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COLUMN BASE PLATES UNDER 3D LOADING ABSTRACT

ABSTRACT

Column bases have a major influence on the stability and stiffness of steel structures. This thesis
focuses on the estimation of the resistance of column base plates subjected to a combination of
axial force and biaxial bending moment. The investigated connections consist of a steel column
welded to a base plate and fixed to the concrete block by means of four anchor bolts.

In Chapter 11, an extensive literature review is presented, summarizing the existing models for
the estimation of the resistance of column base plates as well as the results of previous
experimental test campaigns.

Chapter 111 is dedicated to the analysis of the results of a test campaign carried out on 9 column
base plates, subjected to in-plane, out-of-plane and biaxial bending moments. Particular
attention is given to the influence of the base plate thickness and orientation of the applied
bending moment. Results are presented and discussed, to better understand the elastic and post-
limit behaviors. These experimental results are completed with refined numerical simulations
presented in Chapter V. A parametric study is conducted to broaden this investigation, by
adding a normal force and other geometrical configurations (column steel profile HEA, IPE,
diameter of the anchor bolts).

Next, an analytical model is proposed, based on the Component Method in Eurocode 3 Part 1-
8, to calculate the resistance of column base plates under uniaxial and biaxial bending moments.
The conservative nature of the model is demonstrated by comparing the model predictions
against experimental and numerical results.

Keywords: Column base plate, biaxial bending, anchoring, M-N interaction
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RESUME

Les pieds de poteaux ont une influence prépondérante sur la stabilité et la rigidité des charpentes
métalliques. Cette these porte sur la résistance des pieds de poteaux par platine soumis a un
effort normal et un moment biaxial. Les pieds de poteaux étudiés sont composés d’une platine
soudée a I’extrémité du poteau et reliée au bloc béton par 4 tiges.

Dans le chapitre I, une étude bibliographique dresse un bilan des modeles permettant de
calculer la résistance de ce type d’assemblage ainsi que des résultats d’essais.

Le chapitre III est ensuite dédi¢ a la description et ’analyse des résultats d’une campagne
d’essais menée sur 9 assemblages soumis & un moment dans le plan, hors plan ou de la flexion
biaxiale. Une attention particuliére est accordée a l'influence de I'épaisseur de la platine et de
I'orientation du moment. Les résultats sont présentés et discutés afin de mieux comprendre le
comportement élastique et plastique. Cette étude est complétée par des analyses par éléments
finis dans le chapitre IV validées par confrontation aux résultats d’essais. Une étude
paramétrique a ensuite permis d’étendre le domaine d’investigation en ajoutant un effort normal
et d’autres configurations géométriques (sections en HEA, IPE, diametres des tiges d’ancrage).

Un modele analytique, basé sur la méthode des composants de I'Eurocode 3 partie 1-8, est
ensuite proposé afin de calculer la résistance des pieds de poteau en flexion uniaxiale (dans le
plan et hors plan) et biaxiale. Le caractére conservatif de la méthode est démontré par
comparaison aux résultats des essais et des études numériques.

Mots-clés: Pied de poteau, platine, flexion biaxiale, ancrage, interaction M-N
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RESUME ETENDU EN FRANCAIS

Chapitre 1 : Introduction

Le chapitre 1 présente le cadre d’études ou s’insere la these ainsi que les objectifs principaux:

proposer un modele de dimensionnement simple, basé sur la méthode des composants
de I’Eurocode 3 partie 1-8, afin d’évaluer la résistance des pieds de poteaux soumis a
la combinaison d’un effort normal de traction/compression et d’un moment fléchissant
uniaxial (dans le plan, hors plan) ou biaxial. Les deux derniers cas ne sont pas couverts
par les normes de dimensionnement actuelles,

mener une étude expérimentale pour caractériser le comportement élastique et elasto-
plastique de ce type d’assemblage jusqu’a la ruine afin de valider le modéle analytique,
développer un modeéle de calcul par éléments finis sur le logiciel ABAQUS permettant
de modéliser de facon fiable le comportement mécanique des assemblages testés,
réaliser une étude paramétrique approfondie a 1’aide du modele de calcul par éléments
finis afin d’étudier I’influence des parameétres tels que : le niveau de chargement axial,
I’orientation du moment fléchissant appliqué, 1’épaisseur de la platine, le type de profilé
du poteau, le diamétre et ’emplacement des tiges d’ancrage.

Chapitre 2 : Etat de I’art

Le chapitre 2 comporte une étude bibliographique approfondie sur les pieds de poteaux. Une
description détaillée des principaux développements et investigations menés est présentée.
Cette section est organisée chronologiquement, en fonction de 1’orientation du moment de

fléchissant appliqué, en présentant les campagnes d’essais, les études numériques et les modéles
analytiques proposés dans la littérature. Ce chapitre présente également une synthese des
principales méthodes de dimensionnement (élastiques et plastiques) applicables aux pieds de
poteaux.

/\/

Poteau

Platine d'assise

Couche de scellement

> Y

Fondation

Tiges d'ancrage

Plaque d'ancrage

Figure 1: Type d’assemblage étudiée
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Chapitre 3 : Etude expérimentale

Ce chapitre est dédié a la présentation de la campagne d’essais expérimentaux menée sur les
pieds de poteaux au sein du Laboratoire de Génie Civil et Génie Mécanique de ’INSA Rennes.
L’objectif de cette campagne de six essais est d’étudier le comportement mécanique des pieds
de poteaux sous chargement monotone et notamment 1’influence de 1’épaisseur de la platine
d’assise ainsi que ’orientation du moment fléchissant appliqué (dans le plan, hors plan et
biaxial a 45°). Six spécimens a échelle 1 ont été dimensionnés, fabriqués et testés jusqu’a la
ruine. L’épaisseur de la platine varie entre 10 et 20 mm.

@ ®
|:.: —_— @ @
/ @ (©]
@ @
M90®
MoO®

Figure 2: Spécimens d’essais et orientations considérées pour le moment fléchissant appliqué

Le poteau était constitué d’'un HEA 200 en acier S275. Les platines de dimensions 330x300x%10
(ou 20 mm) étaient composées d’un acier S355. Quatre tiges d’ancrage M16 de classe 5.6
étaient ancrées a 300 mm de profondeur dans un bloc béton de dimensions 1450x900x610 mm
compos¢ d’un C25/30.

Tableau 1: Définition des spécimens d’essais

Epaisseur de la
platine (mm)
SPE1-MO Dans le plan 10

SPE2-MO Dans le plan 20

SPE1-M90 Hors plan 10

SPE2-M90 Hors plan 20

SPE1-M45 Biaxial (45°) 10

SPE2-M45 Biaxial (45°) 20

Test Moment

Laura da Silva Seco
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Figure 3: Dimensions des éléments constituants les spécimens testés

Lors des essais, deux types de mesures ont été mises en ceuvre:

7 LVDT placés le long du poteau et du bloc de béton, mesurant les déplacements

verticaux; 4 LVDT placés en haut et en bas de la platine d’assise mesurant les
déplacements horizontaux (voir Figure 4),

présence d’un moment hors plan (voir Figure 5).

Chargement
vertical par
le vérin

|

4 jauges mesurant la déformation du profilé HEA 200 au voisinage des soudures en

}
a0

.

Portique B

25 50

1125

Portique A ‘

Figure 4: Configuration des essais (cas de SPE1/2-M0) Figure 5: Positionnement des jauges de déformations
Le montage expérimental est présenté a la Figure 4. Les spécimens ont été chargés par un verin

hydraulique positionné & 1085 mm du bloc de béton. Les principales conclusions de ces essais
sont:

e la ruine est obtenue a par rupture des boulons en traction avec une plastification de la

platine pour les spécimens de 10 mm d’épaisseur,

la résistance et la rigidité initiale en rotation augmentent avec 1’épaisseur de la platine
pour les trois orientations du moment étudiées, mais aussi lorsque le bras de levier
augmente soit en modifiant ’orientation du moment,

Laura da Silva Seco
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e la capacité de rotation de I’assemblage augmente en diminuant I’épaisseur de la platine,

e laredistribution des efforts internes entre les tiges d’ancrage dépend de 1’orientation du

moment,

e l'orientation du moment fléchissant a un effet sur le développement des forces de levier,
e |'étendue de la zone comprimée dépend fortement de I'épaisseur de la platine ainsi que

de l'orientation du moment fléchissant appliqué,
e les concentrations de contraintes sont importantes dans les semelles du poteau au

voisinage des soudures.

60 A 50 -
M

50 | (KNm)
40 1
30 A

e SPE1-MO0 20 A
20

= SPE2-M0
10

6; (mrad)
0+ T T )
0 20 40 60

40 -

30

10

(kNm)

50

40

30

——SPE1-M90 20
e SPE2-M90
10
6; (mrad)
0 20 40 60 80

0

— SPE1-M45
— SPE2-M45

6; (mrad)

20 40 60 80

Figure 6: Comparaison des courbes moment-rotation pour évaluer I’influence de 1’épaisseur de la platine

—SPE2-M0
— SPE2-M45
——SPE2-M90

6; (mrad)

50 - 60 -
M (kNm) M (kNm)
40 - 50 1
40 -
30 1
30 A
20 — SPE1-M0
— SPE1-M45 20
— SPE1-M90
10 10
6 (mrad)
0 T T T 1 T T
0 20 40 60 80 0 10 20

30 40 50 60

Figure 7: Comparaison des courbes moment-rotation pour évaluer I’influence de 1’orientation du moment appliqué
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Figure 9: Déformée de la platine a la fin des essais SPE2-MO, SPE2-M90 et SPE2-M45

40 40 | Force
(kN)

——5SGr1
—sGI1
—sGl1 —5sGr2
—SGr2 ——SGI2
—SGI3 —SGr3
—3SGr3 ———SGr4
SGl4
——SGr4 microdéformation (-) microdéformation (-)
-1500 -500 500 1500 2500 -5000 -4000 -3000 -2000 -1000 O 1000 2000
a) SPE1-M90 b) SPE2-M90

Figure 10: Distribution des déformations sur la semelle du poteau

Chapitre 4 : Etude numérique et paramétrique

Dans ce chapitre, une étude numérique du comportement des assemblages testés sous
chargement statique est présentée. Le logiciel ABAQUS a été utilisé pour créer un modéle de
calcul par éléments finis 3D. Les non linéarités matérielles et géométriques ainsi que le contact
ont été pris en compte. Le béton a été modélisé a I’aide du modele «concrete damage plasticity».
La figure 11 montre le type d’élément utilisé ainsi que le maillage adopté. Des éléments
volumiques ont été utilisés pour le béton, le poteau, la platine et les tiges, des éléments filaires
ont permis de modéliser les armatures dans le béton.

Laura da Silva Seco
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Elément
C3D8R

Elément
T3D2

c) Renforcement du bloc de béton

a) Assemblage (poteau, platine, tiges, bloc béton) b) Tige
Figure 11: Type d’élément et maillage des éléments

Figure 12: Interactions considérées dans la modélisation

Le modéle de calcul par ¢léments finis est d'abord validé par comparaison aux résultats d’essais
présentés dans le chapitre 3. Les principaux résultats de cette comparaison sont présentés ci-
dessous:

o les résultats montrent que le modéle EF prédit assez bien la résistance maximale ainsi
que la rigidité initiale (voir Figure 13). La déviation maximale est de 20%,

o leséléments plastifiés et les modes de ruine obtenus sont similaires. De plus, les modéles
numeériques permettent de vérifier la plastification du poteau et des soudures au niveau
des assemblages SPE1-MO0, SPE1-M90 et SPE1-M45,

e les modéles numériques permettent d’évaluer la contribution des tiges d’ancrage a la
résistance aux charges appliquées. Pour les séries M90 et M45, on observe une
redistribution des efforts entre les tiges d'ancrage,

e la distribution des contraintes a la base des semelles du poteau pour les échantillons
SPE1-M90 et SPE2-M90 est correctement estimée par le modéle numérique,

e la position du centre de compression varie en fonction du moment fléchissant appliqué,

e pour toutes les séries de tests (M0, M90 et M45), la distance du centre compression au
centre du poteau est plus élevée pour les platines épaisses, ce qui permet de conclure
que zc dépend fortement de la flexibilité de la platine.

Laura da Silva Seco



COLUMN BASE PLATES UNDER 3D LOADING RESUME ETENDU EN FRANGAIS

50 A 60 -
M (kNm) M (kNm)
40 50 1
40 A
30 A
30 A
20 - Expérimental Expérimental
Numerique 20 1 —— Numérique
10 - 10 |
0, (mrad) 0; (mrad)
0 T T T T T 1 0 T T T T 1
0 10 20 30 40 50 0 10 20 30 40
a) SPE1-MO b) SPE2-MO0
40 - 50 1
M (KNm) M (kNm)
40 A
30 A
30 A
20
Expérimental 20 1 Expérimental
— Numérique — Numérique
10 -
10 -
0 6; (mrad) 0 0; (mrad)
0 20 40 60 80 0 10 20 30 40 50
c) SPE1-M90 d) SPE2-M90
50 A 50 -
M (KNm) M (kNm)
40 A 40 A
30 A 30
- Expérimental
i Expérimental i
20 20 -
» Numerique
Numérique
10 - 10 -
0; (mrad) 0, (mrad)
0 T T T 1 O T T T T T 1
0 20 40 60 80 0 10 20 30 40 50 60
e) SPE1-M45 f) SPE2-M45

Figure 13: Comparaison numérique-expérimentale des courbes moment-rotation

Le modele de calcul par éléments finis a été utilisé dans le cadre d’une étude paramétrique afin
d’étudier I’influence de I’effort axial, de I’épaisseur de la platine, du type de poteau (HEA 200
ou IPE 200) et du diametre des tiges.

Laura da Silva Seco
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Tableau 2: Caractéristiques des assemblages de 1’étude paramétrique

ID Poteau Epaisseur de la platine t,s (Mmm)  Diamétre des tiges (mm)
P1 HEA 200 10 16
P2 HEA 200 20 16
P3 IPE 200 10 16
P4 IPE 200 20 16
P5 HEA 200 10 20
P6 HEA 200 20 20
300 160 300
F70——160—-70— o8040 70T—160— 70+
j[» O, @18=6= T O, =&-T018 T O, @2~
g g ﬁw g8 8 g ﬁw
\» 6.5 —=f— L 56 \» 65 —=f=—
v o o =l o o W o O
P12 P3/4 P5/6

Figure 14: Dimensions des assemblages étudiées

Les principales conclusions de cette étude sont :

les modes de ruine dépendent fortement du niveau de I’effort axial appliqué et de la
direction du moment fléchissant,

l'augmentation de 1’effort de traction diminue le moment résistant ainsi que la
rigidité initiale,

I'augmentation de ’effort de compression appliqué augmente la résistance et la
rigidité initiale dans certains cas (MO et M45) pour des valeurs allant jusqu'a la
moitié de la résistance en compression pure de ’assemblage,

en présence d’efforts de compression importants la ruine est obtenue par instabilité
locale des semelles du poteau,

I'augmentation de I'épaisseur de la platine tend & améliorer la résistance et la rigidité
initiale des assemblages, sauf en présence d’un effort de compression conséquent,
I'utilisation d'un profil en acier HEA au lieu d'un IPE augmente le bras de levier en
présence d'un moment fléchissant hors plan dominant,

l'augmentation du diametre des tiges d'ancrage augmente le moment résistant ainsi
que la rigidité initiale, dans les cas ou la ruine correspond a la ruine des tiges
d’ancrage.

Chapitre 5 : Modéle analytique

Ce chapitre est consacré au développement d’une méthode de calcul de la résistance des pieds
de poteaux soumis a la combinaison d’un effort normal et d’un moment fléchissant (dans le
plan, hors plan et flexion biaxiale). Cette méthode est basée principalement sur la méthode des
composantes de I’Eurocode 3 Partie 1-8 ainsi que 1’Eurocode 2. Une des principales inconnues
du probléme est le mécanisme de transfert des efforts du poteau aux ¢léments de 1’assemblage.

Laura da Silva Seco
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Pour le cas du moment dans le plan, deux modeles ont été développés — nommés simplifié et
complet — afin de considérer un cas sans la contribution de 1’ame du poteau en compression et
I’autre avec cette contribution. Pour un moment fléchissant hors plan et dans les deux directions,
un seul modele est proposé. Les modeles considérent que la ruine ce produit dans 1’assemblage
(Modes de trongons en T selon 1I’Eurocode 3 Partie 1-8) ou par la plastification du poteau. La
procédure de calcul est liée au type d’effort dominant. Les modes de fonctionnement considérés
sont les suivants:

o effort de traction dominant,

e moment fléchissant dominant avec traction critique,

e moment fléchissant dominant avec compression critique,

e effort de compression dominant.

Aprés vérification du type de fonctionnement, I'objectif du modele analytique proposé est de
déterminer la résistance de ’assemblage a partir de 1’équilibre des efforts développés dans les
cotés tendu et comprimé (résistances des T-stubs en traction et compression Fy et Fcy). Les
résultats obtenus par les modéles de calcul sont comparés aux résultats expérimentaux et aux
simulations numériques. Il est montré que le modéle de dimensionnement de 1’assemblage
prédit avec une bonne précision la résistance en flexion des pieds de poteaux (voir Tableau 3).

Tableau 3: Comparaison des résultats obtenus par les modeles de dimensionnement et les essais expérimentaux

Expérimentale Analytique Ana/Exp
ID Résistance ultime Mode de Résistance ultime Mode de M:
Mj.uexp (KNm) rupture Mj,uana (KNm) rupture o
SPE1-MO 43,2 Mode 2 434 Mode 2 1,00
SPE2-MO 48,5 Mode 3 50,7 Mode 3 1,04
SPE1-M90 36,2 Mode 2 33,0 Mode 2 0,92
SPE2-M90 43,7 Mode 3 40,9 Mode 3 0,94
SPE1-M45 39,4 Mode 2 41,5 Mode 2 1,05
SPE2-M45 47,3 Mode 3 46,3 Mode 3 1,03
2500 - 2500 - 2500 -
N (kN) N (kN) N (kN)
2000 2000 2000
1500 1500 1500
1000 1000 1000
500 500 500
M (kNm) M (KNm)
0 T ] ] 0
40 80 12( 40 8(
-500 Nuréri -500 -500
[} -
S * Numriae " ok
Modele simplifié e odele simplifie
Modele complet Modele simplifié —— Equation elliptique
a)  Courbes d’intéraction Mip-N b) Courbes d’intéraction Mop-N c) Courbes d’intéraction Mas-N

Figure 15: Comparaison des résultats obtenus par les modéles de dimensionnement et simulations numériques pour P1
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MAIN NOTATIONS

Latin lower cases

ac
am
ar
bbp
bfc
bc
bwm

bt

bef‘f,c
beff,w

Cc
Cm
Cr
do
dr
dw
€b
€h

eN

First term of the second degree equation for biaxial bending moment resistance
in dominant compression

First term of the second degree equation for biaxial bending moment resistance
in dominant bending moment

First term of the second degree equation for biaxial bending moment resistance
in dominant tension

Weld throat thickness

Width of the base plate

Width of the column flange

Second term of the second degree equation for biaxial bending moment
resistance in dominant compression

Second term of the second degree equation for biaxial bending moment
resistance in dominant bending moment

Second term of the second degree equation for biaxial bending moment
resistance in dominant tension

Column flange effective width

Column web effective width

Width of the concrete block

Additional effective width

Modified additional effective width

Third term of the second degree equation for biaxial bending moment resistance
in dominant compression

Third term of the second degree equation for biaxial bending moment resistance
in dominant bending moment

Third term of the second degree equation for biaxial bending moment resistance
in dominant tension

Diameter of the anchor bolts holes

Depth of the concrete block

Diameter of the anchor bolts nut

Distance from the centre line of the anchor bolt to the edge of the base plate, in
the direction parallel to the width by, Of the base plate

Distance between the edge of the base plate and the edge of the concrete block
in the direction parallel to bpp

Distance between the edge of the base plate and the edge of the concrete block
in the direction perpendicular to byp

Eccentricity
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€x

fck
fetm
fo

fcm

*

fja
fjd,max
fja.f
fjaw
fm

fru

fub
fubp
fUC

fye

fub
fybp
hbp

he

hy

k2

ke

kT

|cp,i
|eff,c
|eff,i
|eff,w

|nc,i

mpl

Nb

S1

Distance from the centre line of the anchor bolt to the edge of the base plate, in
the direction perpendicular to the width by of the base plate

Compressive strength of concrete

Tensile strength of concrete

Specified compressive strength of grout

Mean compressive strength at 28 days

Uniformly distributed resistance along the column effective width in
compression

Modified design bearing strength

Maximum design bearing strength of concrete

Design bearing strength of the column flange

Design bearing strength of the column web

Ultimate strength corresponding to beginning of the strain hardening
Uniformly distributed resistance along the column effective width in tension
Ultimate strength of anchor bolts

Ultimate strength of the base plate

Ultimate strength of the column

Yield strength of the column

Yield strength of the anchor bolts

Yield strength of the base plate

Height of the base plate

Height of the column cross-section

Height of the concrete block

Safety coefficient for the resistance of the anchor bolt in tension

Stiffness coefficient in compression

Stiffness coefficient in tension

Total length of the coupon test at failure

Initial total length of the coupon test

Effective length for circular pattern i

Column flange T-stub effective length

Effective length for failure mode i

Column web T-stub effective length

Effective length for non-circular pattern i

Distance from the centre line of the anchor bolt to the edge of the weld, in the
direction perpendicular to the width by of the base plate

Plastic moment per unit length of yield line

Number of activated anchor bolts

Number of activated anchor bolts rows

Distance between the anchor bolts in the direction of the height of the base plate
hbp

Relative displacements limit for bond stress-slip law
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Zcol
Zco

Relative displacements limit for bond stress-slip law
Relative displacements limit for bond stress-slip law
Thickness of the base plate

Column flange thickness

Column web thickness

Distance between the anchor bolts in the direction of the width of the base plate
Neutral axis position

Portion of the effective web in compression
Compressive lever arm

Total lever arm

Width of the column for out-of-plane bending
Compressive lever arm from EC3-1-8

Tensile lever arm

Half of the total effective length of the web

Average of the total lever arm

Latin upper cases

A1
Az

Aett
As
Av
Ec
Es

Fc
Fc,fc,u
Fc,Rd
FC,u

Fcuf
FC,u,W
FmaX
Frau
Fr
Ft
Fir
FtRrd
FT,u

Area of the base plate concentrically bearing on the grout (or concrete)
Maximum area of the portion of the supporting surface that is geometrically
similar to and concentric with the loaded area

Effective bearing area

Total cross sectional area of the bolts (threaded part)

Shear area of the column cross-section

Concrete Young modulus

Steel Young modulus

Applied force

Reduced resistance of the T-stub in compression

Resistance of the column flange in compression

Design resistance of the T-stub in compression

Resistance of the column T-stub in compression depending on the considered
behaviour type

Resistance of the column flange T-stub in compression

Resistance of the column web T-stub in compression

Maximum reached force on the experimental tests

Concentrated design resistance force

Reduced resistance of the T-stub in tension

Applied tensile force in the left side

Applied tensile force in the right side

Anchor bolt design resistance

Resistance of the column T-stub in tension

Shear modulus of the column
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Sj,ini
Sy
Ub
Ui
Wy pi
Wz pi

Moment of inertia

Ratio between the distances amongst the hydrostatic axis and the compression
and tension meridian

Column length

Active anchor bolt length

Prying limit

Effective embedment length of the anchor bolt

Effective exposed length of the anchor bolt

Distance between the load application point and the column base plate
Bending moment corresponding to the yield point

Bending moment at the top of the column

Bending moment per unit length acting on the base plate

Bending moment in the compressive side

In-plane bending moment

Plastic bending moment resistance

Bending moment design resistance

Ultimate bending moment resistance

Out-of-plane bending moment in the left side

Out-of-plane bending moment in the right side

Maximum out-of-plane bending moment

Bending moment in the tensile side

Applied axial force

Resistance of the connection in pure compression

Axial load value corresponding to the maximum bending moment
Average between the resistances in pure compression and pure tension
Resistance of the connection in pure tension

Prying force

Initial cross-sectional area of the coupon test

Initial stiffness

Cross-sectional area of the coupon test at failure

Horizontal displacement at the bottom of the base plate
Horizontal displacement at the top of the base plate

Plastic modulus of the cross-section in the strong-axis direction
Plastic modulus of the cross-section in the weak-axis direction

Greek lower cases

oc
aT

Curve fitting coefficient; coefficient that takes into account the concrete
confinement

Ratio between the lever arm zt and the average lever arm z

Ratio between the lever arm zc and the average lever arm z
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pi
Vb
Yc
YMO
M1

M2
on

&cl

€h

&m

&Enom

Eu

ey

o

Oc

0

Oju
ej,max,exp
ej,max,num
Ox

o

Oc

Oe

Onom

Tf

Tmax

&

Foundation joint material coefficient

Relative concrete block rotation

Partial safety factor for the concrete

Partial safety factor for resistance of cross-sections whatever the class is
Partial safety factor for resistance of members to instability assessed by member
checks

Partial safety factor for resistance of cross-sections in tension to fracture
Displacement corresponding to the tensile strength of concrete

Strain

Strain corresponding to the maximum strength of the concrete

Strain corresponding to the beginning of the yield plateau

Strain corresponding to the beginning of the strain hardening

Nominal strain

Ultimate strain

Yield strain

Rotation corresponding to the yield point

Rotation of the concrete block

Rotation of the connection

Ultimate rotation of the connection

Maximum rotation of the connection from the experimental tests
Maximum rotation of the connection from the numerical analysis
Rotation at a distance x

Normal stress

Concrete compressive stress

Concrete compressive stress that corresponds to yielding of a cantilever with
length ex+m

Nominal stress

Shear stress

Ultimate shear stress

Maximum shear stress

Elongation of the anchor bolts

Greek upper cases

A1
A4
Ac

Am

Vertical displacement read by the displacement transducer V1

Vertical displacement read by the displacement transducer Vs

Discriminant of the quadratic formula for biaxial bending moment resistance in
dominant compression

Discriminant of the quadratic formula for biaxial bending moment resistance in
dominant bending moment
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At Discriminant of the quadratic formula for biaxial bending moment resistance in
dominant tension
O Resistance factor for bearing

Abbreviations

HR High resistance
LVDT Linear variable differential transformer
MO In-plane bending moment
M90 Out-of-plane bending moment
M45 Bending moment at 45°
SPE Specimen
Subscripts
45 Biaxial (45°)
ana Analytical
b Bolts
bp Base plate
c Column, concrete, compression
exp Experimental
f flange
ip In-plane
I Left side
max Maximum
num Numerical
op Out-of-plane
r Right side
S Steel
t Tension
u Ultimate
w Web

Laura da Silva Seco



COLUMN BASE PLATES UNDER 3D LOADING 1 INTRODUCTION

1. INTRODUCTION

1.1. Scope of the thesis

During the last decades, steel structures have been widely adopted for its simplicity, quick
erection and less environmental impact. Commonly used for the construction of industrial,
commercial and habitational buildings, bridges and recently, wind towers, steel structures
provide an excellent alternative to current reinforced concrete structures (Simdes, 2014). With
multiple benefits such as the high-quality production, the reduction on the self-weight, no need
formwork and the use of a fully recyclable material enables to obtain cheaper solutions, which
led steel structures gain a worldwide leading place. But the civil engineering world is in
permanent evolution with the development of new materials and revolutionary construction
techniques, and because of its importance, steel structures continue to be the focus amongst
researchers.

Steel joints are structural elements which play an important role in the connection between
different elements of the steel structure, such as beams, columns, foundations. For this reason,
their behavior have a strong influence on the global behavior of the structure. Furthermore,
design engineers of steel structures from today need to pay special attention to find adaptable
and economical solutions, with easy fabrication, high resistance and deformation capacity
(Kuhlmann et al. 2014), which increases the difficulty on the design of such elements as joints.

Column base plates are one of the most critical and influential elements on steel structures,
since their efficiency and performance strongly affects the whole behavior of the structure
(Stamatopoulos and Ermopolous, 2011). The main function of these type of connection is to
transfer to the foundation the self-weight and the loads applied to the structure, representing a
great influence on the stability and durability of the overall structure. However, comparing with
other types of connections, such as beam-to-column or beam-to-beam, there is a lack of
information on regulatory documents about column base plates. Within the existing studies
carried out by other researchers, it is very common to find numerical or experimental programs
mainly focused on strong axis bending, unlike the cases with weak axis bending or biaxial
bending.

Thus, it is crucial to have a correct estimation of the mechanical properties of this type of
connections, in the matter of strength, stiffness and rotation capacity, for cases with biaxial
bending. For this reason, the main objective of this work is to develop an accurate model,
allowing to predict the resistance of column bases under complex loading conditions.
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Figure 1.1: Transmission of forces applied in a structure to the foundation

1.2. Objectives

Aiming to obtain an economical structural design, the main objective of this thesis is the
development of an analytical model that allows to obtain the resistance of steel column base
plates anchored to a concrete foundation under different loading conditions: axial force, uni-
axial and biaxial bending moment. As this work has the final purpose to be consistent with
Eurocode 3, the analytical model will be based on the existing component method presented in
EN 1993-1-8.

To develop a simple and suitable approach, this work consists on an extended literature review
about column base plates, preceded by the experimental, numerical and analytical studies. The
numerical simulations are based on two experimental programs carried out at Laboratoire de
Génie Civil et Génie Mécanique de I’INSA de Rennes, in order to compare and validate the
obtained results with experimental data. The development of an analytical model to predict the
behavior of the column base plates subjected to uni-axial and biaxial bending moment comes
right after, with its validation against the existing numerical and experimental results. This
research work allows to evaluate how accurate are the predictions made until now based on the
component method.

1.3. Chapters organization

The different chapters are described below:

e Chapter 1 — Introduction: brief presentation of the scope of the thesis, as well as the
main objectives, including the description of each chapter,
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e Chapter 2 — State of art: dedicated to the description of the developments and
investigations previously carried out on column base plates, this chapter includes a
regulatory review about the existing methodologies provided to evaluate the resistance
of column base plates,

e Chapter 3 — Experimental tests: characterization of the experimental testing program.
Abbreviated description of the tests set-up and the chosen variable parameters. Analysis
and discussion of the obtained results,

e Chapter 4 — Numerical study: description of the numerical models created in ABAQUS,
this chapter presents the numerical study and the obtained results by the numerical
simulations based on the presented experimental tests,

e Chapter 5— Analytical models for resistance: development of an analytical model, based
on the component method, to predict and evaluate the resistance of column base plates
under axial force and uni-axial/biaxial bending moment,

e Chapter 6 — Conclusions and recommendations: final considerations are made.
Additionally, a few suggestions of future works are also given.
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2. STATE OF ART

2.1. Introduction

Column base plates are one of the most important connections in steel structures, since they
link the superstructure to the foundation. However, the gap of knowledge is evident on the
existing literature. Comparing to other types of connections, the number of available numerical
and experimental data is quite limited and mostly focused on strong axis bending moment. As
steel structures are very sensitive on the redistribution of internal forces caused by the rotational
stiffness of column bases (Wald, 2000), researchers felt an immediate need to find suitable
design methods for this type of connections.

The present chapter contains a description of the main numerical and experimental works
carried out, as well as a review and comparison of the existing methodologies available on
different national design codes.

A particular attention is given to the component method presented in Eurocode 3. Although it
only takes into account the in-plane bending moment, this method is nowadays widely used to
predict the behavior of column base plates in terms of resistance and stiffness.

2.2. Historical background

In Europe, column base plates were the subject of first studies in 1971 carried by Delesques in
France. At the time, the calculation was made based on elastic methods used for reinforced
concrete structures. Seventeen years later, Lescouarc’h adopted the same model for the
development of the methodology presented in Lescouarc’h (1988) for column base plates
subjected to biaxial bending moment. Also, in 1987 Colson developed two and three-
dimensional models to investigate the nonlinear bending flexibility of column base plates.

In 1986, David Thambiratnam analysed by means of an experimental program, the behavior of
column base plates subjected to eccentric axial loads and bending moment. Later,
Krishnamurthy and Thambiratnam (1990) made great advances studying the column base plates
behavior. The same way in 1992, Astaneh and Nakashima studied the parameters which play a
major influence on the behavior of several column base plates configurations.

In the United States, before the Northridge earthquake, the design of column base plates under
bending moments was based on published works by Gaylord and Gaylord (1957 and 1972),
Salmon et al. (1957), Blodgett (1966), Soifer (1966), McGuire (1968), Maitra (1978), DeWolf
and Sarisley (1980), DeWolf (1982), Ballio and Mazzolani (1983), Thambiratnam and
Paramasivam (1986) and AISC Design Guide No. 1 “Column Base Plates” (DeWolf and
Ricker, 1990; Lee et al., 2008a). However, the earthquake that occurred in 1994 allowed
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researchers to conclude that the performance of column base plates did not fulfil the
requirements, exhibiting considerable and irreversible damages. Thus, an urgent need to
develop new methods arise to design column base plates, in order to achieve a satisfactory
response in case of large lateral displacements.

2.3. Previous analytical, numerical and experimental studies

In general, the design methods are built to design the connections to resist to in-plane bending
moment, neglecting the effect of out-of-plane bending moment. However, this non-
consideration of the effects of bending along the weak axis can lead to serious risks on the
stability of the structure and to a premature failure of the column base plates.

Along the past years, the uncertainty related to the hypothesis taken on the design of this type
of connection led some researchers to study column base plates with more detail. The analytical
and numerical works described below represent the best-known studies on column base plates
under 3D loading that were developed all over the world. Also, test campaigns were carried out
on column base plates in order to have a better understanding about the behavior of such
connections subjected to different loading conditions. In some cases, experimental tests
represented the starting point to the development and validation of new calculation procedures.
Comparisons between the existing component method and experimental laboratory tests on
column base plates are also done and presented in this section.

2.3.1 In-plane bending studies

Back in 1985, at University of Laval in Canada, Picard and Beaulieu (1985) performed an
experimental investigation on 15 column base plates in order to evaluate their behavior when
subjected to axial forces combined to in-plane bending moment and estimate the rigidity in
function of the combination of loading.

Table 2.1 summarizes the geometry of each tested specimen. For the series of tests F, the
parameter L corresponds to the distance between the location of the attachment of the load jack
and the top of the base plate. For the series CF, en represents the eccentricity of the load applied
to the steel column. The test set-up and the base plate configurations can be seen in Figure 2.1
and Figure 2.2.
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Table 2.1: Characteristics of the tests

Specimen Column cross sections and base plate dimensions L (mm) en (mm)
1F* 730 -
2F* 733 -
3F* M 100 x 19 737 -
4CF+ 130 x 140 x 11 mm - 149
5CF¥ (2 anchor bolts) - 162
6CFt - 305
7CF+ - 305
gi: W 150 x 37 ZZ;
190 x 300 x 29 mm
1ocFy (4 anchor bolts) i 305
11CFy - 305
;lé:z: HSS 152,4 x 152,4 x 12,7 Zgg
190 x 300 x 29 mm
14CFy (4 anchor bolts) i 438
15CFy - 440

*(F) — flexion: specimen subjected to shear force and bending moment
+ (CF) — compression and flexion: specimen subjected to axial force, shear and bending moment

Steel column

(]
N Dial
o s g/ ial gauge
AE ‘ - ‘ Section 3
@ ) Section 2

W150x37

100

3 5
Section 1 AN
=

460

130

T 9

.
Concrete block
1270x610x460

~Anchor bolts .
- -~ D=140
M100x19

+
B
70

G

30 ]

240

60

1270

Figure 2.1: Tests set-up (Picard and Beaulieu, 1985)

D=300

Figure 2.2: Base plate configurations

In presence of large eccentricities, Picard and Beaulieu (1985) proposed the following equation
for the ultimate bending moment resistance:

with

My = 0,850 f, defr bop[0,5(hy — x)|+ 1 As [y, (0,5, — €)

o. . coefficient that takes into account the concrete confinement,
fck - compressive strength of concrete,

detr : depth of the rectangular stress block,

hop : base plate depth,

bpp : base plate width,

2.1)
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n : number of anchor bolts in the tensile zone,

As : tensile stress area of an anchor bolt,

fub : ultimate tensile stress of anchor bolt,

e : distance from the base plate edge to the axis of the anchor bolt.

For the tests in pure bending (series F), the results showed that for all cases, the measured
ultimate bending moment was smaller than the nominal plastic moment capacity of the column
cross section about the strong axis. For the three first cases — 1F, 2F and 3F — tests stopped
when the piston stroke reached its maximum capacity, and consequently, the anchor bolts did
not reach failure. After the test, the observed rotation and deformation of the connection were
very large, showing a considerable gap between the grout and the base plate. However, the
deformation was not sufficient to break the anchor bolts. For the other tests, the rupture of the
anchor bolts was reached with great damage on the grout layer.

Results of tests subjected to a combination of bending and axial force (series CF) revealed that
the applied moment at the top of the column was significantly higher than comparing to the
nominal plastic moment capacity of the column cross section when the tests stopped. Local
buckling occurred in the column flange at the end of the analysis 4CF to 7CF, 10CF and 11CF.
For specimens 14CF and 15CF with tubular columns, tests stopped when the applied moment
was about 70% larger than the plastic bending moment capacity. After the analysis, the uplift
in the tensile zone of the steel base plate was evident.

Being one of the first experimental and analytical studies in the field of column base plates in
bending, and therefore, considered satisfactory for the time, given the results, it was concluded
that when subjected to simple bending moment, the predicted ultimate moment resistance of
the connection from the presented theoretical relationships was conservative. Also, cases with
four anchor bolts showed higher values of resistance and stiffness comparing to the ones with
two anchor bolts. A significant increase in the flexural stiffness was noticed in presence of a
compressive force.

Ermopolous and Stamatopoulos (1996) developed an analytical procedure for the classification
of column base connections in proportion with the level of concrete stresses under the base
plate. This work aimed to develop a relation between the bending moment and the rotation for
different types of connections (size and thickness of the base plate; size, length and location of
the anchor bolts; material properties of the different elements; geometry of the concrete block;
level of the applied axial load).

The design procedure for the calculation of the rotation, for a given combination M+N (bending
moment and axial force), is characterized by an iterative calculation to obtain the neutral axis
position and then, the stress distribution. Then, the rotation can be calculated, allowing to obtain
any point from the moment-rotation curve. This calculation procedure is divided into three
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models, according to the level of the concrete stresses that are developed under the base plate
(see Figure 2.3).

S [
/ i
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T S (Y
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1 e ~— ”/
FTF‘\\\J"- M?)u h\ / //A
T
VI Jop-ex-m-x x VB mpeemx  x i Hop-ex-m-x x
Fop-ex-x Hp-2ex-x hbp-2ex-x

Figure 2.3: Distribution of the stresses for Type models I, Il and 111

Curves obtained from the formulas proposed in this work were compared experimentally
against the results from Astaneh et al. (1992), allowing to conclude the satisfactory accuracy of
the analytical results (for further information, see Ermopolous and Stamatopoulos, 1996).
However, the application of this method is difficult in practice.

Jaspart and Vandegans (1998) made great advances in the study of the behavior of column base
plates subjected to bending moment in the strong axis direction. The objective was to develop
a mechanical model to accurately calculate the moment-rotation relationship.

To validate the mechanical model, twelve experimental tests were performed at University of
Liege. As represented in Figure 2.4, the tests set-up consisted in a steel column welded to a
steel base plate, with two different values of thickness, by two or four anchor bolts. The
geometry of specimens is summarized in Figure 2.5, Figure 2.6 and Table 2.2. A thin layer of
grout was placed between the base plate and the concrete to guarantee a good contact.
Specimens were loaded by a combination of a compressive axial force and bending moment in
the strong axis.

Concrete block

(1200x600x600 mm) -
A% o Thick plates for
RS support
L2 4 i
A 4 QA 4
Stiffening plate —— . <
A F2
Jack —\ s e
e i F1
[] —eT = = = = e

7 : 77777
Ground \___ Steel column

HEB 160 S355
Figure 2.4: Tests set-up
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Figure 2.5: Base plate configurations Figure 2.6: M20 anchor bolt dimensions
Table 2.2 summarizes the tests and the respective parameters that were used.
Table 2.2: Test designations (Jaspart and Vandegans, 1998)
Specimen Number of anchor bolts Base plate thickness (mm) Normal force (kN)
PC2.15.100 2 15 100
PC2.15.600 2 15 600
PC2.15.1000 2 15 1000
PC2.30.100 2 30 100
PC2.30.600 2 30 600
PC2.30.1000 2 30 1000
PC4.15.100 4 15 100
PC4.15.400 4 15 400
PC4.15.1000 4 15 1000
PC4.30.100 4 30 100
PC4.30.400 4 30 400
PC4.30.1000 4 30 1000

Observing Figure 2.7 with moment-rotation curves from test series PC2.15, it was concluded
that the bending moment resistance increases as the compressive force increases. Higher load
levels lead to less base plate deformations and consequently, delaying the failure of the anchor
bolts. Concerning the initial stiffness, it changed abruptly when in the tensile zone, the base
plate began to separate from the concrete block. Once again, the lower the applied compressive
load, the more quickly this phenomena occurs. Figure 2.9 from tests PC2.30, showed the
influence of a thicker base plate in the values of the ultimate resistance, which were clearly
higher. The difference on the initial stiffness values for test PC2.30.100 was due to the poor
conditions of the concrete when vibrated, having as a consequence a lower resistance. Figure
2.8 represent the moment-rotation curves obtained from tests PC4.15. The difference on the
strength between test PC4.15.1000 and the others is noticeable. In this case, the axial
compressive force was much higher than the others having as consequence a positive effect on
the resistance and stability. Tests PC4.30 with the thickest base plate, as seen in Figure 2.10,
showed the highest values for resistance and stiffness. However, in this case, the conclusion
that the higher value of compressive force corresponds to higher values of resistance was not
valid. In fact, for PC4.30.1000, yielding of the end section of the steel column and local column
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flange buckling occurred due to the large value of the applied load, resulting in lower values of

resistance comparing to PC4.30.400.

80 - 80 1
M (kNm) M (kNm)
60 - EEEEaN 60 -
— Li
40 - 40 1
20 - ——PC2.15.100 20 - ——PC2.30.100
——PC2.15.600 ——PC2.30.600
O ——PC2.15.1000 ¢, (mrad) . ——PC2.30.1000 ¢; (mrad)
0 20 40 60 80 0 20 40 60 80 100

Figure 2.7: Moment-rotation curves for PC2.15 tests

Figure 2.9: Moment-rotation curves for PC2.30 tests

100 120
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80 . 100 T
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60 -
60 - ——PC4.30.100
40 ——PC4.30.400
——PC4.15.100 40 1 ——PC4.30.1000
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Figure 2.8: Moment-rotation curves for PC4.15 tests

Figure 2.10: Moment-rotation curves for PC4.30 tests

The ultimate resistances and the registered collapse modes were summarized in Table 2.3.

Table 2.3: Moment resistances and failure modes registered on the experimental tests (Jaspart and Vandegans, 1998)

Specimen Mgu,test (KNm) Failure mode

PC2.15.100 40 Failure of the anchor bolts

PC2.15.600 56 Failure of the anchor bolts

PC2.15.1000 63 Crushing of the concrete

PC2.30.100 35 Failure of the anchor bolts

PC2.30.600 57 Failure of the anchor bolts

PC2.30.1000 75 Failure of the anchor bolts

PC4.15.100 62 Yielding of the plate

PC4.15.400 68 Collapse of the plate and of the anchor bolts
PC4.15.1000 97 Yielding of the plate

PC4.30.100 86 Tearing of the anchor bolts

PC4.30.400 117 Tearing of the anchor bolts
PC4.30.1000 110 Yielding and local buckling of HEB 160

From the table above, it is concluded that the most rigid and resistant column base plates are
the ones in which the applied compressive force is higher when failure occurs on the connection.
The resistance can decrease with increasing value of the compression force when
yielding/buckling develops in the column itself. Results also indicated that column base plates
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have a high semi-rigid behavior, even when dealing with classical pinned connections, which
is positive for the design of building frames.

Within the scope of this experimental program, as aforementioned, a specific model for column
base plates was developed by Jaspart and Vandegans (1998) in order to have a better
understanding of the behavior of such connections in terms of individual components,
interactions between elements and possible failure modes. Based on the component method,
this method allowed to integrate numerous aspects of the behavior of column base plates. With
support from the observations of the experimental tests, some assumptions listed below were
taken into account on the analytical model:

the complexity of the contact between the base plate and the concrete block, by
extensional springs for the concrete under the plate,

the bond-slip relationship between the anchor bolts and the concrete. As the connection
starts to deform, the bond between these two elements is activated and quickly
disappears, so it was considered that the anchor bolts in tension were free to elongate
from the beginning of the loading,

the consideration of an equivalent rigid plate is preserved, in order to transmit properly
the compressive forces under the base plate,

as it was observed on the experimental tests, yield lines can be seen on the extension of
the end-plate on the compressive side,

the yielding of the steel profile due to the combination of an axial force and a bending
moment,

the global deformation of the connection, which led to variations on contact zones and

lever arms.
M
m
Anchor bolts HEB 160
}jﬂ [

Deformation
HEB 160

§ @ -~ Anchor bolts
; 3=
®

Plate — concrete contact
Figure 2.11: Modelling of column bases (Jaspart and VVandegans, 1998)
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Figure 2.11 represents the model considering the observations made from the experimental
results. In the model, springs replace the main components, simulating the deformation of the
column at the bottom, subjected to tension or compression (1), the deformation of the base plate
and the anchor bolt in tension (2), the compression of the concrete block located under the base
plate (3) and, the yielding of the base plate in the compressive side of the connection.

To represent the behavior of the anchor bolts and the base plate in tension (2), strongly related
to the thickness of the base plate and the location of the bolts, Annex J from Eurocode 3 was
used. For the component base plate in compression (4), as the base plate deforms, a plastic
hinge is locally formed. A spring in bending can model this phenomenon, considering an
elastic-plastic law in the compressive part of the connection. Springs (1) with an elastic-plastic
behavior allowed to perform the behavior of the steel column subjected to axial forces and
bending moment. However, this model does not take into account the buckling of the flanges
and web of the column that might develop.

The moment rotation curves obtained by the refined model and experimental tests are presented
in Figure 2.12 and Figure 2.13.

80 - 120 ~
M (kNm) M (kNm) o
/—/_l/—/‘ 100 -
60 -
80 A
40 A 60 -
— Model
—Test 40 A Model
20 A — Test
20 ~
0 0; (mrad) 0; (mrad)
0 20 40 60 80 100 0 20 40 60 80 100
Figure 2.12: Moment rotation curves of PC4.15.400 Figure 2.13: Moment rotation curves of PC4.30.400

The ultimate bending resistance is accurately estimated by the model. The moment-rotation
curves are also satisfactory, particularly for PC4.30.400. The rotational stiffness of the
connection PC4.15.400 is different from the test. This specimen is more sensitive to the base
plate deformation in bending in the tensile and compressive parts, since this component is
modelled in a very simplified way considering Annex J of ENV 1993, that neglect shear
deformation of the base plate and use simplified formulations. Moreover, the modelling of the
concrete in compression can probably be improved. The rotation capacity of the connections
was not considered as well.

Stamatopoulos and Ermopoulos (2011) performed tests on eight specimens and developed finite
element models to evaluate the moment-rotation curves of column base plates. The tested
connections were subjected to strong axis bending moment with different levels of compressive
force. The test set-up is presented in Figure 2.14 and the geometry of specimens in Table 2.4.
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Figure 2.14: Tests set-up (Stamatopoulos and Ermopolous, 2011)

Table 2.4: Geometry and material properties of the tests (Stamatopoulos and Ermopolous, 2011)

Base plate Anchor rods Concrete

e e ?&Tn?" " fyp (N/Mm?)  Type fio (NMM?) As (mm2) ?rfnxm*;f x dr
SP1 240x140%16 416 M12 536,5 84,3

SP2 240x140x12 320 M16 846,5 157

SP3 240x140x16 277 M12 536,5 84,3

SP4 240x140%x12 429 M16 846,5 157

SP5 HEBI20  osowiaoxis 277 M16 846,5 157 200x500~400
SP6 240x140%16 416 M16 846,5 157

SP7 240x140x12 320 M12 536,5 84,3

SP8 240x140%x12 429 M12 536,5 84,3

Experimental moment-rotation curves were compared with the numerical and analytical curves
in order to validate the analytical formula proposed by the authors that relates the moment M
with the rotation of the connection 6;:

0.
_ J
M =a M, B0+ 6 (2.2)
with
a . curve fitting coefficient,
Mo, 6o : moment and rotation corresponding to the yield point.

Figure 2.15 of the moment-rotation curves for tests SP1, shows that the formula proposed by
the authors is in good agreement with the ones obtained from the experiments and the FEM
models for the different levels of axial force.
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Figure 2.15: Comparison of experimental, numerical and analytical moment-rotation curves for tests SP1

Although the moment-rotation curves obtained by Equation (2.2) are quite close to the
numerical and experimental curves, the model requires to determine a priori the value of the
rotation 6. This parameter results from an iterative process presented in Ermopolous and
Stamatopoulos (1996) in which the position of the neutral axis must be first calculated. Next,
the parameters required to obtain the rotation for a given bending moment M and axial force N.
The relation expressed by Equation (2.2) also depends on a coefficient o, obtained from an
extrapolation procedure, which takes into account the connection configuration. Thus, despite
the fact that the moment-rotation curve obtained through the equation is quite simple and direct,
considering the non-linearity between these two parameters, the calculation process behind this
relationship requires some analysis results to determine specific points and parameters of the
curve, which is impractical and time-consuming.

A similar nonlinear model was proposed by Abdollahzadeh and Ghobadi (2013). The model
consists in the prediction of moment-rotation curves M-6 of column base plates subjected to
monotonic loading. This work was based on the study proposed by Stamatopoulos and
Ermopolous (2011) described above. The existing data was used to compare and validate the
model. The proposed equation for the prediction of the M-8 curve of column base plates under
monotonic loading is:
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M=Mn<l+(%—l>gy> <1— e'(HO’zS%)e_gy) (2.3)

M : obtained by Equation (2.4),
My, 6y : moment and rotation corresponding to the yield point.

with

To evaluate the accuracy of the proposed formula, the results were directly compared to
experimental and FEM results from Stamatopoulos and Ermopolous (2011).

Table 2.5: Calculated parameters for the model (Abdollahzadeh and Ghobadi, 2013)

Specimen Miju (KNm) Mn (KNm) My (KNm) 6y (3rad) N (kN) :ENm/rad) kaNm/rad)
SP1 17,5 14,0 14,9 3,3 0 5052,2 252,6
SP2 22,8 18,3 19,4 3,6 99,3 6038,3 301,9
SP3 21,6 17,4 18,4 3,8 198,5 5461,5 2731
SP4 29,3 235 249 4.4 297,8 6270,4 3135
SP5 23,2 18,5 19,6 32 0 6767,2 3384
SP6 31,7 255 26,9 42 99,3 7185,3 359,3
SP7 18,7 15,0 15,9 3,5 198,5 5023,9 2512
SP8 21,2 16,9 17,9 39 297,8 5121,9 256,1
20
M (kNm)
15 -
- 7z,
10 7 Z Model proposed by Abdollahzadeh and
p / Ghobadi (2013)
/ Model proposed by Stamatopoulos and
5 / Ermopolous (2011)
y/ - = = Experimental tests by Stamatopoulos
and Ermopolous (2011)
0 0; (mrad)
0.000 0.005 0.010 0.015

Figure 2.16: Comparison of the moment-rotation curves for test SP1

From Figure 2.16, the comparison of the curves between the existing experimental, analytical
and numerical data and the proposed model for test SP1 reveal a good agreement. However,
despite the good correlation between the results, the application of this model, in a similar way
to the previous one presented in Stamatopoulos and Ermopolous (2011), needs a previous
calculation of parameters such as: the initial stiffness Kj, the intercept constant moment M, and
the strain hardening stiffness K, represented in Figure 2.17. The first parameter can be obtained
from the general analytical model presented in EN 1993-1-8 for the estimation of stiffness
properties. From Figure 2.17, M, depends on the ultimate bending moment of the connection
Mij,u, calculated by EN 1993-1-8. Then the authors present the value of M, as being a portion of
M, calculated using the methodology of Eurocode:
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M, = 0,8025M;, (2.4)

This calculation approach for the moment My is surrounded by some uncertainties, since its
origin is not explained, representing a clear disadvantage for the model. Similarly, the
estimation of the parameter Ky, since there is no exact applicable analytical method for its
calculation, Abdollahzadeh and Ghobadi (2013) used values available in the literature predicted
by previous researchers, considering the ratio Ky/Kiequal to 5%. Once again, the determination
of this value requires a clearer and more objective verification.

i

Mn———;:""

8, 6,

Jju

Figure 2.17: Moment-rotation curve parameters

Marai et al. (2014) proposed to integrate the effect of the column web in compression in the
evaluation of the resistance of column base plates subjected to in-plane bending moment and
axial force. The geometry of the compressive effective area was assumed to be equal to the
cross section increased by a strip of effective width ¢ calculated according to EN 1993-1-8.
Under this area, the stress distribution was taken as perfectly plastic. For the tensile and
compressive sides, the resistances were assumed as:

Ftens,Rd = Ft,Rd,i (25)

Fcomp,Rd = min(Fc,Rd;Fc,fc,Rd) (26)
with
Firai: anchor bolts resistance,

Fcrd: concrete resistance,
Fcfcrd: column flange and web in compression resistance.

The calculation procedure consists in a sequence in which the equilibrium of the vertical forces
is guaranteed. In each step of this sequence, the position of the neutral axis and consequently
the compressive area changes, stopping when the activated part of the effective concrete area
and the activated bolt-rows positions intersect each other or when the concrete resistance value
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is higher than the resistance of the flange and web in compression component (Marai et al.,
2014). Thus, the proposed formula for the connection resistance is:

jo,Rd = Fcomp,Rd (ys,conc - yG,qu) +2Ft,Rd,i (hl - ijqu) (27)

The parameters Ys conc, Yo,fuit and hjcan be obtained from Figure 2.18.

F Fiora
ch_Rd T T T t1Rd ch:Rd T T TF
N, . N. . F 4 t1Rd
conc Mj.Rd Fr._LRd Yeanc MjRd t3.Rd
ol + 4+ + ol + 4+ +
e +++ A + + +
Lol 321 - 321
hs ;5]
Gl Yol
Ys,conc ¥, conc
ForaNeae Fyy jaFiora0 Fora™NeaFyraFioraFisra0

Figure 2.18: Assumed effective areas and equilibrium of forces for the design resistance calculation (Marai et al., 2014)

The M-N interaction curves obtained were compared against the Component Method, for a
stiffened I-profile connection with two inner rows and one outer row of anchor bolts (see Figure
2.18). The resistance of the connection is thus significantly increased in presence of
compressive force. However this procedure is iterative and the results were not compared
against those from experimental tests.

2-000-. - NRd (kN)

1-000- 1
Mj,Rd
(kNm)

00 1000

— Marai et al. (2014)
Component method EC3-1-8

-4-000- -
Figure 2.19: M-N interaction diagram resulting from the model of Mérai et al. (2014)

2.3.2 Out-of-plane bending studies

Concerning the study of column bases subjected to out-of-plane bending moment, Lee et al.
(2008a) conducted first numerical and experimental studies.
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The study began with an extensive numerical evaluation. For that, FE models were created
varying the base plate thickness, anchor bolt size and grout compressive strength. The obtained
numerical results were compared with the Drake and EIlkin method, exposing its main
weaknesses. For the parametric study, two anchoring configurations for column base plates
were studied to compare the results with the predictions obtained from Drake and Elkin design
method. The effects of shear force and bending moment were taken into account for the study
of the connections. The main geometric characteristics can be found in Figure 2.20 and Table
2.6.

Assumed

bending lines
0.8br
o o O | O
@ —
© © 8 2R
© § ;
° | OIS O | | Oq
2 8 8 2 2‘ 8 8 ‘2
20 20

Figure 2.20: Base plate configurations assumed for the parametric study (units are in inches)

Table 2.6: Geometry of the connection elements

Column Base plate Anchor bolts Grout

hp % bp X thp fyp ¢ Lb fyb fub f
L (mm) ) ) ) c

(mm) (N/mm2) — (mm)  (mm)  (N/mm?)  (N/mm?) (N/mm?)
2032 508x508x57 400 28 813 896 1034 41

The Drake and EIkin method was used to estimate the base plate thickness and the anchor bolts
diameter. For that, the resultant bearing force Ryand the total tensile strength of the anchor bolts
Tumust be calculated first. As it can be seen in Figure 2.21, a uniform distribution of the bearing
stress block g, located under the base plate is assumed. Then, using the equilibrium of forces,
Ru and Ty can be effortlessly calculated.

1%
|
Assumed bending line M, | Assumed bending line
(tension sida) ”/[\\ {compression side)
\ TR
JIER 7 gy g
/77 077 70 7 7 A
I o mﬂmmasmmedj
T ﬁ"l.-"u |T|

¥

Figure 2.21: Description of loads and parameters used in the Drake and Elkin method
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An extensive parametric study was carried out for both four and six-bolt configurations. The
main goal was to evaluate the impact of the base plate thickness, anchor bolts stiffness and
grout compressive strength on the overall behavior of the connections. It was concluded that
lower values for the strength and higher rotation capacity were observed for the most flexible
base plate due to the early yielding of the base plate. The influence of anchor bolts stiffness’s
was also studied and results concluded that the initial rotational stiffness is strongly related to
this parameter. For less stiff anchor bolts, larger base plate rotations were registered, with
significant curvature on the compressive side. Also from the numerical results it was proved
that although the Drake and Elkin method is highly sensitive to the grout compressive strength
fc, this parameter had no big influence on the variation of the resultant bearing force, the latter
being more dependent on parameters such as the base plate thickness and anchor bolt stiffness.
This study allowed to conclude that the assumption of bearing stress distribution as in Figure
2.21 is not fully adequate. Also, the proposed method do not take into account the
number/position of the anchor bolts.

In the scope of this work, with the aim of enriching the comparison and evaluation of the results
obtained from the Drake and Elkin method and the validity of the numerical parametric study,
a test campaign with four exposed-type column base plates was carried out at University of
Michigan. The influence of parameters such as the number of anchor bolts, relative strength
between the base plate and the anchor bolts, and different filler metal and welding detail was
also investigated. The mechanical and geometrical characteristics of specimens tested and
calculated numerically are similar (see Figure 2.20 and Table 2.6). Table 2.7 summarizes the
additional characteristics of each tested specimen.

Table 2.7: Tests characteristics (Lee, Goel and Stojadinovic, 2008b)

6-bolt specimen 4-bolt specimen

SP 6-1 SP 6-2 SP4-1 SP 4-2
Number of anchor bolt 6 6 4 4
Base plate thickness (mm) 57 57 57 57
Weld yield strength (N/mm?) 440 475 440 475
Weld tensile strength (N/mm?) 525 593 525 593
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Figure 2.22: Tests set-up (Lee et al., 2008a)

A comparison of the numerical and experimental lateral force-drift curves is depicted in Figure
2.23 and Figure 2.24. Results show better approximation for the six-bolt configuration. From
Figure 2.25 and Figure 2.26 it is possible to verify that the higher stiffness of the anchor bolts

from four-bolt tests led to higher values of tensile bolt forces.
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Figure 2.23: Lateral force—drift curve for six-bolt specimens
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Figure 2.24: Lateral force—drift curve for four-bolt specimens
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By analyzing the obtained results, it was concluded that the Drake and Elkin method is not
suitable to predict the behavior and performance of column base plates when subjected to weak
axis bending moment. Besides this, from the observation of the deformed shape of base plates
in tension, Lee et al. (2008b) could prove that the location and number of anchor bolts have
influence on the yielding pattern of the base plate in tension and the bearing stress distribution
in the compressive side. The investigation of the influence of filler metals and welding details
allowed to verify that more ductile welding detail should be adopted to resist to high stress
concentration and improve the connection performance under seismic conditions.

2.3.3 Biaxial bending studies

In this sub-chapter, the main works whose focus was the study of the behavior of connections
subjected to biaxial bending and axial forces are presented.

In 2014, at Brno University of Technology, an experimental program on column base plates
subjected to compressive force and uniaxial/biaxial bending was performed by Bajer et al.
(2014). The tested column base plates were fixed to the grout layer and reinforced concrete
foundation by means of four anchor bolts. Additionally, a shear lug was welded to the bottom
of the base plate. An axial load of 400 kN was firstly applied and then, an horizontal load was
increased until failure, creating uniaxial (Joints 1 and 2) or biaxial (Joints 3 and 4) bending
moments (see Figure 2.27). The four specimens have the same geometrical characteristics (see
Table 2.8).
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Figure 2.27: Test set-up (Bajer et al., 2014)
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Table 2.8: Adopted geometry and materials for tests

Column HEB 240
L =2020 mm
Base plate dimensions (mm) 440%330x%20
Steel grade (column, base plate) S235
Concrete dimensions (mm) 1500x1000x400
Concrete grade C16/20
Anchor bolts M20 8.8
IPE 100
Shear lug L =100 mm
w* 160 mm
p* 340 mm

*w, p — distance between the centre line of the anchor bolts in the yy’ and zz’ axis direction, respectively.

Failure was due to anchor bolts rupture in tension and yielding of the base plate in bending.
Cracks were also observed on the concrete foundation but were not critical for the whole
structure. The moment-rotation curves are plotted in Figure 2.28 and Figure 2.29. In addition
the curve calculated with Eurocode 3 for strong axis bending moment is added.

200 ~ 200
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—Joint 2 —Joint 4
40 - 40 -
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0.00 0.02 0.04 0.06 0.00 0.04 0.08 0.12 0.16
Figure 2.28: Moment-rotation curves strong axis bending  Figure 2.29: Moment-rotation curves biaxial bending moment
moment (26,56°)

The Eurocode approach overestimates the stiffness of column bases and underestimate the
resistance in presence of a strong axis bending moment. For strong axis bending moment, the
results obtained with the two specimens with the same geometry are quite close. In presence
of biaxial bending moment, the rotation capacity of the two specimens is quite different mainly
due to the material variability. The mechanical properties (rotational stiffness and resistance)
obtained in presence of biaxial bending moment are lower than that in presence of strong axis
bending moment mainly due to the modifications of the lever arm of the connection. However
the type of failure mode was not affected by this orientation. By the end, the mechanical
properties of the base plates are not provided, and this constitute a difficulty for a complete
calibration of numerical models with these experimental tests.

At University of Porto, a numerical study was carried out by Amaral (2014), based on the
experimental results presented by Bajer et al. (2014). The main goal of this work was to evaluate
the structural response of column base plates subjected to a combination of axial compressive
force and in-plane and biaxial bending and develop an analytical model based on the existing
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methodology presented in EN 1993-1-8 capable to predict the moment design resistance and
initial stiffness.

From the comparison of the results obtained numerically and experimentally, the approximation
was quite satisfactory for both in-plane and biaxial bending, with ratios between 0,92 and 0,93
for the moment capacity and 1,42 to 1,27 for the initial stiffness. Small discrepancies were
explained by the chosen material properties and the type of interactions assumed in the
numerical model between the elements. As in the experiments, the failure of the models was
governed by the yielding of the base plate and the rupture of anchor bolts in tension.

A model based on the component method was proposed to evaluate the bending resistance in
presence of axial force and biaxial bending moment. The components used for the evaluation
of the in-plane bending resistance are considered, only the effective lengths are modified to be
cinematically consistent. Amaral (2014) proposed the following effective lengths in Table 2.9,
based in the ones from the case of in-plane bending moment.

Base plate in bending and anchor
Anchor bolts in tension bolts in tension

F ]
Fral/ | Mg

3
|
1
<

_____ ) — C ¢
,,,,, PNEd l — 1 »MZEd
. L Zel|l R, R
fo — / \ _ logs
— Neutral axis
beff,l beff,r
Column flange in compression Base plate in bending and

concrete in compression (Aefr)

Figure 2.30: Identification of the individual components of column bases under weak axis bending moment (Amaral, 2014)

Table 2.9: Effective length calculation of a T-stub for the case of a weak axis bending moment (Amaral, 2014)
Yield pattern Circular pattern - [ ; Non circular pattern - /,, ;

® ®

lcp,l =27mmy lnp,l = 2mmy

Circular patterns

lep3 = mm+2e lyp,3 = mm, e
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Zcp,4 =4my+1,25¢e, Inp,4 =4m,+1,25¢e,

Non-circular

patterns

leps = e+2my+0,625¢, lnp.6 = e+2my+0,625¢,

with
lep,i : effective length for circular pattern i,
Inp,i : effective length for non-circular pattern i,
my : distance from the centre line of the anchor bolt to the edge of the weld, in the
direction perpendicular to the width b of the base plate,
ex . distance from the centre line of the anchor bolt to the edge of the base plate, in the
direction perpendicular to the width b of the base plate,
e : distance from the centre line of the anchor bolt to the edge of the base plate, in the
direction parallel to the width b of the base plate.

The effective length is then chosen as the smallest value of the effective lengths of each possible
mechanism for the different available failure modes:

e for Mode 1: leff,l = min(lcp,l;lcp,3;lcp,4;lcp,6)
o for Mode 2: I, = min(lep 430cp,6)
o for Mode 1-2: leff,l-Z = min(lnp,l;an,3;lnp,4;lnp,6)

It is noted that from the table above, some effective lengths are assumed to correspond to
circular and non-circular patterns whereas it is not the case. For example, the first mechanism
is only associate to circular pattern.

For each pattern (circular and non-circular) the effective length can be obtained by a single
expression. Then, the design resistance of the T-stub and the stiffness are calculated according
to EN 1993-1-8.

For the base plate in bending and concrete in compression components, the method assumes
that the stresses are transmitted to the foundation by the footprint of the column. However, the
bearing area considered for in-plane bending must be adapted for the case of out-of-plane
bending. For the resistance of the component, it can be easily defined by the effective
compressive area Aers and the concrete strength fjq.

Fepird =fq "Aefr (2.8)

with
fia : bearing strength,
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Aef : effective bearing area.

To define the effective area, the location of the neutral axis for the case where the tensile part
develops its full resistance needs to be calculated first. Thus, the validity of this procedure is
limited to the cases where the failure is governed by the components in tension. The
assumptions made for this model are listed below:

1. anchor bolts row develop its full resistance,

2. the effective area around the web is not taken into account for the compressive
resistance,

3. the area under compression cannot cross the zz axis of the connection.

The effective area Aefr is then obtained by the equilibrium of the axial forces represented in
Figure 2.30.

F. - N
Aefr = % (2.9

Jid
To determine the effective area, the dimensions befr and les can be obtained from the following
equations:

_ _ . . hbp - hc
befr = befry T betry = 2{ 1T ¢+ minye;— (2.10)
Aese/ besr
legs = min b°/2 +c (2.11)
byp/2
The lever arm zc is given by:
(b by, /
z, =min (?C +c;7p> - %ff (2.12)

with
be, he and tr : width, length and thickness of the column flange,
bop : width of the base plate.

The stiffness coefficient is obtained as follows:

_ Ec beff,sleff,s (213)

ke = ki3 1275E
with

befrs = tre +2,5t

Zeff,s = bfc + 2,5t

For the column flange in compression, the resistance is calculated considering that the
resistance in pure bending develops (see Figure 2.31).
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—_— Mc,Rd
bC/z Fc,Rd ¢/ >< ) _;_ - \ ) /R Mc,Rd
§ \
(]
4 4

\
— Neutral axis
Figure 2.31: Equilibrium of forces for the column flange in compression component (Amaral, 2014)

The design resistance is then:

Fc,fc,Rd = bc7/ (214)
2

with
Mc,rd : design moment capacity of the column cross section,
Wi : plastic modulus of the cross-section in the weak-axis.

After calculating all the necessary design resistances, the assembly of the components is done
in order to obtain the design moment resistance. For that, the applied forces, the eccentricity,
the resistance of both compressive and tensile parts and the lever arms z, zc and z; are required
(see Figure 4.9 in Amaral, 2014).

An elliptical interaction curve is proposed for the resistance in presence of biaxial bending

moment:

2 2

M, M.

(Men ' (), 215
Mj,OP,u Mj,ip,u

M
Figure 2.32: Determination of the design moment resistance M;j.u

Jhip

The comparisons between the proposed analytical model and numerical simulations show that
the proposed approach is conservative. The author explained that this fact could come from the
conservative parameters provided by the Component Method. Although the discrepancies of
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the results, the project represented a major step on the study of the behavior of column base
plates, being one of the first research works on the development of a new model for the
calculation of the resistance and initial stiffness when subjected to biaxial bending moment.

One of the great advantages of this model, which was compared to a numerical and
experimental database, is that it is based on the methodology of the Eurocode, which makes its
comprehension and implementation easier for engineers used to European standard
documentation. However, after a detailed evaluation of the model, it was concluded that it
presents some limitations, which seems to be pertinent to improve in models developed and
presented from now on. Regarding the connection resistance in compression, this model
neglects the additional resistance provided by area of the concrete surrounding the column web.

Fasaee et al. (2018) proposed an analytical model to characterize the resistance of base plates
subjected to weak axis and biaxial bending moments. The authors developed a numerical model
validated by comparisons to tests of Gomez et al. (2010) performed on column bases plates
subjected to in-plane bending moment and compressive force. The studied configuration are
described in Figure 2.33 and Table 2.10.

/—Column S

Grout layer Base plate

Concrete pedestal
O
PR

ad

Figure 2.33: Base plate configuration

Table 2.10: Material properties and results of the tests (Fasaee et al., 2018)

Plate size Base plate Rod material® Axial load

Tegt  CoOlumn material Mest Meem Mt
S|Zeb bbp,hbp,tbp fy,bp fu,bp fy,b fu,b N (kN) (kNm) (kNm)

(mm) (MPa)  (MPa) (MPa)  (MPa)
1 W200x71  356x356x25 278 473 786 1010 0 123 125 1,02
2 W200x71  356x356x25 278 473 786 1010 0 123 125 1,02
4 W200x71  356x356x38 255 468 335 492 411 127 121 0,95
5 W200x71  356x356x25 278 473 786 1010 411 167 169 1,01
6 W200x71  356x356x51 265 497 786 1010 411 187 200 1,07
7 W200x71  356x356x25 278 473 786 1010 690 196 197 1,01
Mean 1,01
COV (coefficient of variation = standard deviation/mean) 0,04

bbp,hbp,top = Width, height and thickness of the base plate;

fy, fu = yield strength and ultimate strength;

Mteest, Mrem = measured and calculated moment capacities, respectively.

2 All anchor rods were 19 mm in diameter and placed at 38 mm from the edge of the plate.
b The column was fabricated from steel A992.
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Concrete and grout compressive strengths were, respectively, 26,6 MPa and 58,3 MPa. After
validating the numerical models, the study of the behavior under biaxial bending for models
corresponding to Tests No. 1 (including Tests No.5 and 7), 4 and 6 was performed. An
horizontal displacement was applied at the top of the column with different inclinations: 0° for
strong axis bending, 30°, 45° and 60° for biaxial bending, and 90° for weak axis bending, as
represented in Figure 2.34.

(Uniaxial moment)

90° 60° 450

Minor axis yy

W/////é

oo '
¥ Major axis xx 0°
G

7 (Uniaxial moment)

Figure 2.34: Assumed inclination angles (Fasaee et al., 2018)

The numerical results were normalized with respect to the uniaxial moment resistances in
interaction curves (see Figure 2.35) and highlight an elliptical shape that was proposed in the
interaction relationship of Equation (2.16).

(AAZ)Z+<5Y>2=1 (2.16)

uy

with
Mx and My : applied in-plane and out-of-plane bending moments,
Mux and Myy : in-plane and out-of-plane bending moment resistances.

12 -
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> ~\-\\
=08 - ".\\
€ - 0kN R
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g06 1 ® 222kN A
B Y
S 411 kN v
g ) | J
£ *  690KN &
Z0.2 - u,
B 1112kN \
]
0.0 . . ; ; & .
00 02 04 06 08 10 12

Normalized moment M,

Figure 2.35: Proposed elliptical curve (Fasaee et al., 2018)
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For the in-plane bending resistance Fasaee et al. (2018) used the approaches of AISC steel
design guide one that assume failure on base plate in bending or anchor bolts in tension (see
Figure 2.36).

Mechanism 1 Mechanism 2 1.\/I.echan1'sm 3
Flexible Base Plate Semi-rigid Base Plate Rigid Base Plate

he

+ \-:’__I
. tw Fc . t Fc . t Fc
P

Z Z Z
Jivp Fip Jip
Figure 2.36: Failure mechanisms for the design bending resistance under major axis bending moment (Fasaee et al., 2018)

Yield lines

.
!

To calculate the moment capacity of I-shaped column base plates subjected to minor (weak)
axis bending moment, the proposed analytical model assumed the calculation procedure of
mechanism 1 in which base plates behave as flexible. For this, three possible yield line patterns
(Figure 2.37) for the tensile side were assumed.

Figure 2.37: Yield patterns (Fasaee et al., 2018)

In the compression area, a yield line parallel to the column web was assumed. Fasaee et al.
(2018) found out that its position could not be fixed as in the Drake and Elkin method, which
assumes the yield line at 40% of flange width from the centre line. In reality, they concluded
that it was strongly depended on the value of the applied axial load. As example, for Test No.
1, the yield line was practically under the edge of the flange (no axial load). Increasing the
applied axial load, the yield line moved towards the column web. This fact was explained by
the significant change on the stiffness of both tensile and compressive sides as the load level
increased. The accuracy of the model proposed by Fasaee et al. (2018) was quite satisfactory
when compared to experimental and numerical analysis.
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2.3.4 Rotational stiffness and rotation capacity

Wald et al. (2000) proposed a design model to predict the stiffness of column base plates that
was compared to tests from COBADAT database and tests made in Czech Technical University.
The model consisted in the calculation of each individual component stiffness kis and kie (base
plate in bending under tension; anchor bolts in tension) with the formulas provided in EN 1993-
1-8. An additional stiffness coefficient for concrete in compression was proposed as being equal
to:

LefrbeseE

kip = 0,5
10 hconcEs

(2.17)
with
berr, lefr : base plate effective dimensions (simplified rectangular area for the considered
effective rigid plate),
Es, Ec : steel and concrete elasticity modulus,
heonc : depth of the concrete block.

The rotational stiffness of the connection was proposed as:

EZ?

Sj:

1 2.18
ﬂZiE ( )
with

kj: stiffness coefficient for component i,
z : lever arm as in Figure 2.53,

p = it (K- %)gz 1 (for x and & see Table 2.11).

S; Rd

To calculate the values of the parameters needed for the stiffness calculation, three different
failures modes (patterns) were considered as follows:

e pattern 1 —when the column base plate is subjected to a low axial force and the concrete
bearing stress fjis never reached. The rupture can come from the yielding of the anchor
bolts or plastic mechanisms in the base plate,

e pattern 2 - when the column base plate is subjected to medium axial force, the concrete
bearing stress fjand the effective stress on the tension part fiare reached,

e pattern 3 - when the column base plate is subjected to high axial force and the concrete
rupture occurs.
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Table 2.11: Parameters for the calculation of the rotational stiffness (Wald, Sokol and Steenhuis, 2000)

Pattern Stiffness coefficients ki to be considered K & z
Pattern 1
Mgg +0,5pN . M

Low axial force ks, ki, k1o 11 6 ]\E/d+ 2/15,'['7 s Mg TRd
Pattern 2
Medium axial force kis, Kis, k1o Linear transition between patterns 1 and 3
Pattern 3 hy
High axial force k1o 15 8 2

V3

Kavoura and Genvturk (2018) proposed a methodology for the evaluation of the rotational
stiffness of column base plate in which the anchor bolts are placed inside column flanges. The
type of column bases are generally classified as “pinned” in practice but can provide a non-
negligible stiffness that is suitable for the global stability of the structure. Contrary to EN 1993-
1-8, the center of compression is not positioned behind the column flange (see Figure 2.38-a)
but is based on a uniformly distributed concrete bearing pressure that reduce the lever arm and
is more realistic than Eurocode 3 (see Figure 2.38-b). These modifications lead to a significant
reduction on the rotational stiffness (see Table 2.12) but the accuracy of the model is limited.

v o

M M
N, N

a) b)
Figure 2.38: Lever arm according to the EN 1993-1-8 (a) and to the modified model (b) (Kavoura and Genvturk, 2018)

Table 2.12: Comparison of the stiffness results between the Eurocode 3 method and the proposed modified model (Kavoura
and Genvturk, 2018)

. Modified Eurocode  Difference of Difference of
Experimental Eurocode 3 . o
. rotational stiffness  rotational stiffness, 3 r otational Eurocode 3. Siin modified Eurocode
Specimen (KN-mirad) Sjini (KN-m/rad) stiffness, Sjini_mod from experiment 3 Sj,inijmod from
' (KN-m/rad) (%) experiment (%)
Push Pull Push Pull Push Pull Push Pull Push Pull
S01 4700 13200 39100 31200 5500 7500 732 136 17 -43
S02 8300 10900 20000 36800 7200 9100 133 238 -13 -17
S03 9300 16200 51700 26800 6800 7400 456 65 -27 -54
S04 5800 9800 58700 26900 8800 7800 912 174 52 -20
S05 14200 10500 58700 15700 5000 3900 92 -50 -65 -63
S06 13400 20800 16300 14400 4400 4400 22 -31 -67 -79
S07 38200 78800 336800 170600 30000 52200 782 116 21 -34
S08 113700 115700 156800 160200 47900 38800 34 17 -58 -66
S09 60900 182500 156800 160200 47900 38800 151 -26 -21 -79
S10 163600 154300 170800 176700 54100 44200 4 15 -67 -71
S11 2500 5500 50700 15900 6300 4300 1928 136 152 -22
AVERAGE 477 91 51 50
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Latour and Rizzano (2013) proposed an analytical model to estimate the rotation capacity of
column base plates. This model was confronted to three tests. The tests set-up consisted in a
vertical column fixed to a concrete foundation by means of a steel base plate. Tests were
subjected to monotonic loading. More detailed information about the specimens is shown in
Table 2.13. The analytical model consisted in the definition of four possible collapse
mechanisms presented in Figure 2.39 that corresponds to the failure of the two main
components:

e base plate in bending with prying effect (mechanism 1) or without prying effect
(mechanism 1),

e anchor bolt failure in tension with prying effect (mechanism 2) or without prying effect
(mechanism 3).

The rotation that develop locally at the base plate were calculated according to the previous
study of Piluso et al. (2001).

Table 2.13: Tests geometries and materials

Test Concrete Base plate Steel grade Concrete Dimensions and grade
dimensions (mm) thickness (mm) (column, base plate)  grade of the anchor bolts
HE240B-15 15
HE160A-15 1400 x 600 x 600 15 S275 C20/25 M208.8
L =400 mm
HE240B-25 25

Table 2.14 summarizes the comparison of the experimental results against analytical values for
the rotation capacity and the results are in quite good agreement.

Table 2.14: Comparison between experimental and analytical results (Latour and Rizzano, 2013)

Test Op1 (rad) Op2 (rad) Jpb (Mm) bp.mod (Mrad) bp.exp (Mrad) bpmod/ dp.exp

HE240B-15 0,5519 0,5519 0 115 131,6 0,874

HE160A-15 0,466 0 23,3 173,5 183,7 0,944

HE240B-25 0,466 0 23,3 168,9 178,5 0,946

Average 0,92

Standard Deviation 0,04
Mechanism 1 Mechanism 2
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Mechanism 1 Mechanism3
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Figure 2.39: Assumed kinematic collapse mechanisms for base plate connections (Latour and Rizzano, 2013)

2.4. Design methods

The calculation procedure to predict the resistance and stiffness of column base plates
nowadays available for engineers in EN 1993-1-8 resulted from the evolution and improvement
of several researchers that in the past, throughout their work, provided numerical and
experimental data, proposing also analytical models based on the most diverse assumptions.
This sub-chapter present the previous elastic design methods used in Europe and US and the
current design procedure of EN 1993-1-8.

2.4.1 Elastic design methods

Lescouarc’h (1988) proposed a calculation procedure for the evaluation of the resistance of
column base plates subjected to the combination of axial force and biaxial bending. The model
was developed for rigid column base plates configuration with four anchor bolts, subjected to
a combination of axial force N, bending moment in both directions My and M; and shear forces
Vy and V. as in Figure 2.40.

|X

N

-~

V.
M, z

M;

% N2 N ©

z
hp ™

Figure 2.40: Column base plate configuration (Lescouarc’h, 1988)
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The model consider the assumptions that the base plate is rigid and thus the distribution of
contact pressure with concrete is linear and can spread potentially over the complete area of the
base plate. The system can be analyzed as a concrete cross section area, considering the
compatibility deformations of the tensile and compressive area. The stress distribution and the
position of the neutral axis can be calculated with the equilibrium equation. This model is not
realistic even in presence of thick flange as the contact pressure generally develop around the
flange and web of the column base plate. In addition, the model of Lescouarc’h completely
neglect the existence of prying effect and the impact of the base plate rigidity on the
redistribution of forces on the connection. A similar method is used in AISC design guide.

pmf + sz

Figure 2.41: Forces distribution for N+My+M; (Lescouarc’h, 1988)

2.4.2 Design method EN 1993-1-8: Component method
2.4.2.1.Background review

Eurocode introduce the concept of plasticity in the evaluation of the resistance of elements and
this concept can be applied to column base plate in presence of an axial force and in-plane
bending moment.

Some disadvantages that have been pointed out are the focus of the work here developed:

e no consideration of the contribution of the effective area under the column web for the
global resistance of the connection,

o different calculation procedures for different loading situations: pure compression and
combination of axial force and bending moment, leading to a discontinuity on the M+N
interaction diagram,

e impossibility to calculate the bending resistance when the axial compressive force is
larger than the compression resistance provided by the effective areas under the column
flange,

e absence of guidelines for the calculation of column base plates subjected to out-of-
plane/biaxial bending moments.

Table 2.15 summarizes the different available design models that were developed based on the
component method for the determination of the column base resistances.
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Table 2.15: Comparison between the different existing models for the calculation of the design resistance and stiffness
(Mérai et al., 2014)

Model type ~ Mechanical Analytical
Authors (Guisse et al., (Wald, (Wald et al., (Wald et al., (Guisse et al., (Steenhuis,
1996) 1995) 1996) 1996) 1996) 1998)
. . . Simplified
Model - Simplified Simplified Simplified impirtie
Sophisticated Complex . strength and
accuracy stiffness strength strength .
stiffness
Cross section Cross section Equivalent
Rectangular shape rectangular Web neglected
shape shape shape
Effective P

I3} < Y

THOH HEH

[ o ol

0.8bc]

From the summarized information exposed in Table 2.15, it can be concluded that a full range
of calculation procedures is available on the literature, from very sophisticated methods that
take into account the full non-linear behavior to simple resistance and stiffness calculation
models. The simplified model developed by Wald et al. (1996) for the resistance was based on
a geometry that follows the shape of the cross section, including this way the additional
resistance provided by the area under the column web. The simplified model developed by
Guisse et al. (1996) assumed an equivalent rectangular shape with a perfectly plastic stress
distribution in the compression side. The definition of the equivalent shape depended on the
applied bending moment, axial force and the tensile resistance of the anchor bolts. The last
model do not take into account the effective area under the column web for the calculation of
the resistance and stiffness of column base plates subjected to a combination of axial force and
bending moment. In this model, springs are used to model the behavior of both tensile and
compressive parts: two springs on the compressive side under the column flanges and two other
springs on the tensile side in the location of the anchor bolts. The fact that it does not consider
the effective area around the column web leads to conservative solutions for the case of large
compressive loads acting with bending moment, since for a certain level it improves the
resistance and the stability of the connections. Wald et al. (2000) clearly highlights the effect
of the column web component (see Figure 2.42) for different thicknesses of the base plate.
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N (normal force)

o Lever amm is changing by activation of one bolt row
® Lever amm is changing by activation of both bolt rows
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M (moment)

Figure 2.42: Comparison of N-M interaction diagram obtained by the full model and the simplified prediction (Wald, 2000)
2.4.2.2.Component method for column base plates under strong axis bending

The design procedure to calculate the resistance and stiffness of column base plates by the
Component method is presented next for a combination of axial force and in-plane bending
moment. This model is valid for exposed column base plates, as represented in Figure 2.43,
composed by the following main elements:

o stiffened/unstiffened steel column (HEA, HEB, IPE steel profiles),
o steel base plate welded to the column,

e grout layer,

e anchor bolts,

e concrete foundation.

Steel column

Base plate

ﬁ-{ Grout layer
I
| ¥

Foundation

Anchor bolt

Washer

Figure 2.43: Main elements composing an exposed column base plate (Amaral, 2014)

The calculation procedure consist in the evaluation of the complex non-linear joint response
through the subdivision into basic joint components, determining its individual resistance and
stiffness in order to obtain the overall structural behavior. The procedure steps are listed below:
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4.

identification of the basic components,

characterization of the mechanical properties of each individual component (resistance
and stiffness),

assembly of the individual component properties to obtain the overall properties of the
connection,

classification of the connection in terms of resistance and stiffness.

Figure 2.44 summarizes the main individual components for this type of connections, according
to the following list:

base plate in bending,

anchor bolts under tension,

concrete in compression including grout and base plate under bending,
column flange and web in compression.

Anchor bolts in tension and Column flange and web in
bending of the base plate compression
T Concrete in compression and
=1 bending of the base plate

Anchor bolts in shear

H
0 0 I
o o

Figure 2.44: Typical individual components of column base plates

The next step is to obtain the main mechanical properties of each individual joint, such as: the
resistance Frq, the stiffness ki and the deformation capacity. Combining the mechanical
properties of each individual component, the moment-rotation curve can be obtained, defining
the global behavior of the connection. Finally, depending on the value of S;,ini, the connections
can be classified in terms of its stiffness by the limits established in the EN 1993-1-8, defining
the connection as rigid, semi-rigid or pinned.

In the following sections, the calculation procedure for the resistance and stiffness of each
aforementioned components is described.
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1. Base plate in bending under tension

When subjected to a bending moment, part of the connection is under tension. In this side, the
anchor bolts, which are the only elements capable to work in tension, are activated and
consequently elongated, and the steel base plate deforms in bending. Thus, the failure modes
that govern the tensile part are the yielding of the base plate, the rupture of the anchor bolts or
both.

To study the behavior of this component, the tensile part is replaced by a T-stub with width
equal to the effective length less in order to create a T-section with the same resistance as the
component (see Figure 2.45).

f@ @
| — =

Figure 2.45: T-stub nomenclature (EN1993-1-8)

To calculate the equivalent resistance of the T-stub, two different cases are considered
depending on the presence of prying forces. These forces develop when the base plate is thin
and consequently, more flexible, forcing the contact between the edge of the base plate and the
concrete, resulting in an additional force Q resisted by the anchor bolts, as in Figure 2.46. For
thicker base plates with rigid behavior, the steel base plate separates from the concrete block.

F

/‘\Q Q

Figure 2.46: Forces applied on the T-stub in tension

The presence of prying effect can be determined by the established limit in EN 1993-1-8. If the
active length of the anchor bolt, L, is smaller than this limit, prying effect must be taken into
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account. If not, the calculation is done without influence of prying effect. This limit is defined
by:

8,8m> A ny,
X legt 1t

b (2.19)
with

m : distance represented in Figure 2.46,

As : threaded area of the anchor bolt,

Ny : number of activated anchor bolts rows,

Zlesf,1 : effective length of the T-stub,
top : base plate thickness.

The active length of the anchor bolt L, can be obtained from the following formula:
Lb = Lbe+ Lbf =8d + Lbf (220)

with d and Lur defined according to the figure below:
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Figure 2.47: Anchor bolt equivalent length

I.1. Design resistance - F1rd

According to EN 1993-1-8, the value of the resistance depends on the failure mode of the T-
stub. Three collapse mechanisms are considered, as shown in Figure 2.48.

Al by gl
R T |

L Te. r

i

Figure 2.48: Available failure modes for a T-stub in tension (EN1993-1-8)

Laura da Silva Seco 40



COLUMN BASE PLATES UNDER 3D LOADING 2 STATE OF ART

Mode 1 occurs when the base plate is flexible and the anchor bolts show high resistance. Then,
the failure mode is characterized by the complete yielding of the base plate. Mode 2 results
from a combination of anchor bolts failure and base plate yielding in presence of prying forces.
Mode 3 develops for configurations with thick base plates and low anchor bolt resistances.
Thus, the failure mode is governed by the collapse of the anchor bolts without prying effects.
EN 1993-1-8 add an additional failure mode: Mode 1-2, that corresponds to base plate yielding
without prying effect.

The following table is provided by EN 1993-1-8 for the calculation of the resistances according
to the aforementioned failure modes:

Table 2.16: Design resistance of a T-stub

Prying forces (Lb<Ly") No prying forces
Mode 1 Method 1 Method 2 (alternative)
4M, (8’1-26 )M 1.1.Rd
pL1,Rd _ W pL1,
= F = 2M,
Frra m T,1,Rd 2mn-eq(m+n) J— pl,1,Rd
2M, +n ) F,
Mode 2 Fr e M2ratn X Figg
- m+n
Mode 3 Fr3ra= Z Fird

m and n : distances taken from Figure 2.46
ew : dw/4 with dw equal to the diameter of the nut

with
the plastic moment capacities of the base plate are given by:
Mpl,l,Rd =0,25 Z Zeff,l [l%pfy / Mo (221)
Mypra = 0,25 Z Legt t%pfy,bp ! Ymo (2.22)
the individual tensile design resistance of the anchor bolts is given by:
kof , A
Foa = 2t (2.23)
M2
with ko= 0,9.

top and fynp are respectively the thickness and yield strength of the base plate.

Then, in presence of prying effect, the design resistance of the T-stub is taken as:
Frra= min(F T,1,RFT 2R T,3,Rd) (2.24)
For cases without prying effects, the resistance of the T-stub is:
Frrq =min(Fr 2 ra;Fr3,Rd) (2.25)

The effective lengths used in failure modes 1, 2 and 1-2 depends on the potential plastic
mechanism that can develop on the base plate:
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Table 2.17: Effective lengths of a T-stub subjected to strong axis bending

Yield pattern

Effective length

*®

Circular patterns

lep,1 = 2mmy

lepo = mmtw

leps =mmy+2e

®
I
>
T
=
=

Non-circular

patterns

mivimiiA

lnp,I =4m+1,25¢,

lnp,Z = O:SW + me + 0,625€X

lyp3 = e+ 2my +0,625e,

lnp,4 = O,Sbbp

my : distance from the center line of the anchor bolt to the flange, see Figure 2.45,
w : distance between the center line of both anchor bolts in the same row, see Figure

2.45,

e : distance from the center line of the anchor bolts to the edge of the base plate, see

Figure 2.45,

ex . distance from the center line of the anchor bolts to the edge of the base plate, see

Figure 2.45,
bop : base plate width.
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From Table 2.17, the effective lengths are classified according to the yield line patterns that are
divided in two groups (see Figure 2.49):

e circular patterns left cp,
e non-circular patterns lesfnc.
The effective length of circular patterns corresponds to the minimum effective length
considering the three mechanisms of Table 2.17:
Zeff,cp = min(lcp,l; Icp,2; lcp,3) (226)

The effective length of non-circular patterns corresponds to the minimum effective length
considering the four mechanisms of Table 2.17:

Ieff,np = min(lnp,l; Inp,2; lnp,S; lnp,4) (227)

DI

Figure 2.49: Possible yield patterns — circular and non-circular (Amaral, 2014)

For the cases when failure is given by Mode 1, both circular and non-circular patterns can occur.
Then:

leff,l = min(leff,cp;leff,nc) (228)

For T-stub failure mechanisms governed by Mode 2, only non-circular patterns are taken into
account, consequently:

leff,Z = Ieff,nc (229)
I.2. Component stiffness — kr

Similarly to the design resistance, the stiffness calculation depends on the presence of prying
effect. From EN 1993-1-8, the stiffness coefficient of an anchor bolt row is:

i (2.30)
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The stiffness coefficients kis and kis can be calculated from:
e Presence of prying effect:

_ 0,85 gy tgp

ks = ——— (2.31)
m
kl() = 1,6 AS/Lb (232)
e Absence of prying effect:
0,425 £;
kys = ¢ (2.33)
m
k16 = 2,0 AS/Lb (234)
with
less - T-stub effective length,
top : base plate thickness,
m : distance taken from Figure 2.46,
Ly : anchor bolts active length, as in Figure 2.47.
2. Concrete in compression including grout

The resistance of the compressive area depends mainly on the bearing strength of concrete. For
this case, an equivalent T-stub model in compression is used to obtain the resistance values for
the combination of the following components:

o steel base plate in bending under the bearing pressure of the foundation,
e concrete and/or grout in bearing.

I1.1. Design resistance — FcRrd
The design resistance of the T-stub flange in compression can be obtained as follows:
Fora =fiq Defr Lets (2.35)

with
fija : design bearing strength of concrete,
bers : effective width of the T-stub:

tp+2c for large projection
beff = hbp’hc

+tte for short projection

letr : effective length of the T-stub:
B {bc+2c for large projection
eff

| by for short projection
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c: additional bearing width:

Jya

C=ty |=———
b 3fi4 "mo

(2.36)
top : thickness of the base plate,

fyop : yield strength of the base plate,

ymo - safety coefficient, taken equal to 1.

From Equation (2.35) it can be understood that the behavior of the component is modelled by
replacing the flexible base plate by an equivalent rigid plate under the flange in compression
with dimensions bef and lesr. The pressures transferred to the T-stub are assumed to be uniformly
distributed on the equivalent area of the T-stub in compression as shown in Figure 2.50:

|

T T

c .c

<« ¢ P P

3l ]
g g
) ; <]
eff Beit
Short projection Large projection

Figure 2.50: Equivalent area of a T-stub in compression (EN1993-1-8)

The pressure on the effective bearing area should not exceed the design bearing strength fjq
obtained as follows:

fia = Biaoef oy (2.37)
with
pi: foundation joint material coefficient, equal to 2/3 when the characteristic strength of
the grout is not less than 0,2 times the characteristic strength of the concrete foundation
and the grout thickness is not greater than 0,2 times the smallest width of the steel base
plate. For cases where the thickness of the grout is more than 50 mm, the characteristic

strength of the grout should be at least the same as that of the concrete block,
and:

d
LS EY, Sl IS UY, Sl (2.38)

Qps = min | 1+ ———;
max (hbpabbp) hbp bbp
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fyg=—% (2.39)

Coefficient acc is considered equal to 1, yc equal to 1,5 and dr is the depth of the concrete
foundation. Dimensions en and ey are represented below:

hf

el
u

O
O

€h

b

Figure 2.51: Nomenclature of the dimensions of the concrete foundation according to EN 1992-1-1
11.2. Component stiffness — k¢

The compression stiffness coefficient should be taken as equal to the stiffness coefficient ki3
given by EN 1993-1-8, then:

Ec\/ beff Zeff (2_40)

ke =kis = =1 5o5%
with
Ec: concrete elastic modulus,
E : steel elastic modulus,
befs : effective width,
less - effective length.
3. Column flange and web in compression

The design resistance of the column flange and web in compression can be calculated from:

F _ Mc,Rd
cfe.Rd (hc - tfc)

(2.41)

with
Mc,rd : design moment resistance of the column cross-section that in presence of class 1

can be taken as:
Wpl,yfy

Mo

Mc ra =My ra = (2.42)

hc : column cross section height,
trc - column flange thickness,
Whpiy : column plastic section modulus (strong-axis).
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EN 1993-1-8 also provides guidelines for the calculation of the resistance of column base plates
subjected to pure compression. The design resistance Njrqd is assumed equal to the sum of the
design resistance in compression Fc rq for the three T-stubs considered in Figure 2.52.

Figure 2.52: Considered T-stubs for the design resistance in pure compression (EN1993-1-8)
Njrda =Fcra1 T Feraz T Feras (2.43)

After calculating the design resistances and stiffness of each of the abovementioned individual
components, the calculation proceeds with the assembly of the mechanical properties to obtain
the overall properties of the connection.

For the design moment resistance of the column base, M;rq, the loading case must be identified
within the following considered cases:

a) connection under dominant axial compressive force. Two T-stubs in compression are
activated and failure occurs in the most requested ones,

b) connection under dominant axial tensile force. Two T-stubs in tension are activated and
failure occurs in the most requested ones,

c) and d) connection under dominant bending moment. T-stubs are loaded in tension and
compression and failure develops in one of them.

.

(N | N | |
P B A
z z
)

le Mpy /%Mm
(N | N | |
Y S A
z z

Figure 2.53: Determination of the lever arm z for column base plates (EN1993-1-8)
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Then, considering for the calculation of MjRrqd:
e In presence of prying effect:

Frra=min(F1,1 ra;F12,Rd5FT,3.R1) (2.44)
e In absence of prying effect:
Frra=min(Fr,1.2ra:F13Rd) (2.45)
and:
Fe ra = min(Fe rasFe fe rd) (2.46)

From EN 1993-1-8, the following table summarizes the calculation of the design moment
resistances for the available cases:

Table 2.18: Design moment resistance of column base plates

Loading Leverarm z Design moment resistance Mjrd
Left side in tension Ngg>0and e> z) Ngg<0ande<-zc,
i i i = F -F¢
Right side in Z=znt zer The smaller of =% and &
compression =1 =
NEd>0 and0<€<ZT‘1 NEd>0 and-ZT’r<€SO
Left and right side in R The smaller of The smaller of
tension TIT “Tr Frraz d Frrraz Fr)RrdZ d FrRdZ
T L T 7l
Left side in Ngg>0and e <-zp, Ngg<0ande>zc,
i = -F Fr
compression Z=zc0t 7re The smaller of =2 ang —LRke
Right side in tension -+l =1
NEdSOand0<e<ZC71 NEdfoand-chr<€S0
Left and right side in JR— The smaller of The smaller of
compression ClT=Cr —Fcirdz “Fcrraz -Feira? “Ferraz
Zcr and Zcl =, and =
e 1 . 1
Mgq> 0 is clockwise and Ngq4 > 0 is tension
o= Mea_Mra
Ned Nrd

Lever arms can be calculated according to Figure 2.53. Additionally, EN 1993-1-8 provides
formulas to calculate the stiffness of the connections and limits to the classification in terms of
its strength and stiffness.

2.5. Concluding remarks

The information presented above allowed to identify not only the aspect to improve on the
subsequent chapters but also the existing gaps on the literature. The main points that are
highlighted from this extensive literature review are:

¢ the information found about the experimental studies on out-of-plane/biaxial bending
subjected to monotonic loading do not provide full data on the considered geometry and
material properties. This fact limits the use of the published experimental data for
validation/calibration of analytical models and FE simulations,

e the experimental studies on out-of-plane bending moment under cyclic loading,
although providing complete information, as they are subjected to a different type of
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loading than the one intended in this work, correspond to very distinct behaviours and
failure modes from those observed and analyzed in chapters 3, 4 and 5,

e the experimental and numerical studies exposed allowed to identify which parameters
have the greatest influence on the overall behavior of column base plates. This
information is extremely important for establishing the experimental test program
exposed in Chapter 3, which analyzes the influence of the bending moment orientation
and the base plate thickness,

e although it is clear that most of the theoretical studies are based on an interaction with
in-plane bending moment, the need to develop a full analytical model for the resistance
that considers the contribution of the column web is necessary. Additionally, previous
studies have proved that for cases of M-N interactions, for high levels of compressive
axial forces, failure is due to buckling/yielding of the column steel profile rather than
from the connection. However, the study of these failure modes is done separately. For
this reason, it is considered crucial to develop a single analytical model that takes into
account the different failure modes that may arise from the different axial force/bending
moment combinations,

e out-of-plane analytical models presented are based on the principles of the component
method. However, its low accuracy in predicting the resistance of these connections
under these conditions has been proven, providing very conservative results. Thus, the
objective for the chapter related to the development of the models for resistance is to
develop a simple model, taking into account the different internal force systems and
corresponding failure mechanisms,

e studies carried out for biaxial bending are essentially numerical and experimental. The
developed theoretical models are based in a very simplified approach, using an elliptical
interaction curve. A new calculation procedure for the resistance of column base plates
subjected to biaxial bending moment will also be in focus in the following presented
works,

e from the previous research works, a solid and comprehensive parametric study to
evaluate the influence of several geometrical parameters for different levels of
tensile/compressive axial force and bending moment combination is required to
compare and validate the obtained results.
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3. EXPERIMENTAL TESTS

3.1. Introduction

A campaign of six experimental tests on steel column base plates connected to a concrete block
was carried out at Laboratoire de Génie Civil et Génie Mécanique — INSA de Rennes with the
purpose of studying the behavior of this type of connections subjected to monotonic loading
and, validate the numerical and analytical models. The main variables are the base plate
thickness and the loading conditions: major/minor axis bending and biaxial bending moment.
The effect of the axial force is investigated in the parametric study. The base plates are in direct
contact with the concrete block and connected to it using washer plates without any addition of
grout or embedded plates. In the project TREPQOS, other type of connection between the base
plate and the concrete block have been investigated and correspond to post-installed anchor
bolts or embedded plates. The results of these three experimental tests are also presented and
will be used to validate the numerical model.

3.2. Tests set-up

Both experimental campaigns use the same test set-up. The column is positioned horizontally,
working as a cantilever beam, fixed to a concrete block by means of four fasteners and loaded
vertically by a load-jack at a distance of 1250 mm from the centre of portal frame A (see Figure
3.1). The concrete foundation is supported in the front and back by means of two portal frames.
At the level of the portal A, the concrete block is directly placed on the top of two neoprene
supports which allowed its rotation. At portal frame B, rollers are welded to a distribution plate
positioned on the concrete block (see Figure 3.1). It is noted that each concrete block was reused
twice as the foundation was designed to avoid any major cracking due to concrete cone failure,
concrete blow-out or bending of the concrete block. Anchor bolts were placed on both sides.
Lateral supports located at mid-length of the column were used to prevent lateral torsional
buckling of the steel profile. Welds were painted in white colour in order to observe cracks
initiation.
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mommemeeclft | Portal frame B

| Concrete block

Figure 3.1: Test set-up for in-plane bending moment

As aforementioned, specimens were subjected to three different loading cases: pure bending
moment about the strong axis, pure bending moment about the weak axis and biaxial bending
moment. To ease the load application for the two last loading cases, a specific test set-up was
devised in which the column is split in two parts. The part of the column attached to the load
jack was left as for the case of pure bending moment about the strong axis (see Figure 3.3-11).
To produce pure bending moment about the weak axis or biaxial bending moment, the second
part which is in contact with the concrete block was rotated by 90° and 45° degrees (see Figure
3.2 and see Figure 3.3-1). These two parts were connected by two bolted circular plates, with
eight preloaded bolts HR M20 class 10.9. Lateral plates were placed at the free part of the
column — see Figure 3.3 (1) —and directly welded to the circular plate. This not only prevented
the lateral torsional buckling but also transformed the column open cross-section into a closed
cross-section, simplifying the transfer of the forces from this part to the inner column part.

Figure 3.2: Test set-up for out-of-plane (a) and biaxial (b) bending moment
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Figure 3.3: Assembly for out-of-plane and biaxial bending moment tests

Specimens were loaded by a vertical force applied at the top of the column and increased until
failure, generating a bending moment at the level of the connection. Specimens were expected
to fail by anchor bolts rupture in tension (Mode 3 according to EN 1993-1-8) or by a
combination of the anchor bolts failure with prying effect and yielding of the base plate (Mode
2 according to EN 1993-1-8).

Specimens were monitored under displacement control and monotonic loading conditions,
varying only the orientation of the applied force as follows:

e in-plane load applied at the top of the column in order to create a strong-axis bending
moment at the column base plate (Figure 3.4-a)),

e out-of-plane load applied at the top of the column in order to create a weak-axis bending
moment at the column base plate (Figure 3.4-b)),

o load applied with a 45° inclination at the top of the column in order to create a biaxial
bending moment at the column base plate (Figure 3.4-c)).
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v Iai
[o] [o]

a) b) c)
Figure 3.4: Loading cases: in-plane bending moment a); out-of-plane bending moment b); biaxial 45° bending moment c).

For these different loading combinations, the objective was to evaluate the rotational stiffness,
the bending moment resistances, the failure modes and the rotation capacity of the column base

plates.
3.3. Geometry of specimens tested

As mentioned, the main purpose of these tests is to characterize the non-linear behavior of
column base plates subjected to a bending moment applied in different directions and to
evaluate the influence of various parameters on the overall performance of the connections,
such as: column and base plate steel grade, thickness of the base plate; anchor bolts, diameter,
steel grade and embedment length of the anchor bolts/bolts/dowels; column steel profile cross-
section geometry (HE or IPE). Sections 3.3.1 and 3.3.2 provide a detailed description of the
geometry and the materials parameters for each tested specimen.

3.3.1 Column base plates

The tested specimens consist in a steel column HEA 200 welded to a rectangular base plate
330%300 mm by means of fillet welds of 7 mm throat thickness. The base plate was fixed to a
concrete block 1450x900x610 of class C25/30 by four anchor bolts M16 class 5.6 (see Figure
3.5). The embedded anchor bolts were connected to the concrete block by 50x50x10 mm

washers.

35

@18

Steel column

/ HEA 200 8355
Anchor bolt

1500

LT
i
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2060
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Steel base plate

330=x300x10 (or 20) mm M1656 :
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. 0] 160 ]70
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Figure 3.5: Tested column base plate configuration (dimensions in mm)
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The geometrical and mechanical characteristics of the specimens are given in Table 3.1. The
designations given to the tests consist of the capital letters SPE followed by a number indicating
the base plate thickness - 1 for 10 mm and 2 for 20 mm - and then, the indication of the loading
conditions — MO for in-plane bending moment, M90 for an out-of-plane bending moment and
M45 for biaxial bending moment.

Table 3.1: Identification of the column base plates test specimens

Test ID Loading conditions Column profile Column steel Base plate thickness  Base plate steel
grade top (MmM) grade

SPE1-MO In-plane bending 10

SPE2-M0 In-plane bending 20

SPE1-M90 Out-of-plane bending 10

SPE2-M90 Out-of-plane bending HEA 200 5355 20 S275

SPE1-M45 Biaxial bending 10

SPE2-M45 Biaxial bending 20

Base plates with a thickness of 10 and 20 mm were selected to evaluate the impact of the
flexibility of the base plate on the failure mode as well as the overall response of the connection.

In order to be able to resist to the applied loadings, the concrete block was slightly reinforced.
The steel reinforcement (see Figure 3.6) consists in a steel reinforcing mesh ST 25C
supplemented on the top surface with 6 HA 10 of steel grade S500 with spacing 150 mm along
the longitudinal direction (in green, see Figure 3.6). The cover to reinforcement was 25 mm.
Additional C-shape plain round bars were placed along the supports zones to prevent concrete
cone failure (in blue, see Figure 3.6). Shear reinforcements were added near the supports. More
details about reinforcement can be found in the appendix at the end of this chapter.

L

oS B % — =g

0,7 g @b |
1 1450

Figure 3.6: Concrete block reinforcement (top view)

3.3.2 Beam-to-concrete slab connections

The main objective of these tests, which are part of the project TREPOS, is to study the behavior
of steel beam-to-concrete slab with steel end plate connections subjected to in-plane bending
moment. The behaviour of these connections loaded under in-plane bending moment and the
transfer of forces to the anchoring system is quite similar to the column base plates. Hence, the
test device used was the same for both test campaigns. Due to the geometric and material
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differences in terms of steel column profile, base plate, anchor bolts and shear lug from the tests
in 3.3.1, the inclusion of these tests allowed to understand more about the influence of these
parameters on the behavior and failure modes of these connections and to validate the analytical
model developed in Chapter 5 in a more comprehensive way. Table 3.2 summarize the main
features concerning the specimens presented.

Table 3.2: Beam-to-concrete slab connections

Test ID Load'ir.lg Beam Beam steel Stiffeners Ba.lse plate Base plate steel
conditions profile grade thickness top (mm)  grade

PB-1 No 20

PB-2 In-plane bending IPE 200 S275 Yes 15 S235

PB-4 Yes 15

The geometry of the three specimens is presented in Figure 3.7, Figure 3.8 and Figure 3.9,
respectively for specimens PB-1, PB-2 and PB-4. An IPE 200 is welded to a rectangular base
plate of dimensions 340x160 mm. For the two latter specimens, stiffeners have been added as
it affect the stiffness and resistance of these type of connections. The base plate is connected to
the concrete by means of an embedded plate and bolts fully threaded SB M16 class 8.8 for the
case of specimens PB-1 and PB-2. PB-4 has been connected by chemical post-installed anchor
bolts HIT-Z M20. These tests provide an opportunity to estimate the impact of the fastening on
the global behaviour of the connection. The specimens are fixed to a concrete slab of 200 mm
thickness with a lintel of 450 mm height and 200 mm thickness. The concrete slab was
reinforced in order to avoid premature failure of the slab in bending. Detailed information about
the reinforcement can be found in the appendix at the end of this chapter.
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Figure 3.7: Specimen PB-1
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Figure 3.9: Specimen PB-4
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Figure 3.10: Concrete slab dimensions (in mm)
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3.4. Instrumentation

3.4.1 Column base plates experimental program
Three different measured values were recorded during the experimental tests:

e vertical displacements of the column and the concrete block as well as horizontal
displacements of the base plate,

o vertical force applied at the top of the column,

e axial strains at the base of the column steel profile.

3.4.1.1 Displacement sensors placed along the column and the base plate

To monitor the displacements, seven LVDT’s (linear variable differential transformer) were
placed along the specimens. V1 was placed below the load application point located at 1085
mm from the connection. To measure the vertical displacements along the column, V2, V3 and
V4 were placed at 685 mm, 285 mm and immediately below the base plate. Vs, Vs and V7
located below the concrete block at 100 mm, 325 mm and 1125 mm allowed the calculation of
the block rotation .. Due to the location of V3, the latter was not considered for specimens
SPE1-M45 and SPE2-M45 as the column steel profile was rotated by 45° and can compromise
the accuracy of the measurement. Horizontal transducers Ui, U, Up1 and Uz were placed at
the level of the column flanges and used to evaluate the uplift of the base plate in the tensile
zone and the crushing at the compressive zone. The location of these devices is depicted in
Figure 3.11 and Figure 3.12.

Vertical load

applied by
Ua the load-jack

vy Vs 225

1125

Portal frame B Portal frame A
Figure 3.11: Displacement sensors arrangement for column base plate tests
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Figure 3.12: Location of the horizontal displacement sensors for MO, M90 and M45 test series.

3.4.1.2 Hydraulic jack

Vertical forces were applied to the structure by a SCHENCK load-jack with capacity = 1500
KN. To obtain a greater level of accuracy on the measured results, an additional
tensile/compression load cell DELTECH LC 403 TC of + 200 kN capacity was attached to the
load-jack.

3.4.1.3 Strain gauges

For specimens SPE1-M90 and SPE2-M90, a total of eight strain gauges, four on each external
face of the HEA 200 steel profile flanges at a distance of 20 mm from the welds. In this area,
stress concentration due to redistribution of the forces between the compressive and tensile
parts is expected. The longitudinal distance between the strain gauges is 50 mm (see Figure
3.13). Figure 3.14 shows the identification of the strain gauges for tests SPE1-M90 and SPE2-
M9O0.

SG 1 [ 115G, 1
|
L 5G,2 [ 15Gy2
X \. /
4 ™
N SG3 | 15GR3
|
25 . 50 50 50 25
| N | sG4 | 18Gr4
i Q L L

Figure 3.13: Location of strain gauges for SPE1-M90 and ~ Figure 3.14: Strain gauge designations for SPE1-M90 and
SPE2-M90 SPE2-M90

3.4.2 Beam-to-concrete slab connections experimental program

Eight displacement sensors, V1 to Vs, were placed along the test specimen in order to evaluate
the vertical displacements during the loading and providing a complementary estimation of the
slab rotation. Similarly to the previous tests in sub-chapter 3.4.1, four horizontal displacement
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transducers attached to the column steel profile were placed to evaluate the deformed shape of
the base plate during the tests until failure. The position of LVDT’s can be seen in Figure 3.15.

WVertical load
il ] applied by
Ua the load-jack
] Ua
Uy

il B 1125

I
685
— 25J_ 1085

Portal frame B Portal frame A

Figure 3.15: Displacement sensors arrangement for beam-to-concrete slab tests

3.5 Material characteristics

Raw materials used for specimen fabrication have been tested in order to define its actual
properties. The following material characteristics have been measured:

modulus of elasticity of steel E,

yield strength of steel elements fy,

ultimate strength of steel elements f,

necking of steel elements,

elongation of steel elements,

compressive cylinder strength of concrete fcm.

3.5.1 Column base plate

Following the guidelines provided by EN 10002-1: 2001, tensile tests were carried out for the
subsequent elements:

column steel profile,
10 mm and 20 mm base plates,
anchor bolts.

Concrete cylinder tests were also performed to determine the compressive strength fem
according to EN 12390-3.
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3.5.1.1 Mechanical properties of the column steel profile and base plates

Tensile tests were carried out on rectangular steel coupons (see Figure 3.16) from the column
and base plates, using a testing machine of type INSTRON 3369 with 50 kN capacity. Tests
were performed under displacement control. The axial deformation was given by an
extensometer placed in the longitudinal direction. Twelve samples were tested, as follows:

e three samples from the HEA 200 column flange,
e three samples from the HEA 200 column web,

o three samples from the 10 mm base plate,

e three samples from the 20 mm base plate.

195

Lt
|, 610.03 45 o 84.51 Co 45
| | ao | ‘ Le [
— —
v[ B
o
_‘\—
R12 12.520.05

bo
Figure 3.16: Dimensions of rectangular steel samples

Figure 3.17: Rectangular steel samples after tensile tests

Mechanical characteristics of column and base plates are presented in Table 3.3, based on EN
10002-1: 2001:

Table 3.3: Average mechanical characteristics of column and base plates

Elasticity Yield strength  Ultimate strength Necking Elongation
Element sample

modulus (MPa)  (MPa) (MPa) (%) (%)
Base plate 10 mm 213122 423,6 512,7 70 37
Base plate 20 mm 209288 401,3 503,1 71 30
Column web 210000® 378,4 457,3 60 25
Column flange 211691 350,1 433,3 69 34

Note 1 : This value corresponds to the nominal one as the measured value was not coherent
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0 0.1 0.2 0.3

Figure 3.18: Stress-strain curve for the 10 mm base plate
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Figure 3.20: Stress-strain curve for the column web
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(MPa)
500 \
400
—BP-20-1
300 —— BP-20-2
——BP-20-3
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0 0.1 0.2 0.3
Figure 3.19: Stress-strain curve for the 20 mm base plate
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Figure 3.21: Stress-strain curve for the column flange

The yield and ultimate strengths are higher than the nominal properties provided by EN 1993-
1-1. The plotted stress-strain curves in Figure 3.18, Figure 3.19, Figure 3.20 and Figure 3.21
are representative of hot rolled mild steel, showing a yield plateau followed by a hardening
phase until the maximum strength. The tested samples show adequate ductility, respecting the
minimum requirements established by EN 1993-1-1.

3.5.1.2 Mechanical properties of anchor bolts

Tensile tests on anchor bolts M16 class 5.6 round samples (see Figure 3.22) were performed.
The testing machine used for tests was an INSTRON 3369 with a 50 kKN capacity. Three
samples were tested in total. Average mechanical characteristics of anchor bolts are given in

Table 3.4.

Laura da Silva Seco

62



COLUMN BASE PLATES UNDER 3D LOADING 3 EXPERIMENTAL TESTS

100
Lt
19 , 54.52 ‘ 19
| Lo ]
R4.5 ©6 £0.02 1x45"

bo

Figure 3.22: Dimensions of the round steel samples

Figure 3.23: Round steel samples after tensile tests

Table 3.4: Average mechanical characteristics of anchor bolts

Diameter Elasticity Yield strength  Ultimate strength ~ Necking Elongation
modulus (MPa)  (MPa) (MPa) (%) (%)
M16 208295 519,1* 626,8 72 9

*Defined as the value corresponding to ¢ = 0,2%.

800
700
600
500
400
300

200

100

Strain (mm/mm) |

0

0 0.02 0.04 0.06 0.08

Figure 3.24: Stress-strain curve for anchor bolts

The maximum yield strength is higher than the predicted nominal value estimated at 300 MPa.
The necking phase was quite substantial and of the same order of magnitude as for column and
the base plates, demonstrating the great ductility of the material.
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3.5.1.3 Concrete properties

A concrete class C25/30 was used for the concrete blocks. Nine cylinders of dimensions 11x22
cm were casted at the same time as the concrete blocks and subsequently tested. Standard
cylinder tests were carried out at 31, 73 and 80 days, to coincide as closely as possible with the
dates of test. The compression tests were performed with a hydraulic compressive testing

machine, the capacity of which is 3000 kN.

Table 3.5: Compressive strength of concrete (column base plate tests)

Time (days) Maximum compressive Average compressive
strength (MPa) strength (MPa)
25,2
31 259 25,0
239
324
73 325 32,6
331
339
80 333 334
32,8

Figure 3.25: Concrete compressive test — a); tested cylinder at 31 days — b); tested cylinder at 80 days — ¢)

Table 3.6 provide an estimation of the concrete strength at the day of test for each specimen.
These values were obtained by interpolation and will be used in the numerical analysis (Chapter

4).

Table 3.6: Concrete compressive strengths for tests SPE1 and SPE2 evaluated by linear interpolation

Test ID Time (days) Maximum compressive strength fem (MPa)
SPE1-MO 43 28,6
SPE2-MO 41 28,2
SPE1-M90 51 30,4
SPE2-M90 48 29,5
SPE1-M45 79 33,3
SPE2-M45 70 32,3
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3.5.2 Beam-to-concrete slab connections

Coupon tests were carried out, following recommendations of EN 10002-1: 2001 and EN
12390-3, on steel samples and concrete cylinders for:

e Dbeam steel profile IPE 200,

e 15 mm and 20 mm base plates,

e Dbolts and post-installed anchor bolts,
e concrete.

3.5.2.1 Mechanical properties of the beam steel profile and base plates

Tensile tests were performed on rectangular steel samples from the column flanges and web,
and for both 15 mm and 20 mm base plates, with an INSTRON 3369 testing machine of 50 kN
capacity. The axial deformation was given by an extensometer device placed in the longitudinal
direction. In total, twelve samples were tested, as follows:

e three samples from the IPE 200 beam flange,
o three samples from the IPE 200 beam web,

o three samples from the 15 mm base plate,

e three samples from the 20 mm base plate.

Mechanical characteristics of the beam and base plates are summarized in Table 3.7.

Table 3.7: Mechanical properties of beam and base plates

Element sample Elasticity Yield strength  Ultimate strength ~ Necking
P modulus (MPa)  (MPa) (MPa) (%)
Base plate 15 mm 206355 2775 446,8 70
Base plate 20 mm 206140 229,1 396,7 63
Beam web 220255 340,1 483,5 64
Beam flange 218827 333,0 489,9 65
500 500
Stress Stress
(MPa) (MPa)
400 N\ 400 ~.
300 300
——BP-15-1 —BP-20-1
200 —BP-15-2 200 — BP-20-2
—BP-15-3 —BP-20-3
100 100
0 Strain (mm/mm) . Strain (mm/mm)
0 01 0.2 03 0.4 0 0.1 0.2 0.3 0.4 0.5

Figure 3.26: Stress-strain curve for the 15 mm base plate Figure 3.27: Stress-strain curve for the 20 mm base plate
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The results presented in Table 3.7 suggest that the properties of the materials are in overall
agreement with those expected from the material grades, being higher than the nominal values
provided in EN1993-1-1 except for the 20 mm base plate. Curves plotted from Figure 3.26 to
Figure 3.29 represent the stress-strain curves obtained from the tensile coupon tests.

600 600
Stress Stress
500 (MPa) 500 (MPa)
400 400
300 ——BW-1 300 —BF-1
——BW-2 — BF-2
200 ——BW-3 200 —BF3
100 100
Strain (mm/mm) Strain (mm/mm)
0
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Figure 3.28: Stress-strain curve for the beam web Figure 3.29: Stress-strain curve for the beam flange

3.5.2.2 Mechanical properties of fasteners

Two bolts M16 class 8.8 samples and two post-installed anchor bolt M20 samples were tested
(see Figure 3.22). The mechanical characteristics are exposed in Table 3.8.

Table 3.8: Mechanical characteristics of fasteners

Diameter Elasticity Yield strength  Ultimate strength  Necking
modulus (MPa)  (MPa) (MPa) (%)

M16 198004 1063,5* 1082,2 69

M20 188765 724,4* 764,5 78

*Defined as the value corresponding to ¢ = 0,2%.

1400 1000
Stress Stress
1200 | (MPa) (MPa)
800
1000 \
800 600
— AB-1
600 400
— AB-2
400
200
200
0 Strain (mm/mm) Strain (mm/mm)
0
0 0.02 0.04 0.06 0.08 0.1 0 0.1 0.2 0.3
Figure 3.30: Stress-strain curve for the bolts M16 Figure 3.31: Stress-strain curve for the post-installed anchor

bolts M20
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3.5.2.3 Concrete properties

Concrete cylinders of dimensions 11x22 cm were tested using the same testing device as in
subsection 3.5.1.3. The concrete strength is provided in Table 3.9 for PB-1 and in Table 3.10
for PB-2 and PB-4. The properties of each test evaluated by interpolation are given in Table

3.11.
Table 3.9: Compressive strength for PB-1

. Compressive strength Average compressive
Time (days
me (days) (MPa) strength (MPa)
31,8
57 32,0
32,2

Table 3.10: Compressive strength for PB-2 and PB-4

. Compressive strength Average compressive
Time (d2ys) — \1pg) strength (MPa)
29,5
28 28,2 29,2
29,8
38,4
205 37,7 38,2
38,7

Table 3.11: Concrete compressive strengths for tests PB-1, PB-2 and PB-4 evaluated by linear interpolation

Test ID Time (days) Compressive strength fem (MPa)
PB-1 57 32,0
PB-2 83 34,1
PB-4 132 36,2

3.6 Testing procedure

Specimens were subjected to a monotonic vertical force producing either unidirectional bending
moment (in-plane or out-of-plane) or biaxial bending moment. All specimens were tested under
displacement control. For a clearer evaluation of the behavior of the individual elements and
the distribution of forces during the tests, the loading was divided in two main phases: the elastic
phase and the plastic phase in which the connections were loaded until failure.

e Elastic phase:

The loading applied during this stage was estimated in order to maintain the connection in the
elastic regime. This phase consisted in four loading/unloading cycles, the first three belonging
to the elastic phase 1 and the fourth, to the elastic phase 2. In the elastic phase 1, the objective
was to apply a load equal to 50% of the design resistance Frq calculated from EN1993-1-8. For
elastic phase 2, specimens were subjected to the full design resistance Frq. For more detailed
information on the loading, the reader will find in Table 3.12 a summary of the maximal forces
applied by the load-jack during each phase. The design resistance Frq was considered as the
force corresponding to a bending moment equal to 2/3Mjrd, Which corresponds to the
theoretical elastic limit in Eurocode 3 Part 1-8.
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e Plastic phase:

During this phase, the connections worked in the plastic domain and some elements started to
yield. The applied vertical force increased gradually until one or more elements failed.

Table 3.12: Maximal forces during tests
Applied vertical force (kN)

Test ID

Elastic phase 1 Elastic phase 2 Plastic phase
SPE1-MO 7,5 15,0 37,6
SPE2-M0 10,0 25,0 42,1
SPE1-M90 6,0 12,0 28,9
SPE2-M90 8,5 20,0 35,0
SPE1-M45 7,5 15,0 34,2
SPE2-M45 10,0 20,0 41,1
PB-1 10,0 20,0 61,7
PB-2 9,5 20,0 74,8
PB-4 10,0 20,0 40,7

3.7 Experimental results

3.7.1 Column base plates experimental program
3.7.1.1 Description of the tests
e Test SPE1-MO

The test started with three loading/unloading cycles up to 7,5 kN during phase 1. When the
maximal force was applied, no deformations were visible in the base plate except the initial
imperfections (about 1 mm at the top and bottom free edge) due to heat effect produced during
welding of the base plate to the column (see Figure 3.91).

During the fourth cycle within the second phase, the applied load reached 15 kN at a rate of 1
mm/min. At this load level, the deformation of the base plate is clearly observable (see Figure
3.33). An uplift between the concrete and the base plate of about 1,5 mm was measured nearby
the upper column flange in tension. At the end of the unloading stage, the base plate returned
to its initial position. During these elastic stages, the contact did not develop at the upper free
edge of the base plate and prying effect did not appear which contrast with the prediction of EN
1993-1-8. The initial imperfection and the rotation of the connection clearly favor this absence
of prying effect. In addition, the uplift is maintained at the bottom free edge of the base plate
(see Figure 3.33).

Laura da Silva Seco 68



COLUMN BASE PLATES UNDER 3D LOADING 3 EXPERIMENTAL TESTS

* Uplift between the
deformed base ,
, plate  and the

concrete surface

Figure 3.32: Initial base plate position Figure 3.33: Base plate at 15kN
Phase 1 Phase 11
F
Fo M,

Figure 3.34: Main phases of the SPE1-MO test (plastic domain)

During the plastic phase, the bending deformation of the base plate appears quite soon in
conjunction with anchor bolts elongation in the tensile area. The bottom part of the extended
end-plate remain in contact with concrete and uplift starts probably behind the bottom column
flange (see Figure 3.35). At the same time, the deformation of the base plate increases
significantly with the anchor bolts being still able to resist increasing applied loads. As a result
of this deformation, the free edge in the tensile zone of the base plate is getting closer to the
concrete surface. However, as shown in Figure 3.34, during the whole test contact was not
observed at the outer edge of the base plate in the tensile area. Consequently, prying effect did
not develop although the base plate was relatively thin. This load transfer mechanism between
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the base plate and the anchor bolts was maintained until the system reached the maximum force
(37,6 kN). At this load level, the deformation of the base plate and more generally the
connection was already quite substantial with horizontal displacements at the top of the base
plate reaching 4,5 mm and -0,6 mm at the bottom (compression).

!

Figure 3.35: Base plate deformation at 37,6 kN (side) Figure 3.36: Base plate deformation at 37,6 kN (top)

The force applied to the connection decreased due to necking of the anchor bolts in tension.
Due to this elongation, the uplift of the upper outer edge of the base plate can be clearly
observed. The failure appears for a force of 31,9 kN caused by the rupture of one anchor bolt
in tension. Cracks were observed on the concrete block surface around the tensile anchors as a
consequence of their elongation (see Figure 3.39 and Figure 3.40).

Ei'gure 3.3%: Base plate deformation after failure (side) Figurre 3.38: Base plate deformation after failure (top)
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Figure 3.39: Cracks at the concrete surface after failure Figure 3.40: Cracks at the concrete surface after failure
(left activated anchor bolt) (right activated anchor bolt)

e Test SPE2-MO

Initially, the base plate was in full contact with the concrete foundation and no initial gap can
be observed (see Figure 3.41). The loading started with the initial three loading/unloading
cycles up to 10 kN at a displacement rate of 0,5 mm/min. After each cycle, no residual

deformations were visible in the overall assembly.

Figure 3.42: Base plate deformation at 25kN

Figure 3.41: Initial base plate position
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During the fourth cycle, the connection was loaded up to 25 kN at a rate of 1 mm/min. At this
load level, a horizontal displacement of 2 mm at the free edge of the base plate was measured
(see Figure 3.42). At the end of the unloading phase, similarly to the previous test, it was
observed that the connection return to its initial position. In contrast with specimen SPE1-MO,
the base plate remain straight in the tensile area.

During the plastic stage, the base plate remain rigid in the tensile part and the deformation in
this area is mainly due to bolt elongation in tension. This behavior is quite different to that of
SPE1-MO0. The compression area is clearly located at the bottom of the extended base plate,
outside the column.

Phase I Phase 11

Figure 3.43: Main phases of the SPE2-MO test (plastic domain)

The maximal force applied to the connection is equal to 42,1 kN, and the subsequent drop of
the applied force is due to necking of the anchor bolts in tension. The horizontal displacement
transducers indicated a horizontal displacement of 8,4 mm and 0,9 mm at the level of the upper
and lower column flange, respectively. This result confirm that at these points the base plate
was not in contact with the concrete block. This behavior suggests that unlike specimen SPE1-
MO and as a result of the plate stiffness (20 mm thickness), the location of the center of
compression moved in the direction of the bottom outer edge of the base plate. At 36,2 kN,
rupture of the bolts in tension took place (see Figure 3.45). Similarly to test SPE1-MO, no
particular damages were recorded in the welds and in the concrete block. Furthermore, local
cracks develops on concrete surface close to the anchors bolts loaded in tension due to excessive
elongation (see Figure 3.47).
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Figure 3.45: Base plate deformation after failure (side)

e
Sk 3 Kb

Figure 3.46: Base plate deformation after failure (top) Figure 3.47: Cracks at the concrete surface after failure
(right anchor bolt)

|

e Test SPE1-M90

Prior loading, the bottom extended base plate was in full contact with the concrete foundation,
whereas gaps of about 0,4 mm were measured for the rest of the connection (see Figure 3.48).
For SPE1-M90, the elastic phase 1 was performed at a displacement rate of 0,5 mm/min and
stopped at 6 kN. During the fourth loading/unloading cycle, the displacement rate was adjusted
to 1 mm/min and the maximum applied vertical force reached 12 kN. Throughout both elastic
phases and due to the limited thickness of the base plate, the deformation of the latter was
visible. Its initial position was recovered after each unloading phase. Laterally, an uplift
between the base plate and the concrete surface was recorded, halfway between the upper and
lower face of the column flanges (see Figure 3.49). From the top view, the base plate formed a
concave surface with respect to the concrete surface.
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Figure 3.48: Initial base plate bosition Figure 3.49: Base plate deformation at ~ Figure 3.50: Base plate at the end
12 kN (side) of the fourth cycle

Even if an initial gap exists at the location of the upper anchor bolts, this gap closed during
loading and prying effect probably starts to develop which is in contrast with what happened
during the test of specimen SPE1-MO.

The deformation of the base plate is concave (see Figure 3.52). The maximum resistant capacity
of the connection was reached at 28,9 kN. From this load level, and similarly to test SPE1-MO,
the anchors bolts began to stretch excessively, causing significant deformation in the global
assembly (see Figure 3.53 and Figure 3.54). The contact between the baseplate and concrete
surface was lost and thus prying effect. The rupture of one of the anchor bolts occurred at a
force equal to 25,1 kN. At the end of the test, local cracks initiation in the welds and on the
concrete surface were observed (see Figure 3.57 and Figure 3.58).
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Figure 3.51: Base plate deformation
before Fmax (side)
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Figure 3.54: Base plate deformation after Fmax (top)

Figure 3.53: Base plate deformation
after Fmax (side)
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e siseeny
Figure 3.56: Base plate deformation after failure (top)
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Figure 3.55: Base plate deformation
after failure (side)

Figure 3.58: Cracks at the concrete surface after failure

Figure 3.57: Local cracks in the weld

e Test SPE2-M90

Initially, gaps ranging between 0,15 and 0,55 mm were measured over the full depth of the base
plate. The test started with three loading/unloading cycles with a maximum load of 8,5 kN
considering a displacement rate of 0,5 mm/min. This rate was adjusted to 1 mm/min through
the next loading/unloading cycles carried out until the maximum force value of 20 kN.
Meanwhile, at 10 kN, uplift between the top end of the base plate and the concrete surface was
about 1,5 mm, increasing to 2 mm for 16 kN. At 20 kN, uplift was about 2,5 mm. At the end of
the unloading phase, no residual displacements could be observed. Similarly to what happened
during test SPE2-MO, the base plate behaved like a rigid plate in the tensile area. Throughout
the loading, the deformed configuration of the base plate indicates that the contact area had
moved towards the lower free edge of the base plate, between the lower anchor bolts row and
the free edge of the base plate. The connection reached its maximum resistant capacity for a
load close to 35 kN. Then, the upper anchor bolts row started to elongate excessively as the
applied load began to drop. The failure of the connection is obtained at 32,9 kN by the rupture
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of one of the upper anchor bolts. Local cracks in the concrete were observed due to the activated
upper and lower anchors bolts rows, as both bolt rows were subjected to tensile forces, contrary
to the MO test serie.

Uplift - between the |
base plate and the |
concrete surfate

| ] —
Figure 3.61: Base plate deformation after failure (top) Figure 3.62: Base plate deformation after failure (side)
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Figure 3.63: Local cracks at the surface of the concrete Figure 3.64: Local cracks at the surface of the concrete
(upper anchor bolts row) (lower anchor bolts row)

e Test SPE1-M45

At the beginning of the test, the three corners C1, C3 and C4 were in contact with the concrete
surface and a gap of 1 mm was measured at the upper corner C> (see Figure 3.65). The elastic
phase consisted of three loading/unloading cycles up to 7,5 kN at a rate of 0,5 mm/min and then
a fourth cycle up to 15 kN in which the displacement rate was adjusted to 1 mm/min and
thereafter increased to the end of the test. During the first three cycles, a 1,5 mm displacement
began to be visible at C,. During the fourth cycle, at 12 kN, there was a 2 mm uplift between
the base plate and the concrete surface, halfway between C; and C and, C> and Cs. At the end
of this cycle, the base plate returned to its initial position.

Figure 3.65: Identification of the base plate corners and
anchor bolts

During the plastic phase, anchor bolts AB1, AB. and AB3s were activated. Anchor bolt AB4
remained inactive throughout the loading as it was positioned in the compressive area. Initially,
the base plate began to deform. The corner C; starts to move away from the concrete surface
while the remaining corners C1, Cs and C4 stayed in contact. Prying effect also develops around
anchor bolts AB; and AB3 but not AB». This difference is due to the global rotation of the
connection that limit the development of prying effect as it induce an initial rotation of the base
plate at the junction with the column.
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At 19 kN, the point located halfway between C: and C, moved away from the concrete surface
by 3 mm whereas corners C1, C3 and C4 remained in contact. A substantial bending of the base
plate was observed between P4 and Ca. At 28 kN, first cracks initiate in the welds (see Figure
3.71). Increasing deformation of the base plate led to the activation of anchor bolts AB;: and
ABg, C3 was no longer in contact with the concrete surface. At 33 kN, the uplift at C, was 5
mm and about 8 mm between C; and Cz and, C2 and Cs. Due to the reduced thickness of the
base plate and the location of the center of compression, close to P4, corner C4 has begun to lose
contact with the concrete surface. The most tensioned anchor bolt AB> reached its maximum
capacity for a load close to 34,2 kN. At this load level, the relative displacements for points P,
P2, Pz and P4 between the plate and the concrete surface were respectively: 3,3 mm (uplift), 6,4
mm (uplift), -0,5 mm (crushing) and -2,90 mm (crushing). The rupture of AB> occurred for a
value of the load equal to 32,9 kN. The residual force resisted by the remaining anchor bolts
was about 17,5 kN and thus corresponds to half of the maximum force reached during the test.

I

— r |
Figure 3.66: Base plate deformation at 30 kN (side) Figure 3.67: Base plate deformation at 30 kN (top)
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4/

Figiure 3.68: Base plate deformation at 33 kN between the Figure 3.69: Base plate deformation after failure (right
extremities of the base plate C1 and C2 side)

Figure 3.71: Cracks initiation on the weld at 28 kN

Figure 3.70: Base plate deformation after failure (top)
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e Test SPE2-M45

At the beginning of the test, a gap of about 1 mm was measured at corners C; and C. Cz and
C4 were in contact with the concrete block. During the first three cycles, the maximum load
was 10 kN and no deformations of the base plate were visible in the connection. For the last
elastic cycle, the maximum load reached was about 20 kN and caused an uplift at point C; of 1
mm. Between C; and C, the uplift was equal to 2,5 mm. After unloading, the base plate
recovered its initial configuration (see Figure 3.72).

As observed for SPE2-MO and SPE2-M90 tests, deformations of the base plate were less
significant. As the applied load increased, bending of the base plate between points P4 and Ca
was clearly evident. At the beginning of the fifth loading cycle, the gap read at C; and C, was
approximately 1 mm. At 30 kN, these displacements increased to reach 2,5 mm and 3 mm,
respectively. At 34,4 kN, the displacement at C> was 4,5 mm and 3 mm at Ci. At 37,7 kN, the
deformation of the connection was already quite advanced, with a displacement of 6 mm at C>
and 5 mm at C;. At this moment, anchor bolts AB1, AB> and AB3 were all activated. The most
tensioned anchor bolt AB> reached its maximum strength at 41,1 kN. Next, the load began to
decrease and at 39,9 KN AB: failed. The maximum displacement recorded at the load
application point was 23,2 mm. For points P1, P2, Pz and P4, the displacements were 5,7 mm
(uplift), 5,9 mm (uplift), 2,2 mm (crushing) and 2,8 mm (crushing). At the end of the test, the
load was approximately equal to 23 kN, confirming that anchor bolts AB1 and AB3 contributed
to resist half of the maximum force. Due to the high level of tensile forces resisted by these
elements, damage on the concrete surface was visible (see Figure 3.77).

! N

Figure 3.72: Base plate initial position
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Figure 3.75: Base plate deformation after failure (side) Figure 3.76: Base plate deformation after failure (uplift
between C1 and C2)
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Figure 3.77: Cracks at the surface of the concrete foundation

3.7.1.2 Force-vertical displacement curves and failure modes

For the six experimental tests, the failure was due to the rupture of one or more activated anchor
bolts in tension, in the threaded area (see Table 3.13). Yielding of the base plate was clearly
observed only for the base plate of 10 mm thickness (serie SPE1).

Table 3.13: Failure modes for SPE tests

Test ID Yielded elements Failure mode
SPE1-MO Anchor bolts/base plate Anchor bolt (one)
SPE2-MO Anchor bolts Anchor bolts (two)
SPE1-M90  Anchor bolts/base plate Anchor bolt (one)
SPE2-M90  Anchor bolts/column Anchor bolt (one)
SPE1-M45  Anchor bolts/base plate Anchor bolt (one)
SPE2-M45  Anchor bolts Anchor bolt (one)

The force applied by the load-jack as a function of the displacement sensor V1 is presented
below for all tests. Curves corresponding to tests SPE1/2-M0 and SPE1-M90 follow a similar
shape, decreasing significantly after reaching the maximum force as consequence of anchor
bolt necking prior failure. For tests SPE2-M90 and SPE1/2-M45, this drop is less significant as
it was compensated by a slight redistribution of the tensile forces between the anchor bolt rows.

45 -
Force

35 A

30 A

25

——SPE1-MO

20 —— SPE2-M0

15
10

Displacement (mm)

0 10 20 30 40 50
Figure 3.78: Force displacement for MO test series

40 -
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35 1 (kN)

30
25 -
20 A —— SPE1-M90

15 ~ ——SPE2-M90

10 A

Displacement (mm)

0 10 20 30 40 50 60 70 80
Figure 3.79: Force displacement curves for M90 test series
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Figure 3.80: Force displacement curves for M45 test series Figure 3.81: Force displacement curves for all tests

These curves highlight the influence of the base plate thickness and the orientation of the
applied bending moment on the deformability of the connection. For all cases, although less
pronounced for the M45 test series, the curves corresponding to specimens with a 10 mm base
plate exhibited a higher deformability than that of the 20 mm base plate tests. Although
noticeably more resistant, with higher values of vertical applied load, the maximum
displacements reached for the tests with a base plate of 20 mm were smaller, since the only
source of deformation of the connections was the elongation of the anchor bolts in tension. In
contrast, the maximum displacements with a thinner base plate increased due to the
development of plastic yield line in the tensile area of the base plate.

The direction of the applied load also influenced the overall displacement of the connection. A
trend on the maximum displacement for each series of tests can be clearly observed. Overall,
maximum displacements observed in M90 test serie are larger than that measured in MO test
serie, exhibiting a less deformation capacity. Regarding M45 test serie, the maximum
displacements are comprised between those of M0 and M90 test series. The difference on the
magnitude of the maximum displacement is mainly due to the lever arm that is lower for
specimens M90 and greater for specimens MO. The possibility to redistribute the forces between
the different anchor bolts also contribute to increase the rotation capacity of the connection.

3.7.1.3 Moment-rotation curves

The moment-rotation curves for all specimens are illustrated in Figure 3.82 and Figure 3.83.
The bending moment, M, was calculated by the following expression:
M=FxL (3.1)

with
F : vertical force,
L : distance between the load application point and the column base plate.

The rotation 6; of the connection was calculated based on the displacements provided by
LVDT’s Uu, Utz, Up1 and Uy as follows:
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U, - U
gj:t b (3.2)

Zcol

with

U: : average horizontal displacement of Uy and Uy, (see Figure 3.11),

Uy : average horizontal displacement of U1 and Uy (See Figure 3.11),
Zcol - height of the column cross-section for in-plane bending and width of the column
for out-of-plane bending.

Regarding the calculation of 6 for cases M45, Equation (3.2) is no longer valid. The values
given by Utand Uy should be replaced with those of Ut and Uy, respectively (see Figure 3.12).
The parameter zco is considered as the distance between the upper and lower column flanges.

For SPE2, the curves of cases M45 and M90 are quite different from that of M0O. A clear
hardening phase can be observed as a result of a redistribution of the forces in the inner anchor
bolts. Due to the absence of prying effect and base plate yielding, the curve of SPE2-MO is
directly proportional to the force-displacement curve of the anchor bolts and thus characterised
by a rapid loss of stiffness due to necking.

60 - 50

M (kNm) M (kNm)
50 1 40 -
40 A
30 A

30 A

— SPE1-MO0 20 —SPE1-M90
20
10 10
0 6; (mrad) 0 6; (mrad)

0 10 20 30 40 50 0 10 20 30 40 50 60 70
a) MO test series b) MO0 test series
50 1
M (KNm)
40 A
30 A

— SPE1-M45
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0 10 20 30 40 50 60 70
c) M45 test series
Figure 3.82: Influence of the base plate thickness on the moment-rotation curves
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Figure 3.83: Influence of the bending moment orientation in the moment-rotation curves

The plastic bending moment M; i, the ultimate bending moment M;, the initial stiffness Sjini
and the rotation capacity 6, are summarized in Table 3.14. To define the yield point and
consequently M;jp and Sjini, the method proposed by CECM (1986) described in Figure 3.84
was used. For that, the tangent to the moment-rotation curve at the origin is drawn, the slope of
which is Sjini. Next, a straight line with a slope equal to S;j,ini/10 and tangent to the moment-
rotation curve is drawn. The yield point corresponds to the intersection point between these two
straight lines. Values of 6, are obtained by the intersection of the moment-rotation curve in
Figure 3.84 (after M;y) with a straight horizontal line of value equal to 0,8 M, at the origin. For
some cases, this intersection point does not exist and 6;is equal to the maximum value reached

during the test.

Table 3.14: Resistances, initial stiffness and rotation capacities of SPE test series

Plastic bending

Ultimate bending

Initial stiffness Rotation capacity

Test moment Mjpi (KNm)  moment Mju (KNm)  Sjini (KNm/rad) 6,y (mrad)
SPE1-MO0 37,7 43,2 4117,4 44,7
SPE2-M0 42,9 48,5 7189,9 33,2
SPE1-M90 28,2 33,3 2028,7 69,5
SPE2-M90 35,9 40,2 3120,5 48,1
SPE1-M45 32,0 39,4 2440,5 62,7
SPE2-M45 36,6 47,3 3205,0 54,8
Moment |
w L I co=12 " Sjm /10
Ju ) _
Migroz=4,
Sj.iﬂi i Rotation

4.

I

Figure 3.84: Definition of the experimental yield point
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The moment-rotation curves were also obtained from the vertical LVDT’s readings for tests
SPE1-MO0 and SPE2-MO0. The displacement at the column end comprises the flexural and the
shear displacements of the column in addition to the displacement produced by the connection
and the concrete block rotation. The rotation of the connection obtained from the vertical
displacement measured by LVDT’s reads is given by:

Qi =31~ G2, ~ A (3.3)

with

6; : rotation of the connection,

A1 : vertical displacement read by the displacement transducer V1,
F : applied force,

L : distance between the load-jack and the connection,

E : elasticity modulus of the column,

| : inertia of the column,

G : shear modulus of the column,

Ay : shear area of the column cross-section,

Ag vertical displacement read by the displacement transducer Va4,

b - concrete block rotation obtained from w (see Figure 3.11).
6-7

Curves were plotted and compared to those depicted in Figure 3.82 and Figure 3.83. It can be
seen that up to My, the shape of the curves is similar, proving that the horizontal and vertical
displacements measurements are consistent (see Figure 3.85).

60

M (KNm)
50

40

30
SPE1-MO (6 obtained from Eqg. 3.3)

20 - = = = SPE1-MO (6 obtained from Eq. 3.2)

SPE2-MO (6 obtained from Eqg. 3.3)

10 1 — = = SPE2-MO (0 obtained from Eq. 3.2)

0] . . . bl?j (mrad) .
0 10 20 30 40 50

Figure 3.85: Comparison of the moment rotations curves obtained from Equation 3.2, Equation 3.3 for MO test series

From the curves depicted in Figure 3.82 and Figure 3.83, it can be concluded that the ultimate
bending moment, the initial stiffness and the rotation capacity strongly depend on the applied
loading case and the base plate thickness. For each base plate thickness, a trend can be observed.
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For cases with thicker base plates, the plastic/ultimate bending moments and initial rotational
stiffness are visibly higher. For minor-axis bending, which was the most severe loading case in
terms of ultimate bending moment and initial stiffness for both base-plate thicknesses, the
difference between the maximum bending moments was approximately 20%. As far as the
initial rotational stiffness is concerned, this variation is even more pronounced. Indeed, the
initial stiffness for the 20 mm base plate configuration is approximately three times that of 10
mm base plate thickness. This is due to the fact that increasing the base plate thickness results
in a more rigid base plate behavior. The nature of the base plate behavior during the tests
exercised a strong influence on the position of the center of compression. It can be seen in
Figure 3.86 that if the thickness is higher and hence more rigid, the center of compression tends
to move away from the footprint of the column flange towards the edge of the base plate. On
the other hand, for thinner and more deformable base plates, the yield line in the compression
side tends to develop near the column flange leading to a shorter distance between Fcrq and
Ftra. The development of yield line in the compressive area has not been demonstrated
experimentally but observed in the numerical simulations. As mentioned before, the
contribution of the base plate thickness to the rotation capacity is substantial. For tests with a
thicker base plate, yielding of the anchor bolts may occurred before yielding of the base plate
which developed smoothly with the formation of a yield line along the base plate in the
compressive side.

tRd

Fc,Rﬂ Fc,Rd
IFt,Rd IF ]Ft,Rd
cRd 7 F cRd
—

A

Figure 3.86: Variation of the position of Ftraand Fcrdaccording to the base plate thickness

As the moment resistance was calculated from Equation (3.4), logically, the greater is the
distance z between Frqand Fcrq, the greater is the moment resistance:

Mijrg =2 * Firq ¥z (3.4)

with
Mjrd : moment resistance,
Ftrd : anchor bolt design resistance,
z : lever arm between F¢rqgand FiRrg.

The loading case also influences the main characteristics of the moment-rotation curves (see
Figure 3.83). Test results show that, on one hand, specimens subjected to major-axis bending
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(MO series) revealed greater bending moment resistances and initial rotational stiffness but
lower rotation capacity (see Table 3.14). On the other hand, specimens under minor-axis
bending (M90 series) were the weakest cases from the bending moment capacity and initial
stiffness point of view but with higher rotation capacity. For all, connection failure was due to
anchor bolt failure in tension with or without base plate yielding in bending. The main
difference concerns the lever arm between the center of tension and the center of compression.
This lever arm is shorter for series M90 than series M0 and thus the bending moment resistance
decreases for a constant tensile resistance of the anchor bolts.

Activated anchor bolts Activated anchor bolts

7 R

F
t.Rd
M M
N v
M M

F cRd

cRd U

Figure 3.87: Variation of the position of Ftraand Fcraaccording to bending moment orientation

3.7.1.4 Lateral displacements of the base-plate

Image correlation have been used to evaluate the relative displacement between the concrete
block and the base plate and also to estimate the deformed shape of the base plate. A photograph
was taken every 20 seconds. These photographs were then processed using a specific program
for digital image correlation GOM Correlate. The outputs are an estimation of the horizontal
displacements of points (markers) along the base plate. These results were used as a
complementary information to evaluate the area of the compressive and tensile zones and better
understand the development of prying effect.

The initial deformations as well as the lateral displacements (see Figure 3.88 and Figure 3.89)
were recorded for specimens SPE1-M0/90, SPE2-MO0/90. In addition, the displacement of the
top of the base plate of specimens SPE1-M90 and SPE2-M90 was measured. It is noted that the
given results correspond only to the displacement on the lateral parts of the base plate.

y g

GlP @ @ 8 @ @8 8@ @ @ @ &8 §[q GlF @ 8 @ @ 8 8 8 8 & §[

Figure 3.88: Markers placed on the side of the base plate Figure 3.89: Markers placed on the top of the base plate
(M90) and at the concrete surface (M90) and at the concrete surface
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Figure 3.90: Location of the photographic devices for digital image correlation (front view)

For SPE1-MO, the displacement of the base plate is quite substantial in the tensile area (Figure
3.92) and a yield line develops close to the tensile beam flange. After failure, bending residual
deformations of the base plate can be clearly seen, confirming its yielding during the test. Once
Fmax is reached, the anchor bolts began to elongate excessively until failure. This phenomenon
can be captured from the evolution of the base plate deformation. In the lower part, the initial
gap due to initial imperfections was closing during loading until contact with the concrete
foundation was achieved. At the beginning of the loading, the uplift point is positioned
somewhere between 90 mm and 120 mm from the bottom of the end-plate, the bottom beam
flange being at 70 mm from this point. The contact area developed also over the entire area of
the bottom extend end-plate but also over about 25% of the column depth. This uplift point
move down when yielding starts to develop in both the base-plate and anchor bolt as a result of
the modification of the ratio between the stiffness of compressive components and the stiffness
of the tensile components. Once the maximum force is reached, the contact area extend towards
the end plate edges. It can also be observed that in the tensile area the point of inflexion is not
located at the weld toe as supposed in EN 1993-1-8 but behind the upper beam flange.
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Figure 3.91: Initial deformations of the base plates for SPE test series
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Figure 3.92: Evolution of the lateral base plate displacements with initial imperfections for SPE1-MO0

In the tensile area, the base plate of specimen SPE2-MO0 remains rigid during the whole test (see
Figure 3.93). One may conclude that the base plate remained elastic throughout the test. At the
end of loading, the extend of the contact area is comprised between 40 and 50 mm. Accordingly,
the assumption of EN 1993-1-8 on the position of the center of compression is not valid.
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Figure 3.93: Evolution of the lateral base plate displacements with initial imperfections for SPE2-M0
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Figure 3.94: Evolution of the lateral base plate displacements with initial imperfections for SPE1-M90

For specimen SPE1-M90, the deformation of the base plate was also very significant (see Figure
3.94). The drawn deformed shapes indicate the existence of a yield line around the activated
anchor bolts row and at the level of the column flange tips in compression. Since the bottom
anchor bolt row was above the contact area, the contribution of these anchor bolts to the load
carrying capacity is confirmed. The base plate remain in contact with the concrete surface
behind the upper anchor bolts. This confirm the development of prying effect. The contact is
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released when the maximal force is reached due to the excessive anchor bolt elongation. The
negative displacement obtained in this tensile part is due to closing of the initial imperfection
caused by welding process.

From the plotted deformed shapes, it can be concluded that, at the end of the test, contact
between the base plate and the concrete block in the compressive part was maintained over 60
mm from the bottom of the base plate. However at early stages of loading, this contact length
was 90 mm comprising a portion of the column cross-section depth. The deformed shape of the
top of the base plate was concave (see Figure 3.96). After failure, the base plate kept the same
deformed shape confirming yielding of the element.

Similarly to SPE2-MO specimen, the behavior of the base plate of specimen SPE2-M90 was
rigid and anchor bolts were the only source of deformation. A maximum uplift of 12 mm was
recorded at the upper free edge of the base plate. The displacements of the base plate in the
lower part were essentially due to the initial gap closing at the end of the test resulting in the
contact of the bottom edge of the base plate with the concrete surface.
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Figure 3.95: Evolution of the lateral base plate displacements with initial imperfections for SPE2-M90
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Figure 3.96: Evolution of the top base plate displacements for SPE1-M90

3.7.1.5 Strain distribution

The longitudinal strains measured on the column flanges of specimens SPE1-M90 and SPE2-
MO0 are presented in Figure 3.98. The positions of the strain gauges along the column flanges
with their corresponding labels and the location of the plastic neutral axis are given in Figure
3.97 (the exact positions are given in Figure 3.13). The distribution of stresses and strains along
the column flange width can be seen in Figure 3.99, Figure 3.100, Figure 3.101 and Figure
3.102.

Tension side Tension side
SG1 SGg1 SG.1 [ SGg1
56,2 [ SGg2 SG2 [ SGg2
N\ - /
4 N s6,3 | ([~ ™ | 8Gg3
SG3 ] SGr3 I e E R -
SG 4 [ SGrA SG4 [ SGgrd
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b) SPE2-M90
a) SPE1-M90 )

Figure 3.97: Strain gauge designation
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Figure 3.98: Strain distribution at the bottom of the column flanges

Strains obtained from strain gauges SGi4, SG4 of specimen SPE1-M90 and SG4 of specimen
SPE2-M90 are negative as they are located in the compressive part of the column flanges.
Concerning SG3 of specimen SPE2-M90, negative values of the strain were measured for
forces below 30 kN whereas positive values were recorded for larger values of the applied force
corresponding to anchor bolt yielding and necking. This change of the stress sign is the result
of the evolution of the relative stiffness between the tensile and compressive parts. With the
yielding of anchor bolts, the tensile parts become more flexible and thus the size of the
compressive area decrease. It can also be noticed that this decrease of the compressive area
increase the stress concentration and favour yielding of the edges of the column width. The
hypothesis of linear plane strain of the beam theory is more or less respected at the beginning
of the loading.

A similar phenomena is observed with SG|3 of specimen SPE1-M90 but the strain became
positive for a force level of 10 kN. The initial preloading of anchor bolts is probably at the
origin of the initial distribution of stresses. Once the effect of preloading is mitigated, ¥ of the
column width works under tension. This phenomena appears sooner than in specimen SPE2-
MO0 as the tensile part of specimen SPE1-M90 is more flexible. Even if the tensile area
increases during the test, the yielding of the edge of this part is observed. This effect is a
consequence of the low flexibility of the base plate. The tensile stresses are thus located around
the upper anchor bolts.
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3.7.1.6 Concluding remarks

The tests performed on six column base plates with different base plate thicknesses and bending
moment orientations allowed to gain further insight into the behavior of this type of
connections. The main conclusions are:

o the bending moment resistance and the initial stiffness of the connection increases
with increasing value of the base plate thickness whatever the orientation of the
bending moment,

o the bending moment resistance and the initial stiffness of the connection increases
as the distance between the centers of compression and tension z increases (higher
for major-axis bending and shorter for minor-axis bending),

o the rotation capacity of the connection increases with decreasing values of the base
plate thickness,
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o the base plate thickness and the orientation of the bending moment have limited
influence on the behavior of the connection after reaching the maximum force as the
necking of the anchor bolts develops in these cases,

o the redistribution of the internal forces to the anchoring system is strongly dependent
on the base plate thickness,

o the orientation of the bending moment have an effect on the development of prying
forces,

o the spread of the compressive area is strongly dependent on the base plate thickness

and on the orientation of the applied bending moment.

3.7.2 Beam-to-concrete slab connections experimental program
3.7.2.1 Description of the tests
e TestPB-1

During elastic phases 1 and 2, the specimen remained in the elastic domain. Next, loading was
increased until failure at a rate of 1 mm/min. This loading rate was continuously increased until
the end of the test. At a load level of 27 kN, an uplift of 2 mm between the base plate and the
concrete surface began to be visible. When the applied force reached 35,6 kN, the first cracks
appeared on the surface of the concrete block and the uplift of the base plate with respect to the
concrete block was about 3mm. At 40 kN, the embedded plate started to emerge from the
concrete block and the cracks on the concrete surface began to spread. At 58,2 kN, the
deformation of the base plate was substantial and the gap between the base plate and the
concrete in the vicinity of the footprint of the tensioned column flange was about 5 mm (see
Figure 3.103 a)). The maximum capacity of the connection was reached for a vertical force
equal to 61,7 kN. At this load level, the base plate deformations were considerable (see Figure
3.103 b). The embedded plate moved out from the concrete block (see Figure 3.103 c)). After
that, the load began to decrease due to necking while the deformation of the tensioned bolts
increased. The test stopped with the failure of both upper anchor bolts. After the test, significant
yielding of the base plate and cracks in the welds and on the concrete surface were visible (see
Figure 3.103 d) and e)). The contact between the top of the end plate and the embedded plate
was maintained during the whole test meaning that prying effect was developing. It can be noted
that specimen PB-1 is equivalent to specimen SPE2-MO as these specimens have M16 fasteners,
20 mm base plate thickness and a profile (I or H) of 190/200 mm height. The two main
differences are the base plate width and the fastening to concrete support. In contrast to
specimen PB-1, prying effect did not develop with specimen SPE2-MO as the base plate is more
rigid (due to greater width) and the fasteners more flexible.
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a) Base plate deformation at 58,2 kN (side)

Cracks on the concrete at the end of the test

Figure 3.103: Specimen PB-1 deformation during and after the test

d) Cracks on the welds e)

o TestPB-2
During the first loading/unloading cycles within elastic phases 1 and 2, no yielding of the steel
elements or cracks on the concrete surface were observed. This was expected as the assembly
was still working in the elastic domain. Thereafter, the load was increased until failure at a rate
of 1 mm/min. This rate was appropriately and continuously adjusted until the end of the test.
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When the applied force reached 43 kN, the first cracks appeared on the surface of the concrete
block. The deformation of the base plate began to be visible at 56 kN and at the same time, the
embedded plate started to move out from the concrete block. The maximum force resisted by
the connection was 74,6 kN. At this load level, the connection deformations were largely
visible. The embedded plate was out of the concrete block. The crushing of the base plate
against the concrete measured by U1 and Up2 was approximately 0,7 mm. After that, the load
began to decrease with increasing value of the displacements due to bolts necking. The test
stopped with the failure of both activated anchor bolts. After the test, large yielding of the base
plate and cracks in the welds and on the concrete surface were visible. Furthermore, the corner
of the upper outer edge of the end-plate was in contact with the concrete foundation which
means that prying effect developed.

L e e S Ul £ Y N

'/’ | v
g

Uplift  of  the |
I embedded plate

T DR T

b) Base plate deformation after failure (top)

c) Base plate deformation after failure (side) d) Cracks on the welds
Figure 3.104: Specimen PB-2 deformation during and after the test

e TestPB-4

During the first four cycles, the specimen was loaded up to 10 kN (phase 1) and 20 kN (phase
2). Some residual deformations were observed at the end of phase 2. Similarly to the previous
tests, the test proceeded with a cycle in which the vertical load was increased until the failure
of the connection. The main difference in the configuration between specimen PB-4 and PB-2
was the type of anchoring system. This test allowed to evaluate the influence of the anchoring
system on the performance of the connection. It was found that the deformation of the base
plate and the initiation of cracks in the concrete occurred for a load level well under the previous
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test. At 32,3 kN, cracking was already at an advanced stage. The base plate started to slightly
deform. As a consequence of excessive cracking and concrete spalling, the load decreased
abruptly. Contact did not develop at the outer edge of the upper end-plate and prying effect was
not present in contrast to what was observed in specimen PB-2. This can be explained by the
fact that the tensile force was transferred by more flexible fasteners.

a) b)

¢) Cracks in the concrete at the end of the test ' d) Base plate deformation at the end of the test (top)

e) Base plate deformation at the end of the test (side)
Figure 3.105: Specimen PB-4 deformation during and after the test

3.7.2.2 Force-vertical displacement curves and failure modes
The failure modes observed during the tests can be divided into two types:

e rupture of the activated bolts with yielding of the base plate in bending (PB-1, PB-2),
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e concrete cone failure (PB-4).

As mentioned in the previous sub-chapters, this aspect is directly related to the type of
anchoring system. The redistribution of the internal forces between the anchoring system and
the concrete reinforcement was quite different from test to test. In specimens PB-1 and PB-2,
the embedded length and the presence of bolt washers allowed the steel elements to govern the
overall behavior of the connection until failure, with benefits in terms of bending resistances,
initial rotational stiffness and rotation capacity. The resistance and deformation capacity of
specimen PB-4 are clearly smaller, due to the reduced embedded length and also to difficulties
in transferring correctly the tensile force to the foundation. Table 3.15 summarizes the yielded
elements at the end of the tests and the observed failure modes.

Table 3.15: Failure modes for PB tests

Test ID  Maximal vertical force Fmax (KN)  Yielded elements Failure mode

PB-1 61,7 Anchor bolts/base plate/welds Anchor bolts (both)
PB-2 74,8 Anchor bolts/base plate/welds Anchor bolts (both)
PB-4 40,7 - Concrete cone failure

The curves relating the applied load and the corresponding displacement measured by
displacement sensor V1 for tests PB-1, PB-2 and PB-4 are plotted in Figure 3.106.

80 -
Force
70 1 (kN)
60 -

50 A

— Test PB-1
— Test PB-2
— Test PB-4

40
30
20

10

0 Displacement (mm)

0 20 40 60 80 100 120
Figure 3.106: Force displacement curves for specimens PB-1, PB-2 and PB-4

The curve from PB-2 test reached values of applied vertical force significantly higher than tests
PB-1 and PB-4. This was essentially due to the presence of stiffeners and the configuration of
the anchoring system. Although the thickness of the base plate in specimen PB-1 (20 mm) was
higher than that in specimen PB-2 (15 mm), the existence of stiffeners as shown in Figure 3.8
and Figure 3.104 proved to be favorable to the resistance and initial stiffness of the connection.
In fact, the absence of stiffeners favor prying effect in test PB-1. The development of these
additional forces Q resisted by the activated anchor bolts led to failure of these elements for
reduced values of the applied force. However, the absence of stiffeners increases the rotation
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capacity of the connection thanks to the full development of a yield line parallel to the beam
flange on the end-plate.

As mentioned above, the configuration of the anchoring system was a crucial aspect for the
performance of the connections. Specimen PB-2 revealed to be considerably more resistant than
PB-4 due to its anchoring system. For specimen PB-2, the bolts were the element governing
failure of the specimen, producing a substantially more ductile behavior and resisting to higher
levels of the applied force. For test PB-2, the loss of resistance after reaching Fmax was mostly
due to necking of the anchor bolts. Throughout the test and as a result of the plate thickness, a
yield line in the tensile side of the connection developed. The existence of stiffening plates also
influenced the shape of the deformed plate (see Figure 3.104). For specimen PB-4, the
redistribution of internal forces in the anchoring system during the test was quite different. It
was reflected on the behavior of the elements and the failure mode at the end of the loading.
Consequently, the reason for the sudden load drop after reaching the maximum force is quite
different from that of the previous test, as explained below. In this test, there was a significant
loss of concrete strength, which was in a very advanced cracking state when the decision of
stopping the test was taken. This fact contributed to the brittle behavior of the connection after
reaching Fmax, causing the sharp decrease in the curve (see Figure 3.106).

3.7.2.3 Moment-rotation curves

The moment rotation curves of specimens PB-1, PB-2 and PB-4 are depicted in Figure 3.107.
The initial rotational stiffness, the plastic/ultimate bending moments and the rotation capacity
are also given in Table 3.16.

Table 3.16: Resistances, initial rotational stiffness’s and rotation capacities of PB test series

Test Plastic bending Ultimate bending Initial stiffness Rotation capacity
moment M;jp (KNm)*  moment M;y (KNm)  Sjini (KNm/rad)* 0; max (mrad)*

PB-1 56,0 71,0 5433,8 85,4

PB-2 66,5 82,3 7984,0 51,2

PB-4 41,6 447 4398,3 14,1

*Values obtained from Figure 3.84.
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40
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Figure 3.107: Moment rotation curves for tests PB-1, PB-2 and PB-4
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The plastic and ultimate bending moments for test PB-2 are about 20% higher than that of PB-
1 and 80% higher than that of PB-4. The resistance of specimen PB-2 is increased
comparatively to specimen PB-1 as prying effects decreases due to the presence of stiffeners.
However, the rotation capacity of specimen PB-2 is less than that of specimen PB-1. The
ductility of specimen PB-1 is greater than that of specimen PB-2. The failure mode of PB-1 is
a pure Mode 2 whereas specimen PB-2 fails according to a combination of Mode 2 and Mode
3. The rotation capacity of specimens PB-2 and PB-1 is above 50 mrad and these connections
can be considered as ductile. This is not the case for specimen PB-4, as its rotation capacity is
equal to 14,1 mrad and involve a non-ductile failure mode.

The use of an embedded plate, washer, and stiffeners clearly improve the mechanical
characteristics of the connection. For specimen PB-4, the non-linear behavior result mainly
from cracking of the concrete block. The steel components remain probably elastic during the
whole test. For PB-1 and PB-2, the non-linearity results from yielding of both the end-plate and
the bolts in tension.

For specimen PB-4, the moment increases linearly to a value close to 30 kNm. At this load
level, the first cracks began to appear on the surface of the concrete slab. The inefficiency of
the anchoring system to resist to the internal forces and transfer to the reinforcement results in
crack initiation which spread rapidly. This phenomenon had implications not only on the
resistance and rotation capacity of the connection but also on the shape of the moment-rotation
curve. The latter is characterized by a sudden increase of resistance until reaching M;,, followed
by a sharp decrease, typical of a brittle failure due to concrete cracking/spalling.

Concerning the initial rotational stiffness, as said earlier, the use of stiffeners visibly influence
and improve the initial stiffness of the specimen PB-2 over specimen PB-1. The use of an
embedded plate and an end washer anchoring system rather than simple post-installed anchor
bolts as in PB-4 lead to a significantly more rigid behavior of the connection.

3.7.2.4 Lateral displacements of the end-plate

Digital image correlation was also used to evaluate the lateral displacements of the base plates.
The evolution of the horizontal displacements during tests are presented in Figure 3.108, Figure
3.109 and Figure 3.110.

According to the figures below, it can seen that the deformation of the base plate was
significantly higher for specimens PB-1 and PB-2 with a maximum uplift value of 11 mm at
the level of the upper bolt row. The horizontal displacements noticeably increased after reaching
the maximum force Fmax thanks to bolts necking. As it has been said earlier, prying developed
in test PB-1. From Figure 3.108, an uplift can be observed at the top of the base plate where the
marker was located. However, this position does not coincide exactly with the extremity of the
base plate explaining why an uplift is observed on the graph. Additionally, for high levels of
load, the embedded plate detached and moved away from the concrete surface.

Laura da Silva Seco 103



COLUMN BASE PLATES UNDER 3D LOADING 3 EXPERIMENTAL TESTS

Regarding specimen PB-2, it is found that throughout the test, the upper end of the base plate
gradually moved away from the concrete surface as well as the embedded plate (see Figure
3.109). Prying may have developed in the corners. Despite the occurrence of a yield line at the
level of the tensioned bolts, the base plate did not return to contact with the concrete slab.
Comparing the compressive zones pertaining to specimens PB-1 and PB-2 in Figure 3.108 and
Figure 3.109, it is realized that the extend of the contact zone is greater for the case without
stiffeners. Although specimen PB-2 has a thinner base plate, the stiffeners limited the
deformation in bending of the base plate during the test, pushing the center of compression
towards the lower free edge. On the other hand, the base plate of specimen PB-1 was thicker
but without stiffeners, its deformability was higher, allowing the center of compression to
develop closer to the column flange.
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298 A F=48kN
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213 A —@—F=61.7kN
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Figure 3.108: Evolution of the lateral plate horizontal displacements for PB-1
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Figure 3.109: Evolution of the lateral plate horizontal displacements for PB-2
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The deformations of the plate of specimen PB-4 were less significant compared to that of
specimen PB-2. The evolution of the distribution of the horizontal displacements suggest that
the yielding of the plate was limited as a result of the brittle failure mode that occurred before
steel elements started to yield.
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Figure 3.110: Evolution of the lateral plate horizontal displacements for PB-4

3.7.2.5 Concluding remarks

The results of the tests on beam-to-concrete slab connections considering different base plate
thickness and anchoring system allowed to have a better understanding of the impact of such
parameters on the overall behavior of the connections. The following conclusions could be
drawn from the testing programme:

the bending moment and initial stiffness increases with the presence of stiffeners;

the bending moment, initial stiffness and rotation capacity increases with increasing
value of the embedded length of the bolts, with the presence of an embedded plate
sufficiently reinforced and, with the presence of bolt washers embedded in the concrete
slab,

prying effects are strongly influenced by the presence of stiffeners,

the redistribution of the internal forces between the anchoring system and the concrete
slab reinforcement is strongly dependent on the embedded length of the anchor bolts,
the anchoring system (length of the embedded anchor bolts, bolt washers, embedded
base plate) has great influence on the behavior of the connection during the elastic and
plastic phases until failure.
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APPENDIX A

A.1 Concrete block reinforcement of the column base plates

e Specimens tested under in-plane bending moment (SPE1-MO; SPE2-MO0)
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Specimens tested under out-of-plane bending moment (SPE1-M90; SPE2-M90)
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Specimens tested under biaxial bending moment (SPE1-M45; SPE2-M45)
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A.2 Concrete block reinforcement of the beam-to-concrete slab connections

Specimens PB-1
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Specimen PB-2 and PB-4
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e Anchoring system details of specimens PB-1 and PB-2
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4. NUMERICAL STUDY

4.1 Introduction

The behaviour of column base plates is known for being highly complex involving multiple
phenomena such as geometrical, material and contact non-linearity’s resulting from the
interaction of the different components that constitute the joint. For a better understanding of
these structural elements under various loading conditions and considering different typologies
and materials, it is crucial to develop an accurate numerical model capable to capture the
response of the connection and to provide further insight into the behaviour of its components
by analysing the different stress states to which the joint is subjected when statically loaded.
Transfer of internal forces, interactions between interfaces in contact, performance of the
anchoring system, damage of the concrete foundation and yielding/failure of steel elements are
examples of situations that can be easily and quite accurately predicted by numerical model,
avoiding time-consuming and expensive experimental studies. Moreover some phenomena
such as contact pressure, cannot be measured during experimental tests but the numerical model
provide these information’s which are crucial for the development of an accurate and precise
analytical model.

This chapter presents a detailed description of the numerical models created with the Finite
Element software ABAQUS in order to investigate the behaviour of column base plates and
beam-to-concrete slab connections under different loading conditions. The numerical results
are compared against the experimental test data presented in Chapter 3 and used to calibrate the
analytical model developed in Chapter 5. Additionally, an extensive parametric study is
presented and the influence of parameters such as the base plate thickness, the column steel
profile and the arrangement of the anchoring systems on the resistances, initial rotational
stiffness and rotation capacity is analysed.

4.2 Model definition

4.2.1 Geometry

All connection components (base/end-plate, column/beam, weld, concrete, anchors ...) except
the reinforcing bars, are modelled as three-dimensional deformable solids using eight-node
linear brick elements. Two-node linear truss elements are used for the concrete reinforcement.
The actual (measured) dimensions of the tested specimens have been considered in the finite
element model.

4.2.1.1 Column base plate model

The mean measured dimensions considered in the model are given in Table 4.1 and Table 4.2.
The anchoring system consist in four M16 anchor bolts which are modelled with nuts and

Laura da Silva Seco 119



COLUMN BASE PLATES UNDER 3D LOADING 4 NUMERICAL STUDY

washers, and assuming a constant cross section throughout their length equal to the threaded

area As.
Table 4.1: Measured geometry of the column (HEA 200)

Test ID he (mm)  be (mm)  tec(mm)  twec (Mm)
SPE1-MO 1945 200,5 6,5 10,8
SPE2-MO0 191,0 201,0 6,5 11,0
SPE1-M90 192,0 200,5 6,5 10,3
SPE2-M90  193,0 202,0 6,5 10,0
SPE1-M45 194,5 200,0 6,5 10,0
SPE2-M45 193,0 202,0 6,5 10,0

Table 4.2: Measured geometry of the steel base plates

Test ID hp (mm)  bp(mm) top(mm) do(mm) e(mm) ex(mm) p(mm) w(mm)
SPE1-MO 330,0 300,0 10,1 18,0 70,0 34,0 262,0 160,0
SPE2-MO 329,0 299,0 20,0 18,0 70,5 35,5 258,0 158,0
SPE1-M90  330,0 299,0 10,0 18,0 70,0 35,0 260,0 159,0
SPE2-M90  330,0 299,0 20,0 18,0 70,0 36,0 258,0 159,0
SPE1-M45 330,0 300,0 10,0 18,0 70,0 35,0 260, 160,0
SPE2-M45 330,0 300,0 20,0 18,0 70,0 36,0 258,0 160,0
bp
€T w | €
»
O o] 5 C do—~S~
 e— i
2 < 8

O O

EX|

Figure 4.1: Column steel profile and base plate parameters

4.2.1.2 Beam-to-concrete slab connection model

For models of specimen PB-1 and PB-2, the embedded plate system with the shear lug is
modelled as in the tested specimens (see Figure 4.2).

Figure 4.2: Anchoring system from PB-1 and PB-2 numerical models
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4.2.2 Materials

In order to obtain numerical results with higher accuracy, the material non-linearity is
considered and the experimental stress-strain relationship obtained from steel coupon tests is
adopted. Regarding concrete, the evolution of concrete resistance over the time provided by the
compressive tests is also considered.

4.2.2.1 Steel

For steel elements, such as the HEA and IPE columns, base/end-plates, embedded plate, anchor
bolts and post-installed bolts, the material characteristics obtained from the coupon tests
presented in Chapter 3 and given in Table 4.3 are used. Elasto-plastic behavior following the
Von-Mises yield criterion with strain hardening is considered to model steel elements. The
stress-strain curve introduced in the numerical models is multi-linear (see Figure 4.3), based on
the proposition of Couchaux et al. (2017) that is built with the following stress-strain pairs:
(fy;ey), (fy;en), (fm;em) and (fu;eu) taken from the tensile coupon tests. The behavior is assumed to
be perfectly elastic up to yield strength f,. Next, the behavior is elasto-plastic until &y. Material
failure is simply characterized by an abrupt decrease of the stress to 10 N/mm?,

o (MPa)
falo
Jm[ 7T ! X
ht | ;
10} -k SRR
& & &m slu eul+1 & (%)

Figure 4.3: Stress-strain curve for steel

True stress and true strain can be determined based on the nominal stress and strain as follows:

0 = Onom(1*€nom) (41)
e=In(1+&,00) (4.2)
with
F
Onom — S_O (43)
[-1
€nom — Z_O (44)

0
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After reaching the ultimate strength fm, Equations (4.3) and (4.4) are no longer valid due to
necking and the ultimate stress and strain are obtained from Equations (4.5) and (4.6).

Oy = Su (45)
So
6, =1In (S—) (4.6)
with
Fu, Su: ultimate tensile force and cross-sectional area of the coupon test at failure (taken
from the information given by tests).
Onom
fm,num __________________ Fu
fu,nﬂm—-------— ------—--——% ————————————— . /‘T—\
| . I
[ y.00m o i : AN
. : | ~—
L | el 78 T el S
- e ; J—
b : ! ~_
Vo | ' Vb

Snom
. nom Sh,ﬂfl‘l‘l SI'I'I. Jon Sl],t‘l{l‘l‘l \TF'/

&
Figure 4.4: Nominal steel stress-strain curve Figure 4.5: Steel coupon tensile tests

The relationship between the true stress and the true strain taken from Couchaux et al. (2017)
(see Figure 4.3) is described by the following set of equations:

e ForO0<e<ey:
4.7)

o Forey<e<en:
o=/, (4.8)
o Foren<e<em:
o=/, cm+(2—2)\/m+Eu(gm-gh) (4.9)
o Forem<e<eu
o =f *E,(c- em) (4.10)
with

a%n = (gm - gh) (Sm - &p +cm/E)
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bm :\/Cm (Sm - Sh)E+cr2n

2
o )
(em - E-2 (1, -1

oIt
! (gu - 8m)
Table 4.3: Material properties introduced in the FE models
Connection Elements fy(MPa)  &n (%) fm (MPa)  &m (%) fu(MPa)  &u (%)
Base plate 10 mm  423,6 2,6 599,8 15,7 1146,1 1219
Base plate 20 mm  401,3 1,7 581,6 14,5 1196,9 125,4
éﬂ:{“&gase;"ate Column web 3784 27 5253 139 10480 92,6
Column flange 350,1 2,6 504,4 15,2 1240,0 116,3
M16 520,4 0,1 626,8 1,4 1367,9 127,5
End plate 15 mm 2775 0,8 534,7 17,9 1032,2 120,3
Beam to concrete End plate 20 mm 229,1 0,7 485,0 20,1 7739 98,9
Beam web 340,1 2,1 575,6 17,4 976,4 102,7
slab (PB-1/2) ' '
Beam flange 333,0 1,8 582,6 17,3 989,5 106,0
M16 1063,5 0,5 1121,0 3,5 1913,0 115,8

In order to validate the material parameters, standard tensile tests (see Figure 3.16 and Figure
3.22) are simulated with the FE program and the numerical results are compared against the
corresponding experimental data. Cross-sections of the samples are modelled with a total of 20
elements for the round coupons and 24 elements for the rectangular samples. Good agreement
between the numerical and experimental results for tensile tests can be observed in Figure 4.6
and Figure 4.7.

800 1400
Stress Stress
700 | (MPa) 1200 | (MPa)
600 1000
500
800
400
600 B-2
300
— — B-3
200 400
100 AB 16-FEA 200 B-FEA
0 Strain (mm/mm) 0 Strain (mm/mm)
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1

Figure 4.6: Modelling of coupon tests of anchor bolts and bolts
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Figure 4.7: Modelling of coupon tests of base plates and end plates

4.2.2.2 Concrete

Standard cylinder tests presented in Chapter 3 enabled an estimation of the evolution of the
maximum compressive strength fck. The concrete behavior law herein considered (see Figure
4.8) taken from EN 1992-1-1, is expressed by:

O¢

Jem
with
fcm:fck+ 8'

n :Sc/gch
k=1,05E_,% |€c1 1/ Fom-

kn - n?

1+(k-2)n

(4.11)

Concrete Damaged Plasticity model available on ABAQUS library is used to model the
concrete material behavior. CDP model is based on the Drucker-Prager strength criterion and
allows to define the plasticity by damage parameters (see Table 4.5) as well as the behaviour in
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tension and compression of the concrete (see Figure 4.8). Nominal values suggested in EN
1992-1-1 are used to define the stress-displacement law in tension.

Table 4.4: Concrete main properties in compression and tension

Concrete fem (MPa) &1 (%0)  fom (MPa)  Jdu (mm)
C25/30 See Table 3.6 and Table 3.11 21 2,6 0
o (MPa) o (MPa)
IF"I:[‘l‘l _______________ |
0= Fen : Som[~7777 "
04 fim - : : :
! : : !
B £ Bl g (%) B & (mm)
Figure 4.8: Concrete stress-strain law for compression and stress-displacement law for tension
Table 4.5: Concrete damaged plasticity parameters
Dilation angle (°)  Eccentricity foolfeo K Viscosity parameter
36 0,1 1,16 0,667 0

The parameters used in the CDP model for all models are the ones recommended in ABAQUS
user’s guide. The dilation angle is described as the concrete internal friction angle and usually
assumes values between 30° and 40°. The eccentricity is obtained by the ratio between the
tensile strength and the compressive strength (recommended value equal to 0,1). The strength
ratio between the biaxial state and the uniaxial state foo/fco, represents the point where concrete
failure occurs under biaxial compression. Kupler experimental tests in 1969 indicated that the
uniform biaxial compression strength fyo can be considered equal to 1,16 fco. ABAQUS user’s
guide suggests to assume fno/fco according to Kupler’s results. From the deviatoric cross section
of the failure surface of the CDP model (see Figure 4.9), K is defined as the ratio between the
distances amongst the hydrostatic axis and the compression and tension meridian (C.M. and
T.M.). It can be observed that this ratio assumes values between 0,5 and 1. The maximum value
corresponds to the case when the deviatoric cross section of the failure surface is circumscribed
into the Drucker-Prager surface (circle). Through experimental tests, Majewski assumed this
value equal to 0,6 for a zero mean normal stress, increasing as the mean stress decreases
Kmiecik and Kaminski (2011). Michal and Andrzej (2015) demonstrated that the viscosity
parameter should not be assumed other than zero, preventing inaccurate results. Adopting
higher values leads to a wider damage area, originating a dispersed cracking pattern, which do
not represent the reality.
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(CM.)

-85
Figure 4.9: Deviatoric cross section of failure surface in the CDP model

4.2.2.3Bond stress-slip law

A special attention was given to the contact between the anchor bolts surface and the concrete
block, since the way these elements interact with each other strongly affects the overall stiffness
of the specimens. For that, it is necessary to adopt a bond stress-slip law able to predict
realistically the behavior at the interface between these two elements. Bond properties of the
embedded anchor bolts are defined by a local bond-slip relationship. This bond-slip law, for
monotonic loading conditions, adopted by FIP Model Code 2010 (International Federation for
Structural Concrete (fib), 2010) is expressed by the following equations. Shear stress t,
developed at the interface between the anchor bolt and the concrete, depends on the relative
displacement (slip) s between these two elements.

with

For 0 <s <s:
= Tmax(s/gl)a (412)

Fors; <s<sy:
(4.13)

T~ Tmax

Fors; <s<szs:
(4.14)

T~ Tmax - (Tmax - Tf )(S - SZ)/(S3 - 32)

Forss<s:
(4.15)

Tt

7, Tmax, 7f - Shear stress limits obtained from FIP Model Code 2010 (see Figure 4.10),
S1, S2, S3 : relative displacements limits taken from FIP Model Code 2010 (see Figure
4.10).
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Shear stress

Tmax

If ”””””””

51 52 53 Slip
Figure 4.10: Bond stress-slip law from FIP Model Code 2010 (International Federation for Structural Concrete (fib), 2010)

Table 4.6: Shear stress and slip limits for smooth bars (hot rolled bars) according to FIP Model Code 2010
max (N/mm?) 7t (N/mm?) 1= 2= 53 (mm)

0,36(fek)°° 0 0,1

4.2.3 Steps

The loading is applied in two subsequent steps. The initial step is defined to set the contact
interactions between the elements and the boundary conditions. The second step is used to
reproduce the loading conditions from the experimental tests. For that, a displacement
perpendicular to the centre line of the column steel profile is applied at the location of the load-
jack. As a consequence, an increasing bending moment at the column base plate with direction
of the applied displacement is created up to failure. As it will be seen later, for the parametric
study in which the models are subjected to a combination of axial force and bending moment,
three steps are required: the initial step, Step-1 for the application of the axial force and Step-2
for the application of the aforementioned displacement (bending moment).

Steps are created as Static General. This type of analysis has been found to be the most suitable
for the considered cases since it can be linear or nonlinear and is assumed when inertia and
time-dependent material effects (as creep, swelling or viscoelasticity) can be ignored. Option
Nlgeom is activated to take into account nonlinearities inherent to large-displacements.

4.2.4 Interactions

Contact interactions between elements strongly affect the computing process (time,
convergence, accuracy...). In order to obtain numerical results with great accuracy, special
attention must be given to contact due to the highly nonlinear and non-smooth nature of the
phenomenon. For the same model and depending on the applied loading, the contact conditions
between elements can vary widely and consequently affect the internal forces distribution.
Interactions in ABAQUS are characterized as step dependent and thus, must be defined in the
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correct analysis steps. To create it, a contact pair between two rigid or deformable three-
dimensional surfaces has to be defined. Although it is not necessary to guarantee matching
meshes on the connected surfaces, the establishment of a “master” and a “slave” surface is
required. As master surfaces, analytical rigid surfaces and rigid-element-based surfaces, smaller
surfaces in case of contact with a larger surface, stiffer body surface, and coarser mesh surface
should be considered. Regarding the sliding formulation, the main difference between small-
sliding and finite-sliding contact is the way the contact area and the contact pressures are
calculated. For the first case, the analysis is based on the undeformed configuration of the
model. On the opposite side, finite-sliding contact considers the deformed configuration of the
model.

Several contact interactions between elements are created in the models. The types of contact
interactions are listed below:

e “rigid body” constraint: this type of constraint is used to create a rigid cross-section at
the top of the column where the load is applied. The reference point is located at the
geometric centre of the column cross-section for all models. This constraint allows to
guarantee the uniformity of imposed displacement throughout the section. According to
Figure 4.11 and Figure 4.12, this constraint corresponds to constraint 1,

e “tie” constraint: this type of constraint is used to tie two surfaces in contact during the
simulation. Constraints involving two surfaces connected by a weld as 2, 3 and 6 in
Figure 4.11 and 2 and 3 in Figure 4.12 are created using “tie” constraint. Also, as
explained in Chapter 3, it is considered that a considerable part of the resistance of the
anchoring system results from to the embedment of the washer plates in the concrete.
This type of constraint is adopted (constraint 10 and 7 in Figure 4.11 and Figure 4.12,
respectively),

o steel-steel interaction: to model the contact between two steel surfaces (4, 5 and 7 in
Figure 4.11 and 4 in Figure 4.12), a surface-to-surface discretization method with finite
sliding formulation is considered with a friction coefficient equal to 0,3. For normal
behavior, the hard contact is selected allowing separation and preventing penetration of
surfaces in contact,

e steel-concrete interaction (8 in Figure 4.11 and 5 in Figure 4.12): same as above with a
friction coefficient equal to 0,5,

¢ steel-concrete with bonding interaction: to model the contact between the lateral surface
of the anchor bolts and the concrete block (9 in Figure 4.11; 6 and 8 in Figure 4.12), a
surface-to-surface contact type is selected with finite sliding formulation. For further
details about the shear stress-relative displacement relationship, see subsection 4.2.2.3.
The shear stress limit zmax is obtained from Table 4.6. The normal behavior is defined
as a normal steel-concrete interaction,

e “embedded region” constraint: in order to create the contact interaction between the
concrete and the steel reinforcement, an “Embedded region ” type constraint is adopted,
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with the steel reinforcement as embedded elements and the concrete foundation as the
host element (constraint 11 and 9 in Figure 4.11 and Figure 4.12 respectively).

with

© o N A wWwN R

Figure 4.11: Interactions considered for the column base plate models

top of the column — loading plate,

column — side plates — welds,

column — circular plate — welds,

circular plate — bolt nut,

circular plate (upper part) — circular plate (lower part),
column — base plate — welds,

anchor bolt washers — base plate,

base plate — concrete foundation,

anchor bolt — concrete foundation,

. anchor bolt washers — concrete foundation,
. reinforcement rebars — concrete foundation.

with

© XN s LDNRE

Figure 4.12: Interactions considered for the beam-to-concrete slab connection models

top of the beam — loading plate,

beam — stiffeners — welds (for PB-2),

beam — end plate — welds,

bolt nuts — end plate,

end plate/embedded plate — concrete slab,
bolts/post-installed bolts — concrete slab,

bolt washers — concrete foundation,

shear lug — concrete slab (for PB-1 and PB-2),
reinforcement rebars — concrete slab.
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4.2.5 Loading and boundary conditions

As described in Chapter 3, specimens are subjected to in-plane bending MO, out-of-plane
bending M90 and bending at 45°. In a displacement-controlled simulation, the externally
applied load is simulated by imposing a vertical displacement, which is increased until failure
of one or more elements. This displacement is applied at the reference point created at the
geometric centre of the cross-section, to which all nodes from the surface are rigidly connected.
For the parametrical study, presented in sub-chapter 4.4, the influence of an axial force
combined with bending is also analysed. For these cases, an additional concentrated load is
applied, as explained in sub-section 4.2.3.

Boundary conditions are set for the concrete foundation/slab, the column base plate and the
beam-to-concrete slab connection models in order to create the same support conditions as in
the experimental tests described in Chapter 3. Vertical displacements are blocked at the
neoprene supports of portal frame A and at the rollers attached to portal frame B (see Figure
3.11). To simulate the support conditions provided by the lateral steel plates placed in both
portal frames, displacements are blocked in the horizontal direction, perpendicular to the portal
frames.

426 Mesh

In order to reduce the computing time needed for the simulation, different mesh sizes are
adopted according to the importance of the elements. From the experimental tests it was
concluded that anchoring systems (anchor bolts, washers, embedded plates), and base/end
plates are the elements that influence the most the behavior of the connections during the whole
tests, until failure. As a consequence, a particular attention is given to the discretization of these
elements. For the anchor bolts, in order to simulate the complex stress distribution during the
computation until failure, a refined mesh is adopted considering the same number of elements
for the cross-section as that used in the tensile tests simulations (subsection 4.2.2.1). To produce
reasonable and physical sound stress distributions at the interface between the anchor bolts and
the concrete, a smaller mesh size is selected for the layer of concrete material in contact with
the anchor bolts. For the remaining concrete material, a coarser mesh is considered as this zone
is of little interest.

In regions with high stress concentrations, such as welds, mesh size needs to be reduced. For
this reason, four elements are used through the thickness. Similarly, in regions were buckling
and/or bending are expected such as column flanges and base/end plates, three elements are
assigned to the thickness of these elements (four for the 20 mm thickness base plates).
Typically, this limits inaccuracies in the results and convergence problems due to the severe
changes of stresses and strain distributions during the simulation. As the beam-to-concrete slab
connection models are subjected to pure in-plane bending moment, only half of the connection
is modelled (see Figure 4.14-b), resulting in reduced time analysis.
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b) Assembly

a) Concrete block

c) Anchor bolts d) Base plate and weld mesh details
Figure 4.13: Meshing of the elements of the column base plate

a) Assembly b)  Anchoring system (half)
Figure 4.14: Examples of mesh discretization for the different elements of the beam-to-concrete slab connection models

As mentioned, besides anchor bolts, both base plates (10 mm and 20 mm) and the concrete
block are elements that govern the behavior of the connections. For this reason, a mesh
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sensibility analysis is carried out to evaluate the impact of both the number of elements across
the base plate thickness direction and a refined mesh of the concrete block on the moment-
rotation curve. The number of elements along the thickness direction adopted for the thinner
base plate in specimen SPE1-MO is increased from 3 to 5 and, in specimen SPE2-MO, from 4
to 6 elements (see Figure 4.15). The response of specimen SPE2-MO is also analyzed for the
concrete mesh depicted in Figure 4.16.

a) Base plate with 5 elements through thickness (10 mm) b) Base plate with 6 elements through thickness (20 mm)
Figure 4.15: Refined mesh of the base plates for models SPE1-MO0 and SPE2-MO

Figure 4.16: Refined mesh of the concrete block for model SPE2-MO

To evaluate the influence of the mesh density on the connection response, moment-rotations
curves are drawn for specimens SPE1-MO and SPE2-MO considering both sets of mesh
parameters (see Figure 4.17 and Figure 4.18). It can be seen that the number of elements through
the base plate thickness does not modify the maximum bending moment. Nevertheless, a larger
number of elements across the thickness direction of the base plate may results in a slightly
larger joint rotation although curves clearly suggest that this difference is insignificant. For the
analysis presented in subchapters 4.3 and 4.4, base plates are discretized using 3 and 4 elements
for 10 mm and 20 mm thicknesses, respectively. From Figure 4.18 it can be seen, that curves
in red and blue overlap. This means that increasing the total number of elements of the concrete

Laura da Silva Seco 132



COLUMN BASE PLATES UNDER 3D LOADING 4 NUMERICAL STUDY

block does not alter the connection response but requires greater computational time. As a
result, future analysis consider the mesh depicted in Figure 4.13 a).

50 - 60 -
M (KNm) M (KNm)
40 50 1
4
A 40 A
30 A
30 -
20 1 SPE2-MO (4 elements on the base plate)
SPE1-MO (3 elements on the base plate)
20 ~ = = = SPE2-MO (6 elements on the base plate)
= = = SPE1-MO (5 elements on the base plate)
10 A wdl e SPE2-MO (refined concrete mesh)
0 T T T ojj (mrad) 1 O T T T 0j (mrad) 1
0 10 20 30 40 50 0 10 20 30 40
Figure 4.17: Mesh sensibility analysis for SPE1-MO Figure 4.18: Mesh sensibility analysis for SPE2-MO0

4.3 Comparisons against test results

In this sub-chapter, numerical results are compared against experimental data presented in
Chapter 3 to assess the finite element model accuracy. The comparison is carried out
considering moment-rotation curves, failure modes, anchor bolts tensile forces, strain
distribution over the column flanges and the variation of the contact zones for different load
levels.

4.3.1 Column base plate tests

4.3.1.1 Moment-rotation curves and failure modes

A comparison of the plastic bending moment as well as the initial rotational stiffness obtained
from the numerical model and the experimental tests is given in Table 4.7. The numerical plastic
bending moment is obtained using the method described in Figure 3.84.

Table 4.7: Comparison of the plastic resistances and initial stiffness from the numerical models and experimental tests
Experimental Numerical Exp/Num
Plastic bending Plastic bending

Test Initial stiffness moment Mipexs Initial stiffness moment Miptoam  Sjini M
Sj,ini,exp (kNm/rad) (kNm) Sj,ini,num (kNm/rad) (kNm)
SPE1-M0 4117,4 37,7 4163 35,1 0,99 1,07
SPE2-M0 7189,9 429 7536 46,2 0,95 0,93
SPE1-M90 2028,7 28,2 2061 26,4 0,98 1,07
SPE2-M90 31205 35,9 2712 37,9 1,15 0,95
SPE1-M45 2440,5 32,0 2853 32,5 0,86 0,98
SPE2-M45 3205,0 36,6 4571 38,2 0,70 0,96

In general, the plastic bending moment and the initial rotational stiffness obtained from the
numerical simulations for all specimens are in good agreement with the experimental data. The
values of the plastic bending moment predicted by the numerical models are very satisfactory,
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with an error less than 7%. The value of the computed initial rotational stiffness for specimen
SPE2-M45 is less satisfactory with an error not exceeding 30%, which is still acceptable. This
discrepancy between the results obtained experimentally and numerically results from the
simplified and rather conservative approach used to model the adherence (zmax) between the
concrete and the anchor bolts (see subsection 4.2.2.3). This has a strong effect on the initial
stiffness Sj,ini. Also, the fact that the initial geometrical imperfections of the base plates are not
taken into account in the FE models may have an impact on the way the connection deform in
the elastic regime and consequently, on the stiffness and plastic bending moment values.

A comparison of the yielded elements and the failure modes obtained numerically and
experimentally is given in Table 4.8. For all specimens, the yielded elements predicted by the
FE model are quite the same as those observed experimentally. For specimens SPE1-MO0, SPE1-
M90 and SPE1-M45, numerical simulations allow to conclude that the column steel profile
slightly yielded. In contrast to specimen SPE1-M90, this phenomenon could not be observed in
specimens SPE1-MO0 and SPE1-M45 during experimental tests, as a result of the absence of
strain gauges. Local yielding of the welds is also observed as a result of the high deformability
of the thinner base plate and consequently, high deformation of the assembly under bending. In
all cases, anchor bolts yield as a consequence of tension and bending. For the six models, yield
lines in the base plate and at the bottom of the column flanges can be observed. Von-Mises
Plastic Strain distributions at the base plates are depicted in Figure 4.19.

Table 4.8: Comparison of the yielded elements and failure modes from the numerical models and experimental tests

Experimental Numerical

Test Yielded elements* Failure mode Yielded elements* Failure mode
SPE1-MO AB/BP/W AB AB/BP/C/W AB
SPE2-M0 AB AB AB/BP AB
SPE1-M90 AB/BP/C/W AB AB/BP/C/W AB
SPE2-M90 AB/C AB AB/BP AB
SPE1-M45 AB/BP/W AB AB/BP/C/W AB/W
SPE2-M45 AB AB AB/W AB

*AB: anchor bolts yielding due to tension and bending; BP: base plate yielding due to bending; C: column yielding due to
bending; W: weld yielding due to bending.
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Figure 4.19: Yield line patterns obtained from the numerical simulations for column base plate models

As mentioned in Chapter 3, yield lines parallel to the column flanges develop at the base plate
of specimen SPE1-MO in both compressive and tensile sides. In the tensile side, the yielding
develop behind welding. The latter is also significantly deformed. In contrast to specimen
SPE1-MO, the base plate in specimen SPE2-MO0 behave as rigid body in the tensile side. In the
compressive side, a yield line develop between the anchor bolt row and the column flange. Due
to the higher deformability of the base plate in specimen SPE1-M90, the development of yield
lines occur in both tensile and compressive sides. The same is not observed for specimen SPE2-
M90 in which the base plate remained elastic in the tensile side. For specimen SPE1-M45, a
yield line parallel to the column flange develop similarly to that observed in specimen SPE1-
MO. Yield line pattern of specimen SPE1-M45 suggests a local yielding of the base plate.
Similarly to specimen SPE2-MO and as a result of the base plate thickness in specimen SPE2-
M45, the yield line occur only in the compressive side.

Depending on the direction of the applied bending moment, it is concluded that for all
specimens, the failure obtained numerically and experimentally is due to the rupture of one or
two activated anchor bolts (see Table 4.8).
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Table 4.9: Comparison of the numerical and experimental maximum bending resistances and rotation capacities

Experimental Numerical Exp/Num
Test Maxi'mum UItimgte rotation Maxi'mum UItimfite rotation

bending moment capacity G maxexp bending moment capacity Gjmaxnum  Mju 0 max

Mi,uexp (KNm) (mrad) Mi,unum (KNm) (mrad)
SPE1-MO 43,2 44,7 415 451 1,04 0,99
SPE2-M0 48,5 33,2 50,8 35,3 0,95 0,94
SPE1-M90 33,3 69,5 32,4 63,4 1,03 1,10
SPE2-M90 40,2 48,1 41,1 45,7 0,98 1,05
SPE1-M45 39,4 62,7 39,0 60,1 1,01 1,04
SPE2-M45 47,3 54,8 45,7 52,2 1,04 1,05

The agreement between the numerical and experimental results regarding the maximum
bending resistance and the ultimate rotation capacity is also satisfactory. The ratio
experimental/numerical indicates higher deviation for the ultimate rotation capacity, around
10%. In general, the numerical models underestimate the ultimate rotation capacity with an
acceptable error. This is a consequence of several factors that compromise the accuracy of the
estimation of this parameter, such as: the variability of the material properties; the difficulty in
defining the exact failure point in simple models such as those presented and, the precision of
the computation of the connection rotation.

The moment-rotation curves obtained numerically and experimentally are depicted in Figure
4.20. It can be seen that the shape of both the experimental tests and FE models are quite the
same from the beginning of the loading (elastic domain) until the end of the tests (failure).
Numerical moment-rotation curves are derived from Equations 3.1 and 3.2. The resultant force
F and the relative horizontal displacements of the base plate at level of the upper and lower
column flanges Utand Uy are directly extracted from ABAQUS. From the results below, the
numerical resistances, initial rotational stiffness, rotation capacity and the overall shape of the
curves are in good agreement with the experimental results. The failure was considered when
the Von Mises strain reached the ultimate strain gy in one component.
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Figure 4.20: Moment-rotation curves for SPE test series

The FE models are able to capture the global behavior of the tested column base plates. As can
be observed from Figure 4.21 to Figure 4.26, the deformed shapes produced by the FE models
are in agreement with the observations made during the experimental tests.

g«
I |

Figure 4.21: Failure of the anchor bolts and yielding of the base plate for SPE1-MO0
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Figure 4.25: Failure of the anchor bolts and yielding of the Figure 4.26: Failure of the anchor bolts for SPE2-M45
base plate for SPE1-M45

To widen the scope of the present study, the response of specimens SPE1 and SPE2 under
different bending moment orientations is considered. Two cases are considered: an applied
bending moment with an inclination of 30° with respect to the strong axis direction and an
inclination of 60° with respect to same axis. Although these results cannot be compared against
experimental data, the aptitude of the numerical models to simulate the actual response of the
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connections has been proven. Interaction curves Mo-Mgo obtained from experimental data and
numerical results are drawn and compared in Figure 4.27 and Figure 4.28. Results suggest that
for these specimens, the evolution of the bending resistance can be accurately predicted by an
elliptical curve.

40

M90
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10 4 — Elliptical experimental curve
B Experimental test M
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Figure 4.27: Interaction curve Mo-Mgo for SPE1
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.1.2 Anchor bolt forces
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Figure 4.28: Interaction curve Mo-Mgo for SPE2

The evolution of the tensile force in the anchor bolts with increasing bending moment predicted
by the FE model is depicted in Figure 4.29 for all specimens. These curves allow to evaluate
the redistribution of internal forces in the anchor bolts up to the maximal bending moment M.
Due to the symmetry of the loading for specimens SPE1-MO0, SPE2-M0, SPE1-M90 and SPE2-
MO0, the evolution of the tensile forces is represented only for the most activated anchor bolts.
As explained in Chapter 3, for specimen SPE1-M90 and specimen SPE2-M90, a redistribution
of internal forces from the upper to the lower anchor bolt rows is observed. Thus, for these
cases the evolution of the tensile force in the anchor bolts comprises the lower anchor bolt row.
For specimens SPE1-M45 and SPE2-M45, anchor bolts AB1, AB2 and AB3 (see Figure 3.65)
contribute to resist to the applied loads. The evolution of the tensile forces is compared in these
three elements.
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Figure 4.29: Normal force on the anchor bolts-applied moment curves for SPE models

Regarding specimens SPE1-MO0 and SPE2-MO, it is confirmed that the evolution of the tensile
force in the most tensioned anchor bolt (upper row) is almost linear until the bending moment
reaches 30-40 kNm. This results from the absence of prying effect during these simulations,
leading to a linear relationship between the bending moment and the bolt tensile forces. At the
end of the loading of specimen SPE1-MO, a slight decrease of the slope is observed. This is a
consequence of the modification of the lever arm (see subsection 4.3.1.4). As mentioned earlier,
the configuration of the anchoring system limit the redistribution of internal forces from the
upper to the lower anchor bolts rows, the latter remaining inactive (compressive side). It can
also be concluded that the great flexibility of the base plate in specimen SPE1-MO leads to a
smaller lever arm z. Consequently, for a given bending moment, the anchor bolts are more
loaded than in specimen SPE2-MO.

For specimen SPE2-M90, the tensile force in the upper anchor bolt increase linearly until a
bending moment of 30-35 KNm. This results from the absence of prying effect leading to a
linear relationship between the bending moment and the bolt tensile force. For specimen SPE1-
MO0 a slight decrease of the slope of the curve is visible at about 25 KNm. At the same time,
the slope of the lower anchor bolts increase for the same loading level. This indicates the
beginning of the redistribution of tensile forces between both anchor bolt rows. For specimen
SPE2-M90, yielding of the upper row in tension occurs for a bending moment greater than 30
kNm and initiates redistribution. At the same time, the lever arm z is modified. This phenomena
is intensified when the upper anchor bolts enter in the necking phase. At the maximum bending
moment, the force resisted by the lower anchor bolts corresponds to a quarter of the force
applied to the upper anchor bolts for connection SPE1-M90. For SPE2-M90, the lower anchor
bolts is less loaded due to the reduced ductility of SPE2-M90 comparatively to SPE1-M90.

The evolution of the tensile force in anchor bolts AB1, AB2 and AB3 for specimens SPE1-M45
and SPE2-M45 is depicted in Figure 4.29 c) and d). As a result of AB4 being located in the
compressive zone, the latter remain inactive during the simulation for both cases. It can be
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observed that AB2 is the most tensioned anchor bolt. For specimen SPE1-M45, the slope of the
curve of AB2 starts to decrease for a bending moment equal to 30 KNm. At the same time, the
force in anchor bolts AB1 and AB3 starts to increase. Anchor bolt AB3 is located immediately
under AB2 and contributed to the load carrying mechanism nearly from the beginning of the
loading. The magnitude of the tensile forces resisted by anchor bolts AB2 and AB3 is similar
at the end of the test/simulation. AB1 being located near the compressive zone, its contribution
to the load carrying mechanism is the least, withstanding approximately 3/4 of the maximum
tensile force of AB2 at the end of the loading.

4.3.1.3 Strain distribution

The axial strain obtained from the numerical simulations are compared against the experimental
measurements (see chapter 3) for specimens SPE1-M90 and SPE2-M90 (see Figure 4.30). In
general, the agreement between the curves is satisfactory. Due to the flexibility of the base plate
in specimen SPE1-M90, a local yielding occur at the top of the column flanges in tension. For
specimen SPE2-M90, as expected from the experimental results, the column yields in the
compressive side, as a result of the decreasing compressive area during the loading. The
distribution of stresses and strains along the column flange width can be seen in Figure 4.31,
Figure 4.32, Figure 4.33 and Figure 4.34. As during experimental tests, the length of the
compressive area provided by the FE model is equal to 50 mm in SPE1-MO and the tensile area
yields at the end of the loading. For SPE2-M90, the length of the compressive area is greater as
the tensile area is stiffer. The strain distribution is closer to that given by Bernoulli beam theory.
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Figure 4.30: Comparison of the strain distribution obtained from the experimental tests and numerical simulations
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4.3.1.4 Contact zones

In contrast to the assumption made in the Component method in EN 1993-1-8, the position of
the centre of compression is not fixed at the column flange in compression (for in-plane
bending). In reality, as mentioned above, contact zones vary with the loading due to the
continuously changes of the relative flexibility of the different components. Hereupon, the
assumption that the centre of compression remains at the same position during the elastic and
plastic phases is safe but not realistic. The evolution of the centre of compression location z¢ is
depicted below.
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Figure 4.35: Position of the centre of compression zc for M0, M90 and M45 loading cases

Laura da Silva Seco 142



COLUMN BASE PLATES UNDER 3D LOADING 4 NUMERICAL STUDY

160 - 180 -
z. (mm z. (mm
0 | ™™ i Leo | =™
120{ o e-- ~-==227" 140 1 o
___________________________ -
100 A 120 _—\___
100 A
80 A
60 N ical simulation SPEL-MO 80 1 Numerical simulation SPE1-M90
T merical simulation -
. I I y I 60 1 —=--- Numerical simulation SPE2-M90
404 === Numerical simulation SPE2-MO Edae of the b It
Component method 40 1 ge ot the base plate
20 A 20 -
M (KNm M (KNm
O T T T T I( ) 1 O T T T T ( ) 1
0 10 20 30 40 50 60 0 10 20 30 40 50
a) Series MO b) Series M90
160 -
2, (mm)
I P S L =<
120 A T ——— o
100 A
80 1 Numerical simulation SPE1-M45
60 1 e==-- Numerical simulation SPE2-M45
40 A
20 A
M (kNm
O T T T T ( ) 1
0 10 20 30 40 50

c) Series M45
Figure 4.36: Evolution of the position of the centre of compression obtained from the SPE numerical models

The comparison between the positions of the center of compression obtained numerically and
from the Component method in EN 1993-1-8 for specimens SPE1-MO0 and SPE2-MO0 suggests
that the approach adopted in the Eurocode is quite conservative for thick flanges. From the
numerical simulations, it can be seen that zc is not constant. In fact, zc remains nearly constant
during the first stage of loading characterized by a value of the bending moment below 5 kNm.
However, zc increases with increasing values of the applied bending moment. This evolution is
a consequence of the modification of the relative stiffness between the tensile and the
compressive areas caused by the yielding of several components.

Regardless the loading case (M0, M90 or M45), the centre of compression for thicker base
plates (20 mm) tends to move away from the footprint of the column flange towards the base
plate free edge. This trend is apparently less pronounced for the cases with a thinner base plate
(10 mm), for which z does not vary substantially and remain nearly constant, near the column
flange.

The evolution of specimen SPE1-MO confirms that the centre of compression at the end of the
analysis is located above the lower anchor bolt row. For specimen SPE2-MO, zc moved towards
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the base plate edge, and near collapse, its location is between the lower anchor bolt row and the
base plate free edge. For specimen SPE1-M90, the evolution of zc is insignificant.
Consequently, the centre of compression remain at the level of the column flange tips, with all
the anchor bolts located in the tensile side. For specimen SPE2-M90 the evolution is more
pronounced than in the previous case and, at the end of the loading z is located close to the
base plate end.

Contact pressures on the base plate bottom surface (in contact with the concrete) in the elastic
regime and at collapse are depicted in Figure 4.37. According to what has been said above,
contact pressures tend to move towards the lower edge for thicker base plate, with a more or
less uniform distribution over the base plate width. Conversely, for more deformable base plates
(10 mm), contact pressures are located closer to the column flanges as a consequence of the less
uniform stress distribution. For MO, M90 and M45, the development of prying effect at an initial
stage of the loading can be observed for SPE1 test serie. For specimen SPE1-MO, contact
pressure develops between the lower column flange and the lower anchor bolt row during the
elastic regime, with development of prying effect in the tensile area. Near collapse, contact
pressures are located around the lower anchor bolts in the compressive area. Prying effect
disappears as a result of the excessive anchor bolt elongation. For specimen SPE2-MO, contact
pressure develops between the lower anchor bolt row and the free edge of the base plate during
the elastic regime. Near collapse, pressures are located at the lower free edge of the base plate.

For specimen SPE1-M90, contact pressure develops locally around the column flanges in the
compressive area during the elastic regime and near failure. At the beginning of the loading,
prying forces develop in the tensile area and disappear near collapse. For specimen SPE2-M90,
contact pressures are located around the column flange and the free edge of the base plate at the
beginning of the loading, moving closer to the free edge at collapse. For specimens SPE1-M45
and SPE2-M45, contact pressure distribution does not significantly change between the elastic
and plastic regimes.

CPRESS CPRESS
92,831 et .
35.000
33.542
32.083
30,625
20,167
27.708
26.250

a) SPE1-MO (elastic regime) b) SPE1-MO (collapse)

Laura da Silva Seco 144



COLUMN BASE PLATES UNDER 3D LOADING

4 NUMERICAL STUDY

CPRESS
145,499
80.000
76.667
73.333
70.000
66.667
63.333
60.000
56.667
53.333
50.000
46.667
43.333
40.000
36.667
33.333
30.000
26.667
23.333
20.000
16.667

@D

) SPE1-M90 (elastic regime)

CPRESS
114.815
70.000

67.083
64.167
61.250
58.333
55.417
52.500

i) SPE1-M45 (elastic regime)

CPRESS
224.728
180.000
172.500
165.000
157.500
150.000
142,500
135.000
127.500
120.000
112.500
105.000
97.500
90.000
82.500
75.000
67.500
60.000
52.500
45.000
37.500

f)  SPE1-M90 (collapse)

j)  SPE1-M45 (collapse)

Laura da Silva Seco

145



COLUMN BASE PLATES UNDER 3D LOADING 4 NUMERICAL STUDY

CPRESS CPRESS
185.655 181.043
110.000 150.000
105.417 143.750
100.833 137.500
96.250 131.250
91.667 125.000
87.083 118,750
82.500 112.500
77.917 106.250
73.333 100.000
68.750 93.750
64.167 87.500
59.583 81.250
55.000 75.000
50.417 68.750
535
36.687 25500
32.083 43.750
27.500 37.500
22.917 31.250
18.333 25.000
13.750 18.750
9.167 12,500
4.583 6.250
0.000 0.000

k) SPE2-M45 (elastic regime) )  SPE2-M45 (collapse)

Figure 4.37: Contact pressures on the base plates for the column base plate models (in MPa)

Contact pressures on the base plates along lines 1, 2 and 3 (see Figure 4.38) are depicted in
Figure 4.39. As can be seen in Figure 4.37, contact pressure distribution changes more or less
from the elastic regime to collapse. Three types of contact pressure distribution can be observed:
o for low values of the length of the contact area, contact pressure distribution is linear,
o for large values of the contact area length (about 4-5xtyy), contact pressure distribution
is parabolic with two uplift points,
o for intermediate length of the contact area, the distribution shape is more complex.
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Figure 4.38: Location of the contact pressure measurement lines
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Figure 4.39: Distribution of the contact pressures on the base plate

4.3.1.5 Concluding remarks

The results of the experimental tests on column base plates presented in Chapter 3 are enriched
with results of detailed finite elements models. From the comparison and validation of the
numerical results against experimental data, it was concluded that:

e the resistance, initial stiffness and rotational capacity predicted by the FE models are
very close to those given by the experimental tests for the six specimens. The maximum
deviation is 30%,

e theyielded elements and obtained failure modes are similar. Additionally, the numerical
models allow to confirm the yielding of the column and the welds in specimens SPE1-
MO, SPE1-M90 and SPE1-M45,

e the numerical models allow the evaluation of the contribution of the anchor bolts to the
load carrying mechanism for all specimens. For M90 and M45 series, a redistribution
of the internal forces is observed between the most tensioned anchor bolts and the
remain activated anchor bolts,

e the strain distribution at the base of the column flanges for specimens SPE1-M90 and
SPE2-M90 are correctly predicted by the numerical models,

e the position of the centre of compression z¢ varies with the applied bending moment
which contrast with the assumption made in the Component Method,

o for all test series (M0, M90 and M45), the depth of the centre of compression is higher
for thicker base plates. Consequently, zc strongly depends on the flexibility of the base
plate.

4.3.2 Beam-to-concrete slab connection tests
4.3.2.1 Moment-rotation curves and failure modes

The main objective of this work is to study the behaviour of connections with ductile failure
modes. Thus, plastic bending moment and initial rotational stiffness obtained from the FE
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calculations are compared against the experimental data only for specimens PB-1 and PB-2. As
can be seen from Table 4.10, good agreement are obtained.

Table 4.10: Comparison of the plastic resistances and initial stiffness from the numerical models and experimental tests

Experimental Numerical Exp/Num
Test . Sj,ini,exp . Sj,ini,num . -
Mipl.exp (kNm) (kNm/rad) Mi,pt,num (kNm) (kNm/rad) Mipi S],ml
PB-1 56,0 5433,8 58,5 7572,6 0,96 0,72
PB-2 66,5 7984,0 68,4 10750,0 0,97 0,74

Table 4.11 compares the yielded elements and the failure modes observed in experimental tests
and numerical simulations. As observed in the experimental tests, the yielding of the bolts and
the base plate govern the behavior and deformation of the FE models. Furthermore, finite
element analysis allow to verify that the large thickness of the base plate in specimen PB-1 or
the existence of stiffeners in specimen PB-2, do not prevent local yielding of the IPE steel
profiles and welds. For specimens PB-1 and PB-2, bolts govern the failure of the specimen.

Table 4.11: Comparison of the yielded elements and failure modes from the numerical models and experimental tests

Experimental Numerical
Test Yielded elements* Failure mode Yielded elements* Failure mode
PB-1 B/BP/W B B/BP/C/W B
PB-2 B/BP/W B B/BP/C/W B

*B: bolts yielding due to tension and bending; BP: base plate yielding due to bending; C: local column yielding due to bending;
W: weld yielding due to bending.

Due to bending, the development of yield lines occurs in the base plates. As it can be observed,
for specimens PB-1 and PB-2, the location of the yield lines is quite different (see Figure 4.40).
Specimen PB-1 consists in a simple plate subjected to in-plane bending in which plastic yield
lines develop at the level of the column flanges in compression and tension. In contrast to this,
the presence of stiffeners in specimen PB-2 modify substantially the yield line pattern in the
tensile side where the yield line tends to develop vertically between the column flange and the
free edge of the plate. Consequently, the maximum bending resistance increases (see Table
4.12).

PEEQ PEEQ
(Avg: 75%) (&vg: 79%)

0.100
0.095
0.090
0.085
0.079

Tensile side 0.069

.

Tensile side

a) PB-1 b) PB-2
Figure 4.40: Yield line patterns obtained from the numerical simulations for beam-to-concrete slab connection models (half)
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Table 4.12: Comparison of the maximum bending resistances and rotation capacities

Experimental Numerical Exp/Num
Test Maximum Ultimate rotation Maximum Ultimate rotation
bending moment capacity bending moment capacity Miu ), max
Mi,u.exp (kNm) 9j,max,exp (mrad) Mj,u,num (kNm) Hj,max,num (mrad)
PB-1 71,0 85,4 68,8 99,9 1,03 0,85
PB-2 82,3 51,2 81,7 56,1 1,01 0,91
80 - 90 ~
M (kNm)
70 - 80 1
60 1 70 ~
60 -
50 -
50 -
40 ~ i
Experimental test 40 Experimental test
Numerical simulation 30 —— Numerical simulation
20 20
10 10
0; (mrad) 0; (mrad)
0 L T T T T 1 0 T T T T T T 1
0 20 40 60 80 100 0 10 20 30 40 50 60
a) PB-1 b) PB-2

Figure 4.41: Moment-rotation curves for PB test series

Numerical moment-rotation curves are compared against the ones from the experimental tests.
Both moments and rotations are calculated according to the procedure described in subsection
4.3.2.1. The agreement between the curves is satisfactory and we can conclude that the FE
models are able to predict the global behavior of the connection with good accuracy. According
to Table 4.12, a maximum deviation of 15% is observed for the ultimate rotation capacity for
specimen PB-1. Similarly to the column base plate specimens, bolts have an important role on
the deformability of the beam-to-concrete slab connections. The observed discrepancy may be
a consequence of the simplified/approximate modelling of these elements. The deformed shape
of the base plate in the numerical simulations are compared to the observations of the specimen
after failure (see Figure 4.42 and Figure 4.43).

0 . '

Figure 4.42: Failure of the anchor bolts and yielding of the base plate for PB-1
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Figure 4.43: Failure of the anchor bolts and yielding of the base plate for PB-2
4.3.2.2 Anchor bolt forces

The evolution of the tensile forces in the bolts for specimens PB-1 and PB-2 (upper bolt row)
up to the maximum bending moment M;y is presented in Figure 4.44. The evolution for both
cases is quite linear until a bending moment of about 50 kNm. It can be observed that the
presence of stiffeners in PB-2 allow the bolts to resist higher values of the applied bending
moment. It is expected that a greater thickness of the base plate of specimen PB-1 would result
in a redistribution of the internal forces between this element and the bolts which is more
favorable to the bending resistance. Figure 4.44 indicates the contrary. This behavior is a result
of the high deformability of the base plate in bending and consequently, to the development of
prying effect, that in specimen PB-2 is limited due to the presence of stiffeners. Thus, the
magnitude of the additional force Q applied to the bolts due to the presence of prying is higher
for specimen PB-1, leading these elements to resist a greater level of applied tensile force.
Consequently, bolts from specimen PB-1 reach their maximum tensile resistance for a value of
the bending moment 20% lower.

180 -
F (kN)
160 -
140 -
120 -
100 -

801 —PB-1

60 1 —PB-2

40 -
20 1

. | M (kNim)

0 20 40 60 80 100
Figure 4.44: Tensile force on the anchor bolts-applied moment curves for PB models
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4.3.2.3 Contact zones

A comparison of the position of the centre of compression z. (see Figure 4.35) for specimens
PB-1 and PB-2 obtained from the numerical simulations and the Component Method is depicted
in Figure 4.45. As it can be seen, due to the higher deformability of the base plate in specimen
PB-1, the evolution of zcis clearly visible. At the maximum bending moment level M;., the
centre of compression is located near the lower free edge of the base plate and far from the
column flange footprint. For this case, the assumption made in the Component Method (EN
1993-1-8) is quite conservative. However, due to the presence of stiffeners, as explained before,
the deformations of the base plate are limited and consequently, the position of zc, close to the
lower anchor bolt row, remained practically constant throughout the loading.

160 -
2, (mm)

140 A

- SR
120 A
100 A
80 -

Numerical simulation PB-1
601 e Numerical simulation PB-2
40 - Component method
20 A
M (kKNm)
0 T T T T 1
0 20 40 60 80 100

Figure 4.45: Evolution of the position of the centre of compression obtained from the PB numerical models

Contact pressure distributions on the base plate bottom surface (in contact with the concrete) in
the elastic regime and collapse are depicted in Figure 4.46. It is observed that due to the high
deformability of the base plate in PB-1, the highest concentration of the contact pressures lies
in the intermediate zone between the column flange in compression and the lower anchor bolts
row. On the other hand, due to the presence of stiffeners in the column in PB-2, the contact
pressures, as noted, extend along the footprint of these reinforcements, from the column flange
to the free end of the base plate.
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Figure 4.46: Contact pressures on the base plates for the beam-to-concrete slab connections (in MPa)

4.3.2.4 Concluding remarks

From the comparison of the numerical and experimental results for the beam-to-concrete slab
connections it can be concluded that:

e the plastic bending moment, initial stiffness, ultimate bending moment and the rotation
capacity are accurately predicted by the FE models,

e the yielded elements and the failure modes from the numerical simulations are in
agreement with the experimental tests,

e the presence of stiffeners strongly influences the maximum bending resistance and the
yielding pattern,

o the presence of stiffeners restricts the development of prying effect, limiting additional
forces Q applied to the bolts and improving the overall resistance of the connection,

o the position of the centre of compression z. varies according to the existence or not of
stiffeners welded to the beam steel profile, since this parameter is highly dependent on
the deformability of the base plate.

4.4 Parametric study

4.4.1 Introduction

A parametric study on column base plates have been performed in order to enlarge the set of
results covering cases that have not been considered yet and to investigate the effects of the
base plate thickness tnp, the column steel profile type (HEA or IPE), the diameter of the anchor
bolts and the arrangement of the anchoring system. The response of the joint is evaluated for a
combination of tensile/compressive axial force and bending moment (in-plane, out-of-plane or
biaxial). In particular, the influence of the loading conditions on the failure mode is
investigated. The specimen geometries considered for the parametric study are inspired from
specimens SPE1, SPE2 and PB-1.
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4.4.2 Geometry and loading conditions

Six column base plate configurations are analysed in this parametric study. In order to reduce
the computing time, the dimensions of the concrete block are reduced to 460x360%725 mm and
the height of the column to 500 mm (see Figure 4.47). Geometry and material properties are
given in Table 4.13 and Table 4.14. The throat thickness of the weld is equal to 7 mm. The
nominal characteristics of the materials are selected. A multi-linear steel stress-strain curve is
considered (see Figure 4.49). At the bottom and lateral surfaces of the concrete block,
displacements are restrained in all directions. The anchor bolts are modelled with an area
equivalent to As = nd%/4.

a) Assembly b) Base plate and weld mesh details
Figure 4.47: Mesh of the specimen

Table 4.13: Geometries of the parametric study

Column Base plate Anchor bolt

Configuration steel profile  thickness top (mm)  diameter (mm)

e (mm) ex(mm) p(mm) w(mm)

P1 HEA 200 10 16 70 35 260 160
P2 HEA 200 20 16 70 35 260 160
P3 IPE 200 10 16 40 35 270 80
P4 IPE 200 20 16 40 35 270 80
P5 HEA 200 10 20 70 35 260 160
P6 HEA 200 20 20 70 35 260 160
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Figure 4.48: Geometry of the specimens

Table 4.14: Material characteristics of the parametric study

Column Base Plate Anchor bolts Concrete
fy,c fu,c Eu,c fy,bp fu,bp Eu,bp fy,b fu,b Eub fex Ecu,l
(MPa) (MPa) (%) (MPa) (MPa) (%) (MPa) (MPa) (%) (MPa)  (%o)
355 568 15 275 499 15 300 575 10 25 3,5
o (MPa)
fol
S 1 }
T
1 1 | :
g g=1% g &utl £ (%)

Figure 4.49: Stress-strain relationship used in the parametric study

To evaluate the influence of a compressive/tensile axial force on the bending moment resistance
and the failure modes of the connections, specimens are subjected to a combination of an axial
force and mono-axial (in-plane/out-of-plane) or biaxial bending moment. To obtain the M-N
ultimate interaction curves, specimens described in Table 4.13 are firstly loaded by an axial
force equal to a percentage of Njcu or Njtu Which corresponds to the resistances obtained
numerically in pure compression and tension, respectively. Next, they are loaded by a bending
moment in one or two directions. Table 4.15 summarizes the studied loading cases for
specimens P1, P2, P3, P4, P5 and P6.
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Table 4.15: Loading cases of the parametric study

Loading case Axial force Bending moment* Loading case Axial force Bending moment*
1 Nj,c,u - 32 Nj,t‘u -

2 - MO

3 0,1%Njc.u 33 0,1%Njtu

4 0,2%Nj,c.u 34 0,2%Njtu

5 0,3%Njc.u 35 0,3%Njtu

6 0,4%Njc.u 36 0,4%Njtu

7 0,5%Njc.u MO 37 0,5%N;tu MO
8 0,6xNjcu 38 0,6xN;jtu

9 0,7%Njcu 39 0,7xN;jtu

10 0,8%Njc,u 40 0,8%N;t,u

11 0,9%Njcu 41 0,9%N;jtu

12 - M90

13 0,1%Nj.c,u 42 0,1xN;tu

14 0,2%Njc.u 43 0,2%Njtu

15 0,3%Njcu 44 0,3xN;jtu

16 0,4XNj,c,u 45 0,4XNj,t,u

17 0,5%Nj,c.u M90 46 0,5%N;tu M90
18 0,6%Njcu 47 0,6xNjtu

19 0,7XNj,c,u 48 0,7XNj,t,u

20 0,8%Nj,c.u 49 0,8%Njtu

21 0,9%Njc.u 50 0,9%N;tu

22 - M45

23 0,1%Nj,c.u 51 0,1xNjtu

24 O,ZXNj‘c,u 52 O,ZXNj,t‘u

25 0,3%Nj,c.u 53 0,3%Njtu

26 0,4XNj,c,u 54 0,4XNj,t,u

27 0,5%Nj,c.u M45 55 0,5%Njtu M45
28 0,6%Nj,c.u 56 0,6%Njtu

29 0,7XNj,c,u 57 0,7XNj,t,u

30 0,8%Njc.u 58 0,8%Njtu

31 0,9%Njc.u 59 0,9%Njtu

*M0: in-plane bending moment; M90: out-of-plane bending moment; M45: biaxial bending moment.

4.4.3 Failure modes/influence of the loading conditions

Plastic and ultimate bending moments, initial rotational stiffness, yielded elements and failure
modes for specimens P1, P2, P3, P4, P5 and P6 are summarized in the tables below. M is
evaluated based on the method depicted in Figure 3.84. Compressive forces are positive (+) and
tensile forces negative (-). The caption code for the yielded elements is as follows:

e AB - anchor bolts yielding due to tension and bending (one or more),

e BP - base plate yielding due to bending,

e C - column yielding/local buckling due to bending,

e W —weld yielding due to bending.
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Table 4.16: Resistances and failure modes of P1 for MO

. Loadin M;j pi Mju Mi.u/ Sj,ini Yielded Failure

Specimen case SN (kN) (kjl\ll)m) (kJNm) M},m (IJ<Nm/rad) elements mode
1 1971 - - - - C C
11 1774 17 23 1,35 14257 Cc/w C
10 1577 37 54 1,45 12534 C/BP/W Cc
9 1380 50 73 1,46 14527 C/BP/W Cc
8 1183 73 85 1,16 14428 C/BP/W Cc
7 986 81 97 1,19 13788 C/BP/W/IAB C
6 788 81 106 1,31 16316 C/BP/W/AB AB
5 591 63 92 1,46 16541 C/BP/W/AB AB
4 394 47 76 1,62 15120 C/BP/W/AB AB
3 197 36 58 1,61 7212 C/BP/W/AB AB

P1 2 0 25 38 1,12 5305 C/BP/W/AB AB
33 -29 23 35 1,56 3507 C/BP/W/AB AB
34 -59 20 32 1,64 3191 C/BP/W/AB AB
35 -88 18 29 1,61 2524 C/BP/W/AB AB
36 -117 14 26 1,85 2103 C/BP/W/AB AB
37 -147 11 23 2,16 2289 C/BP/W/AB AB
38 -176 7 20 2,75 1832 C/BP/W/AB AB
39 -205 4 14 3,76 979 C/BP/W/AB AB
40 -235 ~0 9 - 215 C/BP/W/AB AB
41 -264 ~0 4 - 149 C/BP/W/AB AB
32 -293 - - - - C/BP/W/AB AB

Table 4.17: Resistances and failure modes of P2 for MO
. Loadin M;j pi Mju Mi,u/ Sj,ini Yielded Failure

Specimen case . (kN) (le\Tm) (kJNm) M;,m (IJ<Nm/rad) elements mode
1 1966 - - - - C C
11 1769 20 44 2,20 14558 Cc/w C
10 1573 39 62 1,58 19387 Cc/w C
9 1376 59 74 1,25 15263 C/BP/W C
8 1180 74 89 1,20 17657 C/BP/W C
7 983 87 109 1,25 17171 C/BP/W/AB C
6 786 84 113 1,34 13205 C/BP/W/AB AB
5 590 72 107 1,48 15927 C/BP/W/AB AB
4 393 61 92 1,50 10415 C/BP/W/AB AB
3 197 42 73 1,73 9554 C/BP/W/AB AB

P2 2 0 27 53 1,96 11234 C/BP/W/AB AB
33 -37 17 48 2,84 5234 BP/W/AB AB
34 -73 18 43 2,40 4144 BP/W/AB AB
35 -109 13 37 2,86 3981 AB/W AB
36 -147 9 32 3,61 3921 AB AB
37 -183 4 26 6,43 2930 AB AB
38 -220 ~0 21 - 551 AB AB
39 -257 ~0 14 - 411 AB AB
40 -293 ~0 9 - - AB AB
41 -330 ~0 5 - - AB AB
32 -367 - - - - AB AB
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Table 4.18: Resistances and failure modes of P3 for MO

. Loadin M;j pi Mju Mi.u/ Sj,ini Yielded Failure

Specimen case SN (kN) (kjl\ll)m) (kJNm) M},m (IJ<Nm/rad) elements mode
1 1052 - - - - C C
11 947 9 22 2,44 7643 C C
10 842 20 32 1,60 9000 C Cc
9 737 30 41 1,36 11415 C Cc
8 631 40 55 1,37 10291 C Cc
7 526 45 64 1,42 10979 C/BP/W/IAB C
6 421 47 70 1,48 12200 C/BP/W/AB AB
5 316 45 65 1,44 11737 C/BP/W/AB AB
4 210 36 56 1,55 10334 C/BP/W/AB AB
3 105 31 48 1,54 7293 C/BP/W/AB AB

P3 2 0 24 41 1,70 4826 C/BP/W/AB AB
33 -37 19 37 2,01 4679 C/BP/W/AB AB
34 -74 19 34 1,76 3191 C/BP/W/AB AB
35 -110 14 29 2,07 3174 C/BP/W/AB AB
36 -147 8 25 3,37 3603 C/BP/W/AB AB
37 -184 8 21 2,36 3160 C/BP/W/AB AB
38 -221 6 18 2,85 2638 C/BP/W/AB AB
39 -257 5 13 1,90 1680 C/BP/W/AB AB
40 -294 5 8 1,55 1370 C/BP/W/AB AB
41 -331 2 3 1,73 980 C/BP/W/AB AB
32 -368 - - - - C/BP/W/AB AB

Table 4.19: Resistances and failure modes of P4 for MO
. Loadin M;j pi Mju Mi,u/ Sj,ini Yielded Failure

Specimen case . (kN) (le\Tm) (kJNm) M;,m (IJ<Nm/rad) elements mode
1 1062 - - - - C C
11 956 11 20 1,81 7285 C C
10 849 20 31 1,55 11012 C C
9 743 28 41 1,46 11242 C C
8 637 38 51 1,34 12006 C C
7 531 48 65 1,35 12501 C/W/AB C
6 425 49 72 1,46 12233 C/BP/W/AB C
5 319 50 76 1,52 10903 C/BP/W/AB AB
4 212 46 70 1,52 10691 C/BP/W/AB AB
3 106 39 62 1,58 10151 C/BP/W/AB AB

P4 2 0 30 51 1,72 7522 BP/AB AB
33 -39 28 48 1,70 6558 BP/AB AB
34 -78 29 44 1,49 5823 BP/AB AB
35 -116 18 39 2,13 6028 BP/AB AB
36 -155 23 34 1,49 3908 BP/AB AB
37 -194 21 29 1,34 2374 AB AB
38 -233 18 22 1,24 1931 AB AB
39 -272 12 15 1,24 1627 AB AB
40 -311 6 10 1,53 1515 AB AB
41 -349 3 5 1,57 1314 AB AB
32 -388 - - - - AB AB
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Table 4.20: Resistances and failure modes of P5 for MO

. Loadin M;j pi Mju Mi.u/ Sj,ini Yielded Failure

Specimen case SN (kN) (kjl\ll)m) (kJNm) M},m (IJ<Nm/rad) elements mode
1 2091 - - - - C C
11 1883 11 26 2,36 8215 C/BP/W C
10 1674 28 48 1,71 11943 C/BP/W Cc
9 1464 53 74 1,39 13440 C/BP/W Cc
8 1255 65 87 1,33 15199 C/BP/W Cc
7 1046 79 104 1,32 16213 C/BP/W Cc
6 837 83 111 1,33 17436 C/BP/W/AB AB
5 628 74 105 1,41 16126 C/BP/W/AB AB
4 418 59 96 1,62 16728 C/BP/W/AB AB
3 209 51 80 1,58 10621 C/BP/W/AB AB

P5 2 0 36 61 1,71 6442 C/BP/W/AB AB
33 -55 32 54 1,69 6001 C/BP/W/AB AB
34 -109 28 49 1,78 4971 C/BP/W/AB AB
35 -164 21 43 2,02 4158 C/BP/W/AB AB
36 -218 17 37 2,15 4183 C/BP/W/AB AB
37 -273 16 29 1,86 3271 C/BP/W/AB AB
38 -327 11 26 2,26 3095 C/BP/W/AB AB
39 -382 3 19 6,47 2512 C/BP/W/AB AB
40 -436 2 10 7,04 2694 C/BP/W/AB AB
41 -491 ~0 4 - - C/BP/W/AB AB
32 -545 - - - - C/BP/W/AB AB

Table 4.21: Resistances and failure modes of P6 for MO
. Loadin M;j pi Mju Mi,u/ Sj,ini Yielded Failure

Specimen case . (kN) (le\Tm) (kJNm) M;,m (IJ<Nm/rad) elements mode
1 2096 - - - - C C
11 1887 11 18 1,63 8202 Cc/w C
10 1678 30 49 1,63 11899 C/IIwW C
9 1467 52 73 1,40 13483 C/BP/W C
8 1258 64 83 1,29 15440 C/BP/W C
7 1048 80 104 1,30 17125 C/BP/W C
6 838 93 117 1,26 18911 C/BP/W/AB C
5 629 89 122 1,37 17258 C/BP/W/AB AB
4 419 79 117 1,48 15651 C/BP/W/AB AB
3 209 74 101 1,36 13507 C/BP/W/AB AB

P6 2 0 58 81 1,39 11322 C/BP/W/AB AB
33 -63 49 75 1,54 9741 BP/W/AB AB
34 -127 33 68 2,06 8603 BP/W/AB AB
35 -191 32 62 1,94 8310 AB/W AB
36 -254 31 53 1,72 6779 AB AB
37 -318 25 45 1,77 5734 AB AB
38 -382 ~0 34 - 2781 AB AB
39 -445 ~0 23 - - AB AB
40 -509 ~0 15 - - AB AB
41 -572 ~0 6 - - AB AB
32 -635 - - - - AB AB
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Table 4.22: Resistances and failure modes of P1 for M90

. Loadin M;j pi Mju Mi.u/ Sj,ini Yielded Failure

Specimen case SN (kN) (kjl\ll)m) (kJNm) M},m (IJ<Nm/rad) elements mode
1 1971 - - - - C C
21 1774 15 25 1,67 6068 C C
20 1577 29 43 1,48 7419 C C
19 1380 40 54 1,35 9061 C/BPIW C
18 1183 45 65 1,44 9383 C/BP/IW/AB C
17 986 44 68 1,54 10054 C/BP/IW/AB C
16 788 44 65 1,47 10407 C/BP/IW/AB C
15 591 39 63 1,61 8276 C/BP/IW/AB C
14 394 38 57 1,50 7360 C/BP/W/AB C
13 197 32 49 1,53 5497 C/BP/W/AB C

P1 12 0 20 34 1,70 3855 C/BP/W/AB AB
33 -29 18 31 1,72 2139 C/BP/W/AB AB
34 -59 15 28 1,84 1578 C/BP/W/AB AB
35 -88 13 26 1,93 1325 C/BP/WI/AB AB
36 -117 11 23 2,07 1065 C/BP/IW/AB AB
37 -147 8 20 2,44 916 C/BP/IW/AB AB
38 -176 5 17 3,28 783 C/BP/IW/AB AB
39 -205 4 14 4,82 539 C/BP/IW/AB AB
40 -235 ~0 8 - 73 C/BP/IW/AB AB
41 -264 ~0 4 - 64 C/BP/IW/AB AB
32 -293 - - - - C/BP/W/AB AB

Table 4.23: Resistances and failure modes of P2 for M90
. Loading Mipl Mij,u Mi.u/ Sjini Yielded Failure

Specimen case N (kN) (KNm) (kNm) Mipi (kNm/rad) elements mode
1 1966 - - - - C C
21 1769 19 34 1,78 21427 C/W C
20 1573 28 46 1,64 16373 C/W C
19 1376 28 57 2,03 15969 C/W C
18 1180 48 66 1,37 13817 C/BP/IW C
17 983 51 78 1,52 12179 C/BP/IW/AB C
16 786 54 81 1,50 10815 C/BP/IW/AB C
15 590 42 76 1,80 8346 C/IBP/WIAB C
14 393 45 68 1,51 8268 C/BP/WIAB C
13 197 38 60 1,57 6603 C/IBP/WIAB C

P2 12 0 22 46 2,09 5791 C/IBP/WIAB AB/W
33 -37 19 42 2,21 3303 C/BP/WI/AB AB
34 -73 16 36 2,25 3023 C/IBP/WI/AB AB
35 -109 13 31 2,38 2290 C/BP/IW/AB AB
36 -147 8 27 3,37 1760 C/BP/IW/AB AB
37 -183 3 22 7,33 1560 C/BP/IW/AB AB
38 -220 ~0 18 - - AB AB
39 -257 ~0 12 - - AB AB
40 -293 ~0 7 - - AB AB
41 -330 ~0 3 - - AB AB
32 -367 - - - - AB AB
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Table 4.24: Resistances and failure modes of P3 for M90

. Loadin M;j pi Mju Mi.u/ Sj,ini Yielded Failure

Specimen case SN (kN) (kjl\ll)m) (kJNm) M},m (IJ<Nm/rad) elements mode
1 1052 - - - - C C
21 947 4 5 1,25 1007 C C
20 842 9 10 1,11 1057 C C
19 737 13 13 1,00 1109 C C
18 631 14 17 1,21 1192 C C
17 526 13 18 1,38 1285 C C
16 421 13 19 1,46 1115 C C
15 316 14 20 1,42 1141 C C
14 210 14 19 1,35 1380 C/BP/IW/AB C
13 105 14 18 1,28 1122 C/BP/W/AB AB

P3 12 0 15 18 1,20 1141 C/BP/W/AB AB
33 -37 14 17 1,21 1049 C/BP/W/AB AB
34 -74 13 16 1,23 944 C/BP/W/AB AB
35 -110 13 13 1,00 654 C/BP/W/AB AB
36 -147 12 12 1,00 450 C/BP/IW/AB AB
37 -184 9 9 1,00 330 C/BP/IW/AB AB
38 -221 ~0 7 - 228 C/BP/IW/AB AB
39 -257 ~0 5 - 219 C/BP/IW/AB AB
40 -294 ~0 2 - 259 C/BP/IW/AB AB
41 -331 ~0 1 - 203 C/BP/IW/AB AB
32 -368 - - - - AB AB

Table 4.25: Resistances and failure modes of P4 for M90
. Loadin M;j pi Mju Mi,u/ Sj,ini Yielded Failure

Specimen case . (kN) (le\Tm) (kJNm) M;,m (IJ<Nm/rad) elements mode
1 1062 - - - - C C
21 956 5 9 1,80 1182 C C
20 849 9 11 1,22 1270 C C
19 743 10 15 1,50 1414 C C
18 637 14 18 1,28 1153 C C
17 531 11 19 1,72 1224 C C
16 425 12 19 1,58 1248 C C
15 319 13 20 1,53 1251 C C
14 212 15 20 1,33 1013 C C
13 106 14 19 1,35 932 C/BP/IW/AB C

P4 12 0 11 18 1,63 818 C/WIAB C
33 -39 11 16 1,45 667 C/WIAB AB
34 -78 11 15 1,36 565 C/WIAB AB
35 -116 9 15 1,66 393 C/W/AB AB
36 -155 9 14 1,55 304 C/W/AB AB
37 -194 7 12 1,71 273 C/W/AB AB
38 -233 4 10 2,50 212 AB AB
39 -272 2 7 3,50 286 AB AB
40 -311 2 4 2,00 372 AB AB
41 -349 1 2 2,00 383 AB AB
32 -388 - - - - AB AB
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Table 4.26: Resistances and failure modes of P5 for M90

. Loadin M;j pi Mju Mi.u/ Sj,ini Yielded Failure
Specimen case SN (kN) (kjl\ll)m) (kJNm) M},m (IJ<Nm/rad) elements mode
1 2091 - - - - C C
21 1883 15 20 1,33 6431 C C
20 1674 28 32 1,14 7533 C/BPIW C
19 1464 39 57 1,46 8139 C/BPIW C
18 1255 40 67 1,67 8852 C/BP/IW/AB C
17 1046 43 70 1,62 9745 C/BP/IW/AB C
16 837 43 68 1,58 9981 C/BP/IW/AB C
15 628 37 67 1,81 11424 C/BP/IW/AB C
14 418 41 66 1,60 8955 C/BP/IW/AB C
13 209 32 60 1,87 8793 C/BP/W/AB AB
P5 12 0 29 49 1,68 4006 C/BP/W/AB AB
33 -55 27 46 1,70 3694 C/BP/W/AB AB
34 -109 24 38 1,58 2787 C/BP/W/AB AB
35 -164 22 36 1,63 2025 C/BP/W/AB AB
36 -218 18 31 1,72 1788 C/BP/IW/AB AB
37 -273 13 25 1,92 1377 C/BP/IW/AB AB
38 -327 5 22 4,42 1191 C/BP/IW/AB AB
39 -382 4 12 2,93 - C/BP/IW/AB AB
40 -436 1 9 5,82 - C/BP/IW/AB AB
41 -491 ~0 2 - - C/BP/IW/AB AB
32 -545 - - - - AB AB
Table 4.27: Resistances and failure modes of P6 for M90
. Loadin M;j pi Mju Mi,u/ Sj,ini Yielded Failure
Specimen case . (kN) (le\Tm) (kJNm) M;,m (IJ<Nm/rad) elements mode
1 2096 - - - - C C
21 1887 9 17 1,88 9941 C/IwW C
20 1678 28 40 1,42 8848 C/IwW C
19 1467 45 59 1,30 9194 C/IwW Cc
18 1258 44 68 1,54 9075 C/IwW Cc
17 1048 58 80 1,37 9886 C/IBP/WIAB C
16 838 56 82 1,46 10411 C/BP/IW/AB C
15 629 52 81 1,55 10402 C/BP/IW/AB C
14 419 52 78 1,50 9908 C/BP/IW/AB C
13 209 43 74 1,72 8692 C/BP/IW/AB AB
P6 12 0 44 64 1,45 6599 C/BP/W/AB AB/W
33 -63 40 59 1,47 5046 C/BP/IW/AB AB
34 -127 38 54 1,41 4737 C/BP/IW/AB AB
35 -191 37 48 1,29 3784 C/BP/W/AB AB
36 -254 28 43 1,53 3464 C/BP/W/AB AB
37 -318 26 36 1,38 2424 C/BP/W/AB AB
38 -382 ~0 28 - - AB AB
39 -445 ~0 16 - - AB AB
40 -509 ~0 9 - - AB AB
41 -572 ~0 4 - - AB AB
32 -635 - - - - AB AB
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Table 4.28: Resistances and failure modes of P1 for M45

. Loadin M;j pi Mju Mi.u/ Sj,ini Yielded Failure

Specimen case SN (kN) (kjl\ll)m) (kJNm) M},m (IJ<Nm/rad) elements mode
1 1971 - - - - C C
31 1774 25 27 1,08 23307 C/BP/W C
30 1577 36 43 1,19 17489 C/BPIW C
29 1380 39 65 1,66 15915 C/BP/IW/AB C
28 1183 56 79 1,41 13315 C/BP/IW/AB C
27 986 60 83 1,38 15414 C/BP/IW/AB C
26 788 56 83 1,48 15250 C/BP/IW/AB C
25 591 51 81 1,58 15644 C/BP/IW/AB C
24 394 45 71 1,57 13653 C/BP/IW/AB C
23 197 38 57 1,50 10303 C/BP/W/AB C/W

P1 22 0 24 38 1,58 4945 C/BP/W/AB AB
51 -29 22 35 1,59 3068 C/BP/W/AB AB
52 -59 19 32 1,64 2638 C/BP/W/AB AB
53 -88 17 28 1,66 2101 C/BP/W/AB AB
54 -117 14 25 1,81 1938 C/BP/IW/AB AB
55 -147 10 22 2,20 1878 C/BP/IW/AB AB
56 -176 6 17 3,07 1287 C/BP/IW/AB AB
57 -205 2 13 6,43 939 C/BP/IW/AB AB
58 -235 ~0 7 - - C/BP/IW/AB AB
59 -264 ~0 3 - - C/BP/IW/AB AB
32 -293 - - - - AB AB

Table 4.29: Resistances and failure modes of P2 for M45
. Loadin M;j pi Mju Mi,u/ Sj,ini Yielded Failure

Specimen case . (kN) (le\Tm) (kJNm) M;,m (IJ<Nm/rad) elements mode
1 1966 - - - - C C
31 1769 17 20 1,17 29844 C/W C
30 1573 22 39 1,77 29847 C/W C
29 1376 42 63 1,50 28512 C/IBP/W C
28 1180 49 85 1,73 25110 C/IBP/WIAB C
27 983 59 91 1,54 20670 C/IBP/WIAB C
26 786 60 93 1,55 18253 C/BP/WIAB C
25 590 57 89 1,56 13809 C/BP/IW/AB C
24 393 48 79 1,66 12431 C/BP/IW/AB C
23 197 35 65 191 11516 C/BP/IW/AB C

P2 22 0 26 49 1,81 8985 C/BP/IW/AB AB
51 -37 22 45 2,02 4765 C/BP/IW/AB AB
52 -73 20 40 1,98 3733 C/BP/IW/AB AB
53 -109 15 36 2,33 2908 C/BP/W/AB AB
54 -147 10 31 2,98 2798 C/BP/W/AB AB
55 -183 5 26 5,30 1927 C/BP/W/AB AB
56 -220 ~0 21 - - C/BP/W/AB AB
57 -257 ~0 13 - - AB AB
58 -293 ~0 8 - - AB AB
59 -330 ~0 4 - - AB AB
32 -367 - - - - AB AB
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Table 4.30: Resistances and failure modes of P3 for M45

. Loadin M;j pi Mju Mi.u/ Sj,ini Yielded Failure

Specimen case SN (kN) (kjl\ll)m) (kJNm) M},m (IJ<Nm/rad) elements mode
1 1052 - - - - C C
31 947 7 10 1,42 4666 C C
30 842 13 21 1,61 5578 C C
29 737 22 29 1,31 6184 C C
28 631 26 32 1,23 6256 C/BPIW C
27 526 29 35 1,20 6092 C/BP/IW/AB C
26 421 31 36 1,16 5263 C/BP/IW/AB AB
25 316 34 37 1,08 5990 C/BP/IW/AB AB
24 210 28 36 1,28 5453 C/BP/W/AB AB
23 105 24 32 1,33 4571 C/BP/W/AB AB

P3 22 0 22 28 1,27 8985 C/BP/W/AB AB
51 -37 19 27 1,42 2908 C/BP/W/AB AB
52 -74 16 24 1,50 2068 C/BP/W/AB AB
53 -110 17 21 1,23 2209 C/BP/W/AB AB
54 -147 10 18 1,80 1450 C/BP/IW/AB AB
55 -184 8 12 1,50 978 C/BP/IW/AB AB
56 -221 6 8 1,33 865 C/BP/IW/AB AB
57 -257 3 4 1,33 572 C/BP/IW/AB AB
58 -294 2 2 1,00 532 C/BP/IW/AB AB
59 -331 1 1 1,00 274 C/BP/IW/AB AB
32 -368 - - - - AB AB

Table 4.31: Resistances and failure modes of P4 for M45
. Loadin M;j pi Mju Mi,u/ Sj,ini Yielded Failure

Specimen case . (kN) (le\Tm) (kJNm) M;,m (IJ<Nm/rad) elements mode
1 1062 - - - - C C
31 956 7 10 1,42 4422 C C
30 849 10 16 1,60 5605 C Cc
29 743 12 20 1,66 6099 C Cc
28 637 15 29 1,93 6293 C Cc
27 531 24 38 1,58 6632 C/W/AB Cc
26 425 30 44 1,46 6721 C/BP/IW/AB C
25 319 34 51 1,50 6605 C/BP/IW/AB AB
24 212 34 51 1,50 6226 C/BP/IW/AB AB
23 106 33 44 1,33 5566 C/BP/IW/AB AB

P4 22 0 30 39 1,30 4894 C/BP/IW/AB AB
51 -39 29 35 1,21 4087 C/BP/IW/AB AB
52 -78 26 32 1,23 3276 C/BP/IW/AB AB
53 -116 24 27 1,12 3411 C/BP/W/AB AB
54 -155 19 23 1,21 3231 C/BP/W/AB AB
55 -194 14 19 1,35 2358 C/BP/W/AB AB
56 -233 10 14 1,40 946 C/BP/W/AB AB
57 -272 9 9 1,00 786 C/BP/W/AB AB
58 -311 2 4 2,00 587 C/BP/W/AB AB
59 -349 1 1 1,00 430 C/BP/W/AB AB
32 -388 - - - - AB AB

Laura da Silva Seco 163



COLUMN BASE PLATES UNDER 3D LOADING 4 NUMERICAL STUDY

Table 4.32: Resistances and failure modes of P5 for M45

. Loadin M;j pi Mju Mi.u/ Sj,ini Yielded Failure

Specimen case SN (kN) (kjl\ll)m) (kJNm) M},m (IJ<Nm/rad) elements mode
1 2091 - - - - C C
31 1883 14 22 1,57 11473 C/BP/W C
30 1674 22 37 1,68 12571 C/BPIW C
29 1464 44 62 1,40 14506 C/BP/IW/AB C
28 1255 58 75 1,29 16325 C/BP/IW/AB C
27 1046 56 80 1,42 15226 C/BP/IW/AB C
26 837 56 80 1,42 15211 C/BP/IW/AB AB
25 628 49 75 1,53 12485 C/BP/IW/AB AB
24 418 48 68 1,41 11446 C/BP/W/AB AB
23 209 37 62 1,67 9460 C/BP/W/AB AB

P5 22 0 37 52 1,41 6430 C/BP/W/AB AB
51 -55 33 48 1,45 5212 C/BP/W/AB AB
52 -109 29 40 1,37 4119 C/BP/W/AB AB
53 -164 25 35 1,40 3208 C/BP/W/AB AB
54 -218 20 27 1,35 2762 C/BP/IW/AB AB
55 -273 19 23 1,21 1917 C/BP/IW/AB AB
56 -327 6 16 2,66 - C/BP/IW/AB AB
57 -382 ~0 13 - - C/BP/IW/AB AB
58 -436 ~0 5 - - C/BP/IW/AB AB
59 -491 ~0 2 - - C/BP/IW/AB AB
32 -545 - - - - AB AB

Table 4.33: Resistances and failure modes of P6 for M45
. Loadin M;j pi Mju Mi,u/ Sj,ini Yielded Failure

Specimen case . (kN) (le\Tm) (kJNm) M;,m (IJ<Nm/rad) elements mode
1 2096 - - - - C C
31 1887 9 19 2,11 11863 C/IwW C
30 1678 36 49 1,36 10563 C/W Cc
29 1467 51 68 1,33 12620 C/IBP/W C
28 1258 59 84 1,42 14803 C/IBP/WIAB C
27 1048 63 96 1,52 13011 C/IBP/WIAB C
26 838 66 102 1,54 15854 C/BP/W/AB AB
25 629 60 101 1,68 15947 C/BP/IW/AB AB
24 419 54 94 1,74 14846 C/BP/IW/AB AB
23 209 56 83 1,48 11389 C/BP/IW/AB AB

P6 22 0 47 72 1,53 9269 C/BP/IW/AB AB
51 -63 48 66 1,37 7448 C/BP/IW/AB AB
52 -127 45 61 1,35 6149 C/BP/IW/AB AB
53 -191 38 54 1,42 5895 C/BP/W/AB AB
54 -254 27 46 1,69 4993 C/BP/W/AB AB
55 -318 25 42 1,68 2960 C/BP/W/AB AB
56 -382 11 31 2,78 1920 C/BP/W/AB AB
57 -445 ~0 22 - - C/BP/W/AB AB
58 -509 ~0 15 - - C/BP/W/AB AB
59 -572 ~0 6 - - AB AB
32 -635 - - - - AB AB
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Two main failure modes are observed:

o failure of the column steel profile characterized by the local buckling of the flanges due
to the high compressive axial force applied to the specimen,
o failure of the anchor bolts in tension with or without base plate yielding.

Figure 4.50: Failure modes: local buckling of the column; anchor bolts failure with or without base plate yielding (for in-
plane bending moment)

Figure 4.51: Failure modes: local buckling of the column; anchor bolts failure with or without base plate yielding (for out-of-
plane bending moment)

From the results presented above, it can be seen that failure modes are strongly influenced by
the loading. Under tensile force, all specimens considered in the present study will fail by
anchor bolt rupture (tension failure), regardless of the direction of the applied bending moment.
For values up to 0,5N;jtu, the anchor bolts on the tensile side fail as a result of the combined
action of bending moment and tensile force. Above this value, the tensile force is dominant and
nearly equally distributed among the anchor bolts. For this range of values of the applied tensile
force, the elastic stage is very short and the post-limit strength is quickly reached. This can be
verified from the comparison of the moment-rotation curves drawn for each specimens for
different levels of tensile/compressive axial load (see Figure 4.52). Under compressive force,
the connection behavior is stiffer than that of connection subjected to a tensile force.
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Figure 4.52: In-plane moment-rotation curves for specimens P1, P2, P3, P4, P5 and P6 for different load levels (+
compressive axial load; - tensile axial load)

In contrast to what has been explained, when subjected to a compressive axial force, a
distinction of the behaviour at the end of the loading is made. It can be understood from the
above results that the behavior of the connections in compression cannot be so easily
characterized and generalized. In fact, for these cases, the behavior is much more complex due
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to its dependence on the orientation of the applied bending moment. For in-plane (MO0) and
biaxial bending (M45) and for values of the applied force up to 0,5Njc, failure results from
anchor bolts rupture. For values of the applied force above this limit combined with a dominant
bending moment, the development of local buckling of the flanges at the bottom of the column
is responsible for the failure of the connections. However, for out-of-plane bending (M90) and
for relatively low values of applied compressive force, failure is due to local buckling of the
flange at the bottom of the column steel profile. It was demonstrated from experimental tests
that high stress concentration occurs at the bottom of the column steel profiles (SPE1-M90 and
SPE2-M90) producing a local yielding in the compression side. Thus, even with relatively low
axial force magnitude, its combination with a bending moment causes a high concentration of
stresses.

The applied axial force also influence the plastic bending moment M;p, the ultimate bending
moment My and the initial rotational stiffness Sjini. From Table 4.16 to Table 4.33 it can be
observed that regardless of the orientation of the applied bending moment, the ultimate bending
moment and the initial stiffness tend to decrease with increasing value of the applied tensile
force. This is a consequence of the fact that an increase of the tensile force produces a gradual
decrease of the compressive area up to the point where the entire effective area of the base plate
is working under tension (pure tension). The compressive area being more rigid than the tensile
area, the decrease of its area results in a decrease of the stiffness.

When a compressive axial load is applied, combined with bending moment, the effect of the
former can be beneficial for the moment resistance and the initial stiffness for values of axial
force up to 0,5N;jcu. Until this limit, Mjuand Sjini increase with increasing value of the axial
force. For MO and M45 series, in which the anchoring system is the element governing failure,
this increase of resistance and initial stiffness is a consequence of the late activation of the
anchor bolts in the tensile side occurring for larger values of the applied compressive force. For
MO0 serie, even if the failure is due to the local buckling of the column, the anchor bolts are
subjected to high levels of stress. Then, the comments made above are also valid for this case.
However, for values of the axial compressive force above 0,5Nj ., the resistance decreases as
the failure is exclusively due to local buckling of the column.

Interactions curves Mip-Mop are depicted in Figure 4.53 and Figure 4.54 for different
compressive/tensile axial load levels. In presence of a tensile force, the points of the numerical
analysis fit quite well with an elliptical curve. However, for specimens P1 and P5 and value of
the axial force close to the tensile resistance, this elliptical curve is unsafe. It seems that a linear
approximation is more suitable. Even in presence of a tensile force, the elliptical curve is far
from what is obtained numerically for specimens P3 and P4. In presence of a compressive force,
the elliptical curve is generally conservative except for specimen P2 under high compressive
force.
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Figure 4.53: Interaction curves Mip-Mop for specimens subjected to a compressive axial load
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Figure 4.54: Interaction curves Mip-Mop for specimens subjected to a tensile axial load
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4.4.4 Influence of the geometric parameters
4.4.4.1 Base plate thickness

As observed and discussed in Chapter 3, the overall behavior of the column base plates strongly
depend on the thickness of the base plates. The influence of the base plate thickness is analyzed
below in terms of failure mode, resistance and initial stiffness. From Table 4.16 to Table 4.33,
it can be verified that this parameter has no particular influence on the failure mode. As
abovementioned, under combined bending moment and tensile axial force, anchor bolts govern
failure of the connection regardless of the base plate thickness. On the other hand, for
connections subjected to combined compressive axial force and bending moment, two different
failure modes can be observed: rupture of the anchor bolts and local buckling of the column
steel profile. However, the FE computations of the plastic bending moment M;jp and the
maximum bending moment M;, show an increase of the connection resistance with increasing
values of the base plate thickness. As can be seen in Figure 3.86, increasing the base plate
thickness leads to an increase of the lever arm z. In contrast to this, as it was observed during
the experimental tests and numerical simulations as well, highly deformable thin base plates
(configurations P1, P3 and P5) produce a rather non-uniform stress distribution. Consequently,
a high concentration of stresses is located near the column flange and the lever arm is reduced
(see Figure 4.62 and Figure 4.63). The maximum gain in resistance for M0, M90 and M45 are
60%, 48% and 63%, respectively. The increasing of the base plate thickness also affects the
initial stiffness of the connections. Although less pronounced in some cases than in others,
values of Sjiniare greater for thicker base plates due to a greater lever arm and lower deformation
of the base plate. To get a better insight of the gain of resistance for the 20 mm base plate
configuration, the M-N interaction curves are plotted below.

y N (kN) 1500 4 N (kN)
e P1 e P3
o P2 o P4

Figure 4.55: M-N interaction for in-plane bending moment  Figure 4.56: M-N interaction for in-plane bending moment
for P1 and P2 for P3 and P4
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Figure 4.57: M-N interaction for in-plane bending moment Figure 4.58: M-N interaction for out-of-plane bending
for P5 and P6 moment for P1 and P2
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Figure 4.59: M-N interaction for out-of-plane bending Figure 4.60: M-N interaction for out-of-plane bending
moment for P3 and P4 moment for P5 and P6
20003 N (kN) 1500-7 N (kN)

e P1 e P3

M (kNm)

M (KNm)
80
-100
-500
Figure 4.61: M-N interaction for biaxial bending moment Figure 4.62: M-N interaction for biaxial bending moment
for P1 and P2 for P3 and P4
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Figure 4.63: M-N interaction for biaxial bending moment
for P5 and P6

As observed, the gain in resistance is more or less evident, depending on the configuration of
the connection and the applied loading conditions. Interaction curves M-N demonstrate that
varying the base plate thickness has no particular influence on the failure mode. For all cases,
although less pronounced for out-of-plane bending, the gain in resistance is substantially higher
when the failure mode is governed by the anchor bolts rupture in tension. However, for values
of the applied compressive force above 0,5N; ¢4, the curves overlap each other as a consequence
of the local buckling in the column flanges. In these cases, the gain in resistance is insignificant.
Under out-of-plane bending moment, the shape of the M-N curve is parabolic. For in-plane
bending moment, it seems locally parabolic but in general, most of the segment of the curve is
linear. The curve for biaxial bending moment are in between these two cases.

The contact pressure distribution obtained for connections P1 and P2 are presented in Figure
4.64 and Figure 4.65, for in-plane and out-of-plane. If the axial force is equal to zero, the
compression area is located close to the lower anchor bolt row for specimen P1 and at the outer
edge of the base plate for connection P2. Under the maximal bending moment and the
corresponding axial force, failure can occur either by anchor bolts failure or local buckling of
the column. For this loading case, the contact spread over the column flange. As it could be
expected the size of the compressive area is greater for thicker base plates.

CPRESS CPRESS
151,798 185,174
£0.000 177.459
76.667 169.743
73.333 162,028
70,000
66.667
63.333
60.000
56.667
53,333
50.000
46.667
43,333

a) P1(N=0kN) b) P2 (N=0kN)
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¢) P1(N=788kN) d) P2 (N=786kN)

T

EREEENERE &

e) P1(N=1380kN)

g) P1(N=1971kN) h) P2 (N=1966kN)

i)  P1(N=-88kN) i) P2 (N=-109kN)
Figure 4.64: Contact pressures of specimens P1 and P2 at failure for in-plane bending moment (in MPa)
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a)  P1(N=0kN) b) P2 (N=0kN)

) P1(N=788KkN) d) P2 (N=786kN)

e) P1(N=1380kN) f) P2 (N=1376kN)

g) P1(N=-88kN) h) P2 (N=-109kN)
Figure 4.65: Contact pressures of specimens P1 and P2 at failure for out-of-plane bending moment (in MPa)

Laura da Silva Seco 174



COLUMN BASE PLATES UNDER 3D LOADING 4 NUMERICAL STUDY

4.4.4.2 Column steel profile

Although the HE steel profiles are considered as the most suitable cross-sections for columns,
IPE steel profiles are still widely used for this type of elements. As discussed before, when
subjected to high levels of axial compressive force, the column base plate’s failure mode is
often governed by local instability (buckling) of the column steel profile. Moreover, under out-
of-plane bending moment, the lever arm depends strongly on the width of the column flange.
Thus, the influence of the steel column cross-section geometry (HEA 200 or IPE 200) column
steel profile on the connection response is discussed below. Interaction curves M-N depicted in
Figure 4.66 to Figure 4.71, compare specimen P1 to specimen P3 and specimen P2 to specimen
P4 subjected to strong-axis, weak-axis and biaxial bending moments.

As expected, it can be seen that when the element governing failure is the column, the column
steel section has a pronounced influence on the resistance. Under both in-plane and biaxial
bending moment combined with a axial compressive force whose magnitude is larger than
0,5N;c,u, the gain in resistance when using an HEA 200 steel profile instead of an IPE 200 is
very significant.

Under in-plane bending moment combined with a tensile force or low intensity value of the
compressive force, the gain in connection resistance is limited. The lever arms being quite close,
only the width of the base plate is modified and influence its local bending resistance in the
tensile and the compressive areas (see Figure 4.72).

For out-of-plane bending resistance, the gain of resistance also exist in presence of tensile force
or low value of the compressive force due to:

e the increase of the anchor bolt pitch that is beneficial in presence of dominant tensile
force,

e the increase of the width of the column flange that permit to increase the lever arm in
presence of dominant bending moment (the distance between the resultant forces in
tension Fyrq at the level of the activated anchor bolts, and compression F¢rq around the
column flange tips increases for the HEA 200 steel profile — see Figure 4.73).

Similar results are obtained with biaxial bending moment.
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Figure 4.66: M-N interaction force for in-plane bending
moment for P1 and P3
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Figure 4.68: M-N interaction force for out-of-plane bending
moment for P1 and P3

Figure 4.70: M-N interaction force for biaxial bending
moment for P1 and P3

Figure 4.67: M-N interaction force for in-plane bending
moment for P2 and P4
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Figure 4.69: M-N interaction force for out-of-plane bending
moment for P2 and P4

o
zZ
’x\

Z
~

-:j M (kNm)

60 100

Figure 4.71: M-N interaction force for biaxial bending
moment for P2 and P4
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The contact pressure distribution obtained for connections P1 and P3 (Figure 4.72 and Figure
4.73), are quite similar whatever the loading conditions. It can be observed that contact pressure
due to prying effect is more important in connections P3. For this connection, prying is more
important due to a lower width of the base plate.

CPRESS

a) P1(N=0kN)

c) P1(N=788KkN) d) P3 (N=421kN)
CPRESS

111.843
107.183
102.523
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93.203
88.543
83.882
79.222
74.562
69.902
65.242
60.582
55.922
51.261
46.601
41941
37.281
32.621
27.961
23.301
18.641
13,980
9.320
4.660
0.000

e) P1(N=1971kN) f)  P3(N=1052kN)
Figure 4.72: Contact pressures of specimens P1 and P3 for in-plane bending moment (in MPa)
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a) P1(N=0kN)

) P1(N=986kN)

e) P1(N=1380kN)

g) P1(N=1971kN) h) P3 (N=1052kN)
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CPRESS
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191.667
182.083
172.500
162.917
153.333
143,750
134.167

i)  P1(N=-88KkN) j)  P3(N=-110kN)
Figure 4.73: Contact pressures of specimens P1 and P3 at failure for out-of-plane bending moment (in MPa)

4.4.4.3 Anchor bolts position

As demonstrated in Chapter 3, the resistance of the connections strongly depends on the
distance z between the resultant of tensile forces Ftrd, and compressive forces Fcrd. The first
being considered permanently located at the centre line of the activated anchor bolts, the value
of the distance z depends essentially on the position of the resultant of the compressive forces.
From Figure 3.86 and Figure 4.36, it can be seen that, as expected the location and the extend
of the contact area in compressive side depend on the base plate thickness. As a result of the
substantial deformability of thinner base plates, this parameter remain closer to the column
flange footprint. Also, from Figure 3.87, it can be seen that the greater the distance between the
tensile and compressive resultant forces, the greater the lever arm z is and consequently, the
greater is the resistance. This fact is not only related to the direction of application (orientation)
of the moment but also to the configuration of the base plate and the anchoring system. For that,
through the parametric study, it is possible to evaluate the impact of different base plate
geometries and the position of the anchor bolts on the yield lines pattern and on the mechanical
properties of the connections.

The influence of the different geometries presented in Figure 4.48 can be assessed. This is valid
for the cases in which the failure is governed by rupture of the activated anchor bolts. In Figure
4.66, Figure 4.67, Figure 4.70 and Figure 4.71, the part of the curves corresponding to failure
of the anchor bolts, occurring for either 0,1N;tu or 0,9Njty in tension or 0,1Njcu Or 0,5Njcu in
compression, is very close. This is easily explained by the fact that when subjected to an in-
plane or 45° bending moment, both configurations (P1/2 and P3/4) have approximately the same
geometry and consequently, no significant changes in terms of resistance and initial stiffness
are noticeable. However, for M90 cases, the same is not true. Under an out-of-plane bending
moment, the geometry of the base plate and the anchor bolts arrangement are quite different in
specimens P1/2 and specimens P3/4. The distance p between the centre of the anchor holes
changes from 160 mm to 80 mm. The same for the distance e between the edge and the centre
line of the holes that changes from 70 mm to 40 mm. This variation necessarily reduces the
lever arm z between the pair of forces Fcrdand Ftrd for specimens P3 and P4 which leads to a
loss of resistance and a significantly lower initial stiffness.
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4.4.4.4 Anchor bolts diameter

As previously concluded, the anchor bolts largely influence the behavior of the connections.
For this reason, the parametric study is extended to evaluate the gains in terms of resistance and
initial stiffness corresponding to the variation of the anchor bolts diameter. It was the objective
of the analysis of connections P5 and P6 that use anchor bolts M20 instead of M16 for
connections P1 and P2. From the curves depicted in Figure 4.74 to Figure 4.79, the gain of
resistance of anchor bolts M20 over anchor bolts M16 is visible when constituting the elements
governing failure. For the other cases where failure is driven by local buckling of the column
(axial compressive force above 0,5N;c.u), curves overlap.

2200 3 N (kN) 2200 1

-800
Figure 4.74: M-N interaction force for in-plane bending Figure 4.75: M-N interaction force for in-plane bending
moment for P1 and P5 moment for P2 and P6

2200 3 N (kN)

e P2

100

Figure 4.76: M-N interaction force for out-of-plane bending Figure 4.77: M-N interaction force for out-of-plane bending
moment for P1 and P5 moment for P2 and P6

Laura da Silva Seco 180



COLUMN BASE PLATES UNDER 3D LOADING 4 NUMERICAL STUDY

o Pl
o pP5

..
..
%

®e

M (kNm)

100
-800
Figure 4.78: M-N interaction force for biaxial bending Figure 4.79: M-N interaction force for biaxial bending
moment for P1 and P5 moment for P2 and P6

As said, when failure is a result of the rupture of the anchor bolts in tension, a significant
improvement of the resistance is observed between the curves corresponding to M16 (red) and
M20 anchor bolts (black). The gain in resistance seems logical since increasing the bolt
diameter result in a 50% increase of the maximum force to be resisted by these elements. This
increase reaches 60% when comparing the response of specimens P1 and P5 for in-plane
bending moment. For the same loading case, an increase of about 70% is observed when
comparing specimen P2 and specimen P6. For out-of-plane and biaxial bending moment, the
gains are also significant, up to 50% between specimens P1 and P5 and 60% between specimens
P2 and P6. From the values presented in Table 4.16 to Table 4.33, a visible impact on the initial
stiffness S;j,ini iIs also observed. The anchor bolts being more rigid, the flexibility of the
connection increases as well as prying effect, which becomes more evident for specimen P5.

The contact pressure distribution obtained for connections P1 and P5 are presented in Figure
4.80 and Figure 4.81.
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Figure 4.80: Contact pressures of specimens P1 and P5 at failure for in-plane bending moment (in MPa)
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Figure 4.81: Contact pressures of specimens P1 and P5 at failure for out-of-plane bending moment (in MPa)

4.45 Concluding remarks

The numerical investigations presented at the beginning of this chapter provide detailed and
accurate information about the behaviour of the connections subjected to different loading
conditions and allow identifying the most influential parameters on this type of joints. The
parametric study help to understand the role of each parameter and its influence on the global
behavior of the structure in terms of resistance, initial stiffness and rotation capacity. The main
conclusions drawn from this study are enumerated below:

the failure modes strongly depend on the level of the applied axial force and the
direction of the bending moment,

increasing the applied tensile force decreases the bending moment resistance and the
initial rotational stiffness whatever the orientation of the bending moment,

increasing the applied compressive force up to half of the compressive resistance of the
connection is advantageous in terms of resistance and initial stiffness for some cases
(MO and M45),

high levels of applied axial compressive force develop local instabilities/yielding in the
column flanges, decreasing the resistance and initial stiffness of the connections,
increasing the base plate thickness tends to improve the resistance and the initial
stiffness of the connections, except for the cases when the applied axial compressive
force is too large,

the use of an HEA steel profile instead of an IPE increases the lever arm in presence of
dominant out-of-plane bending moment and consequently, increase the resistance,

the arrangement of the anchor bolts and the dimensions of the base plate in the direction
of the applied loads strongly affect the distance z between the binary of forces F¢rqand
Ftrd, and consequently the resistance of the connections,

increasing the anchor bolts diameter increases the bending resistance and the initial
stiffness of the connections, for the cases in which the failure mode is governed by the
anchor bolts in tension.
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5. ANALYTICAL MODELS FOR RESISTANCE

5.1 Introduction

The present chapter focuses on the development of simple yet effective mechanical models to
estimate the resistance of column base plates subjected to biaxial bending moment and axial
force. The models are based on the so-called Component Method presented in EC3-1-8 and
their predictions are compared against experimental and numerical results from Chapters 3 and
4. The proposed analytical models applies to column base plates connected to the base with
four anchor bolts. The main features of the connection behavior identified during the
experimental campaign as well as the numerical study are accounted for:

e the resistance in compression not only considers the resistance provided by the flange
but also the additional resistance of the effective area around the web (full analytical
model),

e the contact areas and lever arms of the compressive area are not predefined,

o for high levels of applied axial compressive force, yielding can occur in the column.
The resistance of the compressive area cannot exceed the resistance of the concrete
component but also of the column in compression, limiting the design bearing strength
fia.

5.2 Main assumptions

The connections considered by the proposed model are rigid/semi-rigid exposed column base
plates, capable to transfer axial forces and bending moments. These connections consist in a
column steel profile welded to a steel base plate, fixed to the concrete foundation by means of
four outer anchor bolts. Welds and concrete foundation must be designed according to EC2 Part
1-1 and EC3 Part 1-8 to not fail before the base plate/anchor bolts. Additionally, good contact
conditions between the concrete and the embedment length of the anchor bolts is assumed. The
model considers a plastic distribution of the internal forces at failure.

Similarly to the Component Method, the analytical models for in-plane and out-of-plane
bending considers the connections as a set of basic components. Therefore, the calculation
procedure consists in the following steps:

1. identification of the individual components in tension and compression,
2. characterization of the individual resistance for each of the components,
3. assembly of the components resistances to calculate the overall resistance.
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The sources of resistance considered in the analytical model are divided in two groups:

e the tensile components consisting on the base plate in bending and the anchor bolts in
tension,

e the components in compression including the concrete in compression, the base plate in
bending under the bearing pressure on the foundation and the column in compression.

Depending on the loading, the connections can work in two different modes:

e the bending moment is dominant: a tensile and a compressive area are identified and
their behavior is modelled by T-stubs in tension/compression. For the full analytical
model, the resistance of the web T-stub in compression is added,

e the normal tensile/compressive force is dominant: the connection is fully under
compression or tension. The resistance of the connection is reached when either the T-
stub in compression fails (for the full analytical model, a third T-stub is considered
corresponding to the web of the column), or the resistance of the T-stub in tension is
attained.

5.2.1 Components in tension

The components in tension of the analytical model are the base plate in bending and the anchor
bolts in tension (see Figure 2.44). As in the Component Method presented in section 2.4.2, the
behavior of this component is based on the classic T-stub model, that depends not only on the
resistance of the abovementioned elements but also on the stiffness of the anchor bolts which
govern the development of prying effect. The resistance of the connection in tension Fris the
lowest resistance associated to the potential failure modes given by Equations (2.44) and (2.45).
It is noted that for the resistance in tension of the anchor bolts, a value of 1 is taken into account
for coefficient k, instead of the suggested value 0,9. Partial factors ymo, ym2and ycare considered
equal to 1. For Mode 1, the ultimate tensile strength, fy, is used instead of the yield strength, fy,
corresponding to the failure resistance. It is also considered that for the resistance corresponding
to Mode 2, the base plate yield strength fy is replaced by (2f,+f,)/3 (see Packer et al., 1989) due
to the fact that fy cannot be reached on both components (base plate and anchor bolts).

5.2.2 Components in compression

According to the method suggested in Eurocode, the T-stub in compression is modelled
considering the contribution of the base plate, concrete foundation and in some cases, the grout
layer (see Figure 2.44). As presented in section 2.4.2, the proposed model considers the design
resistance Fc,, calculated by the procedure given in EN 1992. However, some modifications are
made in order to obtain less conservative results, since this aspect should be improved in the
Component Method.

From the parametric study, it can be observed that for high levels of applied compressive axial
force, the collapse of the connections tends to occur by yielding/buckling of the column. Thus,
for the calculation of the resistance of the T-stub in compression, the maximum resistances
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from both the concrete foundation and the column are taken into account. The proposed method
to evaluate Fc s for column flange T-stub is given below

FC,u,f = min (beff,cleff,cfjdjmax ;Fc,u) = beff,cleff,c/gd (51)

c,u

beff,c leff,c

fjd*:fjd,max = (52)

with
Deft.c, lefr,c : column flange T-stub effective length and width in compression,
fija,max : design bearing strength of concrete calculated according to Eurocode 2 and 3,
Fcu @ maximum resistance of the column in compression that depends on the model
considered “simplified analytical model” or “full analytical model”.

As seen in Chapter 2, the design resistance of the flange T-stub in compression depends not
only on the design bearing strength but also, on the effective width and length of the T-stub,
befr.c and lefr c calculated as follows (see Figure 2.50):

tr +2¢ for large projection
b hyy, — h ) 5.3
efte ® ¢ 4 +c¢  for short projection (3)
Lo = b.+2c for large projection 5.4
I for short projection (5.4)

with
tre : column flange thickness,
c : additional effective width,
hop : height of the base plate,
hc : height of the column cross-section,
bpp : width of the base plate,
bc : width of the column cross-section.

In the Component Method, the deformations of the base plate are limited to the elastic ones,
assuming a uniform stress under the base plate and ensuring that the yield strength of the base
plate is not exceeded. The effective bearing area is based on the effective width ¢ (Equation
(2.36)), that consider the elastic bending moment resistance per unit length of the base plate. In
the numerical analysis, yielding of the base plate in the compressive area was clearly observed
and the plastic bending moment of the base plate was reached. In the proposed analytical model
presented in sections 5.3 and 5.4, the effective width c is obtained by equalizing the plastic
bending moment resistance per unit length of the base plate (Equation (5.5)) to the bending
moment per unit length acting on the base plate, represented by a cantilever of span ¢ (Equation

(5.6)):
1
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Myp= 5 ) (5.6)
J
Resulting in:
C=ty |22 (5.7)
2de
with

My : plastic bending moment resistance per unit length of the base plate,
Mpp : bending moment per unit length acting on the base plate,

top : thickness of the base plate,

fyop : yield strength of the base plate.

This way, the value of the effective width c is increased and thus the effective bearing area
under the base plate, allowing to obtain values of the effective width closer to those obtained
by numerical simulations and therefore less conservative. Numerical analysis show that fillet
welds permit to transfer compressive forces to the foundation. The width of the fillet welds is
also added and the plastic bending moment is supposed to develop at the weld toe. Then, the
additional effective width c is replaced by a modified effective width c”:

A
¢ =ty |3 fz’bp +v2a (5.8)
jd,max

with

a : weld throat thickness.

Thus, the new effective length and width of the T-stubs in compression are taken as follows:
For T-stub 1 and 3 (column flanges — see Figure 2.52):

Befre = g +2¢" (5.9)
lefte = bet2¢" < by, (5.10)
For T-stub 2 (column web — see Figure 2.52):
befray = twe +2¢" (5.11)
Lgtw = he —2¢" = 2t5,>0 (5.12)

5.3 In-plane bending moment

5.3.1 Simplified analytical model

As abovementioned, the model herein assumes different internal forces systems, according to
the level of the applied loading, excluding the consideration of the additional resistance
provided by the column web in compression, as shown in Figure 5.1. The analytical model
considers that the connections can work according to four distinct behaviour types (see Figure
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5.1). This assumption allows to simplify the application of the calculation procedure and to
consider that the position of the resultant force in compression F¢ is not located at the footprint
of the column flange. Then, depending on the level of the applied axial force N, the model is
divided into:

e dominant tensile force,

e dominant bending moment with critical tensile force,

e dominant bending moment with critical compressive force,
e dominant compressive force.

N<0 N=>0
Mﬁ M@
A /\/

he/2

| C

]
i
: e w7

Tu T.u

Zr Zt Z1 Zc

a) Dominant tensile force — behaviour type 1 b) Dominant bending moment with critical tensile
force — behaviour type 2

N=>0 N=>0
M. M.
p 1p
L hel2 k2
| |
| |
Foy
Fr I ¢ F
Cu Cu
Zr Zco Zco Zo
¢) Dominant bending moment with critical d) Dominant compressive force — behaviour type 4

compressive force — behaviour type 3
Figure 5.1: Mechanisms considered in the simplified analytical model
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The validity domains of the aforementioned mechanisms are summarized below:

Table 5.1: Validity range of the mechanisms of the simplified analytical model

Behaviour type  Loading Range of validity
1 Dominant tensile force -Npy SN<N;
Nl = 'FT,u ;NT,u = 2FvT,u
2 Dominant bending moment with critical tensile force N <N<N,
N2 :FC,u _FT,u
3 Dominant bending moment with critical compressive force N, <N<N;
N3 :FC,u
4 Dominant compressive force N3 <N<Ncy,
NC,u = 2FC,u

In presence of dominant tensile force (see Figure 5.1 a)), Eurocode 3 Part 1-8 is applied for the
determination of the ultimate bending moment resistance M;,pu. The internal forces system
contain two resultant forces Fr,yand Fr acting on both sides at the anchor bolts axes. Then, the
in-plane bending resistance is given by:

M; o0 =2z1F7 ) + 21N (5.13)
with
Fr.u: resistance of the T-stub in tension according to 5.2.1,
N : axial force,
zr . lever arm (distance between the line of action of the anchor bolts and the center of
the column).

In presence of dominant bending moment and critical tensile force (see Figure 5.1 b)), the
position of the neutral axis depends on the axial force and the resistance of the tensile area. The
equilibrium of axial forces gives:

N=f, o LefreXe — Fro, (5.14)
with
" Ncu
de 2beff,cleff,c B f_]d,max (515)

In the present case, the compressive resistance of the column, Fc, is taken equal to Nc/2 that
corresponds to half of the total resistance of the column in compression. It is the only possibility
to match with the pure compressive resistance of the column and it suppose that strain hardening
can develop locally on the column flange. It assumes compact flange and can not be considered
with flanges of class 4 that are not commonly used in practice.

One obtain the position of the neutral axis Xc:
N+Fr,

= *
fjd leff,c

Xe

<tpt2c (5.16)
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The in-plane bending resistance is thus:

]Mj,ip,u = (ZT+ ZC)FT,u + ZCN (517)

with
zc : compressive lever arm (distance between the line of action of the resultant
compressive force Fc and the centre of the column):

h . X
ZCZEC"‘C _ECSZCO (518)
Zco . CcOMpressive lever arm given by EC3-1-8 (distance between the action line of the
resultant compressive force Fc located at the column flange and the centre of the

column).

In presence of dominant bending moment and critical compressive force (see Figure 5.1 c)), the
force applied in the tensile side is lower than Fryand the compressive force, located behind the
column flange, is equal to Fcu. The in-plane bending resistance is determined according to
Eurocode 3 part 1-8:

M0 = (20 zco)Fou — 2tN (5.19)
with

FC,u = beff,cleff,cfjd* (520)

In presence of dominant compressive force (see Figure 5.1 d)) two compressive forces Fc and
Fc.u are applied behind the column flange on the left and on the right sides, respectively. The
ultimate bending moment resistance is calculated according to:

M;ipu =2Fcuzco — zcoN (5.21)

An example of the application of this calculation procedure for the calculation of the design
resistance is given in the appendix at the end of this chapter (section B.2).

5.3.2 Full analytical model

As mentioned in Chapter 2, studies carried out by Wald (2000) and Maérai et al. (2014)
highlighted the influence of the additional resistance provided by the concrete area located
around the column web for base plates subjected to a combination of compressive force and in-
plane bending moment. This additional resistance clearly increases the resistance of the
connection in presence of dominant compressive force or bending moment comparatively to
values given in Eurocode 3 Part 1-8. The full analytical model proposed herein consists in an
improvement of the method presented in 5.3.1, considering the additional resistance provided
by the concrete around the column web in compression. In addition, the force transferred by the
anchor bolts in tension decreases when more than half of the web is under compression. The
calculation procedure allows to solve the problem of the discontinuity of the M-N interaction
curve produced by the Component Method, when the connection changes from being subjected
to a combination of axial force and bending moment (and therefore does not consider the area
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of the column web in compression) to pure compression where the maximum resistance Ncy is
defined by the sum of the resistances of the T-stubs 1, 2 and 3 depicted in Figure 2.52. Similarly
to the simplified analytical model, the calculation procedure consists in identifying four types
of internal forces systems, depending on the value of the axial force N. This allows to simplify
the determination of the web contribution to the ultimate bending moment resistance. In
addition, the model considers the failure of the column.

The four working behaviour types of the connection are:

e dominant tensile force,

e dominant bending moment with critical tensile force,

e dominant bending moment with critical compressive force,
e dominant compressive force.

N <0 N>0
M.
M. ip ip
y
|
|
|

hel2

I
f
&
|
|

C

o

4

]
fj‘d_f
F FT FT,u FC%H

T.u
Xc
Zr Zr Zr Ze -
a) Dominant tensile force — behaviour type 1 b) Dominant bending moment with critical tensile
force — behaviour type 2
N=>0 N=>0
M, M,
| /\/
\ |
27w 2zw
R R -t

el el e el

1 |

] \
(] - [T *
fJ""“ %M S idf g MMM f idf
T R 2 Cw v cur
Xe Xe
Zr Zo . Zr - .
¢) Dominant bending moment with critical d) Dominant bending moment with critical
tensile force — behaviour type 3 compressive force — mechanism behaviour type 4
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<. | <l
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e) Dominant compressive force — behaviour type 5

|
P,

C.uw |
xC

FC af

Figure 5.2: Mechanisms considered in the full analytical model

The validity domains of the aforementioned mechanisms are summarized below:

Table 5.2: Validity range of the mechanisms of the full analytical model

Behaviour type

Loading

Range of validity

1

Dominant tensile force

Dominant bending moment with critical tensile force

Dominant bending moment with critical tensile force

Dominant bending moment with critical compressive force

Dominant compressive force

Nty SN<N

Ny = -Fry; Nty = 2Fq,
N <N<N,
Ny=Fcur—Fru

N, < N<N;

N3 =FcurtFeuw/2—Fry
N, <N<Nj

Ny"=Feus+ Fouw

N;y" <N<Nc,

New =2Fcus+ Fouw

The resistance obtained under dominant tensile force (see Figure 5.2 a)) is similar to that of the
simplified analytical model. The ultimate in-plane bending moment resistance is given by:

M

>U,1p

= ZZTFT,u + ZTN

(5.22)

Again behaviour type 2 (see Figure 5.2 b)) is quite similar to that of the simplified analytical
model. However, the bearing resistance is not limited to half of the resistance of the column in
compression but to the resistance in compression of the flange and column web evaluated
according to Eurocode 3 part 1-8, Fc fcu.

F
* c,fc,u
fp= 2 < (5.23)
jd.f beff,cleff,c jd,max
Wi/,
plc y,c
cfeu™ h (524)
e
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with
Wi c : column cross-section plastic modulus,
fyc: column yield strength.

The in-plane bending resistance is thus:

]Mj,ip,u = (ZT+ ZC)FT,u + ZCN (525)
with

N+FT,u *

Xe = * =< et 2c (526)
fj‘djf Ieff,c
he L« X

=Sl 5.27
o= e =5 (527)

Behaviour type 3 (see Figure 5.2 c)) corresponds to the case in which the effective width of the
column flange befrc is fully under compression (xc > trc + 2¢”). As a result, Fc,ufand Frucan
develop. Also, part of the column web is contributing to the bending moment resistance, given
by Fcw. This system of internal forces is valid provided that the following criteria are respected:

Xe = beff,c + Xy (528)

Xy < Zy (5.29)
with
zw - half of the total effective length of the web lefrw in compression computed according

to Equation (5.12),
Xw : portion of the effective web in compression.

The equilibrium of axial forces gives:
N= FC,u,f +]§d,wbeff,wxw - FT,u (530)

with
Fcuf : resistance of the column flange T-stub in compression according to 5.2.2
considering fig = fia ',
berw : column web effective width according to Equation (5.11),
fia,w : design bearing strength of the web:

. NC,u - 2FC,u,f

fj‘d,w a < fjd,max (531)

beff,wzw
Thus the length of the web in compression is:
_ N+FT,u_FC,u,f

Beftw fig

Xy

(5.32)
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The in-plane bending moment resistance is given by:

X
A/Ij,ip,u = FT,uZT + ZCOFC,u,f + waeff,wfjdjw (Zw - TW) (533)

Behaviour type 4 (see Figure 5.2 d)) corresponds to the case in which the effective width of the
column flange and more than half of the web effective length are fully under compression. This
system of internal forces is valid provided that the following criteria are respected:

beff,c + Zy SXC < beff,c + 2ZW (534)

2y <y <224, (5.35)

With more than half of the effective area of the base plate under compression, it has been
observed numerically that failure does not occur in the tensile area and, as a result, it is proposed
to reduce the tensile force Fr considering the following expression:

2z, — X
FT:FT,uu

Zw

< Fr, (5.36)

The tensile force transmitted by the anchor bolts is thus equal to zero when the left T-stub in
compression start to be activated.

The equilibrium of the axial forces gives:
N= FC,u,f +Jgd’wbeff,wxw - FT (537)

Inserting (5.36) in (5.37), one obtain the length of the web in compression:

 N+2Fp, —Fcur

B Fry 5.38
bl (5.38)

ZW
The in-plane bending moment resistance is given by:

Xw

X
Mo = Frzq + 2coF o + Xwhetindiq (Zw - EW) (5.39)

Behaviour type 5 (see Figure 5.2 e)) corresponds to the dominant compressive force. The
ultimate in-plane bending moment resistance is calculated according to:

h * (b ff,c — (X - X - 2ZW ))
]Mj,ip,u = [beff,c - (xc —Xw — 2ZW)]Zeff,cfjd’f ?C tc — —— c 5 v c (540)
with N=Feus= Fouw T 22wleftefig g (5.41)
Xw — .
" Zeff,C/?d,f

An example of the application of this calculation procedure is given in the appendix at the end
of this chapter (section B.2).
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5.3.3 Comparison against experimental and numerical results
e Comparison against the experimental tests of INSA Rennes

The bending moment resistances obtained from the analytical approach are compared against
the experimental tests carried out at INSA Rennes and presented in detail in sub-chapter 3.7.
The ultimate bending moment resistances as well as the ratio between the experimental and
analytical results and the failure modes are presented in Table 5.3. The ratio between results is
very satisfactory.

Table 5.3: Comparison of the analytical results against the experimental tests for in-plane bending moment

Experimental Analytical Ana/Exp
Specimen Maximum bending . Maximum bending .

moment Mjuexp (KNm) Failure mode moment Mju,ana (KNm) Failure mode My
SPE1-MO 43,2 Mode 2" 43,4 Mode 2 1,00
SPE2-MO 48,5 Mode 3 50,7 Mode 3 1,04
PB-1 71,0 Mode 2 67,0 Mode 2 0,94
PB-2 82,3 Mode 2 81,2 Mode 2 0,99

*During tests, prying effect did not develop due to initial imperfection. However, Mode 2 is still considered for this case, since
the base plate yielded.

e Comparison against the numerical results of the parametric study

The M-N interaction curves corresponding to the bending moment resistances obtained from
both models presented in 5.3.1 and 5.3.2 are compared against the curves given by the
parametric study. In most cases, the resistance obtained by the analytical models is lower than
the numerical resistances and so the models can be used with confidence as their predictions
are mostly on the safe side. The differences between the numerical and analytical results, for
both proposed models, exhibit better agreement when the failure occurs by anchor bolt rupture
in tension than by column yielding. This fact has to do with the complexity in characterizing
the behavior of the assembly when subjected to high axial compressive loads and also to the
development of strain hardening. For the cases in which the connections were subjected to a
tensile force, the results obtained by the models are identical (blue and green curves). The
maximum bending resistance obtained with the simplified analytical model is slightly unsafe
for specimens P5 and P6 mainly due to the fact that half the resistance of the column in
compression is considered in the T-stub in compression. For safer results it could be preferable
to replace it by the resistance of the column flange and web in compression as for the full
analytical model.

Laura da Silva Seco 196



COLUMN BASE PLATES UNDER 3D LOADING

5 ANALYTICAL MODELS FOR RESISTANCE

2500

N (kN)

2000

1500

1000

500

M (KNm)

40 80 120

-500
® Numerical
—— Analytical model EN1993-1-8
—— Simplified analytical model
—— Full analytical model

Figure 5.3: M-N interaction curves for P1

1200 lN (kN)

800 1

400- ®

-20 0 80
°
e’
-400- @
® Numerical
Analytical model EN1993-1-8
—— Simplified analytical model
—— Full analytical model

Figure 5.5: M-N interaction curves for P3

2500 -
N (kN)

®
2000 °
1500 -
1000 A
500 -

M (KNm
O T ( ) 1
80 120

-500 -

® Numerical

Analytical model EN1993-1-8
—— Simplified analytical model
—— Full analytical model

Figure 5.7: M-N interaction curves for P5
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Figure 5.4: M-N interaction curves for P2
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Figure 5.6: M-N interaction curves for P4
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Figure 5.8: M-N interaction curves for P6
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5.4 Out-of-plane bending moment

5.4.1 Analytical model/general hypothesis

A simplified model is here proposed for the calculation of the resistance of column base plates
subjected to axial force and out-of-plane bending moment. The final proposal is based on a
parabolic interaction that was suggested by the parametric study. Before developing these
equations, it is shown that with the force distribution presented in Figure 5.9, the parabolic
interaction can be adequate. It is assumed that the out-of-plate bending moment is balanced by
an uniformly distributed force in the tensile and compressive area along the effective width of
the column flange besrc (See Figure 5.9). Concerning the compressive area, this hypothesis
seems rational. For the tensile area, the lever arm can be underestimated or overestimated
(depending on the position of the anchor bolts) and so the maximum bending moment. To
evaluate the contribution of both compressive and tensile sides fcu and f., the position of the
neutral axis Xc must be determined.

Jj.opsu

y

|
bcff,c
[
|
|

i

Xc

-

Figure 5.9: Mechanism of internal forces considered in the analytical model for out-of-plane bending moment

The uniformly distributed resistances along the column flange effective width fi, and f are
calculated as follows:

_ NT,u
Jru™ bure (5.42)
Ncy
fou= 5o (5.43)
eff,c

with
N, : tensile resistance of the connection,
Nc.u, : compressive resistance of the connection,
befr,c : column flange effective width according to Equation (5.9).
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The equilibrium of axial forces gives:
N = jéjuxc _j;’u(befﬁc - xc) (544)

Inserting (5.42) and (5.43) in (5.44), one obtain the position of the neutral axis Xc:
N+ Nry

X = begr,e N—c,u FNra (5.45)
The ultimate bending moment resistance M op,u IS Obtained from:
M,y = Mg, + My, + N(beff’C ) (5.46)
jop,u — MCu T,u P — X .

with
Mc,u : bending moment about neutral axis produced by the force acting in the
compressive area:

x>
Mc, = fc,u'j (5.47)
Mt : bending moment about neutral axis produced by the force acting in tensile area:

2
b —
My, - ﬂ,u'( = x.) (5.48)

The previous equation is parabolic (see Figure 5.10) and can be conveniently rewritten as:

Mg = Mo [1 - (N—_fom“ﬂ (5.49)
with Nygonax = w (5.50)
oy = w (5.51)
Mg = o 27 T (552)
N
.

NMmax7

T,

Figure 5.10: Parabolic interaction curve M-N
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The choice of befr is acceptable for the compressive area, but the proposal regarding the tensile
area is rather questionable. The lever arm can be underestimated or overestimated (depending
on the position of the anchor bolts) and so the maximum bending moment. To avoid these
inconsistencies, the contribution of the tensile area to the maximum bending moment is
evaluated considering that the tensile resistance develops at the anchor bolts location. The
maximum bending moment becomes:

Mop,u,max = ZT,opFT,u + ZC,och,f,u (553)
with

Fc,f,u = beff,cleff,cfjdjmax < bctfcfy,c (554)

Parameters zrop, Zcop are given by:

w
Trop =5 (5.55)
b C* bb

zc op ZC ? S Tp (556)

An example of the application of this calculation procedure is given in the appendix at the end
of this chapter (section B.4).

F

Tu L F

Figure 5.11: Mechanism of internal forces considered for the calculation of Mopmax

5.4.2 Comparison against experimental and numerical results
e Comparison against experimental test results

The bending moment resistances obtained with the model described in 5.4.1 are compared
against the experimental tests carried out at INSA Rennes and presented in detail in sub-chapter
3.7. The ultimate moment bending resistances as well as the ratio between the experimental and
analytical results and the failure modes are given in Table 5.4.

Laura da Silva Seco 200



COLUMN BASE PLATES UNDER 3D LOADING 5 ANALYTICAL MODELS FOR RESISTANCE

Table 5.4: Comparison of the analytical results against the experimental tests for out-of-plane bending moment

Experimental Analytical Ana/Exp
Specimen Maximum bending . Maximum bending . )

moment Mjuexp (KNm) Failure mode moment Mij,uana (KNmM) Failure mode M.
SPE1-M90 36,2 Mode 2 333 Mode 2 0,92
SPE2-M90 43,7 Mode 3 40,9 Mode 3 0,94

The results presented above show a fairly good agreement between the experimental tests and
the predictions of the proposed analytical models for the estimation of the out-of-plane bending
resistance of column base plates. For SPE1-M90 and SPE2-M90, the proposed model predict
the resistance on the safe side with an error of 8% and 6%, respectively. Moreover, the failure
modes predicted are identical to those observed experimentally.

e Comparison against the numerical results of the parametric study

The bending moment resistances obtained from the model described in 5.4.1 are compared
against the results of the parametric study (see sub-chapter 4.4). The interactions curves M-N
produced by the parametric study and those predicted by the analytical models are depicted
below. In general, the values predicted by the analytical models are in good agreement with the
numerical models. Except for specimens P1 and P4, in which the resistance is overestimated in
certain cases, the analytical curves are circumscribed by the numerical interaction curves.

2000 ¢ N (kN) 2000 g - N (kN)
1500 - 1500 -
1000 - 1000 -
500 A 500 -
M (KNm)
0 i 0
80
Y )
-500 -500
® Numerical —— Analytical model ® Numerical Analytical model
Figure 5.12: M-N interaction curves for P1 Figure 5.13: M-N interaction curves for P2
1500 - 1500 -
N (kN) N (kN)
1000 S 1000 A
500 A 500 -
M (kNm) M (KNm)
0 1 0 1
30 30
-500 -500
® Numerical Analytical model ® Numerical Analytical model
Figure 5.14: M-N interaction curves for P3 Figure 5.15: M-N interaction curves for P4
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Figure 5.16: M-N interaction curves for P5 Figure 5.17: M-N interaction curves for P6

5.5. Biaxial bending moment

5.5.1 Analytical model/general hypotheses

Recent studies on the behavior of column base plates subjected to bending moment about both
strong and weak axis, discussed in section 2.3.3 of this thesis, proposed elliptical curves for the
interaction between in-plane and out-of-plane bending moments. The parametric study of the
present report confirmed that this proposal is adequate in presence of H profile and dominant
bending moment or compressive force. For | profile, this elliptical interaction is quite
conservative, whereas it becomes unsafe in presence of a dominant tensile force. For these
reason, a more rigorous model, based on mechanical principles, is necessary for the evaluation
of the interaction between in-plane and out-of-plane bending moments.

My

Mgo -
Interaction Mg-Mgg

(elliptical shape)

Figure 5.18: Plastic interaction curves Mo-Mgo-N

The analytical model presented here for the resistance of column base plates subjected to an
axial force and bending moment in both directions M; . consists in dividing and analyzing the
applied forces on both left and right sides of the column base plate (see Figure 5.19). Both
sides of the connections reach their plastic bending resistance and thus the connection should
be sufficiently ductile. Following the procedures described in section in sections 5.3 and 5.4,
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the analytical model is divided into three cases, according to the presence of tensile or
compressive forces applied to the sides of the connection. Then, depending on the level of the
axial force N, the model is divided into:

e dominant tensile force (see Figure 5.19-a),
e dominant bending moment (see Figure 5.19-b),
e dominant compressive force (see Figure 5.19-c).

N <0 N=>0 N>0
M. M.
Mi ip ip
M, P Mo Mop
| [ |
| | |
: : - - : -
? ? — -
M ﬁﬁ Moy M Fey Mops Foav My, Mops
F op,] tr D F op.l F ¥
tl tl -
Zr Zt Z Zeo Za p]
a) Dominant tensile force — b) Dominant bending moment — c) Dominant compressive force -
behaviour type 1 behaviour type 2 behaviour type 3
Figure 5.19: Mechanisms considered in the analytical model for biaxial bending moment
The validity domains of the aforementioned loading type are summarized below:
Table 5.5: Validity range of the mechanisms of the analytical model
Behaviour type Loading Range of validity
1 Dominant tensile force -Npy < N< Ny and My, < 2zpFp,+zpN
Ny =-Fry; Nry =2Fn,
2 Dominant bending moment Ny <N <N, and M;, < min ((ZC+ZT)FT,H+ZCN; Getzr)Fen — zTN)
N, = FC,u
3 Dominant compressive force Ny <N<Ngyand My, <2zcFcy, — 2N
NC,u = 2FC,u

Dominant tensile force (see Figure 5.19-a) consists in a system of internal forces acting on both
sides left and right. Ft) and Fy, that result from the axial force N and the in-plane bending
moment Mip are obtained as follows:

N M,

F= 3 E <0 (557)
N M,

Fy, = 5 + pn <0 (5.58)

with
zr : lever arm (distance between the anchor bolts axis and the center of the connection).
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These forces are applied on each side of the connection concomitantly with the out-of-plane
bending moments Mqp,1and Mop,r. These two bending moments equilibrate the total out-of-plane
bending moment applied to the connection:

Mop,u = Mop,l + Mop,r (559)

At failure, the resistance is reached at each side of the connection. Considering the parabolic
interaction curve proposed in the previous paragraph, the out-of-plane bending moment of each
side can be calculated.

On the left side, the limit bending moment is:

2
Ft,l _ M Mzmax l

_ op,u,max
Mop,l - ) Nmoy (560)
2 |
With Nmmax, Nmoy and Mop,u,max calculated from Equations (5.50), (5.51) and (5.53).
Inserting (5.57) in (5.60), Equation (5.60) becomes:
Mo 2
M N_NMmax - Z_lp l
— op,u,max _ T 561
Mop,l P 1 Nmoy ( )
|
On the right side, the limit bending moment is:
N 2
M [ Ftr _ {¥Mmax ]
_ op,u,max > 2
Moy, = 3 1- S (5.62)
2
Inserting (5.58) in (5.62), Equation (5.62) becomes:
N - NMmaX + —=£
MO _ Mop,u,max 1- zZT (563)

pr
2 Ninoy

Finally, inserting expressions (5.61) and (5.63) in (5.59), an expression for the out-of-plane
bending resistance is obtained:

2 2
_ N - NMmax Mi
Mop,u - Mop,u,max [1 - < Nmoy > - <ZTN ) ] (564)
moy
For the specific case of a 45° biaxial bending moment where:
M..=M.=M. = % 5.65
op ip 3,45,u \/E ( . )

Laura da Silva Seco 204



COLUMN BASE PLATES UNDER 3D LOADING 5 ANALYTICAL MODELS FOR RESISTANCE

Resistance M; sy is obtained by solving a quadratic equation as follows:

M 45 ar + Migsubr + cr =0 (5.66)
with
At = b> — 4arcr (5.67)
PR
! (or Nmoy)2 (5.68)
br = 1 (5.69)
Mop,u,max
N = Nytmax |
cr = <Ty> —1 (5.70)
The positive solution of this equation is:
Miasu = %A_T (5.71)

In presence of dominant bending moment (see Figure 5.19-b), a tensile force is applied on the
left side Ft;and a compressive force on the right side Fc, that can be obtained by:

Mi orN

Fy=-m2 + =<0 (5.72)
Mp (XcN
_ My | acN 5.73
Fer 2z i 2 (5.73)
with
ot (5.74)
2

ar = Z;C (5.75)
ac= 2 (5.76)

These forces applied on each side of the connection concomitantly with the out-of-plane
bending moments Mop, and Mop,r, and ultimate limit states is reached on each side. Again,
considering the parabolic interaction curve, the limit for the out-of-plane bending moments are:
On the left side:

2

Ny
M F. — max
Moy = =252 1 - 2 T 2 (5.77)
Yy
2
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On the right side:
N 2
_ Mop,u,max Fc,r — %
Mop,r - 2 1 - Toy (578)
2

Inserting equation (5.72) and (5.73) in (5.77) and (5.78) respectively it is obtained:
On the left side:

Moy 2
Mopumax orN = NMmax — Elp
My, = — 1- 5.79
op,l P Nmoy ( )
On the right side:
M\ 2
— P
My, = Mopsanas || _ (1267 Nvmar * 7 (5.80)

p.r
2 NmOy

The total out-of-plane bending moment resistance is thus:

2 2 2
1 aTN- NMmax 1 OtcN- NMmax Iui Iuip
M o =M, | — o —2mx) - - Na,. — 5.81
J,0p,u op,u,max [ 2< Nmoy 2 Nmoy ENmoy 2ZN. 2 (OCC OCT) ( )

moy

For the specific case of a 45° biaxial bending moment where:
Mys

Mop :]Mip = A4j,45,u = ﬁ (582)
Resistance M sy is obtained by solving a quadratic equation as follows:
M a5 ang + Migs by + oy =0 (5.83)
with
AM = bl%/l - 4aMCM (584)
1
am=-—3 (5.85)
(ZNmoy)
1 N(ocC — o)
by = + 5.86
M Mop,u,max Ej\lmoy2 ( )
1[(@-N = Nytmax) >+ (0N = Nytmax)”
ey = = (ac Mma: ) (20‘1" Mma: ) 1 (587)
2 Nmoy
The positive solution of this equation is:
-by +4/A
M50 = M VM (5.88)
2(1]\/[
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In presence of dominant compressive force (see Figure 5.19-c)), the system of internal forces
Fciand Fer, resulting from the applied axial load N and the in-plane bending moment Mp is
calculated from:

= My >0 5.89

C,l - 5 - 2ZCO ( " )
_N Mip

F., = 5+;CO> 0 (5.90)

These forces are applied on each side of the connection concomitantly with the out-of-plane
bending moments Mop, and Mop, and failure is reached on each side. Again, considering the
parabolic interaction curve, the limit out-of-plane bending moments are:

On the left side:

2
Num
M FC | — __Mmax ]
_ Mopumax |, > 2
Mop) = =25 [1 B (5.92)
2
On the right side:
M F. — NMmax ?
_ op,u,max _ c,r 2
Mgy, = 5 1 S — (5.92)
2
Inserting equation (5.89) and (5.90) in (5.91) and (5.92) respectively it is obtained:
On the left side:
M\ *
M N— NMmax Tz
_ op,u,max _ C 5.93
Mo, L N (5.93)
On the right side:
M\ *
M N— NMmax +—2
M, opumax |, ZC (594)

pr =
2 Ninoy

The total out-of-plane bending moment resistance is thus:

2 2
N-— NMmax Mip
- ( Nmoy > - <ZCNm0y> ] (595)

For the specific case of a 45° biaxial moment where:

M opu = Mop,umax

Mys

Mop = A/[ip: A/[j,45,u = E

(5.96)
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Resistance M; sy is obtained by solving a quadratic equation as follows:

M 4s’ac + Migsybe + cc =0 (5.97)
with
Ac = bE — 4accc (5.98)
go—
¢ (vc Nmoy)2 (5.99)
be” Mop,lu,max (5.100)
N — Nyimax |
cc= (T_y) —1 (5.101)
The positive solution of this equation is:
Miasu= % (5.102)

An example of the application of this calculation procedure is given in the appendix at the end
of this chapter (section B.5).

5.5.2 Comparison against numerical and experimental results

e Comparison against the experimental tests of INSA Rennes

The analytical ultimate bending moment resistances are compared against the experimental test
results carried out at INSA Rennes and presented in detail in sub-chapter 3.7. The ultimate
bending moment resistances deduced from the experimental test results and those predicted by
the analytical approach are summarized in Table 5.6.

Table 5.6: Comparison of the analytical results against the experimental tests for biaxial bending moment

Specimen Experimental Analytical Ana/Exp
Mj,u,exp (kNm) Mj,u,ana (kN m) -

SPE1-M45 39,4 415 1,05

SPE2-M45 47,3 46,3 0,98

The results presented above show a fairly good agreement between the experimental test results
and the proposed analytical models for the estimation of the resistance of column base plates.
For specimens SPE1-M45, the proposed model overestimate the resistance by 5%.

e Comparison against the numerical results of the parametric study

The bending moment resistances estimated by the calculation procedure given in 5.5.1 are
compared against the results obtained in the parametric study (see sub-chapter 4.4). In general,
the values obtained by the analytical models underestimate the resistances obtained by the FE
analysis. Looking carefully at the interaction curves at collapse depicted in Figure 5.20 to Figure
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5.25, it can be seen that the analytical curves are generally circumscribed to the numerical
curves, revealing a good accuracy of the obtained results with an acceptable safety margin,
except for specimens P3 and P4. Similarly to the cases studied for in-plane and out-of-plane
bending moment, for biaxial bending moment the model gives accurate results when subjected

to a tensile force.

2000 ¢ N (kN)

1500 +

1000 -

500 A

-500

® Numerical

Analytical model
——Elliptical curve

Figure 5.20: M-N interaction curves for P1
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Figure 5.22: M-N interaction curves for P3
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Figure 5.21: M-N interaction curves for P2
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Figure 5.23: M-N interaction curves for P4
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M (KNm)

60 90
-500
® Numerical ® Numerical
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Figure 5.24: M-N interaction curves for P5 Figure 5.25: M-N interaction curves for P6

5.6 Concluding remarks

Two analytical models (simplified and full analytical models) were developed and presented
for the estimation of the ultimate resistance of four bolts column base connections subjected to
the combination of an axial tensile/compressive force and in-plane bending moment. The
calculation procedures are treated separately for in-plane and out-of-plane bending moment.
For out-of-plane bending moment a parabolic interaction curve is proposed. In presence of
biaxial bending moment and axial force, a simplified approach was presented for the calculation
of the ultimate bending moment resistance, based on a plastic redistribution of the applied
forces between both left and right sides of the column base plate (see section 5.5.1).

The results obtained by these analytical models were compared against the experimental and
numerical results, in order to demonstrate its applicability within the range of the studied base
plate configurations and applied loading cases. The agreement between the ultimate resistances
is overall satisfactory. The analytical models underestimate the resistances and therefore can be
used with confidence (safe side). For some cases, an overestimation of the resistance was
observed, although with an acceptable error. Due to its simplification, the analytical results for
high levels of applied axial compressive force show less good agreement. The predictions for
the resistance showed higher accuracy for the cases in which the collapse was governed by
anchor bolts rupture in tension.

Regarding out-of-plane and biaxial bending moments, the proposed analytical model assume a
plastic redistribution of the forces in the connection. This assumption excludes failures
developed in the concrete components activated by the transfer of tensile forces and columns
of class 4.
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APPENDIX B

B.1 Joint configuration

The proposed analytical model is applied to a column base plate in order to present the main
steps of the calculation. The studied column base plate is built considering the configuration
and nominal material properties of SPE2-MO0. This information is summarized in Figure B.1
and Table B.1. The design bending resistances of the connection are calculated for a
compressive force of 800 kN and contain also:

e the in-plane bending resistance calculated according to the simplified and full analytical
model in section B.2 and B.3 respectively,

e the out-of-plane bending resistance in section B.4,

¢ the biaxial bending resistance for 45° in section B.5.

Partial safety factors and coefficients are considered as: ko = 0,9; yc = 1,5; ymo = 1; ym2 = 1,25.

50 | 200 |50
i | sl 4 818 =
L | - L
§ Steel column = ~
2 /HEﬁ 2005355 g8 65 2
Steel base plate Anchor bolt
330x300x10 (or 20) mm > ,_Iﬂ{ M1656 =
SM5 N ATY . a1 © o |8
= 70] 160 |70
SRl v
N 300
= v <
= R ] Anchor bolt washer
N N v |~ 50x50x10 mm
v N : < %/
< | - . _ .
) Concrete foundation
. ﬁ o \/\ . Le /{:2550 1450x000x610 mm
g L
Figure B.1: Joint configuration of the worked example
Table B.1: Geometry of the worked example
Column steel profile Base plate Anchor bolts Concrete
he (mm) 190 hpp (Mm) 330 d(mm) 16 ht (mm) 610
be (mm) 200 bpp (Mm) 300  do (mm) 18 bt (mm) 900
twe (Mm) 6,5 tbp (Mm) 20 As(mm?) 157  df (mm) 1450
tre (Mm) 10 ex (mm) 35 Lb (mm) 350
Geometry A (mm?) 5380  exi(mm) 35 Lemb (Mm) 300
Iy (cm?) 3692 p (mm) 260  hph (mm) 10
Wty (cmd) 4295 e (mm) 70 dw (mm) 50
I (cm?) 1336 w (mm) 160
Wi,z (cm?) 203,8
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Table B.2: Material properties of the worked example

Column steel profile Base plate Anchor bolts Concrete
. E (GPa) 210 210 210 Ecm (GPa) 31
Material
roperties fy (MPa) 355 275 300 fem (MPa) 33
prop f, (MPa) 490 430 500 fa (MPa) 25

B.2 In-plane bending moment resistance: simplified model
e Tensile resistances
The length my is:
my = ey — 0,8av2 =27,1 mm
The circular and non-circular effective lengths are:

leficp = min(2my; wmy+ 2e; wmy +w) = 170 mm

lefine = min(4my + 1,25e,; 2m,+0,625¢, + e; 2m, +0,625¢, +w/2; by/2) = 146 mm

The effective length of failure mode 1 is:
leff,l = min(leff,cp; Zeff,nc) = 146 mm

The anchor bolt elongation length and its limit are:

Ly =ty + tyy* 0,4d + 8d = 164,4 mm

8,8m3 A ny,

Ly =23,5mm
2 Lot 1 Bop

And thus prying effects does not develop as:
Ly <Ly

Failure modes 1-2 and 3 should be considered for the evaluation of the resistance of the T-stub
in tension.

The plastic bending moment resistance of the base plate and the resistance of anchor bolts in
tension are:

M,

oLLRd = 0:250esr 1 15, Tywp” ao = 4015 kNmm

katwAs
M2
The resistances of failure mode 1-2 and 3 are:

Rd = =56,5 kN

M
R % =297 kN

X

FT,S,Rd = 2Ft,Rd = 113 kN
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Then, the design resistance of the T-stub in tension is given by:
Frrq = min(FrorasFr3Ra) = 113,0 KN
And the tensile resistance of the connection:
Nrgg=226,1 kN
e Compressive resistances
From the section 2.4.2, the bearing strength of the concrete fjgmax is taken equal to:

o
fjd,max = IBjabﬂ((‘;d = abfyL = 20,5 MPa

C

with

d
L g 3l=18s

e = min | 1+ —
of [ max(hbp;bbp) hbp bbp

p.=2/3

The additional effective width ¢ is:

. A
¢ =ty 2 V2a,, = 61,6 mm
2fjd,max

For column flange T-stubs, the effective width and length are:

Befre = tre +2¢° = 133,3 mm

lefre = min(b + 2¢7; byp) = 300 mm

For the column web T-stub, the effective width and length are:
Beiw = bye +2¢ =129,8 mm

Zeff,w =h.— 2¢" - 2t;, = 46,7 mm

The resistance in compression of the column is:

Af,
y.c
Nera= —25=1909,9 kN
MO

The effective bearing strength of concrete is:

£.7=min M-f = 20,5 MPa
id 2beff,cleff,c > jd,max ’

The resistance of a column flange T-stub in compression is:

FC,Rd :fjd befﬁc Zefﬁc = 821 kN
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The resistance in compression of the connection is thus:
NC,Rd = 2FC,Rd = 1643 kN
e In-plane bending resistance

The axial force applied to the connection is equal to 800 kN and it is necessary to classify the
behavior of the connection based on the three limits N1, N2 and Na:

N] = _FT,Rd = -113 kN
Ny =Fcra — Frra =708 kN

N3 :FC,Rd = 821 kN

Behaviour type 3 should be considered (dominant bending moment with critical compressive
force):

N, <N=800kN <N,
The lever arms are:

zr=he/2 + e x =130 mm

Zco = hc/2 — tfc/2 =90 mm
The in-plane bending moment resistance M;,ip,rd IS Obtained as follows:

M;ipra = (27t 2co)Fera — 2rN=76,7 kKNm

B.3 In-plane bending moment resistance: full model
e Resistances in compression

For the application of the full analytical model, it is necessary to calculate new values of the
bearing strength of concrete.

The resistance of the column flange and web in compression is:

Wi
Fofora = ; P YC — 8471 kN

el

The effective bearing strength of concrete on the flange T-stub is:

F c.fc,Rd

]?d,f = min( ;]Ed,max> = 20,5 MPa
The resistance of a column flange T-stub in compression is:
Fegra Tfigr bette letre = 821 kN

The effective bearing strength of concrete on the web T-stub is:

beff,cleff,c

Ncrd — 2F ford

fjd,w = min< ;jgd,max> =20,5 MPa

Destwlefrw
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The resistance of a column web T-stub in compression is:
FC,W,Rd = 125 kN
e In-plane bending resistance

The axial force applied to the connection is equal to 800 kN and it is necessary to classify the
behavior of the connection based on the four limits N1, N2, Nsand N3™

Nl = FT,Rd: -113 kN
N2 = FC,f,Rd - FT,Rd = 708 kN
N3 :FC,f,Rd +FC,W,Rd/2 _FT,Rd = 771 kN

N;" =Fcgra + Fewra = 946 kKN

Behaviour type 4 should be considered (dominant bending moment with critical compressive
force):

N; <N=800kN<N;"
The length of the web under compression is:

_ N+ 2FrRa — Fegra

Xy F =27,3 mm
T,Rd

befﬁWf_]:d,W + Z.,
with

_ s le _

Zy =Zco —C ey =233 mm
Then, the in-plane bending resistance is:
2z, — X X
M;ipra = F T,Rd% zr + zcoFc gra T XwDettwdig (Zw - TW) = 86,8 kNm

B.4 Out-of-plane bending moment resistance

When the maximum out-of-plane bending moment develops, the lever arms are:

w
Top = 5 = 80 mm
b, ¢ b
ZC,op = MiN (ZCJr? ; %) =75 mm

The compressive force that develop is equal to:
Fc,f,Rd =min (beff,cleff,c/gd’max 5 bctfcfy,c) =710 kN
The maximum out-of-plane bending resistance is:

Mop Rd,max = ZT,0pF T,Rd T ZC 0plc.fRd = 62,3 KNm
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The necessary forces for the evaluation of the final bending resistance are taken as:

Nerd = N
NegMima =~ "= T08 kN

Nega + N
Moy = =" = 934 kN

The out-of-plane bending resistance calculated for an applied axial force of 800 kN comes:

2
N— N,
Mj,op,Rd = Mop,Rd,max [1 - <W) ] =61,7 kNm
Rd,moy

B.5 Biaxial bending moment resistance

Assuming an elliptical interaction, the bending resistance for an inclination of 45° is:

V2
M

j,45,Rd = | |
2 + 2
j (Miipra)” (Miopra)

The limits N1 and N2> for the application of the analytical model are:

=68 kNm

N] = FT,Rd: -113 kN

N2 = FC,Rd:821 kN

According to the values of the limits N1 and N2, behaviour type 2 must be considered (dominant
bending moment). For the calculation of the ultimate bending moment M 454, parameters awm,
bm, cm and Awm are:

_ 1 _ -5 -2
am = PR =9x10 (kNm)
(ZN Rd,moy

1 N(o — a
bM: I (C Z)

=0,019 (kNm)™
M, op,Rd,max zN Rd,moy

_ 1 (OCCN— NRd,Mmax) 2+ (OCTN_ NRd,Mmax)2
™M~ ) 2

—-1=-0,97
NRd,moy

Ay = by — dayey = 7,3%107* (kKNm)™

with

zZet 2z
< T 110 mm

N
I

S

ac =—= 1,18
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ar =S = 0,82
z
Then, the bending resistance with an inclination of 45° and a compressive force of 800 kN is:

-by + /Au

M4, = V2
J,45,u \/_ 2aM

= 59,3 kNm
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Objectives

The main goal of this thesis was to develop a model based on the Component Method for the
evaluation of the resistance of column base plates and beam-to-concrete slab connections. The
scope of this research work was restricted to rigid or semi-rigid column base plates with four
anchor bolts subjected to a combination of axial tensile/compressive load and bending moment
in one or both axis directions. This study aimed to analyse several configurations and its
behaviour under the abovementioned loading conditions.

This objective was achieved by conducting four main research lines:

1. Literature review — allowed to analyze and document the existing methodologies and
identify the aspects to be improved in order to develop a simple but innovative model;

2. Experimental program — a total of six experimental tests on column base plates and
three on beam-to-concrete slab connections subjected to pure bending (in-plane, out-
of-plane and biaxial bending moment) were carried out and constitute a reliable
database for the validation of the proposed analytical models since there are few
records of tests performed in bending other than in-plane. These tests provided an
insight view into the actual behavior of these types of connection in the elastic and
plastic domain. The main parameters that influenced directly the joints response (base
plate thickness, diameter and steel grade of the anchor bolts) were identified due to
the literature review and analysed. The impact of the arrangement of the anchoring
system as well as the base plate configuration, the column cross-section and the
presence of stiffeners welded to the column flanges were also addressed:;

3. Numerical study — the experimental program was supplemented by several FE
analyses conducted on different configurations subjected to different loading
conditions (M+N). These models combined geometrical, material and contact
nonlinearities allowing to understand quantitatively and qualitatively the global
behavior of the connections. An extensive parametric study was carried out to
evaluate the influence of the geometry and material properties on the ultimate
response of column base plates;

4. Analytical study — the analytical approach was divided into in-plane and out-of-plane
bending moment. The model for in-plane bending moment resistance was divided into
two models — simplified and full — to take into account or not the resistance of the
column web in compression. The calculation procedure to estimate the ultimate
bending moment resistance was compared against the experimental tests and
validated for the range of configurations studied on the parametric study.
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6.2 Conclusions

6.2.1 Experimental program

The experimental tests carried out at Laboratoire de Génie Civil et Génie Mécanique de I’'INSA
de Rennes and included in Chapter 3 of this thesis allowed to have a better understanding of the
behavior of column base plates with different configurations subjected to bending moment in
different directions. From the observed results, some patterns could be drawn in terms of
resistance, initial stiffness, rotation capacity and failure modes.

One main goal of this experimental program was to study the influence of the base plate
thickness. For that, two different thicknesses were purposely tested, 10 and 20 mm, in order to
evaluate the differences on the overall behavior with a “flexible” and “rigid” base plate. It was
concluded that the bending moment resistance and the initial stiffness of the connections
increased for the thicker base plate. On the other hand, the increase of the base plate thickness
decrease the rotation capacity. Also, the distribution of the internal forces on the base plates
were strongly affected by this parameter. For thinner base plates, a great concentration was
located at the footprint of the column flange in compression and at the level of the activated
anchor bolt row in tension. The same could not be observed for the cases with thicker base
plates, in which the stress distribution was more uniform on the compressive area. Finally, it
was also found that the base plate thickness was responsible for the different redistributions of
the internal forces to the anchoring system and for the development of prying forces.

The other objective was to evaluate the overall behavior of the column base plates subjected to
different bending moment orientations and characterize in terms of resistance, failure modes
and yielded elements. This variation of the direction of application of the bending moment
meant a decrease of the resistance for out-of-plane bending moment cases due to decrease of
the distance between the centers of compression and tension. It was also a preponderant factor
for the development of prying and the location of the contact areas. However, its contribution
had no impact on the obtained failure modes.

6.2.2 Numerical study

Numerical models were created with the Finite Element software ABAQUS for further
investigation of the behavior of the tested column base plates and beam-to-concrete slab
connections subjected to different loading conditions. The components of the connection
(base/end-plate, column/beam, weld, concrete) were generated considering three-dimensional
deformable solids with eight-node linear brick elements, except for the concrete reinforcement
modelled as two-node linear beam element. The measured dimensions of the specimens tested
have been considered in the finite element models. The main goal of these models was to
develop an accurate numerical simulation able to capture the response of the different parts of
the connection, as well as the different stress states, taking into account the complex behavior
characterized by multiple phenomena such as geometrical, material and contact non-linearities.
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Due to the observations made during the experimental tests, a special attention was given to the
interaction between the concrete and the anchor bolts since the way the anchor bolts interact
with the foundation strongly influenced the overall stiffness. Also, in order to obtain numerical
results with higher accuracy, the material non-linearity was carefully taken into account. This
way, the post-limit behavior of the elements could be accurately modelled. This was particularly
relevant during the necking of the anchor bolts.

Next, the numerical results were compared and calibrated against the experimental tests
presented in Chapter 3. From this confrontation, it was concluded that the agreement between
the results obtained numerically and from the experimental tests in terms of resistance, initial
stiffness, rotation capacity and strain distribution was quite satisfactory. Besides the fact that
the yielded elements and the obtained failure modes were the same, the numerical analyses
allowed to confirm the assumptions of yielding of the column and the welds in specimens SPE1-
MO, SPE1-M90 and SPE1-M45 from the experimental tests. As seen from Chapter 3, although
the anchor bolts played an important role on the post-limit response of the connections, the
evolution of the stress distribution on these elements could not be evaluated. The numerical
models completed the experimental tests and permitted to assess the contribution of the anchor
bolts to resist to the applied loads for all specimens. It was observed that for the cases of out-
of-plane and biaxial bending moments, a redistribution of the internal forces took place between
the anchor bolts. It was also interesting to analyse the influence of the base plate thickness and
the bending moment orientation on the variation of the location of the centre of compression.

As the numerical analyses based on the experimental tests provided accurate information about
the behaviour of the connections subjected to different loading conditions and allowed to
identify the most influential parameters on this type of connections, an extensive parametric
study was carried out and helped to understand the roll of each parameter and its influence on
the global behavior of the structure in terms of resistance and failure modes. It was concluded
that the loading conditions (level of the applied tensile/compressive axial load; orientation of
the applied bending moment) strongly affect the obtained failure modes as well as the bending
moment resistance and the initial stiffness. As the level of tensile force increased, the resistance
and the initial stiffness of the studied configurations tended to decrease. However, for
compressive loads, this was only valid for higher levels of applied force. It was also possible to
observe the development of a local buckling at the level of the column flanges for significant
axial compressive load levels, appearing sooner or later depending on the chosen column steel
profile and the orientation of the applied bending moment. Additionally, the increase of the
anchor bolts diameter resulted in an increase of the bending resistance and the initial stiffness
of the connections, for the cases the failure mode was due to the rupture of anchor bolts in
tension.

6.2.3 Analytical study

From the literature review and the observations of the experimental tests and FE analyses, three
main aspects were identified as issues to be improved on the existing calculation procedures for
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the resistance of column base plates. The first has to do with the fact that the location of the
centre of compressions varies along the loading in the elastic and plastic regions. The second
aspect is the consideration of the contribution of the resistance of the concrete and the column
in compression to the overall resistance. Furthermore, the main objective was to develop a
calculation procedure not only for in-plane bending moment but also for cases subjected to out-
of-plane bending moment with an axial force, easy to apply and based on the Component
Method.

Considering loading cases in which the axial tensile/compressive force acts simultaneously with
bending moment, three distinct design models were developed for in-plane, out-of-plane and
biaxial bending moment. For the first case, two analytical models were created in order to
calculate the ultimate resistance of the connection, considering or not the contribution of the
column web in compression (simplified and full models). For the out-of-plane bending moment
case, the proposed model was developed using a parabolic interaction curve. In presence of
biaxial bending moment and axial force, a simplified approach was presented for the calculation
of the ultimate bending moment resistance. It consisted on the division of the applied system of
internal forces on both left and right sides of the connection, assuming a plastic redistribution
of the out-of-plane bending moment.

Finally, the results obtained by these analytical models were compared against the experimental
tests and the results from the parametric study, in order to demonstrate its applicability within
the range of the studied base plate configurations and applied loading cases. The agreement
between the ultimate resistances was quite satisfactory, placing generally the analytical results
on the safe side.

6.3 Forthcoming works

During the accomplishment of this work, some relevant aspects were identified and deserve
further consideration. The issues exposed below are suggested as future works in the scope of
this thesis in terms of experimental program, numerical study and analytical models:

o from the experimental tests, it was proved that the anchor bolts were the governing
element in failure and strongly influenced the overall behavior of the connections in
terms of resistance, initial rotational stiffness, rotation capacity and phenomena like the
development of prying effect, also due to the thickness of the base plate. For this reason,
it is thought to be interesting to carry out tests in the same conditions but with different
diameters of the anchor bolts in order to be able to evaluate the differences according to
the aspects abovementioned,

e extend the experimental study to include an important compressive force combined with
bending moment and thus observe local buckling of the column,

e extend the parametric study for the cases of biaxial bending moment to inclination
angles of 30° and 60° with respect to the column major axis (and not only at 45° as
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presented), allowing to evaluate the impact in terms of resistance, failure modes, yielded
elements, yielding patterns and compare the results against the proposed procedure for
these cases,

o theanalytical models proposed in Chapter 5 were developed for rigid column base plates
with four outer anchor bolts. However, due to the diversity of configurations available
for these types of connections, it would also be important to proceed to some
modifications, namely at the level of the effective areas, to include the contribution of
additional inner anchor bolts rows,

e further research to propose analytical models that permit to calculate the initial
rotational stiffness of column base plates in presence of out-of-plane and biaxial bending
moment,

e the tests were performed on ductile column base plates, however in presence of concrete
cone failure or local elastic buckling of the column flange, the plastic redistribution
probably does not occur. The analytical model developed for plastic redistribution
should be modified.
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Pieds de poteaux par platine d’assise sous sollicitations tridimensionnelles

Mots clés : Pied de poteau, platine, flexion biaxiale, ancrage, interaction M-N

Résumé : Les pieds de poteaux ont une influence
prépondérante sur la stabilité et la rigidité des
charpentes métalliqgues. Cette these porte sur la
résistance des pieds de poteaux par platine soumis a
un effort normal et un moment bi-axial. Les pieds de
poteaux étudiés sont composés d’'une platine soudée
a I'extrémité du poteau et reliée au bloc béton par 4
tiges. Dans le chapitre I, une étude bibliographique
dresse un bilan des modéles permettant de calculer la
résistance de ce type d’assemblage ainsi que des
résultats d’essais. Le chapitre Ill est ensuite dédié a
la description et l'analyse des résultats d'une
campagne d’essais menée sur 9 assemblages
soumis a un moment dans le plan, hors plan ou de la
flexion bi-axiale. Une attention particuliere est
accordée a l'influence de I'épaisseur de la platine et
de l'orientation du moment.

Column base plates under 3D loading

Les résultats sont présentés et discutés afin de
mieux comprendre le comportement élastique et
plastigue. Cette étude est complétée par des
analyses par éléments finis dans le chapitre IV
validées par confrontation aux résultats d’essais.
Une étude paramétrique a ensuite permis d’'étendre
le domaine d’investigation en ajoutant un effort

normal et dautres configurations géométriques
(sections en HEA, IPE, diametres des tiges
d’ancrage). Un modele analytique, basé sur la

méthode des composants de I'Eurocode 3 partie 1-8,
est ensuite proposé afin de calculer la résistance des
pieds de poteau en flexion uniaxiale (dans le plan et
hors plan) et biaxiale. Le caractere conservatif de la
méthode est démontré par comparaison aux
résultats des essais et des études numériques.

Keywords : Column base plate, biaxial bending, anchoring, M-N interaction

Abstract : Column bases have a major influence on
the stability and stiffness of steel structures. This
thesis focuses on the estimation of the resistance of
column base plates subjected to a combination of
axial force and biaxial bending moment. The
investigated connections consist of a steel column
welded to a base plate and fixed to the concrete block
by means of four anchor bolts. In Chapter I, an
extensive literature review is presented, summarizing
the existing models for the estimation of the
resistance of column base plates as well as the
results of previous experimental test campaigns.
Chapter Il is dedicated to the analysis of the results
of a test campaign carried out on 9 column base
plates, subjected to in-plane, out-of-plane and bi-axial
bending moments. Particular attention is given to the
influence of the base plate thickness and orientation
of the applied bending moment.

Results are presented and discussed, to better
understand the elastic and post-limit behaviors.
These experimental results are completed with
refined numerical simulations presented in Chapter
IV. A parametric study is conducted to broaden this
investigation, by adding a normal force and other
geometrical configurations (column steel profile HEA,
IPE, diameter of the anchor bolts). Next, an
analytical model is proposed, based on the
Component Method in Eurocode 3 Part 1-8, to
calculate the resistance of column base plates under
uniaxial and biaxial bending moments. The
conservative nature of the model is demonstrated by
comparing the model predictions against
experimental and numerical results.



