numerical
simulations of welded beam-to-column sub-assemblies and allow investigating the influence of a large
number of parameters on the behaviour of the CWS component up to failure. In addition, they provide
a significant amount of information (distribution of stresses and strains, displacements, failure
mode...), which is available at any location in the model and at any time step of the simulation. This is
a great advantage of the numerical approach, compared to the experimental one. Based on the careful
analysis of these numerical results, one can gain deep understanding of the physical phenomena
governing the behaviour of the CWS up to failure. In this study, the commercial FE software
Abaqus©* [25] has been chosen to perform the FE analyses.

Literature Analytical models \ Comparisons &
/ Conclusions

¥ f
[
Numerical Finite element Parametric
—> modelling — studies
part = Abaqus© = Key parameters
: — o e — !
Ana|ytica| Complex analytical Simplified analytical
—> model > model B
part = Scientific purpose = Design purpose
[ Legend: — \Validation (vs. exp. results) ~  ------ » Validation (vs. num. results)

Fig. 1-3. Description of the methodology.

! Abaqus is a commercial FE software, developed by the Dassault Systémes Simulia company, which is widely
used in the automotive and aerospace industries. It is also very popular in the academic and scientific
communities.
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Based on the knowledge acquired in the parametric studies, the primary objective of the analytical part
remains the development of a sophisticated constitutive model for the prediction of the monotonic
behaviour of the CWS up to failure, which is able to account for the effect of the different key
parameters highlighted in the parametric study. Along the way, some improvements of the current EN
1993-1-8 design standard will also be suggested, as regards the criteria for the prediction of the
stiffness, strength and ductility properties of the CWS component. This constitutes a secondary
objective of the analytical part. Both complex and simplified models developed in this thesis are
validated through comparisons with experimental and numerical results.

Once the way is paved under monotonic loading conditions, perspectives of the present thesis include
the extension of the model to more complex loading conditions. The ultimate goal being the
integration of this new constitutive relationship for the CWS component in a macro-element capable
of simulating the joint’s non-linear behaviour up to failure in robustness application (see WP3 in Fig.
1-2).
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1.3 STRUCTURE OF THE
MANUSCRIPT

This doctoral thesis is divided into seven Chapters, as follows:

CHAPTER 1 (“Introduction”) is the present introductory Chapter. It describes the context, motivations
and objectives of the global research project in which the present thesis takes place. This research
project, conducted at the University of Liége, aims at extending the component method towards the
large deformation field and under complex loading conditions. The scope of the present thesis, which
focuses only on the characterization of the full non-linear behaviour up to failure of the CWS, under
monotonic loading, and the methodology to achieve this objective has also been highlighted.

CHAPTER 2 (“Literature review”) sets the theoretical background of the present thesis. It provides a
brief overview of the current component method and its main limitations. As regards the behaviour of
the CWS, an extensive literature review of the existing scientific analytical models and simplified
design criteria is conducted. From this survey, summary tables are built, using the same formalism for
all the models in order to facilitate the comparisons between them.

In CHAPTER 3 (“Problem identification™), the performances of these complex and simplified
analytical models are assessed through comparisons with experimental results carefully selected from
the scientific literature. These comparisons raise the main problem addressed by the present thesis,
namely the need to develop a more sophisticated analytical model capable of predicting the complete
behaviour of the CWS up to failure.

CHAPTER 4 (“Characterization of the panel zone? plastic shear resistance) focuses first on the
prediction of the plastic shear resistance of the CWS, in the case of welded joints only. It contains two
main parts, namely a numerical part dedicated to the identification of the key parameters governing
this level of resistance, and an analytical part dedicated to development and validation of a consistent
analytical model.

CHAPTER 5 (“Characterization of the panel zone full-range behaviour up to failure”) then focuses on
the prediction of the complete behaviour up to failure of the CWS, again in the case of welded joints
only. Similarly to CHAPTER 4, it is divided into two main parts, namely a numerical part dedicated to
the study of the key parameters governing the deformability and the failure of the CWS, and an
analytical part dedicated to the development and validation of a full-range constitutive model.

CHAPTER 6 (“Extension to bolted joints”) extends the field of application of the models developed in
CHAPTER 4 and CHAPTER 5, to column web panels in bolted joints. The prediction of the plastic
shear resistance is first addressed, where some adjustments in the new analytical model and in the
component method are suggested and validated through comparisons with experimental results.
Secondly, the prediction of the deformation capacity is addressed, through preliminary comparisons
with experimental results. From these comparisons, some limitations in the approach are highlighted
and perspectives of improvement are discussed.

Finally, CHAPTER 7 (“Conclusions”) provides some general conclusions, highlights the contribution
of the research to the characterization of the behaviour of the CWS and gives an overview of the main
limitations and perspectives of the present thesis.

2 The term “panel zone (PZ)” will be introduced in Chapter 2. It refers to the same concept as the term “column
web panel in shear (CWS)” but is more generic. From Chapter 2, the abbreviation “PZ” will be used instead of
“CWS”.
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2.1 INTRODUCTION

2.1.1 Objectives of the Chapter

The objective of CHAPTER 2 is to set the theoretical background in which this doctoral thesis takes
place, focussing on the behaviour of steel joints on the one hand and the behaviour of the CWS
component on the other hand, which are the two main topics addressed in the present thesis.

2.1.2 Outline of the Chapter

Consequently, CHAPTER 2 has been divided into two main parts:

The first part (see Section 1.1) deals with the behaviour of steel joints. General concepts are
first introduced in Section 2.2.1 before the component method is briefly reviewed in Section
2.2.2, focussing on the application on two joint typologies, namely welded joints on the one
hand and bolted joints with an extended end-plate connection on the other hand. The
limitations of this method, when it comes to the prediction of the complete rotational response
of the joint, are highlighted in Section 2.2.3. These limitations were already briefly introduced
in CHAPTER 1 (see Section 1.1.2).

The second part (see Section 2.3) addresses the behaviour of the CWS, which is the
component of interest in the present thesis. A detailed review of past research works dedicated
to the study of this component is conducted in Section 2.3.1. Particular attention is paid to the
available analytical models to characterize the behaviour of the CWS. A non-exhaustive
sample of some of these complex analytical models is provided in Section 2.3.2, while Section
2.3.3 reviews some simplified design criteria coming from various modern building codes. In
the following CHAPTER 3, the performances of the so-identified complex and simplified
models will be assessed through comparisons with available experimental results coming from
the scientific literature. Based on of these comparisons, the strengths and weaknesses of each
individual model will be highlighted, and conclusions will be drawn.
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2.2 BEHAVIOUR OF STEEL
JOINTS

2.2.1 Definitions

Typical steel frame structures include two types of major axis beam-to-column joints, namely interior
joints (i.e. double-sided joints) and exterior joints (i.e. single-sided joints). These two joint
configurations are depicted in Fig. 2-1 for a particular loading case which activates the column web
panel in shear (subscripts B and C stand for Beam and Column respectively; subscripts T, R, B, L
stand for Top, Right, Bottom and Left respectively). They can be divided into two main parts [26]:

e The Panel Zone (PZ) which consists of the Column Web Panel (CWP) and the so-called
Surrounding Elements (SE), i.e. the column flanges, the root fillets and the possible transverse
column web stiffeners, aligned with the beam flanges, if any.

e The left or (and) right connection(s), concentrated at the beam-to-column interface(s), and
which is (are) made of the connecting elements (e.g. bolts, endplates...) as well as the
tensioned and compressed “load-introduction” parts of the column web.

These two parts both contribute to the overall joint deformability, as depicted in Fig. 2-2 for a
particular right exterior joint in which the beam transfers bending moments and shear forces only (i.e.
Ngr = 0in Fig. 2-2) [26]:

e The PZ exhibits a shear deformation mode (see Fig. 2-2(b)) under the equivalent shear force
VEZ acting on the PZ. This force can be evaluated with Eq. (2-1) for a right exterior joint such
as the one presented in Fig. 2-2, B being the transformation parameter and z,, the equivalent
lever arm between the tension and compression centres (assumed equal to hy, — tg;, for welded
joints and depending on the bolt-rows location for bolted joints, see Section 2.2.2). The
resulting rotation y between the beam and column axes makes possible the derivation of a first
deformation curve (V4Z —y) characterizing the rotational response of the PZ. In view of a
simplified modelling of the joints for structural analysis, it is sometimes suggested to
substitute the (be’kz —y) curve for a (Mgg —y) curve, using the so-called transformation
parameter B defined by Eq. (2-1) for the right connection, see [26].

e The connection exhibits two main sources of deformability, namely the deformation of the
connecting elements (e.g. bolts, endplates...) and the transverse shortening and elongation of
the column web, under the couple of tensile and compressive load-introduction Fgzg forces, see
Fig. 2-2. This couple of Fgzg forces is statically equivalent to the beam moment Mz, and acts
at mid-depth of the beam flanges. The so-obtained deformations result in a relative rotation ¢
between the beam and column axes, thus leading to a second deformation curve (Mgr — ¢)
characterizing the rotational response of the right connection.

=0
MBR_MBL_VCB+VCT=MBR_1_ Ve + Vor) =MBR
Zeq 2 Zeq 2 Mpp ¢k cr Zegq
Br

VPZ _ Zeq

Ek — *Br = Fgr " Br (2-1)
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Fig. 2-2. lllustration of the joint deformability sources in an exterior joint (adapted from [27]): (a) resultant joint deformation,
(b) shear deformation of the PZ and (c) load-introduction deformation of the connection.

The resulting (Mgr — @) curve (see Fig. 2-2(a)), representing the joint behaviour, is obtained as the
sum of these two contributions of rotation y and ¢, coming from the PZ and the connection,
respectively. For classical beam-to-column structural joints, such as the ones presented in Fig. 2-1, the
(M7 — @) curve exhibits a bilinear-like shape, as illustrated in Fig. 2-3 (see the solid black lines),
where M’ (or Mék) is the bending moment applied to the joint and is used indifferently from the
bending moment Mz, (resp. Mg, ) coming from the right (resp. left) beam. The elastic behaviour of the
joint, characterized by an initial stiffness S/ ;, develops until the elastic bending moment resistance
M;'l’Rk of the joint is reached at the onset of yielding. It is followed by the progressive yielding of the
joint (i.e. of one or more of its constituent components) until the plastic bending moment resistance
M;’Rk of the joint is reached. During this process, the plasticity gradually spreads throughout the
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components, leading to the progressive decrease of the joint stiffness and to the knee observed in the
solid black curves in Fig. 2-3. The value M/, o, of the elastic bending moment resistance can
reasonably be estimated as 2/3 of M y rier S€€ ([1], [26], [28]). The next stage features the development
of a post-plastic behaviour (S p) which corresponds to the onset of strain-hardening, until the ultimate
bending moment resistance M Rk of the joint is reached. When no mstablllty or brittle failure occurs

in the joint at ultimate state, M, ., differs significantly from M and the bilinear shape of the

yRk'
(MJ - cb) curve is well marked (see Fig. 2-3(a)). By contrast, in case of instability or brittle failure
(e.g. local buckling of the column web in compression or failure of the bolts in tension), M Rk comes

closer to M;,Rk and the bilinear character of the (M’ — @) curve may be difficult to detect (see Fig.
2-3(b)). Either way, the ultimate rotation capacity @, of the joint is defined as the intersection
between the (M’ — @) curve and the M, ,, horizontal line.
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Fig. 2-3. Joint’s typical (M/ — @) curve: (a) well-marked bilinear response and (b) less marked bilinear response.

2.2.2 Component method approach

2.2.2.1 Overview

Different approaches can be used to characterize the joint’s (M/ — @) curve, ranging from
experimental to numerical and analytical ones. This thesis primarily focuses on the component method
approach, a hybrid analytical-mechanical approach, which is nowadays widely recognized as the
reference method for the characterization and the design of steel and steel-concrete composite joints.
The version of the component method presented in the present Section 2.2.2 is the one adopted in the
Part 1-8 of Eurocode 3 (EN 1993-1-8, see [1]), which was briefly introduced in CHAPTER 1.

This method can be seen as a macroscopic application of the FE method. According to this method,
any joint can be subdivided into a series of zones through which the forces are transferred. This is
illustrated in Fig. 2-4 and Fig. 2-5 regarding the two types of joint configurations that will be
extensively investigated in the present thesis, namely welded joints (see Fig. 2-4) and bolted joints
with an extended end-plate connection (see Fig. 2-5), subjected to pure bending. For these two
configurations, three main zones can be identified, namely the shear, tension and compression zones.
These zones are then further discretised into a series of individual basic components which contribute
to the overall response (strength and stiffness) of the joint. Table 2-1 summarizes the basic
components which are active in the two joint configurations illustrated in Fig. 2-4(a) and Fig. 2-5(a).
For sake of simplicity, the welds are assumed to be fully resistant and are therefore not reported in
Table 2-1. The individual basic components given in Table 2-1 are named with two or three letters.
Their behaviour is uniaxial and characterized by a non-linear (F¢ — A¢) deformation curve ("c"
standing for “component”). Therefore, they can be modelled as extensional springs. These springs are
then assembled using infinitely rigid pinned-end elements to form a mechanical model which can be
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employed to simulate the joint’s actual behaviour. This is depicted in Fig. 2-4(b) and Fig. 2-5(b) for
the welded and bolted joints considered in the present study. For the bolted joint in Fig. 2-5, the 3™
bolt-row is considered as inactive since it is located very close to the compression centre. The
estimated (Mj —d))an curve provided by the mechanical model can eventually be assigned to

rotational springs which are typically used to simulate the joints” behaviour in the structural analysis.

From a theoretical point of view, the component method approach could be applied to any joint
configuration and any loading situation provided that the basic components are properly characterized.
Practically speaking, the application of the component method requires the three following steps:

1) identification of the relevant (active) components for a given structural joint;
2) characterization of the (F¢ — A€) curve of each individual basic component;
3) assembly of the components in order to predict the joint’s global (M7 — &) curve.

In the following Sections, these steps are reviewed in the framework of the EN 1993-1-8 approach.
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Fig. 2-4. Exterior welded joint: (a) component identification, (b) EN 1993-1-8 mechanical model and (c) generalised
mechanical model.
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Fig. 2-5. Exterior bolted joint: (a) component identification, (b) EN 1993-1-8 mechanical model and (c) generalised
mechanical model.
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Table 2-1. List of active components for the two joint configurations presented in Fig. 2-4 and Fig. 2-5.

Joint configuration Welded Bolted
Zone Component Acronym | ki |Fyre | ki | Fyre
Shear Column web panel in shear CWS v v v v
Column web in tension CWT v v v v
Column flange in bending CFB * v v v
Tension End-plate in bending EPB / / v v
Bolts in tension BT / / v **
Beam web in tension BWT / / * v
. Column web in compression CwcC v v v v
Compression - :
Beam flange and web in compression BFC * v * v
,:Ig)'tr?:component is considered in the deformation of the beam
** The component is considered in the equivalent T-stub
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2.2.2.2 ldentification of the components

The identification of the active components depends on the joint typology and the loading conditions.
In total, 20 individual basic components are covered by EN 1993-1-8, see [1]. For instance, the basic
active components associated with the welded and bolted exterior joints presented in Fig. 2-4 and Fig.
2-5, are given in Table 2-1. This table shows that the welded joints represent the simplest case due to
the reduced number of involved components. In the presence of transverse column web stiffeners,
there are even fewer active components as the load-introduction components (i.e. CWC/CWT) do not
contribute to the joint deformability anymore.

The behaviour of the bolted joints is influenced by the same components as the ones involved in
welded joints, see Table 2-1. Moreover, additional sources of deformation related to the mechanically
fastened elements can also be identified. This is the case of the column flange in bending (CFB) and
the end-plate in bending (EPB).

2.2.2.3 Characterization of the components

Characterizing the behaviour of the active components is an important step as it is the input for the
mechanical model used in the assembly procedure.

Each extensional spring (i.e. individual basic component) identified in Section 2.2.2.2 is characterized
by a non-linear (F¢ — A€) curve (tension or compression) such as the ones presented in Fig. 2-6(a) and
(b) (see the solid black curves), where F€ and A€ represent the force acting in the component "¢" and
the related displacement (i.e. elongation or shortening), respectively. These curves exhibit a globally
bilinear shape, similarly to the joint’s (Mj — d)) curve (see Fig. 2-3). Therefore, they can be
characterized by four key parameters:

- aninitial elastic stiffness K,; = E - k{,;;, where k{,; is called “stiffness coefficient”;
- aplastic resistance Fy gy;
- a strain-hardening (more generally post-plastic) stiffness K, = E - kj,,, where k;,, is called

“post-plastic stiffness coefficient”;
- an ultimate resistance Fy py,.

According to ([1], [26], [28]), the elastic resistance Fg; g, May be simply estimated as 2/3 of Fy gy

When no instability or brittle failure occurs in the component at ultimate state, Fy; gy, is associated to
the material ultimate resistance and therefore significantly differs from Fy 5, ; in this case, the bilinear
shape of the (F¢ — A€) curve is well marked (see Fig. 2-6(a)). When instability or brittle failure
occurs, Fy gy is closer (or even equal) to Fy g, resulting in a more round final shape for the (F¢ — A€)
curve (see Fig. 2-6(b)).

FS F§
c Jaspart approach
Furi C ”””””””””””””””””””””””””” ; c B Jaspart approach
e - — i g DL [ a—— wrigt
T g L T T T PP PP PP PP PP ' T ””””,r\-------}
VR el EN 1993-1-8 ! v 2"  {EN1993-1-8
F&pe b 2V Kini /7 § ‘ F& e b eV Kini /7 3
K K
Ac ac AS A€ Ac ASAG >
el pl u A el pl u A
(@) (b)

Fig. 2-6. Component’s typical (F¢ — A€) curve: (a) well-marked bilinear behaviour and (b) less marked bilinear behaviour.
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EN 1993-1-8 suggests a simplified trilinear modelling approach for the characterization of the
components (see the trilinear red curves in Fig. 2-6(a) and (b)), which relies on the assumption of an
elastic, perfectly-plastic behaviour of the components. Consequently, analytical expressions are
provided in EN 1993-1-8 regarding the characterization of the basic components in terms of the initial
stiffness coefficient kf,,; and the plastic resistance F;Rk only. No limitation to the yield plateau (i.e.
ultimate deformation capacity Af,) is prescribed though. The analytical formulae (i.e. kf,;; and Fy )
associated to each basic component reported in Table 2-1 are briefly described in Table 2-2, while the
key geometric parameters used in Table 2-2 are summarized in the following Table 2-3, Table 2-4 and
Fig. 2-7. For more details about the application of these formulae, the reader is referred to the
normative document [1]. It is noteworthy that for the BFC and the BWT, EN 1993-1-8 assumes a
rigid-plastic behaviour, i.e. kf,; = oo, see Table 2-2. The same applies to the CFB when it is active in
a welded joint. This is because the deformability of these components is already accounted for in the
deformation of the connected beam. As a consequence, these components only provide a limitation to
the joint’s plastic bending moment resistance.

2.2.2.4 Assembly of the components

Knowing the individual response of each active component, the assembly procedure can be
contemplated. The joint components are combined into a spring model, as shown in previous Fig.
2-4(b) and Fig. 2-5(b). From these models, the mechanical properties of the joint (i.e. the rotational

stiffness S ., the plastic bending moment resistance M;Rk and the rotation capacity &®,) can be

ini’
determined using analytical formulae. These formulae are briefly presented below, where they are
particularised to the two joint configurations illustrated in Fig. 2-4(b) and Fig. 2-5(b), assuming for the
latter that the 3" bolt-row is inactive.

As regards the joint’s initial rotational stiffness S7. ., it can be derived through Eq. (2-2):

ini’

m=TT 1 (2-2)
kic;u' eq kicu' eq

where k{';u-‘eq and kj; ., are the initial stiffnesses associated to the bolt-row in compression and the
equivalent bolt-row in tension respectively, see Egs. (2-3) and (2-4), and where z,, is the equivalent

lever arm between the latter, see Eq. (2-5):

kS oq = !
mea™ 1 1 1 (2-3)
ki~ kg g
kEWT welded joint (Fig. 2-4)
kD on =422 1 ki “h 2-4
mueq Zr=1 ineffr T bolted joint (Fig. 2-5) 2-4)
Zegq
hy — trp welded joint (Fig. 2-4)
={¥2_ kI, - hZ 2-5
Zeq Z; ! kl;”"eff'r : hr bolted joint (Fig. 2-5) (2-5)
r=1"inieff,r T
with kiTm-_eff,r being the effective stiffness coefficient associated to the " bolt-row in tension, see Eq.
(2-6):
k! = !
inieffr — 1 1 1 1 (2-6)

L CWT + 1 CFB + L EPB + kBT

ini,r ini,r ini,r ini,r



2.2 BEHAVIOUR OF STEEL JOINTS 61

As regards the joint’s plastic bending moment resistance M;,Rk, it can be evaluated through Eq. (2-7):

Fy Rk1 ' Zeq  welded joint (Fig.2-4)
2-7
Z y.Rkr " Ny bolted joint (Fig. 2-5) )

where Fy, g1 and F, gy - designate the plastic resistance of the tensile row in a welded joint and the

plastic resistance of the r** bolt-row in tension in a bolted joint, respectively, and can be expressed
through Egs. (2-8) and (2-9):

Fyreq = mln( yCI1/2VkT1r chﬁ 1’ Fy,Rk,C) (2-8)

F _ {min( C‘IA{I;FW ngir' FEggrrF Rk, FyRkC) = (2 9)
¥y,RKk,r . -
mln( Cllglgrr Ffﬁﬁ T FEE?W F ¥y,Rk,1 Fy Rk T Fy,Rk,C - Fy,Rk,l)
with Fy, gy ¢ the plastic resistance of the bolt-row in compression, see Eq. (2-10):
Fy ri,c = min(F e FRRG FORe (2-10)

It is noteworthy that spring models such as the one presented in Fig. 2-5(b) do not account explicitly
for the group effects, i.e. the possible plastic mechanisms which could develop around several adjacent
bolt-rows in the plate components. Consequently, EN 1993-1-8 provides additional analytical
formulae to check the distribution of forces among the bolt-rows with respect to their individual and
group resistances. An example of such assembly formula is provided in Eq. (2-11) for the bolted joint
considered in Fig. 2-5, where F{R)’1 . Fyqi1—, and FJ'k, 1, are the resistances of the group effects
that can potentially occur between the two bolt-rows in tension:

— : . CWT . CFB . BT
Fy rizrea = MIN(Fy gie2; Fy i 1-2 — Fy rie1i Fy rivi—2 — Fy,ri Fy kie1—2 — Fy ria) (2-11)

As regards the joint’s rotation capacity @,,, unlike the two other properties, it cannot be derived from
mechanical models, since no information is available at the component level in terms of deformation
capacity Af,. Consequently, EN 1993-1-8 prescribes qualitative recommendations in order to ensure
sufficient rotation capacity and ductility to the joints.

Based on the knowledge of Sml, M;'Rk and @,,, EN 1993-1-8 suggests a simplified trilinear modelling
approach for the idealization of the joint’s (Mf — CD) curve (see the trilinear red curves in Fig. 2-3(a)

and (b)), similarly to what was done at the component level in Section 2.2.2.3 (see Fig. 2-6).
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Table 2-2. Characterization of the individual basic components reported in Table 2-1, according to EN 1993-1-8 [1].
Component i FJRra Parameters
CWS 0.38-Ay¢ 0.9 fywe * Avc
! T Rp— — Ape=A,—2b, tro+ (tye +2-7.) -t
unstiffened . R vc c c Yfc wc c fc
( ) B 2eq V3B Yo 0 interior joint with balanced bending moments
0.9 fywe - Avc B = [1.0 exterior joint
V3B Yuo 2.0 interior joint with unbalanced bending moments
CWS . My fera d,: distance between the centrelines of the stiffeners
(stiffened) *© +min (4 B, My, fe ra: design plastic moment resistance of a column flange
) My fcra + Mpl,st,Rd> My, s¢.rq: design plastic moment resistance of a stiffener
B-d
b _ {tf,, +2 V2 ay; +5- (o + 1) welded joint
SN by +2:V2 ap, + 5 (tge +7.) +5, bolted joint

1.0 0<B <05
w={w,+2-01-f)-1-w) 05<B<10
w,—1-p)(w,—wy) 10<pB<20

W Kyeb “te
min wc ef;"/,cwc wc fy,wc; {wl — - -
MO 1413 ef fewctwe
cwWe 0.7 begewe " twe . @ Kye* bepfewe * twe fy,WC) with ( L Ave )
de Ymo Wy = " —
[(2effewctwe
1+5.2 (7AVC )
1.0 Onn = 0.7~ fy,wc
kwe =117 - }‘fy"; Oun > 0.7 f e
1.0 14,<0.72 3 i
={7,-02 ; with 1, = 0,932 |-LLaverclywe
PRV 1> 072 g N
b
CWT 0.7 - beff,cwt ) twc (% kwc . beff,cwt . twc . fy,wc b _ tfb +2- \/Z " ab,f +5- (tfc + Tc) welded joint
dc Ymo eff.owt beff,cfb bolted joint
CFB o befscrp b fygp be‘ff'jcfb =t twe + 21+ 7 k-t
welded - K = Lysetre
( ) Ymo Fysotsn
— i . 1,°P
Desrerp = {I’Effvcfbr1 = min(bif7.cpvi beppep,) mode 1
' beff.erb2 = Defrern moge 2
CFB |09 besren " tie . FCFB  _ 4 Mpljerra oy _ Defrespatie,
bolted) | i min(FERS | FERE i FERE 5) Y.Rd1 e pLfcLRA i Jvre
re FCFB  — 2MpifezRatFy ks M with M _ befferbztic | f,
3(/:':;2 B;nfc*'"fc pLfez,Rd 4¥YMo vife
Fyrasz =2 Fyga
— mi P
I {beff_epb_l = mm(b;’f”f,epb, beff’epb) mode 1
’ beffepb2 = beffepn mode 2
09-b -3 EPB  _ 4 .MplpiRd ; _ Dbeffepbath
f1.epb : F = 4. 2peiRd ity = ZeffepbiTh
EPB % min(FLRS 15 FERl o FERE 5) Y.Rd1 mp t pLp,LRA yrm )
P FEPB  _ 2Mplp2Ra+FyRas"p ith M _ besrepb2ty |
V.Rd2 = —— wi pp2ra =~ = fyp
Fykas =2 Fyka
Mp,ra R . . .
BFC © ¢t My, rq: design plastic moment resistance of the beam cross-section
b~ b
b, “twp * fi
rrbwe " twb " Jywb _
BWT 0 ewy# Bofowe = Doffepb
MO
BT 1.6- A 0.9 fup " As Aj: bolt cross-section area
Ly Ymz2 Ly: bolt elongation length, see EN 1993-1-8
Notes :

. E, fywer fy.fer Fywor Fy o0 fypr fup: Mechanical properties of the steel material
®  Yuo = 1.0,y = 1.0, yu, = 1.25: partial safety factors
. he (resp. hy,), b, te (resp. tep), tye (r€SP. tep), 7o, de, Ac: geometric properties of the column (resp. beam) cross-section
e s, length obtained by dispersion at 45° through the end-plate, see EN 1993-1-8

. Z,q- equivalent lever arm, see forthcoming Eq. (2-5)
. o, n- vertical normal stresses coming from the axial load in the column
& bgfscrp > see Table 2-3

& bifsepn = see Table 2-3

. Ay fr Qp g1 bpy Mye, Mg, My, My, SEE Fig. 2-7

. bP

eff.cfb

° A

eff.epb
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Table 2-3. Definition of the effective lengths bg}’f'cfb and bfy .y, Tor a (un)stiffened CFB.

Bolt locati Bolt-row considered individually Bolt-row considered as part of a group
oftrowfocation Circular patterns b7, .., | Non-circ. patterns blf,.q,, | Circular patterns b.?. ., | Non-circ. patterns bZfr .,
End bolt-row adjacent to | . . e, +amy,
a stiffener min(2mmye; mmg + 2¢,) | (2my. +0.625¢;.) Not relevant Not relevant
Inner bolt-row adjacent 0.5p + amy,
. 2 +
to a stiffener TtMmse @Mye MMye TP — (2my, + 0.625¢;,)

Other inner bolt-row 2mmyg, 4Amg. + 1.25¢€5, 2p p
min(4-mfc + 1.25¢¢; min(meC + 0.625ef,
2my, + 0.625¢, + &) + 0.5p; e, + 0.5p)

Other end bolt-row  |min(2mmy,; mmy, + 2e;) min(mmy, + p; 2e; + p)

Note: for the derivation of a, see EN 1993-1-8 [1]

Table 2-4. Definition of the effective lengths b.7 ., and by e, for an EPB.

Bolt locati Bolt-row considered individually Bolt-row considered as part of a group
oft-row focation Circular patterns bj}’f_epb Non-circ. patterns bgf ., | Circular patterns bg;'fle,,,, Non-circ. pattems bgf o,
min(4mx + 1.25¢,; ¢,
Bolt-row outside tension min(2mm,; wm, +2m,
flange of beam +w;Tm, + 2ep) + 0.625e,; 0.5by,; 0.5w Not relevant Not relevant
+ 2m, + 0.625¢,)
1% bolt-row below 2 am e + 0.5p + am,
tension flange of beam v i » P —(2m, + 0.625¢,)
Other inner bolt-row 2rmy, 4m,, + 1.25e, 2p p
Other end bolt-row 2mm, 4m,, + 1.25¢, mm, +p 2m, + 0.625e, + 0.5p
Note: for the derivation of a, see EN 1993-1-8 [1]
b, e,
ab,f ap_f €x
LX
P12
hy, hy, D2-3
ep w ep
hC Pp bC
] ] mp.=L.— 08",
Ay 7 A nfe = min(efc; ep; 1.25 -mfc)
b = V2
- my =L, —08:-V2-ay,
n, = min(es; e,; 1.25 - my,)
|| My =Le—08-V2-a,,

Fig. 2-7. Definition of the main geometric parameters involved in Table 2-2, Table 2-3 and Table 2-4.
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2.2.3 Limitations

The reliability of the method depends on both the quality of the characterization of the individual basic
components (strength, stiffness and deformation capacity) and the ability of the mechanical model to
combine these components correctly at the assembly level. These two aspects are addressed in the
following Sections 2.2.3.1 and 2.2.3.2, respectively.

2.2.3.1 Characterization of the components

At the component level, EN 1993-1-8 provides analytical expressions for the characterization of two
out of the four key properties of the components, i.e. the initial stiffness K},; and the plastic resistance

FyC,Rk, see Section 2.2.2.3. Based on these two parameters, a simplified elastic, perfectly-plastic

(F€ — A°)4n curve is built, as shown in Fig. 2-6. However, this model exhibits an infinite yield plateau
since no information on the actual ductility of the individual components is provided in EN 1993-1-8.
This model also neglects the influence of strain-hardening and consequently fails in predicting the
components’ ultimate resistance Fy;r, and deformation capacity Af. For the characterization of the
post-plastic behaviour of the components up to failure, it is referred to the scientific literature.

A preliminary study on the topic was conducted by Jaspart and his research team ([28]-[30]), which
suggests implementing a simple methodology to account for strain-hardening. Each individual
component is modelled by a trilinear relationship, as depicted by the blue dashed curves in Fig. 2-6(a).
The first two branches are similar to the EN 1993-1-8 model. They can be described based on the
expressions of the initial stiffness Kj,; and the plastic resistance Fy ). For the third branch, simple
analytical expressions are provided for the strain-hardening (i.e. post-plastic) stiffness Ky, = E - k5,
of the components, based on the comparisons with numerous test results (see [28]). These expressions
are illustrated in Eq. (2-12), where kg, is the post-plastic stiffness coefficient, kf,; is the initial
stiffness coefficient which is given in Table 2-2 for each basic component, E,,, is the strain-hardening
modulus of the material (usually taken as E/50) and v is the Poisson’s ratio. Eq. (2-12) assumes that
the components’ post-plastic stiffness Ky, coincides with the one of the material constituting the
components.
E

% kS, c ~ CWC, CWT, EPB or CFB

2-(1+v) Epp
TTklEnl c ~ CWS

kS, = (2-12)

This preliminary study also suggests analytical expressions for the computation of the ultimate
resistance Fy g, and, consequently, the ultimate deformation capacity Af. Fy g, is easily obtained by
substituting the material yield strength f,, by the material ultimate strength £, in the formulae proposed

in Table 2-2 for the characterization of the components’ plastic resistance. Exception is made for the
CWC and BFC components where the risk of local instability needs to be studied and could limit the
development of strain-hardening, thus leading to a bilinear model, see Fig. 2-6(b). Knowing Fy g, the

ultimate deformation capacity AS, can be derived at the intersection between the post-plastic branch of
the model and the F; 5, horizontal line, as expressed through Eq. (2-13). Based on this new modelling
of the components, Jaspart also proposed an extended version of the assembly procedure that is
described in Section 2.2.2.4, in order to predict the joint’s ultimate resistance M{;,Rk and ultimate
deformation capacity @,, (see the dashed blue curves in Fig. 2-3).

c _rc c _rc
Fu,Rk Fy,Rk . Fel,Rk Fu,Rk el,Rk.)
c ’ [4 [4
Kpp K Kii/7

ini

Af,= max < (2-13)
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Faella et al. proposed a similar approach in [31]. Other studies on the characterization of the
components’ post-plastic behaviour include the work of Kuhlmann and Kihnemund ([32], [33]) for
the component associated to the compression zone (i.e. the CWC component) and the works of Piluso
([34], [35]), Girédo Coelho [13], Faralli [36], Yan ([19], [20]) and Francavilla [37] for the components
associated to the tension zone (i.e. the EPB, CFB and BT components, which are modelled using the
T-stub approach). Beg and co-workers [14] also developed analytical expressions to predict the
deformation capacity of the different individual basic components. These expressions were derived
based on test results and numerical simulations. To date, no comprehensive study on the prediction of
the full-range behaviour of the component associated with the shear zone (i.e. the CWS component)
was found in the literature. This observation will be confirmed by the extensive literature review
conducted in the forthcoming Section 2.3.1.

Despite these extensive research efforts spanning over the last 20 years, no consensus has been
reached yet within the scientific community on the analytical expressions to be used to model the full
behaviour up to failure of the different individual basic components. This demonstrates the need for
additional research work before a thorough comprehension of the full (F¢ — A€) behaviour of each
individual component is eventually achieved.

Based on this standpoint, several research projects were launched at the University of Liége on key
components such as the CWC, CWS, CFB and EPB, as highlighted in CHAPTER 1 (see Section 1.2.1
and “WP1” in Fig. 1-2), the first results of which are already available. While the major outcomes of
the CWS are extensively described within the present thesis (see “WP1A” in Fig. 1-2), the main
conclusions related to the behaviour of the CWC (see “WP1C” in Fig. 1-2) can be found in ([21],
[22]). In the latter, a new analytical approach, which was validated against numerous experimental
results, is proposed for the prediction of the full (F¢ — A€) curve of the CWC. Through this study,
possible improvements of the CWC plastic resistance have also been identified, potentially allowing a
global increase of resistance of about 10% with a slight modification of the current formula given in
Table 2-2. In the following, the acronym CWC* will be used when referring to this new analytical
approach. Finally, the behaviour of the CFB and the EPB (see “WP1B” in Fig. 1-2) is currently being
investigated within the CMM research team and preliminary results are expected soon.

These new full-range constitutive relationships for the different individual components can be
introduced in mechanical models such as the ones illustrated in Fig. 2-4(b) and Fig. 2-5(b), thereby
allowing the prediction of the joint’s complete response when these components are activated at
failure.

2.2.3.2 Assembly of the components

At the assembly level, EN 1993-1-8 applies an hybrid analytical-mechanical approach to derive the
joint’s overall (M/ — @) curve, as described in Section 2.2.2.4. For the derivation of the joint’s

stiffness Si’;li, a mechanical model such as the ones presented in Fig. 2-4(b) and Fig. 2-5(b) is used and

proves to work well. However, for the prediction of the bending moment resistance M;'Rk, the use of

such mechanical model is less appropriate as it disregards two key features which are likely to affect
the joint’s response, namely the group effects and the actual distribution of shear forces along the
height of the CWP. As regards the group effects, EN 1993-1-8 provides the designer with additional
analytical formulae (such as Eq. (2-11)) to verify the distribution of forces among the bolt-rows with
respect to their individual and group resistances. For the definition of the shear force(s) acting on the
PZ, EN 1993-1-8 suggests the use of an equivalent lever arm z,,, which can be derived through a
stiffness calculation (see Eq. (2-5)). This leads to the definition of a unique equivalent shear force V2
acting on the PZ, see Eq. (2-1). For welded joints with only two load-introduction rows such as the
one depicted in Fig. 2-4, this definition seems relevant. On the contrary, for bolted joints with multiple
load-introduction bolt-rows such as the one depicted in Fig. 2-5, this definition does not reflect
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appropriately the actual distribution of the shear forces along the CWP height as, in reality, V5Z varies
along this height according to the loads introduced in the CWP by the connection rows.

In this context, a generalised innovative mechanical model has been developed within the CMM
research team (see Section 1.2.1 and “WP2” in Fig. 1-2) and validated against experimental and
analytical results. This model has been proven to overcome the limitations of the current EN 1993-1-8
mechanical model, thereby allowing to bypass the analytical procedure prescribed in EN 1993-1-8 for

the characterization of the joint’s plastic bending moment resistance M;'Rk. Given the complexity of

this model, its complete description turns out to be a rather tedious process. Therefore, it is purposely
not reported here for sake of clarity of the present manuscript. The interested reader is referred to
([23], [24]) for more detailed information. Instead, to facilitate the reader’s understanding, this new
mechanical model is exemplified on the welded and bolted joint configurations considered in the
present study, and the main features of the model are highlighted and discussed, see Fig. 2-4(c) and
Fig. 2-5(c):

o As regards the group effects, they are simulated using fully rigid-plastic springs which can be
seen as “fuse” elements with a plastic strength equal to the group resistance. This is illustrated
in Fig. 2-5(c) for the group 1-2 (assuming that the 3" bolt-row is not activated).

e As regards the modelling of the CWP, it is divided into a series of subpanels depending on the
number of connecting rows. This modelling allows for the simulation of the actual
deformation of the CWP while accounting for the variation of the shear force over the height
of the CWP. This is illustrated in Fig. 2-5(c) for the exterior bolted joint. Assuming that the
3 bolt-row is inactive, three load-introduction connection rows are contemplated on the
height of the CWP, which is thus divided into two subpanels. By contrast, for the welded joint
(see Fig. 2-4(c)), only two load-introduction rows are contemplated. Therefore, the equivalent
lever arm z,, is easily defined as the distance between the beam flanges centerlines, see Eq.
(2-5), and the shear force is constant over the entire height of the CWP. For this specific case,
there is no difference between the EN 1993-1-8 model (see Fig. 2-4(b)) and the new
generalised mechanical model (see Fig. 2-4(c)).
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2.3 BEHAVIOUR OF THE PANEL
ZONE AS A JOINT COMPONENT

From now on, the acronym “CWS” referring to the “column web panel in shear” component will be
replaced by the more generic “PZ” abbreviation, which designates the “sheared panel zone”. As a
reminder from Section 2.2.1, the PZ behaviour includes both contributions from the column web
panel (CWP) and the surrounding elements (SE).

2.3.1 Literature review

Among the components described in Section 1.1, the sheared PZ is known to play a key role in the
design of steel and steel-concrete composite joints as it can govern the joint resistance in a significant
number of situations under static loads, but even more so under seismic loading conditions [38].
Moreover, when activated and appropriately designed, it is known to provide a reserve of ductility to
the joint [39]. For all these reasons, a significant number of researchers have been studying its
behaviour for more than 50 years.

Back to the *60s and early *70s, little attention was paid to the behaviour of the sheared PZ in the US,
since the joints were usually modelled as rigid, full-strength elements in the structural analysis and
designed as such. The philosophy behind this design approach was to force all plastic deformations
(i.e. energy dissipation) to occur in the beams in case of an earthquake (strong PZ-weak beam
philosophy). This design can only be achieved using welded connections rather than bolted ones,
usually recognized as semi-rigid and partially resistant, and the heavy reinforcement of the PZ. This
reinforcement mostly consisted in adding thick doubler plates, continuity plates (i.e. transverse column
web stiffeners), possible diagonal stiffeners and heavy welding to the PZ, thus leading to rather
uneconomical design solutions. Furthermore, in this solution, the welded connections, especially the
weld detailing, required much more attention since the latter could undergo severe stress concentration
under seismic loading conditions. Consequently, several experimental investigations were carried out
at that time in the US (e.g. [40], [41]) on full-scale connection tests to determine the cyclic
performances of different welded connection detailings.

From the *70s, extensive research effort spanning over 20 years was carried out in the US and in Japan
to investigate the inelastic PZ behaviour under both monotonic and cyclic loading conditions. To this
aim, numerous full-scale tests on beam-to-column sub-assemblies were conducted ([42]-[48], see also
[41], [49] for a review of these experimental campaigns). Two major observations were made from
these tests, which can be summarized as follows: (1) the significant strain-hardening which can be
observed after the shear yielding of the CWP may be attributed not only to the material strain-
hardening but also to the contribution of the SE, i.e. the column flanges, the root fillets and the
possible transverse column web stiffeners; (2) the PZ may have a ductile and stable hysteretic
behaviour that could enhance the energy dissipation capacity and also contribute to a reduction of the
inelastic demands imposed on the beams. From these observations, new advanced analytical (i.e.
Fielding [50], Krawinkler [51], [52], and Wang [53]) and semi-empirical (Kato [54], Matsuo [55])
models were developed for the characterization of the PZ elastic and inelastic shear behaviours. These
models are usually presented in terms of a trilinear (V?% — yP?) relationship, V% and y?# being the
PZ shear strength and shear distortion. They exhibit an initial elastic behaviour up to the yielding of
the CWP, followed by two plastic branches, the former accounting for the SE contribution, and the
latter for the material strain-hardening. The accurate characterization of the PZ behaviour was a
necessary preliminary step to reliably mobilize the PZ in the seismic energy dissipation. Among the
models listed above, the Krawinkler model quickly became the most popular one, mainly due to its
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ease of use and good performance, especially for the range of thin to medium column flanges.
However, some studies ([52], [56]-[58]) pointed out that this model may not work well for cases with
very thick column flanges, i.e. t;. > 30 — 40 mm. Therefore, this model was introduced in the US
seismic design provisions with minor modifications to take into account the beneficial effects provided
by the SE, thereby reducing the costs related to extensive joint welding. This change in the design
philosophy, moving from a strong to a balanced PZ approach, resulted in a more significant influence
from the PZ on the overall lateral stiffness and strength of the moment resisting frames ([54], [59]-
[62]). The consideration of weaker PZs also imposed the need for more advanced joint models at the
frame analysis stage to explicitly account for the PZ behaviour ([57], [62]-[66]).

However, the 1994 Northridge earthquake in California and the 1995 Kobe earthquake in Japan
revealed the limitations of the new seismic design provisions. Although the moment-resisting frame
structures and buildings were thought to be properly designed and met the seismic design
requirements, extensive damage were observed in the aftermath of these earthquakes due to
widespread unexpected brittle failures in the welded beam-to-column connections at the level of the
tension flanges. Consequently, significant research efforts were carried out in the second part of the
’90s with the aim of (1) understanding the causes of the observed damages, (2) assessing the main
parameters affecting the cyclic behaviour of welded beam-to-column connections and (3) suggesting
improvements to the connection configurations. To this aim, numerous full-scale tests on beam-to-
column sub-assemblies were performed in the US ([67]-[74]), in Japan ([75]-[80]) and in Europe
([81]-[86]). An extensive review of these experimental campaigns is provided in [49].

From these research efforts, it was concluded that a number of factors weakened the welded
connections, leaving them susceptible to brittle failure [87]. These factors include ([64], [84], [87]):
(1) the welding type and procedure (potential welding defects), (2) the detailing (stress concentration
in the welds due to PZ yielding), (3) the steel properties, (4) unusually high seismic input and (5) the
beam size and geometry. Among them, the excessive inelastic PZ distortions allowed by the seismic
design provisions resulted in local kinking of the column flanges, placing a high stress and strain
demand on the welds at the beam-to-column interface. Without sufficient ductility and proper
detailing, these welds were thus susceptible to fail by fracture. Numerical simulations confirmed this
observation ([56], [80]). As a result of these research efforts, new configurations of beam-to-column
connections were proposed in the US, together with repairment and upgrade strategies [87]. These
research efforts also led to the formulation of new seismic design criteria for the PZ, prescribing a
balanced design approach ([87], [88]). In this approach, the flexural yielding of the beam is targeted,
directly followed by the limited yielding of the PZ. By contrast, the European seismic code [89]
shifted from a potentially weak PZ approach to a more conservative strong PZ approach. The same
method was prescribed by the Japanese and Chinese seismic codes ([90], [91]). As regards the
European and American strategies, they were critically reviewed in ([64], [92]-[95]). The differences
in the current seismic provisions between these two approaches reflect the uncertainty among the
scientific community in estimating the actual contribution of the PZ to the inelastic response of the
joint and whether the yielding of the PZ should be allowed ([64], [92]). The current European,
American, Japanese and Chinese seismic design approaches for the PZ will be reviewed in more detail
in the forthcoming Section 2.3.3.

The Northridge and Kobe earthquakes are also at the origin of a renewed interest in the development
of more robust analytical models to simulate the inelastic PZ behaviour. In less than 20 years, several
new analytical models were proposed (i.e. Schneider [62], Lin [70], Engelhardt [57], Namba [76],
Castro [63], Kim [73], Mansouri [65]). Most of these models were built upon previously developed
models and aimed to address the limitations of the Krawinkler model (see above), by introducing a
number of new features and refinements. These refinements include for instance the consideration of
both shear and bending deformation modes, or the use of distinct effective shear areas Ay.. The
validation of these models was carried out through comparisons with experimental and numerical
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results. However, the scientific community has not yet reached a consensus on an improved PZ model
to be used in the seismic design of steel moment resisting frames [58]. An extensive review of the
most referenced analytical models is performed in the forthcoming Section 2.3.2, where the
assumptions and limitations of each model are highlighted and discussed.

In Europe, the use of bolted beam-to-column connections, either stiffened or not, is much more
widespread than in the US, where the site-welded beam-to-column connection remains the common
practice. Given the semi-rigid nature of the bolted joints, it was of primary importance to characterize
the rotational response of the latter, first under monotonic loading [28], before extending the findings
to cyclic loading conditions ([81], [84], [96]-[98]). These research efforts, which were carried out in
the late 1980s and early 1990s, resulted in the proposition of a new method for the characterization of
steel and steel-concrete composite joints, known as the component method. This method was
introduced in EN 1993-1-8 and is nowadays recognised as the reference method in Europe for the
design of joints under monotonic loading. Its popularity grew tremendously throughout the years due
to its accuracy yet simplicity and its great flexibility for the designer compared to the prequalified
joints approach recommended in the US. Its scope is how being extended to more complex loading
conditions, either at room temperature [4], or under fire [5], dynamic [6] or cyclic ([7], [8]) loadings.
The component method was extensively described in Section 2.2.2. As a reminder, this method allows
predicting the (Mf - d)) curve of a joint using a three-step procedure which relies on the
identification, characterization, and assembly of the basic components active in the joint.

As regards the characterization of the PZ component, and more generally of all the components active
in the CWP, including the CWC/CWT components, the first major contribution was made by
Zoetemeijer [99], who defined the relevant stress interactions to be accounted for in the CWP, leading
to the development of analytical models for the CWC/CWT components. Following this work, an
extensive experimental programme on welded joints was launched at the University of Innsbruck
([100]-[103]) with the aim of separately characterizing the behaviour of the sheared component (i.e.
the PZ) and that of the load-introduction ones (i.e. CWC/CWT). Some of these experimental results
were later used by Atamaz and Frey [104] to perform some numerical studies. These results were
exploited by Atamaz and Jaspart [105] and Jaspart ([28], [106], [107]) to derive multi-linear analytical
models for the PZ, CWC and CWT components. These models were introduced in EN 1993-1-8 with
some minor modifications [106]. Similarly to the Krawinkler model in the US design code, the PZ
model proposed by Jaspart remains today the reference in the modern version of EN 1993-1-8.

Recent studies on the PZ behaviour mainly aim at extending the scope of the current PZ design
provisions. A non-exhaustive survey of some of these research projects is suggested here below. For
instance, Girdo Coelho ([108]-[111]) investigated the sheared behaviour of PZs made of high strength
steel (HSS) S690 and S960 relying on experimental and numerical studies. Results are also compared
with the design provisions adopted in EN 1993-1-8 and conclusions are drawn. Jordao ([112], [113])
developed a new mechanical model for the characterisation of internal joints with beams of unequal
depth, based on experimental and numerical studies. In this model, the PZ is divided into two sub-
panels to account for the unequal beam depths. Jordao also investigated the applicability of this new
modelling approach for internal joints made of HSS S690. Brandonisio [114] examined the shear
buckling issue in the PZ by comparing the European and American code provisions to experimental
and numerical results. Based on these comparisons, some possible improvements of the design criteria
were suggested. Finally, Skiadopoulos [58] has recently developed a new PZ model for the seismic
design of beam-to-column joints in steel moment resisting frames. This model was derived and
calibrated based on the careful analysis of realistic shear stress distributions within the PZ, obtained
from continuum FE analyses of representative PZ geometries. To assess the performance of the model,
a comprehensive experimental data set of 100 tests was built [115], with an emphasis on those
exhibiting inelastic PZ behaviour. Comparisons between analytical and experimental results showed a
very good agreement.
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2.3.2 Complex analytical models

2.3.2.1 General description

From Section 2.3.1, it can be seen that over the last 50 years, significant research efforts have been
dedicated to the development of reliable multi-linear analytical models for characterizing the PZ
sheared behaviour. As discussed in Section 2.2.2, such component models are required to predict as
accurately as possible the actual joint behaviour, using mechanical models such as the ones presented
in Fig. 2-4(c) and Fig. 2-5(c) for instance, so that the joint behaviour can be subsequently taken into
account in the frame analysis.

Therefore, some of the most referenced scientific models introduced in Section 2.3.1 are reviewed in
more detail in the present Section 2.3.2. This non-exhaustive sample includes the following ten
analytical models, namely the Fielding (1971, [50]), Krawinkler (1971 [51] and 1978 [52]), Wang
(1988, [53]), Jaspart (1991, [28]), Schneider (1998, [62]), Lin (2000, [70]), Engelhardt (2002, [57]),
Kim (2015, [73]) and Skidaopoulos (2021, [58]) models. These models are presented in detail in Table
2-5, Table 2-6 and Table 2-7, where the same formalism has been used for all of them in order to
facilitate their comparison.

From these tables, it can be observed that all the authors express the behaviour of the PZ (see the blue
(VPZ —yPZ) . curves in Table 2-5 to Table 2-7) as the sum of two independent contributions. The
first contribution accounts for the behaviour of the CWP (see the orange (VWP —yCWP) . curves in
Table 2-5 to Table 2-7). This contribution exhibits either a bilinear, trilinear or quad-linear shape. The
second contribution accounts for the beneficial frame effect provided by the SE elements (see the
green (AVSE — ySE) ., curves in Table 2-5 to Table 2-7). This contribution exhibits a bilinear shape in
all the models. As a reminder, the SE consist of the column flanges, the root fillets and the transverse
column web stiffeners, aligned with the beam(s) flanges, if any. Since these two contributions are
assumed to behave independently, they can be studied separately and then superimposed through Eq.
(2-14) and Eg. (2-15) to get the full non-linear model up to failure of the whole PZ.

VPZ = yCWP 4 ApSE (2-14)
KPZ — KCWP + KSE (2_15)

The contributions of the CWP and the SE will be studied in detail in the following Sections 2.3.2.2
and 2.3.2.3 for each individual model, with a strong focus on the assumptions and limitations of each
model. The capabilities of these scientific models will be assessed further below through comparisons
with available experimental results, collected from the scientific literature (see CHAPTER 3). Based
on these comparisons, the strengths and weaknesses of each individual model will be highlighted and
discussed. The information presented in the following Sections 2.3.2.2 and 2.3.2.3 is not exhaustive.
The interested reader is referred to the given references for more detailed information about the
models.
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Table 2-5. Description of the Fielding (1971), Krawinkler (1971), Krawinkler (1978) and Wang (1988) models.
Author | Fielding (1971) | Krawinkler (1971) | Krawinkler (1978) Wang (1988)
Schematic presentation of the PZ models
VCWP“1 VCWP‘ | VCWP“1 VCWP‘ -
CWP vEws v Vel i
=CWP ;CWP :CWP ;CWP
+ + + +
AVSEA AVSEA H AVSEA H AVSEA |
SE
AVS
S ;SE :SE :SE :SE
vPZ, vPz, vFZ,
Vs vrz,
Pz ) Ve ViEwn
v >z >z >0z
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Description of the main parameters of the models

KSWP G- Ay G- Ay G- Ay G- Ay
Kyp'” 0 Gpp " Avc Gpp * Avc Gpp * Ave
SE i _E-Ifc X _E-Ifc . .E-Ifc i _E-Ifc
Ky 24-«a pre 48-«a pre 48 -«a pre 32« pre
KSE / 0 0 0
123
VyC,gVMF/’P wap')(i')(n'Avc'Ty wap'Xi'Xn'Avc'Ty C;?WP'Xi'Xn'AVC'Ty C;\(/:WP'XL"Xn'AVC'Ty
V}g:gVZP / AC)gwp'Xi'Xn'AVC'Ty AC)(/:WP " Xi 'Xn'AVC 'Ty AC;/:WPXL 'Xn'AVC 'ty
Viib? / / / /
AVSEwp 0 0 0 0
Mpifc Mpifc Mpifc
AVSE, / 7.2 —Z;, Ay 7.2 —Z{, “Axn 4 -—ZZ “Axn
AV, / / / /
cwp vylive Vylive vy live vylive
Yy K)gwp wap KchP Kycwp
Y;E / Y;Z _ y;IWP y;z _ ychP y;z — yyCWP
Pz
Yu / / / /
Description of additional relevant parameters
Ayc dg -ty dg -ty dg -ty dgtye
d; he - tfc he — tfc 0.95- h, he—2- tfc
d; hy — tep hy 0.95- h, hy — tgp
(i 1.0 1.0 1.0 1.0
ACEP / 1.0 1.0 1.0
Xi 1.0 1.0 1.0 1.0
Xn J1—n2 J1—n2 J1—n2 J1—n2
Axn / J1—n2 J1—n2 J1—n2
i / / / /
Xn / / / /
Gpp / 0.03-G 0.03-G 0.03-G
a 1.0 d;/tfc d;/tfc d;/tfc

Notes :

e n.= N./N,, where N, is the resulting axial load applied at the top of the PZ and N,,, . is the plastic resistance of the column cross-section
e g, My, ¢ - second moment of area and plastic moment resistance of a rectangular column flange
. he (resp. hp), trc (resp. tep), ty,c: geometric properties of the column (resp. beam) cross-section

e E,G,t,: mechanical properties of the steel material
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Table 2-6. Description of the Jaspart (1991) and Engelhardt (2002) models.
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Description of the main parameters of the models

o I, Mypc 2" moment of area and plastic moment resistance of a rectangular column flange
e hg(resp. hy), be, de, tge (1€SP. trp), tyes Ter Acy hyc: geometric properties of the column (resp. beam) cross-section
e E, G,y Ty &, &' Mechanical properties of the steel material

KCWP [ CWP KCWP_ _ CWP
KCWP G-A y.shty.bt . Syshttybt
il ve KT T KT AKGT
Klgglr{l'P Gpp Ay Gpp -Aye
SE g Elre g Ele
Kpi 0 24-«a 7 24-«a 52
Kopt 0 /
Vities G Xidn ATy G xi dn Ave Ty | ACSYP - X1~ Ave Ty
Vyc,;‘/’yzf,’qL AC;WP XitXntAve " Ty V;EVMP;P,Z
Virzs G i o Ave " Ty /
AVSE s 0 0 | 0
M M
AVyBz+ 0 4- —Z;;fc Ay 4- szc Ay,
AVibzs AV bzt AVyEzs /
view vewp yCwp ~ _,cwp
vt e e youb + 2
> Kyt Kyt ” Kyt
SE PZ _ ,,CWP AV Bzt AVyFz
Yyt Yyt~ ¥yt 1%’3; Ky&
C SE
Yyd 0.5- [VJ%/P +v3- (gpp - gy)] vt +Vok rys” + ¥y
PZ Pz Vibit—Vybis Pz Vibtr—Vybis
Yut Yyt KCWP Yyt — xewP /
pp.t pp.t
Description of additional relevant parameters
A.—2-b. tee + (tye +2-7,) -t hot —rolled sections .
f f
AVC 1.2 -h;. -t buil i dc'twc
. ic " twe uilt — up sections
d; hc - tfc hc
dp hy =t hy =t
csvr 1.0 0.8-0.9
ACEVP 1.0 1.0
Xi 1.0 1.0
Xn J1—(m,+n.)? J1—n2
Ax, 1.0 1—n?
csvr 1.0 /
Xn [1— (m. +n.)? /
Gyp ~0.02-G 0.03-G
a 1.0 dp/trc
Notes :
e n.=N/Nye,me = My /Mp, o, ng = N/ Ny, me = Mo /M, . where N, and M, are the resulting axial load and bending moment applied at the top of the PZ
o KSWP =G-Ayc KEWY = ZZ;;IC, Ko, =G+ (% - %) e KSWE = 20'5;{” where I is the 2" moment of area of a T-shaped column flange including ¥ of the column web depth
e I, Ny, My, ¢, My, . - 2" moment of area, plastic resistance, ultimate resistance, plastic moment resistance and ultimate moment resistance of the column cross-section
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Table 2-7. Description of the Schneider (1998), Lin (2000), Kim (2015) and Skiadopoulos (2021) models.

Kim (2015) Skiadopoulos (2021)

Schneider (1998) Lin (2000)
Schematic presentation of the PZ models

Author

cwp
14

SE

>
PZ
14

7 SE
)

+ Ky

KSS

>
PZ
14

- =

(P + KE

Cl
D1

[ T

cwP
14

Cwp

SE

Pz
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Description of the main parameters of the models

KS"P G- Ay G- Ay G Ay KEWP
CWP VuCWPiv)EJWP
Kmo / Gpp *Ayc Gpp Ayc T
Yu~Vy
SE g Elre g Elre ._a* | Elg Ay
Ky 4-a ay’ 24-a ay? az+345  d;’ ey,
K35 / / 0 S
Yu—Vy
Vyc,gVMF/’P C;GWP'Xi'Xn'Avc'Ty wap'Xi'Xn'Avc'Ty C;GWP'Xi'Xn'Avc'Ty C;/:WP'XL"Xn'AVC'ty
V}EE/ZP AC;WP'Xi'Xn'AVC'Ty AC)gwp'Xi'Xn'AVC'Ty AC)(IJWP “Xi 'Xn'AVC 'Ty AC}§WPXL 'Xn'AVC 'ty
sz,z'g/zp wawp “XiXn o Ave Ty C«pr')(i')(ﬁ'Avc Ty
AV)?,EWP Ki’S‘E . y)(;'WP K;E . y;]WP K;E y;IWP 0
My fe M
AVE, 42 Ay K3E - yp? KSE - yb2 2 ACSE Ay ATy
M. c «
VE, / / 45 M 2 G My Aje -y
cwp vitive v twe vitwe v twp
yy K)(;‘WP KgWP K)(;‘WP K}(;‘WP
SE AVSEs 4. P 4 -y CWP PZ _ . CWP
Yy KSE cowP Yy Yy Yy
Y;Z y;E y}.?E y}.?E 4 - }/;WP
Pz AViRz CwP
Ya / / XE 6" vy
Description of additional relevant parameters
AVC d: “twe d; “twe d; “twe d; "ty
d; he — trc h. —2.3"t,. 0.95- h, he =ty
d; hy = trp 0.95 - h,, 0.95 - h, h,
cowrP 1.0 1.25 1.0 [0.58 - (KSE /KEWP) + 0.88]/[1 — (KSE /KEWP)]
ACfWP 1.0 ~14 1.09 1.1
Xi 1.0 1.0 1.0 1.0
e i [i-m 10 1w
Ly J1—nZ Ji—nZ 1-nf J1-nZ
cewp / / 0.97 +0.009 - (a + 3.45/a) - Ay, 1.15
Xn / / 1.0 1—n?
Gy / 0.05-G 0.03-G /
a dy?/[tre - (dp — 2 )] 1.0 dy/tse /

Notes :

ne = Ne/Npyc, nge = 0.5 - Ne. /Ny, ¢ Where N, is the resulting axial load applied at the top of the PZ
ACSE = 0.93 - (KSE/KEWP) 4 0.015, CSE = 1.05 - (KSE/KEWP) + 0.02, Af, = (b — tuwe) -ty

gewp — &
€ Kl gy
I¢, Ny 2 2™ moment of area and plastic resistance of the column cross-section

Iey Npiper Mpyge - 2" moment of area, plastic resistance and plastic moment resistance of a rectangular column flange

KSE, .kSE
SE _ 5. Sysnyp

and Kg* =2 —¢ 5T
y.sh™Ry,b

y,sh —

with KSWFP = G - Ay, KJYP =

12°E1
K5, =G - (b - ty.) and AKSWP = —d;,zﬂ

he (resp. hp), be, tc (resp. tgp), tyc: geometric properties of the column (resp. beam) cross-section
E, G, T, mechanical properties of the steel material
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2.3.2.2 Contribution of the CWP
A. Characterization of the CWP resistance

The different analytical models presented in Table 2-5 to Table 2-7 (see the orange (VWP — y WP .
curves) exhibit three main values of resistance, namely:

o VEilwp (e VEWP(ySWP) or VERDp ri): the plastic shear resistance of the CWP;

y y
o Vips (ie.VEWP(y)%) or VP re): the post-plastic shear resistance of the CWP at yielding of
the whole PZ;

o VEPT (ie. VEWP(y %) or VEP T ri): the shear resistance of the CWP at the ultimate shear
deformation of the PZ.

The characterization of these different levels of resistance is based on the analysis of the complex
stress state induced in the CWP by the forces acting at the boundaries of the latter. This stress state,
which is depicted in Fig. 2-2(a) for the particular case of an exterior joint subjected to bending only,
consists of the combination of three stress components ([26], [27], [50], [116]):

e shear stresses (t), coming from the equivalent shear force V5Z given by Eq. (2-1);

e vertical normal stresses (o, y—y), cOMing from the N¢r (resp. N¢g) axial load (o, ) and the
Mcr (resp. Mcg) bending moment (o, »s) in the column;

e horizontal normal stresses (o;), coming from the couple of tensile and compressive load-
introduction forces Fpp.

As regards the plastic shear resistance of the CWP (i.e. Vi {1 p gy, See Table 2-5 to Table 2-7), all the
authors use the same formalism, see Eq. (2-16), which assumes a uniform shear stress distribution

within the CWP:

Vyc,?/MI;P,Rk = C3§WP "XiXnAve Ty (2-16)

Where:

e (WP reduction factor which accounts for the fact that the actual shear stress distribution is
not perfectly uniform over the CWP;

e ;. reduction factor which accounts for the T — g; interaction;

e ¥, reduction factor which accounts for the t — g, 5,_ interaction;

o Ay effective shear areg;

e 7, material shear strength.

From Table 2-5 to Table 2-7, it can be observed that all the models neglect the T — g; interaction (i.e.
xi = 1.0), the load-introduction phenomenon being assumed to be a localized phenomenon and hence

not affecting VyC_ZVV‘,;P_Rk. However, they differ from each other according to the effective shear area

Ay which is considered. Some researchers (i.e. Engelhardt, Lin and Skiadopoulos) also account for
the fact that the actual shear stress distribution is not perfectly uniform at yielding, by means of a
reduction coefficient CS"* different from 1.0. Regarding the effect of the axial load N, which is
applied to the column, it is taken into account in Eg. (2-16) by means of a reduction factor y,,. In the
models of Fielding, Krawinkler, Wang, Engelhardt, Schneider, Lin and Skiadopoulos, a uniform o,
stress distribution is assumed within the column cross-section. Therefore, y,, is derived based on the
application of the von Mises criterion. Kim assumes that the axial load N, is carried by the column
flanges only, thus using y,, equal to 1.0. Finally, Jaspart accounts in his model for both o, ; stresses
coming from the N, axial load in the column (see Fig. 2-1) and g, ) Stresses coming from the M,
bending moment in the column (see Fig. 2-1). The former is assumed to be uniformly distributed over
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the column cross-section while the latter, which is neglected by all the other researchers, is assumed to
be uniformly distributed over the column flanges only. The application of the von Mises criterion at
the intersection between the CWP and the column flanges, where the o,, 5,y Stresses are maximum,
provides an estimation of y,. For sake of simplicity, this value was safely approximated to 0.9 by
Jaspart.

Considering the derivation of the plastic shear resistance of the CWP at yielding of the whole PZ (i.e.
Vy b7 ri» See Table 2-5 to Table 2-7), it can be seen that the formalism used is similar to V., ¢y p g (see
Eq. (2-16)), except that the reduction factor Cg"” has been replaced by a ACS"™? post-plastic
coefficient which accounts for the initiation of strain-hardening in the CWP. Since most of the authors
assume a plateau, V' 57z, does not differ from Vi firp oy (ie. CSWP = ACSWP = 1.0). This is the case
for Fielding, Krawinkler, Wang, Jaspart, Engelhardt and Schneider. However, the others (i.e. Lin, Kim
and Skiadopoulos) account for the initiation of strain-hardening in the CWP, using a ACyCWP

coefficient different from 1.0.

As regards the resistance of the CWP at the PZ ultimate shear deformation (i.e. V.CP7 gy, see Table 2-5
to Table 2-6), only Jaspart, Kim and Skiadopoulos provide an estimation of this parameter. The value
proposed by Jaspart corresponds to the actual failure of the CWP. It is obtained by substituting, in Eq.
(2-16), T, by 7y, CS"P by CWP and yx,, by xn. CS™F can be taken equal to 1.0 while x;, can be
derived similarly to y,, but applying the von Mises criterion at ultimate state rather than yielding state.
By contrast, the values of V,’/7z, proposed by Kim and Skiadopoulos do not, strictly speaking,
correspond to the actual failure of the CWP. The former is computed at the deformation level for
which the plastic mechanism develops in the SE, while the latter is obtained for a deformation level
equal to 6 - y;"".

B. Characterization of the CWP deformation capacity
i. Elastic range

In the elastic range, before yielding initiates in the CWP, the latter undergoes shear and bending
deformations. In order to derive the elastic stiffness K "W”, the CWP can be modelled as two
equivalent beams, which are symmetric with respect to the centre of the CWP (see Fig. 2-8). The
boundary condition at the centre of the CWP can be considered as somewhere between free and fixed,
while the boundary condition at the other end is fixed. The elastic deflection AS>, of the equivalent
beam under the equivalent shear force V.S carried by the CWP can be expressed through Eq. (2-17).
It is caused by the shear effect and the bending moment effect as shown in Fig. 2-8(a) and (b),
respectively. The elastic deflections AS: and ASYF associated to these two deformation modes can
be expressed through Eg. (2-18) and Eq. (2-19), using the elastic beam theory, where C, is a constant
which accounts for the degree of restraint of the equivalent beam at the centre of the CWP. The
different geometric parameters used in Eq. (2-18) and Eq. (2-19) are presented in Fig. 2-8, and E and
G are the Young’s and shear moduli of the steel material.

Alltor= Aglsh + Ay (2-17)
cwp_ Ve - (d5/2)
Ael,sh=G_—AVC

ACWP: VEGIL/VP ’ (dZ/Z)?’
el,b Cr . E . I(;

(2-18)

(2-19)
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Injecting Eq. (2-18) and Eqg. (2-19) into Eq. (2-17) and dividing by d; /2 gives the elastic shear
deformation y 7%, of the CWP under V&¥?, see Eq. (2-20), where K %" and K/'” are the shear and

bending elastic stiffnesses of the CWP. Consequently, the elastic stiffness of the CWP can be
expressed through Eq. (2-21).

oW _ ASYT N ASP _ Vawe +V§,3/P.(d;;/2)2 _ CWp_( 1 N 1 > (2-20)
eLtot = (g 12) T (dy/2) ~ G- Ayc Cr-E-1, SRV
CWP -1 CWP , 7CWP
KCWP _ Vek — < 1 + 1 > = Kysn " Kyp (2-21)
N AR = B
JT77T77777 T77777777 JT7777777
Ayc E I
i JIIII!I%
(a) (b) (©

Fig. 2-8. Description of the CWP elastic deformation modes: (a) shear deformation mode, (b) bending deformation mode and
(c) sum of the two.

Eq. (2-21) is the most general equation for the characterization of the elastic behaviour of the CWP.
Most of the time, however, the deflection A" associated to the bending deformation mode (see Fig.
2-8(b) and Eg. (2-19)) is significantly smaller than the deflection Agmg associated to the shear
deformation mode (see Fig. 2-8(a) and Eqg. (2-18)). Therefore, it can reasonably be neglected, resulting
in a simplified expressions for K;"”, see Eq. (2-22). For sake of simplicity, this assumption has been
made by most of the authors (i.e. Fielding, Krawinkler, Wang, Jaspart, Schneider, Lin and Kim).
Knowing the elastic stiffness K"*, the yield shear deformation y"* of the CWP can be computed
through Eg. (2-23):

KSWP - y%” (2-22)

VCWP
CWP _ y,CWP,Rk

By = KEWP (2-23)
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However, some researchers decided to keep the complex expression (see Eq. (2-21)) to describe the
elastic behaviour of the CWP. This is the case of Skiadopoulos who assumed a value of C, equal to
3.0 which corresponds to a free-end boundary condition at the centre of the CWP. Similarly,
Engelhardt also used Eq. (2-21) to characterize the elastic behaviour of the CWP but up to the first
yielding of the CWP only, assuming C, equal to 5.0 based on calibration to test results. This first
yielding is assumed to occur when the equivalent shear force VE¥? carried by the CWP reaches
80% — 90% of the plastic shear resistance V¢ p gy Of the CWP. To describe the behaviour of the
CWP from first yielding up to the entire yielding of the CWP, Engelhardt assumed that the PZ is made
of a yielded central part which can freely deform, surrounded by two fixed-ended column flanges, with
a T-shaped cross-section. This is shown in Fig. 2-9. Each column flange exhibits a shear deformation
mode (see Fig. 2-9(a)) and a bending deformation mode (see Fig. 2-9(b)), similarly to the whole CWP
considered in Fig. 2-8. Therefore, the same approach consisting in modelling one half of the column

flanges as cantilever beams can be used. Hence, the post-elastic stiffness Kycl‘é'”’ of the system made of

two T-shaped cantilever beams, whose lengths are one-half the CWP depth, and which are connected
by a rigid link, can be expressed through Eq. (2-24), where K", and KJ})'7 are the post-elastic shear
and bending stiffnesses of the CWP, see Eqg. (2-25) and Eq. (2-26), respectively. The different
geometric parameters used in Eq. (2-24) to Eq. (2-26) are presented in Fig. 2-9, while C,. is here again

taken equal to 5.0 by Engelhardt.

Irer

(b) (c)

Fig. 2-9. Description of the CWP post-elastic deformation modes (in Engelhardt’s model): (a) shear deformation mode, (b)
bending deformation mode and (c) sum of the two.

1 1 -1 KCWP . CWP
KWP =9 [— 4 _— | =p._Xshz "yb2 (2-24)
4 e ) TP
h, d
K;ﬁ%f)z =G Aycper =G~ (?C - ZC) *twe (2-25)
C,-E-1l
KSWE = =Tl (2-26)

ybe T d;f2)?
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ii. Post-elastic range(s)

The characterization of the post-elastic behaviour of the CWP is handled differently in the bilinear
models on the one hand and the trilinear/quad-linear models on the other hand.

In the bilinear models (i.e. Lin, Kim and Skiadopoulos), strain-hardening is assumed to initiate in the
CWP straight upon the entire shear yielding of the CWP. The strain-hardening (i.e. post-plastic)
stiffness K,/ is usually taken as a percentage of K;*. Historically, a value of 3% was assumed in
the literature [58]. This value has been taken by Kim. By contrast, Lin proposed a value of 5%. In his
study [58], Skiadopoulos demonstrated, through FE analysis, that the commonly accepted post-plastic
stiffness K5'" of 0.03 - K;"? was irrational. He did not provide any better estimate for K5)"” but
proposed analytical expressions of the CWP resistance at given levels of shear deformation (i.e. 4 -
¥ VP and 6 - y;"F) to describe the CWP post-elastic behaviour.

In the trilinear (Fielding, Krawinkler, Wang, Jaspart, Schneider) and quad-linear (Engelhardt) models,
the CWP is assumed to deform freely after it becomes fully yielded. This is materialized by a plateau
in the analytical models. Strain-hardening initiates at a larger strain y£'#, when the SE become entirely

yielded too. For this particular strain yfz, which corresponds to the yielding of the entire PZ,
Krawinkler and Wang proposed a value of 4 - y;"? and 3.5 - y"*, respectively. By contrast, Jaspart
(stiffened), Engelhardt and Schneider computed y,? as the sum of the yield shear deformation y;"”
of the CWP (see Eq. (2-23)) and the yield shear deformation ij of the SE (see the forthcoming Eq.
(2-33)). Finally, Jaspart (unstiffened) provided an empirical expression for y)# based on the
mechanical properties of the steel material and Fielding did not provide any estimate for yfz. As

regards the strain-hardening branch of the models, Krawinkler, Wang and Engelhardt used the widely
accepted value of 0.03 - Ky for the strain-hardening (i.e. post-plastic) stiffness K;5,"” of the CWP,

while Jaspart proposed a value of 0.02 - K§WP. The strain-hardening effects have not been included in
the models of Fielding and Schneider.

iii. Ultimate deformation capacity

Most of the models do not provide any estimate of the ultimate deformation capacity y,£# of the PZ.
Indeed, the model of Fielding is valid up to y;"” only, while the models of Krawinkler, Wang,
Engelhardt, Schneider and Lin are valid up to yfz only. Jaspart proposed an analytical expression for
vE% in the case of both stiffened and unstiffened PZs. These expressions correspond to the actual
ultimate deformation capacity of the CWP. By contrast, the yF# values provided by Kim and
Skiadopoulos can not be associated to the actual failure of the CWP, as discussed here above. They
correspond to given levels of shear deformation of the PZ, associated to the formation of a plastic
mechanism in the SE for the former, and equal to 6 - nyP for the latter.
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2.3.2.3 Contribution of the SE
A. Characterization of the SE resistance

The different analytical models presented in Table 2-5 to Table 2-7 (see the green (AVSE — ySE) .,
curves) exhibit three main values of resistance, namely:

o AV Ewp (ie. AVSE(ys"P) or AV, Gwp ri): the shear resistance of the SE at yielding of the
CWP;

o AV, (ie. AVSE(yF%) or AVSE, ri): the plastic shear resistance of the SE at yielding of the
whole PZ;

o AVSE, (ie. AVIE(yE?) or AVSE, ri): the shear resistance of the SE at the ultimate shear
deformation of the PZ.

As regards AV, fyp py. (See Table 2-5 to Table 2-7), most of the researchers (i.e. Fielding, Krawinkler,
Wang, Jaspart, Engelhardt and Skiadopoulos) assume that the SE only start withstanding shear forces
upon the yielding of the CWP. Therefore, AVyS,’éWP,Rk is equal to 0. For the other ones (i.e. Schneider,
Lin and Kim), AVySfWP’Rk consists of a fraction of the actual plastic shear resistance AVyS,EZ,Rk of the
SE.

For the derivation of the plastic shear resistance of the SE (i.e. AVJf:,’J;Z,Rk, see Table 2-5 to Table 2-7),
Wang, Jaspart, Engelhardt, Schneider and Kim assume the formation of four plastic hinges in the
column flanges, at the level of the beam flanges. However, Jaspart allows accounting for this
beneficial frame action in the presence of transverse column web stiffeners only, while Kim assumes
that the plastic shear resistance of the SE is reached before the formation of the four plastic hinges, for
a shear deformation of 4 - y,;?. Krawinkler and Lin propose empirical formulae for AVySJE,Z,Rk on the
basis of experimental results and FE analysis. In the model of Skiadopoulos, the expression for
AVySJE,Z,Rk is based on the integration of the shear stress profile in the column flanges at a shear
deformation of 4-yyCWP; and this formula was validated on FE results. Finally, Fielding does not
propose any formula for AVjﬁZ. Regarding the effect of the axial load N, which is applied to the
column, it is taken into account in the different models using a reduction factor, namely Ay,. In the
models of Krawinkler, Wang, Schneider, Lin and Skiadopoulos, a uniform o,  stress distribution is
assumed within the column cross-section. Therefore, Ay, is derived based on the application of the
von Mises criterion, similarly to x,. The same assumption is made by Engelhardt regarding the o,, y
stress distribution, but Ay, is here derived based on the M-N interaction in a rectangular cross-section.
Kim assumes that the axial load N, is carried by the column flanges only; thus, he uses the same M-N
interaction criterion as Engelhardt for the derivation of Ay,,. Finally, Jaspart kept Ay,, equal to 1.0 in
his model.

As regards the shear resistance of the SE at the PZ ultimate shear deformation (i.e. AV 5, gy, See
Table 2-5 to Table 2-7), most of the authors (i.e. Fielding, Krawinkler, Wang, Engelhardt, Schneider
and Lin) do not provide any estimate for this parameter. Jaspart assumes that, after the development of
a plastic collapse mechanism in the SE, the latter can freely deform until the failure of the CWP is
reached. Therefore, AV;3E, gy corresponds to AV;’,EZ,R,(. Kim does not allow such plastic deformations
in the SE. According to him, the ultimate resistance AV %, , coincides with the formation of four
plastic hinges in the column flanges, at the level of the beam flanges. Finally, Skiadopoulos proposes
an expression for AV %, o, that is based on the integration of the shear stress profile in the column

flanges for a level of shear deformation equal to 6 - y5"*.
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B. Characterization of the SE deformation capacity
i. Elastic range

Regarding the modelling of the elastic behaviour of the SE, the analytical models presented in Table
2-5 to Table 2-7 offer two main approaches, that are presented here below, and will be referred to as
the Fielding’s approach and the Krawinkler’s approach.

The first approach was developed by Fielding and then re-used by Jaspart, Lin and Kim who
introduced some minor modifications. This approach assumes that, after the yielding of the entire
CWHP, elastic stiffness is still available in the column flanges, which can bend around their weak axis
until they are fully yielded too. This is shown in Fig. 2-10, where each column flange exhibits a shear
deformation mode (see Fig. 2-10(a)) and a bending deformation mode (see Fig. 2-10(b)). To derive the
elastic stiffness K;* of the flanges, the system made of two equivalent beams - whose length is one
half of the flanges and which are connected with a rigid link - can be considered (see Fig. 2-10). In the
most general case, these equivalent beams are assumed to be somewhere between free and fixed at the
centre of the column flanges, and fixed at the other end. The elastic deflection A3}, of this system

under the equivalent shear force AVSE carried by the SE can be expressed through Eq. (2-27). It is
caused by the bending moment effect and the shear effect as shown in Fig. 2-10(a) and (b),
respectively. The elastic deflections ASfs, and A3f;, associated to these two deformation modes can be
expressed through Eq. (2-28) and Eq. (2-29), using the elastic beam theory, where C, is a constant
which accounts for the degree of restraint of the equivalent beams at the centre of the column flanges.
The different geometric parameters used in Eq. (2-28) and Eq. (2-29) are presented in Fig. 2-10, and E
and G are the Young’s and shear moduli of the steel material.

E Vel,t'ot
Y

JTTT777777

AVC,fc

If¢

(@) (b) (©)
Fig. 2-10. Description of the SE elastic deformation modes: (a) shear deformation mode, (b) bending deformation mode and
(c) sum of the two.

Aelt‘ot Aelb"’Aelsh (2'27)
AVSE - (dy/2)?

ASF,= —E b (2-28)
C, E-(2-1)
AVEE - (d;/2)

ASE = —k b7 (2-29)

G- AVC,fc



2.3 BEHAVIOUR OF THE PANEL ZONE AS A JOINT COMPONENT 85

Injecting Eq. (2-28) and Eq. (2-29) into Eq. (2-27) and dividing by d; /2 gives the elastic shear
deformation y;f;,, of the SE under AVZ;, see Eq. (2-30), where K%, and K, are the shear and

bending elastic stiffnesses of the SE. Consequently, the elastic stiffness of the SE can be expressed
through Eq. (2-31).

Voo = Beton  Betp _ Ve | AViic - (d5/2)° =AVSE'( - ) (2-30)
eltot = (dr/2) " (d;/2) G Avose  Cp B -lp HO\Kpe Ko
SE -1 SE ., 17SE
SE _ AV - . + L = Kysn-Kyp (2-31)
Y yégftot K}fgh K;f, K}hjgh + K;:Eb

Eq. (2-31) is the most general equation for the characterization of the elastic behaviour of the SE.

However, the deflection Ag{gg associated to the shear deformation mode (see Fig. 2-10(a) and Eq.

(2-29)) is usually significantly smaller than the deflection Ag}f{f’ associated to the bending deformation
mode (see Fig. 2-10(b) and Eq. (2-28)). Therefore, it can reasonably be neglected, resulting in a
simplified expression for K;*, see Eq. (2-32). For sake of simplicity, this assumption was made by
Fielding, Jaspart and Lin who all assumed a value of C, equal to 3.0. This is the same as considering
the equivalent beams as cantilevers. Lin also relaxed one of the main assumptions made by Fielding,
which states that the SE contribute to both the stiffness and strength of the PZ solely after the entire
yielding of the CWP. For Lin, the CWP and the SE work in parallel right since the beginning of the PZ
loading. The same assumption was made by Kim who also went a step further by considering both
shear and bending deformation modes for the derivation of the elastic stiffness of the SE (i.e. Eq.
(2-31)). Kim also took C;.- equal to 3.0. As a reminder, Jaspart allows accounting from the frame effect
solely in the presence of transverse column web stiffeners. Knowing the elastic stiffness K;fE of the

SE, the yield shear deformation ij of the SE can be computed through Eqg. (2-33):

KSE - K (2-32)
AVSEZ Rk
W= (2-33)
y

The second approach was developed by Krawinkler and then re-used by Engelhardt and Schneider. In
this approach, the flanges and the stiffeners are modelled as rigid elements, assuming that any
deformation of the latter is prevented by the presence of the beam(s) and column webs. The
deformability of the SE is concentrated in very localized regions around the four corners of the PZ.
Thus, four rotational springs are used in the four corners of the PZ to model the contribution of the SE.
Each spring’s rotational stiffness can be approximated by Eq. (2-34), where C is a constant to be
determined. Subsequently, the initial elastic stiffness of the SE can be easily deduced from Eqg. (2-34)
and the application of the virtual work principle, see Eq. (2-35), where dj, is the PZ depth:

E-be-tf,

c (2-34)

K

K
KsE=4- d—g (2-35)
For Krawinkler and Engelhardt, the SE contribute to the PZ stiffness and resistance after the shear
yielding of the entire CWP only. Krawinkler assumed C, equal to 10, based on FE analysis, while
Engelhardt took C, equal to 20, based on calibration to test results. By contrast, Schneider relaxed that
main assumption, considering that the SE contribute to the PZ resistance and stiffness even when y <
ngwp_ Schneider proposed a value of C, equal to 12 - d;*,/(d;; -2 tfc) based on a theoretical analysis

of the mechanical behaviour of the column flanges.
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Finally, Wang and Skiadopoulos assumed that the SE contribute to the PZ stiffness and resistance after
the shear yielding of the entire CWP and up to a shear deformation level of 3.5 -yyCWP for the former
and 4 - yyCWP for the latter. These values were calibrated on FE results. In order to characterize this
elastic range, both of them assumed a PZ shear strength equilibrium instead of shear deformation
compatibility. As already discussed above, Wang obtained the expression for the plastic shear
resistance AVySfDZ,Rk of the SE from limit analysis, while the expression proposed by Skiadopoulos is

based on the integration of the shear stress profile in the column flanges, and was calibrated on FE
results.

ii. Post-elastic range

Most of the researchers assume an elastic, perfectly-plastic behaviour for the SE. Therefore, the post-
elastic behaviour is characterized by a plateau, as this is the case for Krawinkler, Wang, Jaspart,
Engelhardt and Kim. Schneider and Lin considered the possibility for the SE to strain-harden but did
not provide any estimate for the strain-hardening (i.e. post-plastic) stiffness K,f,f of the SE. As regards
Fielding model, the post-elastic behaviour of the SE has not been included.

Finally, Skiadopoulos described the post-plastic range following the same procedure as for the elastic
range. The post-plastic range was assumed to extend from 4 - y;"* up to 6 - y,;"* and the expressions
of the shear resistance at these two deformation levels (i.e. AV ’E; r and AV,75, zi) Were derived and
calibrated based on FE analyses, as previously described.

iii. Ultimate deformation capacity

As discussed here above for the CWP contribution, most of the researchers do not provide any
estimate of the ultimate deformation capacity y,;% of the PZ. Fielding’s model is valid up to y5"”
only; the Krawinkler, Wang, Engelhardt, Schneider and Lin models up to yypz. Only Jaspart, Kim and
Skiadopoulos provide analytical expressions for yF#, that correspond to various PZ shear distortion
levels, i.e. at failure of the CWP for Jaspart, when a plastic collapse mechanism develops in the SE for
Kim and equal to 6 - y5* for Skiadopoulos.
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2.3.3 Simplified analytical models

2.3.3.1 Description

Some of the complex analytical models introduced in Section 2.3.2 were used as a basis for the
derivation of design criteria to predict the plastic shear resistance of the PZ, providing some slight
adjustments. According to these models, it is commonly accepted to express the plastic shear
resistance of the PZ (i.e. V, PZ rk) through Eq (2 36) as the sum of the plastic shear resistance of the

CWP (i.e. VCPZ rk) and that of the SE (i.e. AV, PZ rk), Where ¥ is the flange contribution factor (FCF).

N.B.: in Eqg. (2-36) and in the rest of the present manuscnpt the simpler V, yRk, Vch and AV
notations will be used instead of V.2, py. Vo557 ric and AVS 5, py.

AVy Rk

Vyki = Vi + Ve = Ve | 1+ —gws | =GP xi* dn " Ave Ty - ¥ (2-36)
VyRk
v

In the present Section 2.3.3, the cases of the European, American, Japanese and Chinese design codes
will be reviewed (see Sections 2.3.3.2 to 2.3.3.4 respectively). The main parameters involved in Eq.
(2-36) are presented in Table 2-8 and Table 2-9 for each individual design criterion. These two tables
use the same formalism for all the European, American, Japanese and Chinese provisions to facilitate
their comparison.

The main difference between Table 2-8 and Table 2-9 is whether or not the contribution AV ri Of the
SE can be taken into account. In the most general case, it is allowed to account for the benef|C|aI frame
action provided by the SE, see Table 2-8. However, in seismic design, it is usually recommended that
the PZ moderately dissipates energy during an earthquake (i.e. intermediate to strong PZ design
philosophy). This is to avoid any excessive inelastic PZ deformation which could lead to the
premature brittle failure in the welds at the beam-to-column interface, as explained previously in
Section 2.3.1. Consequently, it is recommended that the contribution of the SE is not anymore
accounted for in Eqg. (2-36), see Table 2-9.

The abilities of these design rules will be assessed later on in this manuscript through comparisons
with available experimental results collected from the scientific literature. This will be reviewed in the
forthcoming CHAPTER 3, where the strengths and weaknesses of each individual code will be
highlighted and discussed. For this study, only the design rules presented in Table 2-8, which allow for
the inelastic PZ deformation, will be considered.
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Table 2-8. Description of the European, American, Japanese and Chinese design provisions for the PZ (AVySﬁk allowed).

Author EN 1993-1-8 (2005) Al (2012) AISC (2016) Chinese code (2018)
t=EU t=JPN t=US t= CHN
Description of the main parameters of the models
V)E%(F,’T C)(/:WP “Xi 'Xn'AVC'Ty C;/:WP “Xi 'Xn'AVC 'Ty
AV min (4 . M”;’;Rk Ay 2 M"l'fc’R’;;M”"“'Rk -A)(n) ! 7.2 MP;—};’R'C- Ay, /
Description of additional relevant parameters
Ave {AC =2 b tee + (tye +2°7) "ty holt —rolled se.ctions dr-t
1.2 hy -ty built — up sections ¢ _“wc
d; hc — tfc hc
dy hy — trp hy
cowrP 1.0 / 1.04 /
Xi 1.0 1.0
1.0 n, <0.75
An 0.9 {1.9 —12-n, nc > 0.75
1.0 n, <0.75
Axn 1.0 {1.9 —12-n, nc > 0.75
Notes :
e n.= N./N,, where N, is the resulting axial load applied at the top of the PZ and N,,, . is the plastic resistance of the column cross-section
® My peri Mpiseric: Plastic moment resistance of a rectangular column flange and of a transverse column web stiffener
e hg(resp. hy), b, trc (resp. typ), twe, 7z, Ag, hyc: geometric properties of the column (resp. beam) cross-section
e 7,:shear strength of the steel material

Table 2-9. Description of the European, American, Japanese and Chinese design provisions for the PZ (Avjﬁk not allowed).

Author EN 1998-1 (2005) Al (2012) AISC (2016) Chinese code (2018)
t=EU t=JPN t=US t= CHN
Description of the main parameters of the models
ViRt Co"P Xi X Ave ' Ty Co™P Xi X Ave ' Ty CoMP Xi X Ave ' Ty Co"P Xi X Ave " Ty
N 0 0 0 0
Description of additional relevant parameters
te T s it s it
d; hc - tfc hc — tfc hc hc — tfc
d; hy =ty hy = tpp hy, hy =ty
csvr 1.0 1.0 1.04 1.0
X 1.0 1.0 1.0 1.0
1.0 n, < 0.4 1.0 n, <04
Xn 10 1- n% {1-4 —-n, ng> 0.4 {\/ 1- ng ne > 0.4
INotes :
e n.= N./N,, where N, is the resulting axial load applied at the top of the PZ and N,,, . is the plastic resistance of the column cross-section
. he (resp. hp), b, trc (1€SP. trp), twes Ter Acs hyc: geometric properties of the column (resp. beam) cross-section
e T, shear strength of the steel material
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2.3.3.2 European design codes

In EN 1993-1-8 [1], which is dedicated to the design of steel joints, the Jaspart model has been
adopted to evaluate the plastic shear resistance V; %x g Of the PZ (see Table 2-8). Therefore, reference
can be made to Eqg. (2-36) and Table 2-6, leading to Eq. (2-37):

Vy Rk,EU = Vyc}%cPEU + AVy Rk,EU = VCRk,EU "Wy = ngWP "XiXnAve Ty YEu (2-37)

with the following value for the FCF:

V3 b, - t? A
fc Xn
1+ . EN 1993 —-1-8
llUEU = AVC ) dz; ) C§WP “Xi Xn ( ) (2'38)

1.0 (EN 1998 — 1)

All the parameters in Egs. (2-37) and (2-38) are given in Table 2-8. They are similar to the ones
defined in Table 2-6 for the Jaspart model. In particular, the suggested value of 0.9 was used for the
X reduction factor. The only difference is the limit set in EN 1993-1-8, to the contribution AV, 2y zy

coming from the SE, see Table 2-8. As a reminder, in Eq. (2-37), the FCF can be accounted for in the
presence of transverse column web stiffeners only. It is also noteworthy that the validity of Eq. (2-37)
is limited to PZs which satisfy the Eq. (2-39) requirement in terms of CWP slenderness, where d,. is
the clear depth of the column cross-section, t,,. is the column web thickness, n = 1.2 for steel grades
lower than S460 and e = ,/235/f,. Eq. (2-39) ensures that the risk of shear buckling of the PZ is
prevented.

d. 72

twe

<—-¢ (2-39)
c n

By contrast, the design criteria for the PZ plastic resistance, as prescribed in Eurocode 8 (EN 1998-1,
[89]) dedicated to seismic design, does not allow the contribution AVy rk,gu coming from the SE (see

Table 2-9) to be accounted for. In addition, it is not required to account for the effect of the 7 — g,
stress interaction within the PZ, thus y,, = 1.0. All the other parameters in Table 2-9 are similar to the
ones defined in Table 2-6 for the Jaspart model.

Finally, as regards the elastic stiffness, the expressions prescribed in EN 1993-1-8 and EN 1998-1 are
similar to the one proposed by Jaspart, see KyCWP in Table 2-6.

2.3.3.3 American design code

By contrast with the European code, the model of Krawinkler has been adopted by the American
Institute of Steel Construction (AISC, [88]) to evaluate the plastic shear resistance V' v.rik,us Of the PZ.
Therefore, reference can be made, here again, to Eq. (2-36) and Table 2-5, leading to Eq. (2-37):

Vy Rk,US = VyC,Yaka’us + AVy Rk,US = Vy Rk us * Pus = CCWP “Xi*XnAvc Ty Wys (2-40)

with the following value for the FCF:
3+ b, tf,
wys = A dy COVP g
us = ve Adp Ly Xi X
1.0 (AV;’gk,US not allowed )

AVSE . allowed
( Y,Rk,US ) (2_41)

The parameters used in Egs. (2-40) and (2-41) are given in Table 2-8 or Table 2-9, depending on
whether the additional strength Avyﬁgm provided by the SE may be accounted for in the design phase
or not. From these tables, it can be seen that the reduction factor y,, accounting for the T — o, y—n
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interaction is different from the one proposed by Krawinkler. In addition, for the derivation of the
effective shear area A, ., the AISC suggests to use d; = h. instead of the value d; = 0.95- h,
recommended by Krawinkler. Finally, the AISC uses 0.6 - f,, instead of 0.577 - f,, as t,,. This is taken

into account in Eq. (2-40) by assuming CSW* = 1.04 (see Table 2-8 and Table 2-9).

As regards the elastic stiffness, the formula suggested by the AISC is similar to the one proposed by
Krawinkler, see K5"” in Table 2-5.

2.3.3.4 Japanese and Chinese design codes

The plastic shear resistance V%, ;py Of the PZ provided by the Architectural Institute of Japan (AlJ,

[90]) can be expressed through Eg. (2-42):
Vidir = Vakir + DVopet = Vipir W = C5 P xi* xn " Avc " Ty Wy (f ~ JPN or CHN)(2-42)
with the following value for the FCF:

W, =10 (t~JPN or CHN) (2-43)

From Egs. (2-42) and (2-43), it can be seen that the Japanese code does not allow the contribution
AVJ,S_E,{, sy coming from the SE (see Table 2-9) to be accounted for. The same remark applies to the
Chinese code [91]. The only difference between the Japanese and Chinese codes relies in the way how
the axial load is accounted for in the models (i.e. see the parameter y,, in Table 2-9).
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2.4 CONCLUSIONS

In conclusion, the purpose of CHAPTER 2 was to set the theoretical background of the present thesis.
With this respect, a brief description of the component method for the characterization of the steel
joints’ behaviour was first provided, emphasizing the main limitations of this method. Next, an
extensive literature review of the main analytical models for the prediction of the PZ behaviour was
conducted. The main observation was that all these models expressed the behaviour of the PZ as the
sum of two independent contributions, namely that of the CWP and that of the SE, which can be
modelled separately before being superimposed. However, different assumptions were made by the
researchers for the modelling of these two contributions. Two sets of summary tables emerged from
this review, and constitute the main outcome of the present CHAPTER 2: the first one (see Table 2-5
to Table 2-7) includes ten of the most referenced sophisticated analytical models coming from the
scientific literature; the second one (see Table 2-8 to Table 2-9) includes four simplified design criteria
coming from various international standards. These tables use the same formalism for all the models in
order to facilitate their comparison. The following CHAPTER 3 will be dedicated to the comparisons
of these models with experimental evidence in order to assess the performance of the different models,
thereby highlighting their strengths and weaknesses.



92




CHAPTER 3 Problem identification

CHAPTER 3

Problem
Identification




94




3.1 INTRODUCTION 95

3.1 INTRODUCTION

3.1.1 Objectives of the Chapter

The objective of CHAPTER 3 is twofold: (i) collecting a large number of experimental results on
welded and bolted joints from the scientific literature in order to build a database, and (ii) using these
experimental results in comparisons with the analytical models introduced in CHAPTER 2, namely the
complex analytical models coming from the scientific literature (see Section 2.3.2) and the simplified
design criteria recommended in the building codes (see Section 2.3.3). Based on these comparisons,
their strengths and weaknesses can be highlighted, and conclusions can be drawn.

In the following of the thesis, a performance indicator will be used to quantify the analytical
models’ ability to predict a given scalar parameter X, and to allow comparing the analytical models
between them. In this thesis, the relative error E between the analytical prediction X,, and the
observed (experimental or numerical) value X,,. has been chosen as the reference indicator, see
Table 3-1. Based on the level of the relative error E, three main “accuracy categories” have been
contemplated:

e The high accuracy category if |E| < 5% (see the light green box in Table 3-1);
e The moderate accuracy category if 5% < |E| < 10% (see the light orange box in Table 3-1);
e The low accuracy category if [E| > 10% (see the light red box in Table 3-1).

This performance indicator will be used extensively throughout the thesis, every time the
performance of a model needs to be evaluated.

Table 3-1. Performance indicator and colour code for the assessment of the analytical models’ performances.

Performance High accuracy Moderate accuracy
i Low accuracy class
indicator class class

£ = en—ots |E| < 5% 5% < |E| < 10% E| > 10%

3.1.2 Scope of the Chapter

Theoretically, the above-mentioned comparisons between experimental and analytical results should
be made against test results on isolated components, i.e. using specimens similar to the component to
be characterized (e.g. tensile tests on T-stubs for the characterization of the CFB and EPB
components, tests on web profiles subjected to local compression forces to characterize the CWC*
component...). As regards the PZ, such tests (on isolated PZs) were not found in the scientific
literature. This is easily understandable, as the PZ is a complex component whose behaviour depends
on a large number of parameters (e.g. non-uniform shear stress distribution over the height of the PZ,
stress interactions, influence of the connected beam(s), contribution from the SE...) which are actually
difficult to reproduce experimentally (resp. numerically) in tests (resp. simulations) on isolated PZs.
Thus, the validation of the analytical models must be conducted on full-scale tests of joints. The
present thesis is not intended to perform such experimental tests, as it was shown in the literature
review in Section 2.3.1 that a significant number of well documented experimental results were
already available in the scientific literature. Consequently, particular attention will be paid to the
selection of the most pertinent experimental data to evaluate the models' ability to predict accurately
the behaviour of the sheared PZ under monotonic loading conditions. To be selected, an experimental
result must exhibit the following two characteristics (or at least the first one):
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1) a PZ plastic failure mode to evaluate how accurately the models can predict the plastic shear
resistance V7 of the PZ;

2) a PZ ultimate failure mode, or at least a significant PZ deformation, to evaluate the ability of
the models to predict the PZ ultimate resistance V. %, and deformation capacity y./~.

The selected experimental results will be divided into two categories based on the type of
connection, i.e. either welded or bolted. This choice is deliberate, as these two types of experimental
results will be used differently in this thesis, as explained here below:

1) The welded joints, whether stiffened, or unstiffened, are the simplest joints. They are
characterized by a limited number of active components, as highlighted in the previous
Section 2.2.2 (see Fig. 2-4 and Table 2-1). Moreover, they exhibit one single subpanel with a
constant shear force over their entire height. Consequently, the equivalent lever arm z,, can
be accurately estimated as the distance between the beam flanges centrelines (see Eq. (2-5)),
and so can the equivalent shear force V£Z, through Eq. (2-1). These tests can thus be
considered as the closest ones to isolated tests on PZs, giving them relevance in comparisons
with analytical models predicting the PZ behaviour.

For all these reasons, it will be made extensive use, throughout the whole thesis, of the

experimental results on welded joints which are presented in the following Section 3.2.1.1:

(1 in CHAPTER 3, Section 1.1, to evaluate the performances of the complex and
simplified analytical models coming from the scientific literature;

(i) in CHAPTER 4, Section 4.2.2, to validate the numerical tool that will be used for the
development of new analytical models;

(iii)  in CHAPTER 4, Sections 4.3.1.3 and 4.3.2.3, to validate the new complex and
simplified analytical expressions for the prediction of the PZ plastic shear resistance;

(iv) in CHAPTER 5, Section 5.3.1.4, to validate the new complex analytical model for
the prediction of the full PZ behaviour up to failure.

2) The bolted joints, on the other hand, are by far less simple than the welded ones, due to the
higher number of active components involved, which significantly complicates the assembly
procedure, as depicted in Fig. 2-5 (with respect to Fig. 2-4). In addition, the shear force
varies along the height of the PZ according to the loads introduced by the connection rows.
This makes it significantly more challenging to define an equivalent lever arm z,,, and

consequently an equivalent shear force VFZ acting on the PZ, as reported in Section 2.2.3.

Consequently, the experimental results on bolted joints appear less appropriate for the

evaluation of the analytical models’ performances.

For all these reasons, the use of the experimental results on bolted joints reported in the

following Section 3.2.1.2 will be limited to the following Sections:

(i) in CHAPTER 3, Section 3.3.2 to assess the validity of the simplified EN 1993-1-8
and AISC recommendations for the prediction of the PZ plastic shear resistance;

(i) in CHAPTER 4, Section 4.3.2.3, to assess the new proposed simplified expression
for the evaluation of the plastic shear resistance of the PZ;

(iii) in CHAPTER 6 to validate, in the case of bolted joints, the new complex and
simplified models developed in CHAPTER 4 and CHAPTER 5 for welded joints.

3.1.3 Outline of the Chapter

In order to assess the performances of the analytical models introduced in CHAPTER 2, CHAPTER 3
has been organised as follows: (i) collection of relevant experimental results on welded and bolted
joints and building of two distinct databases (see Section 3.2.1), (ii) processing of the data in order to
extract the main properties of these test results, i.e. initial stiffness, plastic resistance, post-plastic
stiffness, ultimate resistance and ultimate deformation capacity (see Section 3.2.2), (iii) evaluation of
the complex and simplified analytical models’ performances through comparisons with the selected
experimental results (see Sections 3.3.1 and 3.3.2, respectively) and (iv) conclusions (see Section 3.4).
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3.2 DATA COLLECTION

3.2.1 Relevant experimental campaigns

3.2.1.1 Welded joint configurations

Table 3-2 provides an overview of the database of the relevant experimental tests on welded joints
which was built within the framework of the present thesis. This database contains 12 experimental
results coming from seven different experimental campaigns ([50], [82], [84], [85], [100], [113],
[117]). All the selected experimental results exhibit a PZ plastic failure mode and a significant PZ
shear deformation. However, they differ in the type of joint being tested, either exterior (i.e. single-
sided, "s") or interior (i.e. double-sided, "d"), the presence (" Vv ") or otherwise (" — ") of transverse
column web stiffeners, the presence (" v ") or otherwise (" — ") of an axial load in the column, and the
loading protocol, either monotonic ("m") or cyclic ("c"), see Table 3-2.

In addition, it can be observed from Table 3-2 that all the beam and column members exhibit
traditional European hot-rolled steel sections except the ones in test B1, which exhibit American
cross-sections, and the ones in test No. 3, which exhibit thin-walled built-up sections. Strictly
speaking, test No. 3 does not fall within the scope of the present study since the column profile does
not satisfy the CWP slenderness requirements, see Eq. (2-39). However, it was kept in the database as
it is one of the few tests with a well-documented PZ deformation curve up to failure. As regards the
members sections, it can also be noticed that some tests display the same beam/column combination.
This is the case for the tests E1.1 and E1.2 on the one hand, and for the tests CP-R-M, XU-W1 and
XU-CWP1 on the other hand. In the former case, the specimen E1.1 differs from the specimen E1.2 in
the type of connection, i.e. welded flanges connection in test E1.1 and welded web, welded flanges
connection in test E1.2. The same applies to the tests CP-R-M, XU-W1 and XU-CWP1, where the first
and second tests exhibit a welded web, welded flanges connection while the test XU-CWP1 displays a
welded cover plates, bolted web cleat connection. The test CP-R-M also differs from the test XU-W1
due to the absence of transverse column web stiffeners. Another observation from Table 3-2 is the
presence of two cyclic tests, namely test XU-W1 and test XU-CWP1. Theoretically, they also fall out
of the scope of the present study. Yet, they were integrated within the database since the envelope
curves were made available, which makes possible the forthcoming comparisons with analytical
models.

For sake of clarity of the present manuscript, the detailed data associated to each experimental result
presented in Table 3-2 are not reported here. They can be found in Appendix A.1. These data include:
(i) the test setup (see Fig. A-1(a) to Fig. A-12(a)); (ii) the available moment-rotation curve(s) (see Fig.
A-1(b) to Fig. A-12(b)); the moment My being taken at the beam-to-column interface, and the rotation
being either the shear distortion y of the PZ or the total rotation & of the joint when the former is not
available, (iii) the actual geometric properties, when available — if not, the nominal ones are reported
(see Fig. A-1(c) to Fig. A-12(c), respectively); (iv) the actual material properties, when available (see
Fig. A-1(d) to Fig. A-12(d), respectively).

As a reminder from Section 3.1.2 (see the boxed text), these 12 test results on welded joints reported
in Table 3-2 will be extensively used throughout the thesis: (i) in CHAPTER 3, Section 1.1, to
evaluate the performances of the complex and simplified analytical models coming from the scientific
literature; (ii) in CHAPTER 4, Section 4.2.2, to validate the numerical tool that will be used for the
development of the new analytical models; (iii) in CHAPTER 4, Sections 4.3.1.3 and 4.3.2.3, to
validate the new complex and simplified analytical expressions for the prediction of the plastic shear
resistance of the PZ; (iv) in CHAPTER 5, Section 5.3.1.4, to validate the new complex analytical
model for the prediction of the PZ behaviour up to failure.
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3.2.1.2 Bolted joint configurations

Table 3-3 provides an overview of the database of relevant experimental tests on bolted joints which
was built within the framework of the present thesis. This database contains 14 experimental results
coming from three different experimental campaigns ([28], [86], [98]). All the selected experimental
results exhibit a PZ plastic failure mode and a significant PZ shear deformation. However, they differ
in the type of joint being tested, either exterior (i.e. single-sided, "s") or interior (i.e. double-sided,
"d"), the presence (" v ") or otherwise (" — ") of transverse column web stiffeners, the presence (" v ")
or otherwise (" — ") of an axial load in the column, and the loading protocol, either monotonic ("m") or
cyclic ("c"), see Table 3-3.

In addition, it is noteworthy that four cyclic tests are reported in Table 3-3, namely tests E1-XW-P-C1,
E2-XW-P-C2, E3-XW-P-C2 and E3-TB-P-C2. The first three tests were performed on double-sided
joints while the last one was performed on a single-sided joint with six bolt-rows. In theory, they all
fall outside the scope of the present study, which focusses solely on monotonic tests. Yet, they were
included within the database since the envelope curves were made available. They also exhibit joint
typologies that were not yet available in the database, thereby allowing to widen the scope of the joint
typologies investigated within the present thesis.

For sake of clarity of the present document, the detailed data associated to each experimental result
presented in Table 3-3 are not reported here. They can be found in Appendix A.2. These data include:
(i) the test setup (see Fig. A-13(a) to Fig. A-26(a)); (ii) the available moment-rotation curve(s) (see
Fig. A-13(b) to Fig. A-26(b)), the moment My being taken at the beam-to-column interface, and the
rotation being either the shear distortion y of the PZ or the total rotation @ of the joint when the
former is not available; (iii) the actual geometrical properties, when available — if not, the nominal
ones are reported (see Fig. A-13(c) to Fig. A-26(c), respectively); (iv) the actual material properties
(see Fig. A-13(d) to Fig. A-26(d), respectively).

As a reminder from Section 3.1.2 (see the boxed text), these 14 test results on bolted joints reported in
Table 3-3 will be used from time to time in the present thesis (i) to assess the validity of the simplified
EN 1993-1-8 and AISC recommendations for the prediction of the plastic shear resistance of the PZ
(see CHAPTER 3, Section 3.3.2); (ii) to evaluate the new proposed simplified expression for the
evaluation of the plastic shear resistance of the PZ (see CHAPTER 4, Section 4.3.2.3) and, (iii) to
evaluate the performance of the new complex and simplified analytical models when applied to bolted
joints (see CHAPTER 6).
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Table 3-2. Database of test results on welded joints.

Column Beam Test setup Stiffeners Axial load Loading protocol
No Authors Specimen . . Single-sided = ’s” Yes ="v” Yes ="v” Monotonic = ”m” | University, Country | Year
section section . .
Double-sided = ”d” No =”-" No =”-" Cyclic =¢”
1 | Fielding et al. [50] B1 W14x184 W24x160 s v v m Lehigh, USA 1971
2 Klein [100] NR2 HEB140 IPE220 S - - m Innsbruck, Austria | 1985
3 Klein [100] NR3 HEB140 IPE300 S - - m Innsbruck, Austria | 1985
4 Klein [100] NR4 HEB160 IPE330 s - - m Innsbruck, Austria | 1985
5 Klein [100] NR7 HEB180 IPE400 s - - m Innsbruck, Austria | 1985
6 Calado et al. [82] BCC5-E HEB160 IPE300 S v - m Lisbon, Portugal | 1999
7 Dubina et al. [84] XU-W1 HEB300 IPE360 d v - c Timisoara, Romania | 2000
8 Dubina et al. [84] XU-CWP1 HEB300 IPE360 d v - c Timisoara, Romania | 2000
9 Jordéo [113] El.1 HEB240 IPE400 s - - m Coimbra, Portugal | 2008
10 Jorddo [113] E1.2 HEB240 IPE400 S - - m Coimbra, Portugal | 2008
11 | Ciutinaetal. [85] CP-R-M HEB300 IPE360 d - - m Timisoara, Romania | 2008
12 |Fasoulakis et al. [117] No. 3 220x3x150x10 320x3x180x10 s v - m Athens, Greece 2021
Table 3-3. Database of test results on bolted joints.
Test setup Stiffeners Axial load Loading protocol
No Authors Specimen Colu.mn Beefm Single-sided = ’s” Yes ="v” Yes ="v” Monotonic = ”m” | University, Country | Year
section section . .
Double-sided = ”d” No =»-" No =»-" Cyclic =¢”
1 Jaspart [28] 01 HEB160 IPE200 s v v m Liege, Belgium 1991
2 Jaspart [28] 04 HEB160 IPE200 s v v m Liege, Belgium 1991
3 Jaspart [28] 07 HEB160 IPE200 s - - m Liége, Belgium 1991
4 Jaspart [28] 010 HEB160 IPE300 s - - m Liége, Belgium 1991
5 Nogueiro [86] J1.1 HEA320 IPE360 s - - m Coimbra, Portugal | 2009
6 Nogueiro [86] J2.1 HEA320 IPE360 s v v m Coimbra, Portugal | 2009
7 Nogueiro [86] J3.1 HEB320 IPE360 S v - m Coimbra, Portugal | 2009
8 Nogueiro [86] J4.1 HEA320 HEA280 S v - m Coimbra, Portugal | 2009
9 Equaljoints+ [98] E1-TB-E-M HEB280 IPE360 S v - m Naples, Italy 2018
10 | Equaljoints+ [98] E1-XW-P-C1 HEB340 IPE360 d v - c Naples, Italy 2018
11 | Equaljoints+ [98] E2-TB-E-M HEB340 IPE450 S \ - m Liege, Belgium 2018
12 | Equaljoints+ [98] E2-XW-P-C2 HEB500 IPE450 d \ - c Liege, Belgium 2018
13 | Equaljoints+ [98] E3-TB-E-C2 HEB500 IPE60O S v - c Liége, Belgium 2018
14 | Equaljoints+ [98] E3-XW-P-C2 HEB650 IPE60O d v - c Liége, Belgium 2018
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3.2.2 Data processing

The so-selected experimental results on welded and bolted joints were then processed to extract the
main performance parameters from the experimental (Mf - d))exp moment-rotation curves. These

key parameters were introduced in Section 2.2.1 (see Fig. 2-3) and consist of: (i) the initial stiffness
ml, (ii) the plastic bending moment resistance M yRk, (iii) the post-plastic stiffness S. m,, (iv) the

ultimate bending moment resistance M’ ri and the associated ultimate rotation capacity ®,,. They are

summarized in Table 3-4 and Table 3-5 for the welded and bolted test results that are considered in the
present thesis. They will be used in the following Section 1.1 in relevant comparisons to assess the
performances of the analytical models introduced in Section 2.3.

3.2.2.1 Description of the elasto-plastic behaviour up to yielding

A. Elastic stiffness S/

ini,exp

As regards the initial elastic stiffness Slm exp’ it may be determined by adjusting a straight line |[A| to

the initial elastic branch of the experimental curves, which ranges from the point of zero loading up to
the onset yielding. This is schematically depicted in Fig. 3-1, see the graphical constructions in light
blue. This procedure has been applied to the 12 welded and 14 bolted experimental results reported in
Appendix A (see the graphical constructions in light blue in Fig. A-1(b) to Fig. A-26(b)). In addition,

Table 3-4 and Table 3-5 give an overview of the values of Sml exp that were obtained graphically.

However, it is noteworthy that the initial slope of the experimental curve is highly sensitive to the
initial flexibility of the test setup, which may arise from the gaps and slips between the bolted
components at the level of the connection or at the supports of the test setup. Therefore, it is usually
recommended to fit the elastic stiffness to the unloading branch of an unloading-reloading cycle, when
such a cycle has been contemplated in the experimental protocol.

M,

i re——
My,Rk,exp E. ___________

X Weynand (1997)
/ A Zenonetal. (1988)

W ECCS (1986)

[
»

P

Fig. 3-1. Schematic definition of the main performance parameters of a joint’s typical (Mf - d))exp curve.
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B. Plastic bending moment resistance My, ; ..,

Theoretically, the plastic bending moment resistance M;Ierexp of the joint corresponds to the yielding

(or the failure) of the joint’s weakest component. However, for ductile components, this phenomenon
does not appear suddenly; instead, plasticity gradually spreads throughout the component. This leads
to the progressive decrease of the joint stiffness and to the knee observed in the experimental (Mf —

d))exp curve, see Fig. 3-1. Consequently, it is difficult to define a precise experimental value for
M;"Rk'exp and several methods can be found in the scientific literature (summarized in [118]), which
are schematically illustrated in Fig. 3-1:

e The European Convention for Constructional Steelwork (ECCS, [119], 1986) defines

M;,Rk,exp as the intersection between two straight lines |A| and [B| corresponding to the initial
stiffness S{ni‘exp and a given post-plastic stiffness. The latter is defined as the tangent to the

experimental (M7 — d))exp curve, with a slope given by S}, .. /h, where h is set at 10 (see

the red square in Fig. 3-1). This procedure was originally developed to assess the behaviour of
joints under cyclic loads.

e Zenon et al. ([120], 1988) use the same definition for M;,Rk,exp as the one recommended by
the ECCS but they adjust the value of h on a case-by-case basis in such a way that the second
(orange) straight line |C| becomes tangent to the post-plastic branch following the knee of the

joint response. The so-obtained M; value is highlighted with a red triangle in Fig. 3-1.
o Jaspart ([28], 1991) defines M

(orange) straight line [C| corresponding to the experimental post-plastic stiffness S, o,
value is highlighted with an orange dot in Fig. 3-1.

,Rk,exp
as the intersection between the y-axis and a second

of the

,Rk,exp

joint. The so-obtained M;,Rk,exp

e Weynand ([121], 1997) defines M),
and a secant stiffness equal to one-third of the initial elastic stiffness S7,; ..., (line [D]). This
definition, which is highlighted with a red cross in Fig. 3-1, has been adopted by EN 1993-1-8.

Ricexp 8 the intersection between the experimental curve

The author is aware that these methods are highly dependent on the points chosen on the experimental

curve to determine Sy ; .., and Sp, - Their accuracy is thus gquestionable, especially in the absence

of a well-marked bilinear behaviour of the tested joints. Nevertheless, the procedures of Zenon et al.,
Jaspart and Weynand (the ECCS procedure is more relevant for cyclic tests) were applied to the 26
welded and bolted experimental results presented in Appendix A (see the graphical constructions in
Fig. A-1(b) to Fig. A-26(b)). The Zenon et al. and Jaspart procedures produce very similar results in

terms of M;‘Rk‘exp for all experimental results, which gives confidence in the so-obtained M;

values. By contrast, the values obtained with the Weynand procedure are a bit more erratic.

,Rk,exp

The Jaspart definition is perfectly in line with the modelling approaches defined in Fig. 2-3 and
therefore appears as the most suitable one to evaluate the performances of the analytical models
introduced in Section 2.3. Consequently, this definition has been adopted by the author for the rest of

the present thesis. Table 3-4 and Table 3-5 provide an overview of the M;rerexp values obtained for
the welded and bolted test results with the Jaspart procedure only.
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3.2.2.2 Description of the post-plastic behaviour up to failure

A. Post-plastic stiffness S,{p,exp

As regards the strain-hardening (i.e. post-plastic) stiffness S{,'p,exp, it may be determined by adjusting a

(orange) straight line |C| to the post-plastic branch of the experimental curves, following the knee of
the curves. This is schematically depicted in Fig. 3-1 (see the graphical constructions in light orange).
This procedure has been applied to the 26 welded and bolted experimental results reported in
Appendix A (see the graphical constructions in light orange in Fig. A-1(b) to Fig. A-26(b)). In

addition, Table 3-4 and Table 3-5 summarize the graphically obtained S;'p_exp values for the welded
and bolted test results, respectively. Again, it is noteworthy that the accuracy of the approach is

strongly dependent on the well-marked bilinear shape of the curve.

B. Ultimate bending moment resistance M

wRk,exp aNd deformation capacity @, ¢y,

As regards the joint’s ultimate performance parameters (i.e. MiRk'exp and @, .,,), they depend on the

type of ultimate failure mode actually developing in the joint. In typical joints, several failure modes
could theoretically be contemplated and cause the test to stop, namely:

e The global instability of the column (i.e. global column buckling, "GB.") when the column
withstands a significant axial load;

e The local instability of the sheared PZ (i.e. the shear buckling of the PZ, "LBp;"), or of one of
the compressed components (i.e. either the local buckling of the CWC*, "LB ", or the
local buckling of the BFC, "LBgr¢"). However, these failure modes do not, strictly speaking,
correspond to the actual failure of the joint. In fact, due to their high ductility, they allow
additional rotation of the joint under almost zero bending moment. Consequently, the loading
procedure can be carried on until the fracture of a brittle component occurs.

e The fracture of the material (i.e. material fracture, "MF") which usually occurs in a brittle
element (e.g. bolts or welds) and is caused by the excessive deformation of one of the active
components. This failure mode is known to be brittle and causes a sudden drop in the joint
resistance which may be seen as the end of the experimental test.

Based on this discussion, the test results reported in previous Table 3-2 and Table 3-3 can be classified
into three main categories as follows:

e Category | (failure mode: “Testing setup”): these tests were not designed nor performed with
the aim of investigating the ultimate deformation capacity of the joint. Consequently, they
were stopped before reaching the ultimate failure of the joint, due to the limitation of the
measurement devices or the capacity of the loading cell. This is the case for the welded test
results NR2, NR3, NR4, NR7 and CP-R-M and for the bolted test results J3.1, E1-TB-E-M
and E1-XW-P-CL1.

o Category Il (failure mode: "LBp;", "LBcy " OF "LBgrc"): these tests were stopped after the
initiation of local buckling in the PZ, the CWC* or the BFC, but before reaching any fracture
of the material. This is the case for the welded tests No. 3 (initiation of LBp;), B1 and BCC5-
E (initiation of LBgr¢), E1.1 and E1.2 (initiation of LBy, +) and the bolted tests 01, 04, 07,
010 (initiation of LBy ¢*)-

e Category Il (failure mode: "MF"): for these tests, the fracture of the material was reached in
one of the active components, namely in the fillet welds at the beam-to-column interface for
the welded test results XU-W1 and XU-CWP1, and in the EPB component for the bolted test
results J1.1, J2.1, J4.1, E2-TB-E-M, E2-XW-P-C2, E3-TB-P-C2 and E3-XW-P-C2.
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The observed failure modes associated to each welded (resp. bolted) test result are so reported in the
last column of Table 3-4 (resp. Table 3-5), together with the ultimate bending moment resistance

M]

u,Rk,exp

and rotation capacity CDu,exp/yIf,gxp. The latter ones correspond to the maximum bending

moment recorded during the testing procedure and the associated rotation, respectively (see the
graphical constructions in light green in Fig. A-1(b) to Fig. A-26(b)). From the discussion above, it is

clear that these ultimate performance parameters (i.e.

M’

failure of the joint for those belonging to category III.

u,Rk,exp

Table 3-4. Key behavioural parameters associated to the test results on welded joints.

and @, .,p) only define the actual

No.| Specimen & i]ni.exp M;,Rk,exp Sép.exp M z]z.Rk.exp Pucxn/Viiey .Ult' mate
(kNm/rad)| (kNm) |(kNm/rad)| (kNm) (rad)  |failure mode
1 Bl 363,636.4 868.4 8,446.5 1,671.8 0.107 LBgrc
2 NR2 8,790.5 58.8 336.9 85.5 0.133 Testing setup
3 NR3 15,383.3 81.8 437.6 122.3 0.133 Testing setup
4 NR4 10,255.6 118.2 2154 141.0 0.115 Testing setup
5 NR7 16,365.2 158.1 678.0 210.7 0.130 Testing setup
6 BCC5-E 23,325.0 133.3 655.8 192.3 0.182 LBgrc
7 XU-W1 59,429.0 190.9 1,141.0 242.7 0.052 MF
8 | XU-CWP1 62,939.0 198.2 1,779.1 282.7 0.052 MF
9 E1.1 60,318.6 334.4 1,203.4 415.4 0.133 LBy
10 E1.2 63,054.0 328.2 1,504.3 440.0 0.125 LBy
11 CP-R-M 51,166.7 141.8 848.7 222.8 0.145 Testing setup
12 No. 3 7,068.2 53.5 182.9 79.0 0.169 LBp,
Table 3-5. Key behavioural parameters associated to the test results on bolted joints.
No Specimen Si]ni,exp ijl,Rk,exp Szjzp,exp M1]1,Rk,exp q)ure"p/yligx?’ _Ultlmate
(kNm/rad)| (kNm) |(kNm/rad)| (kNm) (rad)  |failure mode
1 01 20,488.9 58.8 200.6 79.0 0.103 LBy~
2 04 16,612.6 55.9 241.6 74.9 0.088 LBy~
3 07 16,612.6 59.0 249.6 81.2 0.096 LBoyc
4 010 36,640.0 86.2 863.7 124.6 0.052 LBoycr
5 J1.1 69,450.0 333.8 1,300.9 422.1 0.069 MF
6 J2.1 47,793.1 325.3 1,300.9 391.9 0.096 MF
7 J3.1 111,878.8 381.5 2,042.1 471.8 0.044 Testing setup
8 J4.1 37,849.3 266.2 1,375.7 388.5 0.100 MF
9 |E1-TB-E-M | 92,100.0 338.1 1,065.0 424.5 0.079 Testing setup
10 E1-XW-P-C1| 34,666.7 295.8 790.4 347.9 0.074 Testing setup
11 |E2-TB-E-M | 148,848.5 530.6 3,364.4 707.0 0.055 MF
12 [E2-XW-P-C2| 130,793.7 533.3 2,155.7 661.8 0.070 MF
13 |E3-TB-E-C2| 343,333.3 1,230.3 7,262.7 1,460.6 0.033 MF
14 E3-XW-P-C2| 166,612.9 919.9 4,004.3 1,137.5 0.067 MF
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3.3 EVALUATION OF THE
MODELS PERFORMANCES

3.3.1 Complex analytical models
3.3.1.1 Characterization of the elasto-plastic behaviour up to yielding

A. Elastic stiffness S/

ini

Among the 12 experimental results on welded joints reported in Table 3-2, five are stiffened, namely
the tests B1, BCC5-E, XU-W1, XU-CWP1 and No. 3. For the latter, the PZ turns out to be the only
active component contributing to the joint deformability (since the deformations of the two other
active components, namely the BFC and the CFB, are considered in the deformation of the connected
beam). Therefore, these experimental results are particularly relevant for assessing how accurately the

analytical models introduced in Section 2.3.2 can predict the PZ initial stiffness K}/Z,,,. The test CP-R-

M was also considered, as the (M/ — y)exp deformation curve of the PZ was recorded during the test.

For each of these six welded experimental results, the PZ initial stiffness K;* was first assessed
analytically with the nine analytical models introduced in Section 2.3.2. These analytical estimations
were obtained through Eq. (2-15), using the analytical expressions provided in Table 2-5 to Table 2-7,
and the actual geometric and mechanical properties shown in Appendix A (see Fig. A-1(c),(d) to Fig.
A-12(c),(d)) for the six relevant welded experimental results.

As a second step, these values were assembled through Eqg. (2-2) to obtain an analytical estimation Si’,'qi
of the initial rotational stiffness for the different welded joints considered in the present study. Since
the PZ is the only component contributing to the joint stiffness, Eq. (2-2) can be simplified as follows,
see Eq. (3-1), where kFZ is the stiffness coefficient associated to the PZ and can be expressed through
Eqg. (3-2):

. E-zZ
J o _ €4 _ . PZ,
Sini = 1 E - Kini Zezq (3-1)
Kin:
Kbz (3-2)
y
FokfE =2

B'Zeq

In Eq. (3-1) and Eq. (3-2), E is the Young’s modulus, z., can be obtained from Eq. (2-5) for welded
joints and g is the transformation parameter, which was introduced in Section 2.2.1 (see Eq. (2-1)) and
which depends on the loading and support conditions. For the joints considered in the present thesis, f
can be computed through Eq. (3-3), where a and b are two parameters accounting for the type of joint
configuration, either exterior (a = 1.0) or interior (a = 2.0), and the type of support conditions, either
hinged (b = 0) or fixed (b = 0.25). For the values of the other geometric parameters involved in Eq.
(3-3), the reader is referred to the description of the different experimental results in Appendix A (see
Fig. A-1(a),(c) to Fig. A-12(a),(c)).

(Lb+%)-zeq-(1+z-b)
Lb.LC

B=a-|1- (3-3)
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The s/

ini

are compared to the experimental sJ

values obtained with Eq. (3-1) are reported in Table 3-6 for each analytical model, where they
values coming from Table 3-4. These comparisons are

ini,exp

conducted on the basis of the performance indicator and the colour code defined in Table 3-1.

Table 3-6. Comparisons between Si’;u. and Si’;ﬁ'exp for six of the test results on welded joints coming from Table 3-2.
Test B1 Test BCCS-E Test XU-W1
Authors G E st E Sk E
(kNm/rad) (%) (kNm/rad) (%) (kNm/rad) (%)
Exp. results 363,636.4 - 23,325.0 - 59,429.0 -
Fielding (1971) 500,028.3 37.51 37,208.6 59.52 55,444.6 -6.70
Krawinkler (1978) | 521,075.4 43.30 38,474.2 64.95 56,202.7 -5.43
Wang (1988) 451,556.1 24.18 33,918.0 4541 51,728.4 -12.96
Jaspart (1991) 576,252.0 58.47 55,659.1 138.62 83,464.6 40.44
Schneider (1998) 548,847.2 50.93 40,024.6 71.60 60,509.7 1.82
Lin (2000) 491,151.3 35.07 36,553.8 56.71 55,362.3 -6.84
Engelhardt (2002) 515,699.1 41.82 37,406.7 60.37 57,297.3 -3.59
Kim (2015) 536,064.4 47.42 39,181.6 67.98 57,692.5 -2.92
Skiadopoulos (2021) | 452,068.1 24.32 32,750.3 40.41 52,578.5 -11.53
Test XU-CWP1 Test CP-R-M Test No. 3
Authors sl E st E st E
(kNm/rad)| (%) |(kNm/rad)] (%) |(kNm/rad)| (%)
Exp. results 62,939.0 = 51,166.7 = 7,068.2 =
Fielding (1971) 63,409.3 0.75 51,198.9 0.06 19,575.7 176.95
Krawinkler (1978) 64,272.1 2.12 51,927.7 1.49 19,196.8 171.59
Wang (1988) 59,163.9 -6.00 47,737.0 -6.70 18,944.2 168.02
Jaspart (1991) 94,353.1 49.91 78,558.7 93.93 22,733.1 221.62
Schneider (1998) 64,018.5 1.72 56,225.3 9.89 21,303.9 201.41
Lin (2000) 62,788.2 -0.24 51,566.3 0.78 20,222.5 186.11
Engelhardt (2002) 65,084.5 3.41 53,047.2 3.68 20,032.6 183.42
Kim (2015) 65,658.8 4.32 53,428.5 4.42 19,644.7 177.93
Skiadopoulos (2021) | 59,447.1 L) 48,713.5 -4.79 19,278.0 172.74

The following conclusions can be drawn from Table 3-6:

For the three single-sided tests, i.e. B1, BCC5-E and No. 3, the initial stiffness of the PZ is
significantly much overestimated by all the analytical models. For the tests B1 and BCC5-E,
this scatter is certainly due to the assumption of perfectly-fixed support conditions regarding
the derivation of 8, whereas it is likely that these supports actually had some flexibility arising
from the gaps and slips between the bolted components at the supports. For the test No. 3, it
can be noticed from the Mz — @ curve in Appendix A (see Fig. A-12(b)) that there were some
issues with the initial recordings of the test data, which may explain the high discrepancy
observed between the experimental and analytical stiffnesses.

By contrast, for the three double-sided tests, i.e. XU-W1, XU-CWP1 and CP-R-M, a fairly
good agreement is observed between the analytical predictions and experimental observations,
except with the Jaspart (resp. Wang) model, which significantly overestimates (resp.
moderately underestimates) the initial stiffness due to the over-estimation (resp. under-
estimation) of the effective shear area Ay, as suggested in ([39], [94]) (resp. [57], [122]).

These results show that the prediction of the PZ initial stiffness mostly relies on an accurate estimation
of the effective shear area Ay, while the consideration of the bending mode has very low influence on
the results.
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B. Plastic bending moment resistance My,

The plastic shear resistance ijf 2, of the PZ can first be assessed analytically for the 12 experimental
results on welded joints reported in Table 3-2, using the nine analytical models introduced in Section
2.3.2. This is done through Eq. (2-14), using the analytical expressions provided in Table 2-5 to Table

2-7 for V. ogys and AV, 7, (used as simpler expressions instead of V.27, and AVSE, z,) and the actual

geometric and mechanical properties given in Appendix A (see Fig. A-1(a)-(d) to Fig. A-12(a)-(d)) for
the 12 relevant welded experimental results.

These V; 2, values can subsequently be transformed into load-introduction connection forces pr_ﬁk

and assembled through Eq. (2-7) to obtain an analytical estimation of the plastic bending moment

resistance M;'Rk for the different welded joints considered in the present study. Since all the test

results exhibit a PZ plastic failure mode, Eq. (2-7) can be simplified as follows, see Eq. (3-4), where 8
can be derived through Eq. (3-3) according to the type of joint configuration and boundary conditions
and z. is given in Eq. (2-5):

i VPZ
j  _ Pz _gpPz ., _ YRk, )
My,Rk = My,Rk = Fy,Rk Zeq = B Zeq (3-4)

These MSJ,"R,{ values (the notation M%k could also be used since the PZ is the failing component) are
reported in Table 3-7 for each analytical model, where they are compared to the experimental
M values. These comparisons are conducted using the performance indicator and the colour
code defined in Table 3-1. Visual comparisons are also provided in Appendix A for each experimental

y,Rk,exp
result (see Fig. A-1(e) to Fig. A-12(e)). The following conclusions can be drawn from Table 3-7 and
Fig. A-1(e) to Fig. A-12(e) regarding the performances of the different analytical models:

e The Krawinkler model performs well in the case of stiffened joints (tests B1, BCC5-E, XU-
W1, XU-CWP1, No. 3), with a relative error ranging from —2.17% to 3.81% (high level of
accuracy). However, for unstiffened interior and exterior joints (tests CR-R-M, NR2, NR4,

NR7, E1.1 and E1.2), the model tends to overestimate ijz',Rk,exp’ with a relative error varying

from 4.60% up to 10.74% (high to low level of accuracy). The same applies in the presence
of stocky columns with thick column flanges (i.e. t;. > 30 — 40 mm), as evidenced in the
literature ([52], [56]-[58]).

e The Wang (resp. Lin) model significantly underestimates (resp. overestimates) M;’Rk’exp

most of the cases, with a relative error ranging from —6.38% to —23.20% (resp. 3.34% to
26.94%). This is mostly due to the underestimation (resp. overestimation) of the effective
shear area Ay, as suggested in ([57], [122]).

e The Jaspart model features a moderate to low level of accuracy as it tends to overestimate
(sometimes significantly) M;'Rk,exp in all the cases, but one (i.e. the test No. 3 with built-up
sections). This observation is in line with the main conclusion drawn in ([39], [122]), where
the authors suggest the effective shear area Ay to be re-evaluated.

e The Engelhardt model provides an accurate estimation of M;rerexp (moderate to high level of
accuracy) for unstiffened interior and exterior joints. However, in the presence of transverse
column web stiffeners, the model tends to be more conservative, especially in the case of
stiffened interior joints (low level of accuracy). These observations, which also apply to the
Kim and Skiadopoulos models, suggest that the contribution of the SE should be re-evaluated.

e The Schneider model underestimates M;,Rk,exp in all the cases, but especially for stiffened
interior and exterior joints where it displays a low level of accuracy.

in
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e The Fielding model is not assessed here since it does not suggest any expression for the plastic
shear resistance V%, of the whole PZ.

These comparisons show that none of the complex analytical models introduced in Section 2.3.2
provides satisfactory results (i.e. highly accurate results) for all 12 investigated cases. This emphasizes
the need for a better understanding of the physical phenomena governing the plastic shear resistance of

the PZ.

Table 3-7. Comparisons between M, ., and M,

,Rk,exp

for the 12 experimental results on welded joints reported in Table 3-2.

Test B1 Test NR2 Test NR3 Test NR4
Authors M;,Rk E M;{,,Rk E M3]/,Rk E M;‘Rk E
(kNm) | (%) |(knvm) | (%) |(kNm) | (%) |(kNm) | (%)
Exp. results 868.4 - 58.8 - 81.8 - 118.2 -
Krawinkler (1978) | 892.5 2.77 62.9 7.00 85.6 4,68 123.7 4.62
Wang (1988) 713.1 | -17.88 51.3 -12.69 70.2 -14.16 | 104.2 | -11.83
Jaspart (1991) 925.0 6.52 62.7 6.71 87.9 7.51 137.2 16.11
Schneider (1998) 778.3 | -10.38 55.9 -4.96 76.6 -6.40 112.8 -4.57
Lin (2000) 968.9 11.58 70.4 19.68 95.8 17.11 142.7 20.75
Engelhardt (2002) 829.4 -4.49 60.4 2.77 82.9 1.35 121.4 2.69
Kim (2015) 924.6 6.48 61.0 3.82 82.0 0.25 121.3 2.60
Skiadopoulos (2021) | 824.9 -5.01 59.4 1.00 81.9 0.15 121.2 2.54
Test NR7 Test BCC5-E Test XU-W1 Test XU-CWP1
Authors M) i E M) i E M) e E M) e E
(kNm) | (%) |[(kNm) | (%) |[(kNm) | (%) |(kNm) | (%)
Exp. results 158.1 - 133.3 - 190.9 - 198.2 -
Krawinkler (1978) 175.1 10.74 130.4 -2.17 174.3 -8.70 194.5 -1.88
Wang (1988) 148.0 -6.38 107.7 | -19.18 | 146.6 | -23.20 | 165.1 | -16.71
Jaspart (1991) 183.6 16.10 153.5 15.13 203.7 6.73 228.0 15.04
Schneider (1998) 160.1 1.26 117.0 | -12.20 | 155.7 | -18.45 | 164.4 | -17.06
Lin (2000) 200.1 26.56 148.7 11.53 197.3 3.34 221.8 11.90
Engelhardt (2002) 172.2 8.89 126.3 -5.22 164.8 | -13.69 | 185.8 -6.24
Kim (2015) 170.9 8.08 126.6 -5.04 164.2 | -13.97 | 184.7 -6.80
Skiadopoulos (2021) | 172.2 8.89 125.3 -6.00 165.3 | -13.43 | 186.4 -5.98
Test E1.1 Test E1.2 Test CP-R-M Test No. 3
Authors M;’Rk E M;’Rk E M;‘Rk E M;‘Rk E
(kNm) | (%) |(kNnm) | (%)  |(kNm) | (%) |(kNm) | (%)
EXxp. results 334.4 - 328.2 - 141.8 - 53.5 -
Krawinkler (1978) | 358.9 7.31 358.9 9.34 142.5 0.49 55.5 3.81
Wang (1988) 302.7 -9.48 302.7 -7.77 119.6 | -15.64 49.0 -8.43
Jaspart (1991) 391.7 17.13 391.7 19.34 152.5 7.55 52.3 -2.22
Schneider (1998) 325.0 -2.82 325.0 -0.98 127.1 | -10.37 50.4 -5.84
Lin (2000) 416.6 24.58 416.6 26.94 162.9 | -14.86 64.2 19.93
Engelhardt (2002) 347.2 3.84 347.2 5.80 134.6 -5.11 51.8 -3.25
Kim (2015) 347.6 3.95 347.6 5.92 135.0 -A4.77 49.8 -6.82
Skiadopoulos (2021) | 348.2 4.13 348.2 6.10 135.3 -4.56 53.4 -0.26
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3.3.1.2 Characterization of the post-plastic behaviour up to failure

Among the nine analytical models presented in Table 2-5 to Table 2-7, only three of them go beyond
the yielding of the PZ, being the ones of Jaspart, Kim and Skiadopoulos. The Kim model assumes that
the PZ deformation capacity is exhausted as soon as four plastic hinges form in the column flanges. In
reality, the PZ exhibits a significant reserve of ductility and can go far beyond the yielding of the SE.
The same observation was made with the Skiadopoulos model which limits the PZ shear distortion to
6" yCWP to avoid the development of brittle failure in the welds at the beam-to-column interface,

yyCWP being the yield shear distortion of the PZ. Therefore, these criteria are not relevant as soon as the
prediction of the ultimate deformation capacity of the PZ is concerned.

The Kim and Skiadopoulos models will thus be excluded from the present study which will focus
solely on the Jaspart model and assess its capacity to predict the PZ post-plastic behaviour up to
failure. This will be done through comparisons with the 12 test results on welded joints reported in
Table 3-2.

Among these tests, four were excluded from the comparisons, namely the tests NR2, NR3, NR4 and
NR7, since the strain-hardening and ultimate material properties were not available, thus preventing
any computation of the post-plastic behaviour of the PZ. As regards the eight remaining test results, it
is noteworthy that only one, namely test No. 3, actually exhibits a PZ ultimate failure mode (LBp,).
For all the others, despite exhibiting significant PZ shear deformations, the ultimate failure of the PZ is
bypassed by other failure modes, being the LB+ for the tests E1.1 and E1.2, the LBy for the tests
B1 and BCC5-E, the MF for the tests XU-W1 and XU-CWP1 and the limitation of the testing setup
for the test CP-R-M. Consequently, only qualitative visual comparisons may be contemplated between
experimental results and analytical predictions. This is a clear limitation of the present study which
aims at assessing the ability of the Jaspart model in accurately predicting the PZ post-plastic behaviour
up to failure.

To compare the eight selected welded experimental results, it is required to derive the (Mf — CD)an

analytical curves of the joints. These curves can be obtained from the assembly of the active individual
components’ deformation curves.

As regards the PZ behaviour, it was assessed with the Jaspart model, first in terms of (VFZ —y) 4,
curves. These analytical curves were obtained using: (i) the analytical expressions provided in Table
2-6 and (ii) the actual geometric and mechanical properties given in Appendix A (see Fig. A-1(c),(d)
to Fig. A-12(c),(d)) for the eight relevant experimental results. The Jaspart model being semi-
empirical, the ECCS material model was used to derive the missing mechanical properties (i.e. the
strain-hardening properties E,,, and &,,). This material model is presented in detail in the forthcoming
Section 4.2.2. The so-obtained (VF% —y),, curves were then substituted by (M?Z —v),, curves
through the use of Eg. (3-5), where § and z,, are given in Eq. (3-3) and Eq. (2-5), respectively. These
(MFP%Z — y),,, are depicted in Appendix A (see the blue solid curves in Fig. A-1(g) to Fig. A-12(g)) for
the eight relevant experimental results.

SC
——
LA =[KC'Z“’]-)/ ¢~ PZ
M =FC-z,,=4 p "~ B (3-5)
[E - k€-22,]- ¢¢ c ~ CWC*,CWT, CFB or BFC

sc

Similarly, the (F¢ — A€),,, curves (subscript "c¢" standing for “CWC*”, “CWT”, “CFB” or “BFC”)
were analytically derived for all the other components that are active at the level of the connection, i.e.
the CFB and the BFC, plus the CWC*/CWT when the joint is unstiffened. These analytical (F¢ —
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A°) .n curves were obtained using: (i) the analytical expressions given in Table 2-2 for the description
of the elasto-plastic behaviour; (ii) the procedure suggested by Jaspart (see Section 2.2.3.1) for the
description of the post-plastic behaviour up to failure; and (iii) the actual geometric and mechanical
properties given in Appendix A (see Fig. A-1(c),(d) to Fig. A-12(c),(d)) for the eight relevant
experimental results. These (F¢ — A€),, curves were then substituted by (M€ — ¢¢),, curves, by
applying Eq. (3-5), where E is the Young’s modulus and z,, can be obtained from Eq. (2-5) for
welded joints. The so-obtained (M€ — ¢ )., curves are depicted in Appendix A (see Fig. A-1(g) to
Fig. A-12(g), where the green, pink, purple and blue solid curves are associated to the CWC*, CWT,
CFB and BFC components, respectively).

For the characterization of the BFC component, the risk of local buckling needs to be considered.
Depending on the beam flange slenderness, instability is known to occur either in the elastic range
(slender flange) or in the post-plastic range (stocky flange). However, this kind of verification is not
yet covered by EN 1993-1-8. For the flanges considered in the present study, it is reasonable to
assume that they are rather stocky and thereby likely to buckle in the post-plastic range. Consequently,
to account for this risk of local buckling, it was decided to limit the resistance of that component to the
plastic resistance, knowing that this approach could yield conservative results when this component
governs the joint resistance.

For the characterization of the CWC* component, the new procedure developed in [21] was prioritized
over the EN 1993-1-8 expressions given in Table 2-2.

These component (M€ — ¢©),,, and (MP% —y),,, curves were eventually assembled to get the full
(Mf - CD)an curves of the joints. These curves are depicted in Appendix A (see the bolded red solid

curves in Fig. A-1(g) to Fig. A-12(g)) for the eight relevant experimental results, where they are
compared to the experimental (M7 — CD)exp curves. The following conclusions can be drawn from

these visual comparisons:

o For the tests B1, XU-W1 and XU-CWPL1, the Jaspart model provides satisfactory results, both
in terms of resistance and deformation capacity of the PZ;

e By contrast, for the test BCC5-E, the model significantly underestimates the deformation
capacity of the PZ;

e The same observation was made for the tests E1.1 and E1.2. However, unlike the test BCC5-
E, it is here impossible to conclude whether the PZ is the only cause for these observed
discrepancies, since other components (i.e. CWC*/CWT) are active and contribute to the PZ
deformability;

o For the test CP-R-M, the model provides satisfactory results in terms of resistance but
underestimates the actual deformation capacity of the PZ;

o For the test No. 3, the model correctly predicts the first part of the curve, but fails in predicting
the actual deformation capacity as well as the buckling of the PZ.

These graphical comparisons show that the Jaspart model predicts the PZ post-plastic behaviour
inconsistently; depending on the test result, it may either perform well or dramatically mispredict the
actual ultimate resistance or deformation capacity. From the author’s point of view, these
discrepancies arise from various causes which sometimes add up and sometimes compensate each
other. Among them, the overestimation of the effective shear area Ay., affecting both the PZ
resistance and deformability, may be pointed out as the main cause, but the model also underestimates
the contribution of the SE (see forthcoming CHAPTER 4) and neglects the risk of shear buckling in
the CWP and the effect of strain-hardening in the SE. These observations highlight the need for a more
advanced analytical model, which would depict all the complex phenomena governing the behaviour
of the PZ up to failure more coherently.
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3.3.2 Simplified analytical models

The second step consisted in assessing the ability of the simplified analytical models introduced in
Section 2.3.3 to predict the plastic shear resistance V%k of the PZ, by comparing them with the 26 test
results on welded and bolted joints coming from Table 3-2 and Table 3-3. In this study, only the
analytical models presented in Table 2-8, which allow for the inelastic PZ deformation, will be
considered.

Again, the V%, oy (resp. ViZ, ;) values first had to be transformed into M, g, i, (resp. M g o)

values to allow comparisons with the M; experimental observations extracted in Section 3.2.2.

,Rk,exp
For welded joints, the M;’Rk’EU (resp. M;,,Rk,us) values can be easily derived through the simplified
assembly formula given in Eq. (3-4), while, for bolted ones, the whole assembly procedure must be
contemplated. This procedure was exemplified in Egs. (2-7) to (2-11) for the simple case of an exterior
bolted joint under bending with two bolt-rows in tension.

The M) ppy @nd M) ., ¢ analytical values associated to the European and American design
standards are reported in Table 3-8 and Table 3-9, where they are compared to the experimental
M) prexp Values coming from the test results on welded and bolted joints respectively. These
comparisons are conducted based on the performance indicator and the colour code defined in Table
3-1. Graphical comparisons are also provided in Appendix A (see, in Fig. A-1(f) to Fig. A-26(f), the
EU blue broken curve and the US orange broken curve, respectively). The following conclusions can
be drawn as regards the performances of the European and American design criteria:

e The EU (i.e. EN 1993-1-8) model is directly inspired from the Jaspart model. Consequently,
the same conclusion can be drawn as for the Jaspart model, at least for the welded test results,
being that the EU model significantly overestimates the M;,Rk,exp values. The overestimation
of the effective shear area A, was reported as the primary reason. In some cases (i.e. for
stiffened double-sided joints), the EU model tends to perform a little bit better though. This is
due to the underestimation of the AV, %, z;; contribution by the model (as it will be shown in
the forthcoming CHAPTER 4), which partially compensates for the overestimation of the
Vs keeu contribution. As regards the bolted joints, this conclusion remains valid. The relative
error ranges from —1.76% to 27.10% and the model shows a rather good performance for
stiffened double-sided joints (i.e. the tests E1-XW-P-C1, E2-XW-P-C2 and E3-XW-P-C2) due
to the compensation of errors.

e The US (i.e. AISC) model is directly based on the Krawinkler model, albeit with some minor
modifications that were discussed in Section 2.3.3.3. However, the latter tend to amplify the
Mj,"Rk’US values with respect to the Krawinkler model, which already proved to be rather
unsafe in the case of unstiffened joints. As a consequence, it can be observed that the US
criterion overestimates (usually significantly) the M;"Rk,exp values for all the welded and
bolted unstiffened test results. For stiffened joints, the model performs a little better, although
it still provides unsafe results. This “improvement” comes from the underestimation of the
AVySﬁR,US contribution, as for the EU model.

e The EU* (i.e. prEN 1993-1-8) model is one of the outcomes of the following CHAPTER 4
and CHAPTER 6. It describes the new model that will be proposed for inclusion in the
forthcoming prEN 1993-1-8 pre-normative document. This model will be extensively
described in those Chapters and is given here for information purposes only.
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These comparisons clearly show that the EU and US design criteria systematically provide unsafe and
inconsistent estimations of the actual plastic shear resistance V; gk,exp of the PZ.

Table 3-8. Comparisons between M;,Rk,EU, M;,Rk,,,s, M;,Rk,EU* and M}’,"Rk,exp for the 12 experimental results on welded
joints reported in Table 3-2.
No.| Specimen MJJI,Rk,exp ijl,Rk,EU E ngz,Rk,US E M;I,Rk,EU* E
(kNm) | (kNm) (%) (kNm) (%) (kNm) (%)
1 Bl 868.4 876.5 0.93 1,1115 27.99 911.8 4.99
2 NR2 58.8 62.7 6.71 69.3 17.94 55.0 -6.43
3 NR3 81.8 87.9 7.51 92.7 13.28 75.4 -7.82
4 NR4 118.2 137.2 16.11 136.1 15.17 110.2 -6.77
5 NR7 158.1 183.6 16.10 189.7 20.01 156.2 -1.17
6 BCC5-E 133.3 152.6 14.47 1441 8.14 118.1 -11.41
7 XU-W1 190.9 199.3 441 188.6 -1.22 155.7 -18.44
8 XU-CWP1 198.2 223.4 12.73 213.8 7.88 1744 -12.00
9 ElL1l 334.4 391.7 17.13 409.3 22.40 328.6 -1.75
10 El2 328.2 391.7 19.34 409.3 24.71 328.6 0.11
11 CP-R-M 141.8 152.5 7.55 156.0 10.04 122.8 -13.42
12 No. 3 535 52.3 -2.22 57.9 8.16 50.4 -5.76
Table 3-9. Comparisons between M;_RRIEU, MJJ,"Rk_US, M;,"Rk'EU* and M;"Rk’exp for the 14 experimental results on bolted joints
reported in Table 3-3.
No.| Specimen M5 riexn | My, ricsu E M;) ricus E - My E
(kNm) | (kNm) (%) (kNm) (%) (kNm) (%)
1 01 58.8 60.3 251 65.0 10.62 56.4 -4.09
2 04 55.9 60.2 7.67 64.8 15.86 56.2 0.54
3 07 59.0 60.2 2.04 64.8 9.87 56.2 -4.68
4 010 944 101.3 7.26 102.9 9.03 85.9 -8.99
8 J1.1 333.8 392.1 17.47 359.6 7.73 316.6 -5.14
6 J2.1 325.3 392.1 20.54 359.6 10.55 316.6 -2.66
7 J3.1 381.5 CWcC* CWcC* CWcC* cwceC* 374.0 -1.95
8 J4.1 266.2 290.3 9.05 273.9 2.88 246.2 -7.52
9 | E1-TB-E-M 338.1 364.5 7.82 342.6 1.34 318.0 -5.96
10 |E1-XW-P-C1| 2824 364.5 7.82 274.1 -2.93 254.6 -9.85
11 | E2-TB-E-M 530.6 674.4 27.10 640.8 20.77 579.1 9.15
12 |E2-XW-P-C2| 533.3 523.9 -1.76 539.4 1.15 483.3 -9.38
13 | E3-TB-E-C2 | 1,230.3 1,294.1 5.18 1,297.8 5.49 1,202.6 -2.25
14 |E3-XW-P-C2| 938.1 942.9 0.51 988.1 5.33 872.9 -6.95
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3.4 CONCLUSIONS

The present CHAPTER 3 aimed at assessing the performances of the complex and simplified
analytical models introduced in CHAPTER 2 (see Sections 2.3.2 and 2.3.3, respectively) through
comparisons with experimental evidence, to highlight their strengths and weaknesses. To this aim, two
databases have been compiled, including respectively 12 experimental results on welded joints and 14
experimental results on bolted joints, carefully selected from the scientific literature. These test results
all display a PZ plastic failure and a significant PZ shear deformation. They were processed in order to
extract the main performance parameters (i.e. initial stiffness, plastic resistance, post-plastic stiffness,
ultimate resistance and deformation capacity), thereby allowing comparisons with the analytical
models. The main outcomes from these comparisons are summarized here below:

e As regards the prediction of the PZ initial stiffness Kf,’z , it was observed that the
consideration, in the analytical formulae, of the bending deformation mode, in addition to the
principal shear one, has very little impact on the results. By contrast, the effective shear area
Ayc is a key parameter which significantly influences the results. With this respect, a
reasonable estimation of the experimental stiffness was obtained with all the models, but the
Jaspart and Wang ones, for which significant discrepancies were observed resulting from the
misprediction of the effective shear area Ay .

e As regards the prediction of the PZ plastic shear resistance VyP, 2., the main observation was
that none of the complex analytical models introduced in CHAPTER 2 was able to provide a
consistent estimation of this parameter. Several causes have been identified which can explain
these discrepancies. In all cases, they arise from a poor understanding and subsequent
modelling of the key parameters governing the plastic shear resistance of the PZ. The so-
drawn conclusions also apply to the simplified EU and US design criteria since they are
directly derived from the Jaspart and Krawinkler models, respectively. Furthermore, these
criteria have been demonstrated to overestimate the plastic shear resistance of the PZ in many
cases, what is rather concerning from a safety point of view.

e As regards the prediction of the PZ post-plastic behaviour up to failure, two main observations
were made: (i) on the one hand, it was observed very few experimental results which exhibit
an actual PZ ultimate failure mode, what was pointed out as a clear limitation of the study; (ii)
on the other hand, solely the Jaspart model provides analytical expressions to capture the end
of the curve. Notwithstanding that, qualitative graphical comparisons were performed showing
that the Jaspart model was rather inconsistent in predicting the actual deformability of the PZ.
These observed discrepancies are believed to arise from various causes which sometimes add
up and sometimes compensate each other.

The conclusions from this comparative study clearly highlight the need for a more sophisticated
analytical model, built upon the deep understanding of the complex phenomena governing the
behaviour of the PZ up to failure. To achieve this objective, a reliable estimation of the plastic shear
resistance of the PZ is first required. This topic is covered in the following CHAPTER 4. Based on this
knowledge, the model can be subsequently extended to the prediction of the complete behaviour of the
PZ up to failure, topic addressed in the subsequent CHAPTER 5. It is noteworthy that this new
sophisticated model will be developed in the context of welded joints only. This is because the welded
joints are significantly simpler than the bolted ones, as discussed in the present CHAPTER 3 (see the
boxed text in Section 3.1.2), making them more suitable for the validation of the analytical models that
will be developed in CHAPTER 4 and CHAPTER 5. The extension of the models to PZs in bolted
joints will be addressed in CHAPTER 6.
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4.1 INTRODUCTION

4.1.1 Objectives of the Chapter

CHAPTER 4 addresses the problem of prediction of the plastic shear resistance of the PZ, identified
in CHAPTER 3. More precisely, it focuses on the development and validation of a new analytical
expression for the prediction of this resistance level. This step is of primary importance to predict the
ductility and the deformation capacity of this component in a subsequent stage (see CHAPTER 5).

4.1.2 Scope of the Chapter

The scope of this study was limited to welded joints under monotonic loading only, for two main
reasons: (i) to facilitate the derivation of the shear force V£Z acting on the PZ, which can be assumed
constant over the whole depth d;, of the PZ for welded joints, and (ii) to avoid the occurrence of any
other failure mode in the connecting elements (i.e. bolts in tension, endplates in bending...). In
addition, fillet welds were assumed to be sufficiently resistant (i.e. there is no premature failure of the
welds) and the PZ dimensions were chosen to prevent the occurrence of any premature local yielding
within the compressed and tensile zones of the CWP, prior to the shear yielding of the PZ. The risk of
shear buckling of the PZ has also been prevented by choosing PZ dimensions which satisfy EN 1993-
1-8 requirements in terms of CWP slenderness (see Eqg. (2-39)).

Two types of joint configurations have been considered in the present study, namely exterior joints
and interior joints with beams of equal depth, see Fig. 4-1 and Fig. 4-2, respectively. These joints are
loaded in such a way that the PZ becomes the governing component of the joint response. This
particular loading is illustrated in Fig. 4-1(a) and Fig. 4-2(a) for exterior and interior joints,
respectively. Columns are subjected to an axial force N. coming from the gravity loads and which is
limited to 0.5 - N,,; . in the present study, N,,; . being the axial capacity of the column profile. They are
also subjected to shear forces and bending moments resulting from the horizontal reactions R. Beams
transfer bending moments and shear forces only, coming from the applied external load P. For interior
joints, the unbalanced bending moments are assumed to be equal (i.e. |Mg; | = |Mgg|). No horizontal
axial force N,, is transferred by the beams. This kind of anti-symmetrical loading could be caused by
either wind or earthquake (or even gravity loads in the case of exterior joints) and generates a
particular distribution of bending moments M, shear forces V and axial forces N acting on the PZ. This
system of internal forces, depicted with blue arrows in Fig. 4-1 and Fig. 4-2 (subscripts B and C stand
for Beam and Column, respectively; subscripts T, R, B, L stand for Top, Right, Bottom and Left
respectively), causes significant shear in the PZ, as shown in the M-N-V diagrams in Fig. 4-1(b) and
Fig. 4-2(b).

In particular, the shear distribution over the PZ depth, shown in Fig. 4-1(b) and Fig. 4-2(b), is assumed
to be uniform. This is equivalent to saying that the beam moment Mgy (resp. Mg, ) is transferred to the
PZ by the couple of equal but opposite forces Fgg (resp. Fg;), acting at mid-depth of the beam flanges
and statically equivalent to the beam moment Mgy (resp. Mg, ), see Fig. 2-1. This assumption seems
reasonable for welded joints as most of the beam moment is carried by the flanges in typical I-shaped
beams [50]. Regarding the support conditions, both joint configurations are simply supported, which is
similar to assuming that the point of contraflexure of the bending moment diagram occurs at the
column mid-height [122].
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Fig. 4-1. Exterior welded joint: (a) loading conditions maximizing shear in the PZ and (b) resulting M-N-V diagrams in the
column.

Mcr

(b)
Fig. 4-2. Interior welded joint: (a) loading conditions maximizing shear in the PZ and (b) resulting M-N-V diagrams in the
column.

4.1.3 Outline of the Chapter

To derive a new analytical expression for the prediction of the PZ plastic shear resistance, a
scientifically-based methodology has been used, consisting of (i) the development and validation of a
sophisticated finite element model (see Section 4.2.2); (ii) the development of an extensive parametric
study to highlight the key parameters governing the plastic shear resistance of the PZ (see Sections
4.2.3-4.2.4); (iii) the development and validation of a new complex analytical formulation for
scientific purposes, which encompasses all the so-identified key parameters (see Section 4.3.1); and
(iv) the simplification of this complex model in view of its possible integration in design codes (see
Section 4.3.2).
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4.2 NUMERICAL PART

4.2.1 Introduction

The conclusions drawn in CHAPTER 3 were investigated using the finite element (FE) approach. The
role of the FE analysis in the present study is twofold: (i) developing an extensive parametric study to
highlight the key parameters governing the plastic shear resistance of the PZ and (ii) using the so-
obtained FE results to validate the new complex and simplified analytical models developed in Section
4.3.1 and Section 4.3.2, respectively. In this thesis, the commercial FE software Abaqus© [25] was
chosen to conduct the FE analyses, as already mentioned in CHAPTER 1.

4.2.2 FE modelling

4.2.2.1 Development of an FE model

As a preliminary step, the numerical tool had to be validated. To this aim, two pushover tests, namely
tests NR4 (already presented in Table 3-2) and NR16, taken from [100], were numerically modelled
within the Abaqus© environment. These two specimens consist of an IPE330 beam welded to an
HEB160 column and of an HEB500 beam welded to an HEB300 column, respectively. All actual
geometric properties may be found in ([100], [104]) and are recalled in Table 4-1. Fillet welds were
not modelled explicitly and an initial imperfection was taken into account. The magnitude of the latter
was fixed to "d./200", as suggested in Part 1-14 of Eurocode 3 (EN 1993-1-14, [123]), where d. is
the clear depth of the column cross-section. The Young’s modulus and the Poisson’s ratio were taken
equal to 210,000 MPa and 0.3, respectively. The available mechanical properties (i.e. the material
yield strength £, given in [100] and the material ultimate strength f,, given in [104]) are reported in
Table 4-2 for each specimen’s web and flanges. Based on them, it was possible to reconstruct the full
material law of each specimen’s web and flanges, using the quad-linear model developed by Yun et al.
[124] and recently integrated in EN 1993-1-14 [123]. The main parameters of this model, named EN
1993-1-14 model in the rest of the thesis, are defined in Table 4-3 and the reconstructed engineering
stress-strain curves ("eng. ") are presented in Fig. 4-3 (see the black and grey solid curves).

Table 4-1. Actual geometric properties for specimens NR4 and NR16.

" C...column h b tw t T A L
Sfpeeliet B...beam (mm) | (mm) (mm) (m];n) (mm) | (cm?®) | (mm)
NR4 C...HEB160 159 160 8.0 12.2 15 51.7 1350
B...IPE330 329 162 8.0 114 18 64.2 698
NR16 C...HEB300 298 300 10.6 18.0 27 142.0 1600
B...HEB500 500 301 14.7 27.6 27 237.8 580

Table 4-2. Available mechanical properties for specimens NR4 and NR16.

: C...column E fy fu
Specimen | 5™ eam (MPa) (MPa) (MPa)
Web 355 485
O i Flange 295 408
Web 317 436

B...IPE330
Flange 286 395

210,000

Web 284 440

C...HEB300
NR16 Flange 271 420
B. HEB500 Web 299 440
Flange 271 400
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Table 4-3. Definition of the parameters used in the EN 1993-1-14 material model (engineering stress-strain curve).
Parameters Formula Units
E  (Young’s modulus) = 210,000 (MPa)
gy (yield strength) = fy (MPa)
0.
gy (yield strain) = Fy )
gpp (post-plastic strength) = fy (MPa)
€y (pOSt-plastic strain) = 0.1 -I’f_—y— 0.055 but 0.015 < &, < 0.03| (=)
fu - fy
E,, (post-plastic modulus) = — (MPa)
bp 0.4- (en - em,)
o, (ultimate strength) = Opp + Epp - (80 — €pp) (MPa)
&, (ultimate strain) = Ci &y (=)
. . Onp — Oy
AE,, (post-plastic modulus increment)  |= G — % (MPa)
n u
o, (strength at the onset of necking) |= fu (MPa)
&, (strain at the onset of necking) = 0.6 ( - j;y) but 0.06 <eg, =)
. - + 0.25- -
C; (material coefficient) = Eop (&n = £pp) )
&n

Specimen NR4
750

Column web (eng.)
Column flange (eng.)

— — Column web (true)
Column flange (true)

HEB160

IPE330

0 £y Epp & &
0.1 0.2 0.3
£()
(a)
750
Beam web (eng.) — —Beam web (true)
Beam flange (eng.) Beam flange (true)
500 -
E P f/
S Z HEB160
° 250
‘ IPE330
P
0
0 0.1 0.2 0.3
£()
(©

Specimen NR16

750
Column web (eng.) — —Column web (true)
Column flange (eng.) Column flange (true)
-

< 5;) (zf ===

Q_ n~Ju — - E

= Ou =7 AE IHEB300

P !

HEB500

I 0.1 03" 0.3
£()
(b)
750
Beam web (eng.) — — Beam web (true)
Beam flange (eng.) Beam flange (true)
500 -
g —_—
é ~Z HEB300
©
250 ‘
HEB500
“ P
0
0 0.1 0.2 0.3
£()
(d)

Fig. 4-3. Reconstructed material laws (EN 1993-1-14 material model) used in the numerical simulations: (a) NR4 column
profile, (b) NR16 column profile, (c) NR4 beam profile and (d) NR16 beam profile.
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The reconstructed engineering stress-strain curves were translated into true stress-strain curves
("true", see the black and grey dashed curves in Fig. 4-3) to comply with the Abaqus© formalism,
using Eq. (4-1) and Eq. (4-2), o and ¢ being the true stress and strain respectively, and a¢™9 and ™9
being the engineering stress and strain, respectively.

o=0"9"(1+ &M9) (4-1)
e =1In(1+ £M9) (4-2)

Both mesh density and FE type were selected based on a preliminary mesh sensitivity analysis. A
coarse mesh made of eight-node brick elements with reduced integration (C3D8R) was adopted in
almost all the model except for the PZ region and the column supports which were more densely
meshed using fully-integrated eight-node brick elements (C3D8). The root fillets were modelled using
six-node triangular prisms with full integration (C3D6). Four finite elements were placed throughout
the webs and flanges thicknesses. Fig. 4-4(a) and Fig. 4-4(b) give a general overview of the final mesh
used for the specimens NR4 and NR16, respectively.

Simply-supported boundary conditions were applied to the column ends similarly to the experimental
tests. A monotonic displacement history was imposed on the beam tip in order to mimic the real
loading conditions. Furthermore, the beam end section was properly restrained against out-of-plane
displacement. Numerical simulations were performed using a general static analysis and they were
stopped before failure, since the failures of the specimens were not captured during the experimental
campaign due to the limits of the testing machine.

Specimen NR4 Specimen NR16

Fig. 4-4. Description of the FE models: (a) specimen NR4 and (b) specimen NR16.
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4.2.2.2 Validation

The FE models were validated through comparisons between experimental (solid lines) and numerical
(dashed lines) results in terms of load-deflection curves at the beam tip (see Fig. 4-5(a) and (b)), load-
introduction force vs. column web shortening/elongation curves (see Fig. 4-5(c) and (d)) and load-
introduction force vs. column lateral deflection curves (see Fig. 4-5(¢) and (f)). Comparisons show a
rather good agreement between experimental and numerical curves for both specimens NR4 and
NR16, especially in the elasto-plastic range of the curves being investigated in this CHAPTER 4. In
the post-plastic range of the curves, some discrepancies can be observed. This is due to the fact that
strain-hardening and ultimate properties given in Table 4-2 had to be assumed, as they were not made
available in [100].

Specimen NR4 Specimen NR16
250 1000
200
750
~ 150 =
zZ z
< < 500 HEB300
8- 100 o
— NR4-exp IPE330 § -+ 250 — NRI16-exp HEB500 3 *1
50 - - - NR4-num i - - - NR16 —num !
0 0
0 20 80 100 0 10 20 30 40 50
v (mm)
(b)
1000
— NR4-—exp — NR16 —exp
=== NR4-num === NR16 — num
§/ HEB160 HEB160 g HEB300 500 HEB300
L L
F F F
IP IPE330 250 HEBS500
I F LP F P F P
0
-20 10 10 20 -10 -5 0 5 10
Aw (mm)
(d)
- 1000
— NR4 —exp — NR16 —exp
=== NR4-num === NR16 —num
z =
é HEB160 HEB160 iﬁ/ HEB300 HEB300
L L
& - = E
W IVPE330 IPE330 HEB500 HEB500
F P F P F P F P
0 0
-20 -10 0 10 20 -10 -5 0 5 10
w (mm) w (mm)
(e) (f)

Fig. 4-5. Validation of the numerical models: (a)-(b) (P — v) curves, (c)-(d) (F — A,,) curves and (e)-(f) (F — w) curves.
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4.2.3 Parametric study

The so-validated numerical models were then used to perform a parametric study with the aim of
appraising, one by one, the influence of four parameters on the plastic shear resistance of the PZ.
These parameters are: (i) the spread of yielding across the PZ, (ii) the type of plastic collapse
mechanism actually developing in the SE, (iii) the 7 — g; interaction within the PZ and (iv) the 7 —
onm-n interaction within the PZ. As a preliminary step, some slight changes were made to the
original NR4 and NR16 numerical models regarding their geometric and material properties. These
changes were designed to make the parametric study as general as possible and are listed below:

— the column supports were moved towards the column centreline;

— the column length L. was increased to 4 m to reduce the influence of the support reactions;

— the beam length L, was increased in such a way that the distance between the column
centreline and the beam end is 1.5 m;

— actual geometric properties of the steel profiles were replaced by nominal ones;

— actual material laws were replaced by a fictitious elastic, perfectly-plastic one (i.e. strain-
hardening neglected) for all members to facilitate the derivation of the plastic shear resistance
of the PZ (see the engineering and true stress-strain curves illustrated in Fig. 4-6(a) and Fig.
4-6(b), respectively);

— 5355 steel grade with nominal yield strength f,, was considered for all members (Table 4-4).

750 750
—e—Eng. c-¢ curve (model) —e—True o-¢ curve (model)
§ 500 - 500
= o
;J;"ngy' ................................. S o
% ©
© 250 250

0 0.1 0.2 03 .
&9 () ()

(@) (b)

Fig. 4-6. Fictitious elastic, perfectly-plastic material model: (a) engineering stress-strain curve and (b) true stress-strain curve.

Table 4-4. Definition of the parameters used in the fictitious material law defined in Fig. 4-6.

Parameters Engmegrmg Trug Units
stress-strain curve stress-strain curve
E (Young’s modulus) = 210,000 = 210,000 (MPa)
gy (yield strength) = fy =355 = 355 (MPa)
. . 0.
gy (yield strain) = fy = 0.00169 = 0.00169 )
AE (initial modulus increment) | = 0 = 358 (MPa)

In order to broaden the parametric study, two additional models, named A and B, were added to the
study. These models are characterized by an IPE200 beam welded to an HEB160 column and by an
IPE300 beam welded to an HEB340 column, respectively. A summary of the four beam-to-column
assemblies considered in the present study is provided in Table 4-5. These numerical models were
then used to perform the parametric study, which covers the following eight joint configurations:

— (non-)axially loaded (un-)stiffened exterior joints;
— (non-)axially loaded (un-)stiffened interior joints.
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The thickness t,; of the transverse column web stiffeners, if any, is given in Table 4-5. The magnitude
of the axial load N, in the column, if any, was set to 0.5 Ny, ., N,; - being the axial strength of the
column cross-section. This load level is assumed to be representative of the maximum axial load that a
column may encounter in a typical steel frame structure. These values are summarized in Table 4-5 as
well. Finally, Table 4-5 also shows the column web-to-flange thickness ratio t,,./ts.. This parameter
oscillates between 0.55 and 0.62 which is the range of validity for all the developments presented in
this study.

Table 4-5. Details of the numerical models used in the parametric study.

Model Column profile | Beam profile ts (mm) N, (kN) vl e (=)
NR4 HEB160 IPE330 12 1000 0.615
NR16 HEB300 HEB500 30 2500 0.579
A HEB160 IPE200 10 1000 0.615
B HEB340 IPE300 12 3000 0.558

In total, 32 numerical simulations were performed within the framework of the parametric study. A
general overview of these simulations is given in Table 4-7. To identify the different simulations, a
specific nomenclature has been adopted: for instance, the numerical simulation performed on the
unstiffened (i.e. “0”) exterior (i.e. single-sided, “s”) NR4 joint configuration without any axial load in
the column (i.e. “/") is named “NR4-0-s-/”. By contrast, the numerical simulation performed on the
stiffened (i.e. “1”) interior (i.e. double-sided, “d”) NR16 joint configuration with an axial load in the
column (i.e. “0.5N,;”) is named “NR16-1-d-0.5Np”.

The component method was applied to each of them, in accordance with EN 1993-1-8, following the
procedure described in Section 2.2.2. The detailed results are reported in APPENDIX C for each
individual numerical simulation (see Table C-1 to Table C-32). However, for sake of clarity, the
expected plastic failure mode associated to each numerical simulation is recalled in Table 4-6, together

with the plastic bending moment resistance M;,Rk. From Table 4-6, it can be seen that 18 numerical

simulations are characterized by a PZ plastic failure mode, while the 14 remaining simulations are
characterized by another plastic failure mode (either CWC*/CWT or CFB). Among the latter, only the
results associated to the four exterior joints in the B series, highlighted in light blue in Table 4-6,
feature a low level of plastic deformation of the PZ, as shown by the (V% —y),m curves in
APPENDIX C (see the blue continuous curves in Fig. C-25(c), Fig. C-27(c), Fig. C-29(c) and Fig. C-
31(c)). Therefore, these numerical results will not be accounted for in the following sections.

Table 4-6. Description of the expected plastic failure mode and expected plastic bending moment resistance associated to
each individual numerical simulation of the parametric study, according to EN 1993-1-8.

Category | Category Il Category IlI Category IV
Configuration (X="d", Y="77) (X="87, Y="7)  |(X="d, Y="0.5Np")| (X="5", Y="0.5Ny")
M) i | Pl failure | M) o, | Pl failure | Mj ., [Pl failure | M) |PI.failure
(kNm) mode (kNm) mode (kNm) mode (kNm) mode
NR4-0-X-Y 56.40 Pz 112.67 |CWC'/CWT| 56.40 Pz 112.67 |CWC*/CWT
NR4-1-X-Y 61.25 PZ 122.50 PZ 61.25 PZ 122.50 PZ
NR16-0-X-Y | 237.37 PZ 414.36 |CWC*/CWT| 237.37 PZ 414.36 |CWC*/CWT
NR16-1-X-Y | 259.47 Pz 518.95 Pz 259.47 Pz 518.95 PZ
A-0-X-Y 32.72 Pz 57.79 CFB 32.72 Pz 57.79 CFB
A-1-X-Y 36.74 Pz 57.79 CFB 36.74 Pz 57.79 CFB
B-0-X-Y 162.83 Pz 164.84 CFB 162.83 Pz 164.84 CFB
B-1-X-Y 164.84 CFB 164.84 CFB 164.84 CFB 164.84 CFB
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Table 4-7. General overview of the parametric study.

Configuration Transverse column web Type of joint Axial load Test numbers Loading situation
stiffener
X stands for NR4, NR16,[ YeS...o.vveeeeeeennnnn... 1 |Single-sided............ s [Yes.ooiiini .. 0.5Ny
AorB NO. .t 0 |Double-sided........... d INOo..ooooiiiinen, /
]
0.5N,i X-1-5-0.5Npi l
S
/ X-1-s-/ I
1
]
0.5Npi X-1-d-0.5Ny, t l
d
4
/ X-1-d-/ ' I
X
1]

0.5Np| X'O'S'O.SNpI

/ X-0-s-/

0.5Np| X'O'd'O.SNpI E

e
4 44 40 4

/ X-0-d-/ E
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4.2.4 FE results and discussions

For sake of clarity, the FE results obtained from the parametric study are not presented in the present
Section 4.2.4. They can be found in APPENDIX C, where they are extensively described in terms of
(P — v)yum cCurves (see Fig. C-1(a) to Fig. C-32(a)), (V — ¥)num curves (see Fig. C-1(c) to Fig. C-
32(c)) and (Mg — ®@),,m curves (see Fig. C-1(e) to Fig. C-32(e)) for each individual numerical
simulation. The (P — v),,m curves were obtained as direct output from the numerical simulations.
The (Mg — ®),,,,m curves can be easily derived from the (P — v),,,m curves, following the procedure
described in APPENDIX B.2.

Regarding the (V — ¥),um Curves, a distinction is made between the (VF# — y),,,m curve of the PZ,
the (VP —y),.um curve of the CWP and the (AVSE — y),..m curve of the SE. The former can be
extracted from the numerical results by expressing the equilibrium equations of the PZ in deformed
shape. The procedure is described in APPENDIX B.1.2. The (VWP —y),,.,m curve of the CWP can
be extracted from the numerical results using a numerical integration procedure. This latter is
described in APPENDIX B.1.3. Finally, the (AVSE —y),m curve of the SE can be obtained by
subtracting the CWP (VWP — ), .. curve from the PZ (VPZ — ) ,um curve. This is explained in
APPENDIX B.1.4.

In total, four main conclusions were drawn from the careful analysis of the FE results. These
conclusions concern: (i) the spread of yielding across the PZ, (ii) the type of collapse mechanism
actually developing in the SE, (iii) the influence of the T — o; interaction on the plastic shear resistance
of the PZ and (iv) the influence of the T — o,, »,_y interaction on the plastic shear resistance of the PZ.
They are described in details in the following Sections 4.2.4.1 to 4.2.4.4 and will serve as a basis for
the development of the complex analytical model in Section 4.3.1.

To illustrate the different conclusions, 24 relevant oy, T, 0, -y and o; states of stress, coming from
Abaqus©, are reported in Table 4-8 to Table 4-11. They belong to the eight numerical simulations
performed with the model NR4 (see Table 4-7), i.e. 3 states of stress per simulation; these ones are
identified in the (V — y),um curves which are given in Fig. 4-7 to Fig. 4-10, respectively (see the
numbers “1” to “24”). These (V — y),um curves were extracted following the procedures provided in
APPENDIX B.1.

4.2.4.1 Study of the spread of yielding across the PZ

Regarding the spread of yielding across the PZ, the following observations were made:

¢ Yielding initiates in the centre of the CWP and is not affected by the SE, as depicted by the
states of stress No. 1, 4, 7 and 10 in Table 4-8 and Table 4-9, the black parts on the pictures
being the parts yielding in pure shear. This is due to the fact that the shear stiffness of the
CWP is significantly larger than that of the SE, and so the CWP first “attracts” most of the
forces.

¢ Yielding very quickly spreads across the entire panel, as depicted by the states of stress No. 2,
5, 8 and 11 in Table 4-8 and Table 4-9, the plastic shear resistance of the CWP being reached
for a Vi gy comp: Value. This contribution is highlighted in red in Fig. 4-7 to Fig. 4-10. For this
shear level, it can be seen that, strictly speaking, only the clear depth of the CWP yields.

Therefore, it is suggested to account for the actual shear stress distribution in the derivation of

VCWP
y,Rk,compl*

e Extra shear forces are then transferred to the SE, which contribute to the resistance of the PZ
with a Avﬁgk,mmp, value before large plastic rotations develop (see the states of stress No. 3,
6, 9 and 12 in Table 4-8 and Table 4-9). This second contribution is highlighted in red in Fig.
4-7 to Fig. 4-10.
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4.2.4.2 Study of the actual collapse mechanism in the SE

Regarding the collapse mechanism which develops in the SE, the following observations were made:

In the absence of transverse column web stiffeners, four plastic hinges form in the column
flanges at the level of the beam flanges (see the states of stress No. 3, 6, 15 and 18 in Table
4-8 and Table 4-10, where the locations of the plastic hinges have been highlighted with
yellow circles).

In the presence of transverse column web stiffeners, additional plastic hinges form either in
the beam(s) flanges or in the transverse column web stiffeners (see the states of stress No. 9,
12, 21 and 24 in Table 4-9 and Table 4-11, the locations of the plastic hinges being indicated
with yellow circles). These additional plastic hinges have to be explicitly accounted for in the
derivation of the contribution Avys,gk,compl' A similar observation was shared with other
authors ([76], [80]).

N.B.: The difference in the number of required additional plastic hinges is a first reason
explaining the difference in strength observed between the interior and exterior joints in Fig.
4-7 to Fig. 4-10. Another reason comes from the influence of the T — g; interaction and is
discussed hereafter in Section 4.2.4.3.

4.2.4.3 Influence of the T — o; interaction

Regarding the influence of the T — g; interaction, the following observations were made:

This interaction was neglected by all the authors in the models introduced in Section 2.3.2, the
load-introduction phenomenon being assumed to be a localized phenomenon and hence not
affecting the plastic shear resistance of the PZ.

For interior joints, this assumption seems reasonable as half of the “load-introduction” force is
introduced on each side of the column profile. Consequently, no significant o; stress is
observed within the CWP (see the g; stresses in the states of stress No. 4-6, No. 10-12, No.
16-18 and No. 22-24 in Table 4-8 to Table 4-11).

For exterior joints, this assumption is much more questionable, as it is shown in Table 4-8 to
Table 4-11 (see the o; stresses in the states of stress No. 1-3, No. 7-9, No. 13-15 and No. 19-
21) that significant o; stresses develop in the CWP at the level of the beam flanges, where
loads are introduced in the PZ. This leads to an overall decrease in the level of shear strength
for the exterior joints, with respect to the interior joints. This observation can be made in Fig.
4-7 to Fig. 4-10, where the (VFZ — y),,..m curves of the exterior joints (see the blue curves in
Fig. 4-7(a) to Fig. 4-10(a) are lower than those of the corresponding interior joints (see the
blue curves in Fig. 4-7(b) to Fig. 4-10(b), respectively).

This decrease mainly affects the contribution of the CWP. Therefore, it is suggested to

explicitly account for the T — g; interaction in the assessment of the contribution Vﬁ}é",f compl

of the CWP, for the exterior joints only.

4.2.4.4 Influence of the T — o, y_y interaction

Finally, regarding the influence of the T — o, ,,_ interaction, the following observations were made:

The comparisons between the blue (VF% — y),,,,.m curves for the non-axially loaded joints (see
Fig. 4-7 and Fig. 4-8) with respect to their corresponding (V% — ¥),,.,m curves for the axially
loaded joints (see Fig. 4-9 and Fig. 4-10) show that the axial force applied to the column
reduces the resistance of the PZ. Therefore, its effect has to be taken into account in both

contributions Vi il ompr and AV By compi-
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e The o, -y stresses feature a uniform distribution across the column cross-section at the
beginning of the simulations, before shear is introduced into the PZ and therefore in the
absence of any M moment in the column. This observation is shown in Table 4-10 and Table
4-11 (see the oy, p—y Stresses in the states of stress No. 13, 16, 19 and 22).

e Once shear is introduced into the PZ, redistribution of forces occurs. The CWP, whose shear
stiffness is significantly larger than that of the SE, “attracts” most of the shear force. By
contrast, the SE, whose axial stiffness is significantly larger than that of the CWP, “attract”
most of the axial force. This observation is shown in Table 4-10 and Table 4-11 (see the
onm-n Stresses in the states of stress No. 14-15, No. 17-18, No. 20-21 and No. 23-24). A
similar observation was made by other authors ([28], [52], [54], [73]).

4.2.4.5 Conclusion of the parametric study

In conclusion, the parametric study clearly indicates that the resistance of the PZ can always be
divided into the contributions of the CWP (V5 %¢ ompr) and the SE (AV %, o), as follows:

PZ _ ycwp SE
Vy,Rk,compl - Vy,Rk,compl + AVy,Rk,compl (4'3)

This formalism is in line with Eq. (2-14) (see Section 2.3.2). However, both contributions need to be
re-evaluated, with respect to the expressions given in Table 2-5 to Table 2-7 for the different analytical

models investigated in Section 2.3.2. The contribution V%,i compt OF the CWP has to more accurately

account for the actual shear stress distribution at yielding, and for both t —o; and 7 — o, y-n
interactions. It is re-evaluated in Section 4.3.1.1. The contribution AVyS,,E?krcompl of the SE has to reflect

more accurately the plastic collapse mechanism actually developing and has to account for the
influence of the axial load in the column flanges. It is re-evaluated in Section 4.3.1.2.
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Fig. 4-7. Numerical results in terms of (V — y) pum curves: (a) simulation NR4-0-s-/ and (b) simulation NR4-0-d-/.

Table 4-8. Description of the 6 relevant states of stress introduced in Fig. 4-7(a) and (b) for the simulations NR4-0-s-/ and

NR4-0-d-/ (in terms of oy, T, 0,, yy_y and o; stresses).

NR4-0-s-/

NR4-0-d-/

1 2 3

5
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Fig. 4-8. Numerical results in terms of (V — y) pum curves: (a) simulation NR4-1-s-/ and (b) simulation NR4-1-d-/.

Table 4-9. Description of the 6 relevant states of stress introduced in Fig. 4-8(a) and (b) for the simulations NR4-1-s-/ and
NR4-1-d-/ (in terms of o), 7, 0,, yy_y and o; stresses).

NR4-1-s-/ NR4-1-d-/
8 9 10 11 12

.\l
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Fig. 4-9. Numerical results in terms of (V —¥)pnum curves: (a) simulation NR4-0-s-0.5Np and (b) simulation NR4-0-d-
0.5Npi.

Table 4-10. Description of the 6 relevant states of stress introduced in Fig. 4-9(a) and (b) for the simulations NR4-0-s-0.5Npi
and NR4-0-d-0.5Np (in terms of oy, T, 0, y_y and o; stresses).

NR4-0-5-0.5N, NR4-0-d-0.5Nyi
13 14 15 16 17 18
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Fig. 4-10. Numerical results in terms of (V — ¥),um curves: (a) simulation NR4-1-s-0.5Np and (b) simulation NR4-1-d-
0.5Npi.

Table 4-11. Description of the 6 relevant states of stress introduced in Fig. 4-10(a) and (b) for the simulations NR4-1-s-0.5Npi
and NR4-1-d-0.5Np (in terms of oy, T, 0, y_y and o; stresses).

NR4-1—S-O 5N, NR4-1-d-0.5Nyi
19 21 22 23 24

| ]
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4.3 ANALYTICAL PART

4.3.1 Complex analytical model

4.3.1.1 Contribution of the CWP
A. Description of the model

Based on the conclusions drawn from the parametric study, it has been decided to express the
contribution Vi g)"omp: Of the CWP through Eq. (4-4) as the product of the equivalent plastic shear
resistance of the CWP with no stress interaction and assuming a simplified uniform shear stress
distribution (i.e. V'gi’), multiplied by two reduction factors, i.e. x; and y, . The latter account for
the 7 — o; and 7 — g, ),y interactions, and for the actual shear stress distribution within the CWP.

The T — 0; — oy, -y interaction, if any, is included in the two aforementioned coefficients.

The model proposed in Eq. (4-4) has been developed and validated based on the FE results. The latter
consist of the numerical estimations Vﬁ}é’,f num Of the plastic shear resistance of the CWP. They were
extracted from the numerical (V"? —y),.m curves presented in APPENDIX C (see the orange
continuous curves in Fig. C-1(c) to Fig. C-32(c)), using Eq. (4-5), for each numerical simulation. The

so-obtained values are reported in Table 4-12, where they are sorted into four main categories:

e Category | includes the results of the numerical simulations performed on the non-axially
loaded (un-)stiffened interior joints (i.e. eight in total). In these simulations, both 7 — o; and
T — oy -y iNteractions are minimum.

e Category Il includes the results of the numerical simulations performed on the non-axially
loaded (un-)stiffened exterior joints (i.e. six in total). In these simulations, the 7 — g;
interaction is maximum while the T — o, »,_y interaction is minimum.

e Category Il includes the results of the numerical simulations performed on the axially loaded
(un-)stiffened interior joints (i.e. eight in total). In these simulations, the 7 — o, y-n
interaction is maximum while the T — g; interaction can be neglected.

e Category IV includes the results of the numerical simulations performed on the axially loaded
(un-)stiffened exterior joints (i.e. six in total). In these simulations, both 7 —g; and 7 —
o M-y INteractions are maximum.

cwp _ . . yCWP
Vy,Rk,compl =Xi XnM-N"VyRk (4'4)
CWP — CWP,t
Vy,Rk,num - me(VEk,num (4'5)

Table 4-12. Numerical estimation Vyc,}’?‘;’fnum of the plastic shear resistance of the CWP for each individual numerical
simulation (in kN).

. . Category | Category Il Category IlI Category IV
Configuration | v g yorpy | (X=6”, Y=77)  |[(X=2d”, Y="0.5Ny”)|(X="5", Y="0.5Ny")
NR4-0-X-Y 256.3 251.9 244.1 233.4
NR4-1-X-Y 258.8 253.7 245.9 239.4
NR16-0-X-Y 684.4 657.1 657.5 619.6
NR16-1-X-Y 701.9 668.6 672.6 638.1
A-0-X-Y 268.6 255.2 252.8 238.0
A-1-X-Y 270.1 261.1 2544 245.7
B-0-X-Y 851.2 / 804.0 /
B-1-X-Y 851.6 / 811.6 /
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i. Estimation of y;

In Eq. (4-4), the local effect of the T — g; interaction in the CWP has been taken into account using a
global reduction factor y;. This latter was assessed based on the comparisons between the FE results
from the categories 1l and IV (i.e. exterior joints where the T — g; interaction is maximum) and their
corresponding FE results from the categories | and Il (i.e. interior joints where the T — g; interaction
is minimum). This is done in Table 4-13. As the ratio between the two oscillates a bit above 0.95, the
value of y; has been set at 0.95 for exterior joints while it remains equal to 1.0 in the case of interior
joints, as expressed through Eq. (4-6).

N.B.: In the case of stiffened exterior joints, this value may seem slightly conservative as the stiffeners
attract part of the “load-introduction” forces, thereby reducing the t — g; interaction in the CWP.
However, given the low influence of this parameter on the plastic shear resistance of the CWP, y; was
set equal to 0.95 for both (un-)stiffened exterior joints, for the simplicity of the analytical model.

o {0.95 for exterior joints (4-6)
¢ 1.0 for interior joints
Table 4-13. Determination of the reduction factor y;.
Exterior joints (X="s”) | Interior joints (X="d”) Ratio
a o CWP
COMEIN | YL &) kN | VB am(@) RN) | Kiam = 7203 )
NR4-0-X-/ 251.9 256.3 0.983
NR4-1-X-/ 253.7 258.8 0.980
NR4-0-X-0.5Npi 2334 2441 0.956
NR4-1-X-0.5Npi 2394 245.9 0.974
NR16-0-X-/ 657.1 684.4 0.960
NR16-1-X-/ 668.6 701.9 0.953
NR16-0-X-0.5Np 619.6 657.5 0.942
NR16-1-X-0.5Nyi 638.1 672.6 0.949
A-0-X-/ 255.2 268.6 0.950
A-1-X-/ 261.1 270.1 0.967
A-0-X-0.5Np 238.0 252.8 0.941
A-1-X-0.5Np 245.7 2544 0.966
Mean value 0.960

ii. Estimation of V,'g)” and jp m—n

The other two parameters, i.e. Vlf}/e"kp and x, y—-n, both depend on the shear stress (r) and vertical
normal stress (o, »-y) distributions within the PZ and their interaction. Consequently, they were

assessed together.

Regarding the o,, ),y stress distribution, it was observed in the parametric study (see Section 4.2.4.4)
that, at yielding, these latter are mostly transferred by the column flanges (including the root fillet
region). They arise from the equivalent vertical axial load N gy acting in the column flanges. This
latter can be computed at each corner of the PZ using the equivalent truss models provided in
APPENDIX B.1.2 (see Fig. B-5 and B-11). This is expressed through Eq. (4-7), where “TL”, “TR”,
“BL” and “BR” stand for “Top-Left”, “Top-Right”, “Bottom-Left” and “Bottom-Right”, respectively,
and where the expressions of M (resp. M.g) and N (resp. N.g) are given in APPENDIX B.1.2 (see
Table B-1 and Table B-4). Therefore, the o, y_y stress distribution in the column flanges can be
expressed through Eq. (4-8) as the sum of the a,, , stress coming from the Mqr (resp. M¢p) bending
moment in the column and the oy, y stress coming from the Ny (resp. N¢g) axial load in the column, if
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any. The o, ,_y stress distribution is presented in Fig. 4-11(a) for the central row of FE in the
simulation NR4-1-d-0.5N,. Although the o, ,,_y stress distribution is not truly uniform over the
whole depth dj, of the PZ, it was assumed so to facilitate the derivation of the parameters Vy 'z}’ and
Xnum—-n- The adopted uniform distribution is reported in Fig. 4-11(b), where a,, ,,_y may be computed
through Eqg. (4-9) as the average of the four vertical normal stresses J7il,M—N computed at each corner

of the PZ through Eq. (4-8).

M N
- C*T - TLcorner
d,, 2
M N
C*T - TR corner
db 2 Nfc,Ek
Nreek = \M.p Ngg > Mer =y (4-7)
—— — BL corner pLcT.Rk
d, 2
M N,
- C*B -8 BRcorner
\ d, 2
. Nfeexw .
o-Tll,M—N = A - = O-;I,M + O-Tll,N l = TL, TR, BL, BR (4'8)
fc,T
1 ; )
OnM-N =7’ Z'G”'M‘N| i =TL,TR,BL, BR (4-9)
i
AfC'T=Ac_(hc_2't2fc_2'rc)'twc AfC'T:AC_(hC_Z'tzfc_z‘rc)‘twc Afc:bc'tfc
(a) (b) (©)

Fig. 4-11. g, sy stress distribution at yielding: (a) FE results, (b) complex and (c) simplified analytical models.

Regarding the t stress distribution, it was observed a uniform distribution at yielding over the whole
depth d;, of the PZ for all the numerical simulations performed in the parametric study. Therefore, the
i" row of FE can be arbitrarily extracted from the PZ. This is done in Fig. 4-12(a) for the central row
of FE of the simulation NR4-1-d-0.5N,. From Fig. 4-12(a), the T stress distribution has been studied
and an analytical estimation of the plastic shear resistance Vﬁ,‘@ﬁ’ compr Of the CWP has been derived
(see Fig. 4-12(b)), following a five-step procedure:

o Firstly, it can be seen from Fig. 4-12(a) that, strictly speaking, only the clear depth of the

column cross-section yields. Therefore, a uniform t stress distribution was considered over the
compl

area Ay, , as depicted by the black rectangles in Fig. 4-12(b).
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e It was secondly observed that, when the flow of shear stress reaches the root fillets and the
flanges of the column cross-section, it spreads over a larger area Aj5"', which coincides with
a general decrease in the shear stress level. Therefore, a linearly decreasing shear stress
distribution can be assumed over Aj75"", varying from t; at the onset of the root fillets to 0 at
the extremity of the column flanges, as shown in Fig. 4-12(b).

e 1, is the reduced material shear strength accounting for the © — oy, ), interaction in the
column flanges. It can be expressed through Eq. (4-10) based on the use of the von Mises
criterion and on the above-mentioned assumption of a uniform @, ,,—y stress distribution in
the column flanges (see Fig. 4-11(a) and (b)). In Eq. (4-10), s 7 is the average level of axial
load in the column flanges and can be derived through Eq. (4-11), where m is the average
axial load in the column flanges.

e The integration of the triangular shear stress profile over Aﬁ"cf’zl”l is not easy. Therefore, a
simplified procedure is proposed, consisting in: (i) computing the location y. of the centre of

gravity of Af,%@pl (see the formula in Fig. 4-12(b)); (ii) deriving the shear stress level 7 .. at

the centre of gravity of Af,"c’z”l (based on the aforementioned assumption of a triangular shear

compl

stress distribution over Ay, see Fig. 4-12(b)); and (iii) using 7, ¢ as the mean shear stress

compl

over the whole area Ay, ", as depicted by the grey rectangles in Fig. 4-12(b).

e Therefore, the analytical estimation of the plastic shear resistance Vycl,‘%f compt Of the CWP can
be expressed through Eq. (4-12) as the sum of the black and grey contributions presented in
Fig. 4-12(b). This Eq. (4-12) can be further developed to make the parameters V, z)” and
Xnm—n appear explicitly (see Eq. (4-13)).

—_ * * — 2 -
Onm_n_+3- Tyz =fF P> T5=1 ’1 — (nfc,T) (4-10)
1

J ; N [y
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i

pl,fc,T,Rk fy

vop = [he =2 tee] - by

compl _ ,compl _ ,compl
Avc,z =Ayc Avc,1

Asimpl _ Asimpl _ Asimpl

Ayc =Ac =2 (bge — tywe — 2 1) - te vez = Ave V1

2 t
Yca :Tmpl'[(twc"'z'rc)'ﬁ"'rc'twc'
AVC,z 2

(et )+ (=3) 2 (w5259

(@) (b) ()

Fig. 4-12. T stress distribution at yielding: (a) FE results, (b) complex analytical model and (c) simplified analytical model.
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Vikitcompt = xi+ (AP 7, +0.95 - ASTP! o2 ) (4-12)
=y, - 1_A‘C/OCT.TZIpl. 1—0.95 - 1—(7’1 )2_ Yca T _Acompl
=X acomel ' Fet) tperr, )| X_ZVE (4-13)
Cwp
Xn,M-N YRk
B. Validation

All terms in Eq. (4-13) being known, the contribution V) g\ omp; Can be analytically predicted for
every single numerical simulation. These results are given in Table 4-14 where they are compared to
the Vy%f aum Values. These comparisons are conducted on the basis of the performance indicator E
and the colour code defined in Table 3-1. It can be concluded from Table 4-14 that the proposed
analytical model for the prediction of the plastic shear resistance of the CWP works well as it features

a high level of accuracy for all the numerical simulations considered in the present parametric study.

N.B.: This good agreement between analytical and numerical results has been achieved by affecting a
“0.95” reduction coefficient to the second term in Egs. (4-12) and (4-13). This reduction coefficient is
valid for the range of column web-to-flange thickness ratios considered in the present study (i.e.
0.55 — 0.62, see Table 4-5), which includes 17.5% of the European IPE-profiles (total range: 0.55 <
twe/tre < 0.80), 40% of the European HE-profiles (total range: 0.52 < t,,./tf. < 0.78) and 55% of
the American W-profiles (total range: 0.53 < t,,./ts. < 0.91). However, additional simulations
would be required in order to validate this “0.95” reduction coefficient to the whole range of European
IPE- and HE-profiles and American W-profiles, as it is likely that the T stress distribution is influenced
by the column web-to-flange thickness ratio t,,. /ts..

C. Discussion

Practically speaking, the derivation in Eqg. (4-13) of the level of axial load 71 in the column flanges
is not easy as it depends on the M. (resp. M) bending moment in the column, which continuously
varies at each loading step of the numerical simulations. Therefore, it was decided to neglect the effect
of the M. (resp. M) bending moment in the column to facilitate the computation of the plastic shear
resistance Vg comp: Of the CWP. This assumption seems reasonable as the a,, , stresses coming
from the Mcr (resp. M¢g) bending moment in the column are usually significantly lower than the o,, v
stresses coming from the N (resp. N¢p) axial load in the column. Consequently, Eq. (4-11) can be
simplified into Eqg. (4-14) and the complex analytical model for the prediction of the contribution

Vs ki.compr O the CWP can be re-expressed as follows (see Eq. (4-15)-Eq. (4-18)):

N};kc,Ek — Nc/z — Gn,N

Niep = (4-14)
feT Npiserrk  Npirerre  fy
V}E%clfcompl =Xi'An" Jf‘}lg/kP (4-15)
Where:
_ (095 for exterior joints
Xi - { 1.0 for interior joints (4-16)
— _ Alc;%r.rzlpl * 2 Yce 4 17
(= xan) =1 ~ 1-0.90- [1—(nf.r) ges (4-17)
Vire — =ASTP g, (4-18)
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This second version of the complex analytical model for the prediction of the contribution V}%fcompl

of the CWP has been validated against the 28 numerical results, similarly to the first version. This is
done in Table 4-15, where it can be seen that this second version of the complex analytical model
features a high level of accuracy for all the numerical simulations considered in the present parametric
study. Therefore, this second version can be considered as valid and will be used as the reference
complex analytical model for the prediction of the contribution Vy%\f compt OF the CWP in the rest of
the present thesis. A graphical comparison between analytical and numerical results is also provided in
APPENDIX C for every single numerical simulation (see the dark orange broken curves and the light
orange continuous curves in Fig. C-1(c) to C-32(c), respectively).

N.B.: To obtain a good match between the analytical and numerical results, the “0.95” reduction
coefficient in Eq. (4-12) has been replaced by a “0.90” reduction coefficient in Eq. (4-17). This small
decrease of the reduction coefficient aims to account for the effect of the bending moment in the
column on the plastic shear resistance Vﬁ%fcompl of the CWP, which is no longer accounted for in Eq.

(4-17).

Table 4-14. Comparisons between V") (1% version) and V.ERP .
Category | Category Il
T : X="d", Y="/ X="s", Y="/"
PO | Ve | Wkt | E | il | Voo | E
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 256.3 262.2 2.30 251.9 249.8 -0.83
NR4-1-X-Y 258.8 260.0 0.46 253.7 248.4 -2.09
NR16-0-X-Y 684.4 701.6 2.51 657.1 668.0 1.66
NR16-1-X-Y 701.9 690.9 -1.57 668.6 662.4 -0.93
A-0-X-Y 268.5 267.3 -0.45 255.2 254.4 -0.31
A-1-X-Y 270.1 266.7 -1.26 261.1 254.0 -2.72
B-0-X-Y 851.2 873.4 2.61 / / /
B-1-X-Y 851.6 873.2 2.54 / / /
Category IlI Category IV
: : (X="d", Y="0.5Np") (X="s”, Y="0.5Np")
Configuration yCwP yCWP(V1) B yCwP WP E
¥y,Rk,num v,Rk,compl ¥,Rk,num y,Rk,compl
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 244.1 250.2 2.50 2334 236.3 1.24
NR4-1-X-Y 245.9 250.2 1.75 239.4 236.2 -1.34
NR16-0-X-Y 657.5 674.2 2.54 619.6 635.7 2.60
NR16-1-X-Y 672.6 674.2 0.24 638.1 634.7 -0.53
A-0-X-Y 252.8 250.2 -1.03 238.0 236.8 -0.50
A-1-X-Y 254.4 250.2 -1.65 245.7 236.8 -3.62
B-0-X-Y 804.0 824.7 2.57 / / /
B-1-X-Y 811.6 824.7 1.61 / / /
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Table 4-15. Comparisons between Vy%fc(:i;l (2" version) and Vy g num-
Category | Category Il
o : X="d", Y="/ X="8", Y="/"
onfiguration V)E‘:%c},)num Vy(,zlglllcf)c(grzol E Vﬁ%gnum %?Klllcl,)c(ovrrzl)pl E
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 256.3 266.3 3.90 251.9 253.0 0.44
NR4-1-X-Y 258.8 266.3 2.90 253.7 253.0 -0.28
NR16-0-X-Y 684.4 703.9 2.85 657.1 668.7 1.77
NR16-1-X-Y 701.9 703.9 0.28 668.6 668.7 0.01
A-0-X-Y 268.5 266.3 -0.82 255.2 253.0 -0.86
A-1-X-Y 270.1 266.3 -1.41 261.1 253.0 -3.10
B-0-X-Y 851.2 866.2 1.76 / / /
B-1-X-Y 851.6 866.2 1.71 / / /
Category Il Category IV
: : (X="d", Y="0.5Ny") (X="s”, Y="0.5Np")
Configuration ycwp yCWP(V2) B yCwP yCWPV2) E
¥y,Rk,num v,Rk,compl ¥,Rk,num y,Rk,compl
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 244.1 246.2 0.86 233.4 233.9 0.21
NR4-1-X-Y 245.9 246.2 0.12 239.4 233.9 -2.30
NR16-0-X-Y 657.5 663.9 0.97 619.6 630.7 1.79
NR16-1-X-Y 672.6 663.9 -1.29 638.1 630.7 -1.16
A-0-X-Y 252.8 246.2 -2.61 238.0 233.9 -1.72
A-1-X-Y 254.4 246.2 -3.22 245.7 233.9 -4.80
B-0-X-Y 804.0 813.3 1.16 / / /
B-1-X-Y 811.6 813.3 0.21 / / /
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4.3.1.2 Contribution of the SE
A. Description of the model

From the parametric study, it was concluded that, beyond the yielding of the CWP, extra shear forces
are transferred to the SE until the development of a collapse mechanism, activated regardless the
presence or otherwise of transverse column web stiffeners. Therefore, the collapse mechanisms have
been studied for each joint configuration to quantify the contribution AVJ%, .omy OF the SE. For
unstiffened joints, the collapse mechanism consists of the formation of four plastic hinges in the
column flanges (see Table 4-1), thus leading to Eq. (4-21). For stiffened joints, two to four additional
hinges are required in order for the collapse mechanism to develop (see Table 4-1). These additional
plastic hinges are located either in the transverse column web stiffeners or in the beam(s) flanges, the
plastic collapse mechanism actually developing being the one requiring the minimum energy, as stated
by Eq. (4-22).

In Eq. (4-21) and Eq. (4-22), d}, is the depth of the PZ (assumed equal to the equivalent lever arm z,,
between the centres of tension and compression for a welded joint, see Eq. (2-5)); Mp; fcr ri:
My fpr,ric @Nd My o pe are the characteristic plastic bending moment resistances of a T-shaped
column flange including the root fillets region, of a T-shaped beam flange including the root fillets
region and of a rectangular transverse column web stiffener, respectively.

In addition, My, rcrrkr Mpi,b,r,rK @Nd My ¢ ric are reduced plastic bending moment resistances as
the column flanges, the beam flanges and the transverse column web stiffeners also carry an axial load
(see the equivalent truss model in Fig. B-5 and Fig. B-11 of APPENDIX C for exterior and interior
joints, respectively). The vertical axial load Nf. gy in the column flanges, at the level of the plastic
hinges, can be computed through Eq. (4-7), where the expressions of M- (resp. M.g) and Ngr (resp.
Ncg) are given in Table B-1 and Table B-4 in APPENDIX B. Similarly, the horizontal axial load
Npp gi (resp. Ny gy) in the beam flanges (resp. in the transverse column web stiffeners), at the level of
the hinges, can be computed through Eqg. (4-19), where the expressions of the beam bending moment
My, (resp. Mgg) and the beam axial load N, (resp. Ngg) are provided in Table B-1 and Table B-4 in
APPENDIX B.

These axial loads lead to a general decrease of the plastic bending moment resistances, as expressed
through Eq. (4-20), where My ¢cr rkr Mp1po.rri a0d My o rie are the characteristic plastic bending
moment resistances with no M-N interaction of a T-shaped column flange, of a T-shaped beam flange
and of a rectangular stiffener, respectively and where Ay, ),—y is a reduction factor accounting for the
M-N interaction, which can be deduced from the M-N interaction curves of the T-shaped column
flanges, of the T-shaped beam flanges and of the rectangular stiffeners considered in the present study.

M N
(— B;L — 2L TLcorner
d, 2
M N
dliR - —;R TR corner N fbEk
N fpEx = 1 Mb N - Ny = — stEk (4-19)
st,Ek BL _ VBL BL St NpLfb,T,RE
R > corner pLst.Rk
M N
- IiR — 2% BR corner
\ d, 2
Mpifer.RE = A)(n,M—N M plLfc,T.Rk
pl.fb,T,Rk pl,fb,T,Rk (4-20)
pl,st,Rk pl,st,Rk
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Table 4-16. List of all possible plastic collapse mechanisms for (un-)stiffened interior and exterior welded joints.
Unstiffened joints Stiffened joints
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All the formulae for the characterization of a rectangular (resp. T-shaped) plastic hinge in terms of
geometric and mechanical properties are provided in APPENDIX D. Based on these formulae, it was
possible to derive the axial strength, the plastic moment resistance and the M-N interaction curve of
the different plastic hinges which are likely to develop for each of the 28 numerical simulations
considered in the present study. These M-N interaction curves are presented in Table 4-17 and Table
4-18 for the eight numerical simulations performed with the model NR4.

Knowing the level of axial load ng. r in the column flanges (i.e. N¢c gi/Npi fer rir Nyc,pi beING the
equivalent axial load in the T-shaped column flange, see Eq. (4-7), and Ny fc7ric beINg the axial
strength of this latter, see APPENDIX D.2), the level of axial load ns,r in the beam flanges (i.e.
Nep gi/Npib,1.rK0 Nyp,gic 0EING the equivalent axial load in the T-shaped beam flange, see Eq. (4-19),
and Ny, s, 7.ric DEING the axial strength of this latter, see APPENDIX D.2) and the level of axial load
ng in the stiffeners (i.e. Nyt gx/Npiserk: Nstpx 0€ING the equivalent axial load in the rectangular
stiffener, see Eq. (4-19), and Ny, s i beiNg the axial strength of this latter, see APPENDIX D.2), the
reduction factor Ay, —y associated to each plastic hinge forming in the different simulations can be

easily obtained from the M-N interaction curves, as shown in Table 4-17 and Table 4-18 hereafter.
Consequently, the reduced plastic moment resistances of these different hinges can be obtained from
Eq. (4-20).

B. Validation

Based on these values, the contribution AVyS,ﬁklcompl associated to each of the 28 numerical

simulations can be computed through Eq. (4-21) or Eq. (4-22). The results are given in Table 4-19
where the observed collapse mechanism is also reported.

C. Discussion

Practically speaking, the derivation of the reduction factor Ay, ,_y in Eq. (4-20), accounting for the
M-N interaction in the column flanges, beam flanges and transverse column web stiffeners, is not
easy, as it depends on the levels of axial load ng. 7, ng, + and ng, in these elements; and these levels of
axial load ns.r, ngpr and ng continuously vary at each time step of the numerical simulations,
together with the M.y (resp. M-g) and My, (resp. Mgg) bending moments in the column and in the
beam(s).

Therefore, it was decided to neglect the effect of these bending moments to facilitate the derivation of
the plastic shear resistance Avﬁﬁk'wmm of the SE. This assumption seems reasonable as the axial load
coming from the M. (resp. M.g) bending moment in the column is usually significantly smaller than
the axial strength Ny, ¢ r ri Of the column flanges and, similarly, the axial load coming from the Mgg
(resp. Mg,) bending moment in the beam(s) is usually significantly smaller than the axial strength
Ny, rb,r,rKc (1€SP. Ny 5t ric) OF the beam flanges (resp. the transverse column web stiffeners). This can
be observed in Table 4-17 where, in the absence of any axial load N, and N, in the column and in the
beam(s), the reduction factor Ay, ,—y associated to the different plastic hinges oscillates around 0.90.
Consequently, Egs. (4-7), (4-19) and (4-20) can be simplified into Eqgs. (4-23) to (4-26) as follows:

Nc N;c Ek
Nipe = — > nlpp=-—10k 4-23
feEk = Nger Nyt ror Ri ( )
. Ny .
Nfb,Ek = 7 =0 d Nfpr = 0 (4'24)

st,Ek st
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—~

M prfer,Rk = 0.95 - Axp - Mypife,T.RE
pLFb,T,RK pLFb.T,RK (4-25)
pl,st,Rk pl,st,Rk
2
A)(n(: A)(n,N) =(1- n*fc,T (4-26)
FbT
st

From this new proposal (see Egs. (4-23) to (4-26)), it can first be observed that a “0.95” reduction
coefficient has been introduced in Eq. (4-25). This latter accounts for the effects of the column and
beam(s) moments, which are no longer accounted for in Egs. (4-23) and (4-24). In addition, the M-N
interaction can always be neglected in the derivation of My, ¢, 7 g and My o g (i.€. Ay, = 1) since
the beams were assumed not to carry any axial load N, in the scope of the present thesis. The same
applies to My, f¢ r ri in the absence of any axial load N, in the column profile.

However, in the presence of a strong axial load N, in the column profile, the M-N interaction is
accounted for using the reduction coefficient Ay,, (see Eq. (4-26)). For this latter, a simplified 2"
order expression is proposed. This simplified expression is plotted in Fig. 4-13 for the HEB160,
HEB300 and HEB340 column profiles considered in the present study (see the black dotted curves)
and it proves to provide a close but safe estimation of the actual M-N interaction curves.

. i
C/

$}L"jg I?]}.’:“;g I?]}.’:“;g

-1.2 -1.2 -1.2

(a) (b) (©)
Fig. 4-13. Complex and simplified M-N interaction curves of a T-shaped column flange (see the black solid and dashed
curves, respectively): (a) HEB160, (b) HEB300 and (c) HEB340.

This second version of the complex analytical model for the prediction of the contribution
AV Bk compr OF the SE has been validated against the 28 analytical predictions of the first version. This
is done in Table 4-20, using the performance indicator E and the colour code defined in Table 3-1.
From Table 4-20, it can be observed that the second version of the analytical model features a high
level of accuracy for 17 out of the 28 numerical results, a moderate level of accuracy for 8 out of the
28 results and a low level of accuracy for the remaining three results. The maximum difference
between the two versions of the complex analytical model is limited to 15%.

Therefore, given that the contribution AV, .o, Of the SE rarely exceeds 25% — 30% of the total

plastic shear resistance ijf }qu,wmpl of the PZ, the differences between the first and second versions
were assumed to have no significant influence on the final results. Consequently, the second version of
the complex analytical model can be considered valid and will be used as the reference complex

analytical model for the prediction of the contribution Avﬁﬁkrcomm of the SE in the rest of the present

thesis. A graphical comparison between this reference analytical model and the numerical results is
provided in APPENDIX C for every single numerical simulation (see the dark green broken curves
and the light green continuous curves in Fig. C-1(c) to Fig. C-32(c), respectively). From these figures,
a rather good agreement can be observed between the analytical and numerical curves.
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Table 4-17. M-N interaction curves for the non-axially loaded NR4 simulations.

T-shaped HEB160 column flange

NR4-0-s-/ NR4-0-d-/ NR4-1-s-/ NR4-1-d-/
12 12 1.2 12
NgeT DfcT NeeT NeT
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HEB160 HEB160 HEB160
0.91\AXnM-N 0.89\AXnM-N 0.87\AXnM-N

-12 . - ) I 1.2
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—

T-shaped IPE330 beam flange

-1.2 -1.2 -1.2
1.2 1.2
Ny, T Ngp, T
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-1.2 -0. . ¥ i 1.2

M>0
)’N>o

Rectangular stiffeners

IPE330
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Table 4-18. M-N interaction curves for the axially loaded NR4 simulations.
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Table 4-19. Estimation of the contribution AV SE(¢)

st i indivi i i i
o Rkcompt (1 version) for each individual numerical simulation.

Category | Category Il
Configuration (X="d", Y="/7) (X="8", Y="77)
AV R o (kN) | Plastic mechanism*| AV 2D (kN) | Plastic mechanism*
NR4-0-X-Y 37.0 1 37.6 4
NR4-1-X-Y 59.8 2 54.2 6
NR16-0-X-Y 109.9 1 110.5 4
NR16-1-X-Y 297.9 2 212.2 6
A-0-X-Y 66.3 1 67.0 4
A-1-X-Y 83.7 3 66.3 6
B-0-X-Y 228.2 1 / /
B-1-X-Y 236.6 3 / /
Category IlI Category IV
Configuration (X="d", Y="0.5Np") (X=75", Y="0.5Np")
Alfyfg,gfc?mpl (kN) |Plastic mechanism™ A‘/;glgz)mpz (kN) |Plastic mechanism*
NR4-0-X-Y 25.3 1 24.6 4
NR4-1-X-Y 48.4 2 42.0 6
NR16-0-X-Y 79.8 1 72.9 4
NR16-1-X-Y 268.7 2 179.5 6
A-0-X-Y 45.6 1 48.4 4
A-1-X-Y 64.6 3 50.4 6
B-0-X-Y 158.3 1 / /
B-1-X-Y 175.5 3 / /
*See Table 4-16.
Table 4-20. Comparisons between AV, ¢y, (1% version) and AV, ey ) (2" version).
Category | Category Il
Configuration SE(V1) (X c.lS'E,(VYZ) " SE(V1) X Ssé(?/g) =
AVy,Rk,(:ompl AVy,Rk,compl (5) AVy,Rk,compl AVy,Rk,compl (5)
(kN) (kN) 0 (kN) (kN) 0
NR4-0-X-Y 37.0 39.5 6.76 37.6 39.5 5.05
NR4-1-X-Y 59.8 63.9 6.86 54.2 575 6.09
NR16-0-X-Y 109.9 109.9 0 110.5 109.9 -0.54
NR16-1-X-Y 297.9 302.8 1.64 212.2 217.7 2.59
A-0-X-Y 66.3 65.6 -1.06 67.0 65.6 -2.09
A-1-X-Y 83.7 86.0 2.75 66.3 75.8 14.33
B-0-X-Y 228.2 221.0 -3.16 / / /
B-1-X-Y 236.6 251.2 6.17 / /
Category IlI Category IV
Configuration SE(V1) (X d ,SY];(VS.SNpI ) SE(V1) (X > ,;(VZO).SNPI )
AVy,Rk,cormol AV;/,Rk,compl (5) AVy,Rk,compl AVy,Rk,compl (5)
(kN) (kN) 0 (kN) (kN) 0
NR4-0-X-Y 25.3 24.6 -2.77 24.6 24.6 0
NR4-1-X-Y 48.4 49.0 1.24 42.0 42.7 1.67
NR16-0-X-Y 79.8 75.7 -5.14 72.9 75.7 3.84
NR16-1-X-Y 268.7 268.6 -0.04 179.5 183.5 2.23
A-0-X-Y 45.6 41.0 -10.09 48.4 41.0 -15.29
A-1-X-Y 64.6 61.3 -5.11 50.4 51.1 1.39
B-0-X-Y 158.3 142.6 -9.92 / / /
B-1-X-Y 175.5 172.6 -1.65 / / /
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4.3.1.3 Validation
A. Validation against numerical results
i. Interms of V — y curves

Based on the results obtained from Sections 4.3.1.1 (see Table 4-15) and 4.3.1.2 (see Table 4-20), one
can derive the total plastic shear resistance V; }%k,compl of the PZ for each individual numerical
simulation considered in the present parametric study, using Eq. (4-3). The results are reported in
Table 4-21 where they are compared to the V; % num Values, i.e. the numerical estimations of the
plastic shear resistance of the PZ provided by the Abaqus© software. These latter have been extracted
from the numerical (VP% — y),,,m curves using the graphical method of Jaspart (presented in Section
3.2.2), i.e. the V;_ % num Values are defined at the intersection between the y-axis and the line tangent
to the residual post-plastic stiffness (see the red dotted lines in Figs. C-1(c) to C-32(c)). This residual
post-plastic stiffness comes from the consideration in the Abaqus© software of the true stress-strain
curve of the elastic, perfectly-plastic steel material, as described in Section 4.2.3.

The comparisons between the V)% .om, analytical values and the V%, .., Numerical values were

conducted on the basis of the performance indicator E and the colour code defined in Table 3-1. The
following conclusions can be drawn from Table 4-21 regarding the performances of the complex
analytical model:

o Generally speaking, the proposed complex analytical model seems to work well, as it features
a high level of accuracy for 25 out of the 28 numerical simulations and a moderate to high
level of accuracy for the remaining simulations;

e For the non-axially loaded joints (i.e. the categories | and Il in Table 4-21), the relative errors
E oscillate between —5 % and +5 %;

e For the axially loaded joints (i.e. the categories Il and IV in Table 4-21), the model is a bit
more conservative, almost all the relative errors E being negative.

These good performances from the complex analytical model are confirmed through graphical
comparisons between the analytical and numerical results. These comparisons are provided in
APPENDIX C for every single numerical simulation (see the dark blue broken curves and the light
blue continuous curves in Figs. C-1(c) to C-32(c), respectively). From these figures, a good agreement
can be observed between the analytical and numerical curves.

ii. In terms of M — & curves

Based on this new estimation of the plastic shear resistance of the PZ component, it was possible to re-
evaluate the plastic resistance of the 32 joints considered in the present parametric study. This was
done using the assembly procedure described in Egs. (2-7) to (2-10). The results are presented in Table

4-22 for each numerical simulation in terms of the plastic bending moment resistance My, p oy, and

the expected plastic failure mode. From Table 4-22, it can be seen that 23 numerical simulations are
characterized by a PZ plastic failure mode, while the nine remaining simulations are characterized by
another plastic failure mode (either the CWC"/CWT for one of them or the CFB for eight of them).
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Table 4-21. Comparisons between V,, }f,glc?mpl (2" version) and V2. um-
Category | Category Il
— : X="d”, Y="/" X="s", Y="/")
OO 1 v cmm | Vymceomot | E_ | Whonm | Vimseomn | E
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 293.0 303.8 3.69 280.0 290.5 3.75
NR4-1-X-Y 320.0 328.2 2.56 301.4 307.6 2.06
NR16-0-X-Y 800.0 808.3 1.04 756.0 773.1 2.26
NR16-1-X-Y 1,022.0 1,001.3 -2.03 886.7 875.5 -1.26
A-0-X-Y 330.0 328.7 -0.39 313.0 315.4 0.77
A-1-X-Y 352.0 348.0 -1.14 329.0 325.0 -1.22
B-0-X-Y 1,053.3 1,076.4 2.19 / / /
B-1-X-Y 1,076.0 1,104.9 2.69 / / /
Category IlI Category IV
: : (X="d", Y="0.5Ny") (X="s”, Y="0.5Np")
Configuration VPZ yPZ(V2) B VPZ yPZ2) E
Y,Rk,num y,Rk,compl Y,Rk,num v,Rk,compl
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 278.0 270.8 -2.59 260.0 258.5 -0.58
NR4-1-X-Y 301.3 295.2 -2.02 283.8 276.5 -2.57
NR16-0-X-Y 774.0 739.6 -4.44 703.3 706.4 0.44
NR16-1-X-Y 968.0 932.5 -3.67 847.5 814.2 -3.93
A-0-X-Y 308.6 287.1 -6.97 287.8 274.8 -4.52
A-1-X-Y 325.0 307.4 -5.42 307.1 285.0 -7.20
B-0-X-Y 983.3 955.8 -2.80 / / /
B-1-X-Y 1,005.0 985.8 -1.91 / / /
Table 4-22. Updated version of Table 4-6 based on the new complex analytical model for the PZ.
Category | Category Il
Confiqurati X="d", Y=""") (X="s", Y="/")
onfiguration M;,Rk,compl Plastic M;‘Rk‘comm Plastic
(kNm) failure mode (kNm) failure mode
NR4-0-X-Y 53.39 PZ 102.32 PZ
NR4-1-X-Y 57.65 PZ 108.64 PZ
NR16-0-X-Y 222.36 PZ 414.36 CWC'/CWT
NR16-1-X-Y 275.06 PZ 486.65 PZ
A-0-X-Y 33.62 PZ 57.79 CFB
A-1-X-Y 35.68 PZ 57.79 CFB
B-0-X-Y 164.84 CFB 164.84 CFB
B-1-X-Y 164.84 CFB 164.84 CFB
Category IlI Category IV
Confiaurati (X="d”, Y="0.5Np") (X="s”, Y="0.5Np")
onfiguration M) i comp Plastic M) ki compl Plastic
(kNm) failure mode (kNm) failure mode
NR4-0-X-Y 47.28 PZ 90.44 PZ
NR4-1-X-Y 51.54 PZ 96.75 PZ
NR16-0-X-Y 211.53 PZ 405.98 PZ
NR16-1-X-Y 266.70 PZ 467.92 PZ
A-0-X-Y 29.08 PZ 55.74 PZ
A-1-X-Y 31.14 PZ 57.70 PZ
B-0-X-Y 160.79 PZ 164.80 PZ
B-1-X-Y 164.84 CFB 164.84 CFB
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These analytical predictions were graphically compared to the numerical (Mg — ®),,,;n Curves. The
results are provided in APPENDIX C (see Fig. C-1(e) to Fig. C-32(e)), where several My — @ curves
are depicted:

e The analytical (M€ — )., curves of the different activated components (where "c" stands
for “CWC*”?, “CWT”, “CFB” or “BFC”); the values of the My, associated to these
components (excluding the PZ component) are given in Table C-1 to Table C-32 in
APPENDIX C.

e The (MP%Z —vy),, curve of the new PZ component, which can be deduced from the (V*% —
Y)an CUrve using Eq. (4-27) (resp. Eq. (4-28)) for exterior (resp. interior) joints. Eq. (4-27)
(resp. Eq. (4-28)) has been obtained by isolating P in Eq. (B-8) (resp. Eq. (B-12)) and
injecting this value in Eq. (B-20). It is a more complex version of Eqg. (3-5).

o The (Mg — ®),,m curve of each numerical simulation, which can be obtained through the
procedure describes in APPENDIX B.2.

e The predicted (M/ — @) _ curve of the joint, which can be obtained as the minimum of the

(M€ — ¢ ) gn and (MPZ —v),, curves associated to the different activated components.

Comparisons between the analytical and the numerical curves show a very good agreement for the 23
numerical simulations characterized by a PZ plastic failure mode. The same conclusion applies to the
numerical simulation characterized by a CWC*/CWT plastic failure mode. By contrast, for the
remaining nine numerical simulations characterized by a CFB plastic failure mode, the prediction of
the joint plastic bending resistance is much more conservative.

Pz B cosy . (Le—dp)-cosy, +dj - cosy,
Rlocompl ™ = cosy,-cosy, © 2+Ly-Le—2-Ly-dj—di-d; +d;- (L. —d})- (tany, + tany;) (4-27)
L, —d; i
.|ypz —N.-t . € b Ly, - cos®
[ Riecompt — Ne " ta0Y (Lo —d;) cosy, +dj-cosy,| P cos
Pz B cosy ., (L¢—dp)-cosy, +dp-cosy;
Rk,compl = o 00 ’ b'Z_L L. —2-L,-df —d*-d*
41 Y2 b " Lc b Qp ¢ Qp (4—28)

. L, —d;,
any (Le —dp) - cosy, +dj - cosyy

. |\yPz — . .
Viit.compt — Ne ] Ly - cos®
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B. Validation against experimental results

As a second validation step, the performance of the new complex analytical model was assessed
trough comparisons with the 12 experimental results on welded joints reported in Table 3-2. To this
aim, the plastic shear resistance of the PZ was assessed analytically for each of the 12 test results, first
in terms of V;_ ,%k_compl values. This was done applying Egs. (4-3), (4-15), (4-21) and (4-22) and using
the actual geometrical and mechanical properties given in Appendix A (see Fig. A-1(c),(d) to Fig. A-
12(c),(d)) for the 12 relevant welded experimental results.

These ijj ,Z?k,compl values were then assembled to obtain an analytical estimation of the plastic bending

moment resistance M;,Rk,compz of the different welded joints considered in the present study. Since all

of them exhibit a PZ plastic failure mode, Eq. (3-4) can be contemplated, where g and z,, can be
computed through Egs. (3-3) and (2-5), respectively. The so-obtained M;Rk_wmpl values are reported

in Table 4-23 where they are compared to the experimental M;'Rk'exp values coming from Table 3-4.

These comparisons are conducted using the performance indicator E and the colour code defined in
Table 3-1. Graphical comparisons are also provided in Appendix A (see the red solid lines in Fig. A-
1(e) to Fig. A-12(e)). For sake of completeness, the plastic collapse mechanism predicted by the model
for each experimental result is also reported in Table 4-23.

These comparisons show that the new complex analytical model performs very well, as it displays a
high level of accuracy for ten out of the twelve experimental results and a moderate level of accuracy
for the two remaining experimental results. Moreover, it outperforms all other analytical models
reported in Table 3-7 by providing a more coherent and physically founded estimation of the plastic
shear resistance of the PZ.

Table 4-23. Comparisons between M’ M)ty simpr @D M}’,',Rk_exp for the 12 test results on welded joints reported in

¥,Rk,compl’
Table 3-2.
i M],Rk,ex M],Rk,com l E M],Rk,sim l E Plastic
No. | Specimen (3;( Nm)p ?kNm) D %) s(szm)p %) mechanism™*
1 B1 868.4 842.2 -3.01 865.9 -0.28 5
2 NR2 58.8 58.9 0.24 57.7 -1.83 4
3 NR3 81.8 81.1 -0.81 79.2 -3.24 4
4 NR4 118.2 119.8 1.36 115.8 -2.04 4
5 NR7 158.1 166.3 5.22 164.2 3.86 4
6 BCC5-E 133.3 131.3 -1.52 123.8 -7.12 6
7 XU-W1 190.9 183.6 -3.81 170.1 -10.87 3
8 XU-CWP1 198.2 204.3 3.07 177.3 -10.54 3
9 El1 334.4 349.5 4.52 344.7 3.09 4
10 E1.2 328.2 349.5 6.49 344.7 5.05 4
11 CP-R-M 141.8 145.2 2.38 134.6 -5.11 1
12 No. 3 53.5 52.9 -1.19 52.6 -1.62 6
*See Table 4-16.
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4.3.2 Simplified analytical model

4.3.2.1 Contribution of the CWP

To facilitate the derivation of the contribution V. g)" o, Of the CWP (see Egs. (4-14) to (4-18)), it is
proposed to replace the complex oy, ,—y and t stress distributions presented in Fig. 4-11(b) and Fig.
4-12(b) respectively, by simpler ones, easier to integrate. These latter are given in Fig. 4-11(c) and
Fig. 4-12(c) respectively. Regarding the g, ),y stress distribution, only the o,, 5 stresses coming from
the Nor (resp. Ncg) axial load in the column, if any, are accounted for, as discussed in Section
4.3.1.1C. These latter are assumed to be uniformly distributed over the column flanges cross-sections
(excluding the root fillets regions). Consequently, Eq. (4-14) expressing the level of axial load ng. 1 in
the column flanges can be replaced by Eq. (4-29), where N,,; ¢ gy is the axial strength of a rectangular
column flange, excluding the root fillets region.

As regards the simplified t stress distribution proposed in Fig. 4-12(b), it consists of a uniform

distribution over the whole depth h. of the column profile. In the presence of an axial load in the
column, this uniform distribution is reduced over the area Aj.7" to account for the T — oy, y_y
interaction in the column flanges. Consequently, the simplified analytical model for the prediction of
the contribution VWP, of the CWP can be expressed through Eq. (4-29) to Eq. (4-33), 450",

Ayt and AP being defined in Fig. 4-12(c):

Nf*c,Ek _ N /2 opn

ne, = = (4-29)
fe Npl,fc,Rk Npl,fc,Rk fy
Vyc,}/?l;c]?simpl =Xi Xn-® f%cp (4-30)
where:
_(0.95 for exterior joints
Xi - { 1.0 for interior joints (4-31)

L O
Xn(= o) = [1 — St (1 - J1- () )] (4-32)
149
VyRk = Ay, (4-33)
In order to assess the validity of this new simplified model, the ratio V.31 / Ve it compr Was

plotted against the column flange thickness ts. in Table 4-24 for all the American W-profiles and

European HE- and IPE-profiles, where V723" 0 (resp. Vi gl compr) i the simplified (resp. complex)
formula for the prediction of the plastic shear resistance of the CWP with no stress interaction, i.e. y;
and ng. (resp. ng.r) are equal to respectively 1.0 and 0 in Eq. (4-31) and Eq. (4-32) (resp. Eq. (4-16)

and Eq. (4-17)).

In Table 4-24, the W-, HE- and IPE-profiles which are relevant in the present study, i.e. those
characterized by 0.55 < t,,./tsc < 0.62, have been highlighted. In addition, a distinction is made
between the profiles characterized by thin flanges, i.e. t;. < 40 mm, or thick flanges, i.e. t;. >
40 mm. The following observations can be made from Table 4-24:
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o For all European profiles and for the American “thin flanges” W-profiles, the ratio
Vs Rie.simpt/Vy Rie.compr 0SCillates around 1.0. Therefore, V,2i” ., can be used instead of
VCWP
y,Rk,compl*

e By contrast, for the American “thick flanges” W-profiles, the ratio V;\ g\’ inui/Vy Rt compt
significantly diverges from 1.0 with increasing flange thickness. This observation is in line
with the conclusion drawn in ([52], [57], [58]). Thus, it is suggested to keep the complex

definition of V. g} omy; fOr this range of W-profiles.

Based on these conclusions, the simplified analytical model for the prediction of the plastic shear
resistance Vycl}’?'jf simpt OF the CWP can be validated against the 28 numerical results, similarly to what
was done with the complex analytical model. This is done in Table 4-25 where it can be seen that the
simplified analytical model features a high level of accuracy for all the numerical simulations
considered in the present study: the relative error E between the numerical results and the analytical

values varies from —4.56% to 2.87%.

Table 4-24. Comparisons between V717 and Vs gt comp: for the relevant US W-profiles and EU HE- and IPE-profiles.
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4.3.2.2 Contribution of the SE

Regarding the derivation of the contribution AV, 2 oy Of the SE, two simplifications are proposed
with respect to the complex analytical model presented in Egs. (4-23) to (4-26). The first one consists
in replacing, the plastic moment resistance of a T-shaped column flange (resp. beam flange), i.e.
My rerric (€SP. My £ 1 ric) 1N EQ. (4-25), by the plastic moment resistance of a rectangular column
flange (resp. beam flange), i.e. My, rc ric (r€SP. My £p ric)- This is shown in Eq. (4-34). Secondly, the
reduction factor Ay, in Eq. (4-26) has been modified accordingly (see Eq. (4-35)), where n. (resp.
ngp,) is the level of axial load in the column (resp. beam) flanges, excluding the root fillets region (see
Egs. (4-36) to (4-37)).

—~

M plLfc,Rk = AXn M

pl,fc,Rk

pl.fb,Rk plLfb,Rk (4-34)
pl,st,Rk pl,st,Rk
Where:
2
Axn(= Dxnn) = [1 — | njfc l (4-35)
| &/ ]
st
With:
Nc N;C Ek
Niepr=— = MNf.= : (4-36)
fc,Ek 2 fc Npl'fc,Rk
. Np .
Nfb,Ek = 7 =0 d Tlfb =0 (4-37)
st,Ek st
These two simplifications tend to decrease (sometimes significantly) the contribution Avj_ﬁk_simpl with

respect to the contribution Avﬁﬁk,comm. This is shown in Table 4-26 where the relative error E

between AVSZEy cimp @Nd AVSR, comy OsCillates between —14.7% and —33.9%. Although the
contribution of the SE rarely exceeds 25% — 30% of the total plastic shear resistance of the PZ, the
simplified but conservative estimate Avﬁﬁk,simm proposed in this Section 4.3.2.2 will lead to
conservative predictions for the plastic shear resistance Vf,’)ﬁk’simm of the PZ. This will be
demonstrated in the following Section 4.3.2.3.
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Table 4-25. Comparisons between V%P and VE%

¥,Rk,simpl v, Rk. num:*
Category | Category Il
Confi . X="d”, Y="/") X="s", Y="/")
on IgUI’&tIOI’] VJE %cpnum V}E %{PSmel E V)? %cpnum V; %{Pszmpl E
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 256.3 262.3 2.34 251.9 249.2 -1.07
NR4-1-X-Y 258.8 262.3 1.35 253.7 249.2 -1.77
NR16-0-X-Y 684.4 676.4 -1.17 657.1 642.5 -2.22
NR16-1-X-Y 701.9 676.4 -3.63 668.6 642.5 -3.90
A-0-X-Y 268.5 262.3 -2.31 255.2 249.2 -2.35
A-1-X-Y 270.1 262.3 -2.89 261.1 249.2 -4.56
B-0-X-Y 851.2 836.2 -1.76 / / /
B-1-X-Y 851.6 836.2 -1.81 / / /
Category Il Category v
Confi . (X="d", Y="0.5Nun") (X="s", Y="0.5Nu")
on Iguratlon VJE %cpnum V)f %{Pampl E Vjs: %cpnum V; Y?l;cpstmpl E
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 244.1 251.1 2.87 233.4 238.5 2.19
NR4-1-X-Y 245.9 251.1 2.11 2394 238.5 -0.38
NR16-0-X-Y 657.5 658.1 0.09 619.6 625.2 0.90
NR16-1-X-Y 672.6 658.1 -2.16 638.1 625.2 -2.02
A-0-X-Y 252.8 251.1 -0.67 238.0 238.5 0.21
A-1-X-Y 254.4 251.1 -1.30 245.7 238.5 -2.93
B-0-X-Y 804.0 810.4 0.80 / / /
B-1-X-Y 811.6 810.4 -0.15 / / /
Table 4-26. Comparisons between AVSRk simpt and AV B compl-
Category | Category Il
Confiqurati X="d", Y="/") X="s", Y="/")
OMHOHrEton AV y,Rk,compl AVy Rk,simpl E AV ¥y,Rk,compl AVy Rk,simpl E
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 39.5 30.1 -23.8 39.5 30.1 -23.8
NR4-1-X-Y 63.9 53.7 -16.0 57.5 41.9 -27.1
NR16-0-X-Y 109.9 81.5 -25.8 109.9 81.5 -25.8
NR16-1-X-Y 302.8 258.4 -14.7 217.7 169.9 -22.0
A-0-X-Y 65.6 50.1 -23.6 65.6 50.1 -23.6
A-1-X-Y 85.9 63.5 -26.1 75.8 56.8 -25.1
B-0-X-Y 221.2 170.2 -23.06 / / /
B-1-X-Y 251.2 191.2 -23.9 / / /
Category IlI Category IV
. . (X="d”, Y—”O.SNpl”) (X="s", Y="0.5Ny")
Conflguratlon AV y,Rk,compl AVy Rk,simpl E AV ¥y,Rk,compl AVy Rk,simpl E
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 24.6 16.3 -33.7 24.6 16.3 -33.7
NR4-1-X-Y 49.0 39.9 -18.6 42.7 28.1 -34.2
NR16-0-X-Y 75.7 50.4 -33.4 75.7 50.4 -33.4
NR16-1-X-Y 268.6 227.3 -15.4 183.5 138.8 -24.4
A-0-X-Y 41.0 27.1 -33.9 41.0 27.1 -33.9
A-1-X-Y 61.3 40.5 -33.9 51.1 33.8 -33.9
B-0-X-Y 142.6 97.1 -31.9 / / /
B-1-X-Y 172.6 118.2 -31.5 / / /
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4.3.2.3 Validation
A. Validation against numerical results

Based on the simplifications proposed in Section 4.3.2.1 (see Table 4-25) and Section 4.3.2.2 (see
Table 4-26), one can derive the plastic shear resistance V;ﬁk,simpz for the 28 numerical simulations
considered in the present parametric study. The results are summarized in Table 4-27, where they are
compared to the numerical values Vf,’_ﬁk_num (coming from Table 4-21). These comparisons are
conducted on the basis of the performance indicator E and the colour code defined in Table 3-1. The
following conclusions can be drawn from Table 4-27 regarding the performances of the simplified
analytical model:

e For non-axially loaded joints (i.e. categories | and Il in Table 4-27), the proposed simplified
model seems to work well, as it features a high level of accuracy for eight out of the 14
numerical simulations and a moderate level of accuracy for the six remaining simulations.

o For the axially loaded joints (i.e. categories Il and IV in Table 4-27), as expected, the results
are slightly more conservative, with four numerical results belonging to the high accuracy
category, eight belonging to the moderate accuracy category and two belonging to the low
accuracy category. The relative error E varies from —1.98% to —11.38%.

e In addition, it can be noticed that all the relative errors E are negative, which means that the
simplified analytical model remains on the safe side.

Table 4-27. Comparisons between V.\Z, i and VIZ, .

Category | Category Il

Confiaurati X="d”, Y="/" X="s", Y="/"
oniguration V;flzzk,num V;,}Z?k,simpl E V)ﬁlzak,num V;,}Z?k,simpl E
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 293.0 292.5 -0.18 280.0 279.4 -0.23
NR4-1-X-Y 320.0 316.1 -1.23 301.4 291.2 -3.40
NR16-0-X-Y 800.0 757.8 -5.27 756.0 724.0 -4.23
NR16-1-X-Y 1,022.0 934.7 -8.54 886.7 812.5 -8.37
A-0-X-Y 330.0 312.5 -5.31 313.0 299.4 -4.36
A-1-X-Y 352.0 325.9 -7.42 329.0 306.1 -6.97
B-0-X-Y 1,053.3 1,006.4 -4.45 / / /
B-1-X-Y 1,076.0 1,027.5 -4.51 / / /

Category IlI Category IV

. . (X="d”, Y="0.5Np") (X="s”, Y="0.5Np")
Confguration |y e | Vabkomar | E. | Valomm | VeGosimm | E
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 278.0 267.4 -3.81 260.0 254.9 -1.98
NR4-1-X-Y 301.3 291.0 -3.42 283.8 266.6 -6.04
NR16-0-X-Y 774.0 708.4 -8.47 703.3 675.5 -3.95
NR16-1-X-Y 968.0 885.3 -8.54 847.5 764.0 -9.85
A-0-X-Y 308.6 278.2 -9.84 287.8 265.7 -7.69
A-1-X-Y 325.0 291.6 -10.27 307.1 272.4 -11.31
B-0-X-Y 083.3 907.5 -7.71 / / /
B-1-X-Y 1,005.0 928.6 -7.60 / / /
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B. Validation against experimental results

As a second validation step, the 12 experimental results on welded joints reported in Table 3-2 were
also compared to the new simplified analytical model, to validate the good performances of the latter.
To this aim, the plastic shear resistance of the PZ was assessed analytically for each of the 12 test
results, first in terms of V; }Z?k,simpl values. This was done applying the simplifications presented in
Sections 4.3.2.1 and 4.3.2.2 and using the actual geometrical and mechanical properties given in
Appendix A (see Fig. A-1(c),(d) to Fig. A-12(c),(d)) for the 12 relevant experimental results.

These V; ,%k,simpl values were then assembled to obtain an analytical estimation of the plastic bending

moment resistance M;‘_Rk'simm
M;'Rk'exp experimental observations reported in Table 3-4. Since all the test results exhibit a PZ
plastic failure mode, the simplified assembly formula given in Eq. (3-4) can be contemplated, § being
the transformation parameter which is computed according to Eq. (3-3) and z,, the equivalent lever
arm obtained from Eq. (2-5). The so-derived 12 M;

they are compared to the experimental M;,Rk,exp values. These comparisons are conducted using the

performance indicator E and the colour code defined in Table 3-1. Graphical comparisons are also
provided in Appendix A (see the red solid lines in Fig. A-1(f) to Fig. A-12(f)).

of the different welded joints, thereby allowing comparisons with the

Rle,simpl values are reported in Table 4-23, where

These comparisons show that the model exhibits a high level of accuracy for seven of the experimental
results, a moderate level of accuracy for three of them and a low level of accuracy for the remaining
two. The model remains on the safe side for ten out of the 12 results, with all the relative errors E
oscillating between —10.87% and +5.05%. These error levels can be seen as acceptable and are
similar to the ones obtained from the comparisons with the numerical results (see Table 4-27).

Proposal for amendment of the prEN 1993-1-8:

N.B.: The final proposal for the improved PZ model, suggested for inclusion in the forthcoming
prEN 1993-1-8, is summarized in Appendix F. It includes amendments of the current EN 1993-1-8
expressions for the initial stiffness and plastic resistance and a proposal for a ductility criterion.

For the prediction of the plastic shear resistance of the PZ in welded joints, it is proposed to replace
the current EN 1993-1-8 expression given in Section 2.3.3.2 by the simplified analytical model
developed in the present Section 4.3.2. This proposal is summarized in Appendix F.2. It is
noteworthy that two minor simplifications were introduced to make the proposed expressions as
simple as possible. Firstly, in the derivation of the V,/\"; - contribution (see Eq. (F-2)), a 0.9

generic coefficient has been used to account for the T — g; and T — g, stress interactions in the
CWHP. This coefficient replaces the y; and y,, reduction factors defined in Egs. (4-31) and (4-32).
Secondly, the Ay,, reduction coefficient accounting in Eq. (4-34) for the M-N interaction in the
column flanges has been neglected in the new proposal (i.e. it was set equal to 1.0 in Eqg. (F-4)).
This simplification is assumed to compensate for the non-consideration of the root fillets region in
the derivation of My, ¢c ra» Mpi,fb,ra ANd My st ra-

This new proposed formula, referred to as the EU* formula, has been validated against the 12
experimental results on welded joints reported in Table 3-2. The results are reported in Table 3-8,
where they are compared to the experimental evidence on the one hand and to the EU and US
predictions on the other hand, using the performance indicator E and the colour code defined in
Table 3-1. Graphical comparisons are also provided in Appendix A.1 (see the red broken curves in
Figs. A-1(f) to A-12(f)). These comparisons show that, despite being slightly conservative, the
proposed EU* formula performs well, with a relative error E ranging from —18.44% to +4.99%. It
clearly outperforms the current EU and US models shown in Section 3.3.2 to provide unsafe
predictions.
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4.4 CONCLUSIONS

In the present CHAPTER 4, a new sophisticated analytical model is proposed for the prediction of the
plastic shear resistance of the PZ, in the case of welded beam-to-column joints under monotonic
loading only. This model has been developed upon the deep understanding of the physical phenomena
governing the plastic shear resistance of the PZ. This understanding has been gained through the
analysis of the numerical results coming from an extensive parametric study carried out with the
Abaqus© software. This parametric study investigated the influence of four main parameters on the
plastic shear resistance of the PZ, namely: (i) the spread of yielding within the CWP, (ii) the type of
plastic collapse mechanism which actually develops in the SE and (iii)-(iv) the T — o; and T — 0}, yy—n
stress interactions. Another outcome from the parametric study is the proposal of a robust
methodology for the extraction of the (V — ¥)um curves associated to the CWP, SE and PZ. In all the
32 numerical simulations, a simplified elastic, perfectly-plastic material law was used in order to
facilitate the derivation and the validation of the new analytical model. The main features of this new
analytical model are summarized here below:

o this model accounts for both contributions Vy g ompi @nd AVSEy comp; Of the CWP and the
SE, separately;

o the contribution V, g\" oy Of the CWP has been developed based on the analysis and the
integration of the actual shear stress distribution in the CWP at yielding;

o the contribution AV comp: Of the SE has been derived based on the analysis of the collapse

mechanism which actually develops within the SE;
o the 7 — g; interaction has been taken into account in the contribution V,’g}” ;... only, through

the use of a reduction factor y;. This interaction has to be accounted for in the case of exterior
joint configurations only;

o the T — 0, _y interaction has been taken into account in both contributions VS g\, and

AVySﬁk,wmpl through the use of two reduction factors, x;, y—n and Ay, y—n, €venthough it was
observed that most of the axial load is carried by the column flanges. This interaction has to be
accounted for in the presence of an axial load in the column only.

The so-developed analytical model has proven to work well through comparisons with numerical and
experimental results characterized by a PZ plastic failure mode. This way, it outperforms the existing
complex models introduced in CHAPTER 2. The author recommends the use of this complex model
for scientific purposes. In addition, a simplified version of this model has also been proposed in view
of its integration in the forthcoming prEN 1993-1-8 pre-normative document. Despite being more
conservative, this simplified model shows good performance and outperforms the EU and US design
criteria, currently prescribed in the EN 1993-1-8 and AISC normative documents, and which were
shown to provide unsafe predictions in many cases.

It should be recalled that the range of validity for the model developed in the present CHAPTER 4 is
so far limited to column profiles characterized by a web-to-flange thickness ratio t,./ts. €
[0.55 — 0.62], and to axial loads N, < 0.5 - Ny, ., Ny, . being the axial capacity of the column profile.
Based on the knowledge acquired in this CHAPTER 4, the following CHAPTER 5 tackles the
problem of prediction of the full non-linear behaviour of the PZ up to failure, again in the case of
welded joints only; the extension of the models to PZs in bolted joints being subsequently addressed in
CHAPTER 6.
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5.1 INTRODUCTION

5.1.1 Objectives of the Chapter

CHAPTER 5 addresses the problem of prediction of the deformation capacity of the sheared PZ,
which was identified in CHAPTER 3. More precisely, it focuses on the development and validation of
a full-range constitutive model for the prediction of the full non-linear response of the PZ up to failure.
This model will be built based on the knowledge acquired in CHAPTER 4.

5.1.2 Scope of the Chapter

The scope of this CHAPTER 5 is similar to CHAPTER 4 (see Section 4.1.2), i.e. exterior and interior
welded joints, with beams of equal depth, under monotonic loading only. In this way, the shear force
VEZ acting on the PZ can be assumed constant over the whole depth d;, of the PZ, and is therefore
easy to derive through Eq. (2-1). Moreover, the occurrence of any other failure mode in the connecting
elements (i.e. bolts in tension, endplates in bending...) is avoided. The welded joints considered in this
CHAPTER 5 also satisfy Eq. (2-39), thereby preventing the occurrence of the CWP shear buckling in
the elastic range. The extension of the model to PZs in bolted joints will be addressed in CHAPTER 6.

The two joint configurations considered in the present CHAPTER 5 were already presented in Fig. 4-1
and Fig. 4-2 (see CHAPTER 4), but are recalled in Fig. 5-1 and Fig. 5-2, for sake of clarity. They are
simply supported and the beams are loaded in such a way that the PZ becomes the governing
component of the joint response. This is illustrated in the M-N-V diagrams in Fig. 5-1(b) and Fig.
5-2(b), where the PZ is subjected to significant shear. In addition, a vertical axial load N, can be
applied to the column profiles, with a magnitude of up to 0.5 Ny, ., Ny, being the axial capacity of
the column profile. By contrast, the beams are assumed to transfer no horizontal axial load Nj,. For
interior joints, the unbalanced bending moments in the beams are assumed to be equal (i.e. |[Mg,| =
[Mgg|). Finally, all the column profiles considered in the present study are characterized by a column
web-to-flange thickness ratio oscillating between 0.55 and 0.62, which is the range of validity for all
the developments presented in CHAPTER 4.

Fgg + Fpyl

Mcr

(a) (b)
Fig. 5-1. Exterior welded joint: (a) loading conditions maximizing shear in the PZ and (b) resulting M-N-V diagrams in the
column.
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Mcp( €

Ly

(b)
Fig. 5-2. Interior welded joint: (a) loading conditions maximizing shear in the PZ and (b) resulting M-N-V diagrams in the
column.

5.1.3 Outline of the Chapter

To derive the new full-range constitutive model for the PZ, CHAPTER 5 has been organised as
follows: (i) modification of the numerical models developed in CHAPTER 4 to simulate the full non-
linear response of the PZ (see Section 5.2.2); (ii) development of an extensive campaign of numerical
simulations, which will be used as validation tool for the analytical models (see Sections 5.2.3 and
5.2.4); (iii) development and validation of a complex analytical model against numerous numerical
and experimental results (see Section 5.3.1); and (iv) simplification of this complex model in view of
its possible integration in design codes (Section 5.3.2).
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5.2 NUMERICAL PART

5.2.1 Introduction

The conclusions from CHAPTER 3 (see Section 3.4) highlighted that the scientific literature contains
very few experimental results characterized by a PZ failure mode or at least a significant PZ
deformation. This is a concern in view of the validation of the full-range constitutive models
developed in the present CHAPTER 5.

Therefore, the main role of the FE analysis in the present study will be dedicated to the generation of a
large number of FE results characterized by a PZ failure mode or a significant PZ deformation, with
the aim of validating these full-range analytical models.

To this end, the numerical models developed in CHAPTER 4 (see Section 4.2.2 and Section 4.2.3) for
the prediction of the plastic shear resistance of the PZ have been re-used and adapted to simulate the
full non-linear response of the PZ. For sake of clarity, the main characteristics of these models are
briefly recalled in Section 5.2.2.1 while the main changes to these original models are presented in
Section 5.2.2.2. These changes include (i) introducing an initial shear imperfection in the web of the
PZ, (ii) substituting the fictitious elastic, perfectly-plastic material law with the actual full material law
and (iii) simulating the material damage and fracture.

5.2.2 FE modelling

5.2.2.1 Original FE models

The original FE models developed in CHAPTER 4 consist of four exterior welded joints, named NR4,
NR16, A and B, respectively. The column and beam profiles are recalled in Table 5-1. For these
profiles, the nominal geometric properties were used. The columns were simply supported (similarly
to Fig. 5-1(a)) and had a length L. of 4 m. The beams were welded at mid-height of the columns (the
fillet welds were not modelled explicitly) and the length L, of the beams was such that the distance
between the beams end and the columns centreline was 1.5 m.

The Young’s modulus and the Poisson’s ratio were taken equal to 210,000 MPa and 0.3, respectively.
Furthermore, to facilitate the derivation of the plastic shear resistance of the PZ, all the members in
CHAPTER 4 were assigned a fictitious elastic, perfectly-plastic material law, using the nominal yield
strength f,, of the steel grade S355.

For all the models, the PZ region and the column supports were densely meshed, using fully-integrated
eight-node brick elements (C3D8). However, to reduce the computation time, a coarser mesh made of
eight-node brick elements with reduced integration (C3D8R) was adopted in all the other parts of the
models. The root fillets were modelled using six-node triangular prisms with full integration (C3D6).
Four finite elements were placed throughout the webs and flanges thicknesses.

Finally, the beams end section was properly restrained against out-of-plane displacement and a
monotonic displacement history was imposed on the beams tip, using a general static analysis.

Table 5-1. Details of the numerical models used in the parametric study.

Maodel Column profile | Beam profile tgs (mm) N, (kN) tweltre (&)
NR4 HEB160 IPE330 12 1000 0.615
NR16 HEB300 HEB500 30 2500 0.579
A HEB160 IPE200 10 1000 0.615
B HEB340 IPE300 12 3000 0.558
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5.2.2.2 Modifications of the FE models
A. Initial geometric imperfection

The first modification of the original models consists in introducing an equivalent geometric
imperfection in the column web, following the procedure proposed in [123]. This equivalent
imperfection is designed to cover the effect of both the geometrical imperfections and the residual
stresses and it is shaped to correspond to the expected failure mode, namely the shear buckling of the
CWP. This imperfection shape was obtained from the local buckling mode associated with the shear
buckling of the CWP, obtained from a preliminary linear buckling analysis (LBA) performed on the
“perfect” model. The magnitude of the initial imperfection was fixed to “d./200”, d. being the clear
depth of the column cross-section (as recommended in [123]).

B. Full-range material law and damage model

Secondly, the material law was modified to account for both material strain-hardening and damage. In
comparison with the models used in CHAPTER 4, the S355 steel grade was kept for all the members,
but the fictitious elastic, perfectly-plastic material law was replaced by a simplified quad-linear model
to represent the complete material response. Although the EN 1993-1-14 material model used in
Section 4.2.2.1 was an option, it was decided to use a simpler one in the numerical simulations, known
as the ECCS material model [124]. The main parameters of this model are given in Table 5-2. This
model assumes the post-plastic strain &,,, at the onset of strain-hardening equal to 10 - ¢, the post-
plastic modulus E,, equal to E/50 and the strain at the onset of necking &, equal to 0.18. The
material law which was reconstructed with this model is presented in Fig. 5-3(a) in terms of
engineering stress-strain curve (see the black solid curve) and the main values of the parameters are
given in Table 5-3. They were obtained, keeping the Young’s modulus equal to 210,000 MPa and
using the nominal values for the yield strength f,, and the ultimate strength f,,.

Table 5-2. Definition of the parameters used in the ECCS material model (engineering stress-strain curve).

Parameters Formula Units
E (Young’s modulus) 210,000 (MPa)
gy  (yield strength) fy (MPa)
0.
gy (yield strain) = Ey (=)
. . Opp — Oy
AE  (initial modulus increment) = (MPa)
Epp — &y
opp  (post-plastic strength) = fy (MPa)
gpp  (post-plastic strain) = 10-¢, (=)
Aey,  (yield strain increment) = Epp — &y )
Aoy, (yield strength increment) = Opp — Oy (MPa)
. E
Epp  (post-plastic modulus) = =0 (MPa)
o, (ultimate strength) = fu (MPa)
. . fu— 1,
g,  (ultimate strain) = Epp + (-)
Epp
. . O-TL O-u
AE,, (post-plastic modulus increment)| = s — 2 (MPa)
n u
o,  (strength at the onset of necking) fu (MPa)
&,  (strain at the onset of necking) = 0.18 (=)
Ag,  (ultimate strain increment) = &, — &y (=)
Ao,  (ultimate strength increment) Op — Oy (MPa)
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Fig. 5-3. Reconstructed material law (ECCS material model) used in the numerical simulations: (a) engineering stress-strain
curve and (b) true stress-strain curve.

Table 5-3. Values of the parameters used in the fictitious material law defined in Fig. 5-3.

Engineerin True .
FECIEEE stress-gstrain cgrve stress-strain curve S
E (Young’s modulus) = 210,000 = 210,000 (MPa)
ay (yield strength) = 355 = 355 (MPa)
&y (yield strain) = 0.00169 = 0.00169 )
AE (initial modulus increment) = 0 = 358 (MPa)
Opp (post-plastic strength) = 355 = 361 (MPa)
Epp (post-plastic strain) = 0.0169 = 0.0168 )
Agy, (yield strain increment) = 0.0152 = 0.0151 =
A, (yield strength increment) = 0 = 6 (MPa)
Epp (post-plastic modulus) = 4,200 = 4,950 (MPa)
Oy (ultimate strength) = 510 = 537 (MPa)
& (ultimate strain) = 0.054 = 0.0524 =)
AE,,  (post-plastic modulus increment) = 0 = 569 (MPa)
On (strength at the onset of necking) = 510 = 602 (MPa)
&n (strain at the onset of necking) = 0.18 = 0.166 =)
Agy, (ultimate strain increment) = 0.126 = 0.1136 =)
Aoy, (ultimate strength increment) = 0 = 65 (MPa)
& (rupture strain) = / = / =)
& (fracture strain) = 0.275 = 0.243 (=)

Regarding the softening part of the material behaviour, which is defined as the material response from
the onset of necking (“n”) up to the fracture (“f) of the material, it was derived based on a coupon
test result taken from the scientific literature [125]. This coupon test, named P19, was performed at the
University of Timisoara within the framework of an experimental campaign on T-stubs, and it is
characterised by mechanical properties which are very close to the nominal ones, as depicted in Fig.
5-3(a) (see the black broken curve). Therefore, the softening part was extracted from the coupon test
stress-strain curve and reattached to the quad-linear material model considered in the present study.
This is illustrated in Fig. 5-3(a) (see the final red part of the curve).

This quad-linear hardening plus non-linear softening material law, defined in Fig. 5-3(a), was used as
the reference material law for all the simulations carried out in the present CHAPTER 5. To comply
with the Abaqus®© formalism, the quad-linear part of the engineering stress-strain curve (see the black
solid curve in Fig. 5-3(a)), describing the hardening behaviour of the material, was implemented in
Abaqus© as an undamaged true stress-strain curve, using Eq. (4-1) and Eq. (4-2). This curve is
reported in Fig. 5-3(b) (see the black dashed curve) and the main parameters are given in Table 5-3.
By contrast, the non-linear softening part of the engineering stress-strain curve (see the red continuous
curve in Fig. 5-3(b)), describing the material damage, was implemented in Abaqus© using the ductile
damage model. This model is presented in Fig. 5-4 and requires the definition of a damage initiation
criterion and a damage evolution law, developed hereafter (see Egs. (5-1) and (5-2)).
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L S 1
Damage initiation L= ol _ _pl
o | (necking) g ,—‘“’“:\a‘““ged & () =e . exp [_1-5 ’ <77 - 5)] (5_1)
0=0) __.-="" respon™

0=(-D)7=D=1-2 (5-2)

a, i<n
Withai:[W-(a~£i+b)+(1—W)-(K-[ei]") i>n (5-3)

linear law power law

a On
and (b) - ( & '”) (5-4)
K a/n"

€ ﬂf’l =Lg- (sipl — s,’:l), i=>n (5-5)

Fig. 5-4. Ductile damage model in Abaqus®©.

The damage initiation criterion, defined by Eq. (5-1), assumes that the equivalent plastic strain at the

onset of necking &5 ! (D = 0 in Fig. 5-4) is a function of the stress triaxiality n and the true plastic

strain at the onset of necking e,’{l (= &, — &). The damage initiation criterion used in the numerical
simulations carried out in the present CHAPTER 5 is reported in Fig. 5-5(a).

The damage evolution law is defined through the damage variable D; as the dimensionless difference
between the undamaged and damaged plastic responses of the material (see Eq. (5-2) and Fig. 5-4). In
Eq. (5-2), the formulation proposed by Yang et al. in [126] has been used for the description of the
damaged material response. This expression consists of the combination of a linear and a power stress-
strain law, as given in Eqg. (5-3), where W is the weighting factor which needs to be calibrated, and the
parameters a, b, n and K are given in Eq. (5-4).

The calibration of the weighting factor was conducted following an iterative energy-based approach,
which consists in equalizing the fracture energy between the reference engineering and true stress-
strain curves implemented in Abaqus®©, as depicted in Fig. 5-3. The damage evolution law used in the
numerical simulations carried out in the present CHAPTER 5 is reported in Fig. 5-5(b) as a function of

the equivalent plastic displacement af’l, expressed in Eq. (5-5), Lg being the FE characteristic length.

The damage evolution law is dependent on the mesh size. Therefore, the equivalent plastic
displacement afl has been normalized by Lg in Fig. 5-5(b). The critical damage variable D, is also
reported in this Fig. 5-5(b). This variable is used to describe the point (i.e. the damage D;) beyond
which the material undergoes rupture (“r”), directly followed by fracture (“f’) and has been calibrated
using the same above-mentioned energy-based approach. Finally, to reduce the computation time, the
damage was introduced in the PZ region only, where the highest plasticity is expected.

1.25 0

0.25
o < o5
LLJI.IJ [a)
[a

075

1 f
3 4 0 0.025 0.05 0.075 0.1
u/Le ()
(@ (b)

Fig. 5-5. Description of the ductile damage model parameters used in the present study: (a) damage initiation criterion and (b)
damage evolution law.



5.2 NUMERICAL PART 167

5.2.3 Parametric study

The so-modified four numerical models were then used to perform a parametric study with the aim of
generating a large number of FE results characterized by a PZ ultimate failure mode. Subsequently,
these numerical results will be used for the validation of the full-range analytical models (see Section
1.1). The parametric study performed in the present CHAPTER 5 covers the same 32 joint
configurations as in CHAPTER 4 (see Table 4-7). The results from the parametric study are discussed
in the following Section 5.2.4.

5.2.4 FE results and discussion

The results from the parametric study are presented in Fig. 5-6 in terms of (Mg — ®),,,,;m CuUrves (see
the bolded black solid curves), Mz and & being defined in APPENDIX B.2. As a first step, the
ultimate failure mode has been studied to identity the numerical simulations which are characterized
by a PZ ultimate failure mode (see Section 5.2.4.1). Based on this analysis, it was possible to extract

the ultimate bending moment resistance MiRk'num and rotation capacity ®,, .., for every single
numerical simulation, following a graphical procedure (see Section 5.2.4.2). These two parameters

will be used in the following Section 5.3 for the validation of the full-range analytical model.

Again, similarly to Section 4.2.4, the procedure described here above will be illustrated for the eight
numerical simulations carried out with the NR4 model only. The same procedure was also applied to
each numerical simulation performed with the models NR16, A and B. However, for sake of clarity of
the present manuscript, the figures are not presented in the present Section 5.2.4 (they may be found in
APPENDIX C, see Fig. C-1(b) to Fig. C-32(b)). Only the final results related to these numerical

simulations, i.e. M{;'Rk,num and ®,, ,,,,m, Will be reported in the present Section 5.2.4.

5.2.4.1 Study of the possible ultimate failure modes

To illustrate the possible ultimate failure modes which are likely to occur in the numerical simulations,
eight pictures, coming from Abaqus®©, are given in Fig. 5-7 in terms of equivalent plastic strain
(PEEQ). These pictures correspond to the very last increment of the eight numerical simulations
performed with the model NR4 (see the red squares in Fig. 5-6(a) to Fig. 5-6(h)). Based on the
discussion held in Section 3.2.2.2, three main failure modes have been identified from the study of the
numerical results, namely:

e The global buckling of the column (i.e. "GB.") which was observed in the case of axially
loaded exterior joints only (see Fig. 5-7(e) and Fig. 5-7(g)).

e The local instability of the sheared PZ (i.e. "LBp;"), of the CWC* (i.e. "LB¢y¢+") or of the
BFC (i.e. "LBggc"). This failure mode can be observed in Fig. 5-7(b), (c), (d), (f) and (h).

e The fracture of the material (i.e. "MF") which was observed at two critical locations in the
numerical simulations: (i) either at the beam-to-column interface, at the level of the roots of
the fillet welds between the beam flanges and the column flange (see Fig. 5-7(a), (b), (e), (f),
(9), (h)), or (ii) in the CWP, adjacent to the root radii of the column profile in the case of the
shear buckling of the latter (see Fig. 5-7(c), (d)). Practically speaking, this failure mode only
limits the deformation capacity of joints whose resistance is governed by a tensioned
component (i.e. either the CWT or the CFB). By contrast, for joints whose resistance is
governed by a local instability (i.e. the PZ, CWC* and BFC), the fracture of the material
always occurs beyond this instability. The same observation was made for global instabilities.

Based on this analysis, the observed ultimate failure mode associated to each numerical simulation has
been reported in Table 5-4.
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Fig. 5-6. Numerical results in terms of (Mg — ®),,,,;n curves: (a) simulation NR4-0-s-/, (b) simulation NR4-0-d-/, (c)
simulation NR4-1-s-/, (d) simulation NR4-1-d-/, (e) simulation NR4-0-s-0.5Np, (f) simulation NR4-0-d-0.5Np, ()

simulation NR4-1-s-0.5Npi and (h) simulation NR4-1-d-0.5Njpi.
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(9) (h)
Fig. 5-7. Study of the ultimate failure mode: (a) simulation NR4-0-s-/, (b) simulation NR4-0-d-/, (c) simulation NR4-1-s-/,
(d) simulation NR4-1-d-/, (e) simulation NR4-0-s5-0.5Npi, (f) simulation NR4-0-d-0.5Np, (g) simulation NR4-1-s-0.5Np and
(h) simulation NR4-1-d-0.5Npi.
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Table 5-4. Description of the observed ultimate bending resistance Mi)Rk‘num, ultimate rotation capacity @, ,,,,,, and ultimate

failure mode for each individual numerical simulation of the parametric study.

Category | Category Il
. . (X="d", Y=""") (X="s", Y="/")
Configuration M) penum | Punum | Ultimate. | M) | Pypum Ultimate
(kNm) (rad) failure mode| (kNm) (rad) failure mode
NR4-0-X-Y 79.56 0.1225 LBz 141.96 0.0990 MF
NR4-1-X-Y 85.09 0.1129 LBez 158.02 0.1317 LBez
NR16-0-X-Y 320.88 0.0758 LBpz 583.53 0.0909 LBcwc+
NR16-1-X-Y 416.16 0.1043 LBepz 709.72 0.1083 LBez
A-0-X-Y 52.98 0.1574 LBpz 90.42 0.1446 MF
A-1-X-Y 55.31 0.1414 LBez 96.55 0.1474 MF
B-0-X-Y 237.93 0.1096 LBz 346.63 0.1724 MF
B-1-X-Y 254.46 0.1375 LBpz 352.46 0.1580 MF
Category Il Category IV
. . (X="d", Y="0.5Np") (X="s", Y="0.5Np”
Configuration M) pinum | Punum Ultimate. | M g num | Punum | Ultimate.
(kNm) (rad)  |failure mode| (kNm) (rad)  |failure mode
NR4-0-X-Y 51.31 0.1379 LBez 93.62 0.0545 GB.
NR4-1-X-Y 59.47 0.1172 LBez 98.85 0.0469 GB.
NR16-0-X-Y 251.53 0.0681 LBpz 450.42 0.0882 LBcwc=+
NR16-1-X-Y 328.82 0.0986 LBez 522.94 0.1202 LBez
A-0-X-Y 34.65 0.1430 LBpz 62.46 0.1122 GB,
A-1-X-Y 38.85 0.1281 LBpz 68.51 0.1531 LBez
B-0-X-Y 177.39 0.0679 LBepz 292.46 0.1195 MF
B-1-X-Y 185.58 0.0639 LBpz 324.97 0.1359 MF

5.2.4.2 Extraction of the ultimate bending moment resistance d and

u,Rk,num
rotation capacity @, ,um
Table 5-4 also provides the ultimate bending resistance MiRk'num and the ultimate rotation capacity
@, num- These performance parameters were extracted from the numerical (Mg — @), Curves of
each numerical simulation, following a graphical procedure. This procedure is illustrated in Fig. 5-6
for the eight numerical simulations performed with the model NR4. From Fig. 5-6, it can be seen that
each numerical simulation was run three times with three different material laws to facilitate the

extraction of M{;’Rk’num and @, ,,m, Which led to three different (Mp — @), curves for each

numerical simulation. These three (Mg — ®),,,,;m Curves can be described as follows:

e The dashed curves were obtained, assuming an undamaged full-range material law and no
initial geometric imperfection.
= These curves only allow the identification of the global column buckling, if any. These
points are identified with red circles in Fig. 5-6(a) to Fig. 5-6(h).

e The broken curves were obtained, assuming an undamaged full-range material law with an
initial geometric imperfection.
=>» The rotation at which these curves begin to diverge from the dashed curves defines the
initiation of the local buckling. Practically speaking, these rotations are not easy to extract
graphically. However, an estimation of these latter is provided in Fig. 5-6(2) to Fig. 5-6(h), see
the red triangles.
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e The bolded solid curves were obtained, assuming now a damaged full-range material law with
an initial geometric imperfection.
= The final point of these curves defines the fracture of the material. These points are
identified with red squares in Fig. 5-6(a) to Fig. 5-6(h).

Based on these three curve families, it was possible to identify the actual ultimate failure mode, i.e. the
first failure mode to occur among the three above-mentioned failure modes, and to extract the values

of Mi Ricnum aNd @y . These values are reported in Table 5-4.

5.2.4.3 Conclusion of the parametric study

From Table 5-4, it can be seen that only 20 of the 32 numerical simulations are characterized by a PZ
ultimate failure mode. These numerical simulations are highlighted in light blue in Table 5-4. They
consist of all the 16 numerical simulations performed on interior joints but only four numerical
simulations performed on the exterior joints.

Regarding the ultimate failure mode of the 12 remaining numerical simulations performed on exterior
joints, it consists of: (i) the local buckling of the CWC* (i.e. LBy ¢+) for two of them; (ii) the global
instability of the column (i.e. GB,) for three of them; or (iii) the material fracture due to the failure of a
tensile component (i.e. MF) for seven of them.

At the end, only the 20 numerical simulations characterized by a PZ ultimate failure mode (i.e. LBpy)
will be kept in the present CHAPTER 5 for the prediction of the deformation capacity of the PZ
component. The 12 remaining ones are less interesting and will be abandoned.

For some numerical simulations among the 20 selected ones, it can be observed that the ultimate
failure mode occurs in the final descending branch of the (Mg — ®),,,,;m curve, beyond the observed
maximum bending moment Mp ..., at the beam-to-column interface. This is the case for some of the
axially loaded joints such as the NR4-0-d-0.5Np simulation in Fig. 5-6(f) or the NR4-1-d-0.5Ny,
simulation in Fig. 5-6(h). In theory, beyond Mg .4, any increase of the applied load P (and hence of
the bending moment Mj) should lead to the buckling of the column. However, since the numerical
simulations were performed based on a displacement-controlled approach rather than a load-controlled
approach, the vertical displacement at the beam(s) tip can be increased while reducing the bending
moment My in the beam.

This can be explained, referring to Eq. (B-8) and Eq. (B-12) in APPENDIX B.1. In these equations,
the equivalent shear force V£Z,,, acting on the PZ comes from two contributions, i.e. a first
contribution from the applied load P and a second contribution from the applied axial load N.. For
increasing PZ shear deformations, this latter becomes more and more significant with respect to the
contribution from the applied load P. Therefore, it becomes possible to increase the shear force
Vi num acting on the PZ (and thus the shear deformation y of the PZ and consequently the vertical
displacement v at the beam(s) tip), while reducing the load P acting at the beam(s) tip. This is what
happens in Fig. 5-6(f) and Fig. 5-6(h).
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5.3 ANALYTICAL PART

5.3.1 Complex analytical model

5.3.1.1 Description of the model

Based on the conclusions made in the previous CHAPTER 4 (and especially in Section 4.2.4), it is
now clearly established that the behaviour of the PZ can always be divided into the contributions of
the CWP and the SE. Moreover, these contributions can be assumed to behave independently.
Therefore, similarly to the analytical model developed in CHAPTER 4 for the plastic resistance, the
contributions of the CWP and the SE can be modelled separately and superimposed through Egs.
(2-14) and (2-15), to get the full-range model up to failure of the whole PZ, as shown in Fig. 5-8.

For the contribution of the CWP, a uniform shear stress distribution over the whole depth d; of the
CWP is assumed. Consequently, the analytical model for the prediction of the full-range behaviour of
the CWP exhibits the same quad-linear shape as the ECCS material model used in the numerical
simulations (see the black solid curve in Fig. 5-3(b)). This model is presented in Fig. 5-8(a) and it is
divided into four main “zones”, which are named as follows: (i) the initial elastic range, (ii) the plastic
range, (iii) the post-plastic range and, eventually, (iv) the flowed range. The main parameters of this
model are given in Table 5-5 and they will be described in detail in Section 5.3.1.2.

For the contribution of the SE, we know that it consists of the minimum required number of plastic
hinges in order for a plastic collapse mechanism to develop. The behaviour of a plastic hinge is known
to be highly non-linear. However, in civil engineering, it is commonly accepted to replace this highly
non-linear behaviour by a simplified elastic, perfectly-plastic one, disregarding the strain-hardening
effects of the material ([127], [128]). This kind of model is used, for instance, within the framework of
a plastic analysis of a framed structure. In the present thesis, the strain-hardening of the material has
been accounted for, assuming a linear hardening law until failure. The resulting full-range bilinear
model is presented in Fig. 5-8(b). The main parameters of this model are given in Table 5-6 for the
particular case of an unstiffened joint and they will be described in detail in Section 5.3.1.3.
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Table 5-5. Parameters of the original and modified full-range models of the CWP.
Original full-range model of the CWP Madified full-range model of the CWP
V.CWP CCWP . CWP
CWP _ y CCWP . ,,CWP _ y y
Yy = K CWP y Vy = KCWP
y y
KCWP | g CWP KCWP | g CWP
KCcwP — y.sh y.b KCcwP — y,sh y.b
Y KSOr + KOYP Y KSor + KOYP
CWP _ compl CWP , yyCWP _ CWP compl
V;, = Xi 'Xn'AVC Ty C}’ Vy - Cy “Xi 'Xn'AVC Ty
CWP CWP
yCWP _ yCWP + AVY yCWP _ yCWP + AVy
pp - y CWP pp - y CWP
AKy AKy
CWP
AKCWP _ AE . gsimpl AKCEWP — AVy mod
y - 3 e y,mod - Ay CWP
yy,mod
CWP compl
CWP _ . . qcompl CWP _y7CWP  _ ACy "Xi*Xn Ay
VPP = Xi* Xn " Ay Tpp ACy VPP = Typ
CWP CWP CWP cwP CWP CWP . ,,CWP
Ayy = Yop —Vy AYymoa = Yop  — G Yy
cwp cwP cwp CWP BEEM g — G
_ _ y pp y
AVS/ = Vpp - VS' AVy,mod = . cwp
y
CWP CWP CWP CWP
CWP _ CwP W — Wop cwp _ CWP u ~ Vopmoa
Yu = Ypp KCWP Yumoa = Yo KCWP
pp pp
KCWP — EPP _Asimpl KCWP — Epp _Asimpl
pp 3 Ve pp 3 vc
cCWP _ compl cwp _ compl
Vi = Xi“Xn Ay Ty Vu = Xi'Xn Apc Ty
CWP CWP
yCWP _ yCWP + AV yCWPd _ yCWPd +£
i = u CWP n,mo = u,mo CWP
AKpp AKm,
AE : AE ;
CWP — pp . ,simpl cwp — pp . ,simpl
AKpp = —3 AVC AKpp —3 ve
cCwWP _ compl cwp _ compl
Va = Xi* Xn " Ayc ‘T Va = Xi"XnAyc "Tn
CWP CWP CWP
AVL(L: wr = rf . ylf wr AVu,mod = Ynmod — Yumod
CWP _ CWP CWP CWP CWP CWP
AV N VWP — i AV VWP —

Table 5-6. Parameters of the original and modified full-range models of the SE (unstiffened joints).

Original full-range model of the SE

Modified full-range model of the SE

VCWP CCWP . VCWP
cwP _ y CCWP . ,CWP _ y y
Yy KCEWP y Vy KCWP
84 y
Av* ACSE - AVSE
V;E = )/fWP + KZ’E y}%ﬁnod — C)(;'WP 'nyP + yKSE y
84 y
KSE = 1 [4 . Lfﬂ*] KSE _ 1 [4_ E- IfC.T*]
n Lecr - dp n Leer - dp
M M
AVySE = 4 - % AC&S‘E . AVySE — 4 - AC;E . plvgi;Tka
b b
. - AVnSE _ AVySE <k sk AVnSE _ AC;E . AVySE
Yn = yy + KSE yn,mod = yy,mod + KSE
pp pp
Kgg = l [4 . E”Llfcf] Kgg l [4 - Epp - Ifc,z‘]
n Lecr - dp n Lecr - dp
AVSE = : M”L*TR" AVSE = - Mn,fc*,T,Rk
dp d,
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Fig. 5-8. Description of the original and modified full-range constitutive models of the PZ: (a)-(b) contribution of the CWP,

(c)-(d) contribution of the SE and (e)-(f) sum of the two.
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5.3.1.2 Contribution of the CWP
A. Characterization of the CWP resistance
i. In the absence of shear buckling

As already mentioned in Section 5.1.2, the scope of the present CHAPTER 5 meets the EN 1993-1-8
requirements in terms of the CWP slenderness (see Eq. (2-39)). This means that the risk of shear
buckling of the CWP in the elastic range is prevented. If the CWP is rather stocky, no instability
occurs in the post-elastic ranges either and the shear resistance of the CWP is governed by material
necking and fracture. The proposed quad-linear model for the prediction of the full-range behaviour of
the CWP, presented in Fig. 5-8(a), exhibits four main values of resistance, namely:

o VP (ie. VEWP(yWP) or ViR ompr): the plastic shear resistance of the CWP;

o VSVP (i.e. VEWP(yhP) or Vi compr): the post-plastic shear resistance of the CWP;
o VWP (ie. VWP (y$WP) or VSR compr): the ultimate shear resistance of the CWP;

o VWP (i VEWP(1,sWP) or Vi i compr): the shear resistance of the CWP at necking.

Knowing the expression for the prediction of the plastic shear resistance Vy%c’f compt OF the CWP (see

Egs. (4-14) to (4-18) in CHAPTER 4), a good estimation of the three other values may be simply
obtained by substituting, in these Egs. (4-14) to (4-18), the yield strength of the material (a,,) by either
the post-plastic strength of the material (a,,,), the ultimate strength of the material (a,,) or the strength
of the material at the onset of necking (o,,). These values of the material strength can be easily
extracted from the material true stress-strain curve, given in Fig. 5-3(b). They are reported in Table
5-3 for the S355 steel material considered in the numerical simulations. The expressions of

CWP CWP CWP CWP H
Vy Rk compts Vop.Rk,compts Vi Rk,compl and Vi Rk,comp1 @re reported in Table 5-5.

ii. In the presence of shear buckling

However, for an increasing CWP slenderness, the ultimate shear resistance of the CWP is not
governed by the material necking and fracture anymore, but by the shear buckling of the CWP. This
buckling can occur either in the flowed range, or even in the post-plastic range of the quad-linear
model depicted in Fig. 5-8(a). To evaluate the shear buckling resistance of the CWP, it was referred to
the procedure developed by Cerfontaine in [129]. This procedure is based on the approach proposed in
the Part 1-5 of Eurocode 3 (i.e. EN 1993-1-5, [130]) dedicated to the design of steel plates. It was
originally developed in [129] for slender build-up sections, whose shear buckling occurs in the elastic
range.

As a first step, this procedure has been particularised to the elastic range of the quad-linear model
presented in Fig. 5-8(a), even though we know there is no risk of instability in this particular range.
Then, the procedure was extended to the post-elastic ranges where the shear buckling is likely to
govern the resistance of the CWP.

According to [129], Eq. (4-15) characterizing the plastic shear resistance of the CWP should be re-
expressed through Eqg. (5-6) to account for the potential risk of shear buckling:

VCWP
¥,Rk,buck

—_—
cwp . . . qcompl . . . qcompl ) -
Vy,Rk,compl_rnlrl Xi* Xn " Aypc Ty Xi"Xn Ay Py Ty (5-6)
—_——
cwp
Vy Rk
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All the parameters but p,, in Eq. (5-6) were defined in Section 4.3.1.1. Thus they are not recalled here
for sake of clarity of the present manuscript. The parameter p,, is a reduction factor accounting for the
possible shear buckling of the CWP and which can be defined through Eq. (5-7):

1.0 if 2, <0.83

083 if 0.83 <2, < 1.08
—_ L . S .
py = /1w v (5'7)
1.37 108 <TI0
—_— L .
0.7 + A, v

In Eq. (5-7), 4,, is the slenderness factor of the CWP and it can be evaluated through Eq. (5-8) as the
square root of the ratio between the shear yield strength z,, and the shear critical stress ., of the plate:

= | ]
T = / (5-8)

Regarding the shear critical stress .., it can be evaluated through Eq. (5-9):
Ter = ke " 0g (5-9)

In Eq. (5-9), gz is the Euler critical stress of the plate (see Eq. (5-10)) and k, is the buckling
coefficient related to the plate and which depends on the geometry, loading and boundary conditions
of the plate.

For CWPs of depth "b" and width "a", such as those presented in Fig. 5-9(a) and (b), this buckling
coefficient can be expressed as an interpolation between the value k. c;ampeq (Se€ EQ. (5-12)) referring
to the case where the CWP is assumed to be fully clamped along its edges and the value k. ,inneq (Se€
Eqg. (5-13)) referring to the case where the CWP is assumed to be simply supported along the edges.

The weighted factor r is given by Eq. (5-14), where b;, L; and t; are the dimensions of the plates
located around the CWP, see Fig. 5-9(a) and (b). The minimum given by the four plates is safely
considered, or 1.0 if smaller. The value r = 1 corresponds to a fully clamped CWP while r =0
corresponds to a simply supported CWP.

n’-E twe)?
_ (twe 5-10
% 12-(1—v2)<a) (5-10)
ky=1- k‘r,clamped +(1-7)- k‘r,pinned (5'11)
a2 a
8.98 + 5.6 - (E) when < 1
k‘r,clamped = a2 a (5-12)
5.6 + 8.98 - (E) when > 1
a2 a
5.34 + 4.0 - (E) when <1
k‘r,pinned = N2 a (5-13)
4.0+ 5.34- (E) wheng >1

1 b:-t3-(1—
r = min (=" ‘l—(v); 1.0 (5-14)
i=1-4\3 Li- t\i}c
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(a) (b)
Fig. 5-9. Dimensions of the CWP and the surrounding plates: (a) unstiffened joints and (b) stiffened joints.

For the CWPs considered in the present study, it is known that the reduction factor p,, defined through
Eq. (5-7) will always be equal to 1.0 since all the CWPs satisfy Eq. (2-39). Therefore, there is no risk
of shear buckling in the elastic range.

The procedure described hereabove has been extended to the post-elastic ranges, and especially to the
post-plastic and flowed ranges of the quad-linear model (see Table 5-7). To this aim, a small trick has
been used, consisting in isolating the post-plastic (resp. flowed) branch of the model from the rest of
the model through the use of a local o' — &' axis system. The risk of shear buckling can then be studied
in this local ¢’ — &' axis system, following the same procedure as for the first elastic branch but with
the parameters 7,," and E,, (resp. ,," and AE,,) of the post-plastic (resp. flowed) range instead of the
parameters 7,, and E of the elastic range. Moreover, the boundaries are assumed to remain elastic.

Based on this procedure, the reduction factor p,,' (resp. p,’) can be computed. If it is equal to 1.0,
there is no risk of shear buckling in the studied range and the ultimate (resp. necking) shear strength t,,
(resp. t,) of the material can be used to compute the ultimate (resp. necking) shear resistance
Vs Rkcompt (18P ViE i compr) OF the CWP. If it is lower than 1.0, there is a risk of shear buckling in

the studied range, and therefore, a reduced ultimate (resp. necking) shear strength 7, (resp. ;) has so

to be used to compute the ultimate (resp. necking) shear resistance V@i omp (resp. Vis i compr) Of

the CWP. At the end, the final shear resistance V#,’.op,: Of the CWP can be computed through Eq.

(5-15).

cCwp :
VCWP _ { u,Rk,compl lf pII,L <1 (5 15)
f,Rk,compl — Cwp P — )
Vn,Rk,compl lf plll =1
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Table 5-7. Computation of the shear resistances
of shear buckling.

cwp
Vu,Rk,comp

1 and Ve g omp Of the CWP taking into account the potential risk

Post-plastic range Flowed range
750 -
~~~~~~~~~ Undam. true o-¢ curve (model) am. true o-¢ curve (model) True o-¢ curve (model).
AEy,, AEy,
AUuIUn
__500™ L
S E. | u
éAUyQZZn pp A :s’
[ »AE :
250
0 E £ s -
ar - 0.1 . 0.1
Ae, Agy, £() Agy
_ T, _ T,
Ly = L Ay = -
Ter Ter
o Ou_OuT O O Ao _on—oy
u \/’§ \/g n 3 3 \/’5—)
Ter = ki " 0g
o :ﬂ.(tﬂ)z oo = = BEpp (tw_C)z
E712-1-v®» \a E712-1-v? \a
k‘r =r- k‘r,clamped + (1 - T) ' k‘r,pinned
898+56-(E)2 whene < 1
_ ) ' b b~
T,clamped — a~ 2 a
5.6+ 8.98 - (E) when > 1
a2 a
534+40-(3) when <1
k. . _ b b
T h0 4534 (2 when® > 1
0+4+534- (- ->
(b) w enb
1 bt?-(1—v
r = min _.‘l—(?));l_o
i=1-4\3 Li -ty
1 if 1, <0.83 1 if 1, <0.83
083 if 0.83 < 1,, < 1.08 083 if 0.83 < 1,, < 1.08
, _ l . s . ’ — l . = .
Pu = Aw v Pn = Ay v
137 if 1.08 < 2,, 137 if1.08 <2,
e —— l . D —— l .
0.7 + Ay v 0.7 + Ay v
1 l
Vuc,g/kf,)compl =XitXn 'A;%mp " Ty Vr(l:,%gcompl =XitXnt A;%mp "Tn
VuCI]/g{P VC%(P
I« *
S Xi'Xn _A;%mp Ty < Xi'Xn 'A;Ocmpl "Tn
sz%cp,)buck Vnc,%cp,’buck
With 7, = p," - 7y, + 7pp Witht;, = p,/ 15, + 74
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B. Characterization of the CWP deformation capacity
i. Elastic range

The elastic behaviour of the PZ was extensively described in Section 3.3.1.1, which was dedicated to
the review of the complex analytical models coming from the scientific literature. As a reminder, it
was shown from this Section 3.3.1.1 (see Fig. 2-8) that the PZ undergoes shear and bending
deformations in the elastic range, before yielding initiates in the CWP. The characterization of these
two deformation modes, which are assumed to work in series, yields an estimation of the initial elastic
stiffness of the PZ, see Eq. (2-21). This complex expression will be used in the present Section 5.3.1.2
for the description of the CWP elastic behaviour. It is recalled in Eq. (5-16) for sake of clarity of the
present manuscript, where K%7 and K/}'” are the shear and bending elastic stiffnesses of the CWP,
which are given through Egs. (5-17) and (5-18), respectively. Knowing the elastic stiffness K5"”, the
yield shear deformation y,;"* of the CWP can be computed through Eq. (5-19):

1 1 -1 KCWP . wCWP
Ky"P = < cwp T CWP) = gms/r; ylcli/vp (5-16)
Kyb Ky,sh Ky,sh + Ky,b
12-E-1

Ky == (5-17)

b
Ky = G- Ay (5-18)

CWP Vyc,}/?l;c]?compl

)/y = W (5'19)

y

ii. Post-elastic ranges

After the shear yielding of the CWP, the PZ begins to behave as a system made of two independent
components, namely the CWP and the SE. Most of the shear effect is carried by the CWP whose shear
stiffness is significantly larger than that of the SE. By contrast, most of the bending effect is carried by
the SE whose bending stiffness is significantly larger than that of the CWP. Based on this observation,
the three stiffnesses, namely AKS"P, K5IVP and AKS}'P, characterizing the post-elastic behaviour of
the CWP, can be defined through Eqgs. (5-20) to (5-22), where AG, G, and AG,,, are the shear moduli
associated to the plastic, post-plastic and flowed ranges, respectively. These formulae were
summarized in previous Table 5-5.

. AE .
AK:)?WP =AG - A;lénpl = ? ' A;lgnpl (5_20)
: E : (5-21)
I _ . aStmpl _ ~pp  ,simpl
KPII’/VP - Gpp AVC - 3 AVC
; AE : (5-22)
_ . pSimpl _ pp  ,simpl
AKI%/VP - AGPP AVC - 3 AVC

Based on these values, the post-plastic shear deformation of the CWP (i.e. ypcg" Py, the ultimate shear
deformation of the CWP (i.e. y$W?) and the shear deformation of the CWP at necking (i.e. y.$"*) can
be defined through Egs. (5-23) to (5-25). Again, these formulae were summarized in previous Table
5-5.
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Vopk.compt — Vy,Riccompt
CWP _ .,CWP pPp,RK,comp Y,RK,comp _
Yoo =Yy AKCWP (5-23)
y
ycwp —ycwp
CWP — ,,CWP u,Rk,compl pp,Rk,compl 5-24
Yu — Ipp KCWP (5-24)
pp
ycwp — pycwp
CWP _ ..CWP n,Rk,compl u,Rk,compl 5-25
Yn =Yu AKCWP ( - )
pp

iii. Final deformation capacity

At the end, the final shear deformation y¢"* of the CWP can be computed through Eq. (5-26):

o T )oewp g (5-26)
Yn if P, = 1

C. Validation

All the parameters in Table 5-5 being known, the full-range behaviour of the CWP can be analytically
predicted for the 20 numerical simulations characterized by PZ ultimate failure mode. Based on the
comparisons between the analytical and numerical results, the full-range model of the CWP that was
presented in Fig. 5-8(a) has been slightly modified to better fit the numerical results. The modified
model is presented in Fig. 5-8(b) and all the parameters of the model are given in previous Table 5-5.
In this model, two new coefficients have been introduced, namely CS"* and ACSWP. These
coefficients are fitting parameters which take into account that the shear stress distribution is not
perfectly uniform over the CWP (i.e. yielding and strain-hardening do not initiate uniformly over the
CWP). These coefficients have been calibrated to the numerical results. From this calibration, it was
considered that C;"” = 0.9 and ACS"?=1.1 are reasonable values.

A graphical comparison between the numerical results and the modified analytical model is provided
in APPENDIX C (see the light orange solid curves and the dark orange broken curves in Fig. C-1(d) to
Fig. C-32(d), respectively) for the 32 numerical simulations performed in the present parametric study.
The parameters of the analytical (VP —y),,, curves are given in Table C-1 to Table C-32 in
APPENDIX C. Furthermore, the geometric 2" order effects were accounted for, based on the results
provided in APPENDIX E, but were shown not to play any role for the contribution of the SE. As for
the numerical (VP —y),.m curves, they were derived based on the procedure presented in
APPENDIX B.1.

From this comparison, a good agreement can be observed between the numerical curves and the
analytical model, especially in the 20 numerical simulations characterized by PZ ultimate failure
mode. For these latter, the final shear resistance V/g".,mp; and shear deformation y£"* of the CWP
have been computed, using Egs. (5-15) and (5-26). The results are reported in Table 5-8, together with
the predicted failure mode (i.e. either the shear buckling of the CWP, LBy, or the fracture of the
material, MF). For all of them, it turns out that the shear resistance of the CWP is governed by the
shear buckling of the latter, rather than the fracture of the material. However, for the simulations
performed with the models NR4 and A, the shear buckling occurs in the flowed range, which leads to
significant shear deformations nyWP . By contrast, for the simulations carried out with the NR16 and B
models, the shear buckling occurs in the post-plastic range, which leads to significantly lower shear
deformation capacities, as shown in Table 5-8.
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5.3.1.3 Contribution of the SE
A. Characterization of the SE resistance

The proposed bilinear model for the prediction of the full-range behaviour of the SE, presented in Fig.
5-8(c), exhibits two main values of resistance, namely:

o AVSE (i.e. AVSE(yyE) or AVSEy compr): the plastic shear resistance of the SE;

o AVSE (i.e. AVSE(yE) or AV compr): the shear resistance of the SE at necking.

The plastic shear resistance AV %y comyp1 O the SE was studied in CHAPTER 4 (see Section 4.3.1.2).
It can be computed based on the analysis of the possible plastic collapse mechanisms given in Table
4-16, where My, e 1 ricr Mpi,rb,r,rK @3N My s ric are the reduced plastic moment resistances of a T-
shaped column flange including the root fillets region, of a T-shaped beam flange including the root

fillets region and of a rectangular transverse column web stiffener, see Egs. (4-23) to (4-26).

Knowing the plastic collapse mechanism actually developing, a good estimation of AV,f,,E?k,Compl can
be simply obtained by substituting the yield strength o,, of the material by the strength of the material
at necking, i.e. a,,, in Table 4-16 and Eqgs. (4-23) to (4-26). This value can be easily extracted from the
material true stress-strain curve given in Fig. 5-3(b). It is reported in Table 5-3 for the S355 steel
material considered in the numerical simulations. The expression of AV,{ﬁklcomm is reported in Table
5-6 in the particular case of an unstiffened joint only. The shear resistance of the SE is thus always
governed by the fracture of the material.

B. Characterization of the SE deformation capacity

In the model in Fig. 5-8(c), the deformability of the SE is assumed to arise from the deformability of
the hinges only. As a reminder (see Table 4-16), depending on the type of joint configuration, three
types of hinges are likely to develop in the SE, namely four main hinges in the column flanges, and
two to four additional hinges in the beam flanges or in the transverse column web stiffeners.

In the model, it is assumed that all these hinges yield simultaneously and instantaneously for a given
shear deformation yjfE . Therefore, the initial stiffness K;fE can be expressed through Eq. (5-27), where
a disctinction is made between the unstiffened joints, the stiffened interior joints and the stiffened
exterior ones:

1 E- Ifc,T . ..
E- 4- I a unstiffened joints
hfceT " Up
1 AVE 1 E-l E-I E-I
KyE =—- M =4—"14" % + min|{ 4- /ot —;4- L stiffened int. joints (5-27)
n Yy n Lpger - dp Lygprdp Lpsetdp
1 E-1 E-I E-1
= [4 : 4 + min (2 : fbr -4 * *>] stiffened ext. joints
n Lyfer - dp Lygpr-dy’ Lpse-dy

In Eq. (5-27), Ifcr, Is and I, are the second moments of area of a T-shaped column flange, of a T-
shaped beam flange and of a rectangular stiffener, respectively, and Ly ¢c 7, Ly gpr and Ly 5 are the
equivalent lengths of the hinges. The analytical expressions for computing these two geometric
properties are given in APPENDIX D.1 (see Egs. (D-7) and (D-10) for a T-shaped flange and Eqgs. (D-
8) and (D-11) for a rectangular one). In addition, the parameter n in Eq. (5-27) is a stiffness
modification coefficient which accounts for the actual non-linear behaviour of the hinges and for the
fact that not all the hinges will actually form simultaneously. This coefficient has been set at 3.0,
following the EN 1993-1-8 approach.
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Consequently, the yield shear distortion y;,""E of the SE can easily be deduced from Eq. (5-27), as
expressed through Eq. (5-28). The post-plastic stiffness Kg{f is then simply obtained by substituting, in
Eq. (5-27), the Young’s modulus E by the post-plastic modulus E,,,, leading to Eq. (5-29), where a
distinction is made again between the unstiffened joints, the stiffened interior joints and the stiffened
exterior ones. In the post-elastic range, the parameter n can be taken equal to 1.0. Based on these
values, the shear deformation of the SE at necking can be defined through Eqg. (5-30). For sake of
clarity, the parameters K;%, y; %, K55 and v, Were reported in Table 5-6 for unstiffened joints only.

1 AVSE
SE _ y,Rk,compl
VSE = Z. (5-28)
y n K;E
1 [ E, ‘I
S m’—fC'T*] unstiffened joints
n Lyfer-dp
1 [ E, ‘I E -1 E -1
Ksz =<{=-14- Lfﬂ* + min <4- PP fb‘T* 4. PP Si)] stiffened int. joints (5-29)
n Lyfer - dy Lygpr-dy Lpsedy
1 [ E, -I E, -1 E, -1
Z4- =22 TCT 4 min <2 S e L E gy i i St)] stiffened ext.joints
n Lyfer - dy Lygpr-dy Lpse-dp
AVrfgk compl — AVSE
RE, pl y,Rk,compl
Yab =vy" + 5 (5-30)
pp
C. Validation

All the parameters in Table 5-6 being known, the full-range behaviour of the SE can be analytically
predicted for the 20 numerical simulations characterized by PZ ultimate failure mode. Based on the
comparisons between the analytical and numerical results, the full-range model of the SE presented in
Fig. 5-8(c) has been slightly modified to better fit the numerical results. The modified model is
presented in Fig. 5-8(d) and all the parameters of the model are given in Table 5-6. In this model, a
new coefficient has been introduced, namely AC§E. Similarly to the CWP, this coefficient is a fitting
parameter and accounts for the actual stress distribution within the plastic hinges (i.e. not all the fibres
in the hinge start yielding at the same time). This coefficient has been calibrated to the numerical
results: from this calibration, it has been considered that ACySE = 0.9 is reasonable.

A graphical comparison between the numerical results and the modified analytical model is provided
in APPENDIX C (see the light green solid curves and the dark green broken curves in Figs. C-1(d) to
C-32(d), respectively) for the 32 numerical simulations performed within the framework of the
numerical study. The parameters of the analytical (AVSE — y),, curves are given in Tables C-1 to C-
32 in APPENDIX C. Furthermore, the geometric 2" order effects were accounted for, usinga 1/ cosy
factor, see APPENDIX E. As for the numerical (AVSE — y),.m curves, they were derived based on
the procedure presented in APPENDIX B.1.

From this comparison, a good agreement can be observed between the numerical curve and the
analytical model, especially for the 20 numerical simulations characterized by PZ ultimate failure
mode. For these latter, the final shear resistance Afogk,Compl and the final shear distortion nyE of the
SE have been computed through Egs. (5-31) and (5-32). The results are reported in Table 5-9, together
with the predicted ultimate failure mode (i.e. the fracture of the material, MF).

AVf‘s,'}gk,compl = AVrigk,compl (5'31)

Vit = vt (5-32)
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Table 5-8. Description of the final shear resistance VR, »

final shear deformation y

the CWP for the 20 numerical simulations characterized by a PZ failure mode.

cwp
f,compl

and ultimate failure mode of

Category | Category Il
SRS (X=d”, Y="0 (X=7s, Y="1")
omnguration yewp o | vEWE L | Ultfail. [ VERE o | vERE | ULt fail.
(kN) (rad) mode (kN) (rad) mode
NR4-0-X-Y 434.27 0.2116 LBpz / / /
NR4-1-X-Y 436.81 0.2221 LBe; 414.97 0.2110 LBpz
NR16-0-X-Y 977.18 0.0680 LBpz / / /
NR16-1-X-Y 1023.05 0.0764 LBe; 971.90 0.0726 LBpz
A-0-X-Y 435.55 0.2166 LBpz / / /
A-1-X-Y 439.05 0.2310 LBpz / / /
B-0-X-Y 1220.95 0.0702 LBpz / / /
B-1-X-Y 124154 0.0733 LBpz / / /
Category Il Category IV
U (X="d", Y="0.5Ny" (X="s”, Y="0.5Np")
gu VERE ot | YEZE 0| UL fail | VERE o | VEREL | UIL fail.
(kN) (rad) mode (kN) (rad) mode
NR4-0-X-Y 423.69 0.2262 LBpz / / /
NR4-1-X-Y 426.18 0.2364 LBpz / / /
NR16-0-X-Y 954.18 0.0735 LBpz / / /
NR16-1-X-Y 998.96 0.0817 LBpz 949.01 0.0776 LBpz
A-0-X-Y 424.94 0.2311 LBpz / / /
A-1-X-Y 428.37 0.2452 LBpz 406.95 0.2329 LBpz
B-0-X-Y 1190.31 0.0762 LBpz / / /
B-1-X-Y 1210.38 0.0792 LBpz / / /

Table 5-9. Description of the final shear resistance AV,f,ﬁk,wmpl, final shear deformation y,fﬁ,,mpl and ultimate failure mode
of the SE for the 20 numerical simulations characterized by a PZ failure mode.

Category | Category Il
Confiaurati (X="d”, Y="/7 (X="s", Y="/")
OMNGUIBON Ay SE  ompt | Vitompt | Ultfail. |AVEE, comor | ¥iimpe | UIL fail.
(kN) (rad) mode (kN) (rad) mode
NR4-0-X-Y 67.56 0.1369 MF / / /
NR4-1-X-Y 108.94 0.1084 MF 98.37 0.1306 MF
NR16-0-X-Y 187.91 0.1278 MF / / /
NR16-1-X-Y 519.82 0.1558 MF 372.61 0.1365 MF
A-0-X-Y 112.36 0.1367 MF / / /
A-1-X-Y 147.04 0.1334 MF / / /
B-0-X-Y 378.36 0.1344 MF / / /
B-1-X-Y 429.58 0.1332 MF / / /
Category IlI Category IV
A (X="d”, Y="0.5N,") (X="s", Y="0.5N,")
2 Avs,‘gk,compl Vfg,gompl Ult. fail. Avfgk,compl Vfg,gompl Ult. fail.
(kN) (rad) mode (kN) (rad) mode
NR4-0-X-Y 58.84 0.1512 MF / / /
NR4-1-X-Y 100.21 0.1153 MF / / /
NR16-0-X-Y 167.81 0.1388 MF / / /
NR16-1-X-Y 497.60 0.1344 MF 352.53 0.1424 MF
A-0-X-Y 97.86 0.1509 MF / / /
A-1-X-Y 132.55 0.1440 MF 115.20 0.1468 MF
B-0-X-Y 332.36 0.1477 MF / / /
B-1-X-Y 383.63 0.1448 MF / / /
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5.3.1.4 Validation
A. Validation against numerical results
i. Interms of (V —y) curves

Based on the results obtained from Section 5.3.1.2 and Section 5.3.1.3, one can derive the full-range
constitutive model of the PZ component for the 20 numerical simulations characterized by a PZ
ultimate failure mode, using Egs. (2-14) and (2-15). The resulting analytical (V% —y),,, curves are
reported in APPENDIX C (see the dark blue broken curves in Fig. C-1(d) to Fig. C-32(d), which
integrate the geometric 2" order effects, derived in APPENDIX E) where they are compared to the
numerical (VP% — y),..m curves (see the dark blue solid curves in Fig. C-1(d) to Fig. C-32(d), V4
and y being defined in APPENDIX B.1). These graphical comparisons between the analytical and
numerical results show a fairly good agreement for the 20 numerical simulations characterized by a PZ
ultimate failure mode.

Regarding the ultimate failure mode predicted by the analytical model, it is obtained as the minimum
between the ultimate failure mode of the CWP (see Table 5-8) and the ultimate failure mode of the SE
(see Table 5-9). The values of the predicted ultimate failure mode, final shear resistance Vf}_’ gk_wm,,l

and final shear deformation y;), fompl are reported in Table 5-10, Table 5-11 and Table 5-12 where they

are compared to the observed ones coming from the numerical simulations. These comparisons are
conducted on the basis of the performance indicator E and the colour code defined in Table 3-1. Based
on the analysis of the results in Table 5-10, Table 5-11 and Table 5-12, the analytical results can be
classified into two main categories, according to the predicted level of shear buckling:

e When the predicted shear buckling of the CWP occurs in the post-plastic range (see Eg.
(5-15)), this latter governs the ultimate resistance of the PZ. This is observed in the numerical
simulations performed with the NR16 and B models. In this case, the analytical model
accurately predicts the actual ultimate failure mode observed in the numerical simulations, see
Table 5-10. The level of resistance at failure is also rather well predicted, as the model
features a high level of accuracy for three numerical simulations and a moderate level of
accuracy for the seven remaining simulations, see Table 5-11. Regarding the prediction of the
deformation capacity, the model is less efficient as it underestimates, sometimes significantly,
the actual shear deformation capacity yfZ,,,, of the PZ, see Table 5-12. This is due to the fact

,num
that, for some numerical simulations, the shear buckling of the CWP is predicted in the post-
plastic range while it actually occurs in the flowed range. Given the small stiffness of the
flowed range with respect to the post-plastic range, this small difference of shear resistance
can lead to a significant scatter in terms of shear deformation.

e When the predicted shear buckling of the CWP occurs in the flowed range (see Eq. (5-15)),
the PZ ultimate failure mode is governed by the fracture of the material in the SE, rather than
the shear buckling of the CWP. This is observed for the numerical simulations performed with
the NR4 and A models. In this case, the analytical model mispredicts the actual ultimate
failure mode observed in the numerical simulations, see Table 5-10. However, the model
shows good performances in terms of both the prediction of the final shear resistance of the
PZ (see Table 5-11), and the prediction of the shear deformation capacity of the PZ (see Table
5-12). For the former, the model features a high level of accuracy for five numerical
simulations and a moderate level of accuracy for the five other ones. For the latter, the model
features a low level of accuracy for three numerical simulations only, with a maximum
relative error of 20%.

At the end, the complex analytical model developed in the present Section 5.3.1 turns out to provide a
fairly good, but sometimes conservative, estimation of the full-range behaviour of the PZ up to failure.
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Table 5-10. Comparisons between the predicted and observed ultimate failure modes for the 20 numerical simulations

characterized by a PZ ultimate failure mode.

Category | Category Il
Configuration (X="d", Y="/") (X="s", Y="/")
Observation Prediction Observation Prediction
NR4-0-X-Y LBpz MF / /
NR4-1-X-Y LBpz MF LBpz MF
NR16-0-X-Y LBpz LBpz / /
NR16-1-X-Y LBpz LBpz LBpz LBpz
A-0-X-Y LBpz MF / /
A-1-X-Y LBpz MF / /
B-0-X-Y LBpz LBpz / /
B-1-X-Y LBpz LBpz / /
Category IlI Category IV
Configuration (X="d”, Y="0.5Np") (X="s”, Y="0.5Np")
Observation Prediction Observation Prediction
NR4-0-X-Y LBpz MF / /
NR4-1-X-Y LBpz MF / /
NR16-0-X-Y LBpz LBpz / /
NR16-1-X-Y LBpz LBpz LBpz LBpz
A-0-X-Y LBpz MF / /
A-1-X-Y LBpz MF LBpz MF
B-0-X-Y LBpz LBpz / /
B-1-X-Y LBpz LBpz / /

Table 5-11. Comparisons between V/Z, .;mp: and ViZy 1, for the 20 numerical simulations characterized by a PZ ultimate

failure mode.
Category | Category Il
T (X=d”, Y= X="", Y="/"
onfiguration Vf Rknum Vf Rk,compl E Vf Rknum Vf Rk,compl E
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 459.6 483.7 5.25 / / /
NR4-1-X-Y 490.8 518.2 5.58 464.9 493.8 6.23
NR16-0-X-Y 1,179.1 1,118.8 -5.12 / / /
NR16-1-X-Y 1,535.8 1,402.7 -8.66 1,338.4 1,252.5 -6.41
A-0-X-Y 530.7 528.5 -0.41 / / /
A-1-X-Y 552.4 562.4 1.80 / / /
B-0-X-Y 1,510.7 1,504.2 -0.43 / / /
B-1-X-Y 1,622.2 1,569.0 -3.28 / / /
Category Il Category v
Configuration (X=7d7, Y=70.5N0) (X757 Y=70.9N07)
Vf Rknum Vf Rk,compl E Vf Rknum Vf Rk,compl E
(kN) (kN) (%) (kN) (kN) (%)
NR4-0-X-Y 441.3 464.3 5.21 / / /
NR4-1-X-Y 467.3 497.0 6.36 / / /
NR16-0-X-Y 1,103.1 1,071.4 -2.87 / / /
NR16-1-X-Y 1,473.2 1,385.7 -5.93 1,286.3 1,208.4 -6.06
A-0-X-Y 498.2 503.4 1.03 / / /
A-1-X-Y 524.7 536.4 2.22 490.0 501.3 2.30
B-0-X-Y 1,334.0 1,416.7 6.20 / / /
B-1-X-Y 1,373.2 1,482.5 7.96 / / /
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Table 5-12. Comparisons between yfZ,.,,; and yf7,, for the 20 numerical simulations characterized by a PZ ultimate
failure mode.

Category | Category Il
Confi " X="d>,Y="/" X="s", Y="/7
ontiguration V)I:,%um V}:,gompl E yfl'::ium y}f,gompl E
(rad) (rad) (%) (rad) (rad) (%)
NR4-0-X-Y 0.1369 0.1369 0.00 / / /
NR4-1-X-Y 0.1265 0.1084 -14.31 0.1443 0.1306 -9.49
NR16-0-X-Y 0.0887 0.0680 -23.34 / / /
NR16-1-X-Y 0.1215 0.0764 -37.12 0.1236 0.0726 -41.26
A-0-X-Y 0.1715 0.1366 -20.35 / / /
A-1-X-Y 0.1535 0.1334 -13.09 / / /
B-0-X-Y 0.1198 0.0702 -41.40 / / /
B-1-X-Y 0.1453 0.0733 -49.55 / / /
Category IlI Category IV
. . (X="d”, Y="0.5Np") (X="s", Y="0.5Np")
S V;),rzlum V;D,gompl E V;J,rzlum y]f,gompl E
(rad) (rad) (%) (rad) (rad) (%)
NR4-0-X-Y 0.1453 0.1512 4.06 / / /
NR4-1-X-Y 0.1215 0.1153 -5.10 / / /
NR16-0-X-Y 0.0787 0.0735 -6.61 / / /
NR16-1-X-Y 0.1144 0.0817 -28.58 0.1279 0.0776 -39.33
A-0-X-Y 0.1531 0.1509 -1.44 / / /
A-1-X-Y 0.1377 0.1440 4.58 0.1489 0.1468 -1.41
B-0-X-Y 0.0741 0.0762 2.83 / / /
B-1-X-Y 0.0698 0.0792 13.47 / / /
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ii. In terms of (M — @) curves

Based on this new model for the prediction of the PZ behaviour up to failure, one can assess the ability
of the “extended” component method to predict the full (M’ — CD)num curves of the 32 joints

considered in the present parametric study. These curves can be obtained from the assembly of the
deformation curves of each individual active component in the joint, following the exact same
procedure as the one presented in Section 3.3.1.2. This procedure is briefly recalled here below.

As a first step, the (V% — y),,, curves derived in the previous section are translated into (M?% — y) 4,
curves using Eqgs. (4-27) and (4-28). These equations, which are more general versions of Eq. (3-5),
have been obtained by isolating P in Egs. (B-8) and (B-12) and injecting this value in Eq. (B-20). The
so-obtained (M*% — y),, curves are depicted in Appendix C (see the dark blue solid curves in Figs.
C-1(f) to C-32(f)) for the 32 numerical simulations considered in the parametric study.

Secondly, the (F€¢ — A¢),, curves (subscript “c” standing for CWC*, CWT, CFB or BFC) can be
analytically derived for all the other active components, using: (i) the analytical expressions provided
in Table 2-2 for the description of the component elasto-plastic behaviour and (ii) the procedure
suggested by Jaspart (see Section 2.2.3.2) for the description of the component post-plastic behaviour
up to failure. The main parameters of these (F¢ — A€),, curves are given in Appendix C (see Tables
C-1 to C-32) for each numerical simulation. These curves were then transformed into (M€ — ¢ )4,
curves, by applying Eq. (3-5). The so-obtained (M€ — ¢¢),, curves are depicted in Appendix C for
each numerical simulation (see Figs. C-1(f) to C-32(f), where the solid green, pink, purple and blue
curves are associated to the CWC*, CWT, CFB and BFC components, respectively). The main
parameters of these (M€ — ¢ )., curves are reported in Tables C-1 to C-32. It is noteworthy that: (i)
the resistance of the BFC was limited to the plastic resistance to account for the risk of local buckling,
as explained in Section 3.3.1.2, and (ii) the characterization of the CWC* was carried out following
the procedure developed in [21].

The component (M*? —y),,, and (M€ — ¢°),, deformation curves were eventually assembled to
obtain the overall joint (Mf - q))an curves. These curves are depicted in Appendix C (see the bolded

red solid curves in Figs. C-1(f) to C-32(f)) for the 32 numerical simulations, where they are compared
to the numerical (M’ —CD)num curves which can be obtained from the procedure described in

Appendix B.2.

To facilitate the comparisons between the numerical results and the analytical predictions, the

predicted ultimate failure mode, ultimate bending moment resistance M{;,ercompl and ultimate rotation

capacity ®,, .,mp; are reported in Table 5-13 to Table 5-15 for each numerical simulation, where they
are compared to the numerical ones. These comparisons are conducted on the basis of the performance
indicator E and the colour code defined in Table 3-1. The following observations can be made from
Table 5-13 to Table 5-15 and Figs. C-1(f) to C-32(f) in Appendix C:

e For 18 of the 32 numerical simulations, the model predicts a PZ ultimate failure mode, see

Table 5-13. For these simulations, both MiRk'num and ®,, .., Values are predicted with a

fairly reasonable level of accuracy (see the discussion here above). The observed failure mode
is also correctly predicted for all 18 numerical simulations, which gives confidence in the full-
range PZ model developed in the present CHAPTER 5.

e For six numerical simulations, the analytical model predicts a CFB ultimate failure mode, see

Table 5-13. For these simulations, the ultimate bending moment resistance M{;'Rk,num and the
ultimate rotation capacity ®,, ,,,.,, are significantly underestimated by the analytical model, as
shown in Table 5-14 and Table 5-15, respectively. The observed failure mode is also

mispredicted for one numerical simulation (namely the B-0-d-/ simulation, see Table 5-13).
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From the author’s point of view, these discrepancies arise from two main causes: (i) the
consideration of the engineering material properties (instead of the true ones) for the

computation of Mi,Rk,compz and (ii) the non-consideration of the CFB deformability in the

derivation of @, .,m;, (the latter being accounted for in the deformation of the beam),
whereas it is actually included in the numerical (M/ —®)  curves (since the procedure

described in Appendix B.2 does not allow to differentiate the CFB deformability from the
total rotation ¢ of the connection). Addressing these two issues would most likely bring the
analytical and numerical (Mf — cp) curves closer to each other and change the predicted
ultimate failure mode in the simulation B-0-d-/ from CFB to PZ, the latter being the one
observed in the numerical simulation.

For five numerical simulations, the model predicts a CWC* ultimate failure mode, see Table

5-13. For these simulations, the ultimate bending moment resistance M{;’Rk’num and the

ultimate rotation capacity ®,, ,,,,,, are significantly underestimated by the model, as shown in
Table 5-14 and Table 5-15, respectively. The observed failure mode is also mispredicted for
four of the five numerical simulations, see Table 5-13. According to the author, these
discrepancies arise from the non-consideration, in the numerical simulations, of an equivalent
geometric imperfection associated to the potential local buckling of the CWC* component.
Indeed, the initial geometric imperfection is known to influence significantly the CWC*
buckling resistance and, consequently, the ultimate deformation capacity of the CWC*.
Introducing such geometric imperfection in the models would most likely reduce both

M{;‘Rk‘num and @, ..., numerical values, thus bringing the analytical predictions closer to the
numerical results.

For the last three numerical simulations (i.e. the NR4-0-s-0.5Npl, NR4-0-d-0.5Npl and A-0-s-
0.5Npl simulations), the governing failure mode is the global buckling of the column, see
Table 5-13. This failure mode bypasses the failure of the joint, which makes these numerical

results irrelevant in the present study.

Table 5-13. Comparisons between the predicted and observed ultimate failure modes in the numerical simulations.

Category | Category Il
Configuration X=d>, Y="/") X="s", Y=")
Observation Prediction Observation Prediction
NR4-0-X-Y LBp, PZ MF cCwc*
NR4-1-X-Y LBp, Pz LBp, Pz
NR16-0-X-Y LBp, PZ LBy cwcr
NR16-1-X-Y LBp, PZ LBy, PZ
A-0-X-Y LBpy PZ MF cwcr
A-1-X-Y LBp, PZ MF CFB
B-0-X-Y LBp, cwcr MF CFB
B-1-X-Y LBp, CFB MF CFB
Category IlI Category IV

Configuration

(X:”d”’ Y:”O‘ 5Np|”)

(X:,’S,’, Y:”O,SNpl,,)

Observation Prediction Observation Prediction
NR4-0-X-Y LBp, PZ GB, /
NR4-1-X-Y LBp, PZ GB, /
NR16-0-X-Y LBp, PZ LBy cwcr
NR16-1-X-Y LBp, PZ LBpy PZ
A-0-X-Y LBp, PZ GB, /
A-1-X-Y LBp, PZ B PZ
B-0-X-Y LBp, PZ MF CFB
B-1-X-Y LBp, PZ MF CFB




5.3 ANALYTICAL PART 190
Table 5-14. Comparisons between Mli,Rk,compl and MiRk‘num.
Category | Category Il
Confi i (X="a, Y="/ X="s", Y="/"
on Igura on Mljt,Rk,num Mljt,Rk,compl E M{z,Rk,num Mljt,Rk,compl E
(kNm) (kNm) (%) (kNm) (kNm) (%)
NR4-0-X-Y 79.6 83.1 4.40 142.0 130.4 -8.17
NR4-1-X-Y 85.1 88.9 4.47 158.0 167.9 6.27
NR16-0-X-Y 320.9 298.3 -7.04 583.5 414.4 -28.98
NR16-1-X-Y 416.2 379.6 -8.79 709.7 676.4 -4.69
A-0-X-Y 53.0 52.3 -1.32 90.4 79.2 -12.39
A-1-X-Y 55.3 55.9 1.08 96.5 83.0 -13.99
B-0-X-Y 237.9 218.3 -8.24 346.6 236.8 -31.68
B-1-X-Y 254.5 236.8 -6.95 352.5 236.8 -32.82
Category IlI Category IV
Confiaurati (X="d”, Y="0.5Nyp") (X="s", Y="0.5Ny")
Sl M1]1,Rk,num Mé,Rk,compl E Ml{t,Rk,TLum Mi,Rk,compl E
(kNm) (kNm) (%) (kNm) (kNm) (%)
NR4-0-X-Y 51.3 54.8 6.82 93.6 / /
NR4-1-X-Y 59.5 66.1 11.09 98.8 / /
NR16-0-X-Y 251.5 236.4 -6.00 450.4 414.4 -7.99
NR16-1-X-Y 328.8 312.0 -5.11 522.9 546.8 4.57
A-0-X-Y 34.6 36.1 4.34 62.5 / /
A-1-X-Y 38.8 39.6 2.06 68.5 71.7 4.67
B-0-X-Y 177.4 187.9 5.92 292.5 236.8 -19.04
B-1-X-Y 185.6 190.5 2.64 325.0 236.8 -27.14
Table 5-15. Comparisons between @, ;omy; and @y 7,
Category | Category Il
Configuration X=d? YT S i
g ‘:Du,num CI)u,compl E (Du,num (Du,compl E
(rad) (rad) (%) (rad) (rad) (%)
NR4-0-X-Y 0.1225 0.1310 6.94 0.0990 0.0607 -38.69
NR4-1-X-Y 0.1129 0.0989 -12.40 0.1317 0.1172 -11.01
NR16-0-X-Y 0.0758 0.0677 -10.69 0.0909 0.0183 -79.87
NR16-1-X-Y 0.1043 0.0749 -28.19 0.1083 0.0715 -33.98
A-0-X-Y 0.1574 0.1311 -16.71 0.1446 0.0555 -61.62
A-1-X-Y 0.1414 0.1235 -12.66 0.1474 0.0422 -71.37
B-0-X-Y 0.1096 0.0604 -44.89 0.1724 0.0096 -94.43
B-1-X-Y 0.1375 0.0602 -56.22 0.1580 0.0023 -98.54
Category IlI Category IV
. . (X="d”, Y="0.5Np") (X="s", Y="0.5Np")
Conflguratlon cI)u,num CI)u,compl E cbu,num (Du,compl E
(rad) (rad) (%) (rad) (rad) (%)
NR4-0-X-Y 0.1379 0.1460 5.87 0.0545 / /
NR4-1-X-Y 0.1172 0.1098 -6.31 0.0469 / /
NR16-0-X-Y 0.0681 0.0663 -2.64 0.0882 0.0485 -45.01
NR16-1-X-Y 0.0986 0.0716 -27.38 0.1202 0.0753 -37.35
A-0-X-Y 0.1430 0.1360 -4.90 0.1122 / /
A-1-X-Y 0.1281 0.1377 7.49 0.1531 0.1432 -6.47
B-0-X-Y 0.0679 0.0804 18.41 0.1195 0.0115 -90.38
B-1-X-Y 0.0639 0.0698 9.23 0.1359 0.0046 -96.62
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B. Validation against experimental results

As a second validation step, the performances of the new full-range analytical model were assessed
through comparisons with the 12 experimental results on welded joints reported in Table 3-2. Among
them, four tests (namely the tests NR2, NR3, NR4 and NR7) were excluded from the study since the
strain-hardening and ultimate material properties are not available. The comparisons were conducted
on the basis of the experimental (M’ — d))exp curves of the joints. Therefore, the component method

was applied, similarly to what was done in Section 3.3.1.2 where the performances of the Jaspart
model were evaluated against the same experimental results. This procedure firstly requires the
characterization of the PZ component in terms of its (M?? —y),, deformation curve and the
characterization of the other active components in terms of their (M€ — ¢ ) 4,, deformation curves. As
a second step, these (MP% —y),,, and (M€ — ¢€),,, curves need to be assembled to get the overall
(M) — @) curve of the joint. The latter can eventually be compared to the experimental (M/ —

d))exp curve for each of the eight relevant experimental results on welded joints.

Defining an adequate material model for the characterization of the material laws is a preliminary step
to the characterization of the components’ behaviour. The PZ full-range model developed in the
present CHAPTER 5 requires quad-linear material laws as input. So far, two types of quad-linear
material models have been contemplated in the present thesis, namely: (i) the sophisticated EN 1993-
1-14 model in CHAPTER 4 (see Section 4.2.2) and (ii) the simpler ECCS model in the present
CHAPTER 5 (see Section 5.2.2). These two material models will be considered and compared in the
present study, the goal being to investigate the influence of the material modelling on the accuracy of
the predictions at the component level.

Particular attention will be paid to three test results, namely tests BCC5-E, E1.1 and E1.2, for which
the coupon test results are available for the columns and beams’ webs and flanges. These results are
presented in Fig. 5-10 in terms of engineering stress-strain curves (see the black dashed curves in Fig.
5-10), thereby allowing the investigation of the performances of the ECCS and EN 1993-1-14 material
models. The engineering stress-stress curves, reconstructed with the two material models, are also
plotted in Fig. 5-10 (see the blue and orange solid curves, obtained with the ECCS and EN 1993-1-14
model, respectively). Comparisons with the experimental curves show that the more advanced EN
1993-1-14 material model performs better than the simpler ECCS one, even though it sometimes
underestimates the actual deformation capacity of the steel material.

Based on these two material models, two analytical (M’ — CIJ)an curves can be derived for each
relevant experimental result. The graphical comparisons with the experimental (M/ — d))exp curves
are provided in Appendix A (see Figs. A-1(h) to A-12(h)), where several curves are depicted:

o the (M¢— ¢°),n curves of the CFB and BFC components, plus the CWC* and CWT
components, when relevant (see the purple, sky-blue, green and pink solid curves in Figs. A-
1(h) to A-12(h), respectively);

e the (MP? —y),, curves of the PZ component, obtained with the ECCS and En 1993-1-14
material models (see the blue solid and dashed curves in Figs. A-1(h) to A-12(h),
respectively);

o the (M - CD)an curves of the joints, obtained from the assembly of the different components’

moment-rotation curves (see the bolded red solid and dashed curves in Figs. A-1(h) to A-
12(h), the former being derived with the ECCS material model and the latter with the EN
1993-1-14 one);

e the experimental (M’ — CD)exp curves associated to each relevant experimental result (see the
black solid and dashed curves in Figs. A-1(h) to A-12(h)).
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Fig. 5-10. Comparisons between the coupon test results and the ECCS and EN 1993-1-14 models for the test results BCC5-E
and E1.1: (a) HEB160 column web, (b) HEB160 column flanges, (c) IPE300 beam web, (d) IPE300 beam flanges, (e)
HEB240 column web, (f) HEB240 column flanges, (g) IPE400 beam web and (h) IPE400 beam flanges.

(h)
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The following conclusions can be drawn from the visual comparisons between the analytical and
experimental results in Figs. A-1(h) to A-12(h), see Appendix A:

e For the test B1, a really good agreement is observed between the experimental (M7 — d))exp

curve and the analytical (M’ — d))an prediction when the ECCS material model is used (see

the blue solid curve in Fig. A-1(h)). This suggests that the PZ behaviour is accurately
predicted with the new proposed analytical model. By contrast, when the EN 1993-1-14
material model is used, significant discrepancies are observed after the initiation of strain-
hardening. These observations suggest that the EN 1993-1-14 material model poorly predicts
the material post-plastic modulus E,,, for this specific test.

As regards the ultimate failure mode, it is correctly yet conservatively predicted. This
conservative result arises from the computation of the ultimate resistance of the BFC, which
uses the yield material properties instead of the ultimate ones to account for the possible risk
of local buckling. More accurate predictions would be possible when a formula accounting for
that risk becomes available in the code.

e For the test BCC5-E, it can be observed that the PZ behaviour is rather well predicted when
the ECCS material model is used even though the deformation capacity is slightly
underestimated (see the blue solid curve in Fig. A-6(h)). By contrast, the analytical curve
obtained with the EN 1993-1-14 material model is more consistent in terms of deformation
capacity, but underestimates the actual PZ deformation curve. These results may look
contradictory as the analysis of the coupon tests in Fig. 5-10(a)-(d) shows more reliable
predictions with the EN 1993-1-14 material model. An explanation for these unexpected
conservative predictions may come from the derivation of the 5 parameter, which was used to
transform the (VP% —y),,, curve into an (MP% —y),, curve. This parameter, which can be
derived from Eq. (3-3), accounts for the shear effect in the column. The BCC5-E test setup
being statically undetermined (see Fig. A-6(a)), an assumption was made for the distribution
of the bending moment in the column (i.e. b = 0.25 in Eq. (3-3)), thereby allowing the
derivation of 8. Consequently, the model imprecision may be attributed to this assumption.

As regards the ultimate failure mode, it is significantly underestimated by the model. This is
due to the misprediction of the actual ultimate failure mode. Indeed, the model predicts a CFB
failure mode whereas the experimental test was stopped due to the initiation of local buckling
in the BFC. From the author’s point of view, this misprediction arises from the computation of
the CFB ultimate resistance which uses the engineering material properties instead of the true
ones, thereby leading to the underestimation of the actual CFB ultimate resistance.

e For the tests XU-W1 and XU-CWP1, it can be seen from Figs. A-7(h) and A-8(h) in Appendix
A that the model works well, especially when the ECCS material model is used for the
characterization of the material laws.

However, the model fails in predicting the actual failure mode, i.e. the fracture of the welds at
the beam-to-column interface. This is because this failure mode is beyond the scope of the
present thesis which assumes the welds to be fully resistant (i.e. no brittle failure in the welds,
see Section 5.1.2).

e Forthetests E1.1 and E1.2 (see Figs. A-9(h) and A-10(h) in Appendix A), it can be seen that
the model works pretty well too, regardless of which material model is used. This is easily
understandable given that both ECCS and EN 1993-1-14 models show very similar results in
terms of prediction of the material laws in Fig. 5-10(e)-(f).
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The actual failure mode (i.e. the local buckling of the CWC*) is also very well captured by the
model, what gives confidence in the new procedure developed in ([21], [22]) for the
characterization of the CWC* behaviour up to failure.

o For the test CP-R-M, it can be seen from Fig. A-11(h) in Appendix A that the model predicts
very well the elasto-plastic behaviour of the joint, regardless of which material model is used.
However, once strain-hardening initiates, the two predictions of the PZ behaviour, obtained
with the ECCS and EN 1993-1-14 models, start diverging quite significantly from each other.
The same observation was made for the test B1, but, here, none of the two predictions
succeeds in accurately capturing the actual post-plastic behaviour of the joint. The former
overestimates the post-plastic stiffness, thus leading to the underestimation of the ultimate
deformation capacity; and the reverse applies for the latter.

This observation emphasizes the importance of a very careful modelling of the material laws,
especially the post-plastic ranges of the latter.

o For the test No. 3, shear buckling occurred in the PZ, somewhere in between the rotations & =
0.05 and ® = 0.15 (see Fig. A-12(h) in Appendix A), but the exact rotation at which the shear
buckling initiated in the PZ was not specified in [117]. The push over test was carried on
beyond the PZ shear buckling but, it was stopped before fracture occurs in the material, due to
the attainment of the test setup limitations. Based on these observations, it can be concluded
from Fig. A-12(h) in Appendix A that the model predicts very well the PZ behaviour up to the
shear buckling of the PZ (highlighted with the blue triangles in Fig. A-12(h)). The analytical
prediction obtained with the EN 1993-1-14 material model outperforms a little bit the one
derived with the ECCS material model.

Assuming that the shear buckling of the PZ is allowed, the post-buckling behaviour of the PZ
is very well predicted too (see the final dotted part of the blue curves in Fig. A-12(h)). With
the EN 1993-1-14 material model, the actual deformation capacity of the PZ can be captured,
whereas the deformation capacity is limited by the fracture of the material in the SE
(highlighted with a blue square in Fig. A-12(h)) with the ECCS material model.

Based on these comparisons, it can be concluded that the new complex analytical model, which was
developed in the present Section 5.3.1, shows rather good performances in terms of prediction of the
PZ behaviour up to failure. However, an important outcome from this study is the high sensitivity of
the model to the specimen material laws used as inputs in the model. Significant attention must thus be
paid to the modelling of the material laws.
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5.3.2 Simplified analytical model

5.3.2.1 Introduction

From the author’s point of view, the derivation of a simplified analytical model for the prediction of
the PZ full-range behaviour is of moderate interest. In fact, when it comes to the prediction of the joint
ductility, sophisticated numerical tools will be used thereby allowing the integration of more accurate
complex full-range analytical models, such as the one derived in the previous Section 5.3.1.

However, there is a clear need for improved analytical expressions for the prediction of the PZ initial
stiffness K%, plastic shear resistance V)2, im,; @nd deformation capacity yf%;,,,;. Indeed, it was
shown in Section 3.3.1.1 that the current EN 1993-1-8 formulae, taken from the Jaspart model (see
Table Table 2-6), significantly overestimates the actual PZ initial stiffness and plastic resistance in
many cases. In addition, a simplified criterion for the prediction of the deformation capacity Y)f,gimpl
of the PZ is also required, as it was shown in Section 2.2.3.1 that almost no information is provided in
the EN 1993-1-8 as regards the deformation capacity of the individual components, thus preventing
any ductility prediction at the joint level. The prediction of the plastic shear resistance has already
been addressed in Section 4.3.2. The following Sections 5.3.2.2 and 5.3.2.3 focus on the two
remaining parameters, namely the elastic stiffness and ultimate deformation capacity, respectively.
‘o PZ
5.3.2.2 Elastic stiffness K, 5impi

As regards the initial stiffness, the complex analytical expression, given in Eq. (5-16), has been
simplified by neglecting the bending deformation mode, thus leading to Eq. (5-33), where G is the

shear modulus and A5 the simplified shear area given in Fig. 4-12:

PZ _ pCWP  _ pCWP _ . 2Simpl
Ky,simpl — By,simpl — By,sh =G AVC (5'33)

Both complex (see Eq. (5-16)) and simplified (see Eq. (5-33)) analytical expressions have been
applied to the 16 non-axially loaded numerical simulations considered in the parametric study (see
Section 5.2.3). The results are reported in Table 5-16, where they are compared to the numerical

values K; %, coming from the numerical simulations. These comparisons are conducted on the basis

of the performance indicator E and the colour code defined in Table 3-1. From Table 5-16, it can be
concluded that the simplified analytical model performs very well, with a relative error E ranging from
—10.22% to +9.62% while the complex analytical model is a bit more conservative, the relative error
E ranging from —=19.22% to +3.38%.

As a second validation step, Egs. (5-16) and (5-33) were also applied to the six relevant experimental
results on welded joints reported in Table 3-6. The results are summarized in Table 5-17 in terms of

the S/ and S/ values, the latter being obtained by applying Egs. (3-1) and (3-2). The

ini,compl ini,simpl

comparisons with the Sijm.lexp values, coming from Table 3-4, are conducted again on the basis of the

performance indicator E and the colour code defined in Table 3-1. From these comparisons, a fairly

good agreement can be observed between the analytical predictions Sij;u. compr @Nd Si’;u. simp1 and the

experimental observations Si’;u. exp TOr the three tests results on interior joints (namely tests XU-W1,

XU-CWP1 and CP-R-M). By contrast, significant discrepancies are observed for the three test results
on single-sided joints (namely tests B1, BCC5-E and No. 3). Potential reasons that may explain these
dispersions were given in Section 3.3.1.1. For the tests B1 and BCCE, the assumption of fixed
supports, which was made for the derivation of the  parameter can be pointed out, while for the test
No. 3, this scatter may be attributed to the faulty recording of the initial test data.
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Proposal for amendment of the prEN 1993-1-8:

N.B.: The final proposal for the improved PZ model, suggested for inclusion in the forthcoming
prEN 1993-1-8, is summarized in Appendix F. It includes amendments of the current EN 1993-1-8
expressions for the initial stiffness and plastic resistance and a proposal for a ductility criterion.

For the prediction of the initial stiffness of the PZ component, it is proposed to replace the current
EN 1993-1-8 expression, taken from the Jaspart model (see Table Table 2-6), by the simplified
expression proposed in Eq. (5-33). The main difference between the two expressions is the effective
shear area which is used, namely 452" in the former and A5¢""" in the latter. It is also suggested
to use this new expression for both stiffened and unstiffened joints. The complete proposal is
summarized in Appendix F.1 and has been proven to perform well against numerical and
experimental results. From a consistency point of view, it should also be mentioned that this new
proposal for the initial stiffness is in line with the new proposal made for the prediction of the

plastic shear resistance of the PZ, where the use of A5+ is also recommended.

Table 5-16. Comparisons between K21, Ky % and K2 .

Category |
A X="d", Y="")
Configuration K % K;/),gompl E Kf;,fimpz E
(kN) (kN) (%) (kN) (%)
NR4-0-X-Y 109,669.6 88,589.8 -19.22 103,384.6 -5.73
NR4-1-X-Y 108,633.9 88,589.8 -18.45 103,384.6 -4.83
NR16-0-X-Y 291,050.3 243,718.1 -16.26 266,538.5 -8.42
NR16-1-X-Y 296,883.2 243,718.1 -17.91 266,538.5 -10.22
A-0-X-Y 94,3141 97,498.3 3.38 103,384.6 9.62
A-1-X-Y 99,467.8 97,498.3 -1.98 103,384.6 3.94
B-0-X-Y 362,316.6 319,984.5 -11.68 329,538.5 -9.05
B-1-X-Y 341,971.9 319,984.5 -6.43 329,538.5 -3.64
Category Il
. . (X="s", Y="/")
Configuration K Zom K ypfomm E K ;gimpl £
(kN) (kN) (%) (kN) (%)
NR4-0-X-Y 108,575.7 88,589.8 -18.41 103,384.6 -4.78
NR4-1-X-Y 107,211.9 88,589.8 -17.37 103,384.6 =cai
NR16-0-X-Y 286,532.3 243,718.1 -14.94 266,538.5 -6.98
NR16-1-X-Y 287,108.4 243,718.1 -15.11 266,538.5 -7.16
A-0-X-Y 108,757.5 97,498.3 -10.35 103,384.6 -4.94
A-1-X-Y 106,057.3 97,498.3 -8.07 103,384.6 -2.52
B-0-X-Y 344,220.9 319,984.5 -7.04 329,538.5 -4.27
B-1-X-Y 339,720.6 319,984.5 -5.81 329,538.5 -3.00
Table 5-17. Comparisons between Sijni’wmpl, Si};li,simpl and Sijni’exp for the six relevant welded tests coming from Table 3-2.
No. Specimen Si]ni,exp Si]ni,compl E Si]ni,simpl E
(kNm/rad) | (kNm/rad) (%) (kNm/rad) (%)
1 Bl 363,636.4 495,927.5 36.38 548,500.4 50.84
6 BCC5-E 23,325.0 35,594.7 52.60 40,499.1 73.63
7 XU-W1 59,429.0 56,118.8 -5.57 59,160.8 -0.45
8 | XU-CWP1 62,939.0 63,476.8 0.85 67,654.8 7.49
11 CP-R-M 51,166.7 52,023.4 1.67 54,660.7 6.83
12 No. 3 7,068.2 19,917.9 181.80 20,207.2 185.89
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5.3.2.3 Ultimate deformation capacity yfsm,p,

Practically speaking, it was observed in Section 5.2 that the failure of the PZ, most of the time, occurs
in the flowed range. It is due either to the fracture of the material in the SE, or to the shear buckling of
the CWP. However, the flowed range is characterized by a very small stiffness. This makes it difficult
to define a reliable (i.e. safe) ductility criterion in this range as any small overestimation of the shear
resistance could cause significant overestimation of the shear deformation capacity. Consequently, the
author suggests the use of ¥ i.e. the ultimate shear deformation of the CWP at the end of the post-
plastic range (see the left column in Table 5-5 and Fig. 5-8(a)), as a safe but simple criterion for the
prediction of the PZ shear deformation capacity ¥/ -

Based on the assumption that was made in Section 5.3.1.2 of a quad-linear model for the CWP
behaviour, the ultimate shear deformation y"? of the CWP can be derived step by step, by
computing first the elastic and post-plastic shear deformations y;"* and y,5'" of the CWP. The
general expressions of the latter are given in Table 5-5, yet they are recalled in Eq. (5-34) and Eq.
(5-35) respectively, where they are further developed. Based on Eg. (5-34) and Eq. (5-35), a general
expression can be obtained for y$WF, see Eq. (5 36), which can be used as a general criterion for the
prediction of the shear deformation capacity /%, of the PZ. In Egs. (5-34) to (5-36), ,*"%, ,5*P
and V,.S"P were derived using the simplified expressions given in Egs. (4-29) to (4-33), and assuming
xi and y,, equal to 1.0; KfWP was derived using the simplified expression given in Eq. (5-33); and AE
and Ep, were obtained from Table 5-3. Furthermore, the engineering and true strains are assumed to
be small enough (i.e. significantly smaller than 1.0) in such a way that they can be used indistinctly
from each other, as expressed through Eq. (5-37).

CWP simpl
yCWP — Vy — AVC _ Ty — 9y (5_34)
y K}§WP G A;Lénpl V3G
CWP simpl simpl _
yowP = CWP+Vm7 P-vy CWP _|_Avc Top—Avc Ty cwp 4 3. % % 1
pp y AE  simpl y AE  simpl y
3 AVC 3 AVC \/§ AE
= yCWP 4 3. Ipp—% , Epp~8 _ ., CWP + = geng eng
vy rER b A M G ) (5-35)
CWP CWP simpl __ _  simpl, _
yEWP = CWP+ —Vpp yCWP +Avc Tu—Ayc Tpp cwp 4 3. %" %p 1
CWP E "
u pp Koy gp_A‘s/lglpl pp V3 Epp
— .,CWP 9u—%p , Eu"Epp cwp 4 3 cwPpP eng _ _eng
=Y t3 75 o, T Yep + = (eu—ep) 5P+ = (e =) (5-36)
with:

=In(1+¢")~e™  withey? <1
gp =In(1+¢,,9) = se"g with e,,9 « 1 (5-37)
=In(1+¢& %)~ sﬁ"g withe, ™ « 1

Egs. (5-34) to (5-36) are functions of the parameters (i.e. G, gy, £,", £;,7 and &;; ?) of the material

stress-strain curve of the CWP. Among them, the different strain levels ee”g op- and &;? are hardly

ever known from the coupon tests. This is problematic as it makes the use of Eqg. (5-36) less
straightforward and subsequently less attractive as a simple criterion for the prediction of the PZ shear
deformation capacity. Therefore, these different strain levels have been estimated, using the two
material models which have been contemplated in the present thesis for the characterization of the
material laws, namely: (i) the sophisticated EN 1993-1-14 model in CHAPTER 4 (see Table 4-3 in
Section 4.2.2) and (ii) the simpler ECCS model in the present CHAPTER 5 (see Table 5-2 in Section



5.3 ANALYTICAL PART 198

5.2.2). Introducing the expressions provided in Table 4-3 and Table 5-2 into Egs. (5-34) to (5-36) and
simplifying yields the simplified expressions for ;"7 y,5F and y,{"? given in Egs. (5-38) to (5-40),
where f,, f,, G and v are the material yield strength, ultimate strength, shear modulus and Poisson’s
ratio which can be easily obtained from a standard coupon test:

cwp _ fy |EN 1993-1-14 model

Yy V36 |ECCS model (5-38)
yWP . [—015+03-£-(1-055-2) EN 1993-1-14 model
ywr =17 Ju Ty (5-39)
CWP , 27 ~ .., CWP
W1+ 22 = 114 ECCS model

ygwP . [—0.15 - 02257 (1 — 145 ;—“)] EN 1993-1-14 model
yewp = “ Y (5-40)
yEwp . [—46.3 +57.7 %] ECCS model

y

= V;D,fimpl

These two simplified criteria given in Eq. (5-40) have been applied to the 20 numerical results given in
Table 5-4, which are characterized by a PZ ultimate failure mode. The values obtained based on the
ECCS and EN 1993-1-14 models are reported in Table 5-18 and Table 5-19 respectively and they
appear to be very close to each other. In these tables, they are compared to the numerical y}f,zlum
values coming from the numerical simulations. These comparisons are conducted using the
performance indicator defined in Table 3-1. However, a different colour code has been used with
respect to the one defined in Table 3-1: the negative relative errors E are highlighted in light blue
while the positive ones are highlighted in SEIANE. The comparisons show that the simplified criteria
provide conservative estimations of the actual ultimate deformation capacity of the PZ in most of the
cases (i.e. for 16 numerical results out of 20). For these simulations, the relative error varies from
—18.83% up to —45.86% (resp. —14.72% up to —43.12%) with the criterion based on the ECCS
(resp. EN 1993-1-14) material model, which gives a significant safety margin. For the four remaining
simulations, the simplified criterion based on the ECCS (resp. EN 1993-1-14) material model
overestimates the actual deformation capacity of the PZ by up to (resp. EENETR). This is
because the shear buckling of the CWP occurs in the post-plastic range, rather than the flowed range.
Strictly speaking, the shear buckling of the CWP does not correspond to the actual failure of the PZ as
additional deformation capacity is available until the fracture of the material occurs in the SE. The
study of the Fig. C-10(d), C-14(d), C-30(d) and C-32(d) in Appendix C for the four relevant numerical
simulations shows that the fracture of the material actually occurs for shear deformation levels
significantly larger than 0.100 rad. Thus, the proposed simplified criteria remain valid, keeping in
mind also that this level of shear deformation is in reality almost never met in a joint, since other less
ductile components will fail earlier, at much lower deformation levels.

Proposal for amendment of the prEN 1993-1-8:

N.B.: The final proposal for the improved PZ model, suggested for inclusion in the forthcoming
prEN 1993-1-8, is summarized in Appendix F. It includes amendments of the current EN 1993-1-8
expressions for the initial stiffness and plastic resistance and a proposal for a ductility criterion.

For the prediction of the deformation capacity of the PZ component, the author suggests the
introduction, in the pre-normative prEN 1993-1-8 document, of the simplified criterion given in Eqg.
(5-40). For sake of consistency with EN 1993-1-14, it is recommended to use the criterion which
was derived based on the EN 1993-1-14 material model instead of the one based on the ECCS
material model, even though both of them yield very similar results. The complete summary of the
proposal may be found in Appendix F.3.
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Table 5-18. Comparisons between yf%,,,, (derived based on the ECCS material model) and y/7,,,, for the 20 numerical
simulations characterized by a PZ ultimate failure model.

Category | Category 11
N X="d", Y="/" X="s", Y="/")
onfiguration V)f:rzlum y;jfimpl E V;}Zlum V}E,fimpl E
(rad) (rad) (%) (rad) (rad) (%)
NR4-0-X-Y 0.1369 -32.17 / /
NR4-1-X-Y 0.1265 -26.59 0.1443 -35.65
NR16-0X-Y | 00887 T 160 AR /
NR16-1-X-Y 0.1215 -23.57 0.1236 -24.87
A-0-X-Y 0.1715 0.0929 -45.86 / 0.0929 /
A-1-X-Y 0.1535 -39.51 / /
B-0-X-Y 0.1198 -22.49 / /
B-1-X-Y 0.1453 -36.09 / /
Category Il Category IV
o (X="d”, Y="0.5Np") (X="5", Y="0.5Np)
Conflguratlon V}fjrzlum yﬁfimpl E yjf,rzlum V/I:,szimpl E
(rad) (rad) (%) (rad) (rad) (%)
NR4-0-X-Y 0.1453 -36.09 / /
NR4-1-X-Y 0.1215 -23.57 / /
NR16-0-X-Y 0.0787 - 1799 NN /
NR16-1-X-Y 0.1144 -18.83 0.1279 -27.40
A-0-X-Y 0.1531 0.0929 -39.35 / 0.0929 /
A-1-X-Y 0.1377 -32.57 0.1489 -37.64
B-0-X-Y 0.0741 m /
B-1-X-Y 0.0698 / /

Table 5-19. Comparisons between yf %, (derived based on the EN 1993-1-14 material model) and yf7,,, for the 20
numerical simulations characterized by a PZ ultimate failure model.

Category | Category Il
—— X="d", Y="/" X="s", Y="/")
ontiguration yﬁﬁum Y;jfimpl E y;:ium yjI:,sZimpl E
(rad) (rad) (%) (rad) (rad) (%)
NR4-0-X-Y 0.1369 -28.74 / /
NR4-1-X-Y 0.1265 -22.88 0.1443 -32.39
NR16-0-X-Y 0.0887 /
NR16-1-X-Y 0.1215 -19.71 0.1236 -21.07
A-0-X-Y 0.1715 0.0976 -43.12 / 0.0976 /
A-1-X-Y 0.1535 -36.45 / /
B-0-X-Y 0.1198 -18.57 / /
B-1-X-Y 0.1453 -32.86 / /
Category IlI Category IV
o (X="d”, Y="0.5Ny") (X="s”, Y="0.5Np)
Conflguratlon V;;me y)f:fimpl E y}f,rzlum yjl:,gimpl E
(rad) (rad) (%) (rad) (rad) (%)
NR4-0-X-Y 0.1453 -32.86 / /
NR4-1-X-Y 0.1215 -19.71 / /
NR16-0-X-Y 0.0787 - 239 NN /
NR16-1-X-Y 0.1144 -14.72 0.1279 -23.72
A-0-X-Y 0.1531 0.0976 -36.28 / 0.0976 /
A-1-X-Y 0.1377 -29.15 0.1489 -34.48
B-0-X-Y 0.0741 mi /
B-1-X-Y 0.0698 / /
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5.4 CONCLUSIONS

In the present CHAPTER 5, a new constitutive model is proposed for the prediction of the full non-
linear behaviour of the PZ up to failure, in the case of welded beam-to-column joints under monotonic
loading only. This model has been developed upon the deep understanding of the physical phenomena
governing the deformability and the failure of the PZ. This understanding has been gained through the
careful analysis of the relevant numerical results coming from an extensive parametric study carried
out with the Abaqus© software. In these simulations, a simplified quad-linear material law was used in
order to facilitate the derivation and the validation of the new analytical model. The main features of
this model can be summarized as follows:

e it exhibits a multi-linear shape, resulting from the superposition of the quad-linear and bilinear
contributions of the CWP and the SE, which are assumed to behave independently from each
other;

e it requires a simplified quad-linear material model as input, which needs first to be translated
into a true stress-strain curve;

o the contribution of the CWP is based on the integration of the actual shear stress distribution
in the CWP at four different stress levels and neglects the bending deformation mode with
respect to the shear deformation one;

e the contribution of the SE describes the collapse mechanism which actually develops within
the SE, integrates the effect of strain-hardening and assumes that all the deformability of the
SE is concentrated in the hinges;

o the model accounts for the risk of shear buckling in the CWP and material fracture in the SE,
the ultimate failure mode of the PZ being the minimum of the two;

o finally, it accounts for the geometrical second order effects through the use of a 1/ cosy
factor, affecting the contribution of the SE only.

The so-developed analytical model has proven to work well through comparisons with numerical and
experimental results. This way, it outperforms the Jaspart model introduced in CHAPTER 2, by
providing a more consistent estimation of the PZ behaviour up to failure. However, an important
outcome from these comparisons is the high sensitivity of the model to the material laws used as
inputs, showing that reliable material models are the prerequisite for accurately estimating the
components' complete behaviour. Notwithstanding that, two simplified criteria for the prediction of the
PZ elastic stiffness and deformation capacity were deduced from the complex model and proposed for
integration in the forthcoming prEN 1993-1-8 pre-normative document.

It should be recalled that the range of validity for the constitutive model developed in the present
CHAPTER 5 is so far limited to PZs in welded joints and to column profiles characterized by a web-
to-flange thickness ratio ¢/t € [0.55 — 0.62]. The maximum axial load N, applied to the column
is also limited to 0.5 Ny ., Ny, being the axial capacity of the column profile. Based on these
limitations, the following CHAPTER 6 will be dedicated to the extension of the model to PZs in
bolted joints.
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6.1 INTRODUCTION

6.1.1 Objectives of the Chapter

The issue regarding the prediction of the plastic shear resistance of the PZ, identified in CHAPTER 3,
was investigated in CHAPTER 4, leading to the proposal of a new analytical formula. This
preliminary step was necessary in the perspective of predicting the complete behaviour of the PZ up to
failure, a problem that was subsequently addressed in CHAPTER 5. It is noteworthy that CHAPTER 4
and CHAPTER 5 focused on PZs in welded joints only. This is because the welded joints are the
simplest joints: they involve a limited number of active components and exhibit only one single
subpanel, which makes the derivation, through Eq. (2-1), of the equivalent shear force V5Z acting on
the PZ relatively straightforward. Consequently, the range of validity of the models developed in these
two Chapters is so far limited to welded joints only. In this context, the present CHAPTER 6 precisely
aims at filling this gap by extending the field of application of these models to PZs in bolted joints.

6.1.2 Scope of the Chapter

By dealing with bolted joints instead of welded ones, the scope of the present CHAPTER 6 has
obviously been slightly modified with respect to CHAPTER 4 (see Section 4.1.2) and CHAPTER 5
(see Section 5.1.2). In particular, the present CHAPTER 6 focuses on bolted joints with extended
endplate connections only. Extension of the models to other typologies of bolted connections (for
instance bolted connections with angle flange cleats), even though being rather straightforward, is a
perspective of the present thesis.

Apart from this change at the level of the connection, it was not intended to further enlarge the domain
of application of the models developed in CHAPTER 4 and CHAPTER 5. Consequently, all the other
assumptions that were made in these Chapters remain valid in the present CHAPTER 6. From a
practical point of view, this means that the study will be limited to joints under monotonic loading
only, focusing on two types of joint configurations, namely exterior joints and interior joints with
beams of equal depth.

These two joint configurations are illustrated in Fig. 6-1(a) and Fig. 6-2(a), respectively, in the
particular case where two bolt-rows are active in tension. For the exterior (resp. interior) joint, three
(resp. six) load-introduction connection rows are contemplated on the height of the PZ, which is thus
divided into two (resp. five) subpanels. Both exterior and interior beam-to-column sub-assemblies are
simply supported and the beams are loaded in such a way that the PZ becomes the governing
component of the joint response. This is illustrated in the M-N-V diagrams in Fig. 6-1(b) (resp. Fig.
6-2(b)), where the lower subpanel (resp. the central subpanel) is subjected to significant shear. In
addition, a vertical axial load N, can be applied to the column profiles, with a magnitude of up to 0.5 -
Npic, Ny being the axial capacity of the column profile. By contrast, the beams are assumed to
transfer no horizontal axial load N,, while the unbalanced bending moments, in the case of interior
joints, are assumed to be equal (i.e. |[Mg,| = |Mgg|). Finally, all the column profiles considered in the
present study are characterized by a column web-to-flange thickness ratio ¢,,./ts. oscillating between
0.55 and 0.62, which is the range of validity of the analytical models developed in CHAPTER 4 and
CHAPTER 5.

6.1.3 Outline of the Chapter

In order to extend the analytical models developed in CHAPTER 4 and CHAPTER 5 to PZs in bolted
joints, the present CHAPTER 6 has been divided into two parts:
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e The first part (see Section 6.2) addresses the prediction of the plastic shear resistance of the
PZ. Section 6.2.2 highlights the modifications to be accounted for at the component and
assembly levels due to the presence of a bolted connection before the complex and simplified
analytical models developed in CHAPTER 4 are validated against experimental results, using
the so-modified component method (see Sections 6.2.3.1 and 6.2.3.2, respectively).

e The second part (see Section 6.3) addresses the prediction of the deformation capacity of the
PZ. For this part, the use of the generalised mechanical model introduced in Section 2.2.3.2 is
required. However, the use of the latter in the large deformation field is not yet fully
satisfactory for several reasons which are given in Section 6.3.1.2. Consequently, Section
6.3.2 provides preliminary results only which were obtained through comparisons with
experimental results carefully selected from the database of bolted joints given in Table 3-3.

Necr
©
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<
©
R Ncg
P+N,
(a) (b)

Fig. 6-1. Exterior bolted joint: (a) loading conditions maximizing shear in the PZ and (b) resulting M-N-V diagrams in the
column.
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Fig. 6-2. Interior bolted joint: (a) loading conditions maximizing shear in the PZ and (b) resulting M-N-V diagrams in the
column.
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6.2 CHARACTERIZATION OF
THE PANEL ZONE PLASTIC
RESISTANCE

6.2.1 Original approach in welded joints

6.2.1.1 Description

Up to now, the plastic shear resistance of the PZ has been characterized using the EN 1993-1-8
expression given in Table 2-2. However, the latter was proven to provide unsafe estimations of the
resistance in some cases. Therefore, a new formula was developed in CHAPTER 4, based on the
understanding of the physical phenomena governing the plastic shear resistance of the PZ. This
understanding was gained through the careful analysis of the FE results coming from an extensive
parametric study on welded joints. The new suggested formula accounts for both contributions
Vs kkcompr and AVSEL o Of the CWP and SE separately, regardless the presence or otherwise of
transverse column web stiffeners. The former is derived assuming a uniform shear stress distribution
over the height d;, of the unique subpanel (see Egs. (4-14) to (4-18)). The latter is obtained based on
the study of the plastic collapse mechanisms which may develop in the SE framing around the unique
CWHP, see Table 4-16.

Based on this new formula, the characterization of the joint resistance can eventually be contemplated,
following the procedure given in Section 2.2.2.4.

6.2.1.2 Limitations

For welded joints, such as the ones depicted in Fig. 4-1(a) and Fig. 4-2(a), only two load-introduction
rows are contemplated over the height of the PZ, which is thus divided into one single subpanel (this is
also true for bolted joints with only one bolt-row in tension). This makes the derivation of the lever
arm z,, straightforward, as given by Eq. (2-5). The shear force VEE acting on the PZ can be obtained
through Eq. (2-1) and is constant over the entire height of the PZ (i.e. of the single subpanel), as
depicted in Fig. 4-1(b) and Fig. 4-2(b). It can eventually be compared to the plastic shear resistance
Vy 7k of the PZ.

For bolted joints, such as the ones depicted in Fig. 6-1(a) and Fig. 6-2(a), multiple load-introduction
bolt-rows are contemplated over the height of the CWP, the latter being thus divided into several
subpanels. This makes the definition of the lever arm much more challenging. EN 1993-1-8
recommends deriving a unique equivalent lever arm z,, through a stiffness calculation, as given by
Eq. (2-5). Consequently, this leads to the definition, through Eg. (2-1), of a unique equivalent shear
force V¢ acting on the PZ, which can eventually be compared to the plastic shear resistance V, 7% of
the PZ.

However, this definition of a unique equivalent shear force V5# does not appropriately reflect the
actual distribution of shear forces along the PZ height. As shown in Fig. 6-1(b) and Fig. 6-2(b), ViZ
actually varies along the height of the PZ according to the loads introduced by the connection rows.
This limitation was already raised in Section 2.2.3.2, and will be addressed in the following Section
6.2.2 through slight adjustments of the EN 1993-1-8 procedure at the component characterization and
assembly levels.
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6.2.2 Modifications of the approach for bolted joints

6.2.2.1 Component characterization

At the component characterization level, the proposed adjustments affect the web panel components,
namely the sheared PZ and the load-introduction CWC* and CWT components.

A.PZ

As regards the PZ, Eq. (4-3) can be kept for the characterization of the PZ plastic resistance. However,
the contribution Avyfﬁk,compl needs to be re-evaluated to more faithfully depict the plastic collapse
mechanism actually developing in the SE. Therefore, the collapse mechanisms have been studied for
the particular cases of (un-)stiffened interior and exterior joints with one, two or three bolt-rows active
in tension (see Table 6-1, Table 6-2 and Table 6-3, respectively). These tables show that the activated
height of the CWP, and thus the governing plastic collapse mechanism in the SE, varies with the
number of activated bolt-rows in the connection. As such, three main situations may be contemplated,
starting from the top row and working down:

e If the PZ is weak with respect to the connection, it fails before the 1% connection bolt-row
reaches its plastic resistance F), gy 1. In this case, the height of the activated subpanel is h; (see
Table 6-1), which is the lever arm to be used for the computation of the contribution
AV Bk compr O the SE. For unstiffened joints, the plastic collapse mechanism consists of the
formation of four plastic hinges in the column flanges (see Table 6-1), thus leading to Eq.
(6-3). For stiffened joints, three to four additional hinges are located either in the transverse
column web stiffeners or in the beam(s) flange(s), the plastic collapse mechanism actually
developing being the one requiring the minimum energy, as stated by Eq. (6-4). It is also
noteworthy that, when the endplate extends below the compressed beam(s) flange(s), one
additional hinge needs to be accounted for in the endplate, see Egs. (6-3) and (6-4).

o If the PZ has an intermediate strength with respect to the connection, r connection bolt-rows
can be activated in the latter before the PZ actually fails, r ranging from 2 to n, and n being
the number of bolt-rows above the centre of compression of the connection. In this case, the
height of the activated subpanel is h, (see Table 6-2 and Table 6-3, for r =2 and r = 3,
respectively), which is the lever arm to be used for the computation of the contribution
AV Bk compr OF the SE. Again, for unstiffened joints, the plastic collapse mechanism consists
in the formation of four plastic hinges in the column flanges (see Table 6-2 and Table 6-3),
thus leading to Egs. (6-5) and (6-7). However, for stiffened joints, only one or two additional
hinges are required in the stiffeners or the beam(s) flange(s) in contrast with the weak PZ.
This is expressed through Egs. (6-6) and (6-8) for r = 2 and r = 3, respectively. Egs. (6-5) to
(6-8) also account for the additional plastic hinge which develops in the endplate when the
latter extends below the compressed beam flange.

o If the PZ is strong with respect to the connection, the latter yields entirely (i.e. each of the n
connection bolt-rows reaches its own plastic resistance Fy gy ,-) before the plastic resistance of
the PZ is reached (i.e. in both the CWP and SE). This case is not relevant in the present study
as the PZ is not activated.

In Egs. (6-3) to (6-8), h,. is the height of the activated subpanel, where r is the number of activated
bolt-rows among the n bolt-rows located above the centre of compression of the connection;
My fer Rk Mprsorricr Mpise.re anNd My o, g are the characteristic plastic bending moment
resistances of a T-shaped column flange including the root fillets region, of a T-shaped beam flange
including the root fillets region, of a rectangular transverse column web stiffener and of a rectangular
endplate, respectively. They were defined in Section 4.3.1.2, see Eq. (4-25).
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B. CWC*/CWT

As regards the CWC*/CWT components, the adjustment of the formulae given in [21] and Table 2-2
for the prediction of the plastic resistance concerns the stress interaction factor w. This reduction
factor accounts for the T — g; stress interaction in the CWP (see Fig. 2-2), where t is the shear stress
coming from the equivalent shear force V£Z acting on the PZ and o; is the horizontal normal stress
coming from the couple of tensile and compressive load-introduction forces Fgg. The expression of w
is given in Table 2-2 and relies on the transformation parameter S, for which EN 1993-1-8 assumes
one singular value between 0 and 2.0 for the whole joint, according to the type of joint configuration,
i.e. either exterior or interior.

Although this assumption is valid for joints with two load-introduction rows (such as welded joints or
bolted joints with only one bolt-row active in tension), it is not the case for bolted joints with multiple
load-introduction bolt-rows anymore, where it varies from one load-introduction row to another, at
least theoretically, from 0 to co. Consequently, it is suggested to re-evaluate the reduction factor w,
through Eg. (6-1) for each of the n load-introduction rows, where b, ., is the effective width given

in Table 2-2, AS2™" is the effective shear area defined in Fig. 4-12, t,, is the column web thickness
and 3, is the value of the transformation parameter which is computed at the level of the rt" load-
introduction row through Eq. (6-2), as the ratio between the local shear force Vf’,fr and the local load-
introduction force Fg ,- (see Fig. 6-1(b) and Fig. 6-2(b)):

1
Wy =
2
b t 6-1
J1 +13-p2- [—eff’ﬁfrﬁpz WC] e
AVC

VPZ
.Br — FEk,r (6-2)

Ek,r

From a theoretical point of view, the derivation of the 3, values is an iterative process as it relies on
the distribution of the shear forces along the height of the CWP and the latter cannot be derived before
the resistance of each connection bolt-row is known. To overcome this problem, a simplified approach
can be contemplated consisting in assuming that the sheared PZ is inactive (i.e. B, = 0, strong PZ-
weak connection approach).

Based on this assumption, the plastic bending moment resistance My%; of the connection can be
derived, applying Egs. (2-7) to (2-11). Subsequently, the so-obtained distribution of forces in the
connection rows can be used to deduce the actual distribution of shear forces along the height of the
CWP, thereby allowing the derivation, through Eq. (6-2), of the local B, values associated to each
load-introduction bolt-row. The w, values can eventually be computed for each load introduction
CWC*/CWT component, using Eq. (6-1).
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Table 6-1. List of all possible plastic collapse mechanisms for (un-)stiffened interior and exterior bolted joints (r = 1, one bolt-row active in tension).
Unstiffened joints Stiffened joints
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Table 6-2. List of all possible plastic collapse mechanisms for (un-)stiffened interior and exterior bolted joints (r = 2, two bolt-rows active in tension).

Unstiffened joints Stiffened joints
Mcr Mcr Mcr
'/_\ ® My fetRK m ® MjfetRK m ® MpfctRK
‘—l» ‘i‘:fﬂ' ® M 5irk ‘%CT

8

d=

5,

8

£

=

® My fctRK ® MpfctRK ® MjfctRK

8
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S,

g

S

_.G_.,)

<

L

3 Mo fe,T,RI L Mp fc,TRi Mp1stRi

S (4 : % + int. joints (4 : % + + min (2 : })]75“, ) int. joints

Q - - 1

E’f M ’ (6'5) M ’ ’ (6'6)
5'], R plLfc, T,Rk .. plfc,T,Rk . Mpl,st,Rk ..
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Table 6-3. List of all possible plastic collapse mechanisms for (un-)stiffened interior and exterior bolted joints (r = 3, three bolt-rows active in tension).

Unstiffened joints Stiffened joints
8
=
=
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6.2.2.2 Component assembly

In order to account for these new expressions for the characterization of the PZ component, the current
EN 1993-1-8 assembly procedure needs to be slightly modified. As a reminder, this procedure was
exemplified in Section 2.2.2.4 (see Egs. (2-7) to (2-11)) for the particular case of an unstiffened
exterior bolted joint with only two bolt-rows in tension, such as the one depicted in Fig. 2-5. In fact,
most of the joints reported in Table 3-3 exhibit only two active bolt-rows. Therefore, for sake of
consistency, the modifications brought to the assembly procedure will be illustrated for the same joint
configuration as the one given in Fig. 2-5.

For the computation of the plastic bending moment resistance M;'Rk of the joint, Eq. (2-7) is still
valid, and is replicated in Eq. (6-9) for sake of clarity:

2
M) gy = Z Fy rier " hr (6-9)
r=1

where Fy, gy, is the plastic resistance of the rt" bolt-row in tension and is given in Eq. (6-10) for r =
1 and r = 2, respectively:

( VPIZQk compl,r

min (F%VRT_T; Firkri PR Fffek,;u; Fy,Rk,c> r=1

g g

F (6-10)

Y.Rk,r Pz
; CWT . pCFB . pEPB .pBT .pBWT ,_Y.Rkcomplr . _
min (Fy,Rk,r' Fy,Rk,r' Fy,Rk,r' Fy,Rk,r' Fy,Rk,r' ﬁ ~ Py, Rkr-1 Fy,Rk,C - Fy,Rk,r—l r=2

with Fy, gy ¢ the plastic resistance of the bolt-row in compression:

Fy ric = min(FRe; FERE (6-11)

and V; ﬁk,wmpl_r the plastic shear resistance of the subpanel associated to the " bolt-row:

PZ — ycwp PZ
Vy,Rk,compl,r — Yy,Rk,compl + AVy,Rk,compl,r (6'12)

For the derivation, in Egs. (2-8) and (2-10), of the plastic resistance Fy g, , of the CWC*/CWT
components, it can be referred to Section 6.2.2.1, while for the derivation the plastic resistance Fy gy,
of the other active components (i.e. CFB, EPB, BT, BWT, BFC), it can be referred to Table 2-2. In Eq.
(6-12), the plastic shear resistance V,; g} comp; Of the CWP can be computed through Egs. (4-14) to
(4-18), while the contribution AV %, ompi OF the SE can be obtained from Table 6-1 to Table 6-3
according to the number r of activated bolt-rows.

Finally, Eq. (2-11) remains valid for the consideration of the possible group effects that may develop
around several adjacent bolt-rows in the plate components.
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6.2.3 Validation

6.2.3.1 Complex analytical model

The modifications made to the component method at the component characterization and assembly
levels should allow for more accurate predictions of the plastic bending moment resistance M;‘,Rk of
bolted joints characterized by a PZ plastic failure mode. This was confirmed by applying Egs. (6-9) to
(6-12) to the 14 bolted experimental results reported in Table 3-3. The so-obtained M;‘Rk,compl values
of the plastic bending moment resistance are reported in Table 6-4, where they are compared to the

M;'Rk'exp values coming from Table 3-5. These comparisons are conducted using the performance

indicator E and the colour code defined in Table 3-1. Graphical comparisons are also provided in
Appendix A (see the red solid lines in Figs. A-13(e) to A-26(e)). For sake of completeness, the plastic
collapse mechanism predicted by the model for each experimental result is also reported in Table 6-4.

From the comparisons in Table 6-4, a high level of accuracy can be observed for nine out of the 13
predictions, while the remaining four predictions moderately to significantly overestimate the actual
plastic shear resistance of the PZ. For the last test, i.e. test J3.1, there is no prediction available since
the governing plastic failure mode turns out to be the CWC* instead of the sheared PZ.

The moderately to poorly accurate results all consist of stiffened exterior joints. From the author’s
point of view, these overestimations may arise from the non-consideration of the M-N interaction in
the computation of the resistance M, rp, g Of the plastic hinge forming in the compressed beam
flange (see the plastic collapse mechanisms No. 6A, 6B and 6C in Table 6-1, Table 6-2 and Table 6-3,
respectively). Indeed, this beam flange carries a significant axial load coming from the Mg, bending
moment in the beam. This explanation seems reasonable for the moderately accurate results but is not
sufficient to explain the poorly accurate result. The author considers that these significant
discrepancies observed in the test E2-TB-E-M may be attributed to the faulty post-processing of the
data recorded during the test.

It can be concluded that the complex analytical model developed in CHAPTER 4 (see Section 4.3.1)
in the context of welded joints works relatively well in the context of bolted joints too, provided that it
is used with the updated assembly procedure presented in Section 6.2.2.

Table 6-4. Comparisons between M;_Rk,compl, M}’,_Rk'simpl and M;,Rk’exp for the 14 bolted test results reported in Table 3-3.
No. Specimen M;,Rk,exp M;,Rk,compl E ngz,Rk,simpl E PIaSt!C
(kNm) (kNm) (%) (kNm) (%) mechanism*
1 01 58.8 59.9 1.82 58.1 -1.21 4B
2 04 55.9 55.4 -0.96 56.9 1.79 4B
3 07 59.0 60.6 2.69 58.1 -1.46 4B
4 010 94.4 96.2 1.95 91.4 -3.14 4B
5 J1.1 333.8 359.2 7.60 331.7 -0.62 6B
6 J2.1 325.3 356.3 9.51 331.2 1.82 6B
7 J3.1 381.5 CwWC* CwWC* 390.3 2.29 6B
8 J4.1 266.2 285.3 7.17 260.7 -2.05 6B
9 E1-TB-E-M 338.1 347.5 2.77 328.0 -2.97 6B
10 |E1-XW-P-C1 282.4 291.8 3.31 274.1 -2.95 3B
11 | E2-TB-E-M 530.6 648.8 22.28 610.9 15.13 6B
12 |E2-XW-P-C2 533.3 552.3 3.57 530.3 -0.57 3B
13 |E3-TB-E-C2 1,230.3 1,289.5 4.81 1,243.6 1.08 NA
14 |E3-XW-P-C2 938.1 981.1 4,58 952.7 1.56 NA
*See Table 6-1, Table 6-2 and Table 6-3.
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6.2.3.2 Simplified analytical model

In a second stage, for sake of consistency, the ability of the simplified PZ model developed in
CHAPTER 4 (see Section 4.3.2) in predicting the plastic shear resistance of the 14 test results on
bolted joints reported in Table 3-3 was also investigated. This was done by applying the same updated
EN 1993-1-8 procedure as the one used hereabove for the complex analytical model, i.e. Egs. (6-9) to
(6-12). However, the contribution V" ";....,; of the CWP was derived using the simplified expressions
given in Egs. (4-29) to (4-33). As regards the derivation of the contribution AVyS,ﬁk,simpl, it was still

referred to the different plastic collapse mechanisms defined in Table 6-1 to Table 6-3, but taking into
account the simplifying assumptions introduced in Section 4.3.2.2.

The so-obtained predictions are given in Table 6-4 for the 14 bolted test results, where they are
compared to the M;'Rk'exp values coming from Table 3-5. These comparisons are conducted using the

performance indicator E and the colour code defined in Table 3-1. Graphical comparisons are also
provided in Appendix A (see the red solid lines in Figs. A-13(f) to A-26(f)).

From these comparisons, it can be observed that the model performs really well (i.e. high level of
accuracy) for 13 out of the 14 experimental results, the test E2-TB-E-M being the only exception as it
provides a significant overestimation of the plastic resistance (i.e. low level of accuracy). The same
observation was made with the complex analytical model as well as with the EN 1993-1-8 and AISC
models in Table 3-9. According to the author, these discrepancies may be attributed to the faulty post-
processing of the data recorded during the test.

Proposal for amendment of the prEN 1993-1-8:

N.B.: The final proposal for the improved PZ model, suggested for inclusion in the forthcoming
prEN 1993-1-8, is summarized in Appendix F. It includes amendments of the current EN 1993-1-8
expressions for the initial stiffness and plastic resistance and a proposal for a ductility criterion.

For the prediction of the plastic shear resistance of the PZ in bolted joints, it is proposed to consider
the simplified analytical model developed in Section 4.3.2 together with the modifications
presented in Section 6.2.2. This proposal is summarized in Appendix F.2. It is noteworthy that three
minor additional simplifications were introduced to make the proposed expressions as simple as

possible. Firstly, in the derivation of the V,/2\”;, contribution (see Eq. (F-2)), a generic coefficient

equal to 0.9 is used to account for the T — g; and T — g, stress interactions in the CWP. This
coefficient replaces the y; and y,, reduction factors defined in Egs. (4-31) and (4-32). Secondly, the
Ay, reduction coefficient which accounts for the M-N interaction in the column flanges in Eq.
(4-34) has been neglected in the new proposal (i.e. it was set equal to 1.0 in Eqg. (F-4)). This
simplification is assumed to compensate for the non-consideration of the root fillets region in the
derivation of M, . rq. Finally, for stiffened joints, it was decided to consider only the plastic
collapse mechanisms No. 2A, 2B, 5A, 5B and 5C, for sake of simplicity, and to neglect, in these
plastic collapse mechanisms, the plastic hinge(s) forming in the endplate(s).

The validation of this new proposed formula against the 14 test results on bolted joints is conducted
in Table 3-9, using the performance indicator E and the colour code defined in Table 3-1. Graphical
comparisons are also provided in Appendix A.2 (see the red broken curves in Figs. A-13(f) to A-
26(f)). These comparisons show that the model performs well, with all the relative errors E (but
one) being negative and ranging from —9.85% to +9.15%. This clearly highlights the safe
character of the new proposed EU* model in contrast with the current EU and US design
provisions, also reported in Table 3-9.
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6.3 CHARACTERIZATION OF
THE PANEL ZONE BEHAVIOUR
UP TO FAILURE

6.3.1 Validation procedure for bolted joints

6.3.1.1 Description

In CHAPTER 5 (see Section 5.3.1), a new analytical model has been developed for the prediction of
the full non-linear behaviour of the PZ up to failure. The validation of this model was performed
against experimental and numerical results on welded joints only, such as the exterior and interior
joints depicted in Fig. 5-1(a) and Fig. 5-2(a). The reason for considering only welded joints was
twofold, as described in Section 3.1.2: (i) firstly, welded joints are characterized by one single sub-
panel, as shown in Fig. 5-1(a) and Fig. 5-2(a), which makes the derivation of the equivalent shear
force VEZ acting on the PZ relatively straightforward; (ii) secondly, these joints exhibit a limited
number of active components in addition to the sheared PZ, thus leading to a simple assembly
procedure, as highlighted in Fig. 2-4. All in all, welded joints turn out to be very simple joints, hence
particularly suitable for the validation of the new constitutive model for the prediction of the PZ full-
range behaviour.

Based on these considerations, the present Section 6.3.1 addresses the extension of this analytical
model to the case of bolted joints, such as the ones presented in Fig. 6-1(a) and Fig. 6-2(a). However,
this task turns out to be much less straightforward, given the complexity of the bolted joints with
respect to welded joints, as described in Section 3.1.2: (i) firstly, the shear force is no longer constant
along the height of the PZ, but instead varies according to the loads introduced by the connection
rows, thus dividing the PZ into a series of subpanels, as depicted in Fig. 6-1(a) and Fig. 6-2(a); (ii)
secondly, bolted joints exhibit a much larger number of active components, which contribute to the
joint deformability, therefore making the assembly procedure significantly more challenging, as
shown in Fig. 2-5.

Consequently, the use of the generalized mechanical model introduced in Section 2.2.3.2 is required
for the assembly procedure. This model is shown in Fig. 2-5(c) for the specific case of an unstiffened
exterior bolted joint with only two bolt-rows in tension. It consists of a series of extensional springs,
which are interconnected by infinitely rigid pinned-end elements. Each spring corresponds to an
individual basic component which is active in the joint and is assigned the force-displacement curve of
this component in order to simulate its behaviour. Additional fully rigid-plastic springs are also used to
account for the group effects which could develop around several adjacent bolt-rows in the plate
components, as depicted in Fig. 2-5(c). Such a mechanical model can be easily built within a FE
software, and progressively loaded in order to simulate the joint’s rotational response up to failure.
Furthermore, such model allows tracking the “yield” sequence (i.e. the spread of plasticity among the
components) up to the failure of the joint.

This new generalised mechanical model has been used to validate the full-range PZ constitutive
model, developed in the Section 5.3.1 of CHAPTER 5, on bolted joints. The general validation
procedure is described hereafter and includes the six following steps:
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1) Selecting a test result which is characterized by a significant PZ shear deformation. Such tests
can be found in the database given in Table 3-3.

2) Building the mechanical model associated to the selected test result within a FE software. In
the present thesis, the homemade FINELG® software [131] has been used.

3) Deriving the full-range F¢ — A€ curve associated to each individual basic component, using
the actual geometrical and mechanical properties of the joint:

(1 For the characterization of the full-range behaviour of the different subpanels, it is
referred to the new analytical model presented in Fig. 5-8(b) and to the analytical
expressions given in Table 5-5.

(i) For the characterization of the full-range behaviour of the connection components, it
is referred to Section 2.2.3.1, where the use of a trilinear relationship is suggested.
Such trilinear model is illustrated by a blue dashed curve in Fig. 2-6. The parameters
of this trilinear model can be obtained from [21] for the CWC* component and from
Table 2-2, Eq. (2-12) and Eq. (2-13) for the other connection components.

(iii) For the characterization of the group effects, the rigid-plastic elements are assigned a
plastic strength equal to the group resistance. This value can be obtained from the EN
1993-1-8 expressions provided in Table 2-2.

4) Assigning these constitutive F¢ — A€ relationship to each individual spring element.

5) Running the numerical model by progressively increasing the applied loads until the failure of
the joint is reached. The numerical (M/ — @) curve can eventually be extracted from the

numerical simulation and compared to the (M’ — (D)exp experimental one.

6) Conclusions can be drawn from these comparisons, regarding the performances of the PZ
constitutive model, and more largely, of the generalized mechanical model used to simulate
the joint’s rotational response.

In the forthcoming Section 6.3.2, this validation procedure will be applied to three bolted experimental
results (i.e. tests 01, 04 and 07) coming from Table 3-3. Before that, some limitations in the validation
procedure are to be highlighted in the following Section 6.3.1.2.

6.3.1.2 Limitations and perspectives
A. Modelling of the PZ

The generalized mechanical model, as it is presented in Fig. 2-5(c), allows accounting for the
contribution of the CWP associated to the different subpanels. However, it is not general enough to
account for the different collapse mechanisms (see Table 6-1 to Table 6-3) which are susceptible to
develop in the SE. As a consequence, a small trick needs to be performed. It consists in analytically
predicting the actual plastic collapse mechanism which develops in the SE, through the use of the
modified component method presented in Section 6.2.2. This is done in Section 6.2.3 (see Table 6-4)
for the 14 experimental results on bolted joints reported in Table 3-3. Based on these results, the
activated subpanels (i.e. those falling within the lever arm of the actual collapse mechanism) are
known and can be assigned the contribution of the SE in addition to that of the CWP.

Although this approach should perform rather well, it is not convenient to use. Therefore, the author
suggests decoupling the contributions of the CWP and the SE in a future version of the mechanical
model. To do so, new elements should be added to the mechanical model, such as rotational springs in
the corners of the different subpanels, or additional extensional springs crossing the different
subpanels, to simulate the contribution of the SE.
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B. Modelling of the connection components

For the BFC component, it was already mentioned in Section 3.3.1.2 that the risk of local buckling is
not covered yet by the formula provided in EN 1993-1-8. Therefore, the author suggests that a study is
conducted for the BFC component, similar to the one reported in [21] for the CWC* component.
Meanwhile, for the validation procedure (see the following Section 6.3.2), test results characterized by
stocky BFCs will be selected so that this component does not play any role in the simulations (i.e. it is
not activated). This being, the strength of the rigid-plastic spring simulating this component will be
taken equal to the theoretical ultimate resistance that the BFC would exhibit in the absence of local
buckling.

As regards the characterization of the plate components (i.e. CFB and EPB), which can be modelled
through the T-stub approach, the simplified procedure provided in Section 2.2.3.1 is known to be
significantly conservative in terms of the prediction of the ultimate resistance and deformation
capacity, especially when the components exhibit a ductile ultimate failure mode (i.e. mode 1 or 2).
This underestimation issue, which has already been discussed in the introduction (see WP1B in Fig.
1-2), is related to the development of beneficial membrane effects in the plates when the latter starts
deforming. The topic is currently being investigated within the CMM research team in the framework
of another PhD thesis and the first results are expected soon. In the meantime, for the validation
procedure (see the following Section 6.3.2), it will be assumed that these components can deform
freely after they reach their ultimate resistance (i.e. assumption of a yield plateau).

In the characterization of the CWC*/CWT components, a new expression has been suggested for the
w reduction factor, accounting for the T — og; stress interaction, see Eq. (6-1). This expression relies on
local values of the  parameter which have to be computed at each bolt-row and updated at each
iteration step in the simulation. The currently available mechanical model does not allow to do so
though.

C. Modelling of the group effects

As regards the group effects in the plate components, they are modelled by means of rigid-plastic
extensional springs, which can be seen as fuse elements: once the force transferred through the spring
reaches the group plastic resistance, the fuse element is tripped. Although this modelling works well
for the prediction of the group plastic resistance, it does not allow the prediction of either the group
ultimate resistance or the deformation capacity since it ignores all the strain-hardening effects in the
group. Consequently, the author suggests a more refined modelling for the group effects in a future
version of the mechanical model.

For the validation procedure (see the following Section 6.3.2), this issue can be easily overcome.
Indeed, all the test results investigated in Section 6.2.3 exhibit a PZ plastic failure mode, which means
that the group effects are not activated at yielding. Nonetheless, they can still govern the joint ultimate
resistance. Therefore, the strength of the rigid-plastic extensional springs simulating these group
effects will be taken equal to the group ultimate resistance instead of the plastic one.

6.3.2 Preliminary results and discussion

Given the numerous limitations and perspectives of improvement of the new generalised mechanical
model, highlighted in the previous Section 6.3.1.2, the validation procedure described in Section
6.3.1.1 will be applied to three test results only, namely the tests 01, 04 and 07 performed at the
University of Liege (see Table 3-3). All these tests consist of the same pushover test performed on an
unstiffened exterior subassembly made of an HEB160 column and an IPE200 beam, as depicted in
Fig. 6-3(a). The only difference between the tests is the level of axial load which is applied to the
column, namely 0.2 - Npi,c for the test 01, 0.45 - Npi,c for the test 04, and no axial load for the test 07,
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Ny, . being the axial capacity of the column profile. All actual geometrical and mechanical properties
are reported in Appendix A.2 (see the Fig. A-13(c) to A-15(c) and A-13(d) to A-15(d), respectively).
The experimentally observed plastic and ultimate failure modes consist of the yielding of the sheared
PZ and the local buckling of the CWC™* in all three cases, respectively.

The mechanical model associated with these three tests is depicted in Fig. 6-3(b). It is noteworthy that
the 3" bolt-row can be considered inactive since it is located very close to the compression centre,
thereby simplifying the final mechanical model. As a preliminary step, it is necessary to select a
material model to reconstruct the material laws; this step is necessary in view of the subsequent
characterization of the active components. For the tests considered in this preliminary study, both
ECCS and EN 1993-1-14 material models provided very similar results. However, only the results
obtained with the simple ECCS model will be presented in this manuscript, for sake of clarity. The
full-range analytical (F¢ — A€),, curves obtained with this model for each individual basic
component active in the joint are depicted in Fig. 6-3 while the main parameters of the curves are
reported in Table 6-5 to Table 6-7 for the components in tension, compression and shear, respectively.

As regards more specifically the behaviour of the PZ, which is the component of interest in the present
thesis, two types of analytical models have been contemplated, namely the author model (so called
Corman model), i.e. the complex analytical model developed in the present thesis in CHAPTER 5 (see
Table 5-5 and Table 5-6 in Section 5.3.1), and the Jaspart model presented in CHAPTER 2 (see Table
2-6 in Section 2.3.2). The main parameters of the analytical (V" —y),, and (AVSE —y),,, curves
obtained with these two models for the tests 01, 04 and 07 are reported in Table 6-7. These curves can
eventually be superimposed through Egs. (2-14) and (2-15), in order to get the analytical (VFZ —y)4n,
curves of the whole PZ. It is noteworthy that the parameters of the (AVSE —y),, curves in the
Corman model given in Table 6-7 were obtained knowing a priori (see Table 6-4) the actual plastic
collapse mechanism which develops in the SE. Before being assigned to the different shear springs in
the mechanical model, these analytical (VF% —y),, curves need to be transformed into (EF? —
AF?),,, force-displacement curves, where EF? and APZ designate the axial force and resultant
elongation of the rt"* shear spring. This is done by means of Egs. (6-13) and (6-14), where z, is the
height of the rt"* subpanel:

CWP  Jicacti
EPZ = {sz dlsfalctlvated subpanel (6-13)

|4 activated subpanel
AP=y-z, (6-14)

Knowing the (F¢ — A€),,, curves of the different individual basic components which are active in the
joint, the mechanical model depicted in Fig. 6-3(b) can be built in the FINELG® FE software and
loaded progressively up to the joint’s failure. The so-obtained numerical (Mz — ®),,,,,m CUrves are
depicted in Fig. 6-4(a) to Fig. 6-4(c) (see the red solid and dashed curves obtained with the Corman
and the Jaspart PZ models respectively) for the tests 01, 04 and 07 respectively, where they are
compared to the experimental (Mp — ®),,,, curves (see the black solid curves in Fig. 6-4(a) to Fig.

6-4(C)).

From a macroscopic point of view, it can be observed that the mechanical model numerically
implemented in the FINELG® software performs very well as it is able to accurately mimic the
experimental (Mg — ®@),,,, curves for the three test results. The ultimate bending moment resistance
Mljt,Rk,exp and the ultimate rotation capacity ®,, ., are well predicted for tests 01 and 07, while they
are slightly overestimated for test 04. These good results are obtained regardless the constitutive
model which is used for the modelling of the different subpanels, i.e. either the Corman model or the
Jaspart one. This is not surprising given that the (F¢—A¢),, curves obtained with these two
constitutive models for the lower subpanel which is the one being activated are very close to each
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other, as depicted in Fig. 6-3. However, it is noteworthy that, for these three test results, the good
results obtained with the Jaspart model most probably arise from the compensation of errors in the
characterisation of the CWP and SE contributions: (i) on the one hand, the model neglects the
contribution of the SE when the joint is unstiffened, whereas this contribution does actually exist in
the joint and does participate to the joint resistance; (ii) on the other hand, the model overestimates the
effective shear area Ay, as already highlighted in Section 3.3.1.1, thus leading to the overestimation
of the actual contribution of the CWP. The Corman model, on the contrary, was developed in
CHAPTER 5 upon the deep understanding of the physical phenomena governing the behavior of the
PZ, and was proven to provide a coherent and reliable estimation of the PZ behaviour up to failure.
This gives confidence in the good results obtained in Fig. 6-4(a) to Fig. 6-4(c), with the Corman
model.

At a microscopic level, the FINELG® FE software also allows to track the “yield” sequence (i.e. the
spread of plasticity among the components) up to the joint’s failure. The relevant values of this
sequence are reported on the (Mg — ®),,,,,m Curves in Fig. 6-4(a) to Fig. 6-4(c) for the three test
results.

The first component which starts to yield is the lower subpanel directly followed by the CFB in the 1%
bolt-row. This load level corresponds to the plastic bending moment resistance M;’Rk of the joint.

After that, the 1% bolt-row quickly reaches its ultimate resistance with the failure of the EPB. In
theory, this load level corresponds to the maximum bending moment which can be transferred by the
joint. However, it was emphasized in the previous Section 6.3.1.2 that for the plate components failing
in mode 1 or mode 2, the actual ultimate resistance is significantly larger than the one predicted by the
model. This is due to the development of beneficial 2" order effects within the deformed plate.
Consequently, the 1 bolt-row will be assumed to deform freely after it reaches its ultimate resistance
(assumption of yield plateau).

At the end, the ultimate failure mode predicted by the model is the local buckling of the CWC*
component (i.e. LBy ), Which is similar to the one observed experimentally. Under this ultimate
load level, the upper subpanel turns out to remain in the elastic field, while the lower one deforms
significantly as it undergoes, in the test 01, a maximum shear deformation y = 0.075 rad (resp.
elongation APZ~ 11.5 mm) for a load level VP ~ 410 kN. When the Jaspart model is used instead of
the Corman one for the characterization of the PZ behaviour, it is even observed that the PZ ultimate
failure mode bypasses the CWC* one.

Given the good results which are obtained in terms of the global rotational response of the joint, and
the significant contribution of the PZ to the latter, it can be concluded from this preliminary study that
the complex analytical model developed in CHAPTER 5 in the context of welded joints is also valid
for the prediction of the PZ behaviour up to failure in bolted joints. However, this conclusion will have
to be confirmed on a larger number of experimental results when a more sophisticated mechanical
model for the assembly procedure becomes available.
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Fig. 6-3. Test 01: (a) component identification and (b) generalised mechanical model.



6.3 CHARACTERIZATION OF THE PANEL ZONE BEHAVIOUR UP TO FAILURE

223

Table 6-5. Characterization of the components in tension for the experimental tests 01, 04 and 07.

ROWS Components
r=1
kini (mm) 6.64 8.70 8.81 5.55 -
Fy rier (KN) 347.5 197.4 184.6 282.6 -
kyp,r (mm) 0.08 0.13 0.18 5.55 -
FS pir (KN) 490.8 230.9 212.0 314.0
r=2 c=CWI ___ c=CFB
kinir (mm) 5.28 8.70 8.97 5.55 o)
Fy rier (kN) 249.4 197.4 244.7 282.6 437.9
kgpr (mm) 0.06 0.13 0.18 5.55 1o
F{ rir (kKN) 352.2 230.9 282.6 314.0 563.1
r=1-2 c=CWT ¢ =CFB
kipi (mm) o 0 - - -
Fy rier (kN) 448.8 362.0 - - -
kypr (mm) o0 I - - -
F{ pir (KN) 633.8 444.2 - - -
Table 6-6. Characterization of the components in compression for the experimental tests 01, 04 and 07.
ROWS Components
r=4,.c / / /
kipir (mm) 10.00 0
Fy rier (kN) 346.3 414.9 / / /
kpp,r (mm) 0.19 00
F; pir (KN) 432.8 536.1
Table 6-7. Characterization of the components in shear for the experimental tests 01, 04 and 07.
Corman (2022
CWP Test 01 Test 04 Test 07 Test 01 Test 04 Test 07
KyCWP (kN) | 109,819.9 | 109,801.2 | 109,805.3 K3§E (kN) 21,510.0 | 21,207.2 | 21,273.2
Vimoa (kN) | 205.0 194.3 206.9 |AVyroq (KN) 544 38.6 56.8
AKSWEq (kN)| 2,254.3 | 2,083.4 | 2,346.3 - - - -
V,,C,ff’,,fod (kN)| 253.9 241.0 256.1 - - - -
Ky’ (kN) | 14135 | 14135 | 14135 | Kj; (kN) 383.5 378.1 379.3
VWP (kN) 343.8 336.9 217.2 - - - -
AKSYP (kN)| 217.2 217.2 217.2 - - - -
VEWP (kN) 3714 365.3 372.1 |AVSE (kN) 111.8 100.4 112.1
YEwP (rad)| 02142 | 02228 | 0.2119 |y?E,4 (rad)| 0.1541 | 0.1670 | 0.1504
f,mod f,
Jaspart (1991
CWP Test01 | Test04 | Test07 Test01 | Test04 | Test07
KSWP (kN) 149,421.7 K;E (kN) 0
VAP (kN) 286.1 AVE (kN) 0
Y2 (rad) 0.0120 Yyt (rad) 0.0120
K5'P (kN) 1,539.3 Kyp (kN) 0
VWP (kN) 404.1 AVSE (kN) 0
vE% (rad) 0.0887 ¥EZ (rad) 0.0887
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Fig. 6-4. Comparisons between the (M/ — qb)exp and (M/ — @) curves: (a) test 01, (b) test 04 and (c) test 07.
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6.4 CONCLUSIONS

In the present CHAPTER 6, the new PZ analytical models developed in CHAPTER 4 and CHAPTER
5 in the case of welded joints, have been extended to PZs in bolted connections.

The prediction of the PZ plastic shear resistance has been considered first. As a first outcome, it was
suggested that the complex formula developed in CHAPTER 4 could be kept as it is, with a small
adjustment to the contribution of the SE, so that it more faithfully depicts the plastic collapse
mechanism which actually develops in the SE. This modified formula has been validated against
experimental results characterized by a PZ plastic failure mode. Before that, the assembly procedure in
the current component method was slightly revised in order to better account for the actual distribution
of the shear forces over the height of the PZ. This is a second outcome of the study.

Using this updated component method, the comparisons with the experimental results showed a
reasonable agreement, highlighting the good performance of the complex analytical formula for the
prediction of the PZ plastic shear resistance in bolted joints. In addition, a simplified version of this
expression has also been proposed in view of its integration in the forthcoming prEN 1993-1-8 pre-
normative document. Despite being more conservative, this simplified formula shows good
performance and outperforms current EU and US design criteria, currently prescribed in the EN 1993-
1-8 and AISC normative documents, and which were shown previously (see CHAPTER 3) to provide
unsafe predictions in many cases.

As a second step, the prediction of the PZ full-range behaviour up to failure has been addressed. The
complex analytical model developed in CHAPTER 5 has been validated through comparisons against
experimental results on bolted joints characterized by a significant PZ shear deformation. This was
achieved using the generalized mechanical model currently being developed within the CMM research
team (see WP2 in Fig. 1-2). This mechanical model was built within a FE software for three carefully
selected experimental tests. Promising preliminary results were obtained, showing a very good
agreement between the experimental and numerical curves. From these results, a number of limitations
in the mechanical model have been identified though, preventing the validation process to be
conducted against a larger range of experimental results. Among them, it is recommended that the
contributions of the CWP and the SE are decoupled in a future version of the mechanical model.

It should be recalled that the range of validity for the constitutive model developed in the present
CHAPTER 6 is so far limited to column profiles characterized by a web-to-flange thickness ratio
twe/trc € [0.55 —0.62] and to axial loads N, < 0.5 Ny, ., N, being the axial capacity of the
column profile.
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7.1 SUMMARY AND GENERAL
CONCLUSIONS

The present thesis is the first outcome of a larger research project conducted at the University of Liége
and which aims at extending the component method towards the large deformation field, and under
complex loading conditions (impact, fire, explosion, earthquake...). The contribution of the present
thesis to this research project takes place at the component characterization level, as it focuses on the
prediction of the full non-linear behaviour up to failure of the sheared PZ under monotonic loading
conditions.

In this context, CHAPTER 2 provided an extensive literature review of past research works dedicated
to the study of the behaviour of the PZ. Particular attention was paid to the available analytical models
for the prediction of the PZ behaviour. The main observation was that all these models expressed the
behaviour of the PZ as the sum of two independent contributions, namely that of the CWP and that of
the SE, which can be modelled separately before being superimposed. However, different assumptions
were made by the different authors for the modelling of these two contributions. Two sets of summary
tables emerged from this study: the first one includes ten of the most referenced sophisticated models
for the prediction of the PZ full-range behaviour (see Table 2-5 to Table 2-7); the second one includes
four simplified design criteria for the prediction of the PZ plastic resistance, coming from various
international standards (see Table 2-8 and Table 2-9). These tables use the same formalism for all the
models in order to facilitate their comparison. From these comparisons, it was observed that only the
Jaspart model among the ten sophisticated models provided analytical expressions to capture the full
non-linear behaviour of the PZ up to failure. All the other models were limited to the yielding of the
PZ only.

Based on this review, each analytical model’s ability to accurately predict the PZ behaviour was
investigated in CHAPTER 3 through comparisons with relevant experimental evidence. Two
databases were compiled for that purpose, including respectively 12 experimental results on welded
joints and 14 experimental results on bolted joints, carefully selected from the scientific literature.
These tests all exhibited a PZ plastic failure mode and significant PZ shear deformations. They were
processed in order to extract the main performance parameters of the joint’s moment-rotation curve
(i.e. initial rotational stiffness, plastic bending moment resistance, post-plastic rotational stiffness,
ultimate bending moment resistance and ultimate rotation capacity), thereby allowing comparisons
with the analytical models. From these comparisons, it was first observed that none of the complex
analytical models was able to consistently capture the plastic shear resistance of the PZ. This
observation also applied to the simplified EU and US design criteria for which unsafe predictions were
obtained in many cases. Furthermore, the Jaspart model was not able to consistently predict the PZ
deformation capacity up to failure either. These observations highlighted the need for a more
sophisticated constitutive model for the PZ, built upon the deep understanding of the complex
phenomena governing the behaviour of this component, and starting with the accurate estimation of its
plastic shear resistance.

The prediction of the PZ plastic shear resistance was addressed in CHAPTER 4, focusing on welded
joints only. This preliminary step was absolutely necessary to be able to subsequently characterize the
complete deformation curve of the PZ up to failure. The scope was purposely limited to PZs in welded
joints because this type of joint is much simpler to deal with than bolted ones: they are characterized
by one single subpanel and involve a limited number of active components in addition to the sheared
PZ. These two aspects made tests on welded joints particularly suitable for the development and
validation of analytical models since they are the closest to tests on isolated PZs.
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The numerical approach was used in order to identify the main parameters governing the plastic
resistance of the PZ and to quantify their respective influences. A FE model was first built using the
Abaqus© software and validated against two well-documented experimental results, coming from the
scientific literature. Once validated, the numerical model was used to perform an extensive parametric
study made of 32 numerical simulations. For all these simulations, a simplified elastic, perfectly-
plastic material law was used in order to facilitate the derivation of the plastic shear resistance of the
PZ. A robust methodology was also proposed for the extraction, from the numerical simulations, of the
(V' — ¥)num Curves associated to the PZ, CWP and SE. At the end, four main conclusions were drawn
from the parametric study, regarding the spread of yielding across the PZ, the type of plastic collapse
mechanism which actually develops in the SE and the influence of the 7 — g; and © — oy, y_p Stress
interactions.

Based on these conclusions, the two contributions of the CWP and SE were evaluated separately and
then superimposed in order to obtain a new analytical expression for the prediction of the PZ plastic
shear resistance. This new expression showed a great performance when compared to numerical and
experimental results, thereby outperforming the available complex analytical models reviewed in
CHAPTER 2, by providing a more consistent and physically-founded estimation of the PZ plastic
shear resistance. It was recommended for scientific purposes only and was used as the basis for the
development of a new full-range analytical model for the prediction of the PZ behaviour up to failure.
In addition, this complex expression was also simplified in view of its integration in the forthcoming
prEN 1993-1-8 pre-normative document. This simplified expression showed a reasonable but
conservative performance, and outperformed the current EU and US design criteria, prescribed in the
EN 1993-1-8 and AISC normative documents, and which were shown in CHAPTER 3 to provide
unsafe prediction in many cases.

After proposing new analytical expressions for the prediction of the PZ plastic shear resistance, the
scope of the study was extended to the prediction of the full non-linear response up to failure of PZs in
welded joints. The first challenge in this study was the simulation of a large number of FE results,
characterized by a PZ ultimate failure mode, as it was pointed out that very few experimental results
collected in CHAPTER 3 exhibited such ultimate failure mode. To this aim, the parametric study
conducted in CHAPTER 4 was relaunched but the simplified elastic, perfectly-plastic material law
was then replaced by a more sophisticated quad-linear material law which accounts for material strain-
hardening and damage. The results of the parametric study were carefully studied, revealing a PZ
ultimate failure mode for 20 of the 32 numerical simulations, which were subsequently used for the
validation of the analytical model.

This full-range analytical model was built from the knowledge acquired in previous CHAPTER 4 and
consists of the superposition of the quad-linear and bilinear contributions of the CWP and the SE,
respectively. The former was obtained by assuming a uniform shear stress distribution up to the shear
buckling of the CWP, thus following the quad-linear material law; the latter was obtained by studying
the collapse mechanism which actually develops in the SE and accounting for the material strain-
hardening up to fracture. Both contributions were derived using the true stresses of the material.
Furthermore, the geometrical second order effects, which develop in the large deformation field, were
integrated within the model through the use of a 1/ cosy coefficient affecting the contribution of the
SE only, y being the shear deformation of the PZ.

Quantitative comparisons with the 20 relevant numerical results showed that the model was able to
capture the observed ultimate resistance and ultimate deformation capacity of the PZ with reasonable
accuracy. For the comparisons with the experimental results, two quad-linear material models were
contemplated, namely the simplified ECCS model and the more sophisticated EN 1993-1-14 model.
Qualitative comparisons between the experimental and analytical results highlighted the high
sensitivity of the model to the material laws used as inputs, leading to the conclusion that reliable
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material models are the prerequisite for accurate predictions at the component level. Nonetheless, the
model remained more performant than the Jaspart one, providing a more consistent estimation of the
PZ behaviour up to failure. Two simplified criteria for the prediction of the PZ elastic stiffness and
deformation capacity were derived from this new complex full-range model and proposed for
integration in the forthcoming prEN 1993-1-8 pre-normative document. The first one was shown to
outperform the current EN 1993-1-8 expression and to be fully consistent with the new proposal made
in the prEN 1993-1-8 for the prediction of the plastic shear resistance of the PZ. The second one fills a
gap in the EN 1993-1-8 normative document where no criterion is currently available for the
prediction of the PZ deformation capacity.

Based on the new analytical models developed in CHAPTER 4 and CHAPTER 5 and extensively
validated in the case of welded joints, the final step consisted in extending these models to PZs in
bolted joints. This goal was partially achieved in CHAPTER 6, following a two-step procedure. The
prediction of the plastic shear resistance of the PZ was considered first, before addressing the
prediction of the PZ full-range behaviour up to failure.

For the former, the new expression developed in CHAPTER 4 was slightly adjusted in such a way that
the contribution of the SE more faithfully depicts the actual plastic collapse mechanism which
develops in the SE. The validation of this new formula against experimental results required also a
minor revision of the current EN 1993-1-8 assembly procedure, in order to better account for the
actual distribution of the shear forces over the height of the PZ. The comparisons with the 14
experimental results on bolted joints characterized by a PZ plastic failure mode highlighted the rather
good performances of the updated complex analytical expression for the prediction of the PZ plastic
shear resistance. In addition, this complex analytical formula was simplified in view of its integration
in the forthcoming prEN 1993-1-8 pre-normative document. This expression showed reasonable (but
conservative) performances when compared to the 14 experimental results on bolted joints.
Notwithstanding that, it outperformed the current EU and US design criteria, currently prescribed in
the EN 1993-1-8 and AISC normative documents, which were shown in CHAPTER 3 to be unsafe in
many cases.

As a second step, the model for the prediction of the PZ full-range behaviour was validated against
experimental results on bolted joints characterized by a significant PZ shear deformation. This step
required the use of the generalized mechanical model currently being developed within the CMM
research team, to take into account the different sources of deformability within the joint. In its current
state, this mechanical model integrates the group effects, accounts for the actual distribution of the
shear forces along the height of the PZ and was proven to accurately predict the joint’s plastic bending
moment resistance through comparisons with experimental and analytical results ([23], [24]).
However, a number of limitations were identified in the present thesis, which prevent the
straightforward extension of this mechanical model to the prediction of the joint’s rotation capacity.
Consequently, the model was used for a limited number of carefully selected experimental results
only, for which promising preliminary results were obtained in terms of the prediction of the joint’s
rotation capacity, and thus of the PZ deformation capacity. Given the limitations of the mechanical
model that were highlighted in this thesis, an extensive validation of the PZ constitutive model against
a wide range of experimental results could not be achieved though and, therefore, constitutes a
perspective of the present thesis.
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7.2 MAIN CONTRIBUTIONS OF
THE THESIS

The present thesis is, to the author’s knowledge, the first comprehensive study dedicated to the
characterization of the full non-linear behaviour of the PZ up to failure. The main contributions of this
research work can be grouped into three main categories, namely experimental, numerical and
analytical, and summarized as follows:

Experimental contributions

1. Two large databases have been built and consist of 12 experimental results on welded joints
and 14 experimental results on bolted joints, respectively (see Appendix A.1 and Appendix
A.2). These experimental results have been carefully selected from the scientific literature,
and they all exhibit a PZ plastic failure mode and a significant PZ shear deformation. The
available data are reported in a systematic manner for each test and consist of: (i) the test setup
(see Fig. A-1(a) to Fig. A-26(a)); (ii) the available moment-rotation curve(s) of the joint,
together with the main performance parameters (see Fig. A-1(b) to Fig. A-26(b)), the moment
My being taken at the beam-to-column interface, and the rotation being either the shear
distortion y of the PZ or the total rotation @ of the joint when the former is not available; (iii)
the actual geometrical properties, when available — if not, the nominal ones are reported (see
Fig. A-1(c) to Fig. A-26(c), respectively); (iv) the actual material properties (see Fig. A-13(d)
to Fig. A-26(d), respectively). These experimental results can be re-used for the validation of
further numerical and analytical models.

Numerical contributions

2. Two sophisticated FE models of two welded beam-to-column subassemblies, namely models
NR4 and NR16, have been built within the Abaqus© environment and calibrated on
experimental results in order to validate the numerical tool.

3. Practical procedures have been developed for the characterization of the PZ behaviour from
FE results. These procedures allow for the extraction of the (V — y),,..m deformation curves of
the PZ, the CWP and the SE, and for the extraction of the joint’s (M/ —®)  moment-

rotation curve, from the numerical simulations. These procedures are provided in Appendix B.

4. Two extensive parametric studies have been conducted with the validated numerical models.
They both consist of 32 numerical simulations, which were performed with four different
beam-to-column subassemblies (i.e. the models NR4, NR16, A and B) covering eight different
joint configurations. For the first parametric study, a simplified elastic, perfectly-plastic
material law has been used while in the second one, a more sophisticated quad-linear material
law accounting for material strain-hardening and damage has been employed. The results from
both parametric studies are extensively described in Appendix C where they can be easily re-
used.

Analytical contributions

5. Two sets of summary tables have been prepared, which contain respectively ten of the most
referenced analytical models for the prediction of the PZ behaviour (see Table 2-5 to Table
2-7) and four design criteria for the prediction of the plastic shear resistance of the PZ, coming
from various international standards (see Table 2-8 and Table 2-9). These tables use the same
formalism to present the models so that they facilitate their comparison.
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6. A new complex analytical expression for the prediction of the PZ plastic shear resistance has
been developed and extensively validated against experimental and numerical results for both
welded and bolted joints (see CHAPTER 4 and Section 6.2 in CHAPTER 6, respectively).
This model depicts the physical phenomena governing the yielding of the PZ more faithfully,
and it is now available for the scientific community. The use of this model is recommended
for scientific purposes.

7. A new constitutive model characterizing the full non-linear behaviour of the PZ up to failure
has been developed and extensively validated against experimental and numerical results in
the case of welded joints, while it still requires further validation in the case of bolted joints
(see CHAPTER 5 and Section 6.3 in CHAPTER 6, respectively). This model depicts the
physical phenomena governing the deformability and the failure of the PZ more faithfully, and
it is now available for the scientific community.

8. A new set of simplified design criteria has been developed and validated against experimental
and numerical results. This set includes analytical expressions for the prediction of the PZ
initial stiffness, plastic resistance and deformation capacity. It has been proposed for
introduction in the forthcoming prEN 1993-1-8 pre-normative document. A complete
summary of the proposal is available to the reader in Appendix F.
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7.3 LIMITATIONS AND
PERSPECTIVES

The work presented in this doctoral thesis successfully addressed the overall objective of providing a
new constitutive model for the PZ, capable of predicting the full non-linear response of this
component up to failure, under monotonic loading conditions. Along the way, some assumptions were
made though, which are recalled here below. The relaxation of these assumptions requires additional
fundamental research efforts which constitute perspectives of the present work:

1.

Firstly, the scope of the model was purposely limited to two widely used joint configurations,
namely exterior joints on the one hand, and interior joints with beams of equal depth,
subjected to equal but unbalanced bending moments on the other hand. The extension of the
model to other joint configurations, for instance interior joints with beams of unequal depth
and/or subjected to unequal and unbalanced bending moments, requires additional numerical
and analytical developments.

Secondly, the model was validated for a given range of HE, IPE and W column profiles,
characterized by a web-to-flange thickness ratio t,,./ts. € [0.55;0.62]. This range includes
17.5% of the IPE-profiles, 40% of the HE-profiles and 55% of the W-profiles. The validation
of the model against the whole range of IPE, HE and W profiles of course requires additional
numerical simulations to be performed.

Then, the model does not explicitly account for the presence of a supplementary web plate.
This parameter should be easy to integrate into the model, but the approach still needs to be
validated against numerical and/or experimental results.

After that, the model has been developed in the context of monotonic loading conditions. Now
the way is paved, it could be extended to more complex loading conditions (impact, fire,
explosion, earthquake...).

Furthermore, the model can take into account the effect of an axial load N, in the column,
with a magnitude up to 0.5 Ny, ., Ny, . being the axial capacity of the column profile. This
load level is assumed to be representative of the maximum axial load that a column may
encounter in a typical steel frame structure. While this assumption seems valid under classical
monotonic loading conditions, it may no longer be true in the context of an exceptional
loading. Therefore, the model should also be validated for stronger axial loads N, in the
column.

Finally, the model does not take into account the effect of an axial load N, in the beam(s),
since this load is assumed to be negligible with respect to the beam bending moment, under
classical monotonic loading conditions. However, this assumption is no longer valid in the
context of a column loss scenario, in robustness applications, where the beams are subjected to
strong axial loads Nj,. Therefore, the model should be further developed to accommodate the
effect of these axial loads coming from the beams.
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The integration of this new constitutive model in the generalized mechanical model that is being
developed within the CMM research team also raised some other limitations, at both component and
assembly levels. They are recalled here below:

Component level

7.

For the characterization of the BFC component, the risk of local buckling (i.e. LBgr¢) is not
covered yet by the formula provided in EN 1993-1-8. However, the present thesis showed that
this ultimate failure mode actually governs the joint’s ultimate resistance in many cases, and
often by-passes the PZ ultimate failure mode. Consequently, it is suggested that a study is
conducted for the BFC, similar to the one reported in [21] for the CWC* component.

As regards the characterization of the plate components (i.e. CFB and EPB), the current
formulae for the prediction of the ultimate resistance and deformation capacity are known to
be far too conservative, especially when a ductile ultimate failure mode (i.e. mode 1 or 2) is
occuring. This leads to simulations that stop far too early when these components are activated
at ultimate state. The PhD thesis that has just been initiated within the CMM research team
(see WP1B in Fig. 1-1) should fix this issue and provide more sophisticated formulae to
accurately predict the full-range behaviour up to failure of these components.

Assembly level

9.

10.

11.

In the characterization of the CWC*/CWT components, a new expression has been suggested
for the w reduction factor, accounting for the T — g; stress interaction. This expression relies
on local values of the g parameter which have to be computed at each bolt-row and updated at
each iteration step in the simulation. The generalized mechanical model which is currently
available does not allow to do so though.

As for the modeling of the PZ, the generalized mechanical model accounts for the contribution
of the CWP correctly, but it is not broad-based enough to account for the different collapse
mechanisms which are susceptible to develop in the SE. In a future version of the model, the
author suggests decoupling the contributions of the CWP and SE, which means developing
additional elements capable of simulating the contribution of the SE. Once this future version
is available, a thorough validation of the PZ constitutive model can eventually be achieved
against a large number of bolted experimental results, this step being missing in the present
thesis.

Finally, the model is currently using rigid-plastic extensional springs to account for the group
effects that may develop in the plate components. However, this modeling does not allow to
predict the group ultimate resistance since it ignores the strain-hardening effect in the group.
Consequently, the author suggests a more refined modelling of the group effects in a future
version of the mechanical model.
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