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Ultimate load limit analysis of steel structures accounting for
nonlinear behavior of connections

Abstract

This thesis deals with the ultimate load limit analysis of steel frame structures. The steel frame
structure has a very ductile response and a large potential to dissipate energy, which is crucial in the
case of earthquakes. The ductility in the response of the structure comes from the behavior of the
material itself and the behavior of the semi-rigid structural connections. The semi-rigid connections
between beams and columns can significantly influence the response of the structure, sometimes up
to 30%. In this thesis, we propose a methodology for modeling steel frame structures with included
connection behavior. The idea is to model the behavior of the structural connections by the beam
elements positioned in the corners of the steel frame structure. Other members of the steel frame
structure, steel beams, and columns, will be modeled with nonlinear beam elements.

This research consists of two parts. The first part deals with the behavior of the structural steel
connections. In the second part, we present the development of the nonlinear beam element capable
of representing the ductile behavior of steel structural elements, beams and columns.

In the first part of the thesis, we define constitutive parameters identification procedure for the
coupled plasticity-damage model with eighteen unknowns. This constitutive model is very robust
and capable of representing a wide range of problems. The identification procedure was used in the
preparation of experimental tests for three different types of structural steel connections. The
experimental tests have been performed for two load cases. In the first, the load was applied in one
direction with both the loading and unloading cycles. From the experimental measurements, we
have concluded that the response of the experimental structure can be represented by the plasticity
model only because no significant change in the elastic response throughout the loading program
was observed. Therefore, we have chosen an elastoplastic geometrically exact beam to describe
connection behavior. The hardening response of the beam is governed by bilinear law, and the
softening response is governed by nonlinear exponential law. The identification of the parameters
has been successfully done with fifteen unknown parameters identified.

The two types of the experimental structures were also exposed to the cyclic loading. Measured
experimental data shows complex connection behavior that cannot be described by the plasticity
model alone. Namely, after changing load direction stiffness of the connection decreases. This
suggests that the damage model should be incorporated in the constitutive law for the connections
behavior as well. Therefore, we propose a new coupled plasticity-damage model capable of
representing the loss in the stiffness of the connection with the changing of the load direction. At
the end of this part, we also give the constitutive parameters identification for the proposed model.

The second part of the thesis deals with the theoretical formulation and numerical implementation
of the elastoplastic geometrically exact beam. The hardening response of the beam includes
interaction between stress resultant section forces (N, T and M), and the softening response of the
beam, which is governed by the nonlinear law. This type of the beam element is capable of
representing the ductile behavior of a steel frame structure, and it takes into account second order
theory effects.

Performed numerical simulations show that the proposed geometrically nonlinear beam element is
very robust and is able to provide a more precise limit load analysis of steel frame structures. By
using proposed methodology for modeling steel structures, we are able to obtain the real
distribution of section forces, including their redistribution caused by forming of the hinges and the
connections behavior.



Ultime analyse de limite de charge des structures en acier
représentant comportement non linéaire des connexions

Résumé

Cette these traite 1'ultime analyse des structures de chassis en acier,qui s'utilise souvent comme la
structure principale de support des batiments . La structure du cadre en acier est caracterisée par
une réponse tres ductile et un grand potentiel pour dissiper 1'énergie, ce qui est crucial pour la
resistance par rapport aux tremblements de terre. La ductilité dans la réponse de la structure est la
cause du comportement du matériau lui-méme et du comportement des connexions entre les
elements de la structure. Les connexions entre les poutres et les poteaux peuvent influencer de
maniére significative la réponse de la structure du cadre en acier, parfois jusqu'a 30%.L'idée est de
intégrer le comportement des connexions par les elements de poutres qui seront situés dans les
coins du cadre et la modélisation du reste serra fait avec des elements de poutres non-linéaires qui
décrirons le comportement des poutres en acier.

Cette recherche est composé de deux parties. La premiére partie est consacré au comportement des
connexions structurelles,la deuxiéme partie présente le développement de 1'élément fini du
faisceau non linéaire capable de représenter le comportement ductile d'un élément de la structure
en acier.

Dans la premicre partie de la theése, nous définissons la procédure d'identification des parameétres
constitutifs pour le modele couplé de plasticité-dégats avec dix-huit inconnus. Ce modéle
constitutif est trés robuste et capable de représenter une large gamme de problémes. La procédure
definis a été utilisée dans la préparation de tests expérimentaux pour trois types de connexions en
acier structuré. Les tests expérimentaux ont été effectués pour deux cas de charge. Pour la premicere,
la charge a été appliquée dans un sens avec les cycles de chargement et de déchargement. A partir
des mesures expérimentales, nous avons conclu que le modele de plasticité peut bien représentée le
comportement de la connexion structurale. Paramétres constitutifs ont été déterminés a partir des
résultats de I'expérimentation,on a utilis€¢ une poutre géométriquement exacte avec la loi bilinéaires
renforcement du materiale et la loi linéaire pour le ramollissement.

Egalement,on a effectué des essais expérimentaux de deux types de raccords en acier en cas de
chargement cyclique.Les données mesurées montrent que le modéle de la plasticité n'est pas assez
bon pour décrire le comportement de connexion pour ce type de charge. A savoir, en raison de
changements du sense de I'apllication du chargement, les connexions montrent moins de rigidité,
qui peut étre décrite avec un modele constitutif de dommages. Pour cette raison, nous avons
développé un nouveau modéle plasticité-dommages qui est capable d'inclure le phénomeéne
mentionné ci-dessus. A la fin de cette section est faite I'identification des parameétres constitutifs.

La deuxiéme partie de la thése de doctorat est composé de formulations théoriques et la mise en
oeuvre numérique des faisceaux géométriquement exacte . La réponse de durcissement de la
poutre comprend l'interaction entre les forces de la section résultant du stress (N, T et M), et la
réponse de ramollissement est definit par la loi non linéaire. Ce type d'élément fini de poutre est
capable de décrire le comportement ductile des structures en acier et inclure les effets du second
ordre, qui sont trés importantes pour I'analyse ultime des structures de cadre en acier.

L'¢lément fini développé de poutre géométriquement exacte et les lois définies de liaison de
comportement dans la construction en acier, offrant la possibilité d'une analyse de haute qualité des
structures en acier.En utilisant les models de poutre proposé et la méthodologie de modélisation
des structures de chassis en acier, il est possible de déterminer une distribution réaliste des forces
de section transversale , y compris la redistribution due a la formation de rotules plastiques.






Konstitutivni zakon veze za analizu grani¢nih stanja CeliCnih
okvirnih konstrukcija

Sazetak

Ova doktorska disertacija se bavi grani¢nom analizom celi¢nih okvirnih konstrukeija, koje se cesto
koriste kao glavna nosiva konstrukcija objekata. Ove konstrukcije odlikuje veoma duktilan odgovor
i veliki potencijal za disipaciju energije, $to je krucijalno za seizmicku otpornost. Duktilnost ovih
konstrukcija je posljedica karakteristika materijala (Celika) 1 popuStanja u vezama izmedu
elemenata konstrukcije. Naime, veze izmedu greda i stubova imaju veznu ulogu u ponaSanju
Celicne okvirne konstrukcije, pa mogu promjeniti odgovor do 30% u odnosu na konstrukciju sa
krutim vezama. Ideja je da se ponaSanje veza uklju¢i preko grednih elemenata koji bi se posatvili u
uglove okvira a ostatak konstrukcije moze biti modeliran nelinearnim grednim elementima, koji
opisuju ponasanje ostalih elemenata celicne konstrukcije, greda i stubova.

Rad se prakti¢no sastoji od dva dijela, prvi dio se bavi analizom ponaSanja konstrukcijskih veza, a
drugi razvojem kona¢nog elementa grede sposobnog da prezentira duktilno ponasanje elemenata
konstrukcije.

Prvi dio se sastoji od definisanja procedure za identifikaciju konstitutivnih parametara modela, gdje
koristimo povezani model plasti¢nost-oStecenje, koji sadrzi 18 nepoznatih parametara. Ovaj model
je jako robustan i sposoban da prestavi Sirok dijapazon fenomena. Uspjesno definisana procedura
identifikacije je iskoriStena kao priprema za eksperimentalno ispitivanje tri karakteristicna tipa
¢eli¢nih veza. Experimentalno ispitivanje je sprovedeno za dva razliCita tipa optere¢enja. U prvom
slucaju, optere¢enje je aplicirano u jednom pravcu kao ciklusi optereéenja i rasterecenja.
Eksperimentalno izmjereni rezultatia ukazuju, da model plastiCnosti moze kvalitetno opisati
ponasanje veza. Konstitutivni parametri modela grede su uspje$no odredeni iz experimentalnih
rezultata. U identifikaciji je koriStena elasto-plasticna geometrijski egzaktna greda sa bilinearnim
zakonom ojacanja materijala i linearnim omeksanjem. Drugi tip opterecenja pri eksperimentalnom
ispitivanju je cikli¢no opterecenje. IzvrSeno eksperimentalno ispitivanje dva tipa ¢elicnih veza za
ovaj tip optereéenja. Izmjereni podaci ukazuju da model plastiCnosti nije dovoljno dobar da
kvalitetno opiSe ponaSanje veza za ovaj tip optere¢enja. Naime, usljed promjene pravaca djelovanja
opterecenja, veze pokazuju smanjenu krutost, koja se moze opisati sa konstitutivnim modelom
oste¢enja. Iz ovog razloga, razvijen je novi model povezane plasti¢nosti-oSte¢enja sposoban da
uklju¢i pomenuti fenomen. Na kraju ovog dijela je izvrSena identifikacija konstitutivnih
parametara.

Drugi dio doktorske disertacije se sastoji od teoretske formulacije i numeriCke implementacije
geometrijski egzaktne grede sa uklju¢enom interakcijom izmedu presje¢nih sila (M, N i T) u okviru
ojacanja materijala, dok je omeksanje definisano nelinearnim zakonom. Ovaj tip grednog kona¢nog
elementa je sposoban da opiSe duktilno ponasanje celi¢nih konstrukcija i ukljuci efekte teorije
drugog reda, koji su vrlo vazni za grani¢nu analizu ¢eli¢nih okvirnih konstrukcija.

Razvijeni kona¢ni element geometrijski egzaktne grede i definisani zakoni ponasSanja veza u
celicnim konstrukcija, pruzaju moguénost kvalitetne granicne analize celi¢nih okvirnih
konstrukcije. Primjenom predlozenih grednih modela i metodologije modeliranja ¢eli¢nih okvirnih
konstrukcija moguce je odrediti realnu raspodjelu presje¢nih sila ukljuéujuci njihovu redistribuciju
usljed formiranja plasticnih zglobova, kao i ponasSanje popustljivin veza izmedu elementa
konstrukcije.
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1.1. Motivation

The steel is one of the materials (next to concrete) most frequently used in the domain of Civil
Engineering. The main interest of this research work is to master the ultimate behavior of the
moment-resistant steel frame structures. The moment-resistant steel frames are frequently used as
bearing structures in seismic regions. They have a very ductile response and a large potential to
dissipate energy, which is crucial in the case of earthquakes. These characteristics result in the
economical design of the structure and increase the resistance with respect to the seismic security.
Structural connections between beams and columns play a crucial role in the response of a steel
frame structure. They can significantly influence the response of the structure, sometimes up to
30% (Imamovic & Mesic, 2014).

The response of a moment-resistant frame structure depends on the connections behavior and steel
structural elements behavior. Steel as a construction material has good mechanical properties,
which result in smaller dimensions of the structural elements. Thin elements are sensitive to the
local buckling and stability issues. On the other hand, steel is very ductile constructive material and
thus is able to bear large deformations. Therefore, the large deformations should be combined with
the nonlinear constitutive models of plasticity or damage when describing the behavior of a steel
structural element. The nonlinear constitutive models should also be able to represent the forming
of the hinges in the load-bearing structure which eventually leads to the development of the
collapse mechanism. Development of the hinges depends on all stress resultant section forces.
Because of that, all stress resultant section forces need to be combined in a yield criterion. The
modern codes recommend certain rules about the reduction of plastic bending moment related to
the value of axial force. These rules sometimes cause difficulties in practical applications. This
work is focused on the development of the appropriate beam element, which can represent
mentioned phenomena.

The study of connections behavior is very complex because every type of connections has a
different response. In this work, we focus on three types of the structural connections: end plate
connection with extended plate, end plate connection without extension and moment resistant
connection with angle profiles. These connection types are frequently used in steel frame structures
because they are very practical for the montage of the structure. The behavior of these connection
types is very complex. Eurocode 3 (EC3, 2005) gives a procedure for the determination of load
bearing capacity and stiffness, but only for bending moment. Shear force and axial force are
neglected. Many experimental tests show that proposed procedure has its disadvantages. The main
disadvantage is in the conservative prediction of the load-bearing capacity of the connection.
Numerical analysis of the connection behavior can be performed with many nonlinear FEM
commercial programs, using 3D solid finite elements. The refined nonlinear model can predict the
behavior of a connection, but those computations are often too costly and not practical when
modeling the response of the whole structure. For this reason, we propose the usage of the beam
element as a better choice with respect to computational efficiency and reduced costs. The
constitutive parameters of the beam element can be determined from experimental tests. The main
novelty of the proposed beam element for representing the connection behavior is its ability to
represent bending, axial and shearing inelastic response, which includes the softening part of the
response, until the complete failure is reached.

Using proposed beam model capable of representing phenomena characteristic for steel member
and beam elements in corners for representing connection behavior, we will be able to perform
ultimate limit load analysis of a steel frame structure.
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1.2. Overview

Many works about steel frame structures have been published. These works can be classified into
two completely separated groups. The first group deals with connection behavior, while the second
group develops FEM beam models. The research on the connection behavior has usually been
focused on experimental tests or/and numerical simulations with refined FEM models, where
authors often proposed analytical expressions for representing the connection behavior. On the
other hand, many beam models that can be used for analysis of steel frame structures have been
developed for a wide range of problems. However, appropriate numerical modeling of the
connection behavior is still an issue. This section gives a short overview of the published works
about beam models and connection behavior.

M
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-

V = const.

»
Ko

1K)=k=5 lal==7
¢) Moment-curvature/rotation (beam model) d) Moment-curvature/rotation (refined model)
Figure 1.1 Evaluation of beam material parameters by using results of refined analysis (Dujc et al., 2010)

015
@mp

a) The failure mode of the representative part of the  b) Bending moment versus rotation curves for the end
frame member as computed by the shell model. cross-section
Figure 1.2 Refined model (Duijc et al., 2010)

Because of the good mechanical properties of the steel, cross-sectional dimensions of the structural
members can be smaller compared to the dimensions of the same member made from different
material e.g. concrete. However, because of the smaller dimensions, structural members made of
steel are more sensitive on stability issues. In the paper (Dujc et al., 2010), authors proposed
elastoplastic Euler-Bernoulli beam model with embedded discontinuity, with the hardening and the
softening part of the response included in the constitutive law of the beam. The global buckling of
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structural members is taken into account through von Karman strain measure, which is an
appropriate choice for moderate rotations. The local buckling is computed separately, on the
refined FEM model in nonlinear commercial computer program ABAQUS, see Figure 1.1. The
numerical simulation has been performed using finite shell element with geometrical nonlinearity,
while constitutive behavior is defined by the plasticity. In Figure 1.2 refined FEM model and
numerically obtained response for | steel profile are shown. The obtained response of the steel
beam in pure bending results in local buckling of the flange of the I-beam. Several numerical
simulations have been presented, all showing the good performance of the proposed beam element.

In a structural steel design, we usually use compact cross-sections that are not susceptible to local
buckling. The compact cross section beams are able to sustain large displacements and
deformations. Geometrically exact beam finite element, capable of representing large
displacements, has been presented in (Simo et al., 1984), where the constitutive model is defined as
a viscoplasticity. The yield criterion is inspired by classic works (Neal, 1961; Drucker, 1956),
where expression for interaction between section forces are explained and proposed. Several
numerical simulations presented in the paper show good performance of the proposed beam model.

Incompatible mode method in the framework of the large displacement has been presented in
(Ibrahimbegovic & Frey, 1993b), where authors presented theoretical formulation and numerical
implementation of the proposed model. They showed, that a multiplicative decomposition of the
deformation gradient into the regular and the enhanced part can be transformed to additive
decomposition of the displacement gradient. In the large displacements framework, the
multiplicative decomposition of the deformation gradient needs to be employed. This leads to the
complex procedure of deriving the constitutive equations. The transformation from the
multiplicative decomposition of the deformation gradient to the additive decomposition of the
displacement gradient is crucial for embedded discontinuity method (EDFEM), where displacement
gradient is decomposed into regular and irregular parts. In the recent work (Pirmansek et al., 2017),
authors presented theoretical formulation and numerical simulation of the geometrically exact
beam, which includes the both, hardening and softening part of the response. Several numerical
simulations applied to concrete structures show good performance of the proposed model. The
work (Kozar et al., 2017) presents material model for load rate sensitivity, which researches
application of load rate sensitive models to different types of the dynamic loading.

The influence of the connection behavior on the response of the steel frame can be included using
beam model. Constitutive parameters of the beam model need to be identified from the connection
response. The parameters identification of a nonlinear constitutive model can be very complex,
sometimes impossible to determine. The parameters identification in general case is performed in
two steps: i) defining an objective function based on experimental measurements; ii) minimizing
this objective function in order to find values of constitutive parameters used in the model.

To ensure the success of the minimization process, the choice of the objective function is critical. In
general case, the objective function can be defined as the gap between the measured and the
computed values of the response (displacement, stress, deformation, reaction force, etc.).
Minimization of the objective function can be formally written as minimization under constraint.
The weak form of equilibrium equations acts as the corresponding constraint because the weak
form of equilibrium equations has to be satisfied at every time step. The constrained minimization
of the objective function can be transferred into unconstrained minimization by using Lagrange
multiplier method (lbrahimbegovic et al., 2004). This type of minimization of the objective
function is very complex for several unknowns. In work (Kucerova et al., 2009), authors proposed
a methodology for parameters identification of the constitutive plasticity model. The proposed
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methodology splits identification procedure into three phases: elastic, hardening and softening, see
Figure 1.3. It also proposes that measured data needs to include both local and global
measurements. The local measurement depends on one constitutive parameter, whereas the global
depends on all constitutive parameters. The proposed objective function is explained in details.

300 T T T T T T
250 |
§ 200
'(__-, 150 Hardening Softening
Z 100 AN .
50 I Elastic 4
0 1 1 1
0 0.1 0.2 0.3 0.4

Prescribed displacement (mm)

Figure 1.3 Identification phases (Kucerova et al., 2009)

Connection behavior is usually analyzed as an isolated problem. A group of authors (Faella et al.,
2000) has performed detailed experimental and numerical research on the connection behavior.
They have studied the end plate connection with two bolts per row and the application of the
component method. The component method splits connection into components, where the weakest
component defines load-bearing capacity, and all components define rotational stiffness, see Figure
1.4. Eurocode 3 procedure (EC3, 2005) is based on the component method. The research of the
group of authors has been focused on the connection behavior under bending. The results of the
research are the expressions for determining the load-bearing capacity and rotational spring
stiffness of the end plate connection using the component method.
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FigUre 1.4 Component méthod
(EC3, 2005)

Many works about the experimental and numerical research on the connection behavior have been
published. In this section, we list only a few of them (Hu et al., 2012; Latour et al., 2014; Ribeiro et
al., 2015; Imamovic & Mesic, 2014). In these works, the experimental tests have been performed,
and many phenomena in connection response under monotonic or cyclic or impact load have been
explained. In most of the cases, authors proposed an analytical model for representing connection
response where the connection behavior was modeled with several parallels or serially connected
springs. The behavior of every spring was defined by the certain constitutive model, and the
softening part of the response was usually neglected. These works did not provide a methodology
for taking into account the behavior of the connections on the response of a steel frame structure.
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1.3. Aims, scopes and methodology

The main scientific goal of this thesis is to more accurately perform ultimate load limit analysis of
the steel frame structures. The proposed enhancement of the limit load analysis can be split into
two parts. In the first, which deals with connections behavior, a methodology for taking into
account the influence of the connections behavior on the global response of a steel frame structure
is proposed. In the second part, the improved beam model capable of representing the behavior of
the steel elements is presented. Combining these two parts, we are able to perform improved limit
analysis of a steel frame structure. The hypothesis in the first part of the thesis is that beam model
can be used to represent connection behavior. In the focus of the first part of the thesis is the
identification of the constitutive parameters. The identification procedure for the very general case
is developed, including an arrangement of the measuring equipment. This procedure is used as a
preparation for the experimental testing which is part of this research. Using developed procedure,
constitutive parameters can be identified from experimental measurements. The beam model with
identified constitutive parameters is used to model connections in a steel frame structure by placing
them at the corners of the frame.

In the second part, we present the improvements of the beam model in order to ensure the ability to
represent the realistic behavior of the steel structural elements, beams and columns. These
improvements include implementation of large displacements, second order theory effects, and
interaction between the stress resultant section forces in the hardening part of the response. The
softening part of the response is localized at the point.

The proposed methodology for the ultimate load limit analysis of a steel frame structure takes into
account influence of connections behavior on the global response of the structure. It also provides
real distribution of section forces and can be used to predict the collapse of a steel frame structure.

1.4. Outline

The outline of this thesis is as follow. In the second chapter, we present constitutive parameters
identification procedure for the simplest 1D model of the truss bar with the constitutive behavior
governed by coupled plasticity-damage model. In the third chapter, for a coupled plasticity-damage
beam model of a structural connection, we present the constitutive parameters identification
procedure containing eighteen unknown parameters. In the fourth chapter, we give a theoretical
formulation and numerical implementation of the geometrically exact beam model with hardening
and softening part of the response included in the constitutive law of the beam. In the hardening
part of the response, interaction between stress resultant section forces is taken into account. The
experimental tests of structural connections under monotonic load and identification of the
unknown parameters are given in the fifth chapter. In this chapter, a modification of the beam
model on the hardening response is presented. This modification relates to the use of bilinear
hardening law with no interaction between stress resultant section forces. In the sixth chapter,
experimental tests under cyclic loading and constitutive parameters identification procedure are
given. Here, we also propose a further modification of the beam model. We propose the use of the
coupled plasticity-damage model as an appropriate choice for the constitutive law of the beam
under cyclic loading. The conclusion, which summarizes all the main findings of the thesis, and the
suggestions for the future perspective of the study on this topic are given in the seventh chapter.
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Chapter 2

Identification of constitutive parameters for the 1D model

Abstract :

In this chapter, we present a methodology for the constitutive parameters identification of the 1D
coupled plasticity-damage model with eight unknowns. Both models, plasticity and damage, are
able to represent a same response during the loading process. This implies that the constitutive
parameters are dependent on each other, and that different combinations of parameters represent
same response. The difference between models can be found in the unloading process. The focus
of this chapter is the appropriate definition of the loading program and the objective function, that
are able to overcome the dependency of parameters.

In the first part of this chapter, we present governing equations of the 1D coupled plasticity-damage
model. The second part deals with the constitutive parameters identification procedure. The
conclusions are stated in the last section of the chapter.
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2.1 Introduction

In this chapter, we present a methodology for the constitutive parameters identification of the 1D
coupled plasticity-damage model with eight unknowns. Both models, plasticity and damage, are
able to represent a same response during the loading process. This implies that the constitutive
parameters are dependent and that different combinations of parameters represent same response.
The difference between models can be found in the unloading process. The focus of this chapter is
the definition of the loading program and the objective function, that are able to overcome
dependency of parameters.

In the first part of this chapter, we present a theoretical formulation of the coupled plasticity-
damage model. In the second part, we present detailed identification procedure. The identification
procedure is split into three phases. In the first phase, we identify two parameters related to
elasticity. The second phase is the most complex, where we analyze two possible cases in the
identification of four constitutive parameters. In the third phase, we identify remaining two
parameters of the softening model.

The objective function and loading program, the most important parts for the success of
identification procedure, are defined for the 1D problem.

2.2 Theoretical formulation of coupled plasticity-damage model

In this section, we present main ingredients of the coupled plasticity-damage model in the
framework of the thermodynamics. We show in particular that all these equations can be derived
from three main ingredients: the additive decomposition of the total deformation, the strain energy,
and yield/damage/softening criteria.

Deformation can be split additively into elastic part £°, plastic part £ and damage part g®, which
can be written as:

e=&"+&"+¢&° (2.1)

Total strain energy with the contribution of both plasticity and damage is written as
(Ibrahimbegovic et al., 2008):

Y(u,0,6",D,&",&%) =P (e%) + P (e, D) +EP (") +E (&) (2.2)
where following represent:

Ye(ef)=0e"-x°(0); 2" (o) = %aElo' - elastic part of the strain energy
Y, D)=0e" - " (0,D); x*(0,D) = %aDo- - damage part of the strain energy
=ZP(EP) =%§"K PEP - isotropic hardening (plasticity) part of the strain energy
29(&EN = %5" K?&? - isotropic hardening (damage) part of the strain energy
In last expressions, used notation represents: &°,&¢ are internal hardening variables for plasticity

and damage; KP®,K® are hardening moduli for plasticity and damage; D,E are damage and
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Young’s modulus; o is a stress; and y denotes complementary energy. The total dissipation
produced by this coupled plasticity-damage model must remain non-negative. By appealing to the
second principle of thermodynamics, this can be written as:

: . oy’ oy’ o= ., oyt . B,
0<D=ci-F=6| Zo-g* |+6| Zng® |4 0" - =& 4 L -8 )2
oo oo 0" D o¢ (2.3)
Pt Pt

In the last equation, we have two possible processes: elastic or plastic/damage. If we have an elastic
process, then internal variables remain frozen in time: £° =0, £° =0, D=0 and & =0, which
implies that plastic and damage dissipations are equal to zero. For the elastic process we can obtain:

e d
0<2=0 = ee=ai=E_la; 5d=ai=Da (2.4)
oo oo
Hardening stress variables q” and q° can be defined according to:
R Ll 25)
0&P ’ o0&

By assuming the last results to remain valid for the inelastic process, we can write an equation for
dissipation:

=P . d | =d
osﬂ'zaép—a“ gual D-—¢&¢ (2.6)
OEP oD o0&°
2 2"

To determine the internal variables for plastic/damage process, we need to maximize dissipation. If
we use Lagrange multiplier method for constrained minimization, we can write:

min  [-2°(c.a)-2°©.q") |= max min[<£ (©.a")+ £ (c.q)]
¢ (0.a")=0,¢" (c.0°)=0 it Ve
£L%(0,9")==D"(0,9")+7"¢"(0,0°); £L(0.0")=-D"(0.04")+7'#"(c.a")  (2.7)
¢"(c.9") =|o]-(co, ") #"(0,9°) =|o]- (o, -0")
plastic criterion damage criterion

Using Kuhn-Tucker optimality conditions, we can obtain the evolution equations of the internal
variables:

p p p

026[ :_ép+}}pa_:>ép:7}9%;

oo oo oo

oL” . .. 0g" . ., 09" oL
0= prap i 0=y

oq o b’ o 2.8)

d d '

0=£=—Da+7d%:>[')a—yd%;

oo oo oo

0L° g g 0" .4 09" oL”
O: . :_é:d'i']/d ¢p é:dzj/d ¢d ; _ — :¢d

oq aq oq oy
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The value of plastic/damage multipliers can be computed from the consistency conditions on the
stress state requiring that its evolution remains in agreement with the given yield criteria. This
reduces to requirement that the time derivative of the yield functions remain equal to zero:

% E(s—¢)

P =0 = j’=—00 2.9
¢ = 4 a¢p Ea¢p a¢p aqp a¢p ( )

oc 0o 0q° 0EP aq”

a¢d Dfléd
$'=0 =y = 9o g (2.10)

oo oo aq° 0& ag”

The values of plastic and damage multipliers can be exploited in order to obtain the stress rate
constitutive equations:

co EK® e D'K®

- . __=Z " 2.11
E+KP D!'+K¢ ( )

Using condition that in both constitutive models stresses have the same value, we can obtain a
stress rate constitutive equation for coupled damage/plasticity model:

end ED'KPK®

- 2.12
ED'KP+ED'K?+EKPK? + DK PK" ( )

2.2.1 Softening response

The presented plasticity-damage model can be further extended to the softening part of the
response. The main differences are modifications in the strain field and the strain energy (including

fracture energy):
=Y. Gars.a (2.13)
dx _

— &
&

YO =P()+5,P() (2.14)

In (2.13) £ presents the regular deformation part defined in (2.1) of the element, G s a function
which defines influence zone of the discontinuity, and z = 5.« is corresponding localized strain

representation by Dirac function positioned at X, whereas « is localized strain parameter. In

(2.14) ¥ is defined as the strain energy, and 7 represents the localized strain energy at the
discontinuity. The final modification relates to the softening criterion:

#.3) =[t| - (o, ~T(&)) <O (2.15)

where ¢ is the traction at the discontinuity, J = —KSE is the softening stress variable.
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If we use Lagrange multiplier method for a minimization with constraints, we can determine the
maximum of dissipation and obtain internal variables for softening process:

a=y, &=y (2.16)

2.3 Identification of the constitutive parameters

We assume that experimental measures, such as tensile test, have been performed providing a set of
points at the load-displacement curves. The coupled plasticity — damage model, presented before
can be used for the identification of the constitutive parameters of the material. A least squares
minimization problem is formulated in order to express that the actual constitutive parameters of
the material minimize the gap between the values provided by measurements (displacements, strain
or stresses values) and those obtained by the numerical simulation:

3(d,) =Y n(us"(d,)-u® ) (2.17)

where d, are the model parameters that we seek to identify or similar, u$(d,) and u%®are,
respectively, computed and experimentally measured values of displacements/stresses/strains and n
is weighting factor. The coupled plasticity — damage model is complex for identification because
both plasticity and damage can represent same behavior during the loading process. However, the
difference can be found in the unloading process. For that reason, the objective function in the
hardening phase needs to contain information from the unloading process.
The presented 1D coupled plasticity-damage model contains eight unknowns. The simultaneous
identification of all unknowns is very complex. Because of that, we split identification process into
three phases. The first phase contains two unknowns parameters of the elasticity: Young’s modulus
(E), and damage modulus (D) for the virgin material. These two parameters are practically one
parameter if we employ the following relation:
1

D = (2.18)

The second phase deals with constitutive parameters related to the hardening. This phase is the

most complex. Here we need to identify four parameters: N - yield axial force; KP - hardening
modulus (plasticity); N, - damage yield axial force; and K - hardening modulus (damage
model). In this phase, the identification process can be split into two possible cases: the hardening
phase in both models begins for close values of axial forces (Ny ~ Nf) and hardening phase does

not begin for close values of axial forces (Ny >> N or N, <<N; )

The first case imposes simultaneous identification of four parameters, whereas the second case
allows the identification of parameters in a two-by-two manner. The last phase deals with the
identification of two parameters related to the softening response: N, - ultimate axial force; and

K* - softening modulus. The loading program contains cycles of loading and unloading, as shown
in Figure 2.1.
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Figure 2.1 Loading program

Constitutive parameters identification for
1D coupled damage-plasticity model

v

I phase:Parameters Modulus of elasticity: E
in the elasticity E=1/D*

4

Il phase: Parameters
in the hardening

False

N o N True
IF N =N,

Plasticity: N K, Coupled plasticity-damage:
\1/ ]\r} . K;uu’ Nf-“ K(.;

Damage: N,.K, |

111 phase:Parameters

! i Softening: N
in the softening

urs

Figure 2.2 Flow chart of parameters identification
2.3.1 Application example

The tensile test is the simplest example for presenting the identification procedure of constitutive
parameters. In our example we have chosen a simple model of truss bar with only one degree of

freedom per node. The numerical simulation is taken as experimental measurements. The
identification procedure is split in three phase (Figure 2.3.).
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Figure 2.3 Response of the axial bar

The objective function appropriate for all identification phases can be written as:

3 com ex| 2 S com ex| 2 2 com ex| 2
I(d,)=a(Fm—F) +3b(Usm-Ug®) + > c(Ugm-uge?) (2.19)
i=1 i=1 i=1
where: FX" F2® are forces for different load level (Pi); ugm,ug® are displacements (Pi);
uer uge are residual displacements (unloaded points Pi); and @,b,C are constants.
The identification of the parameters is carried out with Matlab and research program FEAP. The

first is used for the minimization of the objective function (2.19), and the second for the FEM
computations.

2.3.1.1 First phase — constitutive parameters in elasticity

In the first phase, only one unknown parameter is to be identified. Three referent points at the
response diagrams (Figure 2.4a) are proposed. The shape of the objective function is shown in the
Figure 2.4b. We can see that the shape function is convex. Thus it has minimum and can be
minimized.

=
AF 0
10
Pe
Cc Measured results
should look like
b P
a —
Pa e
t 1 . .
- - - > Plabc wid’ ' 2
a b C P 1.9999

a) Loading program and measurements in the elasticity b) Shape of the objective function

Figure 2.4 Loading program and shape of the objective function (Elasticity)

2.3.1.2 Second phase — constitutive parameters in hardening

The first case is the most complex for the identification, and it cannot be split into two parts. The
damage yield axial force and the yield axial force in plasticity model have close values (Figure 2.5),
and we need to identify all four parameters simultaneously. The identification of four parameters is
possible with the same objective function. The efficiency and the accuracy of the minimization
process depend on the first guess values. If we have good starting values, we can obtain parameters
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with acceptable values of errors. The shape of the objective function, which is in four dimensions,
cannot be shown in the figure.

Py
c Measured results Pa
should look like
b
a  —
U
{ >
a b ¢ 7 Pa Py Pe

Figure 2.5 Loading program and results of measurements in the coupled plasticity-damage

The second case is simpler for identification because we can first identify parameters for the
plasticity, and then parameters for the damage model. Consider having the case where minimum
three cycles occur with typical plasticity type of the response (unloading lines parallel with first
loading line). The measured values should look like those in diagram shown in Figure 2.6

P
) F FU = f
!\ f P Py

P, Rb
e Measured results 3
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b C
a  —
t d Pf' U
al b Cu dl el fu Pa' Pb' PC' Pe'

Figure 2.6 Loading program and results of measurements in the coupled plasticity-damage

The shapes of the objective function are shown in Figure 2.7. These shapes are convex, and both
can easily be minimized.

0 150

1950 oo’ 100

a) Plasticity: N, K P b) Damage: N, K¢

Figure 2.7 Shapes of the objective function for parameters in the second phase

2.3.1.3 Third phase — constitutive parameters in softening

The identification of the constitutive parameters in the softening part of the response can be
performed using the same objective function. In the third identification phase, we have two
unknown parameters which are not dependent on each other. This independence ensures
simplification in the loading program because cycles of loading and unloading are no longer
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needed. By entering in the softening part of the response, we impose displacement at the end of the
testing spacemen and constantly measure reactive force in the load cell, such as is shown in Figure
2.8.

/PF

C
/%/9/‘ Pa
Measured results P
b

should look like

Pc
>

Ata Atb t u

ta tb tc -

Figure 2.8 Loading program and expected results of measurements in the softening response

Objective function for Ks and fu identification

240" 1800

Figure 2.9 Shape of the objective function in the third phase for unknowns: N, K?®

By taking three pairs of measured values (force and displacement), we provide identification
procedure of unknown parameters in the softening response. The shape of the objective function for
unknown parameters is shown in Figure 2.9. The shape of the surface is convex. Thus it has a
minimum.
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2.4 Concluding remarks

In this chapter, we have proposed constitutive parameters identification procedure for the 1D truss
bar. The constitutive model of the truss bar consists of coupled plasticity-damage in the hardening
and the linear law in the softening. The most important conclusions can be stated as follows:

e Proposed methodology is able to identify all unknown parameters (eight) when these
parameters are split into three phases: elasticity, hardening and softening.

e The focus of this chapter was in the constitutive models and the choice of the objective
function. In this chapter, we have shown that by using loading program, which contains both
loading and unloading cycles, we can identify all unknown constitutive parameters. These
cycles are needed in order to make a difference in the responses obtained for plasticity and
damage models. Both models can describe the same behavior in the loading regime, and only
in unloading, we can see the difference between them.
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Chapter 3

Plasticity-Damage Model Parameters Identification for
Structural Connections

Abstract

In this chapter, we present a methodology for parameters identification of constitutive model
which is able to present behavior of a connection between two members in a steel structure.
Such a constitutive model for frame connections can be cast in the most general form of the
Timoshenko beam, which can present three failure modes. The first failure mode pertains to
the bending in connection, which is defined as coupled plasticity-damage model with
nonlinear softening. The second failure mode is seeking to capture the shearing of
connection, which is defined as plasticity with linear hardening and nonlinear softening. The
third failure mode pertains to the axial force failure in the members. The theoretical
formulation of this Timoshenko beam model and its finite element implementation are
presented in the second section. The parameter identification procedure that will allow us to
define eighteen unknown parameters is given in Section 3.3. The proposed methodology
splits identification into three phases, with all details presented in Section 3.4 through three
different examples. We also present the experimental results. The conclusions are stated in
the last part of the chapter.
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3.1 Introduction

In this chapter, we present a methodology for constitutive parameters identification of the model
capable of representing the behavior of a connection between two members in a structure.
Connections have a significant influence on the nonlinear behavior of frame structures, especially
those built from the steel and the timber. There are many types of connection, and practically each
of them has something specific. Thus, the best choice of adequate model for describing these
phenomena is a very challenging task.

The Timoshenko beam (Medic et al., 2013) provides the possibility for constructing the optimal
model of this kind. There precisely, we use coupled plasticity-damage model (lbrahimbegovic et
al., 2008; Ayhan et al., 2013) with included softening part of the response (lbrahimbegovic, 2009).
Plasticity and damage models are defined with linear hardening while the softening response is
defined as a nonlinear law. Transverse displacement or shearing of the connection is defined by
plasticity model combined with hardening/softening response. The theoretical formulation of the
link element which can describe this kind of the behavior for the bending and shearing is presented
in the next section of the chapter.

Each structural element of the frame structure is modeled with the Euler-Bernoulli beam (Dujc et
al., 2010). The constitutive law is defined as plasticity with linear hardening and nonlinear
softening models. This type of beam model is adequate for slender elements where length | of the
elements versus high h ratio I/h >10. Rather, the main focus of this research pertains to the
identification of model parameters for the connection between two members of a structure.

The model parameters identification procedure can be split into three subsequent phases, following
(Kucerova et al., 2009). In the first phase, we present identification of parameters governing the
elasticity response, where we have three unknowns. The second phase deals with the identification
of parameters for coupled plasticity-damage model. Two unknown parameters are active in Euler-
Bernoulli beam and six parameters in the connection. Identification of connection behavior can be
split into the shearing and the bending. In the bending case there are two possible scenarios. First
when parameters for plasticity and damage models take very close values, and the second when the
values of parameters are not as close so that we can identify two by two parameters.

The identification of these parameters in each phase is made using a combination of two computer
programs: Matlab and FEAP (Taylor, 2008). FEAP is the finite element program which is used for
FEM analysis task in the identification process. Matlab is used for computing the minimization of
objective or cost function. Objective functions for different phases of identification are presented in
the third section of this chapter.

The outline of the chapter is as follows. In the next section, we present the main ingredients of the
proposed link element for representing the behavior of connection regarding the Timoshenko beam
(Bui et al., 2014). In the third section, we describe the global identification problem of a
connection. The fourth section presents a proposition for the experimental setup, the loading
program and all phases of identification in three different examples. In the fifth section, we also
compare examples of identification against real experimental results (Gang Shi, 2007; Mesic,
2003).
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3.2 Theoretical formulation of the Timoshenko beam audits finite element
implementation

In this section, we present theoretical formulations for the link element regarding the Timoshenko
beam. The link element is a slight modification of the Timoshenko beam defined in (Bui et al.,
2014; Nikolic & Ibrahimbegovic, 2015) with embedded discontinuity. The need for this
modification can be found in physically admissible displacement/deformation of connections.
Namely, for pure bending in the connection transverse displacement does not exist, practically only
rotation exists. If we use Timoshenko or Euler-Bernoulli beam, this condition is not satisfied. The
modification of the Timoshenko beam starts in (3.1), where we modify expression for the shear
deformation. The Euler-Bernoulli beam with embedded discontinuity (Dujc et al., 2010) is used to
represent bending behavior of members of the frame structure. The constitutive law is defined as
plasticity with linear hardening for the continuous part, while the softening at the discontinuity is
defined according to the nonlinear law.

3.2.1. Timoshenko modified beam element

The theoretical formulation of the link element - modified Timoshenko beam can be first defined

regarding its strong form of equilibrium equation. Here, we present the main ingredients of these
models.

3.2.1.1. Strong form of equilibrium equations

In Figure 3.1 we present different formulation of beam curvature measure in a given cross section.
It can be written:

Ll =y - Euler-Bernoulli beam

dx

dv .

il +y - Timoshenko beam (3.1)
X

dv . -

PVl y - Link element - modified T. beam
X

where v is shear deformation of the beam cross section.

z Euler-Bernnoulli beam
.—;;2;"/ Timoshenko beam
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Figure 3.1 Deformation of beams

The equilibrium equations at the infinitesimal beam:
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Figure 3.2 Equilibrium at the infinitesimal beam
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The relation between internal forces and deformations when restricted to linear elasticity:
M (x) = ElI c(jj—l//;v (x)=GA, (% —y/j - Timoshenko beam (3.3)
X X
M (x) = El d—l//;V(x) =GA, (ﬂj - Link element (3.4)
dx dx

By using equations (3.1), (3.2), (3.3) and (3.4) we can obtain the strong form of the equilibrium

equations:
d? d
W(Eld_y;jz_q(x) d*v El d?
Timoshenko beam: - El —4=q(x)———?
dv_  El d’y dx GA, dx
a7 GA X
2
d_z(EI d_l//jz_q(x)
: _ dx dx d?v
Link element: ——GA, =—q(x)
dv_El d'y dx
dx GA dx?

3.2.1.2. Weak form of equilibrium equations

(3.5)

(3.6)

The corresponding weak form of the equilibrium equation can be written in the standard form for

both beam models (Bui et al., 2014):

| |
G(&,¢P ¢ 0w) = o' sedx— [t Swax—F 6w =0
0 0

External force

(3.7)

where ¢=[M,T,N]" is a vector of stress resultant forces, se=|ox,dy,5" | is a vector of virtual

deformations, f=[m,q,n]" is a vector of the external distributed load, ow=[356,6w,su] is a

generalized virtual displacement and F =[Me*‘,Te*‘, N ]T is a vector of the external concentrated end

forces.
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The generalized displacements are split into regular part and jump point introducing the generalized
displacement at the discontinuity:

axt) | | e, I x>%
u(x,t) =a(x,t)+at)H (x) =| V(x,t) [+] e, (t) [H (X); HX(x):{O'_ (<% (3.8)
y(xt)] |«,) T

where a is a vector of generalized displacement jumps at the point X, H,(x) is the Heaviside
function and T(x,t) is a vector of regular displacements in the beam.

3.2.1.3. Constitutive equations for bending

In this section, we present constitutive models for bending strains, both the continuous part and the
discontinuity. The continuous part is defined with coupled plasticity-damage model, with linear
hardening and nonlinear softening. The main ingredients of the coupled plasticity - damage model
(Ibrahimbegovic et al., 2008) are:

e Additive decomposition of the regular curvature field of the beam:

K=Kk +k°+i° (3.9)
e Helmholtz free energy:
(M) 7'(M.D)
— —

P (i« D,k",EPE') =M¥* —%M (E1)"M +%EPKPEP + MK —%MDIlM +%EdeEd

[ =G e =0 (3.10)
= :S 1:3_:5. — = :S
B(E)=ZTKE: ¥O=FO+FES,

where E is the elasticity modulus, £°,&¢,&° are internal hardening variables for: plasticity,
damage and softening, respectively, M is an bending moment in the integration point, K,,K,
are hardening moduli for the damage and the plasticity models, K. is softening modulus, and
I is moment of the inertia.

e The total dissipation produced by this coupled plasticity-damage model must remain non-
negative. That can be written by appealing to the second principle of thermodynamics:

_ - 7 . 2d . EP - cd . Ed -~
0<D=Ni| Z _go || Pt |emier — = Fo O DI*-S=_&¢ (3.11)
oM oM o&" oD o0&

D=0 PP ﬁd
where ¥ is complementary energy, see (lbrahimbegovic, 2009).

e Yield functions for plasticity and damage:
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IA

#(M.0°)= M| - (M, - q°) < 0

¢*(M.q")= M| - (M;-g) <0
where M, > 0 denotes the yield stress, M¢> 0 denotes the damage stress at the beginning of the
fracture process zone initiation.

(3.12)

IN

The principle of maximum plastic dissipation states that among all the variables (M ,G") that

satisfy the yield criterion E)"(M,ap) the ones we choose are those that maximize plastic
dissipation. That can be written as a constrained minimization problem:
min,, .» max, [ L°(M,G°,7°) ==2°(M,3")+7°9P(M,q") (3.13)

M,gP m

where the plastic multiplier ® >0 plays the role of Lagrange multiplier. The corresponding
Kuhn-Tucker optimality condition is a constraint for this minimization problem, that can
provide the evolution equations for internal variables along with the loading/unloading
conditions:

oLP _ - 0 _ P3P

™M —icP +yP M =0=>«kP =yPsign(M)

oLP ;p@_ _ Ep_=p

aq =-EP +¥y aq_0_|>§ = (3.14)

¥P>0, ¢P <0, ¥PHpP =0

The correct value of plasticity multiplier 7°can be computed from the plastic consistency
condition on stress state (bending moment):

. 9" ) (e

P =0 = 7P = Gl M. _ (3.15)
6(')9 aq)P a(l)P aqp aq)P
oM aM oq° oeP aq®

The principle of maximum damage dissipation states that among all the variables (M,T") that
satisfy the yield criterion ¢° ( “’) we have to select those that maximize damage dissipation.
That can be written as a constrained minimization problem:

min,, . max,, [ L (M. 3% ) = -2 (M,6°)+7°¢ (M, %) (3.16)

where the damage multiplier ¥ >0 plays the role of Lagrange multiplier. By appealing to the

Kuhn-Tucker optimality conditions, from the last result, we can provide the evolution
equations for internal variables along with the loading/unloading conditions:
_d . . _d . .
AL _ _pMm +7¢ 9" o D=#¢ isign(M)
oM M
_:__d +;d _=O=>_d =4d
o g +y o & =y
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The damage consistency conditions can finally provide the correct value for damage
multiplier 7°:

79>0, ¢¢<0, 9! =0 (3.18)

%' 51
0<7'1 9" =0 =0 > 7' =— 2%" T (3.19)
%' 510" 06" A4 "

oM oM og” 0" o

e By enforcing the condition that bending moment has the same value in both constitutive
models, we can obtain a bending moment rate constitutive equation for coupled
damage/plasticity model and define the corresponding elastoplastic-damage tangent modulus:

CepCed
C® +C™

The remaining model ingredients define the softening response. In particular, we have:

M =C*i =C®(k-i")=C"k’ = C™ = (3.20)

e Yield criterion for the plasticity at the discontinuity can be written as:
Oty T°) =t |~ (tw, —T°) <0 (3.21)
where t, is bending traction, t,, is ultimate bending traction and q’ (zs) is softening stress
like variable at the discontinuity, which depends on internal softening variable °.

e The principle of maximum plastic dissipation at discontinuity states that among all admissible
variables (t,,,q°) that satisfy the yield criterion ¢°(t,,,g°) the ones we choose are those that
maximize softening dissipation. That can be written as a constrained minimization problem:

min_ o, max., | T (8,7 = -2 (6 8 + 779 (4, 8 | (3.22)
where ¥°>0plays the role of Lagrange multiplier, V2 =thcw+c=15§S is a dissipation of the

energy in the softening process. By using Kuhn-Tucker loading/unloading condition, the last
result can provide the evolution equations for softening internal variables:

or .= 64=>S . =g

ey =-q, +7 a, =0=>a, =v°sign(t,)

L R R (3.23)
aq aq

Y20, $°<0, ¥°¢° =0, ¥°¢°=0
For softening process at the discontinuity and elasticity process in the regular part of the beam,
we can write an expression for the final stress resultant value:

ty =—[G° (X, X)M (£, 4, )dx (3.24)
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3.2.1.4. Constitutive equations for the shear response

The constitutive law for the shear response of connection is defined as the plasticity with linear
hardening and nonlinear softening. Main ingredients for such a plasticity model are:

e Additive decomposition of shear strain into elastic and plastic:
Vo=V +¥S (3.25)

AT g (R)-

‘P(Vs’7:’_5’)7255):\?5(75’Vsigsp)-i_‘?’s(av’:ss)Si;
where G is the shear modulus, A, is shear area of the cross-section, &£°,&° are internal
hardening and softening variables, K., is the hardening modulus and Iivs is the softening

modulus.

e Helmholtz free energy:

'-GII
N |-

P, (7,.7:.8) =—7§G/Ve+ SEPK B (&

(3.26)

e The plastic dissipation produced by this model must remain non-negative. That can be written
as:

7% 05’
—
2E=0

S

OSﬂ_sp :V77s _l?:(v aLP jys V}/s __é:p (327)

e Yield functions for the shear response:
o (V.af)=V|-(V,-af)<0 (3.28)

where V, > 0 denotes the yield shear force.

e The principle of the maximum plastic dissipation which states that among all the variables
(V,qsp)that satisfy the yield criteria ¢p(V,qu)we ought to choose those that maximize the
plastic dissipation. That can be written as a constrained minimization problem:

where ¥® plays the role of Lagrange multiplier. By using the Kuhn-Tucker optimality

conditions, the last result can provide the evolution equations for internal variables along with
the loading/unloading conditions:

O R

v +7° ay = 0=> s =y"sign(V)

oLP

=k aq¢p 0= P = (3.30)

¥° >0, ¢° <0, ¥*¢" =0

e The correct value of plastic multiplier can be computed from the consistency condition, which
imposes the plastic admissibility of stress:
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. %67,
=0 =7 =N _ _ (3.31)
oV o _ 28 0Ty o3

N v g ogP an)

The remaining model ingredients define the softening response:

The yield criterion for plasticity at the discontinuity can then be written:

o (t.87) =t |- (t, -3 ) <0 (3.32)
where t, is the shearing traction, t, is the yield shearing traction and ﬁj(zs) is the softening
shear stress variable at the discontinuity x .

The principle of the maximum plastic dissipation at the discontinuity states that among all the
variables (t,,§°)that satisfy the yield criterion ¢:(t,,g°) we choose those that maximize the
plastic dissipation. That can be written as a constrained minimization problem:

min, o max,, | D680 7) = -2 (0 B+ 7. 8) (3.33)

where ¥ plays the role of Lagrange multiplier, 7>* —t,6, +q:&° is a dissipation of the energy
in the softening process. By using the Kuhn-Tucker optimality conditions, the last result can
provide the evolution equations for internal variables along with the loading/unloading
conditions:

gtLv :_avﬁs%—o:»av:?sign(m

-z =, 00 2=

= = ——=0= = '
a—ss a +y 5qss |>a Y (3 34)
¥°20, $°<0, 7°¢° =0

3.2.1.5. Finite element implementation

The finite element formulation is practically the same as the formulation for the Timoshenko beam
(Bui et al., 2014). In this section, we present only the difference between these two elements.

The finite element implementation of the model is based on the incompatible mode method
(Ibrahimbegovic & Wilson, 1991). The use of such a technique ensures that the enrichment with a
generalized displacement jump remains local, with no additional degrees of freedom required at the
global level. We consider the standard two-node Timoshenko beam and modified beam finite
element interpolations, with linear polynomials as shape functions:

N, (x)=1—(x/L);N, (x)=x/L° (3.35)

The standard interpolation of displacements at the continuous part can be written:
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)=N,(X)u, + N, (x)u,

)=N,(X)v; + N, (x)v, (3.36)
" (%) = N; () wy + N, () v

where U, , Va , v, are nodal values of generalized displacements and N, (x) is the interpolation

function for node “a”.
Thus, the corresponding interpolation of strain regular field for the modified Timoshenko beam can

be written as:

. du”
e =g T B, (X)u, + B, (x)u,
s h
y :d—:Bl(x)vl+Bz(x)v2 —>¢" =Bd (3.37)
X
dy"
K= dx _Bl(X)W1+BZ(X)W2
where:
B O 0 B, 0 0 N
B=/0 B, 0 0 B, o,s;%
X
0 0B 0 0 B, (3.38)

d’ :[ul iy U v, ‘//2]
We note that the choice we made herein is different from the standard interpolation of strain
Timoshenko beam, recall that the latter can be written:

h
i B,(X)u, + B, (X)u,

" odx

h th h

S B, (X)V, + B, (X)V, — N, (X)w; — N,(X)y, t —> ¢" =Bd
d h

L (;/; =B, (X, + B,(X)w,

(3.39)

where:
0
B=|0 B -N 0 B, —-N
0 Lo : (3.40)

dT:[ul Viyr UV, ‘//2]

This different interpolation of the strains we choose herein produces uncoupling between transverse
displacement and bending moment. Details of the finite element formulation and the computational

procedure were presented in (Bui et al., 2014).
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3.3 Identification procedure for model parameters

In the case of connection testing, the global response of a specimen can be represented regarding a
load-displacement F-u diagram. Any such curve can be related to three-phases of the connection
response: elastic, hardening and softening part (Figure 3.3). Model for the hardening behavior of
the connection is defined as the coupled plasticity-damage while the softening response is governed
by the nonlinear law. For the most general case, in the elastic phase, we need to identify four
parameters, whereas in the hardening phase eight and the softening phase another six parameters.

The identification in a general case is performed in two steps: i) definition of an objective function
based on some experimental measurements; ii) minimization of this objective function in order to
find values of constitutive parameters used in the model.

The choice of objective function is a crucial step in ensuring the success of the minimization. In a
general case, the objective function can be defined as the gap between measured and computed
response values (displacement, stress, deformation, reaction force, etc.):

3(d,) = n(ug"(d,) -u® ) (3.41)

where d, are the model parameters that we seek to identify or similar, u$"(d,) and u®®are,
respectively, computed and experimentally measured values of displacements/stresses/strains and n
is a weighting factor. The coupled plasticity — damage model is complex for the identification
because the both plasticity and damage can represent the same behavior during the loading process.
However, we can find a difference in the unloading process. For that reason, the objective function
in the hardening phase needs to contain information from the unloading process.

E | Coupled damage-plasticity |

Softening

Elasticity N .’é Unloading l/

Figure 3.3 Curve force F — displacement U
The minimization of the objective function can formally be written as minimization under
constraint:

min J(d,)=>n(u®"(d,)-u%®) (3.42)

G(o;0w)=0 i<

where the weak form of equilibrium equations G(e;0w)=0 is the corresponding constraint.
Namely, the weak form of equilibrium equations has to be satisfied at every moment. The
constrained minimization of the objective function can be transferred into an unconstrained
minimization by using Lagrange multiplier method (Ibrahimbegovic et al., 2004):

max min L(c,d;,4)=J(d,)+G(c;4) (3.43)

Vi G(oid,)=0

where A are Lagrange multipliers inserted into the weak form of equilibrium equations instead of
the virtual displacement. This type of minimization of the objective function is very complex for
eighteen unknowns.
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Such an unconstrained minimization of the objective function is split in several phases, in every
phases number of unknowns decreases to maximal of four parameters.

Constitutive parameters identification
for model of the connection

v

I phase:Parameters
in the elasticity

Bending of the conn.: £, Shearing of the conn.: G, Material parameters : E
- Local measurements - Local measurements - Local measurements
Vv

Control of results: £_ .G E

con? “con?

- Local and global measurem.

v

Il phase: Parameters
in the hardening

\
Shearing of the conn.: V=", K=" Plasticity in the beam.: M *" K,;*"
- Local measuremenets - Local measurements
V
False | Bending of the conn. True

IF M"‘ zMj.

4 y

Plasticity in conn.. M, K™ Coupled plasticity-damage in the
' conn.: M K™ M5 K5

- Local and global measurements yoo B o8
\l/ - Local and global measurements

Coupled plasticity-damage in the
conn.. M, K"

- Local and global measurements

\ . .
Failure in the beam:
beam beam
111 phase:Parameters N M K§
in the softening - Local and global
measurements
\
Shearing of the conn.: V™", K™ Bending of the conn.: M K.
- Local and global measurements - Local and global measurements

Figure 3.4 Flow chart of parameters identification

The general identification procedure of the connection model parameters is presented in the
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flowchart in Figure 3.4. The process is split into three phases, with every phase further splits into
few cases. For every case, local and global measurements are required.

Local measurements depend only on one constitutive model, while the global ones depend on all
models. This objective function is defined in a detail for different cases of the identification, in the
first example, where experimental results are replaced by those obtained from FEM model.

Unconstrained minimization methods included in Matlab are used to solve the identification
problem. In particular, we use four methods: BFGS (Broyden—Fletcher—Goldfarb—Shanno method),
DFP (Davidon—Fletcher—Powell method), Trust Region and Steepest Descent. The comparisons
between these methods are presented in the examples that follow.

The objective function for the parameters identification of the connection in a general case can be
written as:

3 3 3 3
I(d,)=Ya(Fem —Fee) + Db(UgEm-Uge) + (U -Ugh ) + Do(vem —pi) +
1 1 1 1
3 2 3 3
F Do (yEm —per) + YA (ApEm - Apae) + De(xsm - xa) D —x) +
1 1 1 1
3

+ Y0 (Angm - Axg?)’
1 (3.44)
where are: F™, Fs® - forces for a different load level (Pj); ugm™,uz® - displacements (P)) ;
USh U - shear displacements (P;); UZ",Ug? - residual displacements (unloaded point P;);
o we? - rotations of the connection (Pi); war,wed - residual rotations (unloaded point P;);
Ay =y —wa" and Ay =wo® —wa® - gradients of rotation between two different load (P;) ;
K", k5" - curvatures of the section (P)); g, x5¢ - residual curvatures of the section (unloaded
point Pi); Axg" =xmn — ke and AxSP =xof —x5' - gradients of curvature between two different

load (P)); a, b, c,d, e, g - constants.

3.4 Numerical examples

In this chapter, we present three numerical examples in order to illustrate the performance of the
proposed identification procedure. The first example serves to illustrate all cases of the identification
procedure, where the corresponding experimental results are obtained from the refined FEM model.
The remaining two examples provide the illustration of the identification procedure of model
parameters for real experimental results of the steel connection and the timber connection. Moreover,
the examples serve to illustrate that proposed identification procedure applies to parameters
identifications in steel and timber structures, the cases of the large practical interest.

3.4.1. Steel structure connection with complete set of failure modes

In this example, we present a methodology for the parameters identification which describes the
nonlinear behavior of both the connection and structural members. We need to obtain eighteen
unknowns in total. The measurement values in this example were computed on a more refined mesh
of beam elements. We practically can test all phases of the proposed identification procedure.
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3.4.1.1. Experimental setup and FEM model

In Figure 3.5, experimental setup for testing of the connection between two orthogonal steel beams
and corresponding FEM model, is shown. The horizontal beam is chosen as a much stronger than
the vertical beam, so that should ensure the linear elastic behavior of the horizontal beam during the
test. The equipment for displacements and deformations measurements is arranged, so that gives us
sufficient information for the identification of the mechanical properties. The results can be
classified as local and global measurements. The global measurements depend on all model
parameters, while the local measurements depend on only one model parameter.

Load cell measures force

- 3 ﬁr:- LVDT 1 measures disp. Us ’ 5 —5—
? : 4 0,35*I,
é
; 3 0,35*l,
Iy : LVDT 2 measures disp. Us 3 VY
:| strain gauges =
f Lors.a |03 2 0,3%1,
f 2
ok il b
[ N N bh
| |1 | Il % 7
Iy | l; | ! | |
| |
(a) Experimental setup (b) FEM model

Figure 3.5 Experimental setup and FEM model

In particular, the measuring equipment illustrated in Figure 3.5 consists of: LVDT (Linear variable
displacement transducer) 1 and 2 measure global displacements of the vertical beam at nodes 3
(u2e)and 5 (u&e); LVDT 3 and 4 measure relative vertical displacement between the horizontal

3,Pi 5,Pi

and the vertical beams, which is later used for a calculation of the connection rotation:

exp exp
_ A Ay
hvert.beam

LVDT 5, which measures relative horizontal displacement (Ug% =ug% ) between horizontal and

2,Pi
vertical beams, measures transverse (shearing) displacement of connection. Strain gauges measure
the deformation at the vertical beam which is later used for calculation of the section curvature near
to the connection, assuming the vertical beam is not loaded with axial force:

exp

(3.45)

exp

&P =—y K =K =—"—; y=[—n,ﬂ}=> ko =Kt (3.46)
y 22 2

All the measurements can be taken continuously during the test.

The FEM model is composed of six beam elements. The element number 1 is used for modeling the
connection as described in Section 3.2.1., while all other elements (2,3,4,5,6) are chosen as the
Euler-Bernoulli beams.
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3.4.1.2. Phase - Elastic parameters identification (Econ,Geon, E)

In this phase, we need to identify three parameters governing the elastic response: E.,, is the
stiffness of the connection for the bending, G.,, is the stiffness of the connection for the shear
response and E is the Young’s modulus for steel beams.

Young’s modulus E for steel beam can be obtained using the standard material tests. Alternatively,
the modulus E can be identified from the local measurement of strain gauges, separately of the
other measurements. The shearing stiffness of the connection (G.,,) can be obtained from the local
measurement of LVDT 5. The bending stiffness of the connection (E,,,) can be identified from the
local measurement of the connection rotation.

The loading program for this phase is presented in Figure 3.6. At the time (points: a',b',c'), we

measure a residual (plastic) displacement, if these measurements are equal to zero then plasticity is
not activated yet.

exp
" i
Pe
c Measured results
should look like
b Po
a —
Pa Uexp
t L} >
v v P a,b,c
a b' C

Figure 3.6 Loading program and measurements in the elasticity

By using only measurements of the rotation, we can identify the elastic stiffness (for virgin
material) of the connection. The identification problem can be reduced to one unknown if we
employ expression, which defines a dependency between elastic and damage stiffness of the
connection:

. 1
con Dd

con

(3.47)

where EZ D¢ are stiffness coefficients of the linear-elastic and the damage model.

In the elastic phase, the objective function for the parameters identification related to bending of the
the connection can be written as:

3(E5 D8 )= (v —pe ) (3.48)
1

The shearing stiffness of the connection can be obtained from local measurements of LDVTS,
where we measure a relative displacement between the horizontal and the vertical beam, which is
triggered by sliding of the connection. The objective function for this identification case can be
written as:

3(65,) =D (s -uzz) (3.49)
1

Young’s modulus of the steel beam can be obtained from the local measurements of the strain
gauges. The objective function is now defined as:

Ultimate load limit analysis of steel structures accounting for nonlinear behavior of connections



Identification procedure 34

3
J (Ebeam ) _ Z(K_;ci)m _ K_gi(p )2 (350)
1
At the end of this phase we can control results of the identification using a combination of local and
global measurements and identify all parameters simultaneously. A universal objective function can

be written as:
3

3
3(E2y D5 G E") =X (Us8 -Ush ) + Do (Ush -ush )
1 ' (3.51)

3
F el e+ (ki m )
1 1

where ¢ and d are constants defining the weights of global and local displacement measurements.

Objective function for Se and Sd Objective function for modulus G - connection Objective function for modulus E - beam
0.12 12, 0.35
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(a) OF: J(E:,.D.,) (b) OF: J(G.,) (c) OF: J(E™)

con !

Figure 3.7 Objective functions

3.4.1.3. Phase Il of identification procedure for coupled plasticity-damage model
constitutive parameters

In this phase, we need to identify eight parameters: MJ™ - bending moment of the plastic yielding

of the connection; K" - plastic hardening modulus for the bending of the connection; M{™ - bending
moment of the damage yielding of the connection; K- damage hardening modulus for the

bending of the connection; V;* - shearing force of the plastic yielding of the connection; — K&o"-

plastic hardening modulus for the shear response of the connection; M ;’e""m - bending moment of the
plastic yielding of the beam; K/*"- plastic hardening modulus for bending of the beam. For
identification procedure, these parameters can be divided into three groups: the beam parameters (
M*" Kp®"), shearing in the connection (V;",KS') and bending in the connection (

MCOH KCOI’] MCOI’] KCOH)

b,h?

3.4.1.3.1. Plasticity model for the beam failure

The model parameters of a plasticity related to the beam failure can be obtained from the local
measurements by the strain gauges. The strain gauges provide the measurements throughout the
loading program. When the plasticity is activated, we need to have values of a deformation for three
loading-unloading cycles.

The identification can be completed successfully with this kind of measurements. The objective
function for this identification case can be written as:
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3 3 2
I(KE M) = 3 (k2w ) D (2 w2 D (AxE" — Ak ) (3.52)
1 1 1
/%F T\M P Pc
c Measured results Py
should look like
b
a —
t >
a b c Pa Py Pe

Figure 3.8 Loading program and results of measuring in the hardening response

The objective function is shown in Figure 3.9a, where we can see that the function is convex, which
allows to obtain its minimum easily. The minimization of the objective function was done using
different methods: BFGS, DFP, Trust Region and Steepest Descent. Comparison of efficiency of
these methods is presented in Table 3.1:

Table 3.1 Efficiency of different methods for minimization of J (K:e M )

¥

Applied method for Number of . . Max. error of the
minimization Iterations | Evolutions Time of computation Identification [%]
BFGS 11 21 50s 0,00
DFP 45 57 95s 0,00
Trust Region 22 23 125 0,00
Steepest Descent 5 48 108s 12,55

3.4.1.3.2. Plasticity model for shearing of the connection

Parameters of the plasticity model for the shear response of the connection can be identified from
local measurement LVDT 5. In this part we use the analogy in the loading program presented
previously in this chapter. More precisely, the loading program and expected results of
measurements look the same as presented. The chosen objective function can be written as:

3 3 3
(R K ) =D (Ui -usm) + (Ui -Us) + (AU -auzs ) (359)
1 1 1

Table 3.2 The efficiency of different methods for minimization of J (Fy K2 )

Applied Method for Number of Time of computation Max. error of the
Minimization lterations | Evolutions P Identification [%]
BFGS 13 19 34s 0,10
DFP 16 45 75s 3,35
Trust Region 171 171 780s 0,59
Steepest Descent 37 150 380s 0,04

The shape of this objective function is shown in Figure 3.9b. This function is convex and has a
minimum. Results of comparison of different methods for minimization of this function are
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presented in Table 3.2.
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Figure 3.9 Shapes of Objective Functions

3.4.1.3.3. Coupled plasticity-damage model for the bending of the connection

Parameters of the coupled-plasticity model for the bending of the connection can be obtained from
all measurements. This task is the most complex, where we need to exploit measurements at the both

global and local levels, as well as previously identified values (V;™, K, MJ™" Ki*"). Here we can

have two different cases. In the first case, the value of the damage moment is significantly larger
than a yielding moment in the plasticity. In the second case, both bending moments have close
values.

The first case is simpler for the identification because we can first identify parameters for plasticity
and then for the damage model. We consider having this case when minimum three cycles occur
with a typical plasticity type response (the unloading lines parallel with the first loading line). The
measured values should look like those in the diagram in Figure 3.10.

The objective function for the identification of parameters of plasticity models for connection can be
written as:

3

3 3
I(K5m M) = (U -U2E )+ (U -UsE) + Sm(wam —we?)
1 1

, , ' (3.54)
com (4 2 com ex 2
+ Zm(l//Pi' _‘//Pi'p) + Zn(A‘//Pi _A‘//Pip)
1 1
P
F FM P f
| o Py
f P
e Measured results
d should look like
b C
a  —
t ¢/ /Py 4
Pa' Pb' Pc' Pe'

a b ¢ d e f

Figure 3.10 Loading program and results of measurements in the coupled plasticity-damage model
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The shape of the objective function is shown in Figure 3.12a. This surface is convex, and it can
easily be minimized. The minimization is performed by using four different methods. The
comparison of the results is shown in Table 3.3.

Table 3.3 Efficiency of different methods for minimization of J (Mym", K:°b>

Applied Method for Number of Time of computation Max. error of the
Minimization Iterations | Evolutions Identification [%]
BFGS 12 27 53s 0,00
DFP 39 51 91s 0,00
Trust Region 71 72 402 s 1,33
Steepest Descent 13 69 120's 14,80

Afterward, we start the identification of parameters for the damage model (M{",K{™), where the

previously identified parameters for the plasticity are kept. The identification problem is reduced to
two parameters. The objective function is the same, while only load level is different therefore we
use measured values from last three cycles (Figure 3.10).

This objective function is convex, and we can see the shape in Figure 3.12b. The minimization is
performed by using four methods. The efficiency of these methods is presented in Table 3.4.

Table 3.4 Efficiency of different methods for minimization of J (M o K;"")

Applied Method for Number of Time of computation Max. error of the
Minimization Iterations | Evolutions P Identification [%]
BFGS 14 29 64 s 0,00
DFP 50 66 137s 0,00
Trust Region 34 35 231s 10,14
Steepest Descent 9 48 87s 20,75

The second case is the most complex, where the identification cannot be split into two parts. The
damage moment and the yielding moment have close values (Figure 3.11) and we need to identify
four parameters simultaneously. The identification of four parameters is possible with the same
objective function, where we use results of local and global measurements. The efficiency and the
accuracy in the minimization process depend on first guess values. If we have good starting values
we can obtain parameters with acceptable errors. Results of the minimization of the objective
function for four unknowns with four different methods are presented in the Table 3.5. In this
minimization, we used starting values, which are not close to the correct values. From these results,
we can conclude that only BFGS method gives results with acceptable errors (2,79 < 3%).

F \M P
Py
Pa
C Measured results
should look like
b
a  —
t K
a' b' c' Pa Py Pe

Figure 3.11 Loading program and results of measurements in the coupled plasticity-damage response
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Figure 3.12 Shapes of Objective Functions

To reduce these errors, we can make control identification two by two parameters. First, we can
identify parameters for the plasticity model (M;”, KT ), while damage parameters are taken as

con

known. Afterword, parameters for the damage model (M{™,K{' ) are unknown and for the plasticity

known. In these two control identifications were determined practically same values of model
parameters, but all methods for minimization gave us acceptable errors.

Table 3.5 Efficiency of different methods for minimization of J (M:0 KoM, K:"")

hb!

Applied Method for Number of Time of computation Max. error of the
Minimization Iterations | Evolutions P Identification [%]
BFGS 25 54 161s 2,79
DFP 58 97 289 s 13,62
Trust Region 81 82 1333s 6,05
Steepest Descent 22 96 290 s 9,25

3.4.1.4. Phase lll of identification procedure for softening model constitutive
parameters

In this phase, six parameters can be activated: M;" - ultimate bending moment of the connection;

Gy - fracture energy for the bending of the connection; V™ - ultimate shearing force of the

connection; G - fracture energy for the shearing of the connection; M{*™" - ultimate bending

moment of the beam; G!" - fracture energy of the beam. These parameters can be obtained for three

con

cases: the failure due to the bending of the connection (M;™,G{7), the failure due to the shearing of

the connection (V™",G™ ) and the failure in the steel beam (M;™",Gy%").

Only one failure mechanism can happen. The local measurements are able to indicate which one of
the failure mechanisms is activated. The failure due to the bending the connection can be noted from
local measurements LVDT 3 and 4, while the failure due to the shearing of the connection from
LVDT 5. The identification can be done for each of these cases.
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3.4.1.4.1. First case — softening (failure) due to the bending of the connection

The objective function for this case is a combination of local and global measurements. It can be
written as:

n n : m X| 2 ! m X| 2 ! m X| 2
I(MGER) =D (R — Rl ) + 2 (Vs —USR) + 2 m(wem —veh) (3.55)
1 1 1
The shape of this objective function is shown in Figure 3.13a. We can see that it is a convex
function, and thus it has a minimum. The minimization was performed with four methods. Results of
the identification procedure are presented in Table 3.6.
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Figure 3.13 Shapes of Objective Functions

Table 3.6 Efficiency of different methods for minimization of J (Mfon : G?°E)

Applied Method for Number of Time of computation Max. error of the
Minimization Iterations | Evolutions P Identification [%]
BFGS 7 32 196's 0,22
DFP 6 35 217 s 0,75
Trust Region 41 42 796 s 0,44
Steepest Descent 28 75 497 s 0,45

3.4.1.4.2. Second case - softening (failure) due to the shearing of the
connection

The objective function for this case is a combination of local and global measurements. It can be
written as:

n n ! m X| 2 ! m X| 2 ! m X| 2
IR )= X(Ra - Rl + X (U -V ) + X(UR -UiR) (3.56)
1 1 1
The shape of this objective function is shown in Figure 3.13b. It is a convex function, and the

minimization was done with four methods. In Table 3.7, we can see that only results obtained with
BFGS method are with acceptable errors.
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Table 3.7 Efficiency of different methods for the minimization of J (FUCO" , Gfoz)

Applied Method for Number of . . Max. error of the
Minimization Iterations | Evolutions Time of computation Identification [%]
BFGS 2 40 48's 2,02
DFP 5 34 755 3,70
Trust Region 21 22 139s 511
Steepest Descent 3 30 80s 3,31

3.4.1.4.3. Third case — softening (failure) in the steel beam

This failure mechanism is current if others have not been activated. In this case, we can use only
global measurements for the identification of softening parameters of the steel beam. The local
measurement of strain gauges is not useful because we do not know where the hinge will be
located.

4 4
I(R=m Gl = Y (Rt o) + D (Ush -usk )’

1 1

(3.57)

The shape of this objective function is shown in Figure 3.14. This function is convex, but with
small irregularities. These irregularities can be reduced if we use more experimental results. In this
case we used four reference points (load levels) and the identification procedure was successful.

Objective function for Ks and Mu of the beam
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Figure 3.14 The objective function J (Mfeam , G?eﬁm)

Table 3.8 Efficiency of different methods for minimization of J (Mfeam , G?eﬁm)

Applied Method for Number of Time of computation Max. error of the
Minimization Iterations | Evolutions P Identification [%]
BFGS 5 27 47 s 0,75
DFP 7 35 68 s 0,70
Trust Region 20 21 146 s 0,88
Steepest Descent 5 31 61s 0,95
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3.4.2. Identification parameters of the steel connection in bending

The presented identification methodology was applied to the experimental results found in the
literature. The corresponding hysteresis curve (Gang Shi, 2007) was used for the approximation of
a relation bending moment — rotation. For these experimental results, we have tested presented
methodology. The hysteresis curve of the end plate connection and approximation of test results are
shown in Figure. 3.15.

Figure 3.15 Typical hysteresis curve and approximation of the test results (Gang Shi, 2007)

The identification of the model parameters starts with the elastic phase, where we need to identify
the bending stiffness in the elastic response. Namely, coupled plasticity-damage model is composed
of two serially connected models, so that the bending stiffness can be calculated as:

ECOH D()_Cij;’]

:ECOH+DC_0:I;'I SjbzlE
a c2
Econ:D

con

Ih (3.58)

con

where E_. D.: are stiffness of the linear-elastic and the damage model. This expression reduces
identification to one parameter.

The objective function for this case can be written:
com ex 2
‘] (Ecorﬂ Dcon) :(WPl _\Vplp) (359)
The objective function (Figure 3.16a) is convex and parameters were identified successfully.

In the second phase of the identification, we should identify constitutive parameters of the coupled
plasticity-damage model. The procedure begins with the simultaneous identification of four
unknown parameters.

The objective function for the this case of identification can be written as :

(K M K M) = () + (v v +
R L (3.60)
+3n(AyE" - Apee )
1

The objective function is convex for all parameters and process was done successfully.
The control of identified parameters was made in two split processes of the identification. In the
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first, we identify two unknowns for plasticity model while damage parameters are fixed and known.
In the second cases, we use an analogy where two damage parameters are unknown and plasticity
known. The shapes of objective functions for both cases are presented in the Figure 3.16.
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0.35 T

150~
100K

P
504"

0
3250

1 15 2 24,5 3400 1500 3000 1000
x 10

(a) OF: J(E,,,Dy, ) (b) OF: J (K", M) (c) OF: J (K™, M;™)

con ! y

Figure 3.16 Shapes of Objective Functions

The proposed objective functions (Figures 3.16b and 3.16c¢) are convex. These control results are
matched with results of the simultaneous identification for all parameters.

Results of the identification are presented in Figure 3.19a where we can see very good matching
between the experimental and the computed results. The computed results were obtained using
FEM element model with identified constitutive parameters.

3.4.3. Identification parameters of the connection in Timber structure

In the second example, presented methodology is tested at the connection between two wooden
elements. The hysteresis curve (Mesic, 2003) and approximation of experimental results are
showed in Figure 3.17. This hysteresis curve has been measured with large increment steps of the
imposed displacement. In the middle of the curve we can see gap without unloading lines, but this
enables to test the quality of the proposed methodology.

X104 moment - rotation diagram S3 (joint # 1)
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Figure 3.17 Typical hysteresis curve and approximation of the test results

The identification of models parameters begins with the elastic phase, same as in the last example.
The objective function can be written as (Figure 3.18a):

J (Econ ’ Dcon ) = (W(I;;?Lm - \V;)ip )2 (361)

In second phase of the identification for the coupled plasticity-damage model, we start with
simultaneous identification of four parameters.

The objective function can be written as:
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I(KE, M, K, M) = im(wf,ﬁm —ye) +23:m(\|/,°,‘¥” —y) +
R : (3.62)
+ 3 n(AvEn - ay)
1

The objective function is convex for all parameters and process of the identification is done
successfully.

Same as in the last example, a control of identified parameters can be performed in two split
processes of the identification. In the first, we have identified two unknowns for the plasticity
model while damage parameters were fixed and known. In this case, the objective function is good
conditioned (Figure 3.18b). In the second case, the objective function is convex but poorly
conditioned. However, with the good start values in the minimization, we can obtain good results.
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Results of the identification are presented in the Figure 3.19b, where we can see good matching
between the experimental and the computed results. The computed results have been obtained by
using FEM element model with identified constitutive parameters.
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Figure 3.19 Matching results: experimental vs. computed
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3.5 Concluding remarks

We have proposed a methodology for the identification of constitutive parameters of the connection
and the material. The constitutive model of connection contains coupled plasticity-damage in
hardening and nonlinear law in the softening with different mechanisms of the failure. The
hardening behavior is split to the bending and the shearing, but all combinations are included. The
most important conclusions can be stated as follows:

The proposed methodology is able to identify all unknown parameters (eighteen) when these
parameters are split in three phases: elastic, hardening and softening. In every phase, we use local
and global measurements.

Successful identification is conditioned with enough measurements during the experimental test
and adequate loading program. In this work, requirements for measurements (Figure 3.3) and
loading program, were presented. The loading program contains cycles of loading-unloading, and
in the hardening, we need to have minimum three cycles for every case.

The focus of this chapter was positioned at the behavior of the constitutive models and the choice
of the objective function. In the chapter, we showed that using loading and unloading cycles we can
obtain all unknown constitutive parameters. These cycles are needed to make a difference between
plasticity and damage model. The both models can describe same behavior in the loading regime,
but in unloading, we can see the difference between them.

All cases of identification were presented in the Section 3.3. For an illustration of the complete
procedure, we first used the academic example of an inverse analysis and all results of experiments
were obtained by FEM model. Then, two practical examples were shown in Section 3.4, but only
for partial measurements that pertain to the bending of connection, as the only results found in
literature.
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Chapter 4

Nonlinear kinematics Reissner’s beam with combined
hardening/softening elastoplasticity

Abstract

In this chapter, we present geometrically nonlinear beam finite element with embedded
discontinuity which can represent elastoplastic constitutive behavior with both hardening and
softening response. The constitutive equations are presented in rate form by using the
multiplicative decomposition of deformation gradient. Formulation of elastoplastic response
is presented in terms of stress resultants including the interaction between axial force, shear
force and bending moment appropriate for metallic materials. The softening response is used
to model the failure in connections, introducing displacement field discontinuity or a
rotational hinge. The hinges or displacement discontinuity are presented in the framework of
incompatible modes that can handle three different failure modes dealing with bending,
shearing or axial deformation. With several numerical simulations, the FEM implementation
is proven very robust for solving the problems of practical interest, such as push-over
analysis.
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4.1. Introduction

The model capable of predicting the complete failure (collapse) of a frame structure is very
important in the limit load design. A typical application is push-over analysis used in earthquake
engineering; a nonlinear static analysis of a building structure subjected to an equivalent static load
that is pushing a structure towards the limit capacity. This type of the analysis was developed in
work (Dujc et al., 2010) as incompatible modes in the small displacement framework. During push-
over analysis of a structure, there are hinges that develop, in a step-by-step manner, leading to the
failing mechanism. In structural analysis those hinges can be included by using static condensation
method (Medic et al., 2013). The incompatible mode method is more robust, while the static
condensation method is more efficient. For improved prediction, it is necessary (Dujc et al., 2010)
to include geometric nonlinearities of the second order, indicating the need for improvement.

The truly large kinematics of steel frame structures combined with elastoplastic
hardening/softening is the main novelty of this work. The ductile material like steel can handle
large displacements and deformation of a structure during the limit load analysis. The geometrically
exact beam with nonlinear kinematics and nonlinear constitutive behavior should be capable of
following response of a structure to the complete failure (collapse). In this work, we propose
elastoplastic beam element in geometrically nonlinear regime (Ibrahimbegovic & Frey, 1993a) that
can handle softening response, which is included in the framework of incompatible modes.

In the formulation of the proposed beam element we use, as the starting point, the previous works,
(Ibrahimbegovic & Frey, 1993a) and (Simo et al., 1984). The proposed beam element includes
nonlinear kinematics and nonlinear constitutive response. The constitutive behavior is defined as
plasticity with linear hardening that includes interaction between axial force, shear force and
bending moment. The evolution equations for internal variables are developed in rate form,
imposing the need to employ a numerical time integration scheme, -here chosen as the backward
Euler scheme.

The main novelty concerns the beam model’s ability to reach the ultimate capacity of a cross
section, activating one of three failure modes, which represent non-linear softening response in
either bending moment, shear or axial force. These failure modes are handled by field discontinuity
as incompatible modes, see (Ibrahimbegovic & Frey, 1993b). In this work, we presume that only
one softening failure mechanism can be activated at the time. The outline of the chapter is as
follows.

In the next section, we present the main ingredients of the geometrically exact beam with the
elastoplastic constitutive response. The interaction between axial force, shear force and bending
moment is taken in the elastoplastic regime, while the axial response remains elastic. The second
section presents corresponding kinematic enhancement in terms of “discontinuity” or “jump” in the
displacement field or the rotational field depending upon the activated failure mode. The
enhancement is included as an incompatible mode in the geometrically nonlinear framework. The
third section deals the FEM implementation, while the fourth section presents the results of several
numerical simulations. The last section contains the conclusions.

4.2. Reissner’s beam with nonlinear kinematics

In this section, we give a detailed formulation of the two-dimensional beam in the framework of
large displacement and large elastoplastic strains. The formulation of Reissner's beam (Reissner,
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1972) kinematics equations employs rotated strain measure. The linearization of these strain
measures reduces to strains of the Timoshenko beam (Ibrahimbegovic & Frey, 1993a) and (Nikolic
et al., 2015). The plastic strains corresponding to stress resultant follow from vyield criterion
introducing the interaction between axial force, shear force and bending moment. The equations are
expressed in rate form (Simo et al., 1984). The consistent linearization of the weak form of
equilibrium equations provides tangent stiffness matrix, for both material and geometric part.
Providing the beam element with the embedded discontinuity within the framework of a large
displacement is needed for modeling softening phase. The later can concern the failure process in
the connections, modeling the failure in bending, in shearing or in axial force separately. The
multiplicative decomposition of the deformation gradient into regular and irregular parts
corresponds to the additive decomposition of the rotated strain measure proposed by Reissner
(Reissner, 1972). Moreover, the weak form of equilibrium equation has to be recast within the
framework of incompatible modes (Ibrahimbegovic & Frey, 1993b) , which allows handling of the
embedded discontinuity calculation at the element level.

4.2.1. Geometrically nonlinear kinematics

In the framework of large displacement gradient theory, the position vector in deformed
configuration can be written as

X+U —siny
P=¢,+(t= +¢ (4.1)

y+Vv cosy

where x and y are coordinates in the reference configuration, u and v are displacement
components in the global coordinate system, £ is the coordinate along the normal to the beam axis
in the reference configuration and y is the rotation. The corresponding form of the deformation
gradient F can be split into displacement part F,, and rotation part F, as:

1+3_u 0 —g“?j—l’//cosw —siny
F=ve=| % |+ X (4.2)
av —§d—l//sin cos
dx dx v v
F,y=1+Vu F,=I+Vy !

The failure mode in connection can be represented by jump in displacement components u ,v and
in the rotation y , with the corresponding kinematic enhancement in terms of the “discontinuity”.

In the finite deformation framework, such a displacement discontinuity has to be introduced in
deformed configuration (lbrahimbegovic & Frey, 1993a). This splits displacement field into the

regular part (%) and the ,,enhanced” part (f) representing the corresponding displacement or

rotation ,,jump”. By introducing ¢, as the Dirac function where the jump occurs, the additive
decomposition of displacements and rotation gradient fields can be written as:
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~ - ou ot = o= 00 =
u(xt)=0(xt)+(N,(x)+H(x))T (t)_)&_ P~ +G, ()T +5,0 = > +6,0
v(x,t)=V(x,t)+(N,(x)+H (x))\?(t)ég:%+Ga(x)\?+5ﬁ:@;+§ﬁ (4.3)

w(x,t)=y7(x,t)+(Na(x)+H(x))ﬁ(t)aa—w=%—"f+Ga(x)y7+5xy7=aa—VZ+5xy7

where N, (x) is interpolation function, H(x) is Heaviside function and G,(x) is the first

derivative of the interpolation function N,(x). By using last result (4.3) we can write the
deformation gradient for both the displacement and the rotation fields, in terms of the multiplicative
decomposition of:

F=1+VU+s,VU+I1+Vy+5Vy =

:(|+va)[|+5x Vﬁ_)+(|+vv7)(l+5 vy ]=E,v o HF o

Tl

S'I'III

| +VU "1+Vy

From the polar decomposition of the deformation gradient F, into rotation R and stretch U, we
define the rotated strain measure H :

cosy —siny

) }—)H:U—I (4.5)
siny  cosy

F=RU—>U=R'F, R:{

where | is identity tensor. With the results (4.4) and (4.5), we can obtain the corresponding
additive decomposition of the stretch tensor:

U=R"(1+VU+5,V0)+R" (1+Viy+5,Vy)=0" +5,0" +0"+5,0"  (4.6)

uuv uv
where:
( ou v .
1+ — |cosy +—siny 0 — — .
=y OX OX G ucosy +Vvsiny O s
' —Tsiny+Vcosy 0]~

i —(1+a—UJsin +@cos 1
OX v OX i

uv _ |:_é/l; 0j| 57
0O O

Finally, we can write the internal virtual work in an alternative form that is more in line with the
corresponding 3D representations (Ibrahimbegovic & Frey, 1993a)

ijAﬁ-PdAdxszjAH-TdAdx (4.7)

U= ®ox |
0 1

Cll
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where F is variation of the deformation gradient, P is first Piola-Kirchhoff stress. In last equation
(4.7), we used the following result for Biot stress tensor T and corresponding rotated strain

A

measures H and their variations H:

T= RTPa[TlljzRT(PMJ (4.8)

T21

4.2.2. Constitutive model and its rate form
In the elastic regime the simplest set of constitutive equations for finite strain beam is chosen in
terms of Biot stress resultants and rotated strain measure:
T=CH (4.9)
where C° is the elastic modulus. In the plastic regime, we can split displacement and rotation
gradients into elastic part (.e) and plastic part (op):

F=1+VU+Vu’ +1+Vy*+V® =
7P

—e \Y% —e V_p Ccer Cerc
=(|+VU )('-ﬁ- | +;Uej+(|+vv/ )[I"‘#jzlzu,v':u?v—k l//Fl/iJ

Multiplicative decomposition of the deformation gradient corresponds to the additive
decomposition of the stretch tensor U :

(4.10)

U=RT(I+VUE+VU”)+RT(I+Vl/7€+V(/7p)=IL_JE’V+UE’VI+IU;+L_J£I (4.11)
Uyy 0,
where:
i ou’ ove . 1 P 7P
(1+ 5 jcosV/Jr 5 SV 0 aLCOS,/,JraV_Sim/, 0
Ue _Up — 8)( 8X
uv 6Ue ) ave T aUP . avp
- 1+ siny + CcoS 1 ———SIny +——Cos 0
[ axJ v OX v | OX v OX v
oy’ oy’
oe _| ¢ Ol.5e _| ¢
U, = ox Uy = ox
0 1 0 0
The Helmholtz free energy can be defined as a quadratic form:
@(De,gp)%ﬁﬂ.ce.ﬁu%gwxh.gp (4.12)
‘i’e 1 L = 1

where U°® s elastic part of the stretch tensor, &P is a vector of hardening variables and K" are
corresponding hardening moduli. The yield criterion condition has to be satisfied:
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$(T,0)<0 (4.13)

where @ is a vector of internal hardening stress like variables. The second principle of
thermodynamics states that the plastic dissipation must remain non-negative:

_ Je ) - - =P deP
0 = T—d\f Ue+TU"—af di (4.14)
Uk o0&’ dt
%/—/ v
ﬁezo VoL

The principal of maximum plastic dissipation can be formulated (Hill, 1950) as the constrained
minimization, where the constraint is yield function (4.13). This can further be recast as
corresponding unconstrained minimization by using Lagrange multiplier method:

ming g max, | L°(T,8,7) =-2(T,@) +7-§(T.9) | (4.15)

where ¥ is the Lagrange multiplier. Regarding the Kuhn-Tucker optimality conditions, the result

can be used to provide the evolution equations for internal variables in rate form along with the
loading/unloading conditions:

_p - . b —_ . b
ai=—U" +7@=0=I>Up =7@
oT oT oT
[P = P "y z P &
O 08 500 05 _500 (4.16)
oq ot aq ot oq

¥>0, $<0, ¥$=0

The appropriate value of plastic multiplier? can be determined from the plastic consistency
condition for the case of sustained plastic flow:

. Ziceti

50 oo (4.17)
B e 0h 0 8
oT  oT 6§ o

By replacing the last result in stress rate equation, we can obtain the elastoplastic modulus C* that
should replace the elastic modulus C*® in plastic regime:

cc?oc?
C®=C'-— aéT = ar = (4.18)
09 e 09 (0 b
oT  oT oq9°  oq°

We note in passing that the elastoplastic tangent stiffness above remains the same in the discrete
problem, obtained by using the backward Euler time integration scheme.

In the softening regime the Helmholtz free energy can be written as a quadratic form in softening
variables:
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=l

([B)-3EKE: YO-F0+7E)5, (4.19)

| —

=s

where ES is a set of internal variables, representing the connection failure and K* is set of

softening moduli. The yield function for softening is chosen as a multi-criteria form, related to,
bending, shearing and axial force:

76, =0=9'(t,§) <0 (4.20)

where t; is traction force and (Tf is stress-like variables, which are work-conjugated to the softening

internal variables at the discontinuity for the corresponding failure mode. Among all admissible
values of these variables, the principal of maximum dissipation pertinent to softening states will pick
the ones that maximize softening dissipation. This can be solved as an unconstrained minimization
problem, to provide the evolution equations for internal variables along with the loading/unloading
conditions:

s (4.21)

4.2.3. Stress resultant form

By using the rotated strain measure H , we obtain the only non-zero components, defined as
H,=2-¢K, H, =T (4.22)
The explicit form of generalized strains can be written as

du av . do av .
>=H'" =|1+— |cosy + —sSiny —1+| —coSy +—siny |5,
H ( dx] e (dx VT V/j X

=

el

o) . av dao . av
F=H)'=—|1+— [siny +—coSy +| ——Siny +—cosy |J. 4.23
21 ( dX) 4 dx 4 ( dx 4 dx l//j % ( )
L = | L 1:- ]
K—Hy =37, 47
X dx
—  S—
K R

The linearized strain measures (4.23) coincide with the strains of the Timoshenko beam
(Ibrahimbegovic & Frey, 1993a). The equation (4.23) can be written in matrix compact form:
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X =A"(h@@)-n)+A"h(a)5,

dua
1+—
s cosy —siny 0 dx a 1
=T |, A=|siny cosy Of, h(@)= ™ sh(@)=|V |\n=Ag, g,=|0
X -
K 0 0 1 47 7 0
dx

By using the same compact notation for the virtual strains (denoted with superposed (#)), we can
write the weak form of the equilibrium equation, see (Ibrahimbegovic & Frey, 1993a):

G(ad)=[ (EN+IV+KM jix-G* (8)=0 (4.25)
In (4.25) above, N, V and M denote stress resultants, expressed regarding the Biot stress:
_ T. _ 11 A- _ 21 4A- _ 11
o=(N,V,M)"; N=[ THdA V=] T%dA M =—[ ¢T"dA (4.26)

The yield function, in the stress resultant form, is defined according to classic works (Simo et al.,
1984) and (Neal, 1961), except for a small modification to account for isotropic hardening
(. q) =|m|+n?(1+v*)+v* -1<0
n_M-+aq, ;V:VV+C_1V;”:N+(_1N (4.27)
M Y N

y y y

where m is a non-dimensional bending moment; v is a non-dimensional shear force; n is a non-
dimensional axial force; @y,,0,,0y are internal hardening stress like variables; whereas M .V, and

N, denote yield bending moment, yield shear force and yield axial force. The yield function for
softening is chosen as a multi-criteria form, pertaining to, bending moment, shear and axial force:

O (ty G) =]~ (tw, ~ 5 ) <O
10 =0= ¢'(.&)=]|-(t, -&)<0 (4.28)
8" (6. 8 =] -(t, -G ) <0
where t,,,t,,t, are traction forces, ty, by, .y, are the corresponding ultimate values where

softening starts and ﬁf,, ,aj ) ﬁ,f, are stress-like variables work-conjugate to softening variables at the
discontinuity.

4.2.4. Consistent linearization of virtual work equations

As shown in (4.7) (Ibrahimbegovic & Frey, 1993a), the virtual work equation can be expressed
regarding different stress — strain energy-conjugated pairs. Any of them leads to a nonlinear
problem, which requires an iterative solution procedure. With Newton’s iterative method, we need
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to perform consistent linearization at each iteration.

4.2.4.1. Incompatible modes implementation

The embedded discontinuity formulation that handles the softening is implemented in the
framework of incompatible modes (lbrahimbegovic & Frey, 1993b). Namely, we turn to Hu-
Washizu variational formulation, where the weak form is constructed for all three groups of
equations: kinematics, constitutive and equilibrium equations. Namely, we choose the spaces of
virtual displacements, virtual stress and virtual strain to write:

G,(uH,T;0) = UAHTdAdx—jLandx=o
G,uHTT:= UAfﬁdAdx:o (4.29)
G, (u,H,T;H):= UAH(cePH ~T)dAdx =0

where virtual fields are denoted with superposed (3); H - virtual rotated strain field; T - virtual

stress field and O - virtual displacements field. Virtual rotated strain measure can be derived by
taking the directional derivative of strain measure U (4.11) and exploiting relation U=H+1:

N d oR' -
H=U=—[U(u+adu)|= (1+VO)y+R'VU+ s, Vuy +R'6,VU+
da oy oy
ﬁ“V £uv
| e (4.30)
oR" o oToa ORT = o2
+ (1+Vy)y+R' Vi + SVyy+R'6,Vy
oy 0
H, A,

In the equation (4.30), the additive decomposition of the displacement gradient field produces an

additive decomposition of the virtual strain measure H . The virtual stress field can be expressed
as:

f:cep(ﬁ +5Xﬁj (4.31)

By exploiting results (4.22)-(4.25) and (4.29)-(4.31) we can construct the weak form of equilibrium
equations in terms of stress resultants:

G,(aZad):=| [dT(ﬁ)AHﬁhT(a—)d—A}ZepAT (h(a)-n)dx— [ a"fdx =0

L dy L
G, (a X r )= ij(i—z)dx=o (4.32)
G.(@xr; ﬁ) = jLﬁ‘.(Ce”Z—r)dx =0

The virtual strain measure £ can be derived by taking the directional derivative of the strain
measures in (4.23), which can be written explicitly as:
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du av . . do) . dv
=—2COSy +—Siny +y | —| 1+ — [Siny +—CoSy
dx dx dx dx

™M

>
>

o, =L%§Y cosz//+\%5xsiny/+y}[—u siny +V cosyx}éx

[Nl

D>

:—d—usim,//+d—vcos;y+z/7 (1+d—ujcosw—d—vsim// (4.33)
dx dx dx dx

>

il

O :—ﬁ@ sinywm%&X cosv/+1/?[ﬁcosw—v sinyx}éx

R-W ks =is,
dx

The virtual strains components (4.33) can be put in the matrix form as

dir
dx i
T A T _ . = A N
T =A"Td(@)+ dA h@y +ATd(a)s, + ddA h(a)sy; d(a)= Z—V ;d(@)=| V | (4.34)
7 v X -
b3 £, ﬁ 4
dx

The discrete form can be obtained at the later stage, given that the linearization and discretization
commute. The weak form of the virtual work equation can be expressed as:

G(a,4) = jLi-odx— jLandx:o (4.35)

A

where a is a vector of real displacements, a is a vector of virtual displacements; X is a virtual
strain measure; ¢ is a vector of stress resultant forces and f is a vector of external forces.

The stress resultant forces ¢ for the elastoplastic response can be written as

6=C”A"(h(a)-n); C=diag(C,C;",C}) (4.36)
where C?,C;P,C,> are elastoplastic stiffness of the beam section for an axial force, shear force and
bending moment.

By enforcing the orthogonality condition (Ibrahimbegovic, 2009) for the element with incompatible
modes, which results in elimination of the stress field and allows us to write the remaining set of
equilibrium equations (4.32) as

G,(a,Xad)= [ TCP(S+36, )dx— [ a"fdx=0
a,X,aa '[LL (+_)ija X ws)
Gi(a,E,r;ﬁl) = J.Lf:Cep(fo:&i)dx:O

In the last expression, the virtual strains are obtained explicitly by directional derivative
computation:
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2—(d/dp) Z(i+pa)+ (T +p)

B=0
A T - 2 To_ . 4.38
~ AT + 2 n@i + ATd@s, + 2w @6 (4:39)
dy dy
= £5,

In order to provide the quadratic convergence of Newton’s method, we need to find the consistent
tangent stiffness. The latter can be obtained by consistent linearization of the weak form in (4.37),
resulting with

=0
d

(A_E)] dx
Ay

L[G], =G.(a Z.a;3)| +%[G(§,a+ﬂAa)]
= G(a,é)+jL(d(§);y?)[D§ + Dﬂ( (4.39)
~ g [ d(AR)
+jL(d(a),y/)[Dm]( A; jdx:o
where ka and D‘; are defined in (4.42), along with

L[G], =G(a 5:)\z +%[G(f2,a + ﬂAa)]

/=0

=G(a L)+ jL(d(ij; ﬁ)[n;](dﬁ;)j dx + jL(d(éj; l;)[l); +D! ](di?] dx=0 (4.40)

where
A dA” ° g_[vtr
D, =D} =| ;= dA |[CP|AT; h(a) [; D! = 4.41
h' (@) — { dy O} Sl LdAT L d?A (4.41)
dl// h ( ) 2 r
dy d
dA
A " S
DX = dA [C® {AT' h(a)] D¢ = (4.42)
m hT a)— ! ' g T 2
( )dW dy (v dA hT(a)d ‘}r
dy dy

4.3. Finite element approximation
We choose the simplest finite element approximation for the presented beam model with a

plasticity that fits within the framework of incompatible modes method. We here provide some
details of numerical implementation for a beam element with two nodes and three localized failure
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modes. We allow for displacement discontinuity representation for bending moment, shear force
and axial force, each with an additional parameter a.,:

()= 20 N (€) XiN, (£) =5 1+ £¢)

(Eta) =0 N, (), (1) +Me ()t (b);
V' (Et) =D N, (€)V, (1) + ME(&)a (1); (4.43)

2

v (tha) = 200y Na (€) wa (1) + M7 (E)ay (1)
N, (¢) =2 (1+£), for é e[-10]

Hg(f)— NZ(;):%(l—g), for £ €[0,1]

h

[

m° (£)-

where ée[—l,l] is natural coordinate at the parent element and Hg(‘f) is Heaviside function

related to the point & =£&=0. The two-node element interpolation is enhanced with the

displacement discontinuity, placed in the center of this element. The corresponding approximation
of displacements gradient can then be written as:

d

CED 5 (e, (0 +6" @ (1)
Z B t)+G*(E)ay (t) (4.44)
Zal a +G (g)a ( )

where

1)
5,(6)= 24 g (- e)

dx

=, forge[ 0)U(0,1]

—Ile+50, for £=0

with &, the Dirac delta function placed in the center of the element. This choice will ensure that
the incompatible mode variation remains orthogonal to the constant stress in each element.

By combining the results in (4.24), (4.43) and (4.44), we can construct strain field approximation.
We typically use reduced numerical integration with a single point, & =0, in order to avoid locking
phenomena (Ibrahimbegovic & Frey, 1993a):
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= (0.t) = (X2, B,(0)-u, () + G (O (t )cos[zal N t)+M*(0)a ()}

-0

+(Z§1Ba(0)~va(t)+Ge(0)ave(t))sin[ ilNa(O)-l//a(t)JrMe(O)a;(t)]

=0

0)=(22, B (0)-u, (1) +6° (O)a())sin( i1Na(0)-wa(t)+Me(0)a§(t)J (4.45)
(Z LB ( t)+G(0)at (t ))cos[ © N, (0)-w, (t)+M*(0)ar (t)J

_Z a=1 a )
K“(o,t)=zilea<0)~wa( )+G*(0)a (1)

We note that a pure bending deformation mode (Kirchoff’s constraint), which imposes that both
shear and membrane deformations are equal to zero (" (5) =" (5) =0,V &), can be obtained if we

have one point of integration and M *(x)c,, (t) =0. The stress field approximation can be obtained

from the regular part of the strain rate in (4.45) with no contribution from the singular part, which
represents softening plastic strain rate. We can write:

N"(0,t )= EA(i“(o,t) +Ge(0)§“(t))

Vit )= GA(fh(o,t) +Ge(0)l=““(t)) (4.46)

M"(0,t ) =El (Zal . 1//a(t)+Ge(0)a;(t))
where
§“<t>=as<t>cos( . Na<0)-wa<t>)+a:<t>sin( . Na<o>~wa<t>)
B () =—at ()sin( 2, N, (0)-w, (1)) +at (t)eos( T2, N, (£) v (1))

4.4. Numerical examples

Several numerical examples are presented in this section to illustrate the performance of the
proposed finite element formulation. All numerical computations are performed with a research
version of the computer program FEAP (Taylor, 2008).
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4.4.1. Straight cantilever under imposed end rotation

In this example, we present three different types of a response for a cantilever beam under free-end
bending load. The geometric properties of the cross section correspond to standard IPE 200 and
material properties take values for steel class S235. The initially straight cantilever beam model is
constructed with three different meshes of 2, 4 and 8 elements. Each analysis is performed under
imposed end rotation w =7 . The first analysis represents the linear elastic response (see Figure
4.1), the second analysis represents the elastoplastic response that remains in hardening phase (see
Figure 4.2), whereas the third analysis represents the elastoplastic response that goes into the
softening phase, failure. The failure is localized in the middle of the cantilever, where one element
is weakened (see Figure 4.3). Response diagrams show the mesh indifference of the proposed
formulation.
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Figure 4.2 Elastic-plastic analysis: Deformed configuration and diagram ( M [chm] -y [ rad ])
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Figure 4.3 Ultimate limit analysis with included failure: Deformed configuration and response curve
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For the chosen properties of the cantilever (Young’s modulus: E=2-70*kN/cm? Hardening
modulus: K=0.05-E; Moment of inertia: 1=1940cm*; Area of the cross section: A=28.5cm?; Yield
bending moment: M,=3100kNcm), some of the results can be verified analytically. Namely, the
elastic bending moment can be computed as M.=n-El/L=1218320kNcm and the elastoplastic
bending moment as Mepy=(7-K\)-EK/(E+K)L + K,EI/L=914587kNcm. The comparison, these
reference values versus numerical results computed with a different number of elements, is

presented in Table 4.1.

Table 4.1 Cantilever beam under imposed an end rotation

Bending moment

No. of
elements Elastic analysis Elastoplastic anal.
2 1218300 kNcm 9146kNcm
4 1218300 kNcm 9146kNcm
8 1218300 kNcm 9146kNcm
16 1218300 kNcm 9146kNcm
Exact 1218320 kNcm 9145,87kNcm

4.4.2. Straight cantilever under imposed free-end vertical displacement

This example presents two different failure modes under free-end vertical displacement. Namely,
by imposing vertical displacement at the free end of a cantilever, we can trigger failure due to either
bending moment or shearing force. The type of failure depends on chosen values for constitutive
parameters. We first perform analysis (see Figure 4.4) where the ultimate bending M, is reached
before the ultimate shear force V, (M,=3800kNcm, V,=75kN). We then modify the parameters
(M,=3800kNcm, V,=65kN), see Figure 4.5, in the second analysis, in order to reach the ultimate
shear force before the ultimate bending moment. In Table 4.2, we provide the results of studies for

the typical rate of convergence.
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Figure 4.4 Failure in the bending: deformed configuration and response curves
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Figure 4.5 Failure in the shearing: deformed configuration and response curves
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Table 4.2 Reduction in residual and energy norm in one increment (softening)

No. of
iterations

Residual

Failure in the bending

Energy

Failure in the shearing

Residual

Energy

1

2.5451184E+03

2.89262392986E+00

2.5617356E+03

2.88022968875E+00

1.2603427E-02

7.72176817049E-09

2.2358020E-01

2.94749460179E-08

3.1269310E-10

5.37722363293E-25

5.5411964E-05

2.27071800263E-14

2
3
4

4.4.3.

Push-over analysis of a symmetric frame

1.0282664E-07

2.31118241048E-20

In this example, we present the results of a push-over analysis of symmetric steel frame. The frame
geometry is given in Figure 4.6. The material properties for all frame members are equal (Young’s
modulus: E=2-10"kN/cm?; Hardening modulus: K=0.05-E; Moment of inertia: 1=1940cm*; Area of
the cross section: A=28.5cm?; Yield bending moment: M,=3100kNcm; Ultimate bending moment:
M,=3100kNcm; Yield shear force: V,=355kN; Ultimate shear force: V,=400kN, Fracture
energies: Gfy=550 and G¢y=450), except the fact that the cross-section properties of the columns
are 10% stronger then cross-section properties of the beams.
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Figure 4.6 a) Frame geometry and loading
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b) Deformed shape and bending moment distribution
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Figure 4.7 Locations of softening plastic hinges and load versus displacement (ump =100cm )

The elements which connect beams to columns are 10% weaker than cross-section properties of
beams; these elements are chosen to simulate the behavior of connections in the global analysis of
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the steel frame structure. The vertical load was applied to all beam members. This load is kept
constant throughout pushover analysis in order to simulate the dead load effect. The lateral loading
is applied regarding an imposed incremental displacement (u,.,) at the upper corner (point A, see
Figure 4.6). In Figure 4.6b, we present the deformed configuration of the steel frame and the
corresponding distribution of the bending moments. In Figure 4.7, we present the position of
activated plastic hinges in the final stage of failure, along with the computed softening response in
terms of the force — displacement diagram. In Figure 4.7b, the force denotes reaction in the corner
A, where is imposed the displacement.

4.4.4. Push-over analysis of a simple frame

In this example, we present ability to capture different failure modes of the frame. We consider a
simple steel frame presented in Figure 4.8, where the span is 5,0m and height is 3,0m. The mesh is
composed of 48 elements where the length of each element is 0,25m. The material properties of all
frame members are equal (Young’s modulus: E=2-10*kN/cm?; Hardening modulus: K=0.05E;
Moment of inertia: 1=1940cm?; Area of cross section: A=28.5cm?; Yield bending moment:
M,=3100kNcm; Ultimate bending moment: M,=3100kNcm; Yield shear force: V,=355kN;
Ultimate shear force: V,=400kN, Fracture energies: G;»=550 and G;y=450), but elements which
connect beams and columns are defined according to connection behavior see (Imamovic et al.,
2015).
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Figure 4.8 Frame geometry and loading
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Figure 4.9 Deformed Configuration

Two cases are considered, in the first, connections are defined properly. In the second case, right
connection is defined with very low capacity regard to the shear force (V,=30kN), which can be
caused by poor construction during building. This construction error is assumed in the right corner
of the steel frame. Deformed configurations of the frame for both cases are presented in Figure 4.9.
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The results of the analysis for both cases are shown in Figure 4.10, showing a significant reduction
in a frame limit load that can be brought by construction errors. Figure 4.10b shows this reduction

of the limit load, caused by construction errors during building.
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Figure 4.10 Response of the frame

4.5. Concluding remarks

The presented geometrically non-linear planar beam model provides the main novelty with its
ability to account for both bending and shear failure. The proposed constitutive model contains
both coupled plasticity with isotropic hardening and nonlinear law for softening with three different
failure mechanisms. The hardening response providing the interaction between bending moment,
shear force, and axial force can be calibrated against damage of beams or columns in a steel frame.
The softening response can be activated to model the failure mode in the connections with different
failure mechanisms. Which of mechanisms will be activated depends on interplay and stress

redistribution during the limit load analysis.

By using the proposed beam element, we can perform ultimate limit analysis of any frame planar
steel structure, including the second order effects as well as different failure mechanisms. The
geometrically nonlinear analysis allows the ultimate limit analysis with large displacement without
any need for correction of the proposed property (Dujc et al., 2010). This advantage is significant in
a steel frame structure because of a large ductility of steel.

The results for all numerical examples illustrate an excellent performance of the proposed beam
element.
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Chapter 5

Experimental testing of structural steel connections and
constitutive parameters identification

Abstract

The moment-resistant steel frames are frequently used as a load-bearing structure of buildings.
Global response of a moment-resistant frame structure strongly depends on connections behavior,
which can significantly influence the response and load-bearing capacity of a steel frame structure.
The analysis of a steel frame with included joints behavior is the main focus of this work. In
particular, we analyze the behavior of three connection types through experimental tests, and we
propose numerical beam model capable of representing connection behavior. The experimental
tests are performed for three different types of structural connections: end plate connection with an
extended plate, end plate connection and moment resistant connection with angles. The proposed
beam model is Reissner beam with the ability to capture both hardening and softening response,
which has 17 constitutive parameters. The identification of those constitutive parameters requires
an elaborate procedure, which we illustrate in this work. We also illustrate that the constitutive
parameters successfully identification requires the well-designed experimental testing program. We
finally illustrate that the steel structure connections are very important for correct prediction of the
global response of steel frame structure. A detailed analysis is presented in several practical
examples.
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5.1. Introduction

The moment-resistant steel frame is frequently used as a bearing structure, especially in seismic
regions. They provide a very ductile response and a large potential to dissipate energy, which is
crucial in the case of earthquakes. These characteristics provide the economical design of the
structure and increase resistance with respect to the seismic security. Structural connections
between beams and columns play a crucial role in the response of a steel frame structure. They can
significantly change the response of the structure, sometimes up to 30%.

The analysis of a steel structure with connection behavior can be performed with many nonlinear
FEM commercial programs, using 3D solid finite elements. The refined nonlinear model can
predict the behavior of a joint, but those computations are often too costly and not practical for the
design of the whole structure. For this reason, we propose the use of beam element as a better
choice regarding computational efficiency and reduced costs. It is well known that geometrically
nonlinear elastoplastic beam elements are able to represent the behavior of a steel structure
including material nonlinearities and buckling (Imamovic et al., 2017; Dujc et al., 2010). We
postulate that every connection in steel frame structure can be modeled with beam element. The
geometrically nonlinear beam element with bilinear hardening and the linear softening response is
used to represent connection behavior. For the steel members, a simpler beam element with linear
hardening and softening is proposed. The constitutive parameters of the beam element are
determined from the connection behavior of steel bulk material. The constitutive model, which we
propose is much more refined than the bilinear plasticity model proposed in EC 3 (EC3, 2005),
where after reaching an ultimate bending moment, the connection response corresponds to perfect
plasticity model with a constant value that remains permanently. The EC 3 connection does not
consider the shear response. The main novelty of the proposed beam model with the connection is
to be able to capture bending and shearing inelastic response with both hardening and softening
response until the complete failure is reached.

The proposed Reissner beam model contains 17 constitutive parameters that need to be identified.
The parameters identification represents a challenge, which can be raised by done using well-
designed experimental tests of a structural connection. In this chapter, experimental testing related
to loading program and measurement equipment is designed according to (Imamovic et al., 2015).
The loading program was defined as cycles of a loading/unloading. The measurements were split
into the set of local and the set of global measurements. Such experimental testing gives us
sufficient information for the identification of the seventeen constitutive parameters. Six
experimental tests were performed for three different connection types: end plate connection with
the extended plate, end plate connection and moment resistant connection with angles. The testing
structures were designed so that the joint represents the weakest element of the structure. Every
connection type is tested for two different bolt classes. This difference should change failure model
of connection according to EC3 (EC3, 2005), but experimental testing does not confirm that.

The outline of the chapter is as follows. In the next section, we describe the experimental testing
methodology and present main experimental results. The third section gives a brief overview of the
main ingredients of the proposed beam model and corresponding FEM implementation. The
constitutive parameters identification of the proposed beam element is shown in the fourth section.
In the fifth section, we present results of two numerical simulations of the steel frame structures
with and without included connection behavior. The last section contains the conclusions.
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5.2. The experimental testing of structural connections

Experimental tests on three types of moment-resistant connection have been conducted with the
aim to identify constitutive parameters of the proposed beam model. The tested moment-resistant
connection types are: end plate connection with the extended plate, end plate connection and
moment resistant connection with angles. In the experimental structures, connection represents the
weakest element where plastic deformations and failure are expected to occur. The vertical and the
horizontal beams, chosen as IPE 200 and IPE 400, respectively, are deemed sufficiently strong to
remain linear elastic throughout the loading program.

In total, six experimental tests have been performed. Every connection type has been tested for two
different bolt classes (10.9. and 8.8.). The experimental tests were performed at the Laboratory for
materials and structures of the University of Sarajevo.

According to EC3, the difference in bolt classes should result in different failure mechanisms. EC3
predicts failure in the T-stub (Abidelah et al., 2014) for the higher class bolts, and the failure in
bolts for the lower class bolts (EC3, 2005).

5.2.1. Experimental setup

Figure 5.1 shows the experimental setup for testing connection between two orthogonal steel
beams. The horizontal beam is chosen much stronger than the vertical beam, which should ensure
the linear elastic behavior of the horizontal beam during the test. The equipment for displacements
measurements are arranged so that sufficient information for identification of mechanical properties
can be obtained. The experimental data can be classified as the local and the global measurements.
The global measurements depend mainly on all model parameters, while the local measurements
depend on only one model parameter.

Load cell — measuring force

o~ FB = VDT 1

measuring displacement Us

LvDT 2

measuring disfftacement Us
- | strain guages
! 0,4m

Ii ...... ‘.PE.:OO ________ _A

ST
I‘ 0,75m >|J\ 0,75m /I %@5« ==

1PE 200

i
i
g
1,2m !
1
1
i
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Figure 5.1 Experimental setup

The Figure 5.1a illustrates the measuring equipment, where LVDT is an abbreviation for the
“Linear variable displacement transducer”, which measures displacements. The LVDT 1 and 2
measure horizontal displacements of the vertical beam (uge ) and (u2e), which can be classified as

3,Pi 5,Pi
the global measurements. All other measurements are classified as local. LVDT 3 and 4 measure
relative vertical displacement between horizontal and vertical beams, which we use for calculating
the rotation of the connection:
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(5.1)

LVDT 5 measures relative horizontal displacement (ue =u2¢ ) between horizontal and vertical

2,Pi S,Pi

beams, which corresponds to transverse (shearing) displacement of the connection. The strain
gauges measure deformation at the vertical beam, which we use for calculating the curvature of the
section near to the connection:
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y 22

oo _ K1 52

mo (5.2)
The force F is applied by using a hydraulic pump. The value of the force is measured with load cell
placed between the hydraulic pump and the loading point, in the experimental structure. The

measuring equipment is controlled with experimental device Spider 8 and monitored with software
Catman 5.

Table 5.1 Geometrical characteristics of experimental structures

Joint Vertical beam Horizontal beam . Enq plate Bolts
dimension/Angles

Al IPE 200 — S275 IPE 400 — S275 #340x130x10 — S275 8M12-class 8.8.
A2 IPE 200 — S275 IPE 400 — S275 #340x130x10 — S275 8M12-class 10.9.
B1 IPE 200 — S275 IPE 400 — S275 #220x130x10 — S275 4M16-class 8.8.
B2 IPE 200 - S275 IPE 400 - S275 #220x130x10 — S275 4M16-class 10.9.
C1 IPE 240 — S275 IPE 400 — S275 L 100x100x10 — S235 17M12-class 8.8.
C2 IPE 240 — S275 IPE 400 — S275 L 100x100x10 — S235 17M12-class 10.9.

5.2.2. Experimental testing

The experimental data have been collected during load application, with all results recorded during
the complete loading program. Figure 5.2 shows loading program, which contains several cycles of
loading and unloading. The benefits of this loading program are presented in (Imamovic et al.,
2015), where we elaborated that unloading points are important for the potential existence of
connection damage. Namely, plasticity and damage models can represent the same behavior in the
loading regime, but the unloading shows the difference between them. The same loading program
has been used for all experimental testing, with only step size adjusted to the connection behavior.

F

1 ¢

y d fﬁx !\"
.-'fl ."Ilﬁlll'. f lll' 'I/\I II III|
ANV

g b d4 e f

Figure 5.2 Loading program
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5.2.2.1. End plate connection with extended end plate

The end plate connection type with the extended plate is constructed from the plate
(340x130x10mm) welded to the vertical beam and eight bolts (M12) connecting the plate to the
horizontal beam. The bolts were preloaded with 50% of prestressing force according to EC3. Two
experimental tests have been performed for this type of connection; the first is Al (bolt class 8.8.)

and the second is A2 (bolt class 10.9.).

Figure 5.3 End plate connection with extended end plate
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Figure 5.4 Experimental vesults for connection Al
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Figure 5.5 Experimental results for connection A2

Figure 5.6 Deformation of connection elements during experimental testing

The testing results are shown in Figure 5.4 and Figure 5.5, where we can see that vertical beam
remains in the elastic response. The relative horizontal displacement between vertical and
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horizontal beams does not exist (U4 =ugs ). The unloading lines at diagrams are parallel to first

2,Pi
loading line, which indicates that plasticity model can represent the behavior of the connection. The
photographs in Figure 5.6 show deformation of connection elements during experimental testing.

In both experimental structures (Al and A2), failure has progressively occurred in the bolts, where
the inner row of bolts broke before the outer row of bolts.

5.2.2.2. End plate connection

The end plate connection is constructed from the plate (220x130x10mm) welded to the vertical
beam and four bolts (M16), connecting the plate to the horizontal beam. A total of two
experimental tests have been conducted; the first is B1 (bolt class 8.8.) and the second is B2 (bolt
class 10.9.).

Figures 5.8 and 5.9 show testing results, where we can see that sliding displacement between
vertical and horizontal beam exists. The strain gauges have not measured residual strains which
indicate that vertical beam has remained in the linear elastic part of the response. The diagrams
show that plasticity model can appropriately represent connection behavior because the subsequent
loading/ unloading lines are parallel to the first loading line.

Figure 5.7 End plate connection
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Figure 5.8 Experimental results for connecnon BI
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Figure 5.9 Experimental results for connection B2
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In both experimental structures (B1 and B2), failure has occurred in bolts, see Figure 4.10. In the
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B1 test, both bolts in the tension zone broke at the same moment, while in the B2 experimental
structure bolts gradually broke. Regarding the failure mechanism in the B1 test, where the brittle
failure happened, we were not able to measure the softening response.

iy ..

Figure 5.10 Deformation of connection elements during the experimental testing

5.2.2.3. Moment resistant connection with angles

The moment resistant connection with angles is constructed from four hot rolled angle profiles
(L100x100x10mm), where two angles on flanges provide the resistance to the bending moment and
angles on the web ensure the shear resistance. A total of two experimental tests have been
performed,; the first is C1 (bolt class 8.8.) and the second is C2 (bolt class 10.9.).

Figure 5.11 Moment resistant the connection with angles
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Figure 5.12 Experimental results for the connection C1

Figures 5.12 and 5.13 present testing results, where we can see that vertical beam remains in the
elastic response, while the measured sliding deformation between horizontal and vertical beam is
very small and can be neglected.

The deformations of connection elements during experimental testing are presented in Figure 4.14.
In both experimental structures (C1 and C2), failure has occurred in bolts. The horizontal bolts in
tension zone broke under shear stresses. In the C1 test, both bolts in the tension zone broke in the

Ultimate load limit analysis of steel structures accounting for nonlinear behavior of connections



Experimental testing 72

same moment, while in the C2 test bolts broke one-by-one. Regarding the brittle failure mechanism
in the C1 test, we were not able to measure the softening response.
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Figure 5.13 Experimental results for connection C2

Figure 5.14 Deformation of connection elements during experimental testing

5.3. Finite element beam model: geometrically exact beam with bilinear hardening and
nonlinear softening response

The complex response of a steel frame structure with connections is quite a challenge to describe.
In this work, we use the geometrically exact beam with bilinear hardening and linear softening
response (Imamovic et al., 2017). This model is able to represent many phenomena observed
during experimental testing, including the regime of large deformation (Wagner & Gruttmann,
2002) of the tested structure. A brief description of the beam model is given as follows. The
Helmbholtz free energy can be defined as quadratic form:

PO E) = U+ BT KB B KL 5.3)

L |
\i;e

p
2

4-,1;
m

where U°® is elastic strain measure tensor, &" are vectors of hardening variables and K are
corresponding hardening moduli. The yield criterion that has to be satisfied in hardening regime:

#(T.g)<0 (5.4)

where Q is a vector of internal hardening stress like variables. The second principle of
thermodynamics states that the plastic dissipation must remain non-negative:

_ Je ) - - =P JEP - =P &P
0D = T—d‘f Ue+TU1"—af1 —d‘;’l +TU§—812 —déz
du® ogP dt 0g; dt

=0 Qp _ﬁzp

(5.5)
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The principle of maximum plastic dissipation can be formulated (Hill, 1950; Ibrahimbegovic &
Frey, 1993a) as the minimization problem with the constraint, with the latter being yield function
(5.4). This can further be recast as corresponding unconstrained minimization by using the
Lagrange multiplier method:

miny, max, | L°(T,q,7) =-2P(T,9)+7¥,-6,(T,9) | (5.6)

where ?i are Lagrange multipliers. The Kuhn-Tucker optimality conditions provide the evolution
equations for internal variables in rate form along with the loading/unloading conditions:
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The appropriate value of plastic multiplier? can be determined from the plastic consistency
condition for the case of sustained plastic flow:

. Zf’;ceﬁ

¢i:0:>?i: _ ol _ (5.8)
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By replacing the last result in stress rate equation, we can obtain the elastoplastic modulus C* that
should replace the elastic modulus C in plastic regime:
c Pt
CP® =C¢ —— 6_T _ oT _ (59)
oT  aT &g ' og,

We note in passing that the elastoplastic tangent above remains the same in the discrete problem,
obtained by using the backward Euler time integration scheme.

In the softening regime the Helmholtz free energy can be written as a quadratic form in softening
variables:

=l

([B)-3EKE: YO=-FO+PE)S, (5.10

| —
=s

where E is a set of internal variables representing the connection failure and K*® is a set of

softening moduli. The yield function for softening is chosen as a multi-criteria pertaining to
bending, shearing and axial force:

S

6, =0=19(.5°) <0 (5.11)

=2l
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where t. is the traction force and q° are stress-like variables work-conjugate to softening variables

at the discontinuity for the corresponding failure mode. The principal of maximum dissipation (Hill,
1950) that applies to softening states will pick the ones that maximize softening dissipation, among
all admissible values of these variables. That can be solved as an unconstrained minimization
problem, to provide the evolution equations for internal variables along with the loading/unloading
conditions:

oG (5.12)

The beam kinematics equations can be written by using the rotated strain measure: H=U-1,
where the only non-zero components are defined as:

H,=2-¢K, H, =T (5.13)
The explicit form of generalized strains can be written as
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The linearized form of strain measures in (5.14) coinciding with the strains of the Timoshenko
beam (Ibrahimbegovic & Frey, 1993a; Nikolic et al., 2015), which allow for the additive split into
elastic and plastic components. The equation (5.14) can be written in compact matrix notation:

X =A"(h(@)-n)+ATh(a)s,

dua
1+ —

s cosy —siny 0 dx 0 1

_ dv _ (5.15)
=T | A=|siny cosy Of, h(@a)= W sh(@)=|V |\n=Ag, g,=|0
X -

K 0 0 1 di7 7 0

dx

By using the same compact notation for the virtual strains (denoted with superposed (3)), we can
write the weak form of equilibrium equation, see (Ibrahimbegovic & Frey, 1993a):

G(aa)=[ (EN+IV+KM Jdx—G* (a)=0 (5.16)
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In (5.16) above, N, V and M denote stress resultants regarding the Biot stress:
o=(N,V,M)'; N= jT“dA V= JTZldA M = ng“dA (5.17)

The vyield function for softening is chosen as a multi-criteria form, pertaining respectively, to
bending moment, shear and axial force:

¢ (M,g5) =|M|-(M, -g})=<0
7i$i=o:> $V(\/,qvp):|\/|—( )S
0" (N,g0) =[N|~(N, -7 ) <0

(5.18)

where M is a bending moment; V is a shear force; N is an axial force; G, G, Ty are internal
hardening stress like variables; whereasM, v, and N, denote yield bending moment, shear force

and axial force. The internal variable g, provides bilinear hardening related to bending moment,
which can be written as:

KN LED 0<EP < &P
q'sl _{ M,lgM éM §My (519)

—Ku & i <&7 <o
where Khh,,’1 and K,'\“A’2 are hardening moduli. The yield function for softening is also chosen as a
multi-criteria form:

<tM, ) =[tu |~ (tu, ~ ) <O
T =0=> %) =t|-(t, - &) <0 (5.20)
9" <tN,5§)=ItN|—(tNy—ﬁs)so

where 1,,,1,,t are traction forces, ty, b, by, are the corresponding ultimate values where

=S S

softening starts and @, , G, O, are stress-like variables work-conjugate to softening variables at the

discontinuity.
5.4. Identification of the constitutive model parameters

In the case of connection testing, the global response of a specimen can be represented with load-
displacement (F-u) diagram. Any such curve can be related to the three phases of the connection
response: elastic, hardening and softening part (Figure 5.15). The used plasticity model, which
represents connection behavior, contains the bilinear hardening and the linear softening response.
For the most general case, we need to identify three parameters in the elastic phase, eight in the
hardening phase and six unknown parameters in the softening phase.

The identification in general case is performed in two steps: i) definition of an objective function
based on some experimental measurements; ii) minimization of this objective function in order to
find values of constitutive parameters used in the model.
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The choice of the objective function is a crucial step to ensure the success of the minimization. In
general case, the objective function can be defined as the gap between measured and computed
response values (displacement, stress, deformation, reaction force, etc.):

3(d,) = n(ug"(d,) -u® ) (5.21)

A~ exp

where dj are the model parameters that we seek to identify, =—= and uj"are, respectively,

computed and experimentally measured values of displacements/stresses/strains, and n is the
weighting factor for different terms of objective function.

F | Hardening - plasticity |

g

Figure 5.15 General relation: force F — displacement U

Minimization of the objective function can formally be written as minimization under constraint:

H com ex| 2
G(Lr;\;s:o.](dp)zén(uj d,)-ui®) (5.22)
where the weak form of equilibrium equations G(&,¢",¢;6w) =0 is the corresponding constraint.
Namely, the weak form of equilibrium equations has to be satisfied at every time step. The
constrained minimization of the objective function can be transferred into unconstrained
minimization by using the Lagrange multiplier method (Ibrahimbegovic et al., 2004):
max min L(c,d;,1)=J(d,)+G(c,d,, 1) (5.23)

VA G(oid,)=0
where A are Lagrange multipliers inserted into the weak form of equilibrium equations instead of
virtual displacements. This type of minimization of the objective function is very complex for
seventeen unknown parameters. However, if we split an unconstrained minimization of the
objective function into several phases, then we will decrease the number of unknown to maximal of
two parameters in each phase (Kucerova et al., 2009).

The general identification procedure of the connection model parameters is presented in the
flowchart in Figure 5.16. The process is split into three phases, with every phase further split into
few cases. The first phase seeks to identify the three constitutive parameters related to elastic

response: S% - initial rotational stiffness, Si - initial shearing stiffness and S} - initial axial
stiffness.

The second phase deals with eight unknown parameters related to hardening plasticity: V,* - yield
shear force; S§ - hardening stiffness modulus with respect to shear force; N;” - yield axial force;

con

S5, - hardening stiffness modulus with respect to axial force; M7

- first yield bending moment; S},
- first hardening stiffness modulus with respect to bending moment; M7 - second yield bending
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moment; Sj,,- the second hardening stiffness modulus with respect to bending moment.
The last phase deals with six softening constitutive parameters: N - ultimate axial force, S;, - the
softening modulus with respect to axial force, v - ultimate shear force, S - softening stiffness

modulus with respect to shear force, M - an ultimate bending moment and Sj, - softening
modulus with respect to bending moment.

Constitutive parameters identification
for model of the connection
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Figure 5.16 Flow chart of parameters identification

The stiffnesses can be obtained from the identified constitutive parameters of the proposed beam,
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as follows:
) Kh | ) h ) h
L ’ L L L L L

where E, G are Young's-like modulus and shear-like modulus, respectively; 1, A, Aare geometric
characteristics of the cross section; Kj,,, K, K. are hardening-like moduli; while L is the length
of the beam.

For every case in the second and the third identification phase, local and global measurements are
required. The local measurements depend mainly on one material parameter, while the global
measurements depend on practically all parameters of constitutive models.

The standard algorithms for unconstrained minimization included in Matlab are sufficient to solve
the identification problems for each and every phase. The key step to facilitate this is a pertinent
choice of the objective function for the parameters identification with the general format that can be
written as (Imamovic et al., 2015):

3

3(d,) = Ya(Fem R+ b(Ugm Uz + Sh(Ush Uz ) + Delvir i) +
1 1 1

2 o Y K (5.25)
# DAy -y )+ (s -ar) + So(Axi -ax)

where: FE™,F2® are forces for different load level (P); us™ug® are the corresponding
displacements (P; ) ; u&m uge are shear displacements (P; ); wo",yS® are rotations of the

S,Pi S,Pi

connection (Pj); Awp" =wan —we and Ay =y —wa® are gradients of rotation between two

com _ _exp

different load (P; ) ; &g .kp are curvatures of the section (P); Axp" =kpy —kp  and
AxS® = k5P — k5P are gradients of curvature between two different load (P;); while a, b, c, d, e, g are
constants.

By respecting experimental testing described in the second section of the chapter, we are not able to
identify parameters related to the axial force. However, we have exploited the design principle
“strong columns - weak beams” in which the axial force behavior can be neglected. Some of the
experimental measurements show that relative shear displacement between horizontal and vertical
beams are too small. For these experimental tests, parameters related to shear force are not
identified but assumed as rigid.

5.4.1. Experimental tests: Al and A2

The experimental equipment in tests Al and A2 (Figures 5.4 and 5.5) has not measured relative
shear displacement u2e. This fact reduces identification problem to seven unknowns, where all
parameters are related to rotational response. In the first elastic phase, we have only one unknown
constitutive parameter. In the second phase, four constitutive parameters are unknown, and only
two parameters are unknown in the last third phase. The identification procedure uses the same
objective function (5.25) for every case. In Figures 5.17 and 5.18 are shown the shapes of the

objective function for performed phases and cases of the identification.

Results of the identification procedure are presented in Figure 5.19 where we can see good match
between the experimental and the computed results. Computed results were obtained by using FEM
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model and identified constitutive parameters. Comparing the experimental response of the
connection against the response predicted by EC3, we can see a fairly good match for elastic
response but a significant difference in load-bearing capacities of the connections. Namely, we
have measured values of load-bearing capacities that are almost 44% higher than the corresponding
values provided by EC3.

b5 mm  Wm e ww o Tim

a) Elasticity: 5}'; b) Plasticity- first c) Plasticity - second  d) Softening:
hardening: M|T,S;,  hardening: M77,S}, M:™, S5,

Figure 5.17 Objective function shapes for eight unknowns related to bending — Experimental structure A1
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Figure 5.18 Objective function shapes for eight unknowns related to bending — Experimental structure A2
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Figure 5.19 Computed vs. experimental responses of the connections: Al and A2

Table 5.2 Values of the constitutive parameters for connection A1

in in con p con p con s
Sjb Sjs My,l Sjb,l My,z Sjb,2 M'-' Sjb ec
[kNm/rad] | [kN/rad] [KNm] [kNm/rad] [KNm] [KNm/rad] [KNm] [kNm/rad] [rad]
Experiment 8235,3 0 32,0031 3362,99 50,12 137,1 54,0937 -1699,99 0,0679
Eurocode 3 7506 - 26,25 2501,35 39,375 0 39,375 - 0,0165

In Table 5.2 and Table 5.3, the values of identified constitutive parameters are shown and
compared with the corresponding parameter values obtained by using the EC3 procedure.

Table 5.3 Values of the constitutive parameters for connection A2
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in in con p con p con s
Sjb Sjs |\/ly,l Sjb,l My,Z Sjb,2 M'-' Sjb 0{:
[kNem/rad] | [kN/rad] | [kNcm] | [kKNcm/rad] | [kNcm] | [kNcm/rad] | [kNcm] | [kNcm/rad] [rad]
Experiment 8191,65 0 31,15 3699,8 55,15 173,47 59,45 -1250,0 0,0755
Eurocode 3 7506 - 27,91 2501,35 41,87 0 41,87 - 0,01785

5.4.2. Experimental tests: B1 and B2

The experimental responses (Figures 5.8 and 5.9) of end plate connections (B1 and B2) show that
shear displacement exists. Therefore, in this connection type, we have twelve unknowns, seven
related to bending moment and five related to shear force. The number of unknowns can be reduced
to ten if we recall the assumption that failure of connection can happen due to the bending moment,
or due to the shear force. Experimental measurements show that failures in both tests (B1 and B2)
have happened due to the bending moment. In Figures 5.20 and 5.21 shapes of the objective
function (5.25) for the connections B1 and B2 are shown. In test B1 brittle failure happened where
both bolts in tension zone broke at the same moment of time. Here, we are not able to identify the
constitutive parameters related to the softening response since sudden drop occurs.

a) Elasticity (bendiﬁ;g): b) Plasticity(bending) C) Plasticity(bending) d) Plasticity: V", SP
SV

gin - first hardening: - second hardening: ’
b Men gP M §P (shear force)
y119jb1 y,21 ]b,2

Figure 5.20 Objective function shapes for ten unknowns — Experimental structure B1

a) Elasticity (bending): SJE b) Plasticity(bending) C) Plasticity(bending)

S . con . con
- first hardening: M yi 'Sj%,l — second hardening: M v Sjpb,z

X o

d) Softening(bending): M;™,S}, e) Plasticity(shear force): V"', S

Figure 5.21 Objective function shapes for ten unknowns — Experimental structure B2

Results of the identification are presented in Figure 5.22, where we can see good matching between
the experimental and the computed results. Computed results were obtained by using FEM model
and identified constitutive parameters. Comparing the experimental responses of connections Bl
and B2 against the EC3 responses, we can see a significant difference. Namely, we have measured
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almost 90% bigger load-bearing capacities of the connections than the corresponding capacities
according to EC3.
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a) Experimental structure Bl b) Experimental structure B2
Figure 5.22 Computed vs. experimental responses of the connections: Bl and B2

The values of identified constitutive parameters are shown in Table 5.4 and Table 5.5. These values
are compared with the corresponding parameters obtained using the EC3 procedure. The EC3
procedure gives a very good prediction for the elastic response and bending of the connection.

According to EC3, the elastic response of this joint type can be assumed for the load values lower
than the 66% of the load-bearing capacity. Experimental testing confirms this hypothesis.

Table 5.4 Values of the constitutive parameters for connection Bl

in in con p con p con p con
Sjb Sjs My,l Sjb,l My,z Sjb,Z Vy Sjs Mu 9{:
[KNm/rad] | [kN/rad] | [KNm] | [KNm/rad] | [KNm] | [kNm/rad] | [KN] | [KN/m] | [kNm] [rad]
Experimental | 5398,05 0 16,88 3317,11 37,62 161,0 33,03 | 16102 | 54,0937 | 0,1161
Eurocode 3 3784 - 18,83 1260,24 28,25 0 - - 28,25 0,02384
Table 5.5 Values of the constitutive parameters for connection B2
in in con p con p con p con s
Sjb Sjs |Vly,l Sjb,l My,Z Sjb,2 Vy Sjs MU Sjb 90
[KNm/rad] | [kN/rad] | [kNm] | [KNm/rad] | [KNm] | [kNm/rad] | [KN] | [KN/m] | [KNm] | [kNm/rad] [rad]
Experimental | 5165,25 0 16,47 2939,10 38,11 217,21 35,17 | 21721 | 54,40 -1043,67 0,1651
Eurocode 3 3784 - 19,75 1260,24 29,625 | 0 - - 29,625 | - 0,0251

5.4.3. Experimental tests: C1 and C2

5he experimental responses of moment-resistant connections with angles (C1 and C2) are shown in
Figures 5.12 and 5.13. The relative shear displacement between horizontal and vertical beams is not
measured. We can only identify seven unknown constitutive parameters related to bending
moment. Shapes of the objective function for all analyzed cases of the identification are shown in
Figures 5.23 and 5.24.

The comparisons of computed results and experimental results are shown in Figure 5.25, where we
can see good matching of these results. The computed results have been obtained using proposed
FEM model and identified constitutive parameters. We have obtained connection responses by
using commercial computer’s program PowerConnect. Contrary to the first comparison, the EC3
procedure underestimates stiffness and bearing capacity of this connection type. Practically, we
have measured 155% bigger bearing capacity of the connections than EC3 predicts.
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Figure 5.23 Objective function shapes for eight unknowns related to bending — Experimental structure C1
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The identified constitutive parameter values are shown in Tables 5.6 and 5.7. By comparing these parameters with

corresponding parameters obtained by EC3 procedure, we can notice significant differences.

Table 5.6  Values of the constitutive parameters for connection C1

in in con p con p con
Sjb Sjs My,l Sjb,l My,z Sjb,z M, ec
[kNm/rad] | [KN/rad] | [kNm] | [KNm/rad] | [kNm] | [kNm/rad] | [KNm] [rad]
Experimental | 1527,45 0 4,49 635,83 25,22 281,12 44,87 | 0,1893
Eurocode 3 1118 - 12,08 372,77 18,125 | 0 18,125 | 0,02384
Table 5.7  Values of the constitutive parameters for connection C2
in in con p con p con s
Sjb Sjs My,l Sjb,l My,Z Sjb,2 M'-' Sjb ec
[kNm/rad] | [kN/rad] | [kNm] | [KNm/rad] | [kNm] | [KNm/rad] | [KNm] | [KNm/rad] [rad]
Experimental | 1638,86 0 5,66 595,27 33,88 332,71 47,48 | -452,95 0,1812
Eurocode 3 1192 - 12,5 397,36 18,75 0 18,75 | - 0,0502
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5.5. Numerical examples

Two numerical examples are presented in this section to illustrate the effects of connections
behavior to the global steel frame structure response. The global response of the steel frame
structure with included connection behavior is compared with the global response of the same steel
frame structure without included connection behavior. The comparison quantifies the connection
behavior influence on the global response of the structure. All numerical computations are
performed with a research version of the computer program FEAP (Taylor, 2008).

5.5.1. The ultimate analysis of a simple steel frame structure

In this example, we analyze the influence of the connection behavior on the structure response. We
consider a simple steel frame shown in Figure 5.26a, where the span is 5,0m and height is 3,0m.
The mesh is composed of 48 beam elements where the length of each element is 0,25m. The
material properties of all frame members are the same (Young’s modulus: E=2-10*kN/cm?;
hardening modulus: K=0.05-E;). The geometric properties of the beam cross section corresponds to
the | 200 (Moment of Inertia: 1=1940cm?; Area of cross section: A=28.5cm?; Yield bending
moment: My=4655kNcm; Ultimate bending moment: Mu=5280kNcm; Yield shear force:
V,=252kN; Ultimate shear force: V,=378kN, Fracture energies: G;u=550 and G;y=450). The
column properties are defined as profile | 300 (Moment of Inertia: 1=11770cm*; Area of cross
section: A=53,8cm?; Yield bending moment: My=13368kNcm; Ultimate bending moment:
Mu=15080kNcm; Yield shear force: V,=471kN; Ultimate shear force: V,=707kN, Fracture
energies: G¢u=650 and G;y=550). Two numerical simulations have been performed. In the first
simulation, elements which connect beams and columns are defined according to the behavior of
the experimentally tested connection denoted with Al. The second analysis does not include
connection behavior.

The results of these two simulations are compared in Figure 5.26b, where we can see a significant
effect of connections on the global response of the structure under vertical load. This effect is
particularly evident at the level of ultimate forces, close to bearing capacity of the structure.
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5.5.2. Pushover analysis of symmetric steel frame

In this example, we present the results of a push-over analysis of symmetric steel frame with and
without included joints behavior. The frame geometry is given in Figure 5.27a. Material properties
for all frame members are the same (Young’s modulus: E=2-10"kN/cm?; hardening modulus:
K=0.05‘E). The geometric properties of beams correspond to IPE 200 section; the columns are
defined as IPE 300 section. In the first case, the constitutive parameters of elements which connect
beams to columns are identified according to experimental test A1, whereas in the second case
these elements are defined as IPE 200 section. The vertical load was applied to all beam members.
This load is kept constant throughout the pushover analysis to simulate the dead load effect. The
lateral loading is applied regarding imposed incremental displacement (u,,, ) at the left upper
corner (point A, see Figure 5.27a).

9 Gy 9

VYVVVV | VVVVV | VVVVV

av av=14kN/m %

- -
< L=5.0m K Le.=5.0m ,k Lp,=5.0m }
a) The frame structure geometry b) Deformed frame structure ( step-by-step)
Figure 5.27 The symmetric steel frame

The results of numerical simulations are shown in Figure 5.28. These results show a significant
influence of the connections behavior on the global response of steel frame structure. This effect is
very evident at the level close to the ultimate load. The connections behavior reduces load bearing
capacity and changes the global response of the steel structure. Namely, at the lateral displacement
of 1m, lateral resistance is reduced by 30% with respect to the structure without connections.
Respecting these results, we can mark the importance of connection behavior in the steel structure
design related to seismic load.
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Figure 5.28 Response of the symmetric frame structure

Ultimate load limit analysis of steel structures accounting for nonlinear behavior of connections



85 Experimental testing under cyclic load

5.6. Concluding remarks

In this chapter we have presented an experimental and numerical study of the moment-resistant
connection behavior. A total of three connection types have been analyzed and six experimental
tests have been performed. The connection behavior in structural response is included where we
model every joint with beam element. The proposed beam element has seventeen unknown
constitutive parameters. The identification methodology has been presented and unknown
parameters, based on the results of the experimental tests, have been identified. We found that the
proposed beam model with identified constitutive parameters can successfully represent connection
behavior. The capability of the proposed beam model to represent connection behavior is shown
with very good match between experimental and computed results. The set of the constitutive
parameters of the proposed beam model can be obtained by using the EC3 procedure, which
provides a good prediction of elastic response and bending, while the plastic response prediction is
overly conservative, sometimes up to 40%.

The influence of the connection behavior on the steel frame response is shown in two numerical
simulations. The numerical results demonstrate the importance of the joints behavior on the steel
frame structure response, where we can see a difference in results up to 30%.

Ultimate load limit analysis of steel structures accounting for nonlinear behavior of connections



86

Chapter 6

Experimental testing of structural steel connections under
cyclic loading

Abstract

The moment-resistant steel frames are frequently used as load-bearing structures of buildings in
seismic regions. The earthquake induced inertial forces show cyclic loading pattern. Cyclic loading
can significantly change the behavior of the connection in comparison with the monotonic loading.
This chapter deals with the experimental testing of two types of structural connections under cyclic
loading, and with the constitutive parameters identification. The experimental tests are performed
for two different types of structural connections: end plate connection with an extended plate, and
end plate connection. Measured data show the change in the behavior of connections in comparison
with tests presented in the previous chapter. With the change in the direction of the applied load,
the less stiff response of the structural connection has been measured. This phenomenon has a clear
physical explanation, which is associated with the loss of the contact between elements of the
connection. At the beam element level, this phenomenon can be represented by damage model. In
this chapter, we present the theoretical formulation and the numerical implementation of the
proposed beam model. The proposed beam model is Reissner beam with the ability to capture both
hardening and softening part of the response, and with the constitutive model defined as the
coupled plasticity-damage model. The proposed beam model has one constitutive parameter more
than the beam model presented in the previous chapter. The identification of this parameter is
presented in this chapter. The comparison of the measured and the computed response is given for
several numerical simulations, where good matching between results is observed.
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6.1. Introduction

The moment-resistant steel frames are frequently used as load-bearing structures of buildings in
seismic regions. The earthquake induced inertial forces show cyclic loading pattern. Cyclic loading
can significantly change the response of the structure in comparison with the monotonic loading.
On the one hand, the response of the steel structure under cyclic loading is characterized by
Baushinger effect. In a typical cycle with load reversal (from compression to tension or vice versa),
the plasticity threshold value is reduced from the previous value. On the other hand, the behavior of
the joint is very complex. The behavior of the joint depends on the type of the structural connection
and, as experiments have confirmed, the type of the applied load. The behavior of the connection is
not the same under the monotonic and the cyclic loading.

The analysis of a structural connection can be performed with many nonlinear FEM commercial
programs, using 3D solid finite elements (Imamovic & Mesic, 2014). This type of analysis can
represent the response of a structural connection, with included buckling and contact issues. The
quality of the predicted connection behavior, obtained by using refined FEM model, is confirmed
with experimental tests in many scientific works (Faella et al., 2000; Gang Shi, 2007). The refined
nonlinear model can predict the behavior of a joint, but those computations are often too costly and
not practical for everyday usage. Modern code (EC3, 2005) proposes the representation of a
connection behavior with nonlinear links, but the connection response under cyclic loading is not
covered.

This chapter deals with the experimental testing of two types of structural connections under cyclic
loading, including the constitutive parameters identification. The experimental tests are performed
for two different types of structural connections: end plate connection with an extended plate, and
end plate connection. These tests were designed in a way that sufficient information for the
identification of constitutive parameters can be obtained from experimental measurements
(Imamovic et al., 2015). Experimental observations show the change in the behavior of connections
in comparison with tests presented in the previous chapter. With the change in the direction of the
applied load, the less stiff response of structural connections has been measured. This phenomenon
has a clear physical explanation, which is associated with the loss of the contact between elements
of the connection.

6.2. The experimental testing of structural connections

Experimental tests on two types of moment-resistant connection have been conducted with the aim
to identify constitutive parameters of the proposed beam model. The tested moment-resistant
connection types are: end plate connection with the extended plate, and end plate connection. In
these experimental structures, connection represents the weakest element in which plastic
deformations and failure are expected to occur. The experimental structures are the same in all as
Al and B1, which are presented in the previous chapter. The loading program has been changed
with reversal loading cycles.

The measuring equipment is arranged in the same way as presented in the previous chapter, but
with one difference which concerns the measurement of the applied force. The applied force is
measured from the values of the pressure in the hydraulic pump. The used hydraulic pump is strong
and involves errors in measured force values. These errors are visible in Figures 6.3 and 6.6, where
hysteresis curves that are not entirely smooth are shown. However, this does not affect significantly
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the results of the identification procedure.

All experimental data have been measured and recorded during the experimental testing. In Figure
6.1, the loading program which contains several cycles of reversal loading is shown. The step size
is adjusted to the connection behavior. The geometric characteristics of the experimental structures
are shown in Table 6.1. In total, two experimental tests have been performed. The experimental
tests were carried out at the Laboratory for materials and structures of the University of Sarajevo.

MNF

.
\/

[

bl 1
C 1

d
Figure 6.1 Loading program

Table 6.1 Geometrical characteristics of experimental structures

Joint Vertical beam Horizontal beam . Enq plate Bolts
dimension/Angles
Acyeiic IPE 200 — S275 IPE 400 — S275 #340x130x10 — S275 8M12-class 8.8.
Beyclic IPE 200 — S275 IPE 400 — S275 #220x130x10 — S275 4M16-class 8.8.

6.2.1. End plate connection with extended end plate (Acyciic)

The end plate connection type with the extended plate is constructed from the plate
(340x130x10mm) welded to the vertical beam and eight bolts (M12) connecting the plate to the
horizontal beam, see Figure 6.2. The bolts (class 8.8.) were preloaded with 50% of prestressing
force according to EC3.

Figure 6.2 End plate connection with extended end plate

The results of the testing are shown in Figure 6.3. The global response, which depends on the
behavior of all elements in the connection and all constitutive parameters, is captured through
global measurements. The rotation of structural connection is captured through local
measurements, see Section 5.2.1. The diagram rotation — force at the top of the experimental
structure is shown in Figure 6.3b. Strains in the vertical steel beam are measured with strain
gauges, and are shown in the Figure 6.3c. The measurements obtained with strain gauges can be
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also classified as local measurements. These measurements show that the response of the vertical
beam remains linear elastic. The relative horizontal displacement between vertical and horizontal
beam has not been observed during the testing (U;5 =UgE ).
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a) Global response b) Rotational response of the  ¢) Strains in the vertical steel
connection beam
Figure 6.3 Experimental results for connection Acygiic

By comparing Figures 6.3a and 6.3b, we can observe that the main source of the nonlinear behavior
of the experimental structure are elements of the connection. The deformation of elements of
connection during the experimental testing is shown in photographs in Figure 6.4. The failure has
progressively occurred in the bolts, where the inner row of bolts broke before the outer row of
bolts.

Figure 6.4. Deformation of connection elements during experimental testing

6.2.2. End plate connection (Bcyciic)

The end plate connection is constructed from the plate (220x130x10mm) welded to the vertical
beam and four bolts (M16), connecting the plate to the horizontal beam, see Figure 6.5. The bolts
(class 8.8.) have been preloaded with 50% of prestressing force according to EC3.

Figure 6.5 End plate connection

The results of the testing are shown in Figure 6.6. The global response of the experimental structure
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and the rotational response of the connection are shown in Figure 6.6a and Figure 6.6b,
respectively. Figure 6.6¢c shows measured strains in the vertical steel beam. The measured strains in
vertical steel beam show that the response of the vertical beam remains linear elastic. All presented
diagrams are with respect to the force measured at the top of the experimental structure. The
relative horizontal displacement between vertical and horizontal beams has not been observed
during the testing (U5 =Ugh ).
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Figure 6.6 Experimental results for connection Beyciic

The deformation of elements of connection during the testing are shown in photographs in Figure
6.4. We can conclude that large deformations have occurred in the elements. The failure has not
occurred because the displacement limit of the hydraulic pump has been reached.

Figure 6.7 Deformation of connection elements during experimental testing

6.3.Finite element beam model: theoretical formulation and numerical
implementation

The complex measured responses of experimental structures under cyclic loading are quite a
challenge to describe. The large deformations of the connection elements under cyclic loading
cause the loss in the stiffness of the experimental structure. This phenomenon has a physical
explanation. During the loading of the experimental structure, large deformations of the welded
plate in the tension zone cause partial loss of the contact between the plate and horizontal beam, see
Figure 6.8a. With the change in the direction of the applied load, the compression and tension
zones will be inverted. The partially lost contact in compression zone causes the reduced stiffness
of the connection, see Figure 6.8b. The stiffness will remain reduced until the full contact between
the plate and horizontal beam is reached again. After the full contact has been reached, the
connection will provide again the full stiffness.
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Figure 6.8 Deformation of the connection during a cyclic loading

This phenomenon can be captured with contact and solid elements in refined FEM models. Solid
elements are able to represent large deformations and the nonlinear constitutive behavior. However,
the refined FEM models are too complex for everyday usage. For this reason, we propose the use of
the beam element capable of representing the mentioned phenomenon.

The idea is to use the coupled plasticity-damage model (Imamovic et al., 2015). The plasticity part
governs the hardening and unloading phases, whereas the damage part provides the reduced
stiffness of the connection after the change in the sign of the bending moment: from positive to
negative or vice versa, see Figure 6.9. The damage model governs connection response until full
contact between the plate and horizontal beam is reached. After the full contact has been reached,
the plasticity model is again activated. The gap ¢ corresponds to the plastic deformation in bolts.

M Plastic model + accumulating damage for opposite load direction

Elastic response with
reduced stiffness

R/W

p%

Elastic response with
reduced stiffness

E

V<

Plastic model + accumulating damage for opposite load direction ‘

Figure 6.9 Constitutive model

In this section, we use the geometrically exact beam. The constitutive model of the beam consists
of bilinear hardening and linear softening (Imamovic et al., 2017). The hardening model is defined
as coupled plasticity-damage model. This model is capable of representing previously described
phenomena which is commonly observed during experimental testing. A brief description of the
beam’s constitutive model is given next. The Helmholtz free energy can be defined in a quadratic
form, and is split into two part. The first part concerns a positive bending moment ¥, and the
second part concerns a negative bending moment ¥
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where: U®,U? are elastic and damage strain measure tensors; &°,&° are vectors of hardening
variables of the plastic and damage model, respectively; D is the internal damage variable;
Kih, K are the corresponding hardening moduli of the plastic and damage model; and T is Biot’s
stress tensor. Every symbol contains two symbols. The first corresponds to the positive (0“)), and

the second to the negative (o(‘)) bending moment. The yield criterion, defined as multi - criteria

(plasticity and damage), can be completely different for the positive and the negative bending
moment. However, in this work we have assumed that the response in the hardening regime is
symmetric:

4°(T..5°) <0
¢°(T.0')<0

where @ is the vector of internal hardening stress like variables. The second principle of
thermodynamics states that the plastic dissipation must remain non-negative:

— (9w _ - (a7 _ . =P deP
0<D=T| X T |+ 7 %L 00 |p70p - E &0,
oT ot o0& dt
D=0 P
+Tu;’—a_2 & U5 =&
o0&y dt  aD o

2 2

(6.2)

(6.3)

where y is complementary energy, see (Ibrahimbegovic, 2009). The principle of maximum plastic
dissipation can be formulated (Hill, 1950; Ibrahimbegovic & Frey, 1993a) as the minimization
problem with the constraint, with the latter being yield function (6.2). This can further be recast as a
corresponding unconstrained minimization by using the Lagrange multiplier method:

min. , max; | L°(T,°,¥°) ==2°(T,@") +¥! -6/ (T.q") (6.4)
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where yP are Lagrange multipliers of the plasticity. The Kuhn-Tucker optimality conditions

provide the evolution equations for internal variables in rate form along with the loading/unloading
conditions:

_p - . __p —_ . _.p
% = _Uip +7ip % = 0 => Uip = 7:’%
oT oT oT
i P £P . AP AL . P
St oo B O 65)
oa; ot oqy ot ogy

?ip >0, $ip <0, ?ip$ip =0

The appropriate value of plastic multiplier¥” can be determined from the plastic consistency

condition for the case of sustained plastic flow:
. CIy
d)ip =O = 7ip = P —ar:r P P (66)
00 e 00 98 1 n 04

oT ~ oT og’ @ og’

By replacing the last result in stress rate equation, we can obtain the elastoplastic modulus C* that
should replace the elastic modulus C in the plastic regime:
- P - P
o 04 g e 9h”
C® —C¢ _ oT oT (67)
! - P - P =P =P
06" e 04", 04, K" o,
aT oT  aqg’ oq’

The principle of maximum damage dissipation states that among all the variables (T;,qG") that
satisfy the damage yield criterion ¢ (T.,q") , we have to select those that maximize damage
dissipation. This can be written as a constrained minimization problem:

miny o max, | C(T,3°,7*) =—2°(T,@") +7! - ¢ (T.g") | (6.8)

where the damage multiplier ¥ >0 plays the role of Lagrange multiplier. By appealing to the
Kuhn-Tucker optimality conditions, from the last result, we can obtain the evolution equations for
internal variables along with the loading/unloading conditions:

jd . T d . A
e - B R et

oT oT oT

oL _ 8 .a08 __ 0 .. 08

=y =0 2=y (6.9)
aa; ot oq; ot oq;

720, § <0, 77§ =0

The appropriate value of the plastic multiplier?p can be determined from the damage consistency
condition for the case of sustained damage flow:
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By replacing the last result in the stress rate equation, we can obtain the damage modulus C* that
should replace the elastic modulus C in the damage regime:

—d —d
e
ed e
Cl=C-——9 (6.11)

0% e 08 08 o4’
aT or og° ' oog

The equations (6.2)-(6.11) should be separately written for positive and negative value of the
bending moment, but in order to save space, we have expressed them independent of the sign.

We note in passing that the elastoplastic tangent above remains the same in the discrete problem,
obtained by using the backward Euler time integration scheme.

In the softening regime, for the both the positive and the negative value of the bending moment, the
Helmholtz free energy can be written in a quadratic form in terms of softening variables:

Jw (és,m ) =2 EEIKWESD ;W) () = PO () 4 PO(ED)s,

=8:(+)

(6.12)

FO (zsm) _ %zs,HKg—)Es,(—) WO = PO+ PO EO)s,

=8.0)

where ES is a set of internal variables representing the connection failure and K® is a set of the

softening moduli. The yield function for softening is chosen in a multi-criteria form pertaining to
bending, shearing, and axial force:

Positive value of M: Y6 =0= ¢ (t®,§>) <0

Lo _ _ (6.13)
Negative value of M: 76" =0= ¢ (t7,5>7) <0

where t&t are traction forces and §*©,§°C are stress-like variables work-conjugate to

softening variables at the discontinuity for the corresponding failure mode. The principal of
maximum dissipation (Hill, 1950) ,among all admissible values of these variables, will pick the
ones that maximize the softening dissipation. This can be solved as an unconstrained minimization
problem. The end result are the evolution equations for internal variables along with the
loading/unloading conditions:

or = 3
865 = _é +Zl

¥>0, $<0, ¥=0

= 6$ = 3= 8$
Y aqs é 1YI aqs

(6.14)

The last equation (6.14) can be separately written for the positive and the negative values of the

Ultimate load limit analysis of steel structures accounting for nonlinear behavior of connections



Theoretical formulation of the model 96

bending moment.
The beam kinematics equations can be written by using the rotated strain measure: H=U-1,

where the only non-zero components are defined as:
H,=2-¢K, H,, =T (6.15)

The explicit form of generalized strains can be written as

T=H}" :(1+d—u]c031//+d—vsim//—1+ d—ucos;//+d—vsinz// O,
dx dx dx

dx
L 5 ] L § ]
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EX G

K
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By using the same notation for the virtual strains (denoted with superposed (3) ), we can write the

weak form of equilibrium equation, see (Ibrahimbegovic & Frey, 1993a):
G(a,8)=[ (SN+IV +KM Jdx-G* (8)=0 (6.17)
In (5.16) above, N, V and M denote stress resultants regarding the Biot stress:
_ T. _ 1LAA- _ 214A- _ 11
6=(N,V,M)"; N=[ THdA V =[ T*dA M =—[ ¢T"dA (6.18)

The yield function for the hardening is chosen in a multi-criteria form pertaining to the bending
moment, shear and axial force, respectively:

85, (M.a) =|M|~(M, g5 ) <0
e =0=] WV, =N|-(v,-a7)<
AN, =IN[-(N, g} ) <0
7460 =0= 35 (M,q3) =M (M, g5 ) <0

(6.19)

where M is the bending moment; \ is the shear force; s, is the axial force; G5, G, d¢ and G,
are internal hardening stress like variables(e” - plasticity; ®° - damage model); whereas M,,V, and
N"s, denote yield the bending moment, shear force and axial force, while M, denotes bending

moment at the beginning of the damage flow. In this work, we assume that the damage and the
plastic flows begin at the same value of a bending moment. The internal variable q\, provides
bilinear hardening related to the bending moment, which can be written as:
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,_[KhE 0sE <E 6.20
KB B < B <o |
where K . and S'" are the hardening moduli. The equations (6.14)-(6.20) should be separately
written for positive and negative value of the bending moment, but they are expressed in form
independent on sign.

The detailed FEM implementation is presented in previous chapters. At the end of this section, we
present the computational procedure (Table 6.2) for a characteristic iteration. This procedure
presents the local phase for computing the value of the bending moment. Other internal force can
be computed in the same way.

Table 6.2 Computational procedure for a characteristic iteration

i . 0 _ () p.(+) P gp.(+) p.5) D) £p)
Given: AK® = K® —K® KPO DO gp) KPO DO epO) M
ind- p(i).(+) (0.=) gz p().(+) p(i).(-) @.(+) zp@)(-)

Find: M, KPDM DO gpOin KOO pii® ¢

n+1? " tn+l n+l n+1
IF(M_ >0 and KO > ‘8(’)‘ and ‘damage=false’)
Elastic trial step
ME =M, +El (AKS, —KPO)

damage = false

Plasticity Damage
1 ptria =p,(+ ria —p(+ 1. dtrial =d,(+)y _ trial | _ =d(+)
s (M, Gh ) =M | =(M, -5 ) VML) =M= (M -gu?)
1 p.trial b+ “.d,trial =~d,(+
IF o5n(M, gy )<0 IF 5™ (M,g5") <0
M?P, = ME M7s=M.]
Kpi? =K D) =D
Eni” =& g0 _ gd )
ELSEIF ¢;73(M, g3 ) >0 ELSEIF 65" (M, g ™) >0
solve ¢y, ., (M, Gy ) =0 with solve ¢y, ., (M, Ty ) =0 with
. o0, . o,
_ trial p M,n+1 ria 1+ n+
e T E My =M —7,,D, " —0=
o),
() J(+) M ,n+1 +) _ &) d
Knp+1 - Knp +Yr?+l oM Dn+l - Dn +Yn+1 :Jrl
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ELSEIF( ML”<0 and KO >_\8(+>

n+l =—

) or ELSEIF(M, <0 and ‘damage=true’)

n
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Elastic step with reduced stiffness
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6.4. Identification of the constitutive model parameters

The identification of the constitutive model parameters is an extension of the identification
procedure presented in the previous chapter, where we have presented the theoretical background
and the implementation of the proposed methodology. In this section, we practically use the same
objective function and all other steps previously proposed in the identification procedure. The
loading program is changed with the cyclic loading instead of the monotonic loading. The load is
applied in terms of imposed displacements.

The structural connection Acyciic and Beyqic are in the focus of our interest, and they are completely
the same as structural connections Al and B1, which are presented in the previous chapter. At the
beginning of the identification process, we match the experimentally measured responses of
structural connections with the numerically obtained responses. The numerical computations for the
case of the monotonic loading, are performed with the beam model proposed in this chapter with
the constitutive parameters of the beam identified in the previous chapter, see Figure 6.10.

50
40
40
301
20 20
g Z 10
w0 w
£ S 10
-201 4
-20 )
40 -30+ s 1
——Measured M j g [—Measured |
| —— Computed | =0 g —— Computed |
60 | L 1 —_—
-8 -6 4 -2 0 2 4 6 8 -50 a 2 - ”
Displacement U,_ [cm] -8 -6 =4 -2 0 2 4 6 8
5 Displacement U5 [em]
a)  Acyeic connection b) Beyeic connection

Figure 6.10 Computed vs. experimental responses of the connections: Aeyciic and Beyeiic

From the results shown in Figure 6.10 we can conclude that good matching between the computed
response and the contour of the hysteresis is obtained. This validates previously identified
constitutive parameters. The experimental observation has inspired assumption that the damage is
beginning at the same moment as the plasticity. This assumption reduces identification problem to
only one unknown per each connection.

The identification procedure can be performed in one phase, with the objective function defined in
the previous chapter:

3(d,)=Da(Fem - Fge )+ Yb(Ugm -Uze) + (U -Uza )+ (s -wir) +
) ' ! . 13 ' (6.21)
+ Y (ApEm - Apee )+ De(ram - k) + Yo (A - Axg? )
1 1 1

where: F",F>® are forces for different load level (P;); ug™,uUg® are the corresponding
displacements (P; ) ; u&m,ugxr are shear displacements (P ); o, wp' are rotations of the
connection (Pi); Awa" =wan —we and Ays? =wst —wi? are gradients of rotation between two

different load (Pi ) ; «p k5 are curvatures of the section (Pj); Axp" =xpn—km' and
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AxS® = x2° —x5® are gradients of the curvature between two different load (Pi ); while a, b, c,d, e, g
are constants.

6.4.1. Experimental structure Acyciic

The measured response of the experimental structure Agycic IS shown in Figure 6.3. The structure
Acqyaiic 1S completely the same as the experimental structure Al, which is presented in the previous
chapter. The previously identified constitutive parameters are used for obtaining the numerical
response of the structural connection under monotonic loading. The comparison of the computed
and the measured response is shown Figure 6.10a, where a good matching between the results is
observed. This reduces the number of unknowns to one parameter.

Figure 6.11 shows a shape of the objective function (6.21). The shape of the objective function is
convex which thus has a minimum. By using the identification procedure presented in previous
chapters, we are able to determine the unknown parameter.

Objective function for the parameter Kd
50 .
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8.5 1 1.5
x10°

Figure 6.11 The shape of the objective function

Using the identified parameter, we have performed the numerical simulation of the experimental
test Acyciic. The comparison of the computed and the measured response is shown in Figure 6.12. In
Figure 6.12a the computed and the measured hysteresis are shown. One extracted cycle is shown in
Figure 6.12b. Both of them indicate that proposed model is capable of representing the connection
behavior, including many phenomena characteristic for this structural connection type.
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a) Hysteresis b) One cycle of the hysteresis

Figure 6.12 Computed vs. measured response of the experimental structure Acyciic
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6.4.2. Experimental structure Bcyciic

In Figure 6.6 the measured response of the experimental structure Beyqic is shown. This structure is
completely the same as the experimental structure B1, which is presented in the previous chapter.
The constitutive parameters obtained for the experimental structure B1 have been used in the
numerical simulation of the test Bcyqic. The computation has been performed for the monotonic
loading. The computed and measured responses of the experimental structure Bcyciic are shown in

Figure 6.10b. A good matching between the responses is obtained which allows us to reduce the
number of the unknown parameters to only one.

In the identification procedure the objective function (6.21) has been used. Figure 6.13 shows the
convex shape of the objective function for the unknown parameter which thus can be minimized.

Objective function for the parameter Kd

25000 4000 6000 8000 10000 12000

Figure 6.13 The shape of the objective function for the unknown parameter (Beyciic)

The numerical simulation of the cyclic experimental test Bcyic, has been performed with the
proposed beam element and identified parameters. Figure 6.14 shows a comparison of computed
and measured responses of the experimental structure Beycic, under cyclic loading. The difference
between responses is visible, but we can conclude that proposed beam model significantly
improves the response prediction in comparison with the model of the plasticity or the damage.
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Figure 6.14 Computed vs. measured response of the experimental structure Beyciic
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6.5. Concluding remarks

In this chapter, we have presented an experimental and numerical study of the moment-resistant
structural connection behavior under cyclic loading. A total of two experimental tests have been
performed for two different types of the structural connection. The experimental observations have
shown that the behavior of the structural connection is affected by the load type. During the tests
with the change in the direction of the applied load, we have measured the less stiff response of
structural connections. With the intention to include this phenomenon in a numerical prediction, we
have proposed a modification of the beam model. The proposed beam model is geometrically exact
beam with hardening and softening part of the response included. The hardening part of the
response is described by coupled plasticity-damage model. The ability of the proposed beam model
to represent the connection behavior is confirmed through several numerical simulations where
good matching between measured and computed responses is observed. The computed response is
obtained by using the set of parameters which were identified from experimental measurements.
The identification procedure is briefly presented.
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Chapter 7

Conclusions and perspectives

7.1. Conclusions

In this thesis we have presented the methodology for the ultimate limit load analysis of a steel
frame structure with included structural connections behavior. The main idea is that the behavior of
the connection can be included in the global response of the whole structure by placing beam
elements in the corners of the steel frame structure. Other elements members of the steel frame
structure can be modeled with nonlinear beam elements.

The research has two parts with the same goal. The first part deals with the behavior of structural
connections, including many phenomena, which characterize them. The second proposes beam
model, which is able to represent the behavior of steel elements, beams and columns.

In the first part, we have done the research on the connection behavior and the possibility of
representing it with the beam element. We have assumed that the connection response could be
captured with the coupled plasticity-damage model in the pre-peak part of the response, and the
nonlinear softening law with different mechanisms of the failure in the post-peak part of the
response. The hardening behavior is split to the bending and the shearing, but all combinations are
included. This model is capable of describing a wide range of problems. We have proposed a
methodology for constitutive parameters identification procedure of the connection and the
material. The most important conclusions can be stated as follows:

e The proposed methodology is able to identify all unknown parameters (eighteen) when
these parameters are split into three phases: elasticity, hardening and softening. In every
phase, we use local and global measurements.

e Successful identification is conditioned with sufficient experimental measurements during
the test and adequate loading program. In this part we have presented requirements for
measurements and loading program. The loading program contains cycles of loading-
unloading. In the hardening we need to have minimum three cycles for every case.

e The focus was on the behavior of the constitutive models and on the choice of the objective
function. We have showed that using loading and unloading cycles we can obtain all
unknown constitutive parameters. These cycles are needed to make a difference between
plasticity and damage model. Both models can describe the same behavior in the loading
regime, and only in unloading we can see the difference between them.

e All cases of identification were presented. For an illustration of the complete procedure, we
first used the academic example of the inverse analysis and all experimental results were
obtained from FEM model. This example has been used as a preparation for the
experimental tests, which were performed later. Then, two practical examples were shown,
but only for partial measurements that correspond to bending of the connection. These are
the only results found in the scientific papers.
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At the same time, we were working on the development of the beam model, which is able to
represent response of a steel frame structure without connection behavior. The presented
geometrically non-linear planar beam model provides the main novelty with its ability to account
for both bending and shear failure. The proposed constitutive model contains both coupled
plasticity with isotropic hardening and nonlinear law for softening with three different failure
mechanisms. The hardening response, providing the interaction between bending moment, shear
force, and axial force can be calibrated against damage of beams or columns in a steel frame. The
softening response can be activated to model different failure mechanisms. Which of mechanisms
will be activated depends on interplay and stress redistribution during the limit load analysis.

By using the proposed beam element, we can perform ultimate limit analysis of any frame planar
steel structure, including the second order effects as well as different failure mechanisms. The
geometrically nonlinear analysis allows the ultimate limit analysis with large displacement, without
any need for correction of the proposed property. This advantage is very important in a steel frame
structure because of a large ductility of steel.

The results for all numerical examples illustrate an excellent performance of the proposed beam
element.

In the continuation of the research on the connection behavior, we have presented an experimental
and numerical study of the moment-resistant connection behavior. A total of three connection types
have been analyzed and eight experimental tests have been performed. The connection behavior in
structural response is included where we model every joint with beam element. In this part of the
research, we have proposed two beam models appropriate for representation of connection behavior
in a framework of the large displacement. We have firstly proposed beam element suitable for
monotonic loading, while the second proposed beam model is appropriate for the cyclic loading.
The proposed beam elements have seventeen and eighteen unknown constitutive parameters. The
identification methodology, which was presented in first part of the thesis, has been used. The
unknown parameters, based on the results of the experimental tests, have been identified. We found
that the proposed beam model with identified constitutive parameters can successfully represent
connection behavior. The capability of the proposed beam models for representing connection
behavior is confirmed with a good matching between experimental and computed results. The set
of the constitutive parameters of the firstly proposed beam model can be obtained by using the EC3
procedure, which provides a good prediction of elastic response and bending, while the plastic
response prediction is overly conservative, sometimes up to 40%. EC3 procedure for the prediction
of a connection behavior does not provide prediction of the behavior of the structural steel
connection under cyclic load.

The influence of the connection behavior on the steel frame response is shown in two numerical
simulations. The numerical results demonstrate the importance of the joints behavior in the steel
frame structure response, where we can see a difference in results to up to 30%.

By using proposed beam models and identification procedure, we are able to perform ultimate load
limit analysis of a steel frame structure with included connection behavior, which provides real
stress distribution. The proposed beam models also provide the capability to perform complete
collapse analysis, where we can follow the development of the failure mechanism.
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7.2. Perspectives

The presented research on connections behavior and novel numerical beam models have the
potential for enhancements. The enhancements of the research could be realized through few
stages:

e The connection response strongly depends on human work during the building process,
where errors can be expected. The probability studies of connections behavior in a frame
steel structure have a great potential.

e The proposed identification procedure and numerical beam models can also be used in
studies on the behavior of other connection types.

e The presented numerical model of the geometrically exact planar beam could be extended
to the 3D beam model.

e The enhancement of the proposed beam model could be realized as an extension to
dynamic response framework, which is crucial for the real-time analysis of a steel frame
structure under the seismic load.
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